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Glossary
Akaganeite Hydrated iron oxide, b-FeO(OH,Cl),

that is stable in the presence of

chloride ions and thus generally forms

in seawater.

Goethite Stable form of hydrated iron

oxide, FeOOH and thus commonly found

in nature.

LAMM phase The structure of the passive film

on iron.

Lepidocrocite Metastable from of hydrated iron

oxide, FeOOH and commonly found during

atmospheric corrosion of iron-based alloys.

Abbreviations
ALWC Accelerated low water corrosion

BISRA British Iron and Steel Research Association

BS EN British Standard European Norm
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FAC Flow-assisted corrosion

ISO International Standards Organisation

MIC Microbiologically assisted corrosion

NACE National Association of Corrosion Engineers

NBS National Bureau of Standards

RH Relative humidity

SIMS Secondary ion mass spectrometry

Symbols
ads Adsorbed

C Concentration of species

F The Faraday or Faraday’s constant

ilim Diffusion limited current density

k Mass transfer coefficient

n Number of electrons transferred in an

electrochemical reaction

t Time

a Ferrite

g Austenite

v Angular velocity

3.01.1 Introduction

3.01.1.1 Historical Perspective

Prior to the sustained and deliberate production of
iron, there is some evidence that ferrous materials
(i.e., iron–nickel) derived from meteors were used
intermittently in antiquity although they must have
been relatively rare. The development of iron produc-
tion dates back more than 3000 years (1500–1200 BC)
when ferrous ores began to be smelted in the ancient
Near East civilizations (i.e., Iran, India, Mesopotamia,
and Anatolia), which apparently coincided with a
shortage of tin for the production of bronze. In
Europe, iron began to be produced somewhat later,
in the period from the eight to the sixth century BC.1

A feature of early iron production was the rela-
tively limited temperature that the furnaces of the
time could achieve. In practice, this was not necessar-
ily a disadvantage as the process involved the use of
wood charcoal to reduce iron ore in the solid state
leaving a porous mass of relatively pure solid iron (of
variable composition) mixed with the ore residues
(slag) resulting in a ‘bloom.’ Subsequently, the skill
of the smith was required to repeatedly forge the hot
bloom in order to remove the majority of the slag
inclusions, resulting in a product known as ‘wrought’
(i.e., forged) iron. Subsequent adjustments in carbon

content were made by cementation type processes,
effectively by successively placing the semifinished
object in hot charcoal or air.

This method of iron production remained, essen-
tially unchanged in Europe, for 1500 years.However, in
China development of iron smelting techniques that
were able to reach temperatures of �1150 �C and,
consequently, were able to melt cast iron (when com-
bined with �4% carbon) was achieved in �500 BC.
Methods for reducing the carbon content of such cast
irons were necessary in order to achieve a malleable
material, and this was achieved by heating the molten
material in air with stirring. During this process iron
oxide, formed by oxidation of the molten metal, was
stirred into the melt and reacted with dissolved carbon
producing carbon monoxide, thus lowering the overall
carbon content. In Europe, the development of water
power was applied to the bloomery forging process in
order to increase production of steels from 1000 AD
onwards. However, cast irons were not generally pro-
duced as knowledge of how to reliably reduce their
carbon content was not introduced until the Middle
Ages (i.e., from 1100 to 1300 AD onwards) where a
process similar to the Chinese one was used in so-called
‘puddling’ furnaces. Later developments included the
manufacture of limited quantities of high quality steels
via crucible and similar methods.

Large scale cast iron manufacture in blast furnaces
developed only after the switch from wood charcoal
(a limited resource) to coke derived from coal in the
late seventeenth and early eighteenth centuries,
while mass production of steel had to wait until
Bessemer’s invention of the converter in 1855,
which utilized a hot air draught from below to
remove carbon by reaction with oxygen. Until these
developments, steel was an expensive commodity
used only for niche applications where its combina-
tion of properties was essential. The widespread pro-
duction of steel lowered its cost such that it could be
used for an increasing number of applications, and
eventually mild steel completely replaced wrought
iron. Advances in the production of steel to further
lower costs have continued as have alloy develop-
ments to further expand the use of ferrous materials.
Nowadays, steel is a ubiquitous and essential compo-
nent of modern life.

3.01.1.2 Iron–carbon Alloys

3.01.1.2.1 Phase diagram

Carbon is generally present in steel at room temper-
ature as iron carbide (Fe3C or cementite). This phase
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is strictly metastable to decomposition to graphite
and iron, however, the reaction is very sluggish at
lower carbon contents although graphite evidently
forms preferentially in, for example, grey cast irons.
The iron–carbon phase diagram (drawnwith cement-
ite as the stable phase) is reproduced in Figure 1.
The room temperature allotrope of unalloyed iron
is known as ferrite (a-iron) and has a body-centered
cubic structure; above 910 �C, this transforms to g-iron
or austenite (face-centered cubic) that, in turn, trans-
forms to d-iron (also body-centered cubic) above
1394 �C prior to melting at 1538 �C. Alloying with
carbon lowers the melting point, eventually to the
Fe–C eutectic temperature of 1140 �C forming effec-
tively cast iron. Note that the solubility of carbon in
ferrite is extremely low (around 0.03% at 723 �C and
<0.01% at room temperature).

For practical purposes, iron may be defined as a
material that contains carbon only up to its solubility
limit in ferrite (i.e., <0.03% C by mass), while steel
contains carbon within its solubility limits in austen-
ite (i.e., from �0.03% to 2.05% C by mass). In prac-
tice, most steels contain typically from 0.05% to
1.0% of carbon, with the majority of alloys lying at
the lower end of this scale (i.e., 0.05–0.5% carbon),

although some specialized alloys may have composi-
tions that lie outside these values. Steel also contains
elements such as silicon, phosphorus, and sulfur that
arise inevitably from the steel-making process and
which may affect properties detrimentally unless lim-
ited or controlled. For example, sulfur forms a low
melting point eutectic with iron, and hence, limits the
ability of the steel to be processed at higher tempera-
tures. Thus, plain carbon steels traditionally contain
sufficient added manganese (15–20 times that of sulfur)
to ‘mop-up’ the sulfur via the formation of MnS pre-
cipitates. However, increased amounts of manganese
are also beneficial in, for example, solid solution hard-
ening of ferrite, and improving the ductility and tough-
ness of the alloy.

‘Plain carbon steel’ may be defined as an alloy of
iron with carbon where the total quantity of alloying
elements is less than 2% by mass with compositional
limits of 0.6% for copper, 1.65% for manganese, 0.04%
for phosphorus, 0.6% for silicon, and 0.05% for sulfur
and where no other elements are deliberately added in
order to provide a specific property or attribute. This
somewhat convoluted definition is necessary to exclude
some low-alloyed steels (e.g., with small amounts of
chromium, cobalt, niobium, molybdenum, nickel,
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Figure 1 Iron–carbon phase diagram (note ‘perlite’ is an alternative spelling of ‘pearlite’). Reproduced here under the

Gnu Free Documentation License from its original source at www.wikipedia.org.

1696 Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد

http://www.wikipedia.org


titanium, vanadium, etc.) that otherwise might be
classed as ‘plain carbon.’ In contrast, ‘low alloy steels’
contain deliberate additions of alloying elements up
to 10% by weight so as to develop enhanced mechan-
ical properties. Finally, ‘high alloy steels’ contain
more than 10% by weight of alloying additions and
include materials such as stainless, tool, and maraging
steels. Alloying additions may also be classed with
respect to their effects on the stability of the ferrite
and austenite phase regions. Thus, carbon, nitrogen,
manganese, nickel, and cobalt all tend to expand the
austenite phase region (i.e., are austenite stabilizers),
while silicon, chromium, molybdenum, niobium,
vanadium are ferrite stabilizers.

Carbon steels typically comprise more than 85%
of steels produced and shipped worldwide and are,
therefore, by far the most frequently used iron–
carbon alloy. It is usual to categorize steels by their
carbon content, but the specific boundaries are not
well-defined. Generally, low-carbon steel (‘dead mild’
steel) contains up to �0.15% carbon and 0.3–0.6%
manganese by mass. It has relatively low strength
but high formability, and is used typically in sheet
and strip products. Mild steel contains from 0.15% to
0.3% carbon and is used in flat rolled products where
higher strengths are required. For structural steel-
work, plates and rolled sections, forgings and stamp-
ings of the manganese content can be increased to
�1.5% to improve toughness. Medium-carbon steels
with 0.3–0.6% carbon and 0.60–1.65% manganese
allow the use of quenched and tempered heat treat-
ments with applications in axles, gears, forgings, rails,
etc. Finally high-carbon steels containing 0.6–1.0%
carbon and 0.3–0.6% manganese are used for high
strength applications such as springs andwires. Mate-
rials with carbon content greater than 1% are typi-
cally insufficiently tough to be used for structural
purposes, but find application where high hardness
and abrasion resistance is required, for example, as
machine tools, saw blades, etc.

3.01.1.2.2 Equilibrium microstructures

The iron–carbon phase diagram can be seen to be
dominated by the pearlite eutectoid reaction (impor-
tant for steel) and the ledeburite eutectic reaction
(important for cast iron, and not considered further
here). The pearlite reaction comprises the diffusion-
controlled decomposition of austenite to ferrite and
iron carbide at the eutectoid composition (�0.8%
C by mass) and temperature (723 �C):

g-Fe! a-Feþ Fe3C

At carbon content below the eutectoid composition
(hypoeutectoid <0.8% C), ferrite will form first,
while at higher carbon content cementite will form
first (hypereutectoid>0.8% C); both phases nucleat-
ing preferentially at the austenite grain boundaries.
Pearlite (or perlite) is not a phase itself but it is rather
a two-phase mixture of ferrite (�88%) and cementite
(�12%) that forms in alternating laths (strips); it
is so-called because of its characteristic pearl-like
appearance. Figure 2 shows representative steel
microstructures of varying compositions. The indi-
vidual laths of ferrite and cementite are often not
easily resolved in commercial alloys using optical
microscopy, however, they are visible in the higher
carbon content material, Figure 2(c).

Since the transformation is diffusion controlled,
the spacing between the ferrite and cementite laths in
pearlite varies as a function of cooling rate with slow
(i.e., furnace) cooling giving the widest spacing and
faster cooling giving closer spacing. Ferrite itself has a
rather low yield stress, so the overall strength of the
steel is dependent on the nature and spacing of sec-
ond phase particles, including the individual pearlite
colonies as well as the pearlite lamellae and any other
phase that happens to be present.

3.01.1.2.3 Nonequilibrium microstructures

If steel is cooled faster than the rate at which carbon can
be rejected by diffusion from the austenite lattice, the
consequent formation of equilibrium iron carbide is
partially or wholly suppressed. Under these circum-
stances, the austenite cannot retain the excess of carbon
within its structure due to its thermodynamic instabil-
ity and must transform via an alternative mechanism.
At sufficiently low temperatures where essentially no
significant diffusion of carbon can occur, the thermo-
dynamic driving force is able to overcome the lattice
strains inherent in a diffusionless (shear) transforma-
tion andmartensite, which is a distorted body-centered
tetragonal structure, will form directly. At intermediate
temperatureswhere limiteddiffusion of carbon can still
occur, the bainite structure forms by transformation of
austenite to carbon-supersaturated ferrite with the
subsequent diffusion of carbon and the precipitation
of carbides either in untransformed austenite (upper
bainite) or within the ferrite (lower bainite). The
detailed mechanisms of these transformations and
their microstructures are complex and beyond the
scope of this work, however, the concept is important
in understanding the properties of steel and particu-
larly how they may be altered beneficially by heat
treatment.
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The advantage in rapid cooling (or quenching)
of steel is that carbon is then held uniformly in the
martensite phase in supersaturated solid solution.
Martensite itself is very brittle and hard and, con-
sequently, has limited uses. However, when mar-
tensite is reheated sufficiently, the retained carbon
is able to diffuse and precipitate as fine carbides
that are relatively evenly distributed in the material.
In contrast, in pearlitic steel, the strengthening
phase is both unevenly distributed (i.e., in pearlite

colonies) and present in thin strips that are more
likely to act as crack initiators. Figure 3(a) shows a
quenched martensitic structure, while Figure 3(b)
shows the same material but after aging (tempering)
at an elevated temperature in order to precipitate
the carbide particles. The even distribution of
carbides is evident and compared with a pearlitic
microstructure of similar carbon content, results
in greatly increased fracture toughness at similar
yield stress.

(a)(a) 101000 μμmm 101000 μμmm(b)(b)

Figure 3 Annealed, compared with quenched and tempered, steel microstructures. (a) 0.31% C annealed showing pearlite

colonies of ferrite and cementite between grains of ferrite. (b) as (a) but quenched to form martensite then tempered to
precipitate a fine carbide distribution of cementite. Reproduced by kind permission of Cochrane, R. F. University of Leeds and

the DoITPoMS Micrograph Library (www.doitpoms.ac.uk).

(a) 200 μm 200 μm(b)

200 μm(c)

Figure 2 Pearlitic microstructures in steel (air cooled) (a) Hypoeutectoid (0.2% C; ferrite, light, with pearlite colonies, dark,

elsewhere in the structure). (b) Eutectoid composition (0.8% C; fully pearlitic). (c) Hypereutectoid (1.3% C; cementite has

nucleated on former austenite grain boundaries with pearlite elsewhere in the structure). Reproduced by kind permission of

Cochrane, R. F. University of Leeds and the DoITPoMS Micrograph Library (www.doitpoms.ac.uk).
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3.01.1.3 Mechanical and Physical
Properties

Alloying greatly decreases the thermal and electrical
conductivities of pure iron but has little effect on other
physical properties such as the elastic modulus. Regard-
ing mechanical properties, pure iron (ferrite) is soft and
malleable but work-hardens rapidly, Table 1. Ferrite
can be solid–solution strengthened by either interstitial
(e.g., C, N, and P) or substitutional (e.g., Si and Mn)
alloying additions. Silicon and manganese, which are
always present in iron at levels of �0.3–0.5%, provide
some solid–solution strengthening of the ferrite; phos-
phorus gives much stronger solid-solution strengthen-
ing but is not commonly added deliberately as it
can greatly reduce toughness. Carbon and nitrogen
have the greatest potential effect but have very low
solubilities in ferrite.

As noted above, carbon-containing alloys (i.e.,
steels) are mainly strengthened by the formation of
second phase carbide precipitates. In plain carbon
steels, these comprise iron carbides that may form
as pearlite colonies or, after quenching and temper-
ing, as a fine carbide distribution in the microstruc-
ture. In low alloy steels, the addition of elements such
as molybdenum, titanium, vanadium, chromium, nio-
bium, and nickel either promote the formation of
alloy carbides or control the formation of martensite
and/or the favorable precipitation of iron carbides.

Like other body-centered cubic metals, steels are
subject to a ductile-to-brittle transition and this may
occur close to ambient temperatures depending upon
the type of steel, its alloying contents (including
carbon, manganese, etc.), and how it has been pro-
cessed. Clearly, it is usually advisable for the ductile-
to-brittle transition temperature to fall well below
operating temperatures in order to ensure adequate
fracture toughness during service. Key factors that
influence the transition temperature include micro-
structure, carbide distribution, internal stress, and the
composition of the ferrite phase.

It is beyond the scope of this chapter to discuss the
detailed effect of microstructure, composition, etc. on
the overall mechanical properties of steels and,
hence, interested readers are directed to Llewellyn
et al.3 and Bhadeshia et al.4 for further information.

3.01.1.4 Processing

3.01.1.4.1 Heat treatment

The main purpose of heat treatment is to optimize
the mechanical properties of a particular steel grade.
This typically involves a single or a series of heating
and cooling operations designed to produce an opti-
mum microstructure for the particular end use.
These processes can be divided conveniently into:
softening (or annealing), normalizing, hardening,
and tempering treatments.

General process annealing is carried out on cold-
worked materials in order to relieve internal stresses
and/or to soften them prior to further cold work. Full
annealing is carried out by heating the steel into the
austenite phase region (if a hypoeutectoid steel), or
just above the eutectoid temperature (if hypereutec-
toid) followed by slow (e.g., furnace) cooling that
results in a relatively coarse lamellar pearlite. Nor-
malizing involves the same heat treatment, however,
the cooling is more rapid and carried out in air, which
results in a decrease in the size of microstructural
features (grain size and pearlite lamellae spacing) and
consequent increased final hardness.

Hardening of hypoeutectoid steels involves heating
into the austenite phase region followed by rapid cool-
ing (or quenching). As the cooling rate is increased, the
formation of pearlite occurs at lower temperatures
resulting in an increasingly finer lamellar structure,
until at a critical cooling rate that depends on the alloy
content of the steel, martensite is formed directly.
Tempering of hardened steel is achieved by reheating
to various temperatures below the austenite boundary
with the intention to relieve internal stresses

Table 1 Generic properties for annealed ferrous alloys

Property Iron (>99.9% Fe) Carbon steel (0.15%C) Stainless steel (18%Cr, 10%Ni)

Density (Mgm�3) 7.86 7.86 8.00

Elastic modulus (GPa) 200 200 195
Thermal conductivity (Wm�1 K�1) 76.2 20–65 16.2

Electrical conductivity (106O�1m�1) 11.2 6.23 1.45

Ultimate tensile strength (MPa) >200 385 565

Proof Stress at 0.2% strain (MPa) �70 285 210
Elongation (%) >40 35 55

Source: Data taken from Smithells Metals Handbook.
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induced by quenching and to permit the diffusion of
carbon retained in the martensite matrix in order to
precipitate a relatively even distribution of carbides.
Tempering at 100–200 �C is sufficient to relieve
quenching stresses only. However, at temperatures
between 200 �C and 450 �C the martensite will
decompose into ferrite by precipitation of fine par-
ticles of carbide throughout the structure decreasing
yield strength but increasing toughness. At higher
temperatures still (i.e., 450–650 �C) fewer but larger
carbide particles are produced further increasing
the toughness and reducing the strength. Micro-
structures formed in this way are known as tem-
pered martensites and vary in microstructure from
relatively large ferrite grains containing second
phase carbides to small, fine-grained structures sim-
ilar to bainite. Generically, these steels are known as
quenched and tempered.

The details for steel heat treatments are complex
and those given above merely summarize the main
elements; further details can be found in Steel Heat

Treatment Handbook.5 In some cases, heat treatment
alone cannot provide the desired structure, and
some form of thermo–mechanical treatment is neces-
sary. For example, some low alloy and microalloyed
steels (high-strength low-alloy steels) develop excep-
tional combinations of strength, toughness, and low
ductile-to-brittle transition temperature by virtue of a
controlled process combining a gradually decreasing
temperature with simultaneous rolling of the steel.

After processing (rolling, forging, forming, etc.) at
elevated temperatures, a layer of oxide, called mill-
scale, inevitably would have formed on the metal
surface. The structure of millscale consists of three
superimposed layers of iron oxides in progressively
higher states of oxidation from the metal side out-
wards: ferrous oxide (FeO) on the inside, magnetite
(Fe3O4) in the middle, and ferric oxide (Fe2O3) on the
outside. The relative portions of the three oxides vary
with the processing temperatures. A typical millscale
on 9.5mm mild steel plate would be �50 mm thick,
and contain�70% FeO, 20% Fe3O4, and 10% Fe2O3.
If millscale was perfectly adherent, continuous, and
impermeable, it would form a good protective coat-
ing, but in practice millscale is liable to crack and
flake off exposing the underlying metal. During
atmospheric exposure, the presence of millscale on
the steel may reduce the corrosion rate over compar-
atively short periods, but over longer periods, the rate
tends to rise as the oxide flakes off the surface. In
water, severe pitting of the steel may occur if large
amounts of millscale are present on the surface.

For example, pits up to 1.25mm deep were found on
as-rolled steel specimens after 6months immersion in
sea-water at Gosport.6 It follows that for most practi-
cal purposes where steel is exposed without a protec-
tive coating, or indeed to achieve effective coatings
adhesion to the substrate, it is essential to remove all
millscale either before putting components into ser-
vice or prior to application of a protective coating.

3.01.1.4.2 Mechanical deformation

The vast majority of steel products are produced by
mechanical deformation either while ‘hot’ (i.e., above
the recrystallization temperature of the alloy) or
‘cold’ (i.e., below the recrystallization temperature);
in the latter case, if continued processing is required,
periodic annealing is necessary in order to remove the
effects of work-hardening. Such processes include:
rolling (plate, strip, and bar products, etc.), forging,
stamping, wire drawing, etc. Both hot and cold defor-
mation will produce a varying degree of banding and
texture in the resultant microstructure, which may
result in properties that vary according to the defor-
mation direction, Figure 4. Nonmetallic second-phase
inclusions that originally derive typically from slag
materials incorporated during the steel-making pro-
cess will tend to form stringers in the metal during
rolling operations. These can form planes of weak-
ness in the steel, although modern clean steel making
technology has greatly reduced the volume fraction
and distribution of such unwanted second phases.

3.01.1.4.3 Metallurgical influences on

corrosion

Generally, the process of manufacture has no appre-
ciable effect on the corrosion characteristics of car-
bon steel. Slight variations in composition that
inevitably occur from batch to batch in steels of the
same quality have little effect with the exception of a
limited number of elements in a small (but impor-
tant) number of applications. For example, the addi-
tion of�0.2% of copper results in a two- to threefold
reduction in the atmospheric corrosion rate com-
pared with a copper-free steel.7,8 Variation in other
alloying additions in carbon steel affects the corro-
sion rate to a marginal degree, the tendency being for
the rate to decrease with increasing content of car-
bon, manganese, and silicon. Thus, steel containing
0.2% of silicon rusts in air �10% slower than an
otherwise similar steel containing 0.02% of silicon.
Otherwise, all ordinary ferrous structural materials,
that is, carbon and low-alloy steels, corrode at virtu-
ally the same rate when immersed in natural waters.
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As shown in the historic data of Table 2, the process
of manufacture and the composition of mild steel do
not affect its corrosion rate appreciably.9

In carbon steels, the effect of microstructural
anisotropy caused by processing is also generally
not significant. Thus, in seawater immersion tests,
carried out to determine the effects of rolling direc-
tion and tensile stress on the corrosion of a steel
containing 0.14% C, 0.47% Mn and 0.04% Si,10

specimens were cut from plates parallel to and per-
pendicular to the rolling direction. There was little
difference in general corrosion performance, although
pitting was somewhat worse on the plate cut parallel
to rolling.

For low alloy steels generally under immersed
conditions, alloying additions of at least 3% (e.g., of
chromium, nickel, etc.) are necessary to obtain any
marked improvement in the corrosion-resistance.

The main elements that alter the rate of corrosion
of low alloy steels when immersed in natural waters
are aluminum, copper, chromium, molybdenum, and
nickel, but other additions, for example, manganese,
silicon, phosphorus, and sulfur, may have minor roles.
The action of some alloying elements can be benefi-
cial, neutral, or detrimental, depending upon whether
localized or uniform corrosion is being considered
and whether the steel is fully, partially, or intermit-
tently immersed. A large program of work between a
number of research laboratories in Europe was car-
ried out over an extended period to study the influ-
ence of alloying elements on corrosion of low alloy
steel11 and the main findings, which are summarized
in Table 3, are still relevant.

From a consideration of Table 3, steel containing
copper and phosphorus might be chosen for its resis-
tance to corrosion in the critical tidal and splash zone.

Table 2 Corrosion rates of mild steels in seawater, total immersion for 203 days at Plymouth

Type of steel a Analysis (%) Average general penetration (mmyear�1)

C Mn P S

Basic Bessemer, rimming ordinary 0.05 0.64 0.06 0.02 0.143
High phosphorus 0.03 0.31 0.14 0.04 0.143

High phosphorus and sulfur 0.03 0.30 0.10 0.07 0.148

Open-hearth, rimming ordinary 0.13 0.33 0.03 0.03 0.143
From haematite pig 0.06 0.32 0.01 0.03 0.140

Open-hearth, killed ordinary 0.10 0.35 0.03 0.02 0.140

From haematite pig 0.11 0.34 0.01 0.03 0.136

Open-hearth, killed ordinary 0.22 0.71 0.03 0.03 0.143
From haematite pig 0.21 0.58 0.02 0.03 0.158

aThe copper contents of the steels, which were supplied through the courtesy of l’Office Technique pour l’Utilisation de l’Acier (France),
varied from 0.03 to 0.11%. The killed steels contained 0.04% AI and 0.1% Si.
Source: After Hudson, J.C. J. Iron Steel Inst. 1950, 166, 123.

(a) 400 μm 200 μm(b)

Figure 4 Directionality in microstructure after mechanical deformation. (a) 0.2% C steel after hot rolling showing banded
carbidemicrostructure. (b) 0.6%C steel after cold wire drawing showing highly deformed grain structure Reproduced by kind

permission of Cochrane, R. F. University of Leeds and the DoITPoMS Micrograph Library (www.doitpoms.ac.uk).
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However, in practice the sample-to-sample variation
in corrosion rate is much greater than the difference
between various alloy steels, so it is improbable that
low-alloy steels will corrode more slowly than mild
steel in most practical environments. This conclusion
was supported by Forgeson et al. in the 1960s who
concluded from extensive tests in fresh and salt waters
of the Panama Canal Zone that: ‘‘proprietary low-alloy
steels were not in general more resistant to underwater
corrosion than the mild unalloyed carbon steel.’’12 In
any case, it is rare to expose unprotected steel in this
way without a reliable corrosion control method such
as cathodic protection also being applied.

The generally negligible effects of alloying addi-
tions on the corrosion of low alloy steels under
immersed conditions were also reported in historic
work from the 1930s to 1950s by the former British
Iron and Steel Research Association (BISRA) in the
UK13 and the National Bureau of Standards (NBS) in
the USA.14 The latter work was rather extensive and
involved ten varieties of steel (as well as cast irons),
which were buried in 15 typical American soils from
1937 to 1950. The results showed that, with few
exceptions, the corrosion of low-alloy steels contain-
ing copper, nickel, and molybdenum in various com-
binations did not differ by more than 20% from that
of ordinary carbon steel. The main exception was
chromium, where additions of 2% or 5% of chro-
mium did increase the corrosion resistance some-
what, as is indicated in Figure 5.

3.01.2 Electrochemistry

3.01.2.1 Thermodynamics

Iron is a relatively active element whose domain of
stability resides completely below that of the domain
of stability for water. Thus, in principle, iron can evolve
hydrogen from aqueous solutions at all pH, Figure 6.
In practice, hydrogen evolution occurs readily only at
low pH (i.e., below �pH 3); at higher pH, although it

is thermodynamically possible, hydrogen evolution is
very slow at ordinary temperatures due to the low
driving force and sluggish kinetics. At intermediate
pH, iron passivates and at higher pH iron may dis-
solve as the ferroate oxyanion, although this reaction
is sluggish and passive iron is practically stable to pH
13 and above (e.g., in concrete). Iron corrodes readily,
therefore, in near-neutral oxidizing environments,
including: the atmosphere, natural waters in equilib-
rium with atmospheric carbon dioxide and seawater,
however, the rate of corrosion in oxygen-free neutral
waters is much less and controlled by the stability of
the passive film. Iron is more active than elements
such as nickel, copper, cobalt, etc. but is more noble
than zinc, aluminum, magnesium, etc. Thus, the lat-
ter elements are, in practice, important for use as
sacrificial anodes for the cathodic protection of
steel. Apart from a few exceptions in specific circum-
stances, minor variations in the composition of steel
generally have minimal effect on the overall electro-
chemistry and, hence, the corrosion rates.

Iron has two stable oxidation states: ferrous (þ2)
and ferric (þ3). Typically, divalent ferrous species are
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Figure 5 Effect of chromium content on the corrosion of

buried steel. Reproduced from Romanoff, M. Underground
Corrosion, National Bureau of Standards Circular 579, US

Government Printing Office, Washington, 1957.

Table 3 Effect of alloying elements on marine corrosion resistance

Corrosion type Environment Favorable Neutral Unfavorable

Uniform corrosion Marine immersion Mn, Si, Al, Mo (> 4 years),

Cr (< 4 years)

Ni P, S, Cu, Mo (> 4 years),

Cr (< 4 years)

Uniform corrosion Tidal and splash zone P Cu, Cr, Ni –
Uniform corrosion Marine atmosphere P, Si, Mn, Cu, Cr, Ni – –

Pitting corrosion Marine immersion – Cu, Cr Ni

Pitting corrosion Tidal and splash zone Cu Ni Cr

Source: After Songa, T. International Conference on Steel in Marine Structures, Paris, ECSC: Luxembourg, 1981.
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considerably more soluble in aqueous solution than
the trivalent ferric species, which have significant
solubility only at low and high pH. The oxides and
hydroxides of iron are complex and interrelated
crystallographically; furthermore, many of the ferric

oxides undergo reductive dissolution to soluble
ferrous species, such as the Fe(OH)þ ion. Figures 6
and 7 show a Pourbaix diagram for the limits of
stability of soluble iron species at a concentration
of 10�5M.
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Figure 6 Pourbaix diagram for iron with soluble species at concentration of 10�5M, and with the most frequent stable oxide

species present. Calculated using HSC version 6.12 thermochemical modelling software, Outotec, Finland.
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Figure 7 Pourbaix diagram for soluble species only (i.e., excluding solid species) at a concentration of 10�5M. Calculated

using HSC version 6.12 thermochemical modelling software, Outotec, Finland.
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3.01.2.2 Anodic Dissolution

3.01.2.2.1 Oxygen-free (deaerated)

conditions

The mechanism for the dissolution of iron, whether
in aerated or deaerated conditions, varies as a func-
tion of pH and, despite extensive investigation by
Bockris,15–18 Drazic,19,20 Lorenz,21,22 Hackerman,23

and others, is still not entirely resolved. One of the
complications is that the mechanism is greatly influ-
enced by a number of factors including the nature of
the anions present in solution. The most commonly
accepted generic reaction sequence in deaerated acid
conditions is due to Bockris, Drazic, and Despic17

where a reaction order of �1 with respect to hydrox-
ide ion concentration (i.e., the kinetics are a function
of pH) was determined for the anodic dissolution of
iron at pH <4. This broadly fits the following reac-
tion sequence:

FeþH2O! FeOHads þHþ þ e� ½1�
FeOHads ! FeOHþð Þads

þ e� rate determiningð Þ ½2�
FeOHþð Þads þHþ! Fe2þ þH2O ½3�

Thus, adsorption of water initially occurs onto the iron
surface together with the first single electron transfer
step giving rise to a transient intermediate (FeOHads).
The second electron transfer step, giving rise to the
stable Fe(þ2) oxidation state, occurs subsequently
and is rate determining. In near neutral solution
(4< pH<9) this sequence is modified slightly24 and
after reaction [2] above, the following sequence holds:

FeOHþð Þads þH2O! Fe OHð Þ2
� �

ads
þHþ ½4�

Fe OHð Þ2
� �

ads
þ 2Hþ! Fe2þ þ 2H2O ½5�

In both cases, the overall reaction is the familiar:

Fe! Fe2þ þ 2e� ½6�
In alkaline solution (pH>9), and in the absence of
oxygen, passivation of the iron surface occurs after
reaction [4] with the initial formation of ferrous
hydroxide, reactions [7] belowand subsequent oxidiza-
tion to magnetite:

FeOHð Þads þH2O! Fe OHð Þ2 þHþ

þ e� rate determiningð Þ ½7a�
FeOHð Þads þ OH� !Fe OHð Þ2

þ e� rate determiningð Þ ½7b�

3Fe OHð Þ2! Fe3O4 þ 2H2Oþ 2Hþ þ 2e� ½8�

Finally, strong alkali ferrous hydroxide can chemically
dissolve as the dihypoferrite anion that is in equilib-
rium with the hypoferrite (ferroate) anion:

Fe OHð Þ2 þ OH�! HFeO�2 þH2Oþ OH�

! FeO2�
2 þ 2H2O ½9�

3.01.2.2.2 Oxygen containing (aerated)

conditions

When dissolved oxygen is present, ferrous species are
unstable to further oxidation in solution to ferric
species, which have considerably lower solubility pro-
ducts and are liable to precipitation giving rise to the
familiar rust corrosion product. Thus, in aerated near-
neutral to acid conditions, ferrous ions are oxidized by
dissolved oxygen in solution, with FeO(OH) as the end
product (other oxides/hydroxides are possible):

2Fe2þ þ 3H2Oþ‰O2 !2FeO OHð Þ þ 4Hþ ½10�
Any formed ferric oxide will immediately precipitate
giving rise to the familiar brown staining that denotes
rusting. If precipitation occurs close to themetal surface
(as is likely in aerated solution), oxide will tend to build
up on the iron, although this will not be in a coherent
and impermeable manner. Hence, rust layers formed in
this way can only provide a diffusion restriction for the
corrosion of iron and steel and do not result in
passivation.

In alkaline environments at pH >9, passive ferrous
hydroxide and magnetite (in which 1/3 of the iron
atoms are in the ferrous state and 2/3 ferric) are also
susceptible to further oxidation to ferric hydroxide:

Fe OHð Þ2! FeO OHð Þ þHþ þ e� ½11�

Fe3O4 þ 2H2O! 3FeO OHð Þ þHþ þ e� ½12�
However, in these cases, the reaction occurs in the
solid state and the iron remains passive with the
advantage that ferric hydroxide has a greater thermo-
dynamic stability range. Note that the oxidation of
ferrous hydroxide and magnetite to ferric hydroxide
is reversible and, hence, the passive film is unstable to
electrochemical reduction.

3.01.2.2.3 Anion adsorption effects on the

mechanism of dissolution

As key steps in the anodic dissolution mechanism for
iron involve the adsorption of water or hydroxyl ions,
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it is evident that the presence of other anions that
compete for adsorption will influence the concentra-
tion of the adsorbed hydroxyl intermediate and, in
consequence, the corrosion rate. For example, the
effect of halide ions on the corrosion rate of iron in
acid media has been known for over 80 years.25

Although, it is widely assumed that halides are uni-
formly aggressive (i.e., increase corrosion rates), this
is not universally the case, and at low-to-intermediate
concentrations in acid, they can act as effective inhi-
bitors. For example, iodide ions inhibit corrosion of
mild steel in 0.5M H2SO4 at concentrations less than
�10�2M with an inhibition efficiency (i.e., percent-
age reduction in corrosion rate) of up to 90%.26 The
effectiveness of inhibition decreases in the order: I�,
Br�, and Cl�, which is consistent with the adsorption
efficiency of the anions and confirmed by electro-
chemical impedance spectroscopy measurements of
surface capacitance. Species that are only weakly
absorbing (such as perchlorate) have no significant
effect on the corrosion rate. Of course, a distinction
here has to be made between species that interfere
directly with the anodic dissolution process and spe-
cies that interfere with a cathodic reaction such as
hydrogen evolution. A large class of organic inhibi-
tors for corrosion in acids (e.g., pickling inhibitors)
act by adsorbing onto the surface of the steel and,
hence, block either or both of the electrochemical
reactions.27

3.01.2.3 Passivity

3.01.2.3.1 Passive oxide films

The phenomenon of passivity was probably first
recorded by James Keir in 1790 on the exposure of
iron to concentrated nitric acid.28 He noticed that if
the concentration of nitric acid was sufficiently high,
gas evolution appeared to cease and the iron appeared
to be in a quiescent state. This ‘passive’ state of iron
was later explained by Michael Faraday in 1836 and,
given the undeveloped state of knowledge at the time,
his comments are immensely prescient29:

. . . my impression is that the surface of the metal is

oxidised or else that the superficial particles of the

metal are in such relation to the oxygen of the

electrolyte as to be equivalent to oxidation . . .

Passivity is now known to be caused by the formation
of an oxidized species on a metal surface under the
correct conditions of potential and pH. Thus, on
formation of a more-or-less thermodynamically sta-
ble, compact, and continuous film on a metal surface,

the kinetic processes involved in corrosion (e.g., elec-
tron and ion charge transfer, diffusion of reacting
species, etc.) are slowed by many orders of magni-
tude. For ferrous alloys, and as indicated above, pas-
sivity occurs at intermediate pH and at sufficiently
high oxidizing potentials and results in the formation
of an oxide film. The literature on passivity in gen-
eral, and on passivity of iron in particular, is exten-
sive. Of interest are the mechanisms of passive oxide
film formation, its structure and composition, the
long-term stability of the film, and its local break-
down in the presence of species such as chloride ions
and others (i.e., pitting).

Passive iron oxide is thermodynamically stable at
sufficiently high potentials. Thus, the passive film on
iron can itself participate in the corrosion process as a
cathodic reactant, and is consequently destroyed in
the process. In this way the passivity of iron is funda-
mentally more unstable than, for example, that of
chromium or of aluminum. Also, unlike other passive
films which are generally insulating, the passive oxide
on iron (e.g., magnetite) is an electronically conduct-
ing n-type semiconductor30 and forms an effective
electrode for, for example, oxygen reduction.

Regarding the nature of the film, it was historically
proposed to consist of a Fe3O4 inner layerwith an outer
layer of g-Fe2O3,

31,32 results that appeared to be con-
sistent with electrochemical data. However, later
Mössbauer studies demonstrated that the passive film
contained only ferric species with no evidence of sig-
nificant Fe2þ present. Also, the films were likely to be
microcrystalline or amorphous and did not appear to
change structurally on drying in air.33,34 For passive
films formed on iron by anodic polarization in borate
buffer solution at pH 8.4, the hydroxyl content of the
film was shown by secondary ion mass spectrometry
(SIMS) to be effectively zero,35 thus confirming that
the film was an oxide only and not a hydroxide.

A criticism of most research of this type is that it is
necessarily carried out ex situ (i.e., the passive film was
formed in solution the sample was removed and then
analyzed elsewhere). Truly in situ measurements of
the passive film structure were only achieved in the
1990s by use of X-ray absorption near edge fine
structure36 and scanning tunneling microscopy,37

which showed that the film is either amorphous or a
crystalline spinel (i.e., similar to Fe3O4 and g-Fe2O3),
thus confirming the previous results but leaving open
the question of precisely which structure is correct.

The controversy on the structure of passive iron
oxide appears now to have been solved by Toney et al.
using careful in situ and ex situ synchrotron X-ray
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diffraction measurements on high purity iron.38 This
confirmed that the diffraction peaks were similar to
spinel, but that the structure factors did not conform to
either Fe3O4 or g-Fe2O3, or indeed any other known
oxide or hydroxide of iron. Full X-ray structure refine-
ment determined that the passive film consists of a
nano-crystalline spinel unit cell (containing 32 oxide
anions) with cation occupancy of�80% for octahedral
sites, 66% for tetrahedral sites, and with �12% of
cations occupying octahedral interstitial sites. Note
that despite the superficial similarities to both the
magnetite (Fe3O4) and maghemite (g-Fe2O3) struc-
tures, it is a distinctly different material, termed the
LAMMphase. Later work by the same authors, using a
molecular modeling approach, has indicated that the
LAMM phase is metastable.39 However, this may not
be so surprising considering that the film is formed
under nonequilibrium conditions and, since it is thin,
surface and interfacial free energies will dominate over
the free energy of the macroscopic phase.

Similar experimental problems exist for determin-
ing the mechanism for passive oxide film growth. This
is commonly assumed to occur via ion conduction
caused by the electric field between the metal and
the electrolyte. A clever experiment using isotopically
labeled reagents studied the film formed after sequen-
tial anodizing of iron in ordinary and 18O enriched
water, using SIMS to monitor the 18O/16O ratio.35

The results were consistent with the majority

transport mechanism during film growth consisting
of inward oxygen ion transport in the lattice; however,
some 18O was detected at the interface indicating that
some short-circuit diffusion paths exist in the struc-
ture, presumably at crystalline boundaries.

3.01.2.3.2 Nonoxide passive films

In the strict sense, passivity relates to the process of
oxidation leading to a solid corrosion product that
forms in such a way (i.e., thermodynamically, or at
least kinetically, stable, continuous, without substan-
tive defects, relatively insoluble, and generally resis-
tant to further oxidation or reduction) as to provide a
significantly protective film. This definition does not
have anything to say about the chemical nature of the
passive film. Indeed, although passive oxide films are
by far the most important type, passive films may also
consist of sulfides, chlorides, etc.

In sulfide environments, for example, steel may
passivate by the formation of an iron sulfide film,
Figure 8. However, this film has distinctly different
properties to passive oxides.40 Firstly, the initially
formed film is nonstoichiometric (FeS1-x) and, like
Fe3O4 (but unlike FeO(OH)) is electronically con-
ducting and is an excellent cathode, especially for the
hydrogen evolution reaction. Secondly, the film is
unstable to further oxidation to FeO(OH) and FeS2,
which, due to volume expansion, disrupts the film
and results in damage, including cracking. Cracks and
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other defects in the sulfide film effectively result in
small local anodes that, when coupled to the large
efficient external cathode (the remnant sulfide film),
causes severe localized (pitting) corrosion.

Other forms of corrosion that result in the forma-
tion of surface films with significant protective prop-
erties are often the result not of direct oxidation to a
solid species, but rather by precipitation of an insol-
uble salt that covers the metal surface, for example,
iron phosphate. In the strict sense, this is not ‘passiv-
ity,’ although it is often described as such, particu-
larly, if the end result (a greatly reduced corrosion
rate and a tendency for corrosion to occur in a loca-
lized manner) is similar. In some cases, however, it is
unclear whether the film forms by direct oxidation or
by precipitation. For example, a protective ferrous
sulfate film forms during corrosion of steel in concen-
trated sulfuric acid,41 since iron sulfate is relatively
insoluble in this environment. Also, corrosion of
steel in environments containing dissolved carbon
dioxide (so-called ‘sweet’ corrosion in the oil and
gas industry) can result in a protective film of ferrous
carbonate under some conditions.42 Such films may
either form by precipitation (salt films) or may form
by direct oxidation to a solid product where the
solubility of the species is extremely low. However,
whether this is really passivity or not is ultimately a
matter of semantics.

3.01.2.4 Cathodic Reactions

3.01.2.4.1 Hydrogen evolution reaction

The hydrogen evolution reaction is one of the most
studied electrochemical processes partlydue to its tech-
nological interest but also due to the relative ease of
investigation (one only needs to place some zinc in
sulfuric acid to observe hydrogen bubbles being pro-
duced). Themechanism for hydrogen evolution on iron
involves initial discharge of hydrogen ions on the metal
surface with corresponding adsorption of a hydrogen
atom followed by the rate determining reaction43: most
commonly, chemical desorption of adsorbed hydrogen
[14a] or, at high overpotential, electrochemical desorp-
tion of adsorbed hydrogen [14b]:

Hþ þ e�! Hadsð Þ rapidð Þ ½13�

Hadsð Þ þ Hadsð Þ! H2

rate determining; low overpotentialð Þ ½14a�

Hadsð Þ þHþ þ e�! H2

rate determining; high overpotentialð Þ ½14b�

Chemical desorption of adsorbed hydrogen [14a] is a
potential independent reaction and consequentially, the
surface coverage of hydrogen may build up to a high
equivalent thermodynamic fugacity (i.e., equivalent
pressure or chemical activity). This has the important
consequence that the atomic hydrogen has sufficient
residence time on the metal surface to enter the metal
lattice (and cause embrittlement, hydrogen induced
cracking, and other related phenomena) before com-
bining to give molecular hydrogen that leaves the
surface.

3.01.2.4.2 Oxygen reduction reaction

The oxygen reduction reaction on iron is important
in all aerated conditions and particularly so in near-
neutral to alkaline solutions where, in the majority
of technologically important corrosion problems,
oxygen is the dominant cathodic reactant. Unlike
reduction of hydrogen ions, which is a 2-electron
process that occurs via two successive single electron
transfer reactions, the mechanism for the reduction of
dissolved oxygen is intrinsically more complex due to
the overall required transfer of four electrons. The
initial step for the reduction of oxygen is generally
believed to involve one or both of a superoxide or a
peroxide intermediate species. However, hydrogen
peroxide once formed is easily reduced in a 2-electron
process that cleaves the central O–O bond.

The overall reaction for oxygen reduction differs
according to whether the iron is passive (i.e., the
reduction process occurs on an oxide or hydroxide
surface) or whether the surface of iron is oxide-free
(i.e., bare iron). An extensive investigation of the
oxygen reduction reaction on iron in neutral solution
was carried out by Jovancicevic.44 For passive iron,
the reaction scheme that best fits the observations
involves rate determining adsorption of oxygen fol-
lowed by stepwise reduction of the adsorbed inter-
mediate initially to an adsorbed superoxide species
(O2H) then to peroxide ion (O2H

�). This reacts
immediately in water to form hydrogen peroxide,
which may be detected in solution using a rotating
ring disc electrode, and which is relatively easily
reduced to hydroxide:

O2! ðO2adsÞðrate determiningÞ ½15�

O2adsð Þ þH2Oþ e�! O2Hð Þads þ OH� ½16�

O2Hð Þads þ e�! O2H
� ½17�

O2H
� þH2O! H2O2 þOH� ½18�
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H2O2 þ 2e�! 2OH� ½19�
The overall reaction being the familiar:

O2 þ 2H2Oþ 4e�! 4OH� ½20�
On bare iron, the situation differs in that no hydrogen
peroxide species are detectable in solution; also, the
kinetics of reduction are slower. In this case, there-
fore, the partly reduced intermediaries are expected
to exist as adsorbed species on the metal surface. The
rate-determining step is, in this case, consistent with
adsorption and reduction of oxygen to an adsorbed
superoxide species (O2

�):

O2þ e�! O �
2 ads

� �
rate determiningð Þ ½21�

After this, the sequence is unclear but one that is
consistent involves stepwise reduction, via an
adsorbed peroxide intermediate, to hydroxide:

O �
2 ads

� �þH2O! O2Hð ÞadsþOH� ½22�

O2Hð ÞadsþH2Oþ e�! 2OHadsþOH� ½23�

2OHadsþ2e�! 2OH� ½24�

3.01.2.5 Corrosion in Aqueous
Environments

3.01.2.5.1 Anode and cathode separation

During corrosion, the local electrochemical potential
at an anode is different from that at a cathode. Also, the
local electrochemical reactions at anodes and cathodes
result in significant chemical changes in their vicinity
that encourage and maintain their spatial separation.
Furthermore, the potential difference in solution gives
rise to a voltage gradient, which attracts oppositely
charged ions (or repels similarly charged ions), a pro-
cess known as electro-migration. Additionally, there is
the requirement for electro-neutrality in the electrolyte
(bywhich ismeant that an anion cannot exist in solution
without a corresponding cation). The overall process
for corrosion of iron with oxygen as the cathodic reac-
tion is shown schematically in Figure 9, with migration
and diffusion of ions carrying the flow of current.

3.01.2.5.2 Mass transport

For many, if not the majority, of the technical applica-
tions of carbon steel, the aqueous corrosion rate is
controlled by the diffusion of reacting oxygen to the
metal surface and/or the diffusion of dissolved species
away from the surface. Under these conditions, mass
transport in the solution becomes critical. In general,
mass transport occurs by three fundamental processes:

� Diffusion (i.e., movement under a concentration
gradient)

� Migration (i.e., movement under an electric field
gradient)

� Convection (i.e., natural or forced solution flow)

The total flux of reactant to a surface or interface (i.e.,
the total mass transport) is obtained simply by addi-
tion of the components of diffusion and migration to
that of convection:

Flux ¼ DiffusionalþMigrationalþ Convective

In all flow conditions, a region of fluid exists adjacent
to the surface of the electrode in which no convection
occurs and only diffusion and migration occur; this is
called the boundary layer, and may be equated with
the diffusion distance in Fick’s Law. Generally, as the
convection rate increases, the boundary layer is com-
pressed and reduced in extent and, hence, the overall
rate of mass transport increases.

3.01.2.5.3 Effect of flow rate on corrosion
For corroding systems, under mass transport control,
the flux of species to a surface where the rate-
controlling reaction is occurring is described in the
steady-state by Fick’s first Law. This flux may be also
measured electrochemically by the limiting current
for that reaction (e.g., oxygen reduction). In this way,
a mass transfer coefficient, k, may be defined by:

k ¼ ilim

nFCb
½25�

where: ilim is the limiting current density for a
cathodic reaction, Cb is the bulk concentration of
cathodic reactant, F is Faraday’s constant and n is
the number of electrons transferred in the reaction.
For a corrosion process whose rate is controlled by
mass transfer of cathodic reactant, for example car-
bon steel in neutral, oxygen-containing solutions,

Cathode Anode 

O2+ 2H2O + 4e− => 4OH−
Fe => Fe2++ 2e−

NaCl solution 
Cations (e.g., Na+)

Anions (e.g., Cl−)

Electron flow

O2

Figure 9 Schematic diagram showing spatial separation

of anode from cathode with corresponding migration of ions
in solution.
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knowledge of the mass transfer coefficient, k, enables
prediction of corrosion rate.

Measurement of the diffusion flux may be carried
out using standard electrochemical techniques as a
function of fluid flow rate, either via rotating elec-
trode systems, or via electrodes placed in flow chan-
nels. For laminar flow, the analytical solution predicts
that the limiting current (ilim) at a rotating electrode
is proportional to the concentration of reacting spe-
cies in solution and the square root of the rotation
speed, the Levich equation45:

ilim ¼ A Co0:5

where: o is the angular rotation rate of the electrode
(radians s�1), C is the concentration of reacting spe-
cies, and A is a constant that depends on the fluid
properties and diffusion rate of the reacting species.
Thus, if a plot of ilim v. o0.5 is a straight line, then the
reaction is mass-transport controlled and the diffu-
sion coefficient for the reacting species can be
obtained from the slope of the straight line. This
general kind of relationship holds for fluid flow in
more complex geometries, including turbulent flow,
where analytical solutions are not possible. Hence,

experimental analogies for particular situations must
be developed, commonly in terms of dimensionless
parameters such as the Sherwood number (related to
mass transport), the Reynold number (related to the
fluid flow rate), and the Schmidt number (related to
the fluid properties). For more detailed information
on corrosion in flowing systems, the reader is referred
to the relevant chapter of this book.

3.01.3 Corrosion Processes

Some of the technically more important corrosion
processes for steel are summarized in this section.
Note, however, that this is not intended as a compre-
hensive treatment and more detailed descriptions of
these processes (both in general and in specific situa-
tions) will be found in the relevant chapters else-
where in this book.

3.01.3.1 Corrosion Products

For general information, common compounds
associated with the corrosion of steel are listed in
Table 4.46

Table 4 Corrosion products formed on carbon steel in various environments

Compound Comments

Oxides:

FeO (wüstite) Formed during high temperature oxidation, present in millscale with Fe2O3 and Fe3O4

a-Fe2O3 (hematite) Iron ore mineral, also formed at elevated temperatures

Fe3O4 (magnetite) Corrosion product formed in reducing aqueous conditions
g-Fe2O3 (maghemite) Oxidized form of magnetite and with the same crystal structure

Oxy-hydroxides:
a-FeO(OH) (goethite) Stable mineral, commonly found in nature

g-FeO(OH) (lepidocrocite) Metastable phase, formed during atmospheric corrosion

b-FeO(OH,Cl) (akaganéite) Formed during corrosion in seawater – characteristic orange color

Fe5O3(OH)9 (ferrihydrite) Common iron mineral: metastable to hematite and goethite

Hydroxides:

Fe(OH)2 (ferrous hydroxide) Intermediate corrosion product formed under reducing conditions

Fe(OH)3 (ferric hydroxide) Hydrated iron oxy-hydroxide, more properly written as: FeO(OH).H2O

Sulfides:

FeS1�x (mackinawite) Anion deficient FeS (troilite) formed during microbially influenced corrosion
Fe1�xS (pyrrhotite) Iron sulfide mineral, cation deficient form of FeS (troilite)

FeS2 (pyrite) Iron sulfide mineral, known as ‘fool’s gold’

Carbonates:
FeCO3 (siderite) Corrosion product that forms as a protective film in some forms of ‘sweet’ corrosion

at high CO2 partial pressures; occasionally also found as part of the corrosion product

layer on archaeological iron objects after long-term burial

Phosphates:

3FeO�P2O5�8H2O (vivianite) Occasionally found within the corrosion product layer on archaeological iron objects

after long-term burial in strongly anaerobic, typically water-logged, environments

Green rusts:

[Fe3
2+ Fe3+ (OH)8]

+ [Cl�H2O]� Series of corrosion products that comprise mixed ferrous/ferric species together with

incorporated anions, in particular: carbonates, sulfates and chlorides
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3.01.3.2 Aqueous Corrosion

3.01.3.2.1 General corrosion

In the absence of inhibiting species, carbon and low
alloy steel are not passive in most aqueous environ-
ments at pH less than �9. Thus, for the majority of
natural environments likely to be encountered in
service, steel will undergo general corrosion. It is
important to note that the term ‘general corrosion’
does not imply uniform thickness loss across a cor-
roding surface rather it defines an active corrosion
process that occurs in the absence of a passive film.

In practice, the general corrosion of uncoated steel
in high conductivity media such as seawater will
generally lead to an overall macroscopic roughening
of the surface. This is exacerbated by the presence of
surface-breaking second phase particles, the most
important of which are sulfide inclusions that are
always present in steels. For example, partial dissolu-
tion of sulfide inclusions results in aqueous sulfide
species and the possible formation of adjacent iron
sulfide films resulting in a surface electrochemical
heterogeneity.47–49 Hence, heterogeneity in the

corrosion rate is developed across the material sur-
face eventually resulting in variations in the thickness
loss over the surface.

In low conductivity environments such as natural
waters, the resistivity of the electrolyte is suffi-
ciently large that the spatial separation of anodes
and cathodes is greatly reduced. This tends to result
in the localization of corrosion to specific regions
of the surface with associated local precipitation
of corrosion product giving the appearance of
small protuberances. Such corrosion is often called
tuberculation corrosion and can result in local
attack underneath the precipitated corrosion prod-
uct,50 Figure 10. Although giving the appearance
of pitting, the mechanism is in essence an extremely
localized form of general corrosion combined with
differential aeration corrosion. In the fullness of
time, such regions will tend to merge together giv-
ing a macroscopically roughened surface.

3.01.3.2.2 Concentration cell corrosion:

Differential aeration

Where differences in concentration of an electro-
chemically active species are present in an environ-
ment then corrosion is likely to result. For example,
for a buried structure, the local oxygen concentration
will vary according to whether the soil is well-aerated
or not, with the degree of aeration also varying as a
function of soil depth. Thus, cathodes are likely to be
localized at regions of relatively higher oxygen avail-
ability with anodes localized in regions of lower
oxygen content. This is effectively a corrosion cell
that is driven by a spatial variation in oxygen concen-
tration in the environment (and is thus known as a
concentration cell). Localization of the corrosion
reactions can be readily demonstrated in a droplet
of salt water on steel by the use of indicators that
show the high pH generated at a cathode (e.g., by use
of phenolphthalein, which turns pink) and the ferrous
ions generated at an anode (e.g., by use of ferricya-
nide, which turns blue), Figure 11.

Figure 10 Tuberculation corrosion of steel; corrosion is
localized beneath rust protuberances (known as

tubercules).

Cathode 

O2 diffusion O2 diffusion

Anode 

Fe = Fe2++ 2e−

Figure 11 Corrosion in a salt water droplet showing the cathodic reaction localized at the droplet periphery (due to oxygen

availability) and the anodic reaction localized in the droplet centre (due to oxygen depletion).
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Differential aeration is an important factor in
many corrosion processes where local oxygen deple-
tion is present. For example, corrosion that is localized
underneath deposits, and between mating surfaces,
etc., is almost always caused by a differential aeration
mechanism. In general, those localities that have a
plentiful supply of oxygen will become cathodes
with anodes occurring in regions of oxygen depletion.

3.01.3.2.3 Pitting and crevice corrosion

At alkaline pH and in the region where passivity of
carbon steel is possible, then classical pitting and crev-
ice corrosion mechanisms, that is, those involving local
breakdown of a passive film, are possible. Localized
corrosion may also result where the surface has been
passivated by other means, such as oxidizing inhibitors
(e.g., nitrite, etc.) or in sulfide environments.

For the pitting of pure iron in neutral electrolytes
with a passive oxide film, pit initiation was found to
be associated with a stage in the development of the
film corresponding to a particular film thickness.
This was found to be potential independent but
dependent on the halide ion type (i.e., Cl� or Br�)
and concentration as well as the anodic charge passed
prior to pitting.51,52 No incorporation of halide into
the passive film was observed, which is in stark con-
trast to stainless steel, where halide ions do incorpo-
rate into the chromium passive film.53 This is an
evidence of the structural stability of the passive
film on iron (which once formed is relatively stable)
compared with the passive film on Fe–Cr alloys
(which changes with time in accommodation to the
environment). Note, of course, that passive iron oxide
is unstable to reductive dissolution, which is not the
case with stainless steel and is one of the reasons for
the improved passivity of stainless alloys. Overall,
iron (at a given pH in a given supporting electrolyte)
appears to be susceptible to halide-induced pitting, if
and only if, the passive oxide has reached a certain
critical stage of growth.

Pitting can be generally prevented if there are
sufficient alternative anion species present (e.g.,
nitrate, sulfate, and hydroxide). Thus, pitting generally
is only feasible if the ratio of chloride to other anions
exceeds certain critical values, which are environment,
pH, and temperature dependent; for example, the
chloride-to-hydroxide ratio for pitting corrosion of
steel reinforcement in concrete.54,55 Also, for a propa-
gating pit, the chemistry must be consistent with the
active regime of corrosion as indicated in the Pourbaix
diagram. Given that the cathode area is large while
that of the anode is small, the anodic current density

(and hence the local rate of dissolution) in a pit must
necessarily be high.

Pitting of steel also occurs in the presence of passive
sulfide films such asmackinawite (FeS1�x). Sulfide films
are inherently unstable to oxidation with consequent
disruption that results in the generation of defects and
flaws in the film.56 Since the film is an excellent cathode,
anodes localize at the defects where the substrate is
exposed thus resulting in severe local pitting.

Pitting and crevice corrosion are therefore asso-
ciated with local development of chemical heteroge-
neity on the surface at the pit site. Furthermore, their
occluded geometry, once formed, tends to maintain
the solution at a significantly different local chemis-
try than the environment. This form of localized
corrosion is much more likely to occur in stagnant
conditions where the development of diffusion-
driven solution heterogeneity over the metal surface
is encouraged. Conversely, under flowing conditions,
local diffusion-driven chemical changes cannot be
maintained so effectively and pitting is less likely.
Pumps and valves that operate intermittently with
long periods of nonoperation are particularly prone
to internal pitting and crevice corrosion.

3.01.3.2.4 Galvanic corrosion

Although the electrochemical series forms an outline
guide for the tendency or not for galvanic corrosion,
it is important to note that the position of alloys in the
series is altered in specific environments and a gal-
vanic series developed for the environment should
therefore be consulted. Galvanic series for metals and
alloys in seawater and potable waters are well-known
and easily available.57

There are two necessary requirements for galvanic
corrosion to occur: firstly, electrical connection to
another electronically conducting material of a dif-
ferent electrochemical potential (commonly a metal,
although conducting films such as magnetite and
mackinawite as well as graphite can also act as elec-
trodes) and secondly connection through the electro-
lyte solution (in order to permit ionic current to
flow). Galvanic corrosion can also occur in a macro-
scopic sense between components differing materials,
but may also occur microscopically at preexisting
metallurgical features in the steel or, more com-
monly, where metal ions of a more noble element
are present in solution and plate out locally on the
steel surface. Thus, where copper ions plate out onto
steel, for example from corrosion of a brass compo-
nent elsewhere in the system, then local galvanic
corrosion will initiate at such locations.
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3.01.3.2.5 Flow-assisted corrosion (FAC)
The phenomenon of flow-assisted (or flow-accelerated)
corrosion (FAC) is of fundamental importance and
occurs particularly in high performance boilers and
heat exchangers such as are used in power generating
facilities (both conventional and nuclear), but also
elsewhere.58 The general mechanism of FAC is not
limited to steel and involves the removal of a protec-
tive corrosion product, generally by dissolution, in a
flowing environment. The process has long been
known to occur in high flow rate systems, for example
in copper alloy condenser tubing where the relatively
soft and poorly adherent protective surface films are
stripped from the surface by the shear stress across
the boundary layer between the pipe wall and the
moving turbulent fluid.

For carbon steel, the latter mechanism does not
operate as the protective magnetite layer adheres
strongly to the substrate. However, in common with
all minerals, iron oxides are sparingly soluble in water
and FAC involves the local or general thinning of the
protective oxide film that forms on carbon steel in
high temperature water. However, oxides where iron
is entirely in the ferric (þ3) oxidation state are con-
siderably less soluble than magnetite as can be seen
from Table 5.

In traditional boiler water treatment, the dissolved
oxygen concentration is kept as low as possible (a few
parts per billion, ppb) where magnetite is the stable
oxide phase. It is thus susceptible to enhanced disso-
lution under high flow rate conditions. This leads
both to unwanted deposition of oxide elsewhere in
the system but, more importantly, enhanced corro-
sion of steel and often unexpected failures with typi-
cal scalloped surfaces.59 However, if the oxygen
concentration is controlled at a slightly higher level
hematite becomes the stable phase. This is

advantageous as it is considerably less soluble than
magnetite and, hence, much more resistant to flow-
accelerated corrosion (FAC).

3.01.3.2.6 Erosion–corrosion

In the presence of two-phase flow in solution (i.e.,
solid particles, slurries, entrained gas, etc.) enhanced
corrosion will generally occur due to a number of
mechanisms including: increased mass transport of
reacting species and impact of the 2nd phase onto
the surface, see for example.60 The latter process is
the most important in causing erosion–corrosion as
its effect on the protective surface film is critical.
Thus, protective films may be thinned by abrasion
or removed altogether causing rapid corrosion of the
underlying material. This process is particularly
prevalent where sharp changes in flow direction
(e.g., pipe bends, etc.) or flow velocity (e.g., valves
and chokes, etc.) occur. Careful design of plant com-
ponents can minimize this form of attack.

3.01.3.3 Environmentally Assisted
Cracking

3.01.3.3.1 Environments

Carbon steel is susceptible to stress corrosion crack-
ing in a range of environments, often where it shows
passivity or marginal passivity. These include anhy-
drous liquid ammonia, nitrate/nitrite, strong alkali
and in carbonate/bicarbonate systems. Stresses in
the steel can either arise from externally applied
forces or be the result of processing, deformation,
welding, etc. giving rise to a residual stress that is
present at all times.

Historically the most important of these processes
was caustic cracking prevalent in low-to-medium
pressure riveted steel boilers. In such systems boiler
waters that were traditionally dosedwith carbonate or
bicarbonate for pH control lost CO2 to the steam
resulting in a gradual increase in pH. Although in
well-controlled systems, the bulk pH would be main-
tained within correct limits, local concentration in
crevices or under deposits could give rise to a strongly
alkaline region that initiated intergranular stress cor-
rosion.61 The phenomenon is not restricted to boilers
but can occur in any system that handles strong alkali,
for example during purification of bauxite via the
Bayer process62 or in Kraft process paper digesters.63

The morphology of caustic cracking is intergranular
with a lower limit for cracking of carbon steel in the
range 1–5% NaOH (additions of nickel improve
resistance). Cracking is observed to be potential
dependent64 occurring only in the passive region

Table 5 Solubility products for various iron oxides

Reaction Solubility
product
at 25 �C

Solubility
product
at 300 �C

Fe(OH)2 !Fe2þþ2OH� 10�15.04 10�17.54

Fe3O4þH2O !Fe2þþ
2FeO(OH)

10�20.25 10�21.40

Fe3O4þ4H2O !Fe2þþ
2Fe3þþ 8OH�

10�33.68 10�33.59

Fe(OH)3 !Fe3þþ3OH� 10�37.94 10�36.87

FeO(OH)þH2O !Fe3þþ 3OH� 10�41.58 10�39.62

Fe2O3þ3H2O ! 2Fe3þþ6OH� 10�40.40 10�39.68

Source: Buecker, B. Power Eng. 2007, 111(7), 20–24.
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and predominating in the region of the active-to-
passive transition (i.e., from �800 to �600mV vs.
the Standard Hydrogen Electrode in 10% NaOH).
Steels with lower carbon content appear to be more
susceptible.65 The failure mechanism is not thought
to be associated with hydrogen embrittlement but is
consistent with a slip dissolution model.66

Stress corrosion cracking of carbon and low alloy
steels also occurs on buried structures under cathodic
protection due to generation of alkalinity at coating
defects by cathodic reduction. In aerated soil, carbon
dioxide migrates to the cathodes in order to buffer
the alkalinity thus producing the critical carbonate/
bicarbonate environment. Failure surfaces are char-
acterized by multiply branched intergranular cracks
that tended to align along the principle stress axis of
the pipe; fracture surfaces are often observed to be
covered with magnetite.67

Transgranular stress corrosion cracking in anhy-
drous liquid ammonia is a separate phenomenon that
unfortunately, because it was not understood, led to
some catastrophic failures and loss of life.68 The
predominant risk factor for cracking in anhydrous
ammonia is the presence of dissolved oxygen at
>5 ppm (or >1 ppm in the presence of CO2). Crack-
ing can be inhibited effectively provided that the
ammonia contains more than 0.1% of water to
encourage passivity of the steel.69

3.01.3.3.2 Hydrogen embrittlement

Ferrite, like most body centered structures, has a high
diffusivity and solubility for interstitial hydrogen in
its lattice. Thus, carbon and low alloy steel are highly
susceptible to hydrogen embrittlement and hydrogen-
induced cracking. The former is caused by reduction
in macroscopic ductility due to the presence of lattice
hydrogen resulting in transgranular cleavage fracture,
while the latter is due to the formation of hydrogen gas
bubbles at extremely high pressure within the steel
microstructure. There are numerous mechanistic mod-
els in the literature for the causes of hydrogen embrit-
tlement and it is not clear whether a single mechanism
prevails or whether several mechanisms coexist. A
more detailed discussion of hydrogen embrittlement
mechanisms and effects can be found elsewhere in
the relevant chapter of this book.

3.01.3.4 Microbiologically Influenced
Corrosion

In nonsterile systems (i.e., generally at temperatures
below�60–70 �C) the growth and multiplication of a

wide range of microbial species is possible. For a
microorganism to initially establish itself and then
to grow and flourish, the environmental conditions
must be favorable including a supply of a carbon food
source and other trace essential nutrients (e.g., nitro-
gen, phosphorous, etc.) Many of the microbial species
that have influence on the corrosion of carbon steel
are anaerobic. Of these, sulfate reducing bacteria are
the most frequently encountered. These metabolize
oxidized sulfur species in their environment produc-
ing sulfide species in solution: that is, H2S, HS�, or
S2�, depending on pH. These will form sulfide cor-
rosion product films on steel that are nonprotective
and unstable, resulting in severe and often local
corrosion.70

Other problematic families of anaerobic bacteria
include: the nitrate-reducers (that metabolize nitrite
corrosion inhibitors, reducing their concentration),
the organic acid producers (acetic and other acids
can be aggressive to carbon steel depending on the
environment), and iron oxidizers that metabolize fer-
rous ions resulting in unwanted deposition of ferric
oxides. Anaerobic bacteria can survive (but not
metabolize) in aerobic environments and can often
tolerate low levels of oxygen. Thus, they may colo-
nize benign environments in locations of low oxygen
concentration (i.e., under deposits of corrosion prod-
uct, dirt, etc., and under bio-films of oxygen-tolerant
species), even though the overall environment may
be relatively well-oxygenated.

3.01.3.5 Aqueous Corrosion Protection

Although unprotected (bare) carbon and low alloys
steel may be exposed without corrosion protection
provided suitable allowances are made for corrosion
losses during service, most steel is protected in some
way. Methods available include: metallic coatings (e.g.,
galvanizing, electroplating, etc.), inorganic coatings
(e.g., phosphate conversion coatings, etc.), organic coat-
ings (i.e., paint coatings and linings) and cathodic pro-
tection. These topics are dealt with in detail elsewhere
in this book and will not be considered further here.

3.01.3.6 High Temperature Oxidation

Plain carbon steels cannot be used at temperatures
close to the lower critical temperature for austenite
formation, as the microstructure becomes unstable,
with spheroidization of pearlite and graphitization of
iron carbide. Also, significant grain growth and creep
occurs. In practice, plain carbon steel has an effective
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temperature limit of �400–420 �C. For higher tem-
perature service, low-alloy steels hardened by stable
alloy carbides should be used.

Iron readily oxidizes at elevated temperatures in
air (and other oxidizing environments) resulting in a
relatively adherent layered scale. Above 570 �C the
ferrous oxide phase wüstite is stable and the oxide
scale has three layers: a relatively thick inner layer of
wüstite, a relatively thin intermediate layer of mag-
netite and a thin outer layer of hematite. The oxida-
tion kinetics are controlled by diffusion of species
through the scale thickness and are thus parabolic
in nature. Wüstite has a large number of cation
defects and is more properly written as Fe1-xO. The
oxide growth mechanism in wüstite is controlled by
cation transport outwards,71 resulting in relatively
rapid oxidation rates. In view of this, the service
temperature for carbon and low alloy steel should
be below the formation temperature of wüstite.

Below �570 �C, where wüstite is thermodynami-
cally unstable, the oxide scale on iron contains an
outer region of Fe2O3 (hematite) with an inner region
of Fe3O4 (magnetite) adjacent to the metal. Since the
transport processes (diffusion) through these phases
is much less rapid, the oxidation rates are also less.72

At these lower temperatures, the oxidation kinetics
are not purely parabolic and are dependent on the
surface preparation and degree of cold work present
in the material; larger amounts of cold work resulting
in more rapid oxidation. Plain carbon steel oxidizes
somewhat (10–20%) more slowly than pure iron,
which is almost certainly due to the presence of
other alloying elements (e.g., silicon, manganese,
and aluminum).72 Below 570 �C, increased carbon
content generally results in an increased oxidation
rate because the scale formed over carbide particles
and especially pearlite colonies is finer with a higher
iron diffusion rate.

The high temperature oxidation and corrosion of
iron and steel is discussed in greater depth elsewhere
in this book, to which the interested reader is referred.

3.01.4 Atmospheric Corrosion

3.01.4.1 Environmental Influences

3.01.4.1.1 Humidity

Relative humidity (RH) is defined as the ratio of
partial pressure of water vapor to the saturated water
vapor pressure at the same temperature. Thus, the
RH is a thermodynamic quantity that is equivalent
to the fugacity of water vapor in the gas phase.

Consequently, an RH of 100% defines a gas phase
fugacity of 1, which is by definition in equilibrium
with liquid phase water also at an activity of 1. In
theory, therefore, atmospheric corrosion cannot
occur at RH below 100% because no liquid water is
present. However, in practice, water absorption read-
ily occurs on bare metal surfaces at RH below 100%
because, apart from gold, all metals are generally
covered at standard conditions by hydrophilic thin
oxide or hydroxide (passive) films.

Water adsorption on electropolished, uncontami-
nated surfaces as a function of RH from 0% to 80%
was studied in the context of metrology in the preci-
sion weighing of stainless steel, silicon and platinum–
iridium mass standards.73,74 On these materials, water
adsorption can be described well by a Brunauer–
Emmett–Teller (BET) isotherm appropriate to mul-
tilayer adsorption on hydrophilic surfaces. On 20%
Cr, 25%Ni stabilized stainless steel the water layer
thickness was found to vary approximately linearly
from 0% RH to 80% RH where it reached �0.6 nm,
corresponding to about three monolayers of water.

Generally, the corrosion of metals in the atmo-
spheric environment is possible if and only if there is
sufficient water present on the metal surface to sol-
vate the ions produced during corrosion reactions.
This was first demonstrated by Vernon75 in a series
of classical experiments, some of which are summar-
ized graphically in Figure 12. He showed that rusting
occurs at a low rate in pure air of less than 100% RH
but that in the presence of minute concentrations of
impurities, such as sulfur dioxide, serious rusting can
occur without visible precipitation of moisture once
the RH of the air rises above a critical and compara-
tively low value. This value depends to some extent
upon the nature of the atmospheric pollution, but,
when sulfur dioxide is present, it is in the region of
70–80%. Below the critical humidity, rusting is inap-
preciable, even in polluted air.

The results of Vernon have been confirmed many
times. For example, more recent work has studied the
integrity of carbon steel materials as a function of
humidity in air at 65 �C.76 On clean, uncontaminated
steel, the corrosion at and below 75% RH was negli-
gible and consistent with a dry oxidation mechanism.
However, at 85% and above, the corrosion rate rap-
idly increased, consistent with a critical RH for the
onset of aqueous atmospheric corrosion of �80%.

The critical humidity for the onset of atmospheric
corrosion varies considerably as a function of surface
condition. Two factors are paramount in controlling
this. Firstly, physical adsorption on porous surfaces
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will occur below the expected bulk equilibrium value
(i.e., the saturated vapor pressure) due to capillary
condensation. This is of obvious relevance in the devel-
opment of corrosion product (rust) layers, which will
retain water in their pores well below the RH of
condensation. Secondly, and importantly, liquid con-
densation will tend to occur at reduced RH where
surface chemical contamination exists. This is because
the activity of water at the saturated concentration of
the solute, is lowered significantly, Table 6.

Thus, in the absence of other factors, a surface that
is contaminated with sodium chloride will condense an
aqueous phase at RH >75% while for seawater (con-
taining magnesium and calcium cations) condensation
of an aqueous phase might be expected at all RH
>33%. In the presence of porous corrosion products,
capillary condensation will lower these values further.

3.01.4.1.2 Air-borne pollutants
Historically, the combustion-derived air-borne sulfur
dioxide and nitrogen oxides have been the most impor-
tant pollutant species in the atmosphere. Other air-
borne pollutants including hydrochloric acid vapor,
ammonia, dust, soot and salt aerosol particles are also
of importance. However, given extensive pollution con-
trols that are now placed on industry and transporta-
tion, combustion-derived species have been greatly
reduced. For example, current European Union legisla-
tion77 sets down limits for SO2, NOx and particulates of
less than 10mm for implementation no later than 2010,
Table 7. Annual global sulfur dioxide emissions are
estimated to have peaked at the end of the 1970s
(75MTonnes) and have since dropped �20%.78 In
Europe, emissions have dropped much further and by
2010 are expected to be less than half their peak value.
The impact on ground level pollutant concentrations is
clearly considerable with a consequent reduction in
atmospheric corrosion rates.

The significance of the amount of sulfur dioxide
available for reaction at the metal surface (its presen-
tation rate), rather than the concentration in the
atmosphere, has been demonstrated by studying the
effects of atmospheric flow rate. Thus, an increase in
steel corrosion with increase in atmospheric flow rate
at a constant volume concentration of sulfur dioxide
has been observed by Vannerberg79 and Walton
et al.80 Notwithstanding these findings, the effect of
sulfur dioxide on the corrosion of steel is clearly seen
in Figure 13, which plots historic data from the
Sheffield area of the UK. This illustrates a clear
relationship between sulfur dioxide in the atmo-
sphere and the corrosion of steel exposed to it; the
atmospheric SO2 concentration accounting for
�50% of the observed variation in corrosion rate.81

The corrosion of steel in the presence of SO2 has
been studied as a function of RH by a number of
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Figure 12 Effect of relative humidity and atmospheric
pollution on the rusting of iron, after Vernon. Reproduced

from Vernon, W. H. J. Trans. Faraday Soc.1935, 31(1), 668.

Table 6 Equilibrium RH for saturated solutions of vari-
ous solute species

Solute species Equilibrium RH in saturated solution

(NH4)2SO4 81.3% (20 �C); 79.0% (50 �C)
NaCl 75.5% (20 �C); 74.4% (50 �C)
MgCl2 33.1% (20 �C); 30.5% (50 �C)
LiCl 11.3% (20 �C); 11.1% (50 �C)

Source: Greenspan, L. J. Res. Natl. Bur. Stand. 1977, 81A(1),
89–96.

Table 7 EU air-borne pollution limits for 2010

Species Averaging period Limit value

SO2 1 h 350 mg m�3

24 h 125 mg m�3

365 days 20 mg m�3

NOx 1 h 200 mg m�3

24 h 40 mg m�3

365 days 30 mg m�3

Particulates 24 h 50 mg m�3

< 10mm 365 days 20 mg m�3

European Council Directive 1999/30/EC of 22 April 1999: Limit
values for sulphur dioxide, nitrogen dioxide and oxides of nitrogen,
particulate matter and lead in ambient air.
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workers, the first being Vernon whose data are repro-
duced in Figure 12. Sydberger and Vannerberg later
repeated this work extending it to include corroded
surfaces.82 Using isotopic labeling, they confirmed
that on uncontaminated, polished iron, in 0.1 ppm
SO2 little or no SO2 was absorbed at RH below
80% and no corrosion was observed. On precorroded
iron at RH greater than 80% and in 0.10 ppm SO2,
sulfur was absorbed quantitatively.

This explains the historic observation that rust
films formed in industrial atmospheres contain con-
siderable amounts (5% or more) of ferrous sul-
phate.83,84 However, the formation of iron sulfate
only accounts for a small percentage of the overall
metal loss and this does not explain fully the effect of
SO2 on iron corrosion.85,86 For example, there is
evidence that steel that has been allowed to corrode
in an atmosphere containing sulfur dioxide, con-
tinues to corrode at a similar rate, at least for a
time, after transferring it to a clean atmosphere.87

Historically, a cyclic variation in the amount of
sulfate found in rust formed on steel exposed at
different times of the year Figure 14, has been
observed. The quantity present depends on the
month of the year rather than on the period of expo-
sure, at least for periods of up to 2 years.88 Conse-
quently, the month of initial exposure will have an
important influence on the corrosion rate. For exam-
ple, in one test, specimens exposed for 2months from
September corroded at 35 mmyear�1 compared with
136 mmyear�1 for specimens exposed fromMay. This
effect was of importance in planning for atmospheric
exposure tests for steel since different annual corrosion
rates would be obtained depending on whether the
initial exposure was carried out in the summer or the
winter months. The observed variation was historically

related to the quantity of ground-level atmospheric
SO2 present at different times of the year, which varied
according to the burning of domestic coal for space and
water heating. However, this source of SO2 is no longer
present and it might be assumed that the observed
difference is now considerably less.

Historically, sulfur dioxide was the most impor-
tant gaseous pollutant present in the atmosphere.
However, given the considerable reduction in ground
level SO2 concentration over the last 30 years other
species, particularly oxides of nitrogen (NOx), have
increased in importance.89 Nitrogen oxides are
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produced during combustion as a consequence of
direct reaction between nitrogen and oxygen in the
air at high temperature. Increased thermal efficiency
of plant, where the combustion temperature is raised,
inevitably increases the production of NOx. Thus, at
elevated temperatures the following reactions occur:

O2 þN2! 2NO ½25�

2NOþ O2! 2NO2 ½26�

The ratio of NO to NO2 is controlled by the
reaction temperature and by the cooling time; faster
cooling rates favoring NO2 over NO.

Several attempts have been made to study the
influence of nitrogen oxides alone and in combina-
tion with sulfur dioxide, on the corrosion of steel,
however no clear answer exists. In multiregression
studies under atmospheric exposure in Japan no sig-
nificant correlation with measured NOx levels was
found.90 Likewise Haynie, in laboratory tests, found
no correlation with NOx levels and the corrosion or
weathering steel.91 Later work by Johansson clarified
this situation. He found that, on its own, the increase
in the atmospheric corrosion rate of steel, which was
not large, was independent of RH.92 However, a
strong synergism was found with small levels of
NOx in combination with SO2, which were much
more corrosive than either pollutant on its own.
This behavior is believed to be caused by the consid-
erably more rapid solution-phase oxidation of sulfite
to sulfate species in the presence of NOx as
oxidizer.93

One of the confusing aspects to the effect of NOx

pollutant is that it is a mixture of NO and NO2. In
order to separate the effects of these species on steel,
Oesch carried out a series of laboratory experi-
ments94 in controlled pollutant gas mixtures. He
found that NO had almost no effect on corrosion
irrespective of RH, which is no doubt due to its low
solubility in water. Conversely, NO2 caused a signifi-
cant increase in corrosion rate although its effect was
much lower than for SO2 (the corrosion rate in
10 ppm NO2 was about one-half that in 0.5 ppm SO2).

Hydrochloric acid gas is produced during the
combustion of coals containing chloride species.
Given its high solubility in water it might be expected
also to influence corrosion although in rainwater its
presence will only be evident from a higher chloride
concentration than expected from sea salt and a lower
pH. Askey et al. studied the effect of hydrochloric acid
gas on corrosion of steel at varying atmospheric

presentation rates.95 They found that the influence
on corrosion of steel was high but reached a plateau
where further increases in concentration did not
increase the rate of corrosion. This was explained
by the formation of iron chloride on the surface that
oxidized to iron oxy-hydroxide liberating chloride.
Thus, once sufficient chloride is present, further
increases should have no additional effect.

Many other pollutant species are present in the
atmosphere, including: H2S, NH3, etc. Most of these
arise from biological processes and are present at low
concentration or have limited effects. Ammonia, the
only significant basic atmospheric constituent, is pro-
duced via biological activity (e.g., primarily farming)
and industrially. It has an extremely high solubility in
water and consequently has a low residence time in
the air. It is, however, a significant component of
atmospheric aerosols typically forming ammonium
sulfate or chloride.

3.01.4.1.3 Particulates

Solid particles suspended in the atmosphere may also
have influence on corrosion. They generally comprise
three classes of material: dusts (e.g., from erosion of soil
or sand), soots (i.e., derived from incomplete combus-
tion) and aerosols (primarily sea salt and ammonium
sulfate). Particles of all types play an important role in
atmospheric corrosion as was found by Vernon and
shown in Figure 12. They act as nuclei for the initial
corrosion attack and as some particles are hygroscopic
their presence tends to increase the periods of wetness
of the steel surface. The most important particulate
species in industrial atmospheres was historically
ammonium sulfate, although chlorides96 also have an
effect. In marine environments (and as the ground-
level SO2 concentrations decrease, increasingly in
most environments) sea-derived chlorides have the
most pronounced effect. In the presence of chlorides,
rusting can continue at humidities as low as 35%.97,98

As a rule, the chloride concentration in the air falls off
rapidly with distance inland, but steel rusts at almost
incredible rates on surf beacheswhere it is exposed to a
continuous spray of sea salts. This is shown by the
results of some tests made in Nigeria that are given in
Table 8 and are confirmed in numerous other tests by
other workers over many years. Cole and co-workers
have developed a holistic model of atmospheric corro-
sion that considers the generation of salt in the ocean,
its long-range transport and final deposition on mate-
rials as a function of distance form the sea.99,100

The number and composition of particulate mat-
ter in the atmosphere has changed markedly in view
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of the change in overall pollution levels. Thirty years
ago in the UK, the most aggressive species were: salt and
salt/sand from marine or deiced locations, emitted ash
from iron smelters, plume ash from incinerators and
coal-fired boilers, and coal mine soot and dust.101 How-
ever, the first of these sources now dominates the
impact on corrosion. Detailed analysis of the nature
and form of particulates is possible provided care is
taken to separate and secure the water-soluble aerosol
component. A recent analysis of air-borne solids in
Hong Kong102 has identified, for that location, three
principle sources of ions derived from atmospheric par-
ticulates: fine aerosols derived from atmospheric trans-
formations (e.g., the reaction of sulfate with ammonia to
produce ammonium sulfate); coarse particles derived
from soils and sea salt derived aerosol, Table 9.

Particles were found to have a bimodal size dis-
tribution with the larger particles in the size range
2–10mm and the smaller particles in the range
0.1–1mm.The effect on corrosionwas found to depend
on the size of the aerosols, which was also related to
their composition. Thus, rusts formed from the finer
aerosol particles have composition related to sulfates,
while those from coarse particles are mainly related to

chloride. Sea salt was found to contribute most to the
corrosion of mild steel while calcium ions inhibited
corrosion. Ammonium, potassium, and magnesium
ions hadmuch less of an effect on the corrosion of steel.

The effect on corrosion of combustion derived ashes
(fly-ash) from coal and oil, as well as inert glass powder
of similar size range as studied by Askey et al.103 They
found that the ashes from oil combustion were consid-
erably more corrosive than those derived from coal
combustion due to the much higher acidity of the
former. In general, the effect of the fly-ash particulates
was in approximate proportion to the quantity of ions
that were released into solution indicating that a pri-
mary mechanism controlling corrosion was the resis-
tance of the surface electrolyte. The presence of inert
borosilicate glass particles on the steel surface was
found to have a small, but statistically significant affect
on the corrosion rate, increasing it by between 50% and
100% compared with the clean, uncontaminated sur-
face. This effect was ascribed to a mechanism involving
local differential aeration at the microcrevice formed
between the particle and the surface.

3.01.4.2 Mechanism of Atmospheric
Corrosion of Iron

3.01.4.2.1 Acid regeneration cycle

Atmospheric corrosion of steel tends to initiate at local
sites on the metal surface. The initial distribution of
corroding sites is correlated with the presence of
active surface-breaking manganese sulfide inclusions.
These dissolve to form sulfide species that react
locally with iron forming sulfide films that promote
local corrosion.104,105 As noted previously, sulfur
dioxide from the air also absorbs onto the surface of
clean steel, and into rust layers, and reacts to form a
sulfate-containing electrolyte in the rust. During cor-
rosion, ferrous sulfate is formed, which then reacts
with atmospheric oxygen to form iron oxy-hydroxide:

FeSO4 þ 1:5H2Oþ 0:5O2 ! FeO OHð Þ
þ 2Hþ þ SO2�

4 ½27�

In this way, the sulfate is regenerated and the local
acidity is increased. Nests of sulfate species are
frequently found in corrosion products after atmo-
spheric exposure and the mechanism is consistent
with these observations. Recent work using high-
resolution analytical studies have found that the
initial absorption of sulfur dioxide, and subsequent
corrosion of steel, was local in nature. Importantly,
it was found that SO2 on its own is insufficient to

Table 8 Effect of sea salts on the rate of corrosion of

ingot irona

Distance from
surface

Salt content
of airb

Rate of rusting (mm
year�1)

50 yd 11.1 0.950

200 yd 3.1 0.380
400 yd 0.8 0.055

1300yd 0.2 0.040

25miles – 0.048

Supply Tests in Nigeria carried out on behalf of BISRA.
Source: Sixth Report of the Corrosion Committee, Spec. Rep.
No. 66, Iron and Steel Institute, London, 1959.
aThe specimens were of ingot iron and were exposed for 1 year.
bThe salt content of the air was determined by exposing wet
cloths, and is expressed as mg NaCl per day (100 cm2)�1.

Table 9 Principle atmospheric particulate species

collected in Hong Kong

Particle group Major ionic
species

Variance of
composition
accounted

Fine particles SO4
2�, NH4

þ, Kþ 31%
Nonsea salt coarse

particles

NO3
�, Mg2þ,

Ca2þ
30%

Sea salt Cl�, Naþ 22%

Source: Ngai T. Lau; Chak K. Chan; Lap I. Chan; Ming Fang
Corros. Sci.2008, 50(10), 2927–2933.
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form sulfate nests and the presence of an additional
oxidant (NO2 or O3) was essential for the detection of
sulfate nests.106

3.01.4.2.2 The electrochemical mechanism

An electrochemical mechanism for atmospheric rust-
ing was first proposed by Evans in 1963, but was
not accepted at the time.107 Its basic conception is
that an electrochemical cell is formed between iron
and iron oxy-hydroxide. At the anode, ferrous ions
are produced in the normal way while at the cath-
ode FeO(OH) is reduced. At some later point, the
reduced iron oxide is reoxidized by atmospheric
oxygen108; hence, a net increase in the amount of
FeO(OH) ensues. Evans’ original cycle is repro-
duced below:

Fe! Fe2þ þ 2e� ½28�

Fe2þ þ 8FeO OHð Þ
þ 2e�! 3Fe3O4 þ 4H2O ½29�

3Fe3O4 þ 0:75O2 þ 4:5H2O! 9FeO OHð Þ ½30�
The above mechanism is now generally accepted
although the indicated role of magnetite as the
reduced species is probably only true under relatively
reducing conditions. Thus, electrochemical reduction
of lepidocrocite, g-FeO(OH), results in a thin surface
layer containing Fe2þ species which may either dis-
solve into the electrolyte or, at more negative poten-
tials, may form magnetite.109 The reduced surface
layer, containing ferrous hydroxide, is easily reoxi-
dized back to g-FeO(OH). Hence, reactions [29] and
[30] become:

Fe2þ þ FeO OHð Þ þ 2H2O

þ e�! 2Fe OHð Þ2 þHþ ½31�

2Fe OHð Þ2! 2FeO OHð Þ þ 2Hþ þ 2e� ½32�

On the other hand, magnetite oxidizes preferen-
tially to maghemite, g-Fe2O3, which is relatively
resistant to reduction, as is magnetite. Likewise,
goethite, a-FeO(OH), is considerably more resistant
to electrochemical reduction compared with lepido-
crocite.110 Hence, the electrochemical mechanism will
only operate where there is sufficient lepidocrocite
present while rusts largely containing goethite would
be expected to be resistant to reduction and, hence,
dimensionally more stable and more protective.

3.01.4.2.3 The wet–dry cycle
During atmospheric exposure of any material, a
repeated, endless, and chaotic cycle of wetting and
drying occurs, caused by precipitation, heat and wind
drying of wetted surfaces, absorption and deposition
of pollutants and wetting and drying of surfaces as a
function of the RH. The cycles of wetting and drying
strongly influence the corrosion of materials. For
steel that this cycle is an essential part of the electro-
chemical mechanism described above was confirmed
by an elegant series of experiments by Stratmann and
co-workers.111–114 In these studies, the mass loss of
iron and the oxygen consumption rate were measured
simultaneously as a function of the wetting and dry-
ing of the iron surface. The outstanding feature of the
variation in corrosion rate with wetting and drying
cycle, Figure 15, is the surprisingly large contribu-
tion that occurs during the drying part of the cycle.
This was the first experimental evidence to demon-
strate this unexpectedly large effect, which has since
been confirmed for other materials during atmo-
spheric corrosion.115

Notable from Figure 15 is the profound effect on
the corrosion rate during drying that is a result of the
alloying copper with iron. This work thus provides
insight into the well-known beneficial effect of cop-
per on the atmospheric corrosion of low alloys steels.
This is discussed in more detail below.

3.01.4.3 Corrosion Product Composition

Until quite recently, it was not thought useful to
analyze rusts in detail partly because X-ray diffrac-
tion indicated that they were poorly crystalline. Not-
withstanding this, it was known that corrosion
products on steel during atmospheric exposure were
similar to those formed in immersed conditions as
might be expected by consideration of the electro-
chemical mechanism of corrosion. Thus, corrosion
products on plain carbon steel after atmospheric
rusting contain magnetite, Fe3O4, lepidocrocite,
g-FeO(OH) and goethite, a-FeO(OH) in varying
amounts, the last being thermodynamically the most
stable.

Recently, rather detailed studies have begun to be
performed using a variety of techniques. A Mössbauer
analysis of the corrosion products on mild steel after
35 years exposure in a semirural Japanese location
found that the rusts were composed mostly of goethite
with minor amounts of lepidocrocite and trace
amounts of magnetite.116 In addition, the crystallite
size of the goethite component was found to be
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bimodal, with more than 80% larger than 12 nm but
the remaining fraction smaller than 9 nm. In laboratory
experiments, the composition of adherent and nonad-
herent rusts formed by artificially corroded steel at
varying chloride concentrations were also studied by
Mössbauer analysis. Nonadherent rust was found to
consist of lepidocrocite, goethite, with traces of akaga-
neite and magnetite.117 The composition of the corro-
sion products was essentially independent of the
exposure times and chloride concentration. Studies of
steels exposed over 16 years in various industrial loca-
tions in the United States found similar compounds
with the difference that maghemite was identified
rather than the isostructural magnetite.118

In summary, the corrosion product (rust) layer that
is developed on steel after long-term exposure in the
atmosphere contains species that may be expected from
thermodynamic considerations. Thus, the majority
component is the most stable phase (goethite), which
appears as the outer, and thickest, layer. Depending on
the environment and conditions of exposure, an inter-
mediate layer of corrosion product contains lepidocro-
cite while magnetite and maghemite are concentrated
in a region adjacent to the steel substrate, although
they may also be present as isolated crystallites within
the intermediate layer. In marine environments, minor
amounts of akaganeite are also commonly present.
The phases are all fined grained (and commonly
nano-crystalline) with a decrease in grain size and an
increase in the volume fraction of goethite associated
with improved corrosion resistance.

3.01.4.4 Atmospheric Corrosion Kinetics

3.01.4.4.1 Climatic variation

Some representative figures to show how the rate of
corrosion of carbon steel in the open air varies in
different parts of the world are given in Table 10.
They relate to 100� 50� 3.2mm pieces of ingot iron
freely exposed in a vertical position for 1 year and
derive from historic data from the former BISRA.8

The results follow an expected pattern with by far
the highest rate of corrosion being observed on a surf
beach at Lagos, Nigeria. Indeed, this environment is
so aggressive that the measured corrosion rate is sev-
eral times that expected under immersed conditions.
Conversely, the low rates of corrosion observed at
Khartoum, Abisko, Delhi, Basrah, and Singapore are
primarily associated with the absence of serious pol-
lution. Moreover, at most of these locations the RH is
low, for example, at Khartoum the RH lies below the
critical value for rusting throughout the whole year.

Despite these results, it should not be assumed
that corrosion rates of steel will necessarily be low
in all comparatively nonpolluted desert environ-
ments. In regions such as the Arabian Gulf, consider-
able variations in corrosion rates may occur between
inland and coastal sites. This arises not only from the
salt content of the air but also from sand which is
blown on to the steel. Although temperatures are
high during the day, condensation occurs at night.
The effects of different types of sand on the corrosion
of mild steel have been studied.119 It was concluded
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Figure 15 Atmospheric corrosion rate of Fe and Fe–0.5%Cu alloy over the 4th cycle of wetting (20 �C) and drying (40 �C),
after. Reproduced from Stratmann, M.; Bohnenkamp, K.; Ramchandran, T. Corros. Sci.1987, 27(9), 905–926.
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that fine sand has a higher salt content and is more
corrosive than coarse sand within the size range
<0.25–2.4mm. Similarly in Canadian arctic and sub-
arctic conditions corrosion rates as low as 2–5 mm
year�1 were recorded at inland sites while within
1 km of the sea much higher rates (21–34 mmyear�1)
were measured.120 Thus, the rate of atmospheric cor-
rosion is, as expected, dependent upon the local
pollutant concentrations (e.g., affecting the surface
chemistry and electrochemistry) as well as the local
climatic conditions (e.g., controlling the total dura-
tion of corrosion, or time of wetness). It is important
to remember that all quoted corrosion rates relate to
average general penetration and take no account of
pitting. Serious pitting of steel exposed to atmo-
spheric corrosion is uncommon on simple test plates.
However, it may be necessary to allow for this in
some practical cases, where local attack may be occa-
sioned by faulty design and other factors.

In reviewing this data, despite its historic nature,
there is no reason to doubt the validity of the results
in similar conditions. Thus, rates for the

atmospheric corrosion of steel can be expected to
vary from exceptionally high >600 mmyear�1, to
very low <5 mmyear�1. What has changed, and this
is an important consideration, is that the industrial
pollutant concentrations have decreased dramati-
cally over the last 20–40 years and that rate data for
a particular location (especially if it is inland and was
close to industry) may no longer be valid.

3.01.4.4.2 Conditions of exposure

It has long been known that sheltering and orienta-
tion of exposed steel during atmospheric corrosion
testing influences significantly the measured corro-
sion rates. For example, the results of tests at Derby
in the 1940s121 show that specimens exposed at 45� to
the horizontal corroded 10–20% more than speci-
mens exposed vertically and that 54% of the total
loss was on the underside. Likewise, for similar
American tests122 on specimens exposed at 30� to
the horizontal, 62% of the total corrosion loss was
on the underside. This influence is further demon-
strated in experiments carried out 228m from the sea
at Kure Beach, North Carolina.123 In these tests, the
corrosion rates over a 4-year period varied by a factor
of five depending on the orientation and degree of
sheltering. Generally, east (sea) facing specimens
exposed at 30� from the horizontal corroded at the
highest rate while west (land) facing specimens
exposed at the same angle corroded at the lowest
rate. This can be ascribed to the prevailing wind
direction driving sea salt aerosols onto the specimens.

The orientation of steel during atmospheric expo-
sure tests is therefore found to have great influence
on the final corrosion rates measured. This is because
the amount of moisture and pollutants that can reach,
and remain on, surfaces vary with compass direction,
prevailing wind, sun, etc. In particular, the ground-
facing side of a horizontal surface is protected from
rain but it is also shielded from the drying action of
the sun and often of the wind. Thus, condensation
tends to remain in contact with the steel there for
longer periods; moreover, harmful solid particles and
soluble salts are not washed away by rain events.
Consequently, and possibly counter intuitively, the
ground-facing side is often found to corrode more
rapidly than the sky-facing side. The same considera-
tions apply to steel exposed obliquely. The relative
corrosion of the opposite faces of a vertical steel plate
will largely depend on the direction of the prevailing
winds, pollution, rain and sun (i.e., whether the face is
oriented towards the south (in the north of the equa-
tor) or the north (in the south of the equator).

Table 10 Atmospheric corrosion rates of mild steel

exposed outdoors in different climates

Type of
atmosphere

Site Corrosion
rate
(mmyear�1)

Great Britain

Rural or

suburban

Godalming 0.048

Llanwrtyd Wells 0.069

Teddington 0.070

Marine Brixham 0.053
Calshot 0.079

Industrial Motherwell 0.095

Woolwich 0.102

Shefliedl 0.135
Frodingham 0.160

Derby 0.170

Overseas

Rural or
suburban

Khartoum 0.003

Abisko, North Sweden 0.005

Delhi 0.008
Basrah 0.015

State College, PA, USA 0.043

Berlin-Dahlem 0.053

Marine Singapore 0.015
Apapa, Nigeria 0.028

Sandy Hook, Nl, USA. 0.084

Marine/industrial Congella, South Africa 0.114

Industrial Pittsburgh, PA, USA 0.108
Marine, surf

beach

Lagos 0.615
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3.01.4.4.3 Damage functions
Generally, in themajority of environments, except those
that have exceptionally high levels of pollutant or salt
aerosol, the corrosion rate of steel tends to decreasewith
time. This is a common observation, for example in
recent work by Zhang et al.124 for two different types of
steel in a marine environment, Figure 16.

As may be seen in Figure 16, the tendency is for
corrosion rates to decrease with time. Such behavior
may be modeled simplistically by an exponential
expression such as:

Rate ¼ A tn ½33�
where A is a constant, t is time and n is the kinetic rate
order (or exponent). For n equal to 1, linear kinetics
ensue and the reaction rate is likely to be chemical
reaction controlled however, for diffusion-controlled
parabolic kinetics, n is equal to 0.5. Any other value
for n implies a mixed control process. For atmo-
spheric corrosion of steel, the value of n commonly
lies between 0.5 (more typical of weathering steel)
and 0.8 (more common for carbon steel).

Traditionally field exposures have been used to
determine the corrosion rates of materials at particu-
lar environments. Initially, just corrosion rate data were
collected but gradually such work was extended to
include simultaneous collection of an increasing
range of other atmospheric data, including: RH, air
and metal temperature, precipitation, sunlight, as well
as deposition of chloride, sulfate, nitrate, and analysis of
rain water. The concept behind this considerable
amount of effort is to develop damage functions (or
dose–response relationships) for atmospheric corrosion

so that predictive models may be developed. This
approach culminated with an international program
run under the auspices of the International Standards
Organisation Technical Committee 156, Working
Group 4 (ISO TC156/WG4) and the collaboration
of 12 nations (Canada, Czechoslovakia, Finland,
France, Germany, Japan, Norway, Spain, Sweden,
UK, USA, and Russia) that commenced in 1986. The
primary purpose of this was to verify the ISO 9223–
9225 classification standards for the aggressiveness of
atmospheres. A secondary, arguably more scientific,
purpose was to collate the results across numerous
and widely geographically separated locations in order
to determine the best fit to the data bymultivariate least
squares regression analysis.

Results from the ISO-CORRAG program were
published gradually over a number of years for exam-
ple byDean et al.125–127 Generally, the data show strong
correlation between the corrosion rates for steel with
the corrosion rates of the other tested materials (zinc,
copper, aluminum) as might be expected. However, the
scientific aim, which was to describe the corrosion rate
of materials effectively as a regression equation over
the main variables, was not completely successful.
Thus, the use of the exponential rate expression alone
was found to account for�75% of the observed corro-
sion rate variation for steel. Regression of the time
exponent against time of wetness and chloride deposi-
tion rate improved the regression fit only slightly.
A more complete analysis of the data by Mikhailov,
Tidblad, andKucera128 resulted in two rate expressions
that reflect the observed increase in corrosion rate with
temperature to 10 �C, thereafter decreasing:

Below 10 �C:

C ¼ 1:77½SO2�0:52expð0:020RH Þexpf0:150ðT � 10Þg

þ 0:102½Cl��0:62expð0:033RH þ 0:040T Þ

Above 10 �C:

C ¼ 1:77½SO2�0:52expð0:020RHÞexpf�0:054
ðT � 10Þgþ 0:102½Cl��0:62
expð0:033RH þ 0:040T Þ

where:C is the corrosion rate of steel (mmyear�1),RH is
relative humidity (%), T is temperature (�C), [SO2] is
the concentration of sulfur dioxide (mgm�3) and [Cl�]
is the chloride deposition rate (mgm�2 day�1). These
expressions, regressed over 128 datasets, provide a cor-
relation coefficient (R2) of 0.85. Dean commented on
the overall results of the ISO-CORRAG program:
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‘‘Some other environmental variables will need to be
found to improve this approach to predicting atmo-
spheric corrosion.’’ Nevertheless, the fact that com-
paratively simple rate expressions may be used to
provide a guide to atmospheric corrosion prediction
is helpful.

Kinetic rate parameters can be measured with
more control in the laboratory. For example, activa-
tion energies and reaction rate orders as a function of
chloride contamination and gas-phase SO2 concen-
tration have been determined in the laboratory for the
early stages of the atmospheric corrosion of iron (i.e.,
between 0 and 120 h).129 From the data in Table 11 it
can be noted that for exposure in gas-phase SO2,
activation energies, and kinetic and chemical rate
orders, are consistent with the controlling mechanism
for atmospheric corrosion of iron being slow solution-
phase oxidation of sulfite to sulfate ion. Conversely,
the corrosion process with surface chloride contami-
nation is evidently much easier. These data provide
input into corrosion models that may be extended out
to longer exposure times in order to generate predic-
tive corrosion models.

3.01.4.5 Weathering Steel

3.01.4.5.1 Alloying effects

Historically, from the 1940s, a large degree of effort was
put into the development of low alloy steels that had
improved overall corrosion resistance. By the early
1960s and into the 1970s, this program of testing had
largely been completed with the development of a
generation of optimized weathering steels based on
steel compositions containing at least 0.2% Cu with
small additional amounts of P and Cr. The beneficial
effect of copper additions to steel has been referred to
already inFigure 15 and Figure 16. In turn, Figure 17
refers to trials of 9 years duration at Rotherham in the

United Kingdom130 while similar curves based on
American tests,131 in Figure 18, show substantially
the same features. The fact that the rates of corrosion
aremarkedly slower in the American than in the British
tests is mainly due to differences in the corrosiveness of
the respective atmospheres.

The effects of the various alloying elements are
not necessarily directly additive although same addi-
tions are synergistic (e.g., CuþP is better than Cu on
its own). Bearing this in mind, the practical effect of
individual elements can be summarized as follows.

� Copper additions up to �0.4% give a marked
improvement, but further additions make little
difference.

� Phosphorus, at least when combined with copper,
is also highly beneficial. However, in practice,
levels above �0.10% adversely affect mechanical
properties.

� Chromium, in fractional percentages, has a signifi-
cant influence on corrosion rates.

� Nickel, while reducing corrosion rates a little, is
not as important in its effect as the aforementioned
elements.

� Manganese may have a particular value in chlo-
ride-contaminated environments, but its contribu-
tion is little understood.

� Silicon is in a similar position to manganese, with
conflicting evidence as to its value.

3.01.4.5.2 Wetting and drying

The improvement in corrosion resistance for
weathering steels compared with carbon steel is found
to depend on the nature and amounts of the alloying
elements and the corrosive environment. Thus, weat-
hering steels show greatest advantage when they are
freely exposed to the open air in industrial environ-
ments, that is, where they are subjected to atmospheric

Table 11 Kinetic parameters for the early stages of atmospheric corrosion of iron

Activation energy at 90% RH: 20h 60h 100h

△Eact for 0.8 ppm SO2 170 kJmol�1 140kJmol�1 115kJmol�1

△Eact for 20mgcm
�2 of NaCl; 70 kJmol�1 45 kJmol�1 35 kJmol�1

Chemical reaction orders at 90% RH: 20h 60h 100h
f [SO2] 1.56 1.46 1.40

f [NaCl] 0.70 0.60 0.61

Kinetic order (i.e., n in tn) at 90% RH 0.1 ppm 0.4ppm 0.8ppm

n for the indicated pSO2 0.78 0.76 0.68
n for the indicated [NaCl] 10mgcm�2 20mg cm�2 40mg cm�2

0.89 0.84 0.64

Source: Cai, J.-P.; Lyon, S. B. Corros. Sci. 2005, 47(12), 2956–2973.
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wetting and drying. The effect of variations in surface
wetting is illustrated in Figure 19, which compares the
relative rates of corrosion of a weathering steel and a
carbon steel at a UK industrial location after 9 years
exposure.132 The greatest rate of corrosion was on
panels facing the north-westerly direction, which is
wettest for the longest period of time.

Initially, weathering steel appears to corrode like
mild steel. However, unlike mild steel whose oxide
repeatedly spalls off, the surface rust layer on
weathering steel stabilizes with time, provided that
the exposure conditions allow the steel to dry out
periodically. The rust then becomes darker, granular,
and tightly adherent whilst any pores or cracks

become filled. This protects the underlying steel by
reducing the permeability of the oxide layer to water
and air both of which must be present simultaneously
at the metal surface for rusting to continue.

The distinguishing feature of the behavior of the
slow-rusting low-alloy steels is the formation of this
protective rust layer, which generally contains a finer
grained (nano-crystalline) oxide particles and a higher
proportion of the stable goethite phase compared with
the rust layers formed on carbon steel. The first mech-
anistic evidence for this improvement in performance
was made by Stratmann and is shown in Figure 15.
In copper-free steel, a large fraction of the total corro-
sion process occurs during the drying phase of the
wet–dry cycle. However, for copper-containing steel,
the large increase in corrosion rate towards the end of
the drying cycle is absent.112 The precise reason for
this suppression is not yet wholly clear however, it may
be interpreted in terms either of a stabilization of iron
oxy-hydroxide (rust) to reduction or in terms of the
cathodic reduction of oxygen being inhibited.133

Either way, the redox cycling (and associated volume
changes) is suppressed resulting in a more compact
and more protective rust layer.

3.01.4.5.3 Applications

The most widespread use of weathering steels has
been for structural steelwork in buildings, bridges,
roadside furniture, etc. especially where maintenance
painting is particularly difficult, dangerous, inconve-
nient, or expensive. Bridges over land, rivers, railways,
roads and estuaries fall into this category, although in
the last two cases care should be taken with respect to
airborne salinity and ensuring adequate drainage to
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avoid the possibility of continuous wetting. Road
bridges can be affected by salt-laden atmospheres or
water, produced as a consequence of winter ice and
snow clearing with deicing salt and grit. Chloride can
be in the form of an airborne spray thrown up by
passing vehicles or as a result of leaks in the bridge
deck. In the presence of salt-water many materials,
including steel, paint, reinforced concrete, aluminum,
etc. deteriorate at an accelerated rate. Weathering
steels are no exception, and higher than normal corro-
sion rates should be expected if they are exposed to
saline waters or frequent spraying with salt. Albrecht
has described the applications and pitfalls of using
weathering steel in US highway bridges in an informa-
tive paper that is well worth consultation.134

3.01.4.5.4 Next generation weathering steels

Recent research has been aimed at further optimiza-
tion of the performance of weathering steels, partly by
more detailed understanding of the nature of the rusts
that are formed during exposures. Thus, X-ray dif-
fraction, vibrational spectroscopy, and elemental
analysis have all been applied to the analysis of vari-
ous rusts on the micrometer scale. This has provided
evidence of doping of the rust layers by Cr3þ and

Ni2þ, which, in turn, limits cathodic oxygen reduction
and promotes the stabilization of the goethite
phase.135,136 In the light of these results, more
advanced weathering steels, based on modern high-
strength, low-alloy compositions, have been devel-
oped,137 Table 12.

The substitution of nickel for chromium, and the
slightly increased level of copper, results in a consider-
ably improved performance particularly in those atmo-
sphereswhere the importance of chloride has increased
due to the reduction in sulfur dioxide levels. The
amount of corrosion on the novel material was less
than 1/20 that of conventional weathering steel after
9 year exposure to a marine atmosphere in Japan.136 It
was suggested that this improved performance was due
to nickel doping of the rust that resulted in an ion
exchange process leaving a net negative charge at the
inner rust layer, hence ‘repelling’ chloride ions.

3.01.4.6 Classification of Atmospheres

Classification of the atmosphere into various corro-
sivity (i.e., severity of corrosion) categories depend-
ing on local environment has been the work of a
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Table 12 Compositions of conventional and ‘advanced’ weathering steel

Material Chemical composition (mass %)

C Si Mn P Cr Cu Ni

‘Advanced’ weathering steel 0.05 0.04 1.02 0.008 – 0.40 3.03
Conventional weathering steel 0.10 0.42 1.54 0.004 0.52 0.30 0.32

Source: Kimura, M.; Kihira, H.; Ohta, N.; Hashimoto, M.; Senuma, T. Corros. Sci. 2005, 47, 2499–2509.

Corrosion of Carbon and Low Alloy Steels 1725

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



number of national standards bodies. In the EU, this
standardization is encompassed within BS EN
12500,138 and consistent with ISO 9223–9226. The
standard atmospheric corrosivity classifications are
reproduced in Table 13 with the corresponding
expected corrosion rates for carbon steel inTable 14.

An example of this approach is given in Table 15
where corrosion rates invariousEuropean (mainly Scan-
dinavian) locations arematched toTable 14 to derive an
atmospheric corrosivity classification for that location.

3.01.5 Corrosion in Water

3.01.5.1 Water Composition

The composition of water is clearly of importance in
determining the rate of corrosion of steel exposed to
it. Some of the more important factors that contribute
to corrosion are the dissolved gas content (primarily

oxygen and carbon dioxide), the nature and amount
of dissolved solids (which influences the electrical
conductivity, pH and hardness of the water), the
presence of organic matter (such as detergents, oils,
wastes, etc.) and the presence or absence of microbial
species such as bacteria, algae, or fungi.

3.01.5.1.1 Dissolved gases

Oxygen is the most important dissolved gas in water
and, at pH > 3, is generally the main cathodic reac-
tant for the corrosion of steel. Thus, in neutral or
near-neutral water, dissolved oxygen is necessary for
any appreciable corrosion of steel. Increasing the
oxygen availability for reaction either by increasing
the dissolved oxygen concentration or by increasing
its mass transfer rate (i.e., in a flowing system) will, in
almost every case, result in an increase in corrosion
rate. In view of this, the control of oxygen concentra-
tion in solution is one of the primary methods for

Table 13 ISO standard classifications for atmospheric corrosivity

Examples of typical environments

Corrosivity
category

Corrosivity Indoor Outdoor

C1 Very low Heated spaces with low RH and insignificant

pollution: schools, museums, etc.

Dry or cold zonesatmospheric environment

with very low pollution and time of wetness

for example, certain deserts, central
Antarctica

C2 Low Unheated spaces with varying temperature

and RH. Low frequency of condensation
and low pollution, for example, storage,

rooms, sports halls

Temperate zones: environment with low

pollution (SO2<12mgm�3), for example,
rural areas, small towns. Dry or cold zones:

environment with short time of wetness, for

example, deserts, subarctic areas

C3 Medium Spaces with moderate frequency of
condensation and moderate pollution from

production process, for example, food-

processing plants, laundries, breweries,

dairies

Temperate zone: environment with medium
pollution (SO2:12–40mgm�3) or some

effect of chlorides, for example, urban

areas, coastal areas with low deposition of

chlorides
Tropical zone: atmosphere with low pollution

C4 High Spaces with high frequency of condensation

and high pollution from production process,

for example, industrial processing plants,
swimming pools

Temperate zone: environment with high

pollution, (SO2: 40–80mgm�3) or
substantial effect of chlorides, for example,
polluted urban areas, industrial areas,

coastal areas, without spray of salt water,

strong effect of deicing salts. Tropical zone:
environment with medium pollution

C5 Very high Spaces with almost permanent condensation

and/or with high pollution from production

process, for example, mines, caverns for
industrial purposes, unventilated sheds in

humid tropical zones

Temperate zone: environment with very high

pollution (SO2: 80–250mgm�3) and/or
strong effect of chlorides, for example,
industrial areas, coastal and off shore areas,

with salt spray. Tropical zone: environment

with high pollution and/or strong effect of

chlorides

Source: BS EN 12500: Protection of metallic materials against corrosion: Corrosion likelihood in atmospheric environment, classification,
determination and estimation of corrosivity of atmospheric environments.
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corrosion control of carbon steel (and indeed many
other materials).

The presence of dissolved ambient carbon dioxide
from the atmosphere (pCO2 �385 ppm in 2008)
alters the pH of water by the reaction:

CO2þH2O! H2CO3! Hþ

þHCO �
3 Ka¼ 4:30�10�7 ½33�

Indeed, the pH of most natural (nonsaline) water
exposed to the atmosphere is acidic due to the
above equilibrium. Thus, changes in the dissolved
CO2 level will tend to change the pH and, conse-
quently, any process that depends upon pH. In near-
neutral solutions, this will not affect the corrosion
rate of steel directly. However, a change in pH may
affect the stability of protective deposits and scales on
the steel, particularly those containing calcium car-
bonate, which will tend to dissolve as the pH falls.

At higher CO2 pressures the situation changes
significantly. Thus, in 3% sodium chloride solution
at 1 atm. of carbon dioxide the corrosion rate of steel
is increased substantially above what might be
expected at the equilibrium pH of �3 with hydrogen

evolution as the cathodic reaction. Although the con-
centration of hydrogen ions in solution is relatively
low at pH 3 (i.e., 10�3), carbonic acid dissociates as
shown in eqn [34] to produce hydrogen ions immedi-
ately adjacent to the cathode. Thus, under these con-
ditions, the hydrogen evolution reaction is controlled
by mass transfer of carbonic acid to the cathode.139

This mechanism largely explains the phenomenon of
‘sweet’ corrosion, due to CO2 in oil and gas recovery
and petrochemical production.

3.01.5.1.2 Dissolved solids

The effect of dissolved solids is complex. The pres-
ence of inorganic salts, notably of chlorides and sul-
fates, should promote corrosion, because they
increase the conductivity of the water, thereby facil-
itating the electrochemical reactions via improved
ion transport in solution. Alkaline waters tend to be
less aggressive than acid or near-neutral waters, and
corrosion can be well-controlled in a closed system
by appropriate water treatment; for example, addition
of inhibitors and/or making the water alkaline and
the metal passive. Unfortunately, at pH values just
insufficient to give complete passivation, there is a
high risk of severe pitting, even though the total
corrosion rate is reduced, and this is a greater danger
in many applications.

The most important property of dissolved solids
in fresh waters is whether or not they lead to deposi-
tion of a protective film on the steel that will impede
the corrosion process. This is determined mainly by
the equilibrium between calcium carbonate, calcium
bicarbonate, and carbon dioxide and is of fundamen-
tal significance and where an appropriate scaling
index (e.g., the Langelier index) can provide guid-
ance.140 Since hard waters are more likely to deposit a
protective calcareous scale than soft waters, the for-
mer tend to be considerably less aggressive than the
latter; also, soft waters can often be rendered less

Table 14 Correspondence between mass loss of car-

bon steel after 1 year of exposure and ISO standard atmo-

spheric corrosivity classifications

Corrosivity
category

Mass loss per unit
area (gm�2)

Thickness loss
(mm)

C1 	10 	1.3
C2 >10–200 >1.3–25

C3 >200–400 >25–50

C4 >400–650 >50–80
C5 >650–1500 >80–200

Source: BS EN 12500: Protection of metallic materials against
corrosion: Corrosion likelihood in atmospheric environment,
classification, determination and estimation of corrosivity of
atmospheric environments.

Table 15 Corrosion rates of carbon steel in various European locations

Environment Deposition rates
(mgm�2 day�1)

Corrosion rate (mmyear�1) Atmospheric corrosivity classification

SO2 Cl�

Rural <20 <3 5–10 C2

Urban 20–100 <3–50 10–30 C2/C3

Industrial 110–200 – 30–60 C3/C4

Marine <10 3>100 10–40 C3
Arctic <10 <3 4 C2

Source: Bardal, E. Corrosion and Protection, Table 8.1; Springer: Berlin, 2004.
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corrosive by treating them with lime (calcium
hydroxide). Carbonate scales are not the only type
that may form in water and, depending on water
chemistry, scales of calcium sulfate, magnesium sili-
cate, magnesium hydroxide and iron or manganese
oxy-hydroxides may also form.

3.01.5.1.3 Microbial effects

Another important factor is that most natural waters
are far from being sterile. They contain greater or
lesser amounts of organic matter, both living and
dead. Some of the dead organic matter, for example,
peat residues, may render the water corrosive by
making it acid, but in most cases, the living organisms
probably exert the greater influence. In natural
seawater, fouling occurs and in freshwaters, algae may
grow. Amore detailed discussion of microbial corrosion
can be found elsewhere in this book.

3.01.5.2 Deposits and Scales

3.01.5.2.1 Fouling of surfaces

During service, the surface of steel in contact with
the environment will inevitably tend to become cov-
ered with a deposit of some nature. Such deposits
may arise from the water chemistry (i.e., carbonate
scaling), from corrosion (i.e., the formation of a cor-
rosion product), from bio-films (i.e., slimes from bac-
terial, algal and other origins), from sediments and
silts (i.e., from suspended solids in the water), etc. In
all cases, the fouling of surfaces will have an effect on
corrosion rates of materials used and on the process
or function of the system. These effects need to be
understood and allowed for in the design of the
system. However, if the anticipated effects are detri-
mental, the surface fouling must be controlled in
some way depending on its origin.

In many systems or processes, fouling deposits
tend to form preferentially in the hottest part of the
system, often on heat transfer surfaces (e.g., boilers,
heat exchangers, etc.), because the solubility of the
depositing material is lowered; this is particularly
prevalent for carbonate scaling. In other cases, depos-
its tend to form at the coolest part of the system (i.e.,
also in heat exchangers) for the same reason. The
formation of bio-films is clearly not an issue where
the system temperature is sufficient to ensure sterili-
zation. Conversely, in chilled water and air condition-
ing systems, bio-film formation is a significant hazard.

In addition to a reduction in the efficiency of heat
transfer due to the isolation of the metal surface from

the water by a film of low thermal conductivity, fouling
deposits can additionally cause significant problems
due constriction of flow, blocking of valves, etc.

3.01.5.2.2 Under-deposit corrosion

Fouling deposits, depending on their nature, often
result in enhanced corrosion underneath the deposit.
On heat transfer surfaces at sufficiently high temper-
ature, local boiling of water can occur beneath depos-
its giving rise to concentration of the species in
solution at this point and consequent localized corro-
sion under the deposit. In the absence of heat transfer,
under-deposit corrosion may still occur due to the
differential aeration mechanism where the anode is
localized to an area of lower oxygen concentration
under the deposit.

Where water treatment is used to provide corrosion
control, then the presence of deposits in the system
will result in poor availability of the inhibitor at these
locations and, again, increased corrosion will result.
This is particularly significant where passivating inhi-
bitors are used as the inhibitor concentration may
locally (i.e., under the deposit) fall below the critical
concentration required for passivity and, hence, give
rise to a significant risk of pitting corrosion.

In many systems, a bio-film of an aerobic species
may first colonize the steel surface, which will result
local oxygen depletion under the bio-film. The effect
of this is both to promote differential aeration cell
corrosion but, more significantly, to create a beneficial
environment for possible further colonization under
the original film by an anaerobic species, including
sulfate reducing bacteria. In this latter case, the meta-
bolic products include reduced sulfur species, partic-
ularly sulfides and hydrogen sulfide, both of which are
very likely to promote severe corrosion.

3.01.5.3 Natural Waters

3.01.5.3.1 Corrosion rates

As pointed out already, corrosion rates of carbon steel
in water vary significantly depending, amongst other
things, upon the specific water composition, oxygen
concentration, and flow rate in the fluid (i.e., the mass
transfer rate of oxygen to the corroding surface). In
practice, some form of corrosion protection is gener-
ally used for carbon steel in aqueous environments. In
a few situations however, unprotected bare steel may
be used provided a corrosion allowance is provided
for in the design. Such applications include: pipe
internals on potable water systems and fire protection
systems, where only minimal (or no) water treatment
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is possible, etc.; and steel piles for shoring work (e.g.,
on river banks, jetties, etc.).

For interest, some historic data for corrosion rates
in a range of environments are given in Table 16; for
low-carbon structural steel tested under the condi-
tions stated. The figures are for the average general
penetration over the whole test areas. As an indica-
tion of the maximum penetration depth, it may be
noted that in the sea-water tests of the Institution of
Civil Engineers141 the maximum depth of pitting for
descaled mild steel after 15 years immersion was
�2.3mm; when the steel had been immersed in the
as-rolled condition with its millscale, a Figure as high
as 7.6mm was observed. Under half tide immersion
conditions, the corrosion rate of steel may be
increased by a factor of 2–5 compared with the results
for total immersion.

The rates of corrosion quoted in Table 16 are
sufficiently low that with a suitable corrosion allow-
ance they can be used unprotected with an antici-
pated life for structures of 40–50 years. Traditionally,
low-strength steel grades were used for pipes and
structural elements (such as piling) and required a
relatively thick section for strength. Increasingly,
such steels are being replaced with higher strength
materials of thinner section resulting, obviously, in a
decreased lifetime. It is not clear that design engi-
neers fully appreciate that the good lifetime previ-
ously achieved for steel in waters was often due to
generous thickness allowances with respect to
strength and corrosion.

3.01.5.3.2 Piped fresh water systems

It is not uncommon for unprotected ferrous materials
(i.e., cast iron or carbon steel) to be used in potable
(drinking) water systems (as pipes, pumps, valves, etc.),
in fire protection systems, as foundation or shoring
materials (i.e., steel piles) for support of riverside, or
reservoir structures, etc. In fresh water distribution
systems, cast iron (historically graphitic iron, recently
nodular ductile iron) is more commonly used as a pipe

material as opposed to steel; increasingly polymeric
materials are now being used for water systems.

Corrosion problems of ferrous materials in domes-
tic waters are a continuing problem.144 In 1975, Larson
comprehensively surveyed corrosion of steel in fresh
water with data gathered from over 30 years of research
in Illinois.145 He developed a classification of waters for
corrosion of steel in terms of dissolved oxygen, pH, and
dissolved salts, Table 17.

The classification in Table 17 assumes no signifi-
cant effects from microbial corrosion. In practice,
however, microbial effects are ubiquitous and it can-
not be assumed that they will always be dealt with
satisfactorily by disinfection (e.g., chlorination).146

However, in potable water systems, where fluid flow
is significant, microbial problems are more com-
monly considered in the industry to affect drinking
water quality (e.g., odors and discolouration of the
water) than corrosion. Fire protection systems (i.e.,
risers and sprinklers), on the other hand, in effect
comprise a series of stagnant sections in which micro-
bial growth can proliferate. Consequently, microbio-
logically influenced corrosion is a significant risk in
these and similar systems. It is generally advisable to
minimize the risk by thorough initial cleaning of new
systems in order to remove internal debris as well as
hydrocarbons that may comprise a food source. Fol-
lowing cleaning, appropriate (i.e., not too frequent)
test schedules should be undertaken in order to
reduce the ingress of fresh water. In severe cases, it
may be necessary to dose the system with biocides in
order to reduce the microbial load.147

3.01.5.3.3 Structural steel in waters

A major application for unprotected steel in water is
in retaining walls (revetments) along river banks, in
sea walls, docks and harbors, structural pilings, etc.
Particularly in river systems with low salinity, unpro-
tected revetments are traditionally used and have an
adequate life. The higher conductivity of saline and
sea water permits the option of applying cathodic

Table 16 Rates of corrosion of mild steel in natural waters (total immersion)

Type of water Test authority Test site Test duration Average corrosion
rate (mmyear�1)

Sea water Institution of Civil Halifax, Nova Scotia 15 108
Engineers141 Plymouth 15 65

BISRA142 Emsworth 5 65

Fresh water Institution of Civil Engineers141 Plymouth: reservoir

water

15 43

River water Office Technique pour l’Utilisation

de l’Acier143
La Cadène: soft water 5 68

Dôle: hard water 5 10
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protection. However, designs often still rely on a
corrosion allowance for unprotected steel. As noted
above, although this strategy has worked well in the
past, increasingly the use of thinner and higher
strength steels is reducing the overall time to perfo-
ration. Additionally, increasing corrosion problems
are being observed worldwide where severe corrosion
of steel piles, retaining walls, etc. occurs at and just
below the waterline. This phenomenon was observed
from the 1970s onwards in sea water installations148

and termed ‘marine low-water corrosion’149; it also
occurs in saline and estuarine locations as well as in
fresh water at inland docks (e.g., on Lake Superior,
USA).150

In marine locations, this corrosion is now called
‘accelerated low-water corrosion’ (ALWC). It mani-
fests itself as severe attack leading to premature fail-
ure of steel structures with unusually high rates of
corrosion (i.e., 0.3–1mm year�1 compared with
expected rates of 50–100 mmyear�1). ALWC occurs
at or close to the lowest astronomical tide and, hence,
is only visible a few times per year and easily missed.
The corrosion typically affects only a small percent-
age of the exposed surface area with a characteristic
damage pattern that depends on the particular geom-
etry and pile design.70 The causal agent for ALWC
appears to be a characteristic microbial colonization
of the steel surface resulting in biofilms that contain
synergetic populations of sulfur reducing and sulfur
oxidizing bacteria. Laboratory in vitro studies found
that an approximate ten-fold increase in corrosion
rate for such colonization, similar to that observed
in practice.151 Control of ALWC in existing installa-
tions is probably best carried out by a combination of

sterilization of the marine muds combined with
cathodic protection. Future installations are recom-
mended to employ cathodic protection in the design
(possibly combined with coating) in order to avoid
the problem in the future.

3.01.5.3.4 Variation of corrosion with height

The corrosion rate of steel will vary as a function of
height above and below the water as the environment
changes from predominantly atmospheric, through
the splash zone, into water-saturated mud and even-
tually to an underground condition. In addition to the
variation in environment, the available oxygen con-
centration will also vary with depth. Consequently,
differential aeration corrosion is possible where an
enhanced zone of corrosion occurs at the location of
lowest oxygen concentrations (i.e., the anode
becomes localized away from areas of higher oxygen
concentration. Figure 20 shows the variation in rem-
nant thickness as a function of height.149 The maxima
in the corrosion rate are seen to occur in the splash
zone immediately above mean high water and at just
below mean low water. The former is due to rapid
corrosion in intermittently wetted areas (similar to
atmospheric corrosion on a surf beach) while the
latter is due differential aeration corrosion. Note
that the corrosion rate decreases as the pile depth
increases into the mud/soil below the water line.

3.01.5.4 Process Waters

3.01.5.4.1 Heating and cooling systems

Corrosion in water systems that are used for process
heating/cooling or space heating/air-conditioning is

Table 17 Classifications for corrosivity of fresh water

Type of water Corrosivity

Distilled water, no oxygen Corrosion is negligible

Mineral salts present, oxygen and

carbonate absent

Similar to previous case provided oxygen is kept out of the system

Distilled water and oxygen present Corrosion rate decreases with increase in pH but danger of severe pitting

corrosion if the steel has marginal passivity; danger of localized corrosion in

crevices, under deposits and at the water line
Mineral salts and oxygen present,

carbonate absent

Increased corrosion compared with distilled water due to higher conductivity;

increased tendency for localized corrosion where passivity is marginal

Carbonate, mineral salts and oxygen

present, calcium absent

In the absence of Ca2+, carbonates act to inhibit corrosion with their maximum

effect appeared at more than 5–10 times the concentration of other salts
(Cl� or SO4

2�, etc.) at > pH 6.5–7

Dissolved calcium and carbonate present,

oxygen present or absent

Significant reduction in corrosion rate if a carbonate scale is deposited,

however this does not generally happen unless there is significant

supersaturation of CaCO3 at the pH of the water

Source: Larson, T. E. Corrosion by Domestic Waters, Bulletin 59; Illinois State Water Survey, 1975.
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inevitable unless care is taken to condition the water
environment. The principles for the control of corro-
sion, scaling and fouling in such systems are all well-
known and summarized briefly inTable 18. They are
discussed in more detail in the relevant chapter in
this book.

In cooler waters, control of the microbiology is
essential in order to achieve an effective system.
Where the oxygen concentration is controlled at a
relatively low level in order to limit corrosion, then
anaerobic species are of concern. These include the
sulfur reducing bacteria that produce sulfides in solu-
tion, which can be of concern due to the formation of
unstable sulfide films on steel resulting in pitting
corrosion. The presence of nitrate/nitrite reducing
bacteria is of concern where nitrite corrosion inhibi-
tors are present since these species will metabolize
nitrite and reduce its concentration. Iron oxidizing
bacteria can also be problematic due to their oxida-
tion of dissolved ferrous species to ferric, resulting
in enhanced deposition of rust deposits throughout
the systems.

3.01.5.4.2 Boiler waters

The principles of water treatment for the control
of corrosion in boilers and related equipment are
rather similar to those for heating and cooling
systems (except for the absence of microbial corrosion
since the water should be sterile) and are also well-
established.152 Clearly the main purpose of boiler
water treatment is to maintain the lowest practical
corrosion rate at reasonable cost. Traditional water
treatment commonly attempts to maintain the steel in
the passive region where magnetite is the stable phase
and this is achieved by a combination of controlled pH,
dissolved oxygen concentration, dissolved salts and
addition of inhibitors for corrosion control not just in
the boiler but also in the steam lines and condensers.
The interested reader is directed to the chapter on
boiler corrosion and its control in this book.

3.01.6 Underground Corrosion

3.01.6.1 Controlling Factors

In practice, bare carbon steel is rarely exposed under-
ground without some form of functional corrosion
protection system. Thus, cathodic protection is uni-
versally applied for the protection of buried metal
underground almost always in combination with an
effective protective coating system. Indeed, the per-
formance of coating systems has been improved to
such an extent that only a few milliamps of current
per kilometer of buried pipeline might be required
for adequate protection. Of course, the improvement
in coatings (essentially a reduction in coating perme-
ability to water and ions) leads to its own problems in
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Table 18 Summary of main water treatments that are

used to limit corrosion and related problems

Treatment Effect

Water
conditioning

Use of pH control, deaeration, softening
and deionizing to pretreat the water

supply and render it less likely to cause

scaling and corrosion

Scale
inhibition

Chemical addition made to prevent or
modify the deposition of scales

particularly on heat-transfer surfaces

Corrosion
inhibition

Chemical addition made to reduce the
rate of corrosion of metallic materials in

the system

Microbial

control

Chemical addition made to restrict

microbial growth, essential where the
water does not exceed sterilization

temperatures (i.e., <60–70 �C)
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the shielding of protection currents where defects
exist. The control of corrosion underground, includ-
ing the influence of stray currents, is dealt with in
more detail elsewhere and will not be considered
further here.

Regarding the corrosion of buried steel, the seminal
contributions from the 1950s and early 1960s of
Romanoff in the USA153 and Hudson in UK154 for
samples buried in some cases since the 1930s, still
comprise the standard reference data for underground
corrosion of bare, unprotected steel and other metals.
Such data are of interest in situations where unpro-
tected steel is used underground, which typically arise
in construction applications where the use of steel for
piles, revetments, shoring, etc. is not uncommon. More
recent interest arises from the possible use of carbon
steel as a claddingmaterial for nuclearwaste containers
where knowledge of the long-term corrosion is essen-
tial for development of the relevant safety cases. In
these cases, it is of merit to study the corrosion of
buried archaeological artefacts as they are the only
method for determining very long-term corrosion
rates with any degree of certainty.

A detailed discussion of the effects of soil on corro-
sion of unprotected bare steel is beyond the scope of
this article and the interested reader is directed to the
relevant chapter on corrosion in soils in this book. In
brief, soils vary greatly in corrosiveness according to
their aeration, conductivity, composition, and micro-
bial activity.155 In general, dry, sandy, or calcareous
soils, with a high electrical resistance, are the least
corrosive. At the other end of the scale are the heavy
clays and the highly saline soils, whose electrical con-
ductivity is high. The depth of the water table is also
important; much depends on whether the buried iron
or steel is permanently above or below this, or even
more perhaps on whether it is alternately ‘wet’ or ‘dry.’
The variation in corrosion rate with depth of burial is
illustrated by the historic results quoted in Table 19,
which also serve to indicate the rates of average general
penetration in typical British soils.156 It will be noted
that the depth of burial had no consistent effect, which
is not surprising since the average depth of the water
table and the seasonal fluctuations in this varied from
one site to another. Bacterial activity often plays a part
in determining the corrosion of buried steel. This is
particularly so in waterlogged clays and similar soils,
where no atmospheric oxygen is present as such. If
these soils contain sulfates, for example, gypsum and
the necessary traces of nutrients, corrosion can occur
under anaerobic conditions in the presence of sulfate-
reducing bacteria. One of the final products is iron

sulfide, and the presence of this is characteristic of
attack by sulfate-reducing bacteria, which are fre-
quently present.

The maximum corrosion rate reported in tests
carried out in the USA was �70 mmyear�1,153,157

while the maximum rates obtained in tests carried
out in the UKwere between 35 and 50 mmyear�1.156

However, the localized corrosion was much greater,
with maximum rates of 250 mmyear�1 reported from
American, and 300 mmyear�1 from British, tests.

3.01.6.2 Corrosion of Buried Steel

3.01.6.2.1 Piling

Unprotected steel is frequently used in construction
as pilings for foundations and soil retention. This is
because any protective coating is almost certainly
going to be removed by abrasion during the piling
operations. Generally, undisturbed soil and earth
should have relatively low oxygen content and,
hence, steel should have a relatively low corrosion
rate. As noted above, Table 19, corrosion rates in a
variety of different undisturbed soil types are indeed
generally quite low, from �10 to 35 mmyear�1.

Examinations of steel pilings recovered after con-
siderable times of exposure have confirmed that the
average corrosion rate is indeed acceptably low.
Romanoff ’s study in the USA found that the load-
bearing capacity of the pilings was not compro-
mised.158 Studies in the UK on pilings removed
from the ground after up to 85 years service found
that they were in excellent condition with an esti-
mated average corrosion rate of the order of 10 mm
year�1 with occasional rates up to 30 mmyear�1.159

On the land (fill) side of piled harbor walls (i.e., in
disturbed soil) the corrosion rates were about twice
those found for undisturbed soil, but this is still

Table 19 Corrosion of mild steel in various soils and

depths over 5 years

Site Type of soil Average general
penetration
(mmyear�1)

1.37m 0.6m

Benfleet London clay 0.0185 0.0361

Gotham Keuper marl 0.0132 0.0094

Pitsea Alluvium 0.0353 0.0284

Rothamsted Clay with flints 0.0201 0.0213

Source: Romanoff, M. Corrosion of steel piling in soils, National
Bureau of Standards Monograph no. 58 (October 1962).
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relatively low. A systematic study in Japan over
10 years showed that the corrosion of piles was not
linear with time but was initially high and tended to
decrease after time to a long-term rate that was �10
mmyear�1.160 In Australia, 52 year-old piles from Port
Adelaide were removed and the average corrosion
rate below the mud line was found to be �30mm
year�1.161,162 What also seems clear from this historic
data is that microbial corrosion did not seem to be of a
significant risk provided the soil was undisturbed.149

3.01.6.2.2 Pipelines

Buried pipe, whether of steel or cast iron, are invari-
ably coated and additionally protected by a cathodic
protection system. It is not proposed to discuss this
topic further here except, for completeness, to note
the occurrence, during cathodic protection, of inter-
granular stress corrosion cracking in carbonate–
bicarbonate environments and transgranular stress
corrosion cracking of higher strength pipeline steels
at neutral pH.

3.01.6.2.3 Long-term burial

Research on the nature of corrosion product layers on
historic buried artefacts is an important component
in understanding the progress of corrosion and in the
modeling of proposed nuclear waste repositories.
Most repository designs comprise a multibarrier sys-
tem that consists of immobilized (e.g., vitrified)
nuclear waste packed into a metallic container that
is, in turn, emplaced into a suitable geological repos-
itory and backfilled with clay buffer layer. This
design is expected to be initially relatively oxidizing
(aerated) but will eventually become anaerobic. Since
the function of the metal container is to prevent
contact between the groundwater and the radioactive
wastes for as long as possible, knowledge of the cor-
rosion processes, including the expected corrosion
products likely to form, are essential in order to
provide a credible model of long-term corrosion
over hundreds to thousands of years.

In the United Kingdom, historic iron commonly
arises from the period of Roman occupation and later,
with the most frequent artefact comprising iron nails.
In Europe, buried iron can be found from much ear-
lier. Commonly identified corrosion products include
all those that might be expected to form, Table 4. In
most buried environments the corrosion sequence
commences with the development of ‘green rusts,’
which are mixed oxy-hydroxides of iron containing
Fe (þ2/þ3) species and incorporating typically, car-
bonate, chloride or sulfate depending on the

environment.163 Generally, depending on local con-
ditions of aeration and pH, this oxidizes further to
form magnetite, maghemite, lepidocrocite or goe-
thite; while in high chloride (e.g., marine) environ-
ments, akaganéite also forms. In anaerobic,
waterlogged, conditions at higher pH (carbonated),
siderite (iron carbonate) is a common corrosion prod-
uct,164 while at lower pH, vivianite (hydrated iron
phosphate) has occasionally been observed.165
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Glossary
Cast iron An alloy of iron with >1.7% carbon and

including appreciable amounts of silicon and

other elements. Compared with carbon

steel, cast iron has a relatively low melting

point and high fluidity permitting it to be cast

into complex shapes.

Ductile or SG iron A form of cast iron in which the

carbon is present as nodular spheroids of

graphite and, consequently the iron is

ductile.

Durichlor A high-silicon iron containing a minimum

of 14.5% silicon with additions of chromium

and molybdenum and optimised for service

in hydrochloric acid.

Duriron A high-silicon iron containing a

minimum of 14.5% silicon exhibiting extreme

abrasion resistance and chemical resistance

in acids.

Gray or LG iron A form of cast iron with a relatively

high silicon content (> �2%) in which the

carbon is present as lamellar graphitic (LG)

flakes; generally gray iron is brittle and fails

with little or no ductility.

Hypersilid A high silicon iron containing from

14–18% silicon and similar to Duriron in

performance and usage.

Malleable Iron A form of white cast iron that is

traditionally produced by subjecting a

casting to extended periods of heat

treatment, this results in the nucleation

of graphite in a nonlamellar form

and, consequently, the iron is ductile

(malleable).

Ni-Resist A form of cast iron containing sufficient

nickel such that the iron is able to retain the

austenite phase structure at room

temperature, consequently, Ni-Resist is

heat-resistant and relatively corrosion

resistant compared with LG or SG irons.

White iron A form of cast iron of relatively

lower silicon content in which the carbon is

present as carbides and, consequently,

white iron is extremely hard and abrasion

resistant.

Abbreviations
ASTM American Society for Testing and

Materials

BCIRA British Cast Iron Research Association

(former body, no longer in operation)

BS British Standard
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EN European Norm

ETIF Editions Technique des Industrie de le

Fonderie

LG Lamellar graphitic

LSI Langelier saturation index

SG Spheroidal graphitic

3.02.1 General Introduction

Cast iron is the term applied to a wide range of
ferrous alloys, whose principal distinguishing feature
is carbon content in excess of �1.7%. Cast iron can
also be thought of as a composite material consist-
ing of precipitated graphite or carbide particles in a
metal matrix. The two major types of graphite mor-
phology are flake, associated with gray iron and
spherical (nodular), associated with ductile iron.
While the properties of steel grades are determined
(in addition to the composition) primarily by thermo–
mechanical treatment, the properties of cast iron are
controlled by inoculation, solidification, and cooling
rate as well as alloy composition.

Four main types of iron are commonly
encountered:

� white iron in which all the carbon is present in a
metal carbide phase;

� gray iron in which most of the carbon is present as
graphite flakes;

� nodular or ductile iron in which most of the carbon
is present as graphite nodules, produced during
solidification of the casting; and

� malleable iron in which most of the carbon is
present as graphite nodules, produced subsequent
to solidification by heat treatment of the casting.

Many properties of cast iron are first influenced
by the form in which the carbon is present; that is, as
graphite or as carbide and secondly by whether the
matrix material is ferritic or pearlitic.

3.02.1.1 White Cast Iron

In white iron, carbon is in the form of iron carbide in
a matrix of pearlite, the amount of which depends on
the carbon content of the iron; such materials are
hard and brittle. Alloying of white iron is possible
and results in the formation of alloy carbides that are
even harder and ideal for hard and abrasion-resistant
applications such as extrusion dies and cement mixer
liners.

3.02.1.2 Gray Cast Iron

Gray cast irons are by far the oldest and most com-
mon form of cast iron. Gray iron, named because of
its characteristic fracture surface, has a gray appear-
ance and consists of carbon in the form of flake
graphite in a matrix consisting usually of pearlite or
ferrite or a mixture of the two. The fluidity of liquid
gray iron and its expansion during solidification due
to the formation of graphite, has traditionally been
ideal for the economical production of shrinkage-
free, intricate castings such as motor blocks. These
alloys are often known as lamellar graphitic (LG) cast
irons; a sketch of the typical arrangement of lamellar
graphite is shown in Figure 1.

Gray iron exhibits essentially no elastic behavior,
and fails under tension without significant plastic
deformation. The mechanical properties of gray cast
iron result from the effects of chemical composition
and the cooling history. In general, as the combined
equivalent of carbon and silicon is reduced the
strength of the cast iron is increased. For thicker
sections requiring tensile strengths above 350MPa,
additions of chromium, nickel or molybdenum alloys
are required.

The presence of graphite flakes gives gray iron
an excellent machinability, damping, and self-
lubricating characteristics. Consequently, gray cast
iron has an outstanding resistance to sliding wear
and has been used very successfully for sliding surfaces
including cylinder bores, piston rings, and machine
tools. Due to the effect of the graphite flakes, gray
cast iron has an excellent resistance to galling and
seizing, and has a low coefficient of friction. Finally,
gray cast irons have an excellent capacity for absorbing

Figure 1 Sketch of lamellar (flake) graphite in cast iron.
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vibration energy, and thus damping vibrations. This
property is most evidenced with those materials with
a high percentage of graphite flakes.

3.02.1.3 Malleable Cast Iron

Malleable irons are initially manufactured as white
irons and subsequently heat treated in order to con-
vert the carbide into graphite, which nucleates and
grows from individual locations giving a more com-
pact, nonlamellar form. Malleable irons are produced
by two different processes, which result in either a
ferrite or a pearlite matrix depending on the process
adopted; however, even the pearlitic form is usually
produced with a surface layer of ferrite. In malleable
irons, the presence of graphite in a more compact or
sphere-like form gives the material greatly increased
ductility with tensile and yield strengths almost equal
to cast, low-carbon steel.

3.02.1.4 Ductile Cast Iron

Ductile cast irons are similar to gray cast irons but
have small amounts of alloying addition (e.g., magne-
sium) that promote the formation of carbon in a
nodular form rather than as graphite flakes; they are
often known as spheroidal graphitic (SG) irons or
nodular graphitic irons; a schematic microstructure
is shown in Figure 2. Ductile iron generally solidifies
with a pearlite matrix, but in order to develop the full
ductility of the iron, the castings are often subse-
quently annealed to give a ferrite matrix. They have
properties similar to that of gray irons with a rela-
tively low melting point (compared with steels), good

fluidity, castability, excellent machinability, and wear
resistance. However, compared to gray cast iron they
have improved strength, toughness, and hot work-
ability. Moreover, the nodular forms of graphite
result in greatly increased facture toughness and
offer the designer the option of choosing high ductil-
ity (with some grades guaranteeing more than 18%
elongation), or high strength (with some tensile
strengths exceeding 800MPa).

3.02.1.5 Alloy Cast Irons

The properties of both white and gray cast irons can
be altered and enhanced by the inclusion of alloying
elements such as nickel, chromium, molybdenum,
and silicon. For example, 4–5% nickel and 1.2%
chromium additions are used to increase hardness
and mechanical properties. Alloys containing over
14–25% nickel, are austenitic and have good heat
and corrosion resistance. Alloys with 25–35% chro-
mium result in a ‘stainless’ cast iron with good corro-
sion and high temperature properties, while irons
containing up to 16% silicon offer enhanced hard-
ness and excellent corrosion resistance at the expense
of mechanical properties.

3.02.2 Production, Composition, and
Microstructural Effects

A cast iron is an alloy of iron that contains 2–4%
carbon, along with varying amounts of silicon and
manganese and traces of impurities such as sulfur
and phosphorus. The relatively low melting point of
these alloys compared with that of steel and their
tendency to expand slightly on solidification, which
make them admirably suitable for the production of
components by casting, result from this feature of
their composition. The production of cast iron is
relatively unsophisticated and mostly involves
remelting charges consisting of pig iron (e.g., from a
blast furnace), steel scrap, foundry scrap, and ferroal-
loys to give the appropriate composition. The com-
position figures quoted in Table 1 provides a general
guide for the range of compositions for the various
types of iron. Due to this variation in composition,
cast irons are usually specified in terms of their
mechanical properties rather than on an analytical
basis. Cast iron is used extensively to make machine
parts, engine cylinder blocks, stoves, pipes, steam
radiators, and many other products.Figure 2 Sketch of spheroidal graphite in cast iron.
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3.02.2.1 Effect of Microstructure on
Corrosion Resistance

The essential difference between the corrosion of
cast iron and steel arises from the fact that cast iron
contains in its microstructure several more or less
corrosion-resistant phases that are largely or comple-
tely absent from steel. The most important of these
corrosion-resistant phases are: graphite, phosphide
eutectic, and, to a lesser extent, carbides, and car-
bide eutectic (i.e., pearlite). A close observation of
the corrosion products of cast iron1 can distinguish
two distinct layers (see Figure 3).

The base layer, exactly occupying the place and
volume of the original corroded metal and hence,
sometimes called the ‘topotaxial layer,’ contains the
inert, noncorroding elements of the cast iron, the
graphite, in particular, possibly the phosphorous
eutectic, and a few carbides for which the initial
shape and distribution are preserved. The pores
resulting from the selective attack of the ferrous
matrix are generally filled by corrosion products of
iron; additionally, the oxidation products of silicon
(e.g., silicic acid) contribute to cohesion. This layer,
which has no equivalent in steel, is often called the
layer of ‘graphitic corrosion residue.’ This is because
the species it contains, and which can most readily be
identified (by X-rays), is graphite. This also explains
terms such as graphitosis, graphitization, graphitic, or
spongy corrosion, etc, that are often used to describe
this form of corrosive attack.

The outer surface layer (epitaxial layer), which
develops from the initial surface of the iron casting,
results from the reaction of iron ions (Fe2þ), migrat-
ing through the graphitic layer from the underlying
residual metal. This layer often takes the form of a
voluminous gangue (up to 3.7 times the volume of
iron lost to corrosion). It may also contain elements
from the corrosive environment, either by

incorporation, in the case of a solid aggressive
medium (case of soils), or by precipitation, in the
case of a liquid aggressive medium (e.g., calcareous
rust). This layer (which has some protective capac-
ity), thus, has variable density depending on the
nature of the surrounding medium. Also, the layer
may not even exist if the products of the reaction
between the iron and the corrosive medium can be
eliminated as they form, for example by an erosive
action, or if they are immediately soluble.

These two layers are clearly distinct in both appear-
ance and composition; one contains essential corrosion
residues, while the other contains corrosion products.
They can be separated more or less readily from one
another (by scraping or as a result of an impact). Thus,
after elimination of the outer layer of corrosion pro-
ducts, the casting most often appears in its initial form
and may mask the actual extent of corrosion damage,
which can be revealed only by sand blasting or by
special measurements (ultrasound). The layer of cor-
rosion products, consisting essentially of various
hydrated iron oxides, is rather similar to the layer of

Interface with
corroding medium

Initial surface
of the casting

Corrosion front

OH−

H+ H2

O2

Fe2−Epitaxial layer

Topotaxial layer

Gray cast iron

Figure 3 Schematic diagram showing layers of corrosion

on gray cast iron. Based on a diagramby TsudaM.; Murata Y.,

IMONO, 1982, 54, 605–611 and reproduced with
permission from Reynaud, A. Corrosion and Cast Iron, ETIF,

France, 2008.

Table 1 Composition ranges of cast iron alloys (nodular iron additionally: 0.04–0.1% Mg)

Microstructure Carbon
(%)

Carbide
(%)

Si
(%)

Mn
(%)

S
(%)

P
(%)

Graphite Matrix

White iron None Pearlite 1.7–3.0 100% 0.8–1.3 0.4 <0.15 <0.5

Gray iron Flake Pearlite 2.7–4.0 <1 0.5–3.3 0.3–1.0 <0.15 <1.4

Nodular Nodular Pearlite/ferrite 3.3–3.9 <1 1.6–2.5 0.4 <0.01 <0.1

Malleable
(blackheart)

Nodular Ferrite 2.0–2.7 None 0.8–1.2 0.1–0.6 <0.15 <0.2

Malleable

(whiteheart)

Nodular Pearlite 3.3–3.9 0–1 0.3–0.8 0.1–0.5 <0.4 <0.1
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corrosion products that would form under the same
conditions on steel.2 However, it is anchored in a very
different manner: in the case of steel, this layer devel-
ops from the evolving active corrosion front, while in
the case of a cast iron, it develops on the unchanging
inert surface of the layer of corrosion residues.

These layers, in particular the layer of corrosion
residue, also act as a barrier that retard the progress
of corrosion, as can be seen from the schematic rep-
resentation (Figure 4) of the corrosion of a cast iron
and of a steel in an acid medium: the graphite, highly
cathodic with respect to the iron in an acid medium,
at first speeds up the corrosion, then slows it by a
barrier effect that limits the exchange between the
acid medium and the corrosion front.

The amount of graphitic residue retained on a
corroding surface depends partly on the morphology
of the graphite and partly on the corrosivity of the
medium. In general, coarse flake graphite tends to
give a more permeable and less strong residue than
finer graphite, while nodules produce an even weaker
residue. However, these differences are only clear at
very high corrosion rates. For example, while flake
graphite iron retains virtually all the graphitic residue
when corroded in 0.5% sulfuric acid, the residue from a
nodular graphite iron is largely detached; in 0.05%
sulfuric acid, however, there is little difference in the
amounts retained by the two irons. Also, the effect of
graphite on the corrosion of iron depends on the resi-
due thickness – thus in 0.5% acid, graphite stimulates
attackon the nodular graphite iron because of its ability
to act as an efficient cathode for hydrogen evolution,
however, in 0.05% acid, once the residue thickness
reaches �0.1mm, the attack tends to become stifled.3

Also note, that the original geometry of the mate-
rial is often preserved after graphitic corrosion,
unless the corrosion products disintegrate, and that
the mechanical strength of this graphitic residue is
generally good (especially if the graphite is lamellar).
For example, water pipes made of graphitic cast iron,
although severely corroded after �30 years in service
can still withstand high water pressures. However,
ductile iron or steel pipes have burst under similar
conditions. Similarly, some cast iron water pipes of
the Château of Versailles are still functioning prop-
erly more than three centuries after they were
installed (see Figure 5).

If the graphite form is spheroidal, the layer of
graphitic residue is more friable and mechanically
less strong because it receives less support from
remaining graphite, which is distributed discretely,
rather than continuously. On the other hand, the
noncontinuity of graphite in SG cast irons also limits
the penetration of the corrosion front, which occurs
preferentially at the matrix–graphite interface. Oth-
erwise, the often higher silicon content of spheroidal
graphite cast iron implies, that the proportion of
silica in the graphitic corrosion residue is slightly

Figure 5 Length of lamellar graphite cast iron water pipe

in Versailles (more than three centuries old). Reproduced
with permission from Reynaud, A. Corrosion and Cast Iron,

ETIF, France, 2008.
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Figure 4 Schematic representation of the corrosion of a

cast iron and of a steel in an acid medium. Based on a
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larger in these materials. Despite these factors, it is
important to remember that the slight benefits given
by improved mechanical strength of the graphitic
residue in lamellar graphite iron must not lead us to
overlook the considerable superiority of the mechan-
ical properties of spheroidal graphite cast iron.

3.02.2.2 Influence of Galvanic Couples
in the Microstructure

In the case of cast iron, an eminent heterogeneous alloy,
there is apparently an involvement of the galvanic
couples that exist between the various metallographic
phases. In addition to the couples formedwith graphite
(which is inevitably the cathode), they include, for
example, the iron carbide–ferrite and iron phosphide–
ferrite couples, which lead to the selective preferential
dissolution of the ferrite (because cementite and iron
phosphide are relatively noble).

Residues of islands of pearlite and coalesced car-
bides, after a ferritizing heat treatment of SG cast irons,
can also lead to the formation of very fine microcells.
This can result in the complete removal of the ferrite
matrix, leaving the carbides, the phosphorous eutectic,
and in particular the graphite in the corrosion products.
Research has shown that SG cast iron has a higher
susceptibility to corrosion than LG cast iron because
of the magnesium sulfide inclusions (magnesium is
used to inoculate the casting to promote formation of
graphite nodules).4,5 A Japanese electrochemical study6

showed that, in the case of spheroidal graphite cast
irons, the resistance to corrosion decreases as the size
of the spheroids decreases. In the special case of SG
cast irons obtained by stepped quenching, a bainitic
microstructure results. The effect of graphitemorphol-
ogy on the corrosion resistance of this type of iron,
austempered ductile iron (ADI) as defined for example
by European standard BS EN 1564:1997, has shown, by
corrosion potential measurements and anodic polari-
zation tests, that in a 0.01M HCl, the size of the
graphite spheroids has little effect on corrosion resis-
tance. Otherwise, corrosion resistance is diminished as
the duration of the stepped quenching increases.

Researchers6 have also studied the corrosion
behavior of ADI cast irons as a function of nickel
content and of the chill effect. The corrosion tests,
in a 1N NaCl solution, lasted from 12 to 72 h. Mass
loss experiments showed that increasing the nickel
content increased the corrosion resistance (especially
at the longest test duration). The specimens taken
in the vicinity of the chill had a greater corrosion
resistance, which was attributed to a particular

carbide content. Finally, this study reported that the
corrosion resistance of ADI cast iron is superior to
that of classical pearlitic cast iron.

3.02.3 General Corrosion Behavior

3.02.3.1 Low-Alloy Lamellar or Spheroidal
Graphite Cast Irons

Apart from silicon, small variations in the composition
of cast irons, or even the addition of minor amounts of
alloying elements, generally have little effect on the
corrosion resistance. This is illustrated by the work of
Graham,7 which related the corrosive wear of auto-
mobile cylinders and piston rings exposed to high
sulfur fuels. Thus, iron exposed to 70% sulfuric acid
at 130 �C is attacked at rates dependent on its silicon
content, the rate being relatively low at below 1% Si
but rising to a peak at �2% Si (Figure 6).

Whittaker and Brandes8 followed up this work,
carrying out tests on iron containing small amounts
of copper and nickel. The addition of 0.6% Cu to iron
containing 2% Si improved the corrosion resistance
significantly, but made little difference, or was detri-
mental, to iron containing less than 1.5% Si. Copper
additions also appear to reduce the effect on corro-
sion of the sulfur content of an iron exposed to
acid and the effect is thus lower in low sulfur irons.
Since sulfur can stimulate corrosion in acidic
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environments, it is usually kept as low as possible in
irons to be used under these conditions; a low sulfur
content, is in any case, generally desirable.

3.02.3.2 High-Alloy Cast Irons

Significant additions of such alloy elements as nickel,
chromium, and silicon have a great impact on the
corrosion resistance of cast irons.9 They modify the
matrix, increasing its corrosion resistance and promote
the formation of protective oxide (passive) films. The
general outcomes of the most important additions are:

� nickel additions will tend to stabilize austenite;
� chromium cast irons, depending on the levels of

chromium, carbon, and other added elements,
including nickel, will be ferritic or austenitic;

� silicon cast irons will be ferritic.

3.02.3.2.1 Austenitic nickel cast iron

The addition of �20% nickel to cast iron produces
materials with a stable austenitic structure; these
materials are sometimes known as austenitic cast
irons but are more often referred to commercially
as ‘Ni-Resist’ cast irons. The austenitic matrix of these
irons gives rise to very different mechanical and
physical properties compared with those obtained
with the nickel-free gray cast irons. The austenitic
matrix is more noble than the matrix of unalloyed
gray irons, and it was shown in the early work of
Vanick and Merica10 that the corrosion resistance of
cast iron increases with increasing nickel content up
to �20% (Figure 7).

Although the Ni-Resist irons, due to their austen-
itic matrix, are tougher and more shock resistant than
the nickel-free gray irons, those with carbon in the
lamellar graphite form (LG irons) still exhibit certain
disadvantages due to the graphite structure. Much
better strength and impact properties can be obtained
by treating the iron with a small quantity of magne-
sium sufficient to give a residual content of 0.05–
0.1%, which converts the graphite to a spheroidal
form (SG irons). The Ni-containing austenitic irons
are thus available in both LG and SG forms. The
matrix also contains small amounts of second phase
carbides, the quantity of which increases with
increasing chromium content.

The first alloys in the Ni-Resist series, containing
�20% nickel, were introduced in the 1930s and soon
became established in both corrosion and heat resis-
tant applications. The range of alloys has been

extended over the years with nickel contents varying
from 13% to 35%. Each material has a somewhat
different characteristic such that the most appropri-
ate grade must be selected to obtain the most advan-
tageous properties for any particular application.
The compositions and mechanical properties of the
principal grades of austenitic cast irons are summar-
ized in Table 2. There is no spheroidal austenitic
iron corresponding to Type 1 Ni-Resist, since it is
difficult to obtain a good spheroidal graphite struc-
ture in an austenitic iron containing more than 2%
copper. A considerable number of modified grades,
differing in both composition and properties from the
basic grades, also exist. Specifications for eight com-
monly used grades of austenitic cast irons are given in
BS EN 13835:2002.

The tensile strengths of the spheroidal graphite
iron are generally about twice as those of their flake
graphite equivalents and can be further improved, by
�80MPa, by quenching the iron in oil or water from
temperatures of 925–1000 �C. This treatment is even
more effective when applied to chill castings but the
resulting ductility is reduced because of the increased
amount of carbide formed as a result of chilling. The
impact resistance of the spheroidal graphite grades is
much better than that of the equivalent flake graphite
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Table 2 Composition and properties of principal grades of flake and spheroidal graphite austenitic case irons

BS 3468 designation Ni-resist type Composition
(wt%)

Minimum tensile strength
(� 107 N m�2)

Brinell hardness

C Si Mn Ni Cr Cu

AUS101A Type 1 3.0 1–2.8 1–1.5 13.5–17.5 1.75–2.5 5.5–2.5 170 130–170

AUS102A Type 2 3.0 1–2.8 0.8–1.5 18–22 1.75–2.5 0.5 max. 170 125–170

AUS105 Type 3 2.6 1–2 0.4–0.8 28–32 2.5–3.5 0.5 max. 170 120–160
— Type 4 2.6 5–6 0.4–0.8 29–32 4.5–5.5 0.5 max. 170 150–210

— Type 5 2.4 1–2 0.4–0.8 34–36 0.1 max. 0.5 max. 140 100–125

AUS104 — 1.6–2.2 4.5–5.5 1–1.5 18–22 1.8–4.5 0.5 max. 190 248 max.
AUS202A Type D-2 3.0 1.75–3 0.7–1 18–22 1.75–2.5 — 370 140–200

AUS205 Type D-3 2.6 1.5–2.8 0.5 max. 28–32 2.5–3.5 — 370 140–200

— Type D-4 2.6 5–6 0.5 max. 29–32 4.5–5.5 — 420 170–240

— Type D-5 2.4 1.5–2.8 0.5 max. 34–36 0.1 max. — 370 130–180
AUS204 — 3.0 4.5–5.5 1–1.5 18–22 1–2.5 — 370 230 max. C
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irons and elongation values as high as 40% can be
obtained with the SG irons. The mechanical proper-
ties of the austenitic irons are also good at low tem-
peratures and can be useful in a number of chemical
plants and cryogenic applications.

The austenitic irons show excellent casting prop-
erties and good machinability, which, in combination
with the good mechanical properties and good corro-
sion resistance, ensures wide use of these materials in
many applications.

3.02.3.2.2 High chromium cast iron

There is no clear demarcation between high-chromium
steels and high-chromium cast irons other than the
fact that components are fabricated from steels, and
cast in the irons. In practice, however, irons are usu-
ally found to have carbon content varying between
0.6% and 3%, while most of the steels contain less
than 0.3% carbon. Of the high-chromium irons, those
used for components requiring a high degree of cor-
rosion resistance, normally contain 25–35% chro-
mium. It is established11 that a useful formula to
compute the minimum chromium content of a cor-
rosion-resistant iron is: %Cr¼ (%Cr� 10)þ 12.
That is, increased carbon content requires balancing
with increased chromium content in the alloy. For
example, a 1.5% carbon alloy should contain not less
than 27% chromium.

The limitations imposed by this formula, together
with the fact that the alloys in practice rarely contain
more than 35% chromium, suggest that the maxi-
mum carbon content of the irons should be 2.3%, and
that the irons normally contain between 1.0% and
2.0% carbon, unless some property other than corro-
sion resistance is of prime importance. Silicon may
also be present in high-chromium irons in amounts
varying between 0.5% and 2.5%; any value more
than this has an embrittling effect. Silicon increases
fluidity in the foundry and improve the surface qual-
ity of castings. Further effects are to refine the eutec-
tic carbides in the iron, to produce a more uniform
structure and to raise the temperature at which the
matrix transforms from ferrite to austenite with con-
sequent dimensional changes.

Irons with compositions discussed above have
structures comprising a uniform dispersion of
chromium–iron complex carbides in a matrix of
chromium-containing ferrite. The chromium content
of the ferrite is not known, although it is assumed to
be �10–13%. The carbides are probably mixtures of
the types Cr7C3 and Cr23C6, in which some of the
chromium has been replaced by iron.12

In general, the high-chromium irons are hard but
not completely unmachinable. Typically, chromium
cast irons, of the compositions described above, have
tensile strengths �450–480MPa and hardness �350
Brinell. The hardness of these alloys makes them
particularly useful in environments where abrasion
or wear resistance may be as important as corrosion
resistance. However, the principal difficulties in the
production of castings in this alloy are its high shrink-
age, which entails some tendency to develop porosity,
and the ready formation of an oxide skin, which may
cause cold laps in the casting. Castings must, in con-
sequence, be produced by methods similar to those
employed for steel castings and care must be taken to
avoid the introduction of oxide into the mould.

The high-chromium irons undoubtedly owe their
corrosion-resistant properties to the development on
the surface of the alloys of an impervious and highly
tenacious film, probably consisting of a complex mix-
ture of chromium and iron oxides. Since chromium
oxide is derived from the chromium present in the
matrix and not from that combined with the carbide,
it follows that a stainless iron will be produced only
when chromium in excess of the amount required to
form carbides is present.

High chromium-containing cast irons are most
useful in environments containing an abundant sup-
ply of oxygen or oxidizing agents; anaerobic or reduc-
ing conditions may lead to rapid corrosion since this
may detrimentally affect passivity. Physical effects
such as abrasion or sudden dimensional changes
induced by temperature fluctuations may rupture
the film and allow corrosion to take place. The iron
will also be subject to corrosion by solutions contain-
ing anions, such as those of the halides, leading to
pitting corrosion. With respect to mineral acids, the
most important characteristic of chromium cast irons
is its resistance to nitric acid, especially in dilute
solution. On the other hand, these cast irons do not
resist alkaline hydroxides and concentrated mineral
acids. Ferritic chromium cast irons turn out to have
excellent resistance to high temperature oxidation up
to 950–1000 �C.

3.02.3.2.3 High silicon cast iron

Up to �3%, increasing silicon content has little
effect upon the corrosion resistance of the cast iron.
In alloys containing much greater amounts of silicon,
however, the silicon is responsible for the develop-
ment of a marked increase in chemical resistance.
These alloys can be divided into two types: those
containing 4–10% silicon, which are used in
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applications requiring an iron with good resistance to
oxidation at high temperatures, and those containing
12–18% silicon, which are used in applications
requiring an iron with very high resistance to acid
attack. The latter are commonly referred to as the
high-silicon irons. Compositions and mechanical
properties of the high-silicon irons are given in
Tables 3 and 4.

All these alloys are characterized by high values of
hardness and low resistance to impact. Consequently,
they aremore similar to stoneware than to other metals
but are superior to stoneware in thermal conductivity
and in their resistance to thermal shock, which, how-
ever, is poor compared with that of other metals. Thus,
high-silicon irons may be used at elevated tempera-
tures if the process requires it. The principal limitation
on their use is imposed by their relatively low thermal
conductivities and susceptibility to cracking from ther-
mal shock; this demands that the rate of application or
removal of heat should not be rapid.

The microstructure of the high-silicon irons con-
taining less than 15.2% silicon consists of a matrix of
silico–ferrite13 in which a majority of the carbon
present in the alloy is distributed as fine graphite flakes.
The addition of chromium or molybdenum in the alloy
results in the formation of some alloy carbides. The
hardness and brittleness of silicon-containing cast iron
is predominantly due to the nature of the silico–ferrite,
which is intrinsically brittle. Although attempts14 have
been made to produce high-silicon iron with a nodular
graphite structure, because of the low strength of these
alloys due to the matrix rather than to the graphite
form, nodular graphite irons have little, if any, mechan-
ical superiority.

Since the mechanical properties of high-silicon
irons preclude any machining other than grinding,
it is necessary to cast the materials essentially to net
the final shape in such a way that subsequent treat-
ment is kept to a minimum. Also, in view of their poor
mechanical properties, the development of any stress
in the castings during solidification is very dangerous,
since they may cause the casting to crack in

subsequent service. To overcome this risk, it is often
desirable to strip the castings from the moulds while
they are still red hot and to anneal them at 850 �C for
several hours, followed by slow cooling.15

3.02.3.3 Typical Applications

3.02.3.3.1 Unalloyed cast irons

In spite of competition from other materials, cast iron
has an extensive range of applications due to the
improving number and variety of properties.16,17

However, the adaptation of a type of cast iron to a
given application calls for analysis and identification
of the required properties, which are often very com-
plex, among which the corrodibility and the cost
price must in particular be considered. Austenitic
cast irons and stainless steels cost roughly four and
five times as much as unalloyed cast irons, respec-
tively. These relative costs must be considered in the
light of the respective service lives and replacement
costs. Otherwise, the differences in properties
between lamellar graphite unalloyed cast irons and
austenitic cast irons are substantially of the same
order as the differences between carbon steels and
austenitic stainless steels.

When the service life of a unalloyed cast iron is
mediocre, the addition of alloy elements (e.g., nickel,
chromium, molybdenum, copper) can often extend it
inexpensively. However, it must be borne in mind
that possible casting defects (blowholes, porosities,
inclusions of silica or slag, shrinkage cavities, irregu-
larities of structure, segregation, undesirable consti-
tuents at grain boundaries, etc.) may be the locus of
pitting or of local attack that may considerably
shorten the life of the castings. Experience has
shown that unalloyed iron castings of irreproachable
quality and soundness, having a homogeneous struc-
ture, prepared using all the resources of the tech-
nique, can in some applications have longer service
lives than parts made of special cast irons that are
more delicate to work, more expensive, and not
always free of defects.

Table 3 Analysis of typical silicon–iron alloys

Name Total carbon
(%)

Si
(%)

Mn
(%)

S
(%)

P
(%)

Ni
(%)

Cr
(%)

Mo
(%)

Grey cast iron 3.5 2.0 0.5 0.1 0.1 — — —
Hypersilid 14/16 0.65 14.5 0.5 0.02 0.15 — — —

Duriron 0.85 14.5 0.6 <0.05 <0.1 — — —

Durichlor 51 1.00 14.5 0.6 <0.05 <0.1 — 5.0 1.0

Hypersilid 16/18 0.35 17.0 0.5 0.02 0.1 — — —
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3.02.3.3.2 Alloyed ferritic cast irons

The addition of chromium allows the use of cast iron in
the chemical industry (retorts, tanks, heat exchangers,
etc.) where gray iron would have an unacceptably high
corrosion rate. The degree of corrosion resistance of a
cast iron (with chromium, for example) depends first
on the nature of the film or layer that forms on the
surface. If this film is dissolved or broken up or is
destroyed because of the agitation of the aggressive
medium, corrosion continues and can reach unaccept-
able levels comparable to unalloyed cast iron.

For example, with chromium contents from 12%
to 20%, cast iron is satisfactory for the retorts used in
the synthesis of carbon disulfide, which are generally
exposed continuously to temperatures between
850 �C and 900 �C; their average life is of the order
of 6months.16 In pyrite furnaces, it is the best mate-
rial for the production of certain parts, notably
because of its good resistance to sour gas (H2S) at
1000 �C. The reaction between sodium chloride and
concentrated sulfuric acid, producing gaseous hydro-
chloric acid at high temperature, requires ferritic
chromium cast irons for the moving parts of the
furnaces.16 In aqueous corrosion conditions, chro-
mium contents from 25% to 35% are often required
to counter the removal of chromium from the matrix
by the formation of carbides. If sufficient chromium is
present, the cast iron has similar attributes to stainless
steel and low corrosion rate when passive but is
susceptible to pitting corrosion in chloride media
and where oxidizing agents (e.g., cupric and ferric
ion) are present in solution. The pitting corrosion of
a high chromium cast iron in 4000mg l�1 chloride
ion is shown in Figure 8.

Since the corrosion resistance of the high-silicon
ferritic cast iron depends on the permanence and
impermeability of a thin silica film on the surface of
the metal, it is obvious that any reagent which can

damage the film will cause accelerated corrosion of
the metal. For this reason all solutions containing
hydrofluoric acid must be regarded as incompatible
with the alloys.

Apart from this, high silicon iron offers an excel-
lent resistance to attack by all concentrations of nitric
and sulfuric acids and their mixtures. It also provides
good performance in hydrochloric acid and in phos-
phoric acid that is relatively free of fluoride.

Ferritic silicon cast irons (14–18%) are routinely
used in parts for contact with acids of all concentra-
tions and for acid effluents. For example, the mixers
used to prepare sulfuric acids containing less than
25% water, for the production of explosives and of
nitrated derivatives that are themselves used in the
production of dyestuffs, are made of silicon cast
iron.16 The thesis by Y. Cetre18 is a useful source of
information about this subject.

3.02.3.3.3 Austenitic cast irons

In addition to the ferritic structures produced by
additions of silicon or chromium, there is another
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Table 4 Mechanical properties of silicon–iron alloys

Name Ultimate tensile
strength
(MN m�2)

Elongation
2 in (50mm)
gauge
length

Brinell
hardness
no.

Gray cast

iron

23 2% 180

14.5%
silicon

iron

129 Nil 540

Durichlor 108 Nil 450
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major family of cast irons, produced by addition of
large quantities of nickel, cast irons having an austen-
itic structure; their resistance to electrochemical cor-
rosion is much better than that of unalloyed cast irons.
Austenitic cast irons show lower corrosion rates than
ferritic irons primarily due to the nickel content of the
austenitic matrix. Thus, in deaerated sulfuric acid,
active dissolution of the austenitic irons occurs at
more noble potentials resulting in an intrinsically
lower active corrosion rate. Similarly, the critical cur-
rent density (icrit) for passivation of austenitic irons
tends to decrease with increasing chromium and sili-
con content. Thus, austenitic irons, particularly those
of higher chromium and silicon content, show supe-
rior corrosion resistance compared with ferritic irons.

In paper mills (installations processing pulp and
paper), the standard practice is to use austenitic
nickel cast irons for equipments operating in solu-
tions of sulfites or sulfates or in caustic solutions.
This type of cast iron is also used for parts of fur-
naces operating at high temperatures and for valves
used in sulfuric, phosphoric, and concentrated brines.
Spheroidal graphite austenitic cast irons, because of
their good ductility and high impact energy, can be
specified for vessels containing rather aggressive
liquids at high pressures (see standard NF A 32-211
of January 1991)19 and are also suitable for the pro-
duction of pumps, valves, and turbo-expanders for
low temperature duty in the petrochemical industry,
and for the preparation, transport, and storage of
liquefied gases.

The individual characteristics and uses of some of
the basic grades of the austenitic irons are given in
Table 5. The major uses of these materials occur in
the handling of fluids in the chemical and petroleum
industries and also in the power industry and in many
marine applications. The austenitic irons are also used
in the food, soap, and plastics industries where low
corrosion rates are essential in order to avoid contam-
ination of the product. Ni-Resist grades Type 2, 3, or 4
are generally used for such applications but the highly
alloyed Type 4 Ni-Resist is preferred where low
product contamination is of prime importance.

Themodified grades ofNi-Resist are often different
from the basic grades used in additional applications.
Ni-Resist Types 1B, 2B, and D-2B have a higher chro-
mium content than the corresponding basic grades
which increases the erosion resistance of the materials;
these grades are less expensive than the other grades
with good erosion resistance, that is, Ni-Resist Types 3
and 4. A chromium-free grade of austenitic iron,
Ni-Resist Type D-2C, has particularly good ductility
and shows goodmechanical properties below�100 �C.
Even better low temperature properties are, however,
obtainedwithNi-Resist Type D-2M, a chromium-free
4% manganese grade, which was specially developed
for cryogenic applications such as the separation of
aromatic hydrocarbons and the production of ethylene.
Ni-Resist Type D-4A is a recently developed grade of
austenitic iron, which has particularly good resistance
to high temperature oxidation and better ductility than
the standard Type D-4 grade.

Table 5 Characteristics and uses of basic grades of austenitic cast irons

BS EN 13835
designation

Ni-Resist
Type

Characteristics Uses

AUS101A Type 1 Least expensive austenitic iron: good
corrosion resistance particularly in acidic

media

Pumps, valves, furnace components

AUS102A Type 2 Good corrosion resistance; better than Type 1

in alkaline environments

As for Type 1 but preferable for alkaline

solutions; used in soap and plastic
industries

AUS202A Type D-2

AUS105 Type 3 Good thermal shock resistance; high

resistance to erosion particularly in alkaline

media

Pumps, valves, pressure vessels, filter

parts, exhaust gas manifoldsAUS205 Type D-3

— Type 4 Best corrosion resistance and erosion

resistance of the austenitic irons

Castings for industrial furnaces; used in

food industry for low contamination

of product

— Type D-4

— Type 5 Very low thermal expansion; good

dimensional stability

Scientific instruments, glass moulds

— Type D-5

AUS104 — Good resistance to high temperature

oxidation; good corrosion resistance in
sulphuric acid

Pumps and valves

AUS204 —
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One of the outstanding properties of the austenitic
irons is their resistance to graphitic corrosion or
‘graphitization.’ In some environments, ferritic cast
irons corrode in such a manner that the surface
becomes covered with a layer of graphite. This com-
pact graphite layer, being more noble than the matrix,
markedly increases the rate of attack. The austenitic
irons rarely form this graphite layer and conse-
quently, in environments where graphitic corrosion
is a problem, perform much better than low-alloy cast
irons. Practical experience indicates that the corro-
sion resistance of the flake and spheroidal graphite
irons is similar in many environments; however, the
spheroidal graphite irons have shown superior corro-
sion resistance compared to the equivalent flake
graphite grades in a number of cases.20

3.02.4 Corrosion Environments

3.02.4.1 Atmospheric Corrosion

As cast iron components are normally very heavy in
section, the relatively low rates of attack associated
with atmospheric corrosion do not constitute a prob-
lem and little work has been carried out on the
phenomenon. A summary of some data is given in
Table 6. The most extensive work in this field was
initiated by the American Society for Testing and
Materials (ASTM) in 1958 and some of the results
produced by these studies are quoted in Table 7.21 It
should be noted that there is a marked fall in corro-
sion rate with time for all the metals tested.

The atmospheric corrosion rate is generally deter-
mined by the atmospheric relative humidity (RH)
and degree of air pollutants (i.e., gaseous, dust, and
salt aerosols); at RH less than �65%, atmospheric
corrosion rates are usually relatively low. However, in
areas of high humidity (above 70% for most of the
year), unalloyed cast irons suffer generalized corro-
sion and results in the formation of rust similar to that
in steel; that is, the corrosion product remains on the
surface, Figure 9. In such cases, the initial corrosion
rates vary from below 25 mmyear�1 in a pollution-
free rural atmosphere to over 150 mmyear�1 in a
polluted atmosphere (i.e., containing SO2) or a
marine atmosphere (i.e., containing sea-salt spray
aerosol particles). However, this initial corrosion
rate decreases as the duration of exposure increases
due to the formation of an adherent and highly pro-
tective layer of corrosion product. The main charac-
teristics of the two main types of atmospheric media
(indoor and outdoor) are:

Indoors:

� partial pressure of water vapor generally less than
the saturated vapor pressure at the same tempera-
ture (i.e., RH< 70%);

� no large variations of temperature;
� very thin films of water on the surfaces of metals;
� relatively low concentration of gaseous and solid

pollutants.

Outdoors:

� presence of thick films of water on the surfaces of
metals (e.g., rain, etc.);

� level of pollution by acid gases (SO2, NOx, Cl2)
generally higher than indoors;

� large variations of temperature (e.g., periodic diur-
nal temperature variations);

� variation (cyclic or not) of sunshine and of expo-
sure to wind.

The atmospheric corrosion of cast irons is not a
very acute problem: in many cases, a simple coat of
paint will provide adequate protection. Otherwise,
there seems to be rather little difference between
lamellar graphite cast irons and spheroidal graphite
cast irons; the latter are slightly better in an industrial
environment, where the medium is more aggressive,
because there is so little corrosion that the differences
of behavior are hardly significant. The presence of
small amounts of copper tends to improve the resis-
tance of lamellar graphite cast irons to atmospheric
corrosion in an industrial environment.22

Specific consideration must be given to local
industrial environments in a plant that might give
rise to more extensive corrosion. Generally, CO2 in
excess of the normal atmospheric level will not be a
problem. However, acid gases or aerosols, such as
SO2, sulfuric acid and phosphoric acid (e.g., from
industrial plant) and H2S and NH3 (e.g., from sewage
works) generally require a highly alloyed material or
effective surface protection by an organic coating.
Thus, in principle, the atmospheric corrosion of unal-
loyed or low-alloy irons is similar to steel.

3.02.4.1.1 Nickel cast irons

Although the Ni-Resist irons will not remain rust-
free when exposed to the atmosphere, their corrosion
resistance is much better than that of plain cast iron
or mild steel. The results of a 7.5 year exposure trial
carried out in a marine environment at Kure Beach,
North Carolina, USA are shown in Figure 10. The
corrosion rates derived from the curves after 7.5 years
of exposure are given in Table 8.
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Table 6 Corrosion rate of steels and irons in the atmosphere (g m�2day�1)

Environment Rural Urban Industrial Marine

Source ASTM Roll Friend Nekrytyi Roll ASTM Dearden Friend Roll LaQue ASTM

Exposure period years 12 2 6 1 2 12 1 6 2 – 12

Material:

Steel 0.23 1.2 0.27 3.4 2.4–3.2 3.6 1.38

Grey iron 1.4–2.1 3.2 1.1–1.2 0.6 2.0

White iron 0.1–0.3 1.3
Malleable iron

(a) <0.1% S 0.11 2.1 0.14 3.3 0.43

(b) >0.1% S 0.15 3.3 4.9–6.0 0.20 3.6 0.75
Nodular iron

(a) Pearlitic 0.10 0.15 0.9 0.37

(b) Ferritic 0.11 0.17 0.72
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3.02.4.2 Corrosion in Natural Water

3.02.4.2.1 Introduction

Water is a universal solvent for solids, liquids, and
gases and, hence, water in its natural form is never
chemically pure. It is likely to contain dissolved gases
(O2, CO2, N2, SO2, Cl2, etc.), organic or mineral
matter (microorganisms, sand, etc.), and dissolved
salts as ions (Ca2þ, Fe3þ, Cl�, HCO3

�, etc.). In order
to specify the properties of water, it is necessary to
determine the following parameters: pH, color (due
to mineral salts, colloidal organic matter), turbidity

(sands, etc.), temperature, total mineralization (or dry
residue), total hardness, alkaline strength, total alka-
linity, etc. and dissolved gases. For corrosion to occur
an oxidizing agent must be present and, in most
natural waters, this is usually dissolved oxygen. How-
ever, it is important to remember that other species
(e.g., Cu2þ, sulfur, etc.) can also act as oxidizers.

3.02.4.2.2 Aggressiveness and corrosiveness

of water

The aggressiveness of water is usually dependent on its
acidity and this, in turn, depends on the presence of
dissolved CO2, which is in equilibrium with carbonate
species and carbonic acid. Additional equilibria also
exist with dissolved calcium and magnesium ions that
result in these being undersaturated or supersaturated
with respect to precipitation as the corresponding car-
bonate. For a givenwater chemistry, sufficient dissolved
carbon dioxide must be present in order to prevent this
precipitation. There is, therefore, a saturation equilib-
rium and pH for dissolved CaCO3.

23–26 The governing
equilibrium equations for this process are:

CO2 þH2O⇆H2CO3⇆Hþ þHCO�
3

CaCO3 þHþ⇆Ca2þ þHCO�
3

These equilibria control whether protective calcium
carbonate films either deposit or not on the interior of
the water pipe. In the absence of the carbonate film, the
corrosion rate of the iron is increased and the water is
therefore said to be aggressive (Figure 11).

Tillmans’ formula gives the pH as a function of the
free CO2 and the alkalinity in CaCO3 where the free
CO2 and (CaCO3) have units of mg l�1 (i.e., ppm)27:

pH ¼ 7� log
3� freeCO2

0:61� ðCaCO3Þ

Figure 9 Surface condition of a lamellar graphite iron

casting exposed for several decades to atmospheric
corrosion. Reproduced with permission from Reynaud, A.

Corrosion and Cast Iron, ETIF, France, 2008.

Table 7 ASTM atmospheric corrosion data (g m�2day�1)

Location State College, PA
(rural)

Kure Beach, NC
(marine)

Newark, NJ
(industrial)

Duration (years) 1 3 12 1 3 12 1 3 12

Metal Condition

Ferritic ductile iron As cast 0.90 0.36 0.11 1.51 0.85 0.72 1.29 0.51 0.17
Machined 0.56 0.31 0.09 0.90 0.63 0.60 0.88 0.36 0.12

Pearlitic ductile iron As cast 0.62 0.30 0.10 0.96 0.53 0.37 0.15 0.43 0.15

Machined 0.50 0.22 0.07 0.82 0.47 0.27 0.70 0.30 0.10

Malleable iron >0.1% S As cast 0.75 0.40 0.15 1.41 1.11 0.75 1.53 0.70 0.20
Mild steel Rolled 0.97 0.52 0.23 3.02 2.01 1.38 1.75 0.81 0.27

Source: Mannweiler, G. B. Proc. Am. Soc. Test. Mater. 1972, 72, 42.
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Langelier’s formula can be used to determine an
index of aggressiveness, Langelier saturation index
(LSI):

LSI ¼ pH� pHs

where pHs is the pH of saturation of CaCO3

� If LSI is negative, the water is aggressive;
� if LSI is zero, the water is inert;
� if LSI is positive, the water is scale-forming,

calcareous.

To limit attack, the corrosion rate of the iron must
be less than the rate of formation of the protective
carbonate containing the deposit. Various conditions
must then be satisfied: the water must not contain
excessive CO2 and the pH must be above 7.4 for
normally mineralized water, or 7.6 for soft water. To
know whether water is calcareous or aggressive, it is
also possible,28 to refer to Figure 12 and identify the
water condition with respect to the carbonic acid
equilibrium.

The corrosiveness of water in this context may be
related to the presence of electrolytes in solution,
mainly chlorides and sulfates, as measured by the
conductivity. The point at which it starts to become
significantly corrosive is also dependent on the dis-
solved oxygen concentration and other factors.

However, Table 9 provides general indications for
the limits of Cl� ions and SO4

2� ions before water can
be thought of being significantly aggressive.

Importantly, it must be realized that the action of
water on a pipe is also a dynamic phenomenon in
which the flow velocity of water, its content of
dissolved gases (e.g., O2), matter in suspension, and
microbiological phenomena must be taken into
account. Potable water can dissolve �40 cm3 of air
per liter of water, of which 6 cm3 is oxygen and 14 cm3

is nitrogen. A dissolved oxygen content of less than
this value is a sign of the presence of organic matter;
the presence of hydrogen sulfide suggests active sul-
fate reducing bacteria.

3.02.4.2.3 Influence of dissolved oxygen

Dissolved oxygen plays a critical role on the corro-
sion of iron (as it does for most metals). It is usually
the primary cathodic reactant (oxidant) and its rate of
influx at the metal surface influences the corrosion
rate. Thus, the corrosion rates of many systems are
controlled by the mass transport of dissolved oxygen
to the reacting surface and this, in turn, is controlled
by the concentration of dissolved oxygen, the fluid
flow rate and the presence or absence of films (such
as calcium carbonate or rust) on the surface. In the
case of ferrous alloys (including iron and cast irons),
the corrosion products (iron oxides) on the surface
are more or less hydrated and have different crystal-
lographic structures. Rust, therefore, often has several
constituents, in particular: goethite (a-FeOOH); lepi-
docrocite (g-FeOOH) and magnetite (Fe3O4).

In the absence of dissolved oxygen, the corrosion
rate of iron and of low-alloy cast iron is low. However,
once the O2 concentration increases, corrosion
increases. In general, any process that modifies the
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Figure 10 Results of a 7.5-year exposure test program on 150 � 100-mm panels at Kure Beach, N.C. Reproduced from

Mannweiler, G. B. Proc. Am. Soc. Test. Mater. 1972, 72, 42.

Table 8 Corrosion rates after exposure for 7.5 years at

Kure beach

Alloy Corrosion rate
(mmyear�1)

0.2% Cu steel 0.020
Cast iron 0.010

Types 1 and 2 Ni-Resist <0.003

Type 4 Ni-Resist <0.003
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mass transport of oxygen to the metal surface for
reaction (including the concentration of oxygen and
the rate of agitation of the fluid) influences the cor-
rosion rate. Note, however, that the presence of dis-
solved O2 can assist in the passivation of some alloy

cast irons. Moreover, the absence of oxygen, at least
locally, can prevent the formation of a protective
deposit or favor corrosion by differential aeration or
crevice corrosion. This is the case, for example, of
corrosion under deposits of scale, under joints, and on
the plates of tube exchangers.

One interesting study has shown the influence of
the concentration of dissolved oxygen on the
mechanisms responsible for the corrosion of cast
iron in water at 50 �C.31 The results of this study
can be summed up using Figures 13 and 14.

3.02.4.2.4 Corrosion of cast Iron in

natural water

Generally, cast irons provide excellent service in
water following the formation of a protective layer
on the inside wall of the pipe (layer of carbonate,
most often). However, water that contains carbon
dioxide in solution, acid effluents, chlorides, etc., is
significantly more corrosive.

The presence of alloying elements of moderate
composition has no great influence on the corrosion
rate of cast irons in water. For example, a German
study32 has shown that the addition of 0–3% nickel
does not improve the corrosion resistance of cast
iron in artificial seawater, cooling water, or soft
water. However, according to the same authors, the
corrosion rate can be reduced by 50% in water
containing dissolved H2S, but the corrosion is still
so high that this is not considered a cost-effective
solution. In practice, the conditions that the castings
are exposed to influences the corrosion rates. Typical
corrosion rates for graphitic and 18% nickel (austen-
itic) cast iron in various environments are given
in Table 10.

The use of Ni-Resist cast iron is recommended in
the following cases: borehole water, fresh water with a
brackish tendency (pH¼ 7.6), water at 80 �C

Total CO2

CO2 of bicarbonatesFree CO2

Aggressive CO2 Equilibrating CO2
Semi-combined
CO2 (CO3 H−)

Bound CO2
(CO2−

 )3

Figure 11 Distribution of carbon dioxide in water. Reproduced with permission from Reynaud, A. Corrosion and Cast Iron,

ETIF, France, 2008.
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Figure 12 Definition of water condition as a function of

CO2 and Ca2+ contents. Based on a diagram by Lédion, J.
La corrosion par les eaux. La Revue des Laboratoires

d’Essais, no. 21, 1989, 9–13, and reproduced with

permission from Reynaud, A. Corrosion and Cast Iron, ETIF,
France, 2008.

Table 9 Approximate limits for chloride and sulfate

before water becomes significantly aggressive

Chloride (Cl�) Sulfate (SO4
2�) Reference

100ppm 200ppm 29

200ppm 400ppm 30

300ppm 420ppm CEFRACOR
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accompanied by ammonia vapors, and sulfite-rich
water (pH¼ 3.5; e.g., from paper mills). On the other
hand, low- or unalloyed cast irons can provide an
adequate service life in the presence of more or less
aerated water containing a large number of organic
substances (low-alloy cast iron: 1.5% Niþ 0.5% Cr,
for example). Small levels of copper and chromium
also reduce the corrosion of lamellar graphite cast
irons.

In certain cases, inhibitors may be used to protect
cast irons against corrosion by water assuring that the
materials are in a closed circulation system. The use
of alkaline anodic inhibitors, such as 1% sodium
silicate and 0.5% sodium nitrite, is effective.
A mixture of phosphonocarboxylic acid and sodium
nitrite also appears to be effective against the corro-
sion of cast irons by neutral solutions.22 This results in
the formation of a finer and more protective passive
film than is formed in the presence of nitrite alone.
A ranking of the inhibitors commonly used for closed

cooling circuits has been proposed for cast irons
although benzoates, known to be effective with steel,
tend to aggravate the corrosion of cast irons:

� good protection: nitrites, phosphates;
� average protection: silicates, tannins;
� positive or negative effect according to conditions:

borates.

Water containing sulfates generally has an elec-
trochemical corrosive action on metals when the iron
content exceeds 400–500mg l�1. Note also the possi-
ble appearance of pitting corrosion, by differential
aeration, under scales containing sulfates.33 To fore-
stall corrosion of cooling circuits, we must ensure
that the sum (Cl�þ SO4

2�) is less than 250mg l�1;

Anodic zone

Cathodic zone

The nodules coalesce in the direction
of flow with the lines of underlying

The nodules form
a crust perforated by a vent

Green rust

Green rust

Pitting

CaCO3

Flow of water

Nodules: magnetite

(a)

(b)

(c)

Figure 13 Steps in the development of the layer of oxides

that forms on lamellar graphite unalloyed cast iron

immersed in water at 50 �C containing 0.44ppm oxygen: (a)
from 3 to 7h (b) after 10 h (c) from 16 to 40h. Reproduced

with permission from Smith, D. C.; MacEnaney, B. Corros.

Sci. 1979, 19, 379–394.

Green rust

(a)

(b)

(c)

(d)

Surface of the cast iron

Pitting of the surface of the cast iron

Growth of chimney

Continuous pitting and general attack
of the surface of the cast iron

Coat of γ-FeOOH

Increase of the
density of γ-FeOOH

Increasing proportion of
Fe3O4 under γ-FeOOH

γ-FeOOH

Coat of
γ-FeOOH

Fe3O4 scale
+ graphitic residue

Fe3O4 scale + GR

Porous interior,
Fe3O4 = GR

Figure 14 The same as Figure 13, but in water at 50 �C
containing 3ppm oxygen: (a) after 10min (b) after 3 h (c)
after 6 h (d) after 27 h. Reproduced with permission from

Smith, D. C.; MacEnaney, B. Corros. Sci. 1979, 19,
379–394.
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corrosion becomes likelier when this sum exceeds
500mg l�1.

In 2002, Indian researchers,34 by means of electro-
chemical tests (measurements of Tafel slopes and of
polarization resistance, for example), established a
ranking for the aggressiveness of saline solutions at
28 �C on a cast iron. The concentrations tested were
dilute (from a few ppm to a few hundred ppm), and
likely to be encountered in drinking water. KCl and
NaCl would seem to be more corrosive than MnSO4,
Pb(NO3)2, KI, and KBr. The variation of the corro-
sion rates over time (up to 360 h) were also tracked:
the results are given in Table 11.

In early 2000, Japanese researchers35 studied the
effect of pH on the corrosion behavior of under-
ground SG cast iron pipes immersed in simulated
underground water (using polarization curves and
immersion tests). The intended application was cor-
rosion resistance in clay-rich marine mud. The study
highlighted the effects of an intensive selective disso-
lution of the ferrite of the pearlite where phosphorus
and sulfur seem to have segregated; spheroidal
graphite and cementite favor the evolution of hydro-
gen. The schematic diagrams in Figure 15, sum up
the mechanisms.

3.02.4.2.5 Galvanic corrosion of cast iron in

natural water

Scandinavian authors36 have reported interesting
data on the corrosion by galvanic coupling of unal-
loyed cast iron with various alloys in town water
at 25 �C and 75 �C (temperatures encountered in
household sanitary installations); Table 12 groups
these data.

These data show that the unalloyed cast iron is
anodic, compared to the metals and alloys studied;
only carbon steel and zinc are anodic with respect to

Table 10 Corrosion rates of unalloyed and austenitic

cast irons in various waters

Types of water Corrosion rate
(mm year)�1

Unalloyed
Cast iron

Austenitic
Cast iron

Distilled water 0.25 0.015
CO2 purifier water 4.06 3.05

Water (pH ¼ B) (þ185 ppm

CaCO3)

0.76 0.5

Brackish water in oil well 0.5 0.025
Seawater 0.25 0.06

Seawater (8ms�1) 4.47 0.20

Sour bath (pH ¼ 4) þ0.05%
CO2

1.78 0.5

Sour bath (pH ¼ 4)þ0.05%

SO2

1.01 0.25

Sewage 0.45 0.127

Table 11 Corrosion of gray cast iron in various saline

electrolytes

Saline solution at
28 �C

Corrosion rate after 360h immersion
(mm year�1)

KCl 0.144

NaCl 0.141
Na2SO4 0.085

CaCO3 0.027

CaCl2 0.046

MgSO4 0.034
NaHCO3 0.038

NaNO3 0.019

MoSO4 0.004

Fb(NO3)2 0.002
KBr 0.010

Kl 0.010

Water 0.759

Data taken from Mehra and Soni.34

Pearlite

Cementite (cathode) Ferrite (anode)

Detail view of the pearlite

Reduction of oxygen

Anodic reaction Anodic reaction

Anodic reactionAnodic reaction

Reduction of oxygen

Graphite

Ferrite (anode)

Figure 15 Selective dissolution of the ferrite of the pearlite

where phosphorus and sulfur have segregated.

Reproduced with permission from Reynaud, A. Corrosion

and Cast Iron, ETIF, France, 2008.
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cast iron. On the subject of galvanic corrosion, refer-
ence to Bryant37 will also be useful. Another type of
‘galvanic’ corrosion can occur on the same section of
iron due to thermal-galvanic effects. Thus, the coex-
istence, in a single pipe, of hot zones and cold zones
can create a chemical heterogeneity at the cast iron
surface which leads to clearly separated anodic and
cathodic regions. In this way a temperature differ-
ence of 20 �C can lead to a potential difference of
55mV.38

Swedish work on the effects of galvanic coupling
between SG cast iron and copper in water, published
in 2005,39 has shown that deaeration of water can
diminish the galvanic corrosion of the cast iron,
with the corrosion rate becoming equal to that
observed in the absence of copper. The corrosion
products formed on the surface of the cast iron
under these conditions of deaeration have the
appearance of a black film that consists of magnetite.
However, if the temperature is raised from 30 �C to
50 �C, the galvanic corrosion current is multiplied by
10, even under conditions of deaeration.

3.02.4.2.6 Inhibition of corrosion in water
Traditionally, a standard range of species can be used
to inhibit the corrosion of cast irons. Chromates were
previously used as anodic passivating inhibitors, how-
ever, this is no longer permitted due to the toxicity of
hexavalent chromium. Alternative anodic inhibitors
include nitrites, molybdates and phosphates. Film-
forming organic inhibitors such as octadecylamine
can be used commonly in boilers and refrigeration
installations, etc. Tannins are often used as an

internal treatment for low-pressure steam boilers.
Indian work in 2004, comparing the actions of differ-
ent inhibitors of corrosion of cast irons in water,40

showed that, among the products tested (molybdate,
hydrogen phosphate, and nitrite), it is the molybdate
ion that is the most effective. For potable water sys-
tems below 60 �C, sodium hexametaphosphate com-
bines inhibition of scaling (at lower concentrations)
and corrosion (at somewhat higher concentrations). It
is one of the few chemicals that are permitted for use
as a corrosion inhibitor for potable (drinking) water.

3.02.4.3 Corrosion in Steam

Ordinary cast irons are acceptable up to a few bar wet
steam pressure (120–130 �C) while silicon cast irons
(>15%) resist steam up to 300 �C. Under more severe
conditions of service, austenitic cast irons are recom-
mended. For example, in saturated steam at 170 �C
(8 bar pressure) the loss of thickness for Ni20Cr3
(LG1 grade) is 0.02mmyear�1. For steam at higher
temperatures (up to 500 �C), castings must undergo a
stabilization heat treatment (annealing at 760 �C for 4 h
followed by cooling in the furnace down to �500 �C).
Generally, the high temperature corrosion of cast iron
in steam is similar to steel. Thus, in the presence of
superheated steam, from 450 �C to 600 �C, after 0.5–3 h
of exposure, a film of magnetite (Fe3O4) forms on
unalloyed cast irons, reinforced by wustite (FeO) if
the temperature exceeds 575 �C. It is important to
note that the relatively poor mechanical properties of
cast iron comparedwith steel, constrain the application
of cast irons to those at lower pressures.

Table 12 Corrosion potentials and galvanic currents for the listed materials coupled to LG iron

Alloys coupled to the
cast iron

Town water at 25�C Town water at 75�C

Current density
(mA cm�2)

Corrosion potential
(mV/SHE)

Current density
(mA cm�2)

Corrosion potential
(mV/SHE)

304 stainless steel 0.2 þ250 1.0 þ245

316 stainless steel 0.4 þ250 0.9 þ245

410 stainless steel 3.0 þ250 1.0 þ245
440 stainless steel 0.4 þ250 1.0 þ245

Carbon steel �0.6 �470 �8.0 �390

Cu Zn39 TB3 brass 0.3 þ190 0.7 þ150
Cu Zn20 Al2 brass 0.4 þ250 1.0 þ245

Bronze 0.2 þ250 3.0 þ245

Cupro-nickel 0.2 þ250 3.0 þ245

Copper 0.09 þ250 3.0 þ245
Zinc �0.6 �690 �4.0 �650

Cast iron alone 0.4 �90 – �810

Data taken from Neumann et al.36
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3.02.4.4 Corrosion in Seawater

Evans,41 in 1928, cites Hadfield, who describes vari-
ous cases of cast iron foundations left in seawater for
25–50 years: they become extremely soft, to the point
of consisting primarily of graphite and of the corro-
sion product. Evans points out that this ‘graphitic
softening’ with no change of outward appearance is
often found in cast iron objects that have remained
immersed in the sea for a long time. He also recalls
that cast iron objects from shipwrecks, found later,
often seem at first glance not to have been affected,
but are in fact constituted essentially of soft ferrous
hydroxide held together by graphite lamellae; this
ferrous hydroxide is subsequently oxidized when
the objects are exposed to open air and akaganite
(b-FeOOH).

Research has shown that the corrosion rate of cast
iron in sodium chloride passes through a maximum at
3–3.5% NaCl,42 a concentration that corresponds
more or less to the composition of seawater (Figure
16). In short, seawater is an aggressive medium for
cast irons, but their behavior is strongly influenced by
the location and its specific conditions.

Tables 13 and 14 provide some examples. A cor-
rosion rate of 50–100 mmyear�1 is often given for
unalloyed cast irons in seawater. All tests were con-
ducted on small plates taken from pipes, machined
and ground to eliminate the protective action of the
casting skin. They clearly show that the corrosion of
cast iron in seawater is not excessive (2–3 times that in
distilled water) and that there is no significant differ-
ence between lamellar graphite cast iron and spheroi-
dal graphite cast iron.

Alloying additions of nickel or chromium greatly
reduce corrosion. As shown in Figure 17, austenitic
cast irons stand up much better than other cast irons
to seawater, water contaminated by certain industrial
pollutants, and water rich in CO2. For the desalina-
tion of seawater, austenitic nickel cast iron is specified
for many pumps and valves operating in the feed
seawater and in the brine. Similarly, many cooling
water pumps made up of this type of cast iron have
been installed in conventional power stations, refi-
neries, and steel mills.

Even though seawater is an aggressive medium for
cast irons, a unalloyed cast iron can provide satisfac-
tory service if the seawater is still and not polluted.
Japanese authors have shown that the resistance of
cast irons to seawater corrosion improves as the car-
bon content decreases and the silicon content
increases. In addition, the nature of the matrix
seems to have a large influence: white cast irons
having an extensive carbide structure are the most
resistant, followed, in order of decreasing corrosion
resistance, by ferritic, ferrito–pearlitic, and finally
pearlitic gray cast irons. Low contents of chromium
improve the resistance of lamellar graphite cast iron
to corrosion by seawater. Small additions of molyb-
denum, vanadium, and titanium increase corrosion
resistance by refining the graphite and the matrix.

In flowing seawater, the commonest type of expo-
sure, the corrosion rate varies with the velocity of
water and increases rapidly as the velocity increases
because more oxygen is available. It is also stated that
the corrosion rate can be up to 15–25 times as great as
in stagnant seawater; but it would seem that at still
higher velocities, the level of corrosion can be
decreased by the formation of a protective oxide
deposit. Some authors43,44 recommend using austen-
itic nickel cast irons for cases of corrosion–erosion in
seawater, since these cast irons have an excellent
resistance to such attack. The resistance of high-
silicon cast irons in seawater has also been studied.
However, it turns out that these are sensitive to
pitting corrosion in stagnant seawater (and at low
flow rates). Such pitting is initiated at the matrix/
graphite lamellae and matrix/interdendritic carbide
interfaces. Otherwise, in flowing water, their resis-
tance to corrosion–erosion is excellent (Table 15).

The water temperature also plays a more or less
marked role according to the grade of cast iron, as
shown in Figure 18. Additionally, some British stud-
ies45 have shown that there are practically no differ-
ences in corrosion behavior among the various
unalloyed gray cast irons (lamellar or nodular
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corrosion rate of iron in aerated solutions at ambient

temperature. Reproduced with permission from ASM.
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graphite, ferritic or pearlitic). According to the same
authors, resistance of ‘Ni-Resist’ cast irons to seawa-
ter is better (2–3 times greater than that of unalloyed
cast irons) even though it is the high-silicon and
high-chromium grades that are generally thought to
be the most resistant to corrosion in this medium.

This work also demonstrates the value of protec-
tion by coatings: examination of castings that had
been metallized (by thermal spraying with alumi-
num) shows that the loss of mass is five times lower
than for unprotected castings and significantly less
than for austenitic cast irons. In the case of salt water
mists at 100 �C, alloyed cast irons are generally
recommended.

There is an interesting study46 of the influence of
ferrous sulfate (a corrosion inhibitor for copper alloy
condenser tubes used in seawater) on the corrosion of

an austenitic cast iron of the Ni20Cr2 LGI type in
seawater. It showed that the presence of Fe2þ ions
could make seawater more corrosive if the concentra-
tion of these ions was not too high (less than or equal
to 100 ppm). On the other hand, contents 10–25 times
as high would tend to diminish the corrosion rates.

Dutchwork47 has shown that the corrosionproducts
formed on spheroidal graphite cast iron immersed in
water differed substantially according to whether the
iron is exposed under static or flowing conditions. For
example, it was shown that these corrosion products
consisted of a-FeOOH in a spongy form under static
condition and of a hard mixture of g- and a-FeOOH
under dynamic condition.

The austenitic irons have also been shown to exhibit
better corrosion resistance than the ferritic irons in
seawater. Tests over long periods of time have shown

Table 13 Corrosion rates of gray cast irons in various sea water environments

Type of Iron Duration of
exposure
(years)

Corrosion
(gm�2 day�1)

Maximum
pitting depth
(mm)

Location

Continuous immersion

Unalloyed gray cast iron, as-cast 4 2.0 6.4a Bristol Channel (Great

Britain)

Unalloyed gray cast iron, as-cast 15 2.95 1.5 Halifax, Nova Scotia
(Canada)

Unalloyed gray cast iron, as-cast 15 1.3 5.0a Plymouth (Great Britain)

Unalloyed gray cast iron, as-cast 15 4.25 Colombo (Sri Lanka)
Unalloyed gray cast iron, mean of

S samples

3 2.4 Eastport, Maine (United

States)

Austenitic gray cast iron, type

L-NUC 15 6 2, as-cast

6 0.4 None Kure Beach, North Carolina

(United States)
Austenitic gray cast iron, type L-NO

20 2, as-cast

6 0.8 None Kure Beach, North Carolina

(United States)

Samples placed midway between high and low water

Unalloyed gray cast iron, as-cast 15 0.75 1.3 Halifax, Nova Scotia
(Canada)

Unalloyed gray cast iron, as-cast 15 1.0 4.6 Plymouth (Great Britain)

Unalloyed gray cast iron, mean of 9
machined samples

3 0.75 Eastport, Maine (United
States)

aExtensive, graphic corrosion.
Data taken from Reynaud, A. Corrosion and Cast Iron, ETIF, France, 2008.

Table 14 Corrosion rates (mgdm�2 day�1) of iron in various aqueous environments: 1mgdm�2 day�1 � 5 mmyear�1

Materials Natural
seawater

Natural
seawater

Natural
seawater

Synthetic
seawater

Distilled
water

Distilled
water

90 days,
aerated

180days,
aerated

360days,
aerated

360days,
aerated

360days,
aerated

360days,
stagnant

Spheroidal (SG) iron 24 16.1 15.3 15.8 19.1 6.1

Lamellar (LG) iron 24.9 16.4 17 19.1 19.3 6.2
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thatNi-Resist irons ofTypes 1, 2, and 3 corrode at rates
of 0.020–0.058mmyear�1 in relatively quiet seawater.
Under similar conditions low alloy cast irons have
shown corrosion rates ranging from 0.066 to 0.53mm
year�1.22 TheNi-Resist irons maintain this superiority
over a wide variety of conditions (Figures 17 and 18),
both in stationary and flowing seawater. In a test lasting
740 days in seawater moving at 1.5m s�1, low-alloy cast
iron showed a corrosion rate of 1.3mmyear�1 com-
pared to 0.050mmyear�1 for Type 2 Ni-Resist. In tests
carried out at controlled temperature at a higher

velocity of 8m s�1 (Table 16), the Ni-Resist irons
again showed better properties than low-alloy cast
irons or mild steel.

3.02.4.5 Soil Corrosion

Since buried pipes for water, sewage, and gas are a
major use of cast iron, the corrosion of buried iron
structures needs special consideration in any study of
the corrosion properties of cast iron. With gray iron
pipes, leakage usually arises because the pipe frac-
tures as a result of soil stresses or top-loads that
exceed the hoop strength of the pipe. With ductile
iron pipes, leakage is usually through small corrosion
pits. For this reason gray iron pipes are susceptible to
both uniform and pitting corrosion while ductile iron
pipes are only seriously affected by pitting. A charac-
teristic of corrosion on buried ferrous metals is that
the attack is mostly in the form of pitting, especially
with the cast irons. This causes a problem in measur-
ing the extent of corrosion in burial trials. Usually
both the weight loss, measuring the average loss of
section, and the deepest pit, measuring the maximum
loss of section, are reported. For assessing the severity
of the attack on buried pipes, the second parameter is
clearly the most important.

The rate of attack on buried iron depends on the
corrosivity of the soil in question. A good guide,
which is still valid, is the work carried out by the
National Bureau of Standards in the United States
between 1922 and 1955.48 In this very detailed and
extensive study, the chemical characteristics of more
than 100 soils drawn from all over the United States
were examined and compared in relation to the

Table 15 Corrosion rates of cast irons in seawater

Source Hudson’s study Kress’s study Parts and de la
Bruniere’s study

Speidel and
Witmoser’s study

LaQue’s
study

Location Emsworth, England Cuxhaven,
Germany

laboratory, France artificial seawater Harber
Island USA

Duration of test 2 yearsa

(g m�2 day�1)
6monthsa

(g m�2 day�1)
380daysa

(g m�2 day�1)
220daysa

(g m�2 day�1)
3 years

Steel 4.4 2.4 1.6
LGI 1.2 1.7 1.7 0.6 1.6b

White cast iron 0.65

Malleable cast iron 1.6 0.9

Pearlitic SGI 1.0 1.4 5.6b

Ferritic SGI 2.1 1.6 0.5

aResults originally stated in mg cm�3 day�1 (based on loss of mass, with no indication of type of attack).
bQuantity measured: penetration depth of pitting.
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seawater. Reproduced with permission from Berenson, J.;
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corrosion behavior of small steel and iron specimens
that had been buried in them for up to �17 years.
Detailed study of the published results suggests, how-
ever, that the only parameter to give any useful corre-
lation with the severity of the corrosion is the
electrical resistivity of the soil. Even this is only
valid up to �2000 ohm cm with a correlation coeffi-
cient of��0.5.49 Currently, electrical resistivity is the
factor used for dividing soils into corrosivity classes
(Table 17).

Although resistivity surveys can decide which soils
along a projected pipeline are probably aggressive to
buried ferrous metals and which are not, it has been
found that when unprotected pipes fail in service the
local soil resistivity does not correlate to any significant
extent with the corrosion rate at the pitted site. Indeed,
Stokes50 showed from a survey of statistics of ductile
iron pipe failures in the UnitedKingdom, that themost
likely pitting rate for an aggressive soil is�1mmyear�1

with a range of�0.3–3mmyear�1. Since the soil elec-
trolyte is likely to be a dilute salt solution of low
dissolved oxygen content and pH �8.5, a consistent
corrosion rate seems logical. Collins51 has suggested
that the tendency for low resistivity soils to be aggres-
sive is due to the fact that for themost part theyare poor
in draining, and poorly aerated heavy clays are thus
more liable to create differential concentration cells on
the pipe surface than free-flowing soils such as sands.
He argues that, as the soil resistivity falls, the probabil-
ity of serious pitting increases but the pitting rate
remains substantially constant. This would explain the
poor correlation between the chemical parameters of
the soil and its corrosivity. It also suggests that the
physical characteristics of the soil should be better
indicators of its corrosivity.

The results of tests on bare cast iron in soils that
are relatively homogeneous on the scale of the size of
the samples cannot be directly extrapolated to actual
coated pipes; the latter, because of their length, will
encounter a succession of soils (geological cells) that
differ in their nature, their moisture content, their
aeration – soils are sometimes made heterogeneous
by borrowed materials or by differences of compac-
tion. For example, in the case of a pipe passing in turn
through a porous soil permeable to air, then a clay
layer through which oxygen can pass only with great
difficultly, a differential aeration cell may form,
which results in the corrosion of the part of the pipe
in the clay soil (which becomes the anode as it is in a
region of oxygen restriction) while the part in the
porous soil is only slightly corroded (since it is in a
region with more easy oxygen access and is, hence,
cathodic).52 Additionally, corrosion of cast iron pipes
in soils may also be affected by stray or induced
currents: for example, from DC traction systems,
induced AC current or from other cathodic protec-
tion systems.53,54 Many of these conditions, which are
difficult to circumvent, are likely to result in the
formation of macrocells leading to a localized corro-
sion (pitting) that can be dangerous when the soil is
highly corrosive.55 Coupling with copper used for
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Figure 19 Resistance of cast irons to sulfuric acid.

Reproduced with permission from Résistance des fontes

à l’acide sulfurique concentré. Fonderie no. 393, Nov.
1979, 339.
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water distribution pipes can also result in the func-
tioning of macrocells.56

In early 2000, Japanese researchers57 studied more
particularly the corrosion resistance of SG cast iron
pipes in clay marine muds. In 2003, Kubota ( Japan)
patented a spheroidal graphite cast iron having

improved corrosion resistance and high mechanical
strength, for the production of pipes for underground
applications.58 Its composition is reported as: 3–4%C,
1–4% Si,<0.6%Mn, 0.02–0.08%Mg, 0.05–0.5% Co,
<1.5% Ni, 0.2–0.8% Cr, and/or Cu.

It should be noted that it is extremely difficult to
predict service lives of buried pipelines from the
results of controlled trials with small specimens,
whether in the laboratory or in the field. For example
a study on the comparative corrosion resistances
of ductile and gray iron pipes between 1964 and
197359,60 indicated a mean pitting rate of 0.35mm
year�1 for uncoated ductile iron pipe exposed in a
typical heavy Essex clay of 500–900O cm resistivity
for 9 years. This contradicts the rate of 1mmyear�1

normally found on a corroded service pipe from such
a soil. The discrepancy appears to be due to the use of
specimens that were only a third of a pipe length each
and were buried separately. It may reflect the contri-
bution of the total surface area of the pipe as a
cathode to the corrosion current at the anodic area
of the pitting site.

3.02.4.6 Methods of Protection

Experience and knowledge of the corrosion caused
by local geological differences (macrocells) in the soil
have led to the development not only of methods of
evaluation of the corrosiveness of soils on a pipe
alignment (e.g., by soil resistance survey), but also of
methods of protection capable of disrupting the

Table 17 Soil corrosion classes as a function of soil

resistivity

Aggressive Nonaggressive

Resistivity: <2000O cm >2000O cm

Redox potential at

pH 7

<0.40V SHE;

(<0.43 V in
clay)

>0.40V SHE;

(>0.43V in
clay)

Borderline cases

resolved by water

content

>20% bymass <20% by mass

Table 16 Seawater corrosion–erosion test carried out
at 8ms�1 at 28 �C for 60days

Alloy Average corrosion rate
(mm year�1)

Cast iron 6.9

2% Ni cast iron 6.1

Type 1 Ni-Resist 0.74

Type 2 Ni-Resist 0.79
Type 3 Ni-Resist 0.53

Data taken from Berenson and Wranglen.22
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macrocells. These methods include: ensuring that
electrical continuity along the pipe is broken by use
of insulating joints (also limiting stray currents), using
active coatings that are self-healing (e.g., zinc), use of
an inert backfill61 and, for difficult cases, placing a
flexible polyethylene sleeve around the pipe when it
is laid to prevent direct contact with the local hetero-
geneities of the soil.

Note that cathodic protection is also an excellent
remedy for corrosion of cast iron by soils (although it
is most often applied to steel pipes).62,63 For steels,
cathodic protection is often combined with a protec-
tive organic coating64,65; this is rarely done in the case
of cast irons. However, cathodic protection of the
town water supply network of Scarborough, United
Kingdom has been undertaken.62 This network, made
up primarily of ductile cast iron and lamellar graphite
cast iron pipes, is protected by magnesium sacrificial
anodes to overcome the problems due to the corro-
siveness of soils (resistivity from 1000 to 3000O cm),
which is due partly to the use of deicing salts, and also
to galvanic coupling with the copper used in distri-
bution pipes. It must be borne in mind that the
cathodic protection of a structure may also generate
stray currents in the soil. It may then create, in an
adjacent metallic structure, zones of current input
and zones of current output at which corrosion will
occur. In practice, even though there are many net-
works of cast iron pipes that coexist in the soil with
networks of steel pipes with cathodic protection,
there are very few cases of corrosion ascribable to
the influence of cathodic protection, because a few
simple rules66 can be applied to solve most of the
problems.

3.02.5 Corrosion in Industrial
Environments

In general, unalloyed gray or white cast irons possess
no resistance to dilute mineral acids. In very dilute
acids, the presence of air, or other oxidizing agents
such as ferric salts, appreciably increases the corro-
sion rate. If corrosion rates are to be held below
0.25mmyear�1 in moderately aerated solutions, it is
unwise to exceed a total acid concentration of 0.001M
(i.e., pH< 3), irrespective of the acid concerned.

3.02.5.1 Sulfuric Acid

The use of unalloyed cast irons is generally impossi-
ble in the presence of dilute sulfuric acid since

the corrosion rates are very high (several milli-
meters a year).67 By contrast, the same acid (sulfuric)
in the concentrated state barely attacks unalloyed
cast irons, even at high temperature. This is due
to an iron sulfate salt film that forms at concentra-
tions above �70% such that corrosion rates do not
exceed 0.13mmyear�1 at 20 �C.67,68 In practice,
thanks to this passivation effect, lamellar graphite
cast irons, in the past, and spheroidal graphite cast
irons, today, are used in coolers for concentrated
sulfuric acid.

As for alloy cast irons, austenitic nickel grade can
provide good corrosion resistance up to 20% sulfuric
acid67; above this value, high-silicon cast irons must be
used. For example, pumps used in the production of
sulfuric acid are, in fact, often made of high-silicon
cast irons. Figure 19 shows the behavior of several cast
irons under different conditions of service (tempera-
ture, concentration).68 It can be seen that the resistance
of these alloys to concentrated sulfuric acid is excellent
up to its boiling temperature. Note that it is dangerous
to use cast irons with oleum (concentrated sulfuric
acid enriched with SO3) because of the risk of oxida-
tion of the silicon they contain.

The austenitic irons can be used in handling very
dilute solutions of sulfuric acid at ambient or moder-
ately elevated temperatures under conditions corro-
sive to ordinary cast iron and carbon steel. Austenitic
irons have also given satisfactory service in handling
concentrated sulfuric acids, but although they show
low corrosion rates in such environments they are
not markedly superior to the unalloyed cast irons.
Type 1 Ni-Resist and the high silicon grades
AUS104 and AUS204 are the types most generally
used in sulfuric acid environments. The iso-corrosion
curves of an austenitic lamellar graphite cast iron
containing 15% Ni, 6% Cu, and 2% Cr in sulfuric
acid are given in Figure 20.

High-chromium irons have no useful resistance to
sulfuric acid of more than 10% concentration at any
temperature. At temperatures above 20 �C corrosion
rates in excess of 1.27mmyear�1 are probable even
for acid of less than 10% concentration. The addition
of 2% molybdenum increases the resistance to
this acid at very low and very high concentrations
(Figure 21).

Probably, the most useful characteristic of the high-
silicon irons is their ability to withstand sulfuric acid at
all temperatures and concentrations. The maximum
rate of corrosion which can develop has been reported
to be 0.482mmyear�1 in 30% sulfuric acid at boiling
point,3 and this falls to a minimum rate of 0.025mm
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year�1 when the acid concentration exceeds 60% and
the temperature is at boiling point (Figure 22).

In order to achieve optimum performance over
the widest possible acid concentration range, it is
essential to ensure that the alloy content of silicon
is optimal. The corrosion rates of silicon iron are
illustrated in Figure 23, which shows the influence
of the silicon contents from 13.8% to 15.6%, on the
resistance to corrosion by boiling sulfuric acid at dif-
ferent concentrations. From this data, it is clear that
silicon contents in excess of 15% provide the best
performance. Figure 24 illustrates an iso-corrosion
chart for 15% silicon iron in sulfuric acid.
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3.02.5.2 Hydrochloric Acid

This commonly used acid attacks unalloyed cast
irons very strongly, even in a dilute condition. High-
chromium cast irons are only slightly better than unal-
loyed cast irons; the dissolution of these cast irons
leaves a residue having a graphitic appearance and
consisting of carbides.69 Austenitic nickel cast irons
are also attacked, especially by the cold concentrated
acid and by boiling 20% acid. Attempts made to pro-
duce an alloy more resistant to hydrochloric acid have
resulted in alloys containing 17–18% silicon or 14.5%
silicon and chromium plus 3% molybdenum and both
these alloys resist even concentrated hydrochloric acid
relatively well. This is due to the protective layer of
SiO2 that forms on the surface of the material. If the
acid is boiling, the attack of such cast ironswill bemuch
more intensive and this is illustrated in Figure 25. For
example, with a cast iron containing 15%Si and 3%Mo

in the presence of boiling 20% HCl, the loss of mass is
150 gm�2 day�1.69

The austenitic irons are superior to ordinary cast
iron in their resistance to corrosion in deaerated
hydrochloric acid at room temperature (Table 18).
However, for practical uses where such factors as
velocity, aeration and elevated temperatures have to
be considered, the austenitic irons are mostly used in
environments where the hydrochloric acid concen-
tration is low, generally less than 1% and preferably
below 0.5%. Such environments occur in process
streams encountered in the production and handling
of chlorinated hydrocarbons, organic chlorides and
chlorinated rubbers.

3.02.5.3 Nitric Acid

Unalloyed cast irons are not suitable for castings
resistant to nitric acid, at any concentration. Nitric
acid also attacks high-nickel cast irons at all concen-
trations, but more specifically in dilute solutions.
Only high-silicon and high-chromium cast irons dis-
play good resistance to this acid, due to the formation
of passive oxide films. However, there may be some
corrosion in boiling concentrated solutions. This will,
for example, be the case of cast irons containing 29%
chromium, the chemical composition of which will
be adjusted according to the concentration and tem-
perature of the nitric solutions.69

Figure 26 has been derived from data2 for corro-
sion by nitric acid solutions of an alloy containing
29% chromium and 0.8% carbon. It is interesting to
note that the resistance by this alloy in these solutions
is roughly complementary to that of the high-silicon
irons, the high-chromium iron being more suitable
for dilute solutions and the high-silicon iron for con-
centrated solutions.

Nitric acid is also withstood by high-silicon iron.
The concentrated acid is believed to reinforce the
silica film by the formation of a passive iron oxide
film, and this assumption is supported by the fact that
the highest rates of attack are associated with hot
dilute solutions. The iso-corrosion rate data for
14% silicon iron in nitric acid is shown in Figure 27.

3.02.5.4 Phosphoric Acid

Phosphoric acid attacks unalloyed cast irons at all con-
centrations. Austenitic cast irons are satisfactory when
used at ambient temperature in solutions having con-
centrations less than or equal to 30%; above this
threshold, the attack is rapid. High-chromium cast
irons are suitable in most cases. The corrosion rates
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Figure 25 Limits of use of silicon irons in HCl for Fe–18Si

and Fe–14.5Si alloys.

Table 18 Corrosion of Type 1 Ni-Resist, cast iron and

carbon steel in deaerated HCl at room temperature

Acid concentration
(%)

Corrosion rate
(mm year�1)

Ni-
Resist

Cast iron Carbon
steel

1.8 0.13 23 15
3.6 0.38 30 36

5.0 0.46 38 46

10.0 0.41 30 48
20.0 1.1 32 69

27.0 3.0 30 60

36.0 9.4 28 30

Corrosion of Cast Irons 1765

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



are �0.12mmyear�1 up to a concentration of 60%, at
all temperatures up to boiling.69 High-silicon cast irons
best resist this acid, at all concentrations and almost all
temperatures (see Figure 28). Note that most crude
phosphoric acid contains appreciable amounts of fluo-
ride which can lead to excessive corrosion rates.

The results published in the literature suggest that
solutions of phosphoric acid at all concentrations and
temperatures are not corrosive to high-silicon irons.
Kosting and Heins70 quote long-term results given by
the Duriron Co, together with figures obtained in
their own tests of 24 h duration (Table 19).

3.02.5.5 Other Mineral Acids

Most cast irons are resistant to chromic acid at all
concentrations due to passivation of the material. How-
ever, 15–17% silicon irons are recommended at higher
temperatures up to 150 �C; the corrosion of these cast
irons is less than 0.1mmyear�1. In dry hydro–halide
acids (i.e., HBr, etc.) unalloyeded irons suffice, however,
in wet acids high silicon iron is essential, preferably
containing molybdenum. Hydrogen cyanide is gener-
ally noncorrosive except at higher temperatures in
the gas phase if the humidity is sufficiently high.71

3.02.5.6 Organic Acids

The short-chain organic carboxylic acids attack unal-
loyed cast irons, especially in dilute solutions. Thus,
unalloyed cast irons should not be used in formic
or acetic acids, however, chromiumcast irons are accept-
able for both, with nickel austenitic iron acceptable for
acetic acid. As the chain length of the acid increases, the
acidity diminishes and the unalloyed irons may have
acceptable corrosion rates. Thus, in palmitic (hexadeca-
noic) acid unalloyed cast irons should not be used
while nickel cast irons are recommended, and in stearic
(octadecanoic) acid unalloyed irons may be acceptable
at lower concentrations and temperatures.71

Therefore, for most organic acids, the corrosion
resistance of cast iron is essentially dependent on the
strength of the acid. Thus, unalloyed cast irons should
not be used in citric, lactic, or oxalic acids (3mm
year�1 for unalloyed iron in citric acid) while for
white chromium cast irons, the rate of attack is less
than 0.01mmyear�1.

120 Boiling point
curve

Corrosion rate
not more than
1.27 mm year−1

Corrosion rate
not more than

0.127 mm year−1

Corrosion rate
greater than

1.27 mm year−1

110

90

80

70

60

50

40

30

20

10

0 10 20 30 40
% HNO3 by weight

Te
m

p
er

at
ur

e 
(�

C
)

50 60 70 80 90 100

100

Figure 26 Resistance of high-chromium iron to nitric acid
solution.

180

150

120

90

60

30

0

0 10 30 40

Te
m

p
er

at
ur

e 
(�

C
)

50

Boiling point

0–0.1 mm year−1

60 70 80 90 10020

0.4–1 mm year−1

0.1–0.4 mm year−
1

Figure 27 Corrosion resistance in HNO3 of a cast iron
containing 14% Si).

150

100

50

0
0 20

< 1.0 g m−2 . j

< 2.4 g m−2 . j

< 5.0 g m−2 . j

< 0.5 g m−2 . j

< 24 g m−2 . j

40
% H3PO2

Te
m

p
er

at
ur

e 
(�C

)

60 80 100

Figure 28 Resistance to corrosion by phosphoric acid of

a cast iron containing 14.5% silicon as a function of

concentration and temperature. Reproduced with
permission from Reynaud, A. Corrosion and Cast Iron, ETIF,

France, 2008.

1766 Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



The austenitic irons are also useful in some cir-
cumstances for handling organic acids such as dilute
acetic, formic and oxalic acids, fatty acids and tar
acids. They are more resistant to organic acids than
unalloyed cast irons, for example, in acetic acid the
austenitic irons show corrosion rates 20–40 times
lower than the ferritic iron (Table 20).

3.02.5.7 Corrosion by Alkalis

Dilute alkali solutions do not corrode cast iron at any
temperature, but hot solutions exceeding�30% con-
centration will attack it, with an accompanying evo-
lution of hydrogen; this behavior is similar to that of
steel. Broadly speaking, if the corrosion rates are to be
held below 0.2mmyear�1 the temperature should
not exceed 80 �C; corrosion rates may range as high
as 1.25–2.5 mmyear�1 in boiling solutions of more
than 50% concentration. Molten caustic soda
(650 �C) may attack cast iron initially at rates �20
mmyear�1, but this decreases significantly after some
exposure. In spite of these high corrosion rates, caus-
tic concentration and fusion pots are made from cast
iron, since the material is relatively cheap, and the
thick wall necessary for mechanical strength also
gives the pot a long life. It is of utmost importance
to ensure that concentration and fusion pots are cast
in sound metal, as any unsoundness, particularly at
the bottom of the pan, will lead to pitting attack and

premature failure. On the other hand, high-silicon
cast irons are less resistant to corrosion by alkalis
than unalloyed cast irons and this is due to dissolu-
tion of the protective silicon oxide film by the alkali.
Similarly, ferritic chromium cast irons should not be
used in the presence of alkalis.

Austenitic cast irons show particularly good corro-
sion resistance in alkaline environments, even better
than that shown by low alloy cast irons. The resistance
to corrosion improves with increasing nickel content
(Figure 29), and the irons containing �30% nickel,
such as Type 3 Ni-Resist, show the best resistance. An
electrochemical study of the corrodibility of unal-
loyed SG cast irons in caustic soda has shown that
some inhibition can be expected from the addition of
thiourea72: 36% protection was found with the addi-
tion of 10�3 moles of thiourea per liter of a molar
solution of sodium hydroxide at 30 �C.

The addition of 3–5% nickel improves the resis-
tance of both lamellar graphite and spheroidal graph-
ite cast irons to alkali attack and, with increasing
nickel content, the corrosion resistance of austenitic

Table 19 Corrosion of high-silicon irons by phosphoric acid

Acid concentration
(%)

Temperature
(�C)

Corrosion rate
(mm year�1)

Origin of data

10 82–88 0.007 Duriron Co.
98 0.147 Kosting & Heins

25 82–88 0.010 Duriron Co.

98 0.038 Kosting & Heins

50 98 0.185 Kosting & Heins
87 82–88 0.010 Duriron Co.

Table 20 Corrosion of Type 1 Ni-Resist and ferritic cast

iron in acetic acid at 15 �C

Acid concentration
(%)

Corrosion rate
(mm year�1)

Cast iron Ni-resist

5 17 1.0
10 22 0.5

25 20 0.5

50 16 2.0
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Figure 29 Effect of nickel additions to cast iron in
reducing corrosion by caustic alkalis.
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cast irons in these media is much lower than that of
non or low-alloy cast irons and alloys containing 30%
nickel are the least vulnerable to corrosion by alkalis.
For a 50% solution of caustic soda at 50 �C, the use of
a Ni-Resist cast iron containing 20–30% nickel and
2–3% chromium is recommended. Figure 30 shows
the corrosion rates of austenitic cast irons and of
unalloyed cast irons in sodium hydroxide for various
temperature–concentration domains.73

Test results cited by concerning the resistance of
various cast irons in molten anhydrous caustic soda75

at 510 �C (containing 0.5% NaCl, 0.5%Na2CO3, and
0.03%Na2SO4) are shown inTable 21. It can be seen
here that the superiority of the austenitic grades

disappears in the case of concentrated caustic soda.
This superiority exists only up to concentrations of
70% and temperatures approaching the boiling point.
Finally, Table 22 confirms the favorable effect of
nickel at lower concentrations65 (81-day tests).

3.02.5.8 Salt Solutions

The corrosion rates of cast irons in salt solutions
depend on the salt chemistry. Solutions which are
alkaline or neutral in reaction are not generally so
corrosive and even brines containing calcium and
magnesium chloride can be safely handled by the
austenitic irons (Table 23). Those salts which hydro-
lyze to give an acidic solution (e.g., divalent metal
cations such as magnesium) are significantly more
corrosive. The corrosion rates of Type 1 Ni-Resist
and cast iron given in Table 24 demonstrate that the
austenitic iron shows better resistance than the
nickel-free cast iron in a wide range of salt solutions.

3.02.5.9 Corrosion–Fatigue

Cast iron, exposed under conditions of cyclic stress, is
liable to corrosion fatigue. Some data on this effect
have been given by Collins and Smith,75 but a more
extensive study has been reported by Palmer76 who
generated stress-cycle (S–N) data using rotating bend
at a cycle frequency of 50Hz and a duration of up to
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Figure 30 Corrodibility of austenitic cast irons and
unalloyed cast irons in NaOH. Reproduced with permission
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Table 21 Corrosion rate and pitting of cast iron in mol-

ten, anhydrous NaOH at 510 �C.

Cast iron Corrosion rate
(mm year�1)

Pitting depth
(mm)

Unalloyed LGI 2.5–3.4 0.13

Unalloyed SGI 5.3 –
Unalloyed whise cast

iron

3.8 0.5

3% Nl cast iron 1.8 –

Ni15 Cr8 Cr2 LGI 15.9 1.5
N2O Cr2 LGI 24.9 1.8

N2O Cr2 SGI 11.8 1.5

N3O Cr3 LGI 2.2 0
Ni3O Si5 Cr6 LGI 13.6 1.0

Table 22 Corrosion rate of cast iron as a function of

nickel content in 30% NaOH solution

Nickel Content
(%)

Corrosion rate
(mm year)�1

0 1.9–2.3

3.5 1.2
5 1.24

15 0.8

20 0.08

20 (+2% Cr) 0.15
30 0.01

Table 23 Corrosion of Type 1 Ni-Resist and cast iron in

brine solutions

Environment Temperature
(�C)

Corrosion rate
(mmyear�1)

Ni-Resist Cast
iron

14% NaCl þ
16.7% CaCl2 þ
3.4% MgCl2. pH ¼ 6

69 0.08 0.53

Saturated NaCl 93 0.12 1.85
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107 cycles in demineralized water, 3% sodium chlo-
ride solution and demineralized water containing
various inhibitors. The results for the uninhibited
solutions are summarized in Table 25. Palmer
found that corrosion fatigue due to water spray
could be eliminated or mitigated by some of the
inhibitor systems examined, but it was apparently
easier to inhibit damage on gray irons than on ductile
irons, which could only be inhibited by 0.25% potas-
sium chromate solution. Thiswas due to the inability of
the other systems to maintain a continuous passive film
on the iron; gray iron is less sensitive to a notch effect in
fatigue so that the presence of local sites of attack
would be less important to this metal provided that
the overall corrosivity of the solution were depressed.

Various studies have also shown that it is possible
to protect cast irons against corrosion fatigue by met-
allization with zinc or aluminum of thickness �100–
200 mm. The life of iron castings exposed to corrosion
fatigue conditions in a saline medium is of the same
order of magnitude as that of castings subjected to the
same mechanical forces in air. Figure 31 clearly illus-
trates the effect of these coatings.

Another study emphasized, for different types of
matrices, the low resistance of SG cast irons to cor-
rosion fatigue in a 3% NaCl solution and the low
aggressiveness of lubricating oils.77,78 The results are
shown in Table 26 and Figure 32. Fatigue resistance
curves79 in various media (air, water, salt water) are
shown Figure 33. They concern a ferritic SG cast
iron tested in rotary bending at 50Hz. The influence
of the aggressiveness of the medium is quite apparent.

An inhibitor consisting of 0.5% NaNO2 plus 1%
NaSiO4 has been proposed80 to prevent corrosion

fatigue of pearlitic SG cast irons in water as a replace-
ment for the toxic chromate. Further data, repro-
duced below (Figure 34), concerning the corrosion
fatigue resistance of SG cast irons shows the harmful
effect of the marine medium and the value of a
metallic coating (zinc or aluminum), which can
increase the resistance of the material to that
observed in a nonmarine atmosphere.81

The fatigue limit under reversing stress and corro-
sion in hot water at 70 �C in pipes has been studied by
Japanese researchers82 on an as-cast SG cast iron
alloyed with copper and molybdenum, and compared
to a carbon steel. In the static corrosion test of water
containing sulfates and chlorides, the latter was found
to be less resistant, and its resistance, unlike that of the
former, could not be improved byadding sodiumnitrite
as an inhibitor. With the cast iron, the corrosive attack
practically stopped with inhibitor contents in excess of
6000 ppm. The resistance of this cast iron to corrosion
fatigue was also improved; at 260MPa with 6000 ppm
nitrite, it was better than that of the carbon steel.

Japanese researchers considered the question of the
corrosion fatigue of ferritic and bainitic spheroidal

Table 24 Corrosion of Type 1 Ni-Resist and cast iron in various inorganic salt solutions

Salt solution Concentration
(%)

Temperature
(�C)

Corrosion rate
(mmyear�1)

Ni-Resist Cast
iron

Aluminum sulphate 5 16 0.41 1.0
Aluminum chloride 5 16 0.08 1.3

Aluminum chloride 5 93 0.15 4.8

Aluminum sulphate 5 16 0.15 0.76
Aluminum citrate 30 Room 1.5 550

Aluminum thiocyanate 50 27 0.38 3.3

Potassium aluminum

sulphate

5 16 0.25 0.76

Zinc chloride 30 Boiling 2.0 16

Ammonium nitrate 5 Room 0.23 0.76

Manganese chloride 10 77 0.038 0.79

Ammonium chloride 20 93 0.25 5.8

Table 25 Corrosion fatigue limiting strengths (MPa)

Environment Aira Watera 3% NaCl solutionb

Pearlitic gray iron 126 100 39

Ferritic gray iron 93 77 23

Pearlitic ductile iron 270 224 46
Ferritic ductile iron 208 178 46

Data taken from Higgins.
aFatigue strength based on 50 � 106 cycles.
bFatigue strength based on 100 � 106 cycles.
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graphite cast irons (ADI) in water. They found that the
fatigue limit of ADI cast irons declined in the course of
time, apparently due to a selective dissolution of the
acicular ferrite resulting from localized corrosion
fatigue. It would seem that ferritic cast irons, in which
the selective corrosion of ferrite does not occur, would
perform better when exposed to water.

3.02.5.10 Stress Corrosion Cracking

In general, it can be said that cast irons are not liable to
stress corrosion; however, in some particular media
(concentrated sodiumhydroxide solution for example),

stress corrosion, cracking of spheroidal graphite cast
iron, can be observed.83 Themechanisms of this type of
damage have been studied84,85 and is similar to steel at
the same pH. Lamellar graphite cast irons seem to be
less liable to this type of attack; additions of nickel
(3–5%) improve the stress corrosion resistance of
lamellar and spheroidal graphite cast irons.86 Tests of
the stress corrosion resistance of a ferritic SG cast iron
in a medium containing sulfur, (saturated solution of
H2S)

87 have shown that this type of material is barely
liable to this mode of attack – at least not more than a
work-hardened carbon steel.

Unalloyed and low-alloyed cast irons are suscep-
tible to varying degrees of stress corrosion cracking in
high pH (>13), in nitrite solutions, in H2S, in acid
(where a number of phenomena related to hydrogen
occur), etc. These can be mitigated to a greater or
lesser extent by alloying, as described elsewhere.
Austenitic nickel cast irons are liable to stress corro-
sion in aerated sodium chloride solution85 and this
can be prevented by use of cathodic protection. Over-
all stress corrosion can be diminished or even elimi-
nated by reducing the applied stress, by increasing
the nickel content, and by reducing the dissolved
oxygen content of the medium.

300

250

200

S
tr

es
s 

(M
P

a)

150

100

50

360

340

320

S
tr

es
s 

(M
P

a)

300

280

260

105 106 107 108 109

105 106 107

Number of cycles

Number of cycles(a)

(b)
108 109

360

340

320

S
tr

es
s 

(M
P

a)

300

280

260

105 106 107

Number of cycles(c)
108 109

In air
In deionized  water
In 3% NaCl

Frequency 50 Hz (3000 cycles /mn)

Figure 31 Corrosion fatigue curves of pearlitic SG cast irons: (a) shot-blasted, (b) metallized with Zn, and (c) with Al.

Reproduced with permission from Reynaud, A. Corrosion and Cast Iron, ETIF, France, 2008.

Table 26 Fatigue resistance of some SG cast irons

Matrix Fatigues
resistance
in air (MPa)

Resistance to corrosion
fatigue

In 3%
NaCl
(MPa)

In lubricating oil
(MPa)

Ferritic 240 100 225

Ferritic 350 75 330

Annealed

martensite

350 145 540

Bainite 510 150 500
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Unlike most stainless steels, austenitic cast iron,
for example the EN-GJSA-XNiCr20-2 type, is not
affected by crevice corrosion or by corrosion crack-
ing, even in stagnant solution. Moreover, it provides

cathodic protection to any lower alloy cast steel or
iron components. In many cases, however, cracks may
occur by stress corrosion cracking in warm seawater,
at temperatures above �30 �C. The tensions that
appear are not ascribable to the service loading;
rather, they are due to internal stress. For this reason,
a careful stress relieving annealing can reliably
reduce the risk of stress corrosion cracking.88,89

The occurrence of stress corrosion cracking in
EN-GJSA-XNiCr20-2 and EN-GJSA-XNiCr30-3
spheroidal graphite cast irons in magnesium chloride
solutions containing 5–40% MgCl2, at temperatures
ranging from 20 �C to the boiling point, was studied
by German authors89,90 on tensile test pieces and a
diagram of the stability as a function of stress in % of
yield strength for the two cast iron types is shown
in Figures 35 and 36.

There exists, for both cast irons and for each
temperature, a clear limiting stress below which cor-
rosion cracking no longer occurs. Concerning the
influence of the concentration of the solution, it
turns out that the life is shortest in a 10% solution
of MgCl2. The life is reduced by anodic polarization,
while stress corrosion cracking can be blocked by
a weak cathodic polarization of 50–100mV from
the resting potential. This implies that the stress
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corrosion cracking of austenitic cast iron is favored by
contact with an austenitic stainless steel, even in
highly dilute solutions, containing for example 0.1%
MgCl2, where there is still a sensitivity to stress
corrosion cracking at high stresses and temperatures.
Also, EN-GJSA-XNiCr-30 cast iron is consider-
ably more resistant than EN-GJSA-XNiCr20-2 cast
iron. As the most effective remedy against corrosion
cracking under load, a reduction of internal stress
by a stress-relieving annealing is recommended.
Acceptable residual stress levels of 100MPa for
EN-GJSA-XNiCr20-2 cast iron and 150MPa
for EN-GJSA-XNiCr-30-3 cast iron are allowed.

3.02.5.11 Organic Compounds

3.02.5.11.1 Alcohol and glycol

Unalloyed cast irons and nickel cast irons can be used
for ordinary applications in the presence of hydrocar-
bons, aldehydes, and amines although some slight
attack occurs with the simultaneous presence of
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water. Nickel cast irons have complete resistance at all
concentrations of these species. On the other hand,
alcohol–water mixtures will cause corrosion, the most
common application occurring in the use of ethanediol
and glycol compounds in automotive antifreeze and
coolants. In order to combat this form of corrosion, one
or more corrosion inhibitors, such as benzotriazoles
and sodium benzoates, are often added, Table 27.91

3.02.5.11.2 Corrosion by food products
Unalloyed cast irons and nickel cast irons must not be
used with wine, vinegar, beer, cider, fruit juices, milk,
maltose, and mustard. By contrast, unalloyed cast irons
can be used with concentrated beverage, alcohols, and
liqueurs. Table 28 provides information about the
corrosion resistance of two cast irons in the presence
of a number of fruit juices and wine vinegar.

3.02.5.12 Corrosion by Molten Materials

The resistance of cast iron furnace components, espe-
cially crucibles, to oxidation at elevated temperatures
is important to ensuing dimensional stability and
retaining a suitable wall thickness, especially in cru-
cibles. The best material for crucibles from the stand-
point of resistance to corrosion is a refractory alloy
that can withstand a temperature of the order of
850 �C. According to Polish studies88,92 a low-alloy
chromium cast iron (1.5–3%) best meets this require-
ment: with such an alloy, the layers of oxides formed on
the outside surfaces of the crucibles are relatively thin.
The second problem for crucibles containing molten
materials is their dissolution. First, a high, but nonuni-
form, dissolution of the crucible material can lead to
the formation of deep local cavities, limiting the life of
the crucible. Second, the crucible contents are polluted
by iron, which can be a severe problem.

3.02.5.12.1 Corrosion by liquid aluminum or

aluminum alloys

Unfortunately, not much is known about the transfer
mechanisms of iron from a ferrous crucible into a
molten aluminum. However, it is known that the
general rate of dissolution of iron into a light alloy
increases as the temperature and the silicon content
increase.64 Baths containing magnesium are also
highly corrosive, but aluminum alloys containing
copper are less so. Among ferrous alloys, cast irons
generally resist better than cast steel. According to
the Polish work mentioned earlier,88,92 the best cor-
rosion resistance is found for lamellar graphite cast
irons and blackheart malleable cast irons. Some work
indicates that high-phosphorus (1.29%) lamellar
graphite cast iron displays the best corrosion resis-
tance in liquid aluminum alloys. But that it would be
difficult to apply these results in industry, because
cast irons having an extensive phosphorus eutectic
distribution are not, in other respects, sufficiently
resistant to oxidation. As for the influence of chro-
mium, it has been shown that the rate of iron disso-
lution has a minimum of 2.9% chromium.

Generally, in cast iron crucibles containing mol-
ten aluminum, the aluminum diffuses into the cruci-
ble surface forming an intermetallic compound
(FeAl3). This effect reduces the effective difference
of aluminum content between the crucible and the
liquid alloy, which is one of the drivers for the disso-
lution process. Some authors93 have commented that
since the FeAl3 combination contains no carbon,
there results an increase of the carbon content on

Table 27 Corrosion rate of unalloyed gray iron in ethan-

diol–water mixtures in the presence of various inhibitors

Medium Loss of mass after
50days testing
(mg cm�2)

50% Aqueous solution of ethanediol

at 70�C (Medium A)

19–21

Medium A + 1% sodium benzoate 25–28

Medium A + 5% sodium benzoate 0.63
Medium A + 0.5% benzotriazole 11–13

Medium A + 1% benzotriazole 6–8

Medium A + 1% benzoate 0.1%

benzotriazole

0.3–5

Medium A + 1% benzoate 0.5%

benzotriazole

0.3

Medium A + 1% benzoate 1%
benzotriazole

0.2

Table 28 Corrosion rate of cast iron in various food
products

Solution Temperature
(�C)

Corrosion rate
(mm/year)

Unalloyed
cast iron

Ni-Resist cast
iron
(� 20% Ni)

Pineapple
juice

86 20 1.8

Pineapple

juice

24 1.5 0.25

Grapefruit
juice

Tb 59 0.5–1.5

Grapefruit

juice

30 8.9 0.5–1.5

Tomato

juice

50 2.8 0.5

Vinegar 15 3.3 –
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the perimeter of the ferrous sample, with a clear
increase of the pearlite content. This local increase
of the pearlite content favors the corrosion resistance
of the metal. The same authors have also shown that
ferritic white cast irons containing 32% chromium
are among the materials that are least resistant to
liquid aluminum.

Therefore, it appears that the optimum chemical
composition for a cast iron that must resist corrosion
by liquid aluminum and silicon alloys is: 3.4–3.5% C,
0.3% P, 2.5–3.0% Cr, 2.0–2.5% Si, 0.1% S, 4.0–5.0%
Al, 0.4% Mn and a Polish patent (no. 55.549) was
taken out for this grade of cast iron in 1968. In France,
a similar cast iron, but containing no aluminum, is
generally recommended. However, in practice, the
problems of corrosion by liquid aluminum alloys
are rarely solved at the metallurgical level; the rec-
ommendation most often made is to apply a good dye
coating as the only way to ensure a satisfactory life.

3.02.5.12.2 Corrosion by liquid zinc and

zinc alloys
A phenomenon of gradual dissolution also occurs in
the cast iron crucibles used for melting zinc and its
alloys. A detailed study at CTIF94 of the corrosion of
ferrous alloys by liquid zinc alloys found that ferrite
is the most unfavorable constituent as regards resis-
tance to this type of attack. Pearlite fairs better, even
though there is a risk of progression of the corrosion
between its lamellae, and a loosening of the latter.
This last phenomenon is, however, rather rare: liquid
surface tension generally prevents the molten zinc
alloy from progressing between the lamellae when
the pearlite is fine enough. Hence, it is preferable to
avoid coarse structures. Since corrosion advances
preferably along the graphite lamellae, it is also best
to limit their size as much as is possible; spheroidal
graphite once again seems preferable in this respect.
As in the case of aluminum, corrosion by liquid zinc
is chemical, not electrochemical. Thus, there is no
reason to believe that the resistance of an austenitic
cast iron of the ‘Ni-Resist’ type is better than that of a
pearlitic cast iron.

3.02.5.12.3 Corrosion by other liquid metals

According to various sources, cast iron possesses good
resistance (<0.025mmyear�1) to dissolution in liq-
uid magnesium, at its melting temperature (651 �C),
liquid calcium up to 700 �C, liquid lead up to 500 �C
and liquid cadmium at 600 �C. It has limited resis-
tance (0.025–0.25mmyear�1) in liquid tin at its

melting point (322 �C), liquid magnesium from 700/
800 �C and liquid sodium and potassium at 480 �C.
However, cast iron has poor resistance (>0.25mm
year�1) in liquid sodium and potassium at 600 �C,
liquid tin at 600 �C, and liquid antimony at its melt-
ing point (630 �C).

Note that the dissolution of cast iron crucibles
used for the melting of metals can sometimes be
ascribed to other processes that may accompany the
iron dissolution, such as the erosion–corrosion result-
ing from the flow of the liquid metals, cracking by
thermal fatigue or by creep, and high temperature
oxidation processes.

3.02.5.12.4 Corrosion by liquid sulfur

Table 2995 indicates the rate of attack in liquid sulfur
of a unalloyed lamellar graphite cast iron and of a
type EN-GJLA-XNiCuCr15-6-2 austenitic cast iron,
as a function of temperature.

It can be seen here that nickel cast irons behave
like unalloyed cast irons up to 250–300 �C, and then
more poorly at higher temperatures.96 The addition
of silicon (15%), possibly reinforced by an addition of
molybdenum (or of chromium or copper), signifi-
cantly reduces the rates of attack (Table 30).97

3.02.5.13 Microbially Influenced Corrosion

The role played by microbes in nature is well known.
Numerous in the soil and in water, they decompose
organic and mineral matter and participate in the

Table 29 Dissolution rate of cast irons in liquid sulfur

Temperature
(�C)

Corrosion rate
(mmyear�1)

Unalloyed
LGI

EN-GJLA-XNiCuCr15-6-
2

127 0.5 0.5

260 0.8 0.8

295 2.8 3.3
365 5.0 7.3

446 10.9 14.8

Table 30 Dissolution rate of 15% silicon iron in liquid

sulfur

Temperature
(�C)

Corrosion rate
(mm/year)

120 <0.05

200–300 <0.1
430 0.5–1.25
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grand cycles of carbon, nitrogen, and sulfur. Most
of the microorganisms responsible for microbially
influenced corrosion can adapt to temperatures
between �10 and þ99 �C, pH between 0 and 10.5
and concentration of oxygen between 0% and nearly
100%. Many bacterial species produce an extensive
range of compounds and species capable of promot-
ing corrosion, including organic acids, sulfuric acid,
hydrogen sulfide, etc.

3.02.5.13.1 Iron oxidizing bacteria
Iron oxidizing bacteria utilize the transformation of
ferrous salts into ferric salts as part of their life cycle.
The bacteria secrete enzymes that favor the oxidation
of iron. Thus, at local anodes where ferrous hydrox-
ide is formed, this quickly turns into ferric and car-
bonated hydroxide by dissolved oxygen and carbon
dioxide. Generally, the microbial process ends there;
however, the rapid transformation of the ferrous ions
into ferric salts, results in the formation of a volumi-
nous clump of ‘rust’ containing the bacterial bodies,
sometimes known as a tubercule, followed by a
continuing attack of the metal.98 The local environ-
ment under the rust is likely to be depleted in oxygen
and this can provide a microclimate for the prolifer-
ation of anaerobic microbial species.

3.02.5.13.2 Sulfate-metabolizing bacteria

Sulfate-reducing bacteria, being anaerobic in nature,
are found under the layers of rust, in contact with the
metal, where oxygen does not reach them. They gen-
erally transform sulfate into reduced sulfur species
ending in hydrogen sulfide, which combines with the
ferrous salts to produce a black sulfide for example:

SO2�
4 þ 4H2Oþ 8e�⇆S2� þ 8OH�

With the overall reaction:

4Feþ SO2�
4 ⇆FeSþ 3FeðOHÞ2 þ 2OH�

Sulfur oxidizing bacteria, for their part, metabo-
lize sulfur from sulfur or sulfide compounds, result-
ing in the production of sulfite or sulfate species and
acidification of the medium, causing severe corrosive
attack. For example:

S2� þ 4H2O ⇆ SO2�
4 þ 8Hþ þ 8e�

Historically, microbial oxidation of ferrous sulfide
(e.g., in tin, lead, and coal mines) resulting in the
formation of strongly acidic mine waters, provided
the first industrial examples of this type of corrosion.

However, it is also found in many industrial water
circuits (water sprinkler system, for example). In
favorable circumstances, colonies of sulfate reducing
and sulfate oxidizing bacteria may coexist giving rise
to serious corrosion problem in water transport and
in particular, the sewerage systems. The following
conditions are generally favorable to biological cor-
rosion by sulfur bacteria: an anaerobic medium, a pH
of 5.5–8.5, the presence of sulfates, the presence of a
food (carbon) source, the presence of essential nutri-
ents such as phosphate, and an optimal development
temperature (e.g., 30–40 �C).

3.02.5.13.3 Mechanisms of action

Together, microbiological knowledge of bacterial
metabolisms and knowledge of corrosion on the chem-
istry of water in the presence of acid gases CO2 and
H2S, lead to the conclusion that sulfate-reducing bac-
teria can regulate the pH of their environment to favor
their growth. Secondary reactions with traces of oxy-
gen or of ferrous iron can modify this pH value.99

It is important as well to remember that corrosion
that occurs in an anaerobic medium is not necessarily
bacterial; it may well be just a sign of the activity of a
macrocell of the differential aeration type at its
anodic zones, located precisely in the anaerobic
zone. In the case of extended structures, these two
types of activity are often found superimposed. Also,
bacterial corrosion may be observed in soils that are
not strictly anaerobic, but in which, as a result of
corrosion previously initiated by classical processes,
conditions favorable to the spread of bacterial activity
have been established, for example under the corro-
sion product layers.

3.02.5.13.4 Microbial corrosion of cast iron

Often, the formation of a gelatinous vesicle is an
initial visible sign of bacterial attack. This vesicle
takes the form of a brown mass with smooth contours
containing a blackish liquid with a strong hydrogen
sulfide odor. At this stage sulfur compounds such as S,
FeS, and FeS2 are present in the gelatinous mass,
which conceals corrosion, usually in the form of a
crater that may perforate the metal. The craters con-
tain pockets of bacteria, commonly with iron bacteria
near the surface and sulfate-reducing bacteria in the
interior, which is anaerobic. Generally, biological
corrosion almost always follows as a result of electro-
chemical corrosion but can increase it substantially.

The process of development of corrosion vesicles
on cast iron is shown schematically in Figure 37.
From the outset, the ferrous ions that form at the
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anode are transformed by oxidation into ferric
hydroxide and hence, form a layer of rust, which
gradually impregnates with ferrous salts that diffuse
on the surface. These ferrous salts taken up by iron
bacteria are quickly transformed into ferric hydrox-
ide under aerobic conditions, and because of this the
volume of the mass increases. It becomes more and
more difficult for oxygen to diffuse to the interior.
Aerobic development bacteria, therefore, can only
thrive in the peripheral layers. This process creates,
in the underlying layer, anaerobic conditions favor-
able to the development of sulfate-reducing bacteria,
which reduce sulfates into hydrogen sulfide and iron
sulfide. An Italian study100 has confirmed the mec-
hanisms stated above for microbial corrosion, in par-
ticular the formation of corrosion tubercules on the
inside surface of cast iron pipes. In practice, in the

case of water delivery pipes, cement mortar linings
have been used for nearly 50 years as a mechanism for
controlling corrosion in new pipes and for renovation
of old pipes.

3.02.5.13.5 Combating microbial corrosion

Many chemicals (biocides) can, in principle, be used
to combat bacterially influenced corrosion. Among
these include oxidizing agents (e.g., chlorine, bro-
mine, potassium permanganate, etc.), toxic heavy
metals (e.g., Ag, Cu, Zn, Hg), and their salts, deter-
gents and amine derivatives, and aromatic alcohols
(e.g., phenol and derivatives). These compounds are
extremely varied, but often have high toxicity not
only to the microbial species, but also to other lives.
The use of many of these is controlled by legisla-
tion over the discharge of materials is the

2F
e(OH)3

+ 3H2S       2FeS + S+6H
2 O

Sulfate -reducing bac
te

ria

Corrosion

Intermediate zone      
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water
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Figure 37 Formation of a gelatinous vesicle during microbial corrosion. Based on a figure in Badan, B.; Magrini, M.;

Ramous, E. J. Mater. Sci. 1991, 26, 1951–1954, and reproduced with permission from Reynaud, A. Corrosion and Cast Iron,

ETIF, France, 2008.
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environment. Chantereau’s book98 contains a list of
the main products used in the fight against bacteria,
with all their characteristics and domains of use. Note
that chlorine, even though it is normally a corrosive
substance, is beneficial in this context; its bactericidal
action generally reduces corrosion by two thirds.

3.02.5.14 Flow-Induced Corrosion

3.02.5.14.1 Cavitation corrosion of cast iron

When a liquid is subjected to a sudden fall of pres-
sure, bubbles of vapor having a life of the order of a
millisecond may form. This extremely brief existence
ends when the local pressure increases in an implo-
sion that, repeated thousands of times, can cause
significant damage to some equipment. This is the
phenomenon of cavitation. Some authors101 have
shown the impact of cavitation on corrosion damage:
a ratio of 1–75 000 between ‘simple’ corrosion rates
and cavitation corrosion rates. The interested reader
may refer to Heuze102 and for a theoretical examina-
tion of the phenomenon. In practice, two main types
of cavitations are distinguished: ‘flow’ cavitation,
which affects for example the vanes of turbines, and
cavitation by vibrations. In cavitation by vibrations,
the formation and implosion of bubbles result from
the shock waves that a vibrating surface produces.

The apparently complex influence of temperature
on the cavitation corrosion of cast irons has been the
object of several studies.103–105 It has, for example,
been shown that the maximum attack occurs at a
temperature approximately mid-way between the
boiling and melting points of the corrosive medium
(60 �C, in the case of water).104 This critical tempera-
ture is assumed to be located differently according to
the nature of the liquid and the ambient pressure.106

It is found, in the case of water, that the deterioration
of the material increases as the temperature rises
from 0 to 50 �C. This seems to be explained by the
concomitant lowering of the dissolved air content.
Above 50 �C, the intensity of the cavitation decreases
as the temperature increases; the lower air content of
water is then offset by the higher vapor pressure. The
nature of the fluid is also of some importance. Non-
ionic liquids, such as toluene, are much less aggres-
sive than water in the context of cavitation. The high
vapor pressure of these liquids is invoked to explain
this point. Otherwise, concerning the inhibition of
this type of corrosion, in closed systems (cooling
circuits), sodium nitrite or chromate and a few
amines (triethanolamines, for example) have been
proposed. The effectiveness of this protection by

inhibitors proves the importance of the electrochem-
ical factor in cavitation corrosion.

Cast irons as a whole are said to be more sensitive
to cavitation than steels. Certain authors107–110 have
shown that pearlitic cast irons are less vulnerable to
cavitation than ferritic grades, and that the shape and
size of the graphite inclusions also play a role on the
spheroidal graphite cast irons being more resistant.
Often surface hardening can improve the resistance
to cavitation corrosion and studies have shown
the utility of a superficial nitriding treatment.110,111

Otherwise, austenitic spheroidal graphite cast irons
from 20% Ni, 2% Cr to 30% Ni, 5% Cr display
excellent resistance to cavitation corrosion under the
most severe conditions. Thus, fishing-boat propellers
and pump rotors made of these materials provide
better service than a bronze or a stainless steel con-
taining 18% chromium, Table 31.84

Some laboratory studies have simulated cavitation
phenomena using sonic or ultrasonic vibrations.112 In
one of these studies, the vibrations were of 40 mm in
amplitude at 15 kHz. In such operating conditions,
the losses of mass of the four types of cast iron were
as follows: ferritic lamellar graphite cast iron: 298mg
h�1; pearlitic lamellar graphite cast iron: 155mg h�1;
ferritic spheroidal graphite cast iron: 124mg h�1;
pearlitic spheroidal graphite cast iron: 67mg h�1. It
was found that the intensity of the corrosion cavita-
tion was proportional to the square of the amplitude
of the vibrations. However, the general rates of cavi-
tation corrosion in this type of laboratory test are
much larger than those in the field.

Cavitation is not an uncommon problem in inter-
nal combustion engines using cast iron cylinder
liners. It has been shown113 that the radial vibrations
of the walls of the lining due to the running of an
engine can lead to severe cavitation damage of the
cast iron. Other work has shown that the superimpo-
sition of an external mechanical effect (tension or
compression) does not appear to affect the intensity

Table 31 Cavitation corrosion of various cast irons in

seawater

Material Annual loss of thickness in
seawater at 28�C at a velocity of
8.2 ms�1

(at mm)

Unalloyed lamellar

graphite cast iron

6.9

‘Ni-Resist’ cast iron
(Ni20 Cr2 LGI)

0.75

88-10-2 Bronze 1.0
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of the cavitation phenomenon (provided that it does
not give rise to a significant stress phenomenon).

Some authors114 have shown that the cavitation
corrosion resistance of a lamellar graphite cast iron
that has undergone superficial laser surface alloying by
chromium (22%) inwater (with or without 3%NaCl) at
50 �C is greatly increased. Similarly, other authors109

have also shown the value of a surface hardening treat-
ment. They found that a nitrided layer having the right
hardness, thickness, and homogeneity is a good means of
defence against cavitation corrosion.

An outline review of the literature on resistance
of cast irons to cavitation109 identified, or served
to recall, a certain number of preliminary ideas.
For example, it is known that the weakening effect
of the graphite lamellae depends on their size, shape,
and distribution in a given matrix. The spheroidal
shape is optimal in this respect. Similarly, hard matri-
ces (martensitic, bainitic, etc.) are preferable (the
martensite must be tempered). Otherwise, note that
saline solutions (3%NaCl) are much more aggressive
than distilled water (up to seven times as corrosive).
The use of inhibitors or of cathodic protection can
be very effective. The presence of phosphorus (of
phosphorus eutectic) has little effect other than a
possible reduction of the incubation time of the
phenomenon. Silicon, unlike chromium and molyb-
denum, increases cavitation resistance.

Kuwaiti researchers in 2001 studied the mechan-
isms of degradation of spheroidal graphite cast irons
subjected to cavitation effects in seawater. They
showed that the surfaces of iron castings, hollowed
as wide craters, are prolonged in the cast iron by
microcracks. The mechanism of initiation of the deg-
radation seems to be related to the activity of a
galvanic microcouple at the graphite–ferrite inter-
face; the process is then prolonged by brittle fracture
and ductile tearing of the material.97

3.02.5.14.2 Corrosion–erosion of cast iron

When the corrosive liquid also contains abrasive par-
ticles, there appears a phenomenon of erosion that
strips away the corrosion products as they form,
keeping the metal bare and therefore active. This
mode of attack is commonly called ‘corrosion–
erosion’ or ‘erosion–corrosion’ (the terms are often
used interchangeably, but see below) or possibly
‘cavitation–erosion’ when the flow becomes highly
turbulent.115,116 The phenomenon of abrasion–
corrosion (more correctly erosion–corrosion) is the
result of mechanical damage by the action of solid

particles and electrochemical damage due to the
presence of a corrosive medium. This type of situa-
tion is often found in industry, for example in treat-
ment and transport of fluids in the oil and mining
industries. Many parameters are influential on the
damage: for example, the shape, hardness, size, and
velocity of the particles, angles of incidence, character-
istics of the medium, etc. Gray cast irons can be used,
given their low cost price, if the erosion conditions are
not too severe. However, significant performance ben-
efits accrue using more resistance materials such as a
‘Ni-Hard’ grade. Lower alloyed materials have car-
bides predominantly as M3C type and, in order to
obtain increased resistance to erosion effects, the
chromium and nickel contents must be increased to
irons largely free of pearlite and containing harder
carbides of the M3C7 type.

Examination of the corrosion morphology of cast
iron under erosion–corrosion conditions reveals that
the erosion process generally begins with attack of
the softer graphitic phase creating, in LG irons par-
ticularly, a network of voids that facilitates the pene-
tration of the aggressive liquid. It follows that fine
lamellar graphite is preferable to coarse lamellar
graphite. After the preliminary stage, cracks form,
essentially at the pearlite–phosphorus eutectic inter-
faces and at the boundaries between the various
colonies of pearlite, leading to a gradual loss of cohe-
sion of the cast iron. Ferrite seems to stand up better
to this erosion process.

An ever-growing quantity of cast iron having
high chromium and molybdenum contents is being
used for the production of pumps that are harder and
more resistant to abrasion. The results of tests on cast
irons containing 15% Crþ 2% Mo or 25–27% Cr
have, moreover, been published.117 In this case, the
advantages with respect to low-alloy white cast irons
lie not only in their greater abrasion resistance and
better fracture toughness, but also in their improved
machinability. The housing and rotors of pumps
transporting abrasive muds and of dredging pumps
are manufactured by techniques that include anneal-
ing, machining, and quenching.118 Elastic coatings to
absorb impacts can also be considered.

High-chromium alloys with carbon contents in
the range 0.5–2.0% afford a useful compromise
between resistance to corrosion and resistance to
abrasion. As the carbon content is increased, the
resistance to abrasion improves, but corrosion resis-
tance is reduced. The matrix structure of this range of
high-chromium alloy irons can be largely austenitic
or can be transformed to martensite by heat
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treatment. There has been an increased interest in
this series of alloy irons in recent years because they
would seem to offer a cost-effective solution to pro-
blems encountered in handling abrasive slurries aris-
ing from gas scrubber installations in coal-fired
power stations, Figure 38. They are also seen as
candidate materials for the high-speed high-pressure
pumps necessary in coal liquefaction projects, since
they are able to resist abrasion at temperatures at
which many abrasion-resistant steels would soften.

It is to be remembered that the hardness of the
metal is not the only parameter to be considered in
predicting resistance to corrosion–erosion. Allow-
ance must also be made for factors related to the
microstructure of the alloy, for example the size of
the particles transported by the fluid relative to the
size of the ‘matrix’ constituent. If the particle sizes are
larger than the mean size of an ‘island’ of matrix in
the microstructure, there will be less wear. There is
a longstanding tendency to believe that, in these
corrosion–erosion phenomena, the share of erosion
prevails over the share of corrosion. In the light of
certain tests, there seems to be less and less reason to
believe this. Japanese authors119 have shown that the
erosion–corrosion of chromium cast irons is initiated
at the matrix–carbide interface, and subsequently
continues as corrosive and abrasive wear of the matrix

that can be reduced by increasing the chromium
content. In general, additions of vanadium (5–8%),
molybdenum (1–2%), and titanium (0.2%) seem to
be effective ways to increase the resistance of grades
containing 12–13% chromium.

Another Japanese study120 has shown that the
corrosion–erosion resistance of cast irons is often less
than that of steels, because the preferential stripping of
the graphite leads to the formation of craters, in which
localized forms of corrosion are then initiated. These
same authors have also shown that the deterioration of
the material is inversely proportional to its hardness
and that it can be prevented by cathodic protection.
An electrochemical study of the corrosion–erosion
resistance of white chromium cast irons has shown
that the anodic corrosion current increases as the
velocity of the abrasive substance increases and as
the chromium content of the cast iron decreases.121

Other work122 has shown the value of austenitic–
martensitic cast iron containing 5% manganese and
3% copper against corrosion–erosion, which would
seem to have the same characteristics as a high-nickel
alloyed grade. Finally, according to the same authors,
a complementary addition of copper to chromium cast
irons (5–6%) would seem to increase their resistance
to this type of corrosion.

Many publications123,124 report that laser surface
hardening considerably increases erosion–corrosion
resistance. Tests mentioned by American authors125

have shown that, with gray cast irons (LG and SG),
high power densities and long laser-cast iron inter-
action times result in very high hardness values
(1200–1300HV). The microstructures then observed
correspond to fine carbide–ferrite aggregates. If the
power density and interaction time are reduced,
the hardness values are lower (600–800HV) and the
microstructure is found to be made up of dendrites
of metastable austenite and films of interdendritic
cementite. Depending on the values given to the vari-
ous parameters of the laser treatment, the corrosion–
erosion resistance can be improved by a factor of 2–5.

In the salt-rich and very polluted waters of the Per-
sian Gulf, a comparative study of the corrosion–erosion
resistance of a ferritic unalloyed SG cast iron, a silicon
cast iron (14.5% Si), an austenitic lamellar graphite cast
iron containing 20% Ni and 3% Si, and a duplex cast
steel similar to a G-X 3 CrNiMo 26 6 3 cast steel with a
reduced manganese content was carried out.126 The
objective was to test materials for ball valves. During
these tests, the mechanism of corrosion and the forma-
tion of protective layers were also studied. The duplex
cast steel suffered no measurable attack in the course of
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25days of tests. The corrosion losses of the three grades
of cast iron are shown in Figure 39.

In stagnant water, only a small loss occurs, while in
turbulent water the erosion increases significantly
at first, except in the case of silicon cast iron where
a coating made up of corrosion products forms.

Gradually, the corrosion slows and the influence of
the current velocity becomes weaker and weaker and
forms, on the surface of the specimens, a thicker
and thicker coating of corrosion products that slows
the attack.

Table 32 indicates the masses of the coating of
corrosion products measured on the three grades of
cast iron. On the silicon cast iron, the layer is very
thin. At low current velocities and in still water, a
phenomena similar to pitting or intergranular corro-
sion appeared on the cast irons; on the graphite
lamellae and in the zones of segregation between
the dendrites in particular. At higher current veloci-
ties, these phenomena disappear and the level of
corrosion regresses to values too small to measure.
The silicon cast iron suffered the least attack at all
current velocities, thanks to its hardness, 470HV, and
to the thick coating of SiO2.

Some authors127 have proposed two grades of
white cast iron containing manganese (4–5%) and
chromium (5–6%), with and without copper (0 and
2–3%), that seem to have the same corrosion–erosion
resistance as an austenitic–martensitic white nickel–
chromium cast iron of the ‘Ni-Hard’ type; the
addition of copper seems to increase the corrosion
resistance. Ageing these grades for 6 h at 800 �C is
recommended, in order to precipitate very fine car-
bides in the austenitic matrix to increase the erosion
resistance.

3.02.6 Corrosion by Gases

3.02.6.1 High Temperature Oxidation and
Corrosion

At temperatures above �500 �C, unalloyed cast iron
in an oxidizing atmosphere becomes covered with a

Table 32 Mass of corrosion product on cast iron after exposure to seawater at different flow velocities

Duration of test
(days)

Mass of corrosion product on surface
(g)

Slicon cast iron
(m s�1)

Unalloyed SGI iron
(m s�1)

Ni20 Cr3 LGl

2.5 5.4 2.5 5.4 8.3 2.5 5.4 8.3

3 0.00 0.00 N.A 19.71 18.89 N.A 3.35 3.84

7 0.00 0.00 10.89 28.90 33.70 4.05 5.64 3.79

10 0.00 0.00 20.91 35.09 37.80 5.11 2.53 2.22

14 0.27 0.00 23.95 39.10 31.25 6.81 3.64 4.36
17 0.29 0.13 25.07 42.39 30.77 9.33 4.67 1.08

21 0.22 0.03 31.82 50.08 37.55 11.33 3.85 1.87

25 0.20 0.15 49.13 54.78 37.00 16.31 4.19 5.72
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scale made up of several layers of oxides plus a layer
consisting of ferrous oxide and oxides of the alloy
element X: FeOþFeyXzO. Thus, its behavior is very
similar to steel under the same conditions. The effect
of chromium, aluminum and silicon additions to cast
iron alloys on oxidation at high temperature has long
been known. Thus, alloyed irons preferentially form
more protective oxide scales consisting of, respec-
tively, Cr2O3, Al2O3, and SiO2. Reaction with FeO
at the oxide–metal interface may additionally result
in the formation of a spinel: FeCr2O4 or FeAl2O4, or
a silicate such as Fe2SiO4. At greater distances from
the basic metal, the oxygen pressure increases and,
at a certain level, FeO is transformed into Fe3O4,
then Fe2O3. The diffusion velocity of the iron ions
in the lower layer of compound oxides, highly adher-
ent and more compact than the superficial layers
of pure iron oxides, is very low and hence, protects
alloys containing chromium, aluminum, and silicon.
The presence of molybdenum also favors this oxida-
tion resistance.

In this particular case of lamellar graphite cast
irons,128 oxidation at high temperature is not limited
to the superficial layer, but progresses along the
graphite–matrix interfaces in the interior of the cast-
ing. The oxygen first combines with carbon, which at
the temperatures in question gives carbon dioxide,

CO2, which in turn oxidizes the metal as it turns into
CO. This gas tends to crack the protective oxide film,
thereby facilitating the entry of oxygen. The forma-
tion of the oxidized compounds combines with the
graphitization to cause a swelling of the cast iron.
The progression of the oxidation, therefore, follows
the path traced by the graphite; the layers of oxides
are interposed between the matrix and the graphite
lamellae.

Figure 40 below gives an idea of the intensity
of the superficial oxidation that occurs when gray
cast iron is held at 900 �C in air. Generally, the relative
importance of the layer of oxides formed is measured
using the change of mass of the sample. The absorption
of oxygen is reflected by an increase of the mass due to
the formation of the layer of oxides, while the removal
of this layer causes a reduction of this mass. For specific
graphite contents, the lamellar shape is therefore
the most unfavorable; resistance to the penetration of
the oxidation increases as the shape becomes more
compact, with the spheroidal shape being the most
favorable. Figure 41, which compares the swelling of
five lamellar graphite cast irons having different silicon
contents with the swelling of five spheroidal graphite
cast irons having the same composition, shows the
superiority of the latter very clearly.

A Japanese study of the effect of chromium, alu-
minum, nickel, and silicon on the oxidation rate
of SG cast irons between 700 and 850 �C was
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investigated129 with the elements classified in order
of decreasing effectiveness, as follows: Si–Cr–Al–Ni.
Information on the influence of moderate additions
of chromium, aluminum, nickel, and/or silicon on
oxidation resistance at high temperature is shown in
Figure 42.130

The beneficial effect of chromium on the oxida-
tion resistance of cast irons is shown in Figure 43.
This effect is very substantial from the first additions
of chromium; this is a significant advantage, given
that the chromium content of gray cast irons is always
limited because of its strong tendency to produce
carbides, which can for example result in machining
difficulties.

In general, the types of cast iron used as a function
of temperature are as follows:

� cast iron at 1–2% chromium for combustion gas
with temperatures of not more than 850 �C or for
preheating, up to a maximum of 350 �C, of gas
having a high carbon monoxide content;

� cast iron at 30% chromium in the case of combus-
tion gas of which the temperature is less than or
equal to 1050 �C, or for the preheating of air to
650 �C.

The resistance of 30% chromium cast iron to
destruction by gases having high carbon monoxide
content is excellent in the temperature range from
400 to 600 �C.

The influence of the silicon content in conjunc-
tion with the carbon content shows that the oxidation
resistance of hypoeutectic cast irons is better than
that of hypereutectic cast irons. The harmful effect of
carbon is also recognized. The influence of silicon
content (between 2.4% and 6.4%) on the oxidation of
five SG cast irons as a function of temperature is
evident in Figure 44. This figure clearly shows that

the higher the temperature, the more important the
role of silicon.

Certain American tests measured oxidation
depths of 0.18mm in a eutectic cast iron containing
4.7% silicon and 0.025mm in a eutectic cast iron
containing 5.9% Si, after exposure in air at 870 �C
for 1000 h. It follows that increasing the silicon
content very quickly reduces oxidation at high
temperature.

Oxidation resistance is also greatly improved by
the addition of aluminum. Figure 45 illustrates the
oxidation resistance of a cast iron containing 3%
C and 0.8% Si as a function of its aluminum content
(2.4, 4.3, and 6%), after 200 h exposure to tempera-
tures up to 980 �C. Figure 46 shows the influence of
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SGl + 1% Cr
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SGl + 1% Cr, 0.5% Al
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Figure 42 Oxidation behavior at high temperature of various SG cast irons held for 100h at 700 and 850 �C.
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aluminum content on the oxidation resistance of gray
cast irons as a function of temperature. Otherwise,
with aluminum contents of the order of 20–25%,
there is practically no oxidation: �20mgm�2 day�1

at 1050 �C.
Combining silicon with aluminum provides sig-

nificant improvement in oxidation resistance. The
best resistance to oxidation at 950 �C compatible
with acceptable mechanical properties seems to be

obtained with fine graphite cast irons containing
6.5–7% Al and 5–6% Si; better performance occurs
with a carbon content close to the eutectic, that is,
close to 1.8% C. The addition of aluminum also
increases the resistance of cast iron in a sulfurous
atmosphere. There is literature evidence128 that the
lowest oxidation rate occurs in alloys having composi-
tions close to 5% Al, 2% Mo, and 2–3% Si: the
penetration of oxidation in a cast iron of this type,
after 1000 h at 925 �C, is 8mm. The resistance of some
spheroidal graphite high-nickel high-alloy cast irons
(e.g., 30% Ni, 5% Cr, 5% Si) to heat and to corrosion
by hot gases, chlorine, and chlorides is excellent.131,132

Their drawback is that they are very expensive.
Otherwise, the resistance of ‘Ni-Resist’ cast irons
to oxidation at high temperature is generally high.
They are often used for certain applications, such as
exhaust manifolds for extreme conditions and some
turbocharger parts.133

3.02.6.2 Corrosion by other Gas
Atmospheres

A precise, exhaustive treatment of this subject would
greatly exceed the scope of this article. Thus, a few
general remarks for a few of the most commonly
encountered corrosive gases will be made.

Cast irons stand up rather well to hydrogen sulfide
gas from �60 to þ20 �C provided it is dry; otherwise,
there is risk of a form of hydrogen cracking.134

The losses of thickness, in the case of a mixture of
98% H2S and 2% air at 32 �C, are 0.075mmyear�1

(1.75mmyear�1 for dampH2S) for unalloyed cast irons
and 0.050mmyear�1 for austenitic cast irons. At higher
temperatures, cast irons perform satisfactorily (espe-
cially unalloyed cast irons); the losses of thickness are
shown inTable 33. Silicon cast irons are also relatively
resistant to hydrogen sulfide up to 100 �C. The pres-
ence of chromium, even at moderate contents (2%),
improves resistance to this gas; such cast irons in fact
have acceptable performance up to 300 �C.

In hot sulfur dioxide, the gas temperature signifi-
cantly affects the corrodibility of cast iron. Thus, in
roasting furnaces (8% SO2), an SG cast iron contain-
ing 0.5% Cr is acceptable provided the temperature
remains below 300 �C. At 550 �C, it is still possible to
use an ordinary cast iron provided that it is metallized
by spraying with aluminum; at higher temperatures,
at 1000 �C, it becomes necessary to use a cast iron
containing 30% chromium or 16% silicon and 3%
molybdenum.
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At ordinary temperatures (and at low tempera-
tures), dry gaseous (or liquid) chlorine does not attack
cast irons. Also, provided that the temperature is suffi-
cient to avoid water condensation, chlorine containing
some water vapor is not significantly aggressive. How-
ever, at higher temperatures, above �350 �C, chlorine
reacts with water vapor to form hydrochloric acid and
hypochlorite, which is highly aggressive and requires
the use of high-alloy cast irons (e.g., containing
15% silicon and 3% molybdenum or Ni14Cu6Cr3
‘Ni-Resist’ LGI cast irons or again cast irons contain-
ing 30% chromium).Table 34 indicates the corrosion
rates of a unalloyed cast iron and of carbon steel in
chlorine as a function of temperature.135

Specific studies of corrosion risk are often per-
formed for recuperators and heat exchangers for the
cooling or heating of air that may contain chlorine
traces. This is because, among the many causes of
corrosion of heating installations, there is one that is
especially insidious, namely corrosion by the action
of halogens in air.136 Note that any halogen present in

a combustion atmosphere potentially react to pro-
duce aggressive products such as HCl. Halogen
sources include chlorinated substances that have
household, industrial, and recreational uses and,
hence, incineration of wastes can produce a highly
aggressive atmosphere.

Given the very large number of gases and mix-
tures of gases, an exhaustive study is impossible, so
Tables 35 and 36 indicate the cast irons recom-
mended for given gas conditions.

3.02.6.3 Corrosion in Gas Transport and
Distribution Pipes

The gas flowing in these pipes may, in the course of
its travel, either remain at all times at a temperature
above its dew point or occasionally cool to a tem-
perature below this dew point. In the former case,

Table 34 Corrosion of cast iron in chlorine gas as a
function of temperature

Alloy Temperature
(�C)

Corrosion rate
(mmyear�1)

Unalloyed LGI 93 0.76

120 1.52

177 3.05
232 30.00

18–8 280 0.76

Stainless steel 315 1.52

400 15.20

Table 33 Corrosion of cast iron in hydrogen sulphide

Medium Loss of thickness
(mmyear�1)

Unalloyed cast
irons

Austenitic cast
irons

H2S at 80–85�C 0.64 0.21

H2S at 92�C 1,75 0,25
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there is no condensation, while in the latter water is
deposited. Such condensates are likely to form a thin
film of moisture, continuous or not, which can lead
to corrosion generally at the base of the pipes. For
this reason, gas networks have traps, to be able to
eliminate condensates. When this is done, centrifu-
gal cast iron pipes only rarely suffer this type of
internal corrosion due to the gas transported, even

if it contains water vapor. Industrial experience has
in fact shown that the cast iron tubes used for natu-
ral gas distribution can survive for many decades
without undergoing significant internal corrosion.
In the case of oxygen-free natural gas, the principal
aggressive constituents are sulfides. However, distri-
butors will purify and condition gases so as to avoid
these phenomena.

Table 35 Recommended cast irons for use in the specified gas atmosphere

Gaseous mixture Recommended cast iron

Mixture

Gas mixture with CO2 or CO2þCO
+ CO2 (95 %)þH2O (2,5 %)þNH3 (1,5 %) ‘Ni-Resist’ cast iron

+ CO2 (87 %)þH2O (2 %)þ inert gases (11 %) NH3 (traces) ‘Ni-Resist’ cast iron

+ CO2 (70 %)þair (16 %)þH2O (10 %)þNH3 (4 %) ‘Ni-Resist’ cast iron

+ CO2 (17 %)þCO (25 %)þH2O (2 %)þH2 (50 %)þN2 (4 %)þCH4 (52 %) ‘Ni-Resist’ cast iron or 15%
Si cast iron

+ CO2 (13 %)þCO (11 %)þH2 (7 %)þO2 (2 %) 15% Si cast iron or ferritic

white Cr+Mo cast iron
+ CO2 (11.6 %)þN2 (77 %)þH2O (8 %) ‘Ni-Resist’ cast iron or 15%

Si cast iron

+ CO2 (5 %)þN2 (74 %)þH (20 %)þO2þCH4þCO (1 %) Unalloyed cast iron

+ CO2 (4 %)þCO (70 %)þN2 (18 %)þH2 (6 %)þwater and hydrocarbon vapours 1.5% Ni Pearlitic LGI
+ CO2 (0.5 %)þH2O (6.6 %)þair (93 %) Unalloyed cast iron

Gas mixture with CO2 and SO2

+ CO2 (10 %)þSO2 (17 %)þO2 (10 %)þN2 (63 %) Unalloyed cast iron
+ CO2 (12 %)þSO2 (0.1 %)þO2 (3.4 %)þN2 (74.5 %)þwater vapour (10 %) ‘Ni-Resist’ cast iron

+ CO2þSO2 (0.3 %) saturated with moisture ‘Ni-Resist’ cast iron

Gas mixture with SO2, SO3, SO2 + SO3, or SO2 + NO2

+ SO2 (18 %)þN2 (79 %)þO2 (3 %) Unalloyed cast iron

+ SO2 (8 %)þN2 (79 %)þO2 (13 %) nearly dry (50 mg/m3 H2O) 300 LGI, 1.8% Ni and 0.6% Cr

+ SO3 (9 %)þN2 (85 %)þO2 (6 %) dry Unalloyed cast iron
+ SO2þSO3 (traces) dry (30�C) 2% Ni SGI

+ SO2 (9.5 %)þNO2 (84.7 %)þair (5.8 %) dry Unalloyed cast iron

Other gas mixtures
+ H2 saturated with waterþO2 (3 %)þCl2 (2 ppm) (35�C) ‘Ni-Resist’ cast iron, Ni15 Cu5

Cr2 LGI

+ HCl (50 %)þN2 (50 %) (dry) Unalloyed cast iron
+ HCl (50 %)þN2 (50 %) (dry) (damp) 15% Si cast iron

+ Vinyl chloride saturated with water vapour (36–100�C) Unalloyed cast iron

+ O2 DampþCO2 ‘Ni-Resist’ cast iron

+ Perchloric vapours 15% Si cast iron
+ CH4 (62.5 %)þCO (12 %)þH2 (5 %)þN2 (10.4 %)þCNH2N (8.7 %)þ
O2 (1.5 %)

Unalloyed cast iron

+ Dimethylether (38 %)/Methanol (27 %)þN2 (28 %)þO2 (3 %)þH2O

(3 %)þCO2 (1 %)þCO

Unalloyed cast iron

+ H2S (60–68 %)þCO2 (22–28 %)þHCN (6–8 %)þwater vapour (4 %) None

+ H2S (13.4 %)þCO2 (34 %)þHCN (1.5 %)þH2 (24 %)þCO (22 %)þ sodium

aluminate (4.5 %) dry

Unalloyed cast iron

+ Airþheavy water (vapour) ‘Ni-Resist’ cast iron

+ Monochlorobenzene vapour saturated with water 15% Si cast iron

Data taken from Reynaud, A. Corrosion and Cast Iron, ETIF, France, 2008.

Corrosion of Cast Irons 1785

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



References

1. Tsuda, M.; Murata, Y. IMONO. 1982, 54, 605–611.
2. Fontana, M. G.; Greene, N. D. Corrosion Engineering,

2nd ed.; McGraw-Hill.
3. Collins, H. H. BCIRA J. 1962, 10, 543.
4. Landolt, D. Corrosion et chimie de surfaces des métaux.
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Glossary
Aging A heat treatment process whereby an alloy,

that has been previously quenched in order

to retain alloying additions in solid solution, is

reheated into a temperature range in which

the rate of solid state diffusion is sufficient to

permit the precipitation of strengthening

second phase particles.

Maraging steel An ultrahigh strength low-carbon

iron–nickel alloy that is strengthened by the

precipitation of second phase intermetallic

compounds rather than carbides.

U-bend A form of corrosion test specimen that is

prepared in the shape of a ‘U’ and commonly

used to determine the resistance of a

material to SCC.
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Abbreviations
AISI American Iron and Steel Industry

Symbols
acr Critical crack length for propagation of stress

corrosion crack

KISCC Critical stress intensity threshold for the

onset of stress corrosion cracking

3.03.1 Introduction

Alloys of iron with nickel have a number of important
applications. The first class are of interest due to their
unique magnetic characteristics and their abnormally
low thermal expansion coefficients in the composi-
tional region of Fe–36%Ni. Although not specifically
used as corrosion-resistant materials, their high resis-
tance to attack from many common environments
is of benefit in their specialized applications. The
second important class, ‘maraging steels,’ are ultra-
high strength low-carbon iron–nickel alloys that
derive their outstanding mechanical properties from
the precipitation of second phase intermetallic com-
pounds rather than carbides.

3.03.2 Iron–Nickel Alloys

3.03.2.1 Electrochemistry

The potentiodynamic polarization curves of Beau-
champ,1Figure 1, demonstrate the effect of increasing
nickel content on the anodic behavior of iron–nickel
alloys in 0.5M H2SO4. The maximum current in the
active region is reduced and the potentials moved to
more noble values; the current in the passive region is
increased and some evidence of secondary passivity
appears. The greater nobility with increasing nickel
content in the active region is of importance in acid
environments where hydrogen evolution is the major
cathodic reaction, and results in significantly lower
rates of corrosion. In neutral environments, the pro-
tection provided by a layer of insoluble corrosion
products is of greater significance.

3.03.2.2 Atmospheric Corrosion

The addition of small amounts of nickel to iron
improves its resistance to corrosion in industrial

atmospheres due to the formation of a protective
layer of corrosion products. Larger additions of nickel,
for example, 36% or 42%, are not all that beneficial
with respect to overall corrosion, since the rust form-
ed is powdery, loose, and nonprotective, leading to
a linear rate of attack as measured by weight loss.
Figure 2 of Pettibone2 illustrates the results obtained.

With respect to resistance to pitting corrosion,
there is an increasing advantage to be obtained by
increasing the nickel content up to 50%. There is
little distinction between the Fe–50Ni alloy and pure
nickel. Data on the corrosion of Fe–36Ni alloy at an
industrial site in the United States are reported by La
Que and Copson3 and at a European site by Evans.4

In marine atmospheres, the overall rates of corro-
sion are reduced progressively with increase in
nickel content up to 35%, but with small improve-
ment thereafter. The rates of corrosion at various
sites, reported by Friend,5 show the superiority of
Fe–36Ni over mild steel with respect to both average
and localized corrosion (Table 1).
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Figure 1 Effect of nickel on the anodic behavior of iron

alloys in 1M H2SO4 at 25
�C. Curve 1 – Fe; Curve

2 – Fe–10Ni; Curve 3 – Fe–36Ni; Curve 4 – Ni. Reproduced
from Beauchamp, R. L. Dissertation, Ohio State University,

1966; Figure 27.
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3.03.2.3 Corrosion in Natural Environments

3.03.2.3.1 Seawater

The average rates of corrosion of Fe–36Ni alloy
exposed to alternate immersion in seawater are
appreciably greater than those that occur when the

alloy is exposed to marine atmospheres. Although the
rates of corrosion are significantly below those
observed for mild steel (Table 2), the superiority
over mild steel is not all that great with respect to
pitting attack.

Nickel–iron alloys fully immersed in seawater
may suffer localized corrosion, which can be severe
under conditions where oxygen is constantly renewed
at the surface and the formation of protective corro-
sion products is hindered, for example, in fully-
aerated flowing seawater. In quieter, less oxygenated
conditions, average corrosion rates of Fe–36Ni are
low and well below those for mild steel, as exempli-
fied in the data given in Table 3. However, the
resistance to localized attack is not improved to the
same extent.

3.03.2.3.2 Freshwater

Nickel–iron alloys suffer significantly less corrosion
than mild steel when exposed to a soft, freshwater,
but Friend5 found that the resistance to pitting is
only slightly greater. For example, the average corro-
sion rate for mild steel after 15 years’ exposure
was 0.94 gm�2 day�1 as against 0.07 gm�2 day�1 for
Fe–36Ni. On the other hand, the maximum pit
depths were similar, 2.2 and 2.0mm for mild steel
and Fe–36Ni respectively.

Table 1 Resistance of Fe–36Ni and mild steel to corrosion in marine atmospheres5

Location Corrosion after exposure for 15 years

Average (g m�2 day�1) Localized (max. pit depth, mm)

Fe–36Ni Mild steel Fe–36Ni Mild steel

Colombo, Ceylon 0.08 5.5 0 –

Auckland, New Zealand 0.02 1.5 0 2.43
Halifax, Nova Scotia 0.03 0.65 0.1 1.64

Plymouth, England 0.08 3.5 0.19 1.09

Table 2 Resistance of Fe–36Ni and mild steel to corrosion during alternate immersion in sea-water5

Location Corrosion after exposure for 15 years

Average (g m�2 day�1) Localized (max. pit depth, mm)

Fe–36Ni Mild steel Fe–36Ni Mild steel

Colombo, Ceylon 0.64 3.4 1.0 2.55

Auckland, New Zealand 0.09 0.32 0.24 0.36

Halifax, Nova Scotia 0.24 1.5 2.59 2.15
Plymouth, England 0.36 1.4 0.25 1.58
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Figure 2 Resistance of nickel–iron alloys to corrosion by
an industrial atmosphere in Bayonne NJ, USA. Reproduced

from La Que, F. L.; Copson, H. R., Ed. Corrosion Resistance

of Metals and Alloys, 2nd ed.; Reinhold Publishing

Corporation/Van Nostrand Reinhold Ltd: New York/London,
1963; p 458.
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3.03.2.4 Corrosion in Industrial
Environments

3.03.2.4.1 Acids

Much of the information available on the resistance
of nickel–iron alloys to corrosion by mineral acids is
summarized by Marsh.6 In general, corrosion rates
decrease sharply as the nickel content is increased
from 0 to 30–40%, with little further improvement
above this level. The value of the nickel addition is
most pronounced in conditions where hydrogen evo-
lution is the major cathodic reaction, that is, under
conditions of low aeration and agitation. Results
reported by Hatfield7,8 show that the rates of attack
of Fe–25Ni alloy in sulfuric and hydrochloric acid
solutions, although much lower than those of mild
steel, are still appreciable (Table 4). In solutions of
nitric acid, nickel–iron alloys show very high rates
of corrosion.

Bourelier et al.9 and Raicheff et al.10 investigated
the inhibitive effect of chloride ions on corrosion
in sulfuric acid. The inhibition efficiency was found
to depend on the alloy composition, alloy surface,
and chloride concentration. The more aggressive
the environment, the greater the inhibition efficiency.
Yagupol’skaya et al.11 studied the effect of iodine

additions to sulfuric acid on the corrosion resistance
of Ni and Ni–Fe alloys. Again there was an inhibitive
effect caused by the halide ion. Uto et al.12 studied
Ni–Fe–Si alloys, adding Si to improve the castability
of the simple Ni–Fe materials. They found that alloys
containing 0–70% Fe and 5–10% Si, with the balance
being Ni, are usable in 0–85% sulfuric acid at tem-
peratures of up to 80 �C and in 0–10% hydrochloric
acid at temperatures of up to 40 �C.

Cid et al.23 studied the corrosion resistance of Ni,
5% Fe–Ni and 10% Fe–Ni alloys in the transpassive
region in sulfuric acid. For a given acid concentration,
the addition of iron reduced the corrosion rate. It was
concluded that the addition of small percentages of
Fe was doubly beneficial, decreasing both general and
intergranular corrosion.

3.03.2.4.2 Salt solutions

Nickel–iron alloys are more resistant than iron to attack
by solutions of various salts. In alternate immersion tests
in 5% sodium chloride solution, Fink and De Croly13

determined values of 2.8, 0.25, and 0.5 gm�2 day�1 for
alloys containing 37%, 80%, and 100%nickel as against
46 gm�2 day�1 for iron. Corrosion rates of about
0.4 gm�2 day�1 are reported by Hatfield7 for Fe–30Ni
alloy exposed to solutions containing 5% magnesium

Table 4 Resistance of Fe–25Ni and carbon steel to corrosion by sulfuric and hydrochloric acids

Alloy Corrosion rate (mm year�1)

5% H2SO4 25% H2SO4 50% H2SO4

15 �C 40 �C 15 �C 40 �C 15 �C 40 �C

Carbon steel 62 183 93 378 0.95 2.8

Fe–25Ni 0.45 1.4 0.45 1.8 0.9 1.8

5% HCl 25% HCl

15 �C 40 �C 60 �C 15 �C 40 �C 60 �C

Carbon steel 23 40 41 63 188 185

Fe–25Ni 0.45 2.3 5.4 0.9 0.9 19

Table 3 Resistance of Fe–36Ni alloy and mild steel to corrosion when fully immersed in seawater5

Location Corrosion after exposure for 15 years

Average (g m�2 day�1) Localized (max. pit depth, mm)

Fe–36Ni Mild steel Fe–36Ni Mild steel

Colombo, Ceylon 0.8 2.0 2.5 6.5

Auckland, New Zealand 0.5 2.0 1.08 2.59

Halifax, Nova Scotia 1.3 2.2 3.49 1.23
Plymouth, England 0.8 1.5 1.82 2.75
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sulfate, 10% magnesium chloride, and 10% sodium
sulfate; the same alloy corroded at a rate of about 1.2 g
m�2 day�1 in 5% ammonium chloride.

In a study of the corrosion of 10 binary nickel–iron
alloys in 3% sodium chloride solution, Schwerdtfe-
ger14 found the average corrosion rate to decrease
from 1.4–1.6 gm�2 day�1 for alloys containing 0–16%
nickel alloy to 0.1 gm�2 day�1 for a 57% nickel–iron
alloy. There was little further reduction in the
rate of weight loss for the higher-nickel alloys. How-
ever, the alloys showed an increasing tendency to
suffer pitting and crevice corrosion with increasing
nickel content.

3.03.2.4.3 Stress corrosion

In tests lasting for 14 days, Copson15 found that the
susceptibility of steel to stress corrosion cracking
(SCC) in hot caustic soda solutions increased with
increase in the nickel content up to at least 8.5%.
Alloys containing 28% and more of nickel did not
fail in this period. In boiling 42% magnesium chlo-
ride, the 9% nickel–iron alloy was the most suscepti-
ble of those tested to cracking (Table 5) with alloys
containing 28 and 42% nickel not failing within
7 days. Couper16 reports cracking of an Fe–36Ni
alloy in 10–55 days in this medium. Radd et al.17 have
noted cracking of Fe–36Ni alloys at ambient tem-
peratures in an unspecified environment, but this
possibly may have been residual traces of acid copper
chloride etching solution.

Marquez et al.18 studied the effect of cold rolling
on the resistance of Ni–Fe alloys to hydrogen crack-
ing. It was found that low-carbon, 10–19% Ni–Fe
alloys become considerably more resistant to hydro-
gen cracking after severe cold rolling. The observed
resistance decreased with increasing carbon content
and the improvement was directional, the optimum
effect applying to specimens stressed in the longitu-
dinal direction.

3.03.2.4.4 Galvanic corrosion
Galvanic corrosion of nickel–iron alloys may be of
significance in welding operations. Ni–45Fe alloys
are used as filler materials in the welding of cast
irons but the favorable area relationship of weld
metal to base plate mitigates the effect of the more
noble characteristics of the nickel–iron alloy. Thus,
their application in corrosive environments is rarely
of concern.

Of more serious practical significance is iron con-
tamination of nickel-clad steel welds. Tables 6 and 7
show the increase in corrosion of various nickel–iron
alloys that may occur when coupled to nickel in
calcium chloride or sodium hydroxide solutions.
It is evident that in the calcium chloride solution,
5% iron contamination of weld metal can be toler-
ated, while in the sodium hydroxide solution bime-
tallic corrosion will not become significant until
contamination exceeds 20%.

3.03.3 Maraging Steels

3.03.3.1 Composition

Notwithstanding their name, maraging steels are a
class of high-strength iron alloys of very low carbon
content. Strengthening is achieved by the use of
substitutional alloying additions that result in the
precipitation of secondary phases during age harden-
ing of a quenched martensitic iron–nickel matrix.
The term maraging was thus coined from the words
‘martensite’ and ‘age hardening.’

The development of maraging steels began in the
late 1950s, on steels containing 20 and 25% Ni using
a combination of aluminum, titanium, and niobium as
age-hardening elements.19 Later work20 revealed the
important synergistic age-hardening effect of cobalt
plus molybdenum and led to the development of
the 18% Ni maraging steels. Using titanium as a

Table 5 Resistance of iron–nickel alloys to SCC in boiling 42% magnesium chloride

Composition of alloy Hardness Time to cracking (days) Comments

Ni C Mn Si Fe

Nil 0.19 1.65 0.20 Bal. 89 Rb No cracking after 11 days
2.02 0.19 0.46 0.18 Bal. 77 Rb 7 Few shallow cracks

4.96 0.15 0.51 Nil Bal. 96 Rb <3 Profuse deep cracks

8.67 0.10 0.76 0.23 Bal. 24 Rc <3 Cracked in two

27.88 0.03 0.18 0.06 Bal. 81 Rb No cracking after 7 days
41.79 0.02 0.18 0.08 Bal. 77 Rb No cracking after 7 days

99.41 0.10 0.24 0.02 0.13 20 Rc No cracking after 7 days

Source: Rhodin, T. H. Ed. Physical Metallurgy of Stress Corrosion Fracture; Interscience: New York, 1959; pp 259–262.
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supplementary hardening element, and with appro-
priate balancing of cobalt and molybdenum, nominal
yield strengths in the range of 1370–2400MPa can
readily be achieved. Table 8 lists the nominal com-
position of the 18% Ni maraging steels. Other types
of maraging steel include an alloy (17% Ni) devel-
oped for use as a casting,21 and a 12Ni–5Cr–3Mo
alloy. Stainless-type alloys have also been devel-
oped22 but are outside the scope of this section.

During the 1970s, the price of cobalt increased
enormously and then declined. These price fluctua-
tions plus the concern about the future supply of
cobalt caused serious declines in the use of the
cobalt-containing grades of maraging steel. In response
to this market change, a new cobalt-free grade of
maraging steel was developed.23 The composition of
this steel is given as 18.5Ni, 3.0Mo, 1.4Ti, and 0.1A1.
Its strength is 1720MPa and its mechanical properties
approximate those of the 18% Ni 240 maraging steel.
Discussion in this chapter is restricted to the 18% Ni
maraging steels.

3.03.3.2 Structural Features

On cooling to room temperature after annealing,mara-
ging steels transform completely tomartensite. The as-
annealed structure consists of packets of parallel lath-
like martensite platelets arranged within a network of
prior austenite grain boundaries. The platelets have a
high dislocation density but are not twinned.

On heat treating at 485 �C, a very rapid age-
hardening reaction takes place and greatly strengthens
the material. Although the nature of the precipitates
formed is still uncertain, the consensus of opinion is that
ageing for several hours at 485 �C results in a Ni3Mo
phase, while longer times produce the Fe2Mo phase.
There may also be a titanium precipitate, Z-Ni3Ti or
Ni3(Mo,Ti)3. Ageing at higher temperatures or longer
times results in some reversion to austenite, which may
be stable at room temperature (depending on time and
temperature of ageing), and to a lower strength.

3.03.3.3 Physical and Mechanical
Properties

Summaries of the physical and mechanical properties
of the 18% Ni maraging steels are given in Tables 9
and 10. The mechanical properties are highlighted by
good ductility, toughness, and a lack of notch sensi-
tivity. The plane strain fracture toughness of mara-
ging steels is superior to other alloys at comparable
strength levels (Table 11).

3.03.3.4 Fabrication

Maraging steels have been produced by both air and
vacuum melting. Small amounts of impurities can

Table 7 Bimetallic corrosion between nickel–iron alloys in sodium hydroxide2

Galvanic couple Corrosion ratea (mm year�1)

23% NaOH 50% NaOH 75% NaOH

Coupled Uncoupled Coupled Coupled Uncoupled

�
Ni–5Fe 0.04 0.035 0.06 0.0250 0.02

Nickel 0.015 0.01 0.02 0.04 0.04�
Ni–10Fe 0.07 0.03 0.48 0.38 0.035

Nickel 0.01 0.01 0.015 0.02 0.04�
Ni–20Fe 0.095 0.04 0.05 0.015

Nickel 0.015 0.01 0.03 0.04�
Ni–30Fe 0.04 – 0.2 0.31 –

Nickel 0.02 0.01 0.01 0.02 0.04�
Ni–40Fe 0.04 – 0.21 0.34 –

Nickel 0.02 0.01 0.01 0.02 0.04

aArea ratio Ni:Ni–Fe = 10:1.

Table 6 Bimetallic corrosion between nickel and
nickel–iron alloys in 16% calcium chloride solution2

Alloy Corrosion ratea (mm year�1)

Coupled Uncoupled

100 Ni – 0.02
Ni–5Fe 0.045 0.045

Ni–10Fe 0.7 0.055

Ni–20Fe 1.0 0.044

aRoom temperature test of duration 120 days, solution agitated.
Cathode:anode area = 100:1.

1794 Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



decrease toughness significantly. Sulfur in particular
is detrimental and should be kept as low as possible.
Silicon and manganese also have a detrimental effect
on toughness and should be maintained below a
combined level of 0.20%. Such elements as C, P, Bi,
O, N, and H should be kept to the lowest levels
practicable.

The maraging steels are readily hot worked by
conventional rolling and forging operations. A pre-
liminary homogenization at 1210–1260 �C is nor-
mally used prior to hot working at that temperature.
During subsequent hot working, extended times at,
or slow cooling through, temperatures from 760 to
1100 �C should be avoided, since they produce
embrittlement.25 Maraging steels can be cold worked
up to 85% before requiring intermediate annealing
(because of low work-hardening characteristics) but
are usually annealed after smaller reductions.

Heat treatments are relatively simple and nor-
mally consist of annealing for 1 h at 815 �C followed
by ageing for 3 h at 485 �C. Recently, double anneal-
ing treatments have grown in favor. Machining or
fabrication is easily performed in the as-annealed
condition. Subsequent age hardening generally intro-
duces small and predictable dimensional changes.

3.03.3.5 Corrosion of Maraging Steels

3.03.3.5.1 Natural environments

In atmospheric exposure, 18% Ni maraging steel
corrodes in a uniform manner22 and becomes
completely rust covered. Pit depths tend to be less
deep than for low-alloy high-strength steels.26 Atmo-
spheric corrosion rates27 in industrial (Bayonne, NJ)
and marine (Kure Beach, NC) atmospheres are
compared with those for low-alloy steel in Figures 3
and 4 respectively. The corrosion rates drop substan-
tially after the first year or two, and in all cases, the
rates for maraging steel are about half the corrosion
rate for HY80 and AISI 4340 steels.

The corrosion rates for both maraging steel and
the low-alloy steels in seawater are similar initially,
but from about 1 year onwards, the maraging steels
tend to corrode more slowly as indicated in Figure 5.
The corrosion rates for both low alloy and maraging
steel increase with water velocity.5 During seawater
exposure, the initial attack was confined to local
anodic areas, whereas other areas (cathodic) remained
almost free from attack; the latter were covered with a
calcareous deposit typical of cathodic areas in seawater
exposure. In time, the anodic rust areas covered the
entire surface.6

Polarization tests27 indicate that maraging steel
does not exhibit passive behavior in 3% NaCl, and
that the polarization curves are unaffected by changes
in heat treatment.

3.03.3.5.2 Industrial environments

The corrosion rates of maraging steels in acid solu-
tions such as sulfuric, hydrochloric, formic, and stea-
ric acids are substantial, although lower than those
of the low-alloy high-strength steels.28 Polarization
studies29 indicate that maraging steels exhibit active–
passive behavior in 1 and 0.1M sulfuric acid. The
corrosion potential, critical current density, prim-
ary passivation potential, and passive current density
are all affected by variations in ageing treatment.

Table 9 Summary of physical properties for the 18% Ni
200 to 18% Ni 350 alloys

Density 8.0–8.1 g cm�3

Crystal structure Martensite (body-centered cubic);
austenite (face-centered cubic)

Lattice parameter Martensite 2.856–2.862 Å at room

temperature; austenite (retained) 3.58 Å

Thermal conductivity 19.68–20.93 kW m�2 �C (20–100 �C)
Electrical resistivity 60–70mO cmwhen solution annealed at

815 �C; 35–50mO cm when maraged at 485 �C for 3 h

Melting temperature 1430–1445 �C
Transformation temperature M 145–200 �C; M 77–145 �C;
A 445 �C

Nominal length change �0.06% to �0.10% during

maraging

Table 8 Nominal composition of 18% Ni maraging steels24

Maraging steel type Nominal composition (%) Nominal yield strength (MN m�2)

Ni Co Mo Ti Fe

18% Ni 200 18 8.5 3 0.2 Balance 1380

18% Ni 250 18 8 5 0.4 Balance 1720

18% Ni 300 18 9 5 0.6 Balance 2050
18% Ni 350 17.5 12.5 3.75 1.7 Balance 2390

Cast alloy 17 10 4.6 0.3 Balance 1580
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The critical and passive current densities increase as
the structure is varied from fully annealed to fully
aged. The normal heat treatment produces critical
and passive current densities of 0.4 and 0.2mA cm�2

respectively (0.1 mA cm�2 � 1.2mmyear�1).30

3.03.3.6 Stress Corrosion Cracking

3.03.3.6.1 Mechanisms

The 18% Ni maraging steels do not display passiv-
ity and normally undergo uniform surface attack.

Of more serious consequence, however, for all high
strength steels, is the degree of susceptibility to SCC.
For high-strength steels in general, the stress corro-
sion process in aqueous media is characterized by
delayed failure, which consists of an incubation
period followed by slow, and at times, intermittent
crack growth. Failure can occur on loading to some
fraction of the yield stress or through the action of
residual stresses, often in environments as mild as
humid air.31 The degree of susceptibility depends
on the mode of loading and is highest in cases of
plane strain loading (triaxial stresses), with tensile
loading and plane stress bending, in that order, repre-
senting less severe loading conditions32 (tensile stres-
ses of course are present in all these modes of
loading). In general, susceptibility to SCC increases
with increasing yield strength. Different alloy types,
however, vary in their degree of resistance, and at
comparable strength levels, maraging steels compare
favorably in cracking resistance with other high-
strength steels.

For a variety of steels, including maraging steels, it
was found that under freely corroding conditions, the
pH of the solution near the crack tip was about 3.8 for
the materials studied.33 Furthermore, potential mea-
surements indicated that thermodynamic conditions
were satisfied for hydrogen ion reduction. Further
potential–pH measurements were made on AISI 4340
steel exposed to 0.6N NaCl solutions of different pH
and polarized to potentials both negative and positive
with respect to the corrosion potential.34 It was found
that the pH of the solution in the crack was determined

Table 10 Summary of nominal mechanical properties for the 18% Ni maraging alloys

Property 18% Ni 200 18% Ni 250 18% Ni 300 18% Ni 350

Yield strength �0.2% offset (MNm�2) 1310–1550 1650–1820 1780–2060 2270–2480

Ultimate tensile strength (MNm�2) 1340–1580 1680–1860 1820–2100 2300–2510

Elongation in 25.4 mm (1 in.), (%) 11–15 10–12 7–11 6–10
Reduction in area (%) 35–67 35–60 30–50 25–45

Modulus of elasticity E (kNm�2) 18.0 � 107 18.5 � 107 18.9 � 107 19.3 � 107

Hardness (Rockwell C) 44–48 48–50 51–55 56–59
Impact Charpy V-notch (J) 35–68 24–45 16–26 7–14

Notch tensile

0.0128 m bar K1 ¼ 10(MNm�2) 2390 2350–2510 2900–3100 –

0.00762 m bar K1 ¼ 10 (MNm�2) – 2560–2660 – 1360–1490
Fracture toughness (Ktc) (MN m�2m) 101–176 98–165 88–143 44–82

Endurance limit (MN m�2)

Smooth bar 108 cycles 620–795 620–760 760–900 690

Notched bar 108 cycles (Kt ¼ 2.2) 275–345 275–380 275–415 –
(Kt ¼ 2.8) – – – 352

In all cases treatment was for 1 h at 815 �C plus 3 h at 485 �C.

Table 11 Comparison of toughness of maraging steels

and other high strength alloys

Alloy Yield strength
(MN m�2)

KtcðMN m�2
ffiffiffiffiffi
m

p Þ

18% Ni 200 1380 110–176

18% Ni 250 1720 98–165
18% Ni 300 1930 88–143

D6 AC 1380 88–99

H–11 1790 66–71

AISI 4340 1790 61–66
AMS 6430 1510 61–71

Ti–16V–2.5A1 1170 49–55

Aluminum
7075.T6

415–485 39–66

Source: Ktc is the place strain fracture roughness (see Section
8.9). Bourelier, F., Vu Quang, K. In Proceedings of the Conference,
10th International Congress Metallic Corrosion, Madras, India,
November 1987, 1988; p 2813.
Data Bulletin on 18% Ni Maraging Steels, The International Nickel
Company, Inc. 1964.
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solely by electrochemical reactions at the crack tip
irrespective of starting pH. It was also apparent that,
regardless of the impressed potential, the electrochem-
ical conditions in the crack satisfied the thermody-
namic requirements for the production of hydrogen.
These results indicate that it is not necessary to invoke
an active path mechanism and that hydrogen is avail-
able even during anodic polarization of AISI 4340 steel.

Activation energy measurements for SCC of
H-11 steel and AISI 4340 in water and moist air are

similar34,35 and suggest that the cracking rate in these
alloys is controlled by the diffusion of hydrogen,
since these are in close agreement with the value
for the diffusion of hydrogen through AISI 4340
membranes.36 There is little question that at strongly
negative potentials, cracking occurs by hydrogen
embrittlement. For all other cases, there does not
appear to be a strong basis for favoring one mecha-
nism over the other or to discard the possibility that
each mechanism shares in the control of the cracking
process. The latter possibility for maraging steel has
been supported by a study of cracking response to
polarization, fractographic studies, and pH determi-
nations of the corrodent at the tip of the crack.37

Craig and Parkins38 have shown good evidence that
cracking can proceed by hydrogen embrittlement at
more negative potentials, by anodic dissolution at
more positive potentials, and possibly by combina-
tions of both mechanisms at intermediate potentials.
The effects of precracking or pitting of smooth speci-
mens was also examined. In many instances, the local
changes in chemistry of the test solution in the cracks
or pits was more important than the stress concentra-
tions at these locations.

3.03.3.6.2 Testing for SCC

The stress corrosion resistance of maraging steel has
been evaluated both by the use of smooth specimens
loaded to some fraction of the yield strength and taking
the time to failure as an indication of resistance, and by
the fracture mechanics approach,39 which involves the
use of specimens with a preexisting crack. Using the
latter approach, it is possible to obtain crack propaga-
tion rates at known stress intensity factors (K) and to
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seawater flowing at 0.6m s�1. Reproduced from Kenyon, N.;
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determine critical stress intensity factors (KISCC) below
which a crack will not propagate.

Any test in which time to failure of smooth speci-
mens is determined is an overall measure of the incu-
bation period to initiate a crack, the ability to resist the
propagation of a stress corrosion crack, and the ability
to resist final mechanical fracture. Since this test does
not indicate the relative merits of an alloy in each
individual aspect of the cracking process, it is probably
of less benefit to a design engineer. The use of pre-
cracked specimens in the fracture mechanics approach
follows from the philosophy that structures are likely
to contain crack-like defects. The use of precracked
specimens promotes a rapid change in the chemistry of
the solution at the crack tip and shortens or eliminates
the initiation time for crack propagation.

3.03.3.6.3 Cracking resistance in

smooth materials
Maraging steel in the strength range 1240–1720MPa
tested as U-bends in seawater displayed good resis-
tance, as it did not fracture in periods of up to
2–3 years although there was considerable general
corrosion and fouling. However, microcracks were
observed after 6months. Similar behavior22,26 of
U-bend and bent beam specimens can be expected
in industrial or marine atmospheres, although general
corrosion is less severe. By comparison, AISI 4340 at
strength levels of 1660MPa failed in about 1week in
both seawater and atmospheric tests. Maraging steel
of yield strength at or above 2060MPa was not resis-
tant and failed rapidly. Welds in maraging steel are
somewhat less resistant than base plate. U-bend
exposure of 1240MPa strength welds survived for
up to 2 years in seawater, while at 1380MPa, failures
occurred in 2–18months.28

It is possible to provide cathodic protection to
materials of up to 1720MPa yield strength, by cou-
pling to mild steel or possibly to zinc.22,26 However,
zinc and metals more active than zinc tend to induce
hydrogen embrittlement. Welds up to 1380MPa may
be cathodically protected by zinc, but at impressed
potentials of �1.25 V (vs. the standard calomel elec-
trode), both 1240 and 1380MPa welds fail rapidly
due to hydrogen embrittlement.28 Hence, although
tests on smooth specimens indicate that cathodic
protection of maraging steel is possible, tests on spe-
cimens with preexisting cracks indicate a greater
sensitivity to hydrogen embrittlement during cathodic
polarization.28 The use of cathodic protection on actual
structures must therefore be applied with caution, and
the application of less negative potentials than are

indicated to be feasible in smooth specimen tests is to
be recommended if it is assumed that structures con-
tain crack-like defects. Further evidence of the relative
resistance of maraging steel is reproduced in Figure 6.
Also shown is the beneficial effect in smooth surface
tests of cold rolling; shot peening has a similar benefi-
cial effect.28

3.03.3.6.4 Critical stress intensity factor

It has become common to use KISCC, the critical stress
intensity factor, as a measure of the resistance of an
alloy to SCC. Tests are performed on specimens that
are precracked by a fatigue machine and must be of
sufficient dimensions to ensure plane strain condi-
tions. Figure 7 presents a summary comparing the
KISCC values of maraging steel, with values for H-11,
AISI 4340, AM 355, AISI410, 17–4 PH, 13–8 Mo PH,
D6AC, and 9Ni–4Co–C steels. The data have been
taken from a number of sources28,40–43 and are for
exposures in aqueous environments, with and with-
out NaCl. No attempt has been made to distinguish
between different environments, since they do not
affect the results appreciably.

Plotted points marked W in Figure 7 refer to data
for welds; also included are lines of critical crack
depth acr. The region below a line of specified critical
crack depth corresponds to combinations of strength
and KISCC for which a long crack of the specified
depth will propagate when stressed to the yield
point, whereas the region above the line corresponds
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Figure 6 Bent-beam test results in aerated distilled water.

These specimens were exposed to the environment at a
stress of 70% of yield. Reproduced from Setterlund,

R. B. Mater. Protect.1965, 4(12), 27.
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to the strength and KISCC combinations for which the
crack will not propagate. The critical crack depth
(assuming yield point stresses) for cracks the length
of which greatly exceeds their depth is given by:

acr ¼ 0:2
KISCC

sy

� �2

where sy is the yield stress.44

In general, it is clear that maraging steels compare
favorably with other high-strength steels and offer
comparatively high KISCC values over a wide range of
strength. It is also clear that maraging steels can with-
stand a greater crack depth without crack propagation.

A further estimation of the corrosion resistance of
maraging steel can be obtained from data on the rate
of crack propagation. Although the rate of crack
propagation has been found to be a function of stress
intensity in some alloys, for many alloys and heat
treatments, there is a range of stress intensity above
KISCC and approaching KIC at which the rate of crack
propagation is independent of stress intensity
(Table 12).45 The cracking rate for maraging steel
is seen to be slower than for 4340 and D6AC and
equivalent to H-11 and HP 9Ni–Co–C steels, at a
strain rate of 10�5mm s�1. The fact that cracks prop-
agate very slowly in maraging steels has an important
consequence related to their stress corrosion testing.

In determining KISCC by dead-weight loaded cantile-
ver beam tests, it has been recommended46 that mara-
ging steel should withstand 1000 h without failure to
ensure that the applied stress intensity is at, or lower
than, KISCC.

3.03.3.6.5 Effect of metallurgical

variables on SCC

It is notable that while it is possible to produce
maraging steels with consistently uniform mechani-
cal properties, the stress corrosion properties are
subject to scatter, as indicated in Figure 7. To a
large extent, this scatter is an indication of the
greater sensitivity of SCC to metallurgical variables.
Although the variation in cracking resistance is not
well understood, and the reaction to certain treat-
ments not always consistent, certain observations may
be used to indicate guidelines for improved proper-
ties. Cracking in maraging steels has generally been
observed to be intergranular with isolated cases of
transgranular cracking.26,47,48 Both Ti2S and Ti(C,N)
on prior austenite boundaries have been suggested to
be related to greater susceptibility. Thus, since pro-
longed time in the temperature range 760–1100 �C
favors the precipitation of Ti2S and Ti(C,N) on prior
austenite boundaries, such exposures should be
avoided both in processing and in annealing.

Studies of the effect of ageing temperature on
cracking behavior have shown rather marked effects.
Under-ageing at temperatures of 455 �C or lower was
found to increase greatly the rate of crack propaga-
tion without affecting the mode of crack propagation
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Figure 7 Comparison of KISCC as a function of yield

strength of 18% Ni maraging and other high strength steels.

Table 12 Crack propagation rates for a number of high

strength steels

Alloy Yield strength
(MN m�2)

Crack velocity
(mm s�1)

Maraging 250 1570 1.31 � 10�5

Maraging 250 1690 1.40 � 10�5

Maraging 300 1950 2.75 � 10�4

Modified maraging
300a

2180 1.18 � 10�4

Modified maraging

300a (underaged)

1810 0.72 � 10�3

Modified maraging

300a (overaged)

1760 2.88 � 10�5

4340 1430 1.65 � 10�3

D6AC 1540 1.74 � 10�4

H–11 1420 1.19 � 10�5

HP 9–4–25 1330 2.54 � 10�5

HP 9–4–45 (bainitic) 1460 1.06 � 10�5

Source: Carter, C. S. Met. Trans. 1970, 1, 1551.
aNo details on the modification were available.
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(intergranular) or KISCC.
45,47,49 However, over-ageing

appears to offer slightly slower crack growth rates
(Table 12), but it did not significantly improve
KISCC.

29 The best combination of properties is
obtained with the normal ageing treatment at 485 �C.

Studies on welds showed that cracking resistance
as indicated in U-bend tests28 was substantially
increased by a postweld anneal (1 h at 815 �C) prior
to the normal ageing treatment. Material aged in the
as-welded condition was less resistant. The most sig-
nificant structural difference resulting from the two
heat treatments was a finer dispersion of austenite
ribbons in material annealed before ageing.

3.03.3.7 High Temperature Corrosion

Little data are available on hot corrosion behavior.
Figure 8 indicates maraging steel to have better
resistance to air exposure at 535 �C than a 5% Cr
tool steel.24 Metallographic examination indicates
that exposure to air at elevated temperatures results
in reaction with both oxygen and nitrogen, forming
both oxides and titanium carbonitrides. Under some
conditions of reduced oxygen partial pressure, selec-
tive subsurface oxidation of iron can occur.

3.03.3.8 Applications

Maraging steels have found varied uses in the aero-
space and aircraft industries. These uses have
included rocket motor cases, landing gear compo-
nents, aircraft forgings and fasteners. Other areas of
usage include machine tool and die applications, and
extrusion hardware. Marine uses include hydrofoil
foil systems and aircraft arrester hooks.
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Glossary
Active Describes a metal which corrodes in the

negative direction of electrode potential.

Activation polarization Corrosion reaction

determined kinetically by the participating

electrode reactions.

Anaerobic Free of air or oxygen.

Anode The electrode of an electrolyte cell at which

oxidation occurs.

Anodic polarization The change in the electrode

potential in the noble positive direction.

Austenite A face-centered cubic crystalline phase

of iron-base alloy.

Cathode The electrode of an electrolytic cell at

which reduction is the principal reaction.

Cathodic polarization The change of the electrode

potential in the active negative direction.

Cathodic protection Reduction of corrosion

rate by shifting the corrosion potential of

the electrode towards a less oxidizing

potential by applying an external

electromotive force.

Cold work The operation of shaping metals at

temperatures below their recrystallization

temperatures so as to produce

strain-hardening.

Corrosion – fatigue Fatigue type cracking of metal

caused by repeated or fluctuating stresses in

a corrosive environment.

Corrosion potential, Ecorr The potential of a

corroding surface in an electrolyte, relative to

a reference electrode, also called open

circuit potential.

Double layer The interface between an electrode

or a suspended particle and an electrolyte

created by charge-charge interaction

leading to an alignment of oppositely

charged ions at the surface of the electrode

or particle.

Ductility Ability of materials to be deformed by

working process and to retain strength and

freedom from cracks when their shape is

altered.

Electrolyte A chemical substance or mixture,

usually liquid, containing ions that migrate in

an electric field.

Elongation The percentage plastic extension

produced in a tensile test.

Embrittlement Loss of ductility of a material

resulting from a chemical or physical change.

Equilibrium potential The potential of an electrode

in an electrolytic solution when the forward
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rate of a given reaction is exactly equal to the

reverse rate.

ErosionDestruction of materials by abrasive action

of moving fluids, usually accelerated by the

presence of solid particles.

Fatigue The phenomenon leading to fracture under

repeated or fluctuating stresses having a

maximum value less than the tensile strength

of the material.

Ferrite A body-centered cubic crystalline phase of

iron-base alloys.

Galvanic corrosion Corrosion associated with the

current resulting from the electrical coupling

of dissimilar electrodes in an electrolyte.

General corrosion A form of deterioration that is

distribute more or less uniformly over a

surface.

Hardening The process of making steel hard by

cooling from above the critical range at a rate

that prevents the formation of ferrite and

pearlite and results in the formation of

martensite.

Heat affected zone (HAZ) That portion of the base

metal that was not melted by welding but

whose microstructure and properties were

altered by the heat of the welding process.

Inclusion A nonmetallic phase such as an oxide,

sulfide or silicate particle in a metal.

Martensite Metastable body-centered phase of

iron super-saturated with carbon, produced

from austentite by shear transformation

during quenching or deformation.

Mixed potential A potential resulting from

two or more electrochemical reactions

occurring simultaneously on one metal

surface.

Noble The positive direction of electrode potential.

Open circuit potential The potential of an

electrode measured with respect to a

reference electrode when no current flows to

or from it (see also corrosion potential).

Passivation A reduction of the anodic reaction rate

of a metal.

Passive A metal corroding under the control of a

surface reaction product.

Passivity The state of being passive.

Pits, pitting Localized corrosion of a metal surface

that is confined to a small area and takes to

form of cavities.

Polarization The deviation from the open circuit

potential of an electrode.

Polarization curve or polarization diagram A plot

of current density versus electrode potential

for a specific electrode-electrolyte

combination.

Potentiodynamic The technique for varying the

potential of an electrode in a continuous

manner at a present rate.

Potentiostate An instrument for automatically

maintaining an electrode at a constant

potential or controlled potential with respect

to a reference electrode.

Potentiostatic The technique for maintaining a

constant electrode potential.

Precipitation hardening Improving the strength of

solid solutions alloys by controlling the

formation of precipitates on a crystal lattice

scale.

Reference electrode A reversible electrode used

for measuring the potentials of other

electrodes.

Relative humidity, RH The ratio, expressed

as a percentage, of the amount of

water vapor present in a given volume of air

at a given temperature to the amount

required to saturate the air at that

temperature.

Scanning electron microscope (SEM) An

electron optical device that images

topographical details with maximum

contrast and depth of field by the detection,

amplification and display of secondary

electrons.

Sensitizing heat treatment A heat treatment,

which causes precipitation of constituents at

grain boundaries.

Solution heat treatment Heating a metal to a

suitable temperature and holding at that

temperature long enough for one or more

constituents to enter into solid solution, then

cooling rapidly enough to retain the

constituents in solution.

Tempering The reheating of hardened steel at any

temperature below the critical range, in order

to decrease the hardness. Sometimes

drawing.

Toughness Condition intermediate between

brittleness and softness, as indicated in

tensile tests by high ultimate tensile stress

and low to moderate elongation and

reduction in area, or by high values of energy

absorbed by impact tests. More precisely it
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is the value of the critical strain energy

release rate.

Transpassive The noble region of potential where

an electrode exhibits a current density higher

than passive current density.

Abbreviations
BCC Body centered cubic structure

CCT Critical crevice corrosion temperature (�C)
CPT Critical pitting temperature (�C)
FCC Face centered cubic structure

GS Grain size

HISC Hydrogen-induced stress cracking

LT-MED Low temperature multi effect, desalination

plant

Me Metal

MIC Microbially influenced corrosion

MIG Gas metal arc welding

MSF Multistage flash

OCP Open circuit potential (V)

PRE Pitting resistance equivalent

REM Rare earth metals

RH Relative humidity (%)

RO Reverse osmosis

RT Room temperature

SCC Stress corrosion cracking

SCE Saturated calomel electrode

SEM Scanning electron microscope

SHE Standard hydrogen electrode

SSC Sulfide stress cracking

SWRO Seawater reverse osmosis

TIG Gas tungsten welding

TTS Time temperature sensitization

WPA Wet process phosphoric acid

Symbols
a Body centered cubic ferrite rich in iron

a0 Body centered cubic ferrite rich in chromium

A5 Elongation or permanent extension of the gauge

length after fracture, as expressed as a

percentage of the original gauge length.

ba Anodic Tafel slope

Cs Concentration of metal ion

d Diffusion length (m)

D Diffusion coefficient of component i (m2 s�1)

E Potential (V)

Et Transition potential (V)

Ecorr Corrosion potential (V)

Ep Pitting Potential (V)

Epp Passivation Potential (V)

Erp Repassivation Potential (V)

Etr Transpassive Potential (V)

F Faraday’s constant (A s mol�1)

I Current (A)

Icrit Critical current density for passivation

(A cm�2)

iL Anodic limiting current density (A cm�2)

K Equilibrium constant

KISCC Threshold stress intensity factor

(MPa m1/2)

Md30 The temperature at which martensite will form

at a strain of 30%

Md The temperature below where martensite will

form

Ms Martensite temperature, the starting

temperature for martensite transformation

n Charge number

N Number of cycles

ws Ohmic potential drop in a pit cavity

R Stress ratio

Rm Tensile strength (MPa)

Rp0.2 Proof strength at which thematerial undergoes

a 0.2% nonproportional (permanent)

extension during a tensile test (MPa)

Rp1.0 Proof Strength at which thematerial undergoes

a 1.0% nonproportional (permanent)

extension during a tensile test (MPa)

S Stress amplitue (MPa)

3.04.1 Introduction

The corrosion resistance of stainless steels, in combi-
nation with their good mechanical properties and
manufacturing characteristics, makes them an ext-
remely valuable and flexible material for designers.
Although the usage of stainless steel may have tradi-
tionally been relatively low compared with that of
carbon steels, growth has been steady, in contrast to
the growth of structural steels. The most dominant
product form for stainless steels is cold rolled sheet
and the major application areas include consumer
products and plant and equipment for the oil and
gas, chemical process, and food and beverage indus-
tries. The most widely used stainless steels are the
austenitic grade S30400 and ferritic grades such as
S41000, followed by the molybdenum-alloyed aus-
tenitic grades, notably S31600.
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In terms of their durability and corrosion resistance,
iron and most iron-alloyed steels are relatively poor
materials, since they easily corrode in air and acid
environments unless protected by some external coat-
ing and scale in furnace atmospheres. Stainless steels,
however, although also belonging to the category of
iron-base alloys, offer superior corrosion resistance
properties and durability in such diverse environments
as seawater, diluted and concentrated acids, and high
temperature environments up to 1100�C.

It was the discovery, made about 100 years ago, of
the effect of chromium on the resistance of iron in
many environments that triggered the development of
what is currently the most common group of corro-
sion-resistant alloys. The first patent for stainless steel
was registered in the United Kingdom in 1912 and the
development of stainless steels was then sparked off
simultaneously in the United Kingdom, the United
States, and Germany. Even if most of the stainless
steel types currently in use had been available in the
1930s, it was not until the 1960s that developments
in process metallurgy gave rise to the growth and
widespread use of modern stainless steels.

Early research found that increasing the chromium
content of iron to about 10–14% produced a massive
drop in corrosion rate in many diverse environments.
In time it was also realized that increasing the chro-
mium content above 18–20% improved the corrosion
resistance by decreasing the corrosion rate even fur-
ther. This is the reason that even today many common
stainless steel grades contain about 18% chromium. It
is the resistance to many common corrosive environ-
ments, in combination with good mechanical and
fabrication properties, that makes stainless steels uni-
versally useful whenever corrosion resistance and
long-lasting endurance are required.

3.04.2 The use of Stainless Steels

Steel is the predominant metal used in industry. The
global production of steel is around 1 billion metric
tons a year, of which stainless steel accounts for about
2.5%.

The use and production of stainless steels have for
many years been dominated by the industrialized
Western nations and Japan, but in recent years, Asian
countries, such as India and China, as well as some
South American countries, have emerged as important
producers and consumers of stainless steels.

The most common product form for stainless
steels is cold rolled sheet. Other products, such as

hot rolled plate and sheet, bar, tube and pipe, indi-
vidually account for only a third or less of the total
volumes of cold rolled sheet produced.

The use of stainless steels can be divided into a
few major areas, with consumer products, industrial
equipment, transport, and construction being the
biggest. Table 1 gives a breakdown of the use of
stainless steel by end-user segment.

The most widely used stainless grades are austen-
itic steels, which typically contain 18% chromium and
8% nickel, that is, S30400/304L. These steels account
for more than 50% of the global production of stain-
less steel. The next most widely used grades are fer-
ritic steels, for example, S41000 (EN 1.4000), followed
by molybdenum-alloyed austenitic steels, for example,
S31600/316L (EN 1.4401/1.4404). Together, these
grades account for over 70% of the total tonnage of
stainless steels. However, the use of duplex stainless
steels, such as UNS S32205 (EN 1.4462), has been
growing considerably recently and this group of stain-
less steels now accounts for a considerable proportion
of the stainless market. The use of duplex grades will
certainly increase in future. Figure 1 shows an

Table 1 Use of stainless steel divided into application

categories

End-user segment %

Catering & household 32
Industrial equipment 26

Transport 16

Construction 15

Tubular products 5
Other 6

Figure 1 White liquor tank from the pulp and paper

industry built in a recently developed stainless steel grade,

S32101 (1.4162).
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example of the use of a recently developed duplex
stainless steel grade, S32101 (1.4162), in a white liquor
tank for the pulp- and paper industry.

3.04.3 Definition of Stainless Steels,
Alloying Elements, and Microstructure

3.04.3.1 Classification of Stainless Steels

Stainless steels are generally defined as iron-based
alloys containing at least 10.5% chromium (by
weight) and a maximum of 1.2% carbon (by weight).
This is the definition given in the European stan-
dards. Other definitions may vary slightly, for exam-
ple, requiring minimum chromium content of 12%,
but all definitions agree that stainless steels are
iron-based alloys with a substantial amount of chro-
mium, usually in the range of 10.5–12%.

Stainless steels are normally subdivided into five
major families or categories based on their crystalline
structure andmicrostructure or hardening mechanism.
Each category or family shares a distinct set of general
properties, including chemical composition, mechani-
cal properties, fabrication properties, and resistance to
certain types of corrosion. Within each of the stainless
families there is a considerable range of chemical com-
positions, and therefore each family consists of several
steel gradeswith variationswithin the general property
profile of the specific category/family.

Stainless steels are divided into different cate-
gories according to the three basic microstructures:
ferrite, austenite, and martensite. The first two are
phases with distinct crystalline structures; ferrite has
a body-centered cubic structure and austenite has
a face-centered cubic structure. Martensite, on the
other hand, is a microstructure that is formed by
a complex transformation of an austenitic micro-
structure under certain conditions. The different

categories of stainless steel are refined further from
these basic criteria, either as a single-phase micro-
structure or as combinations of these structures, to
result in five categories of stainless steel, as follows:

� ferritic stainless steels
� austenitic stainless steels
� ferritic–austenitic (duplex) stainless steels
� martensitic stainless steels
� precipitation-hardening (PH) steels

The most common alloying elements used in stain-
less steels are chromium, nickel, molybdenum, car-
bon, nitrogen, silicon, and manganese. Silicon and
manganese are present in almost all stainless steels
in concentrations of 0.2–0.7% and 1–2%, respec-
tively. Other elements are also used for various pur-
poses, but the first five named earlier are the most
common alloying elements used to influence the
composition of the steel in such a way that the
grade falls into a specific category. Different typical
combinations of these basic alloying elements are
thus characteristic of the different categories of stain-
less steel, and in Table 2, the typical ranges of the
main alloying elements for the different categories of
stainless steel are shown.

As can be seen from Table 2, relatively low alloy
content characterizes martensitic steels, whereas fer-
ritic steels have high chromium content and no – or
virtually no – nickel. This is in contrast to austenitic
steels, which always contain nickel and have compar-
atively high chromium content. Duplex steels fall
somewhere in between ferritic and austenitic steels
as they typically have high chromium content but
less nickel than standard austenitic grades. The use of
nitrogen as an alloying element is restricted almost
exclusively to austenitic and duplex steels. In some
austenitic steel grades, nickel may, to some extent, be
replaced by manganese.

Table 2 Typical ranges for alloying elements in different stainless steel categories

Category Composition (wt%) Others

C N Cr Ni Mo

Martensitic >0.10 – 11–14 0–1 –
>0.15 – 16–18 0–2 0–2

<0.10 0.05 12–18 4–6 0–2

Precipitation hardening 0.03–0.20 – 12–17 4–8 0–2 Al, Cu, Ti, Nb, V

0.05–0.15 – 15–18 4–8 1–3
Ferritic <0.08 – 12–27 0–5 0–5 Ti

<0.25 – 24–28 – –

Austenitic <0.08 0.03–0.7 16–30 8–35 0–7 Cu, Ti, Nb, Mn
Duplex <0.05 0.05–0.4 18–33 0–7 1–5 Mn
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Figures 2 and 3 show examples of a normal
microstructure for austenitic and duplex stainless
steel.

For commercial stainless steel grades, several
international and national standards describe and
specify the composition and required properties of
stainless steel products. One of the most comprehen-
sive catalogs of steel grades is the Unified Numbering
System (UNS). This system does not contain speci-
fications but provides a unified list of alloys that have
compositions specified in standards or elsewhere. All
stainless steels have the letter ‘S’ as a prefix in the
UNS number. European stainless steel grades are
listed along with their compositions in EN 10088-1.1

American steel grades and their compositions are
normally listed in the material and product standards
published by ASTM or ASME, for example, ASTM
A 240 or ASME SA 240. Table 3 shows the typical
chemical composition for a number of commercial
stainless steels of various types based mainly on
American and European standards.

3.04.3.2 Alloying Elements and
Microstructure

Stainless steels contain a number of different alloying
elements, each of which has a specific effect on the
properties of the steel. The properties of a specific
steel grade will thus be determined by the combined
effect of the alloying and trace elements in that
specific grade. A brief overview of the alloying ele-
ments and their effects on the structure and proper-
ties of the steel are given in the following sections
together with an explanation of why various elements
are added to certain grades.2 It should also be noted
that the effect of the alloying elements differs in some
aspects between the hardenable and the nonharden-
able stainless steels.

3.04.3.2.1 Chromium (Cr)

This is the most important alloying element as it pro-
vides stainless steels with their basic corrosion resis-
tance. Generally speaking, the higher the chromium
content, the better the corrosion resistance. Chromium
also enhances the steel’s resistance to oxidation at high
temperatures and promotes a ferritic structure.

3.04.3.2.2 Nickel (Ni)

The main reason for adding nickel is to promote
an austenitic structure. Nickel generally increases
ductility and toughness. It also lowers the corrosion
rate and can thus be used to good effect in acid
environments. In precipitation-hardening steels,
nickel is also used to form the intermetallic com-
pounds to increase the strength of the steel.

3.04.3.2.3 Molybdenum (Mo)

Molybdenum substantially enhances the resistance to
both general and localized corrosion and increases
the mechanical strength of steels. In addition to pro-
moting a ferritic structure, molybdenum promotes
the formation of secondary phases in ferritic, duplex,
and austenitic steels. In martensitic steels, it will
increase the hardness at higher tempering tempera-
tures because of its effect on carbide precipitation.

3.04.3.2.4 Copper (Cu)
Copper enhances the corrosion resistance of steels in
certain acid environments and promotes an austenitic
structure. In precipitation-hardening steels, copper is
used to form the intermetallic compounds to increase
the strength of the steel.

Figure 3 Typical microstructure of a duplex stainless
steel.

Figure 2 Typical microstructure of an austenitic stainless

steel.
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3.04.3.2.5 Manganese (Mn)

Manganese is generally used in stainless steels to
improve hot ductility. Its effect on the ferrite/austen-
ite balance varies with temperature; at low tempera-
tures, manganese is an austenite stabilizer, whereas at
high temperatures, it will stabilize ferrite. Manganese
increases the solubility of nitrogen and is used to
obtain high nitrogen contents in austenitic steels.

3.04.3.2.6 Silicon (Si)

Silicon increases the resistance to oxidation, both
at high temperatures and in strongly oxidizing solu-
tions at lower temperatures. It promotes a ferritic
structure.

3.04.3.2.7 Carbon (C)

Carbon is a strong austenite former and strongly
promotes an austenitic structure. It also substantially
increases the mechanical strength. Increasing carbon
content reduces the resistance to intergranular cor-
rosion. In ferritic stainless steels carbon will strongly
reduce both toughness and corrosion resistance.

In the martensitic and martensitic–austenitic steels,
carbon increases hardness and strength. In the mar-
tensitic steels, an increase in hardness and strength is
generally accompanied by a decrease in toughness
and in this way carbon reduces the toughness of
these steels.

3.04.3.2.8 Nitrogen (N)

Nitrogen is a very strong austenite former and
promotes an austenitic structure. It also substantially
increases the mechanical strength of steel and
enhances its resistance to localized corrosion, espe-
cially when used in combination with molybdenum.
In ferritic stainless steels, nitrogen will lead to
a significant reduction in toughness and corrosion
resistance. In martensitic and martensitic–austenitic
steels, the addition of nitrogen will increase hardness
and strength but reduce the toughness of the steel.

3.04.3.2.9 Titanium (Ti)

Titanium is a strong ferrite former and a strong
carbide former, and, as such, helps lower the effective

Table 3 Typical chemical compositions for some commercial stainless steel grades

Steel grade Microstructure Typical chemical composition (wt%)

UNS ASTM EN Cr Ni Mo N Other

S41000 410 1.4006 Martensitic 12 0.04

S41600 416 1.4005 Martensitic 13 0.04 S

S42000 420 1.4021 Martensitic 13
S43000 430 1.4016 Ferritic 16

S43400 434 1.4113 Ferritic 17 1

S44400 444 1.4521 Ferritic 17 2

S20100 201 1.4372 Austenitic 17 5 0.15 Mn(7.08)
S20400 204 Austenitic 16 2.2 0.17 Mn(9.07)

S30100 301 1.4310 Austenitic 17 7

S30100 301LN 1.4318 Austenitic 17.7 6.5 0.14

S30300 303 1.4305 Austenitic 17.3 8.2
S30400 304 1.4301 Austenitic 18.1 8.3

S30403 304L 1.4307 Austenitic 17.5 8

S30500 305 1.4303 Austenitic 17.7 12.5

S34700 347 1.4550 Austenitic 18 9.5 0.04 Nb,Mn(2.0)
S31600 316 1.4401 Austenitic 17.2 10.2 2.1

S31603 316L 1.4404 Austenitic 17.2 10.2 2.1

S31635 316Ti 1.4571 Austenitic 16.8 10.9 2.1 Ti
S31653 316LN 1.4406 Austenitic 17.2 10.3 2.1 0.14

S31600 316 1.4436 Austenitic 16.9 10.7 2.6

S31703 S31703 1.4438 Austenitic 18.2 13.7 3.1

N08904 N08904 1.4539 Austenitic 20 25 4.5 Cu(1.5)
S31254 S31254 1.4547 Austenitic 20 18 6.1 0.20 Cu

S34565 S34565 1.4565 Austenitic 24 17 4.5 0.45 5Mn(5.5)

S32101 S32101 1.4162 Duplex 21.5 1.5 0.3 0.22

S32304 S32304 1.4362 Duplex 22 3.5 0.1 0.10
S32205 S32205 1.4462 Duplex 22 5.5 3 0.17

S32750 S32750 1.4410 Duplex 24 6 3 0.27
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carbon content and promote a ferritic structure in
two ways. In austenitic steels, it is added to improve
the resistance to intergranular corrosion, but it also
enhances the mechanical properties of the steel at
high temperatures. In ferritic stainless steels, titanium
is added to improve toughness and corrosion resis-
tance by lowering the amount of interstitials in solid
solution. In martensitic steels, titanium reduces the
martensite hardness and increases the tempering
resistance. In precipitation-hardening steels titanium
is used to form the intermetallic compounds used to
increase the strength of the steel.

3.04.3.2.10 Niobium (Nb)
Niobium is both a strong ferrite and carbide former.
Like titanium, it promotes a ferritic structure. In austen-
itic steels, it is added to improve the resistance to inter-
granular corrosion, but it also enhances mechanical
properties at high temperatures. In martensitic steels,
niobium reduces the hardness and increases the temper-
ing resistance. It is also referred to as columbium (Cb).

3.04.3.2.11 Aluminum (Al)

Aluminum improves the oxidation resistance, if added
in substantial amounts. It is used in certain heat resistant
alloys for this purpose. In precipitation-hardening
steels, aluminum is used to form the intermetallic com-
pounds that increase the strength in the aged condition.

3.04.3.2.12 Cobalt (Co)

Cobalt is only used as an alloying element in marten-
sitic steels in which it increases the hardness and tem-
pering resistance, especially at higher temperatures.

3.04.3.2.13 Vanadium (V)

Vanadium increases the hardness of martensitic steels
due to its effect on the type of carbide present. It
also increases tempering resistance. Vanadium stabi-
lizes ferrite and will, at high contents, promote fer-
rite in the structure. It is only used in hardenable
stainless steels.

3.04.3.2.14 Sulfur (S)

Sulfur is added to certain stainless steels in order to
increase the machinability. At the levels present in
these grades, sulfur will substantially reduce corro-
sion resistance, ductility, and fabrication properties,
such as weldability and formability.

3.04.3.2.15 Cerium (Ce)

Cerium is one of the rare earth metals (REMs) and
is added in small amounts to certain heat-resistant,

high temperature steels and alloys in order to increase
the resistance to oxidation and high temperature
corrosion.

Since it is the combined effect of the alloying
elements that decide both the microstructure and
the properties of a certain grade, the effect of the
alloying elements can be summarized in various ways.
One such summary of the effect of alloying elements
on the microstructure is the Schaeffler–Delong dia-
gram presented in Figure 4. A guide to the composi-
tion of the stainless steels presented in Figure 4 is
given in Table 4.

The diagram is based on the fact that the alloying
elements can be divided into ferrite-stabilizers and
austenite-stabilizers. This means that they favor the
formation of either ferrite or austenite in the micro-
structure of the steel. Assuming that the ability of
austenite-stabilizers to promote the formation of aus-
tenite is related to the nickel content, and that the
ability of ferrite-stabilizers is related to the chromium
content, it becomes possible to calculate the total
ferrite and austenite stabilizing effect of the alloying
elements in the steel, and thereby obtain the
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Figure 4 The Schaeffler–Delong diagram. A guideline to

the steel grades is presented in Table 4.
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chromium and nickel equivalents in the Schaeffler–
Delong diagram. It is thus possible to take into
account the combined effect of alloying elements on
the microstructure of a steel grade.

The Schaeffler–Delong diagram was originally
developed for weld metal, that is, it describes the
structure after melting and rapid cooling, but the
diagram has also been found to give a useful picture
of the effect of the alloying elements for wrought and
heat-treated material. However, in practice, wrought
or heat-treated steels with ferrite contents in the
range 0–5% according to the diagram in fact contain
smaller amounts of ferrite than that predicted by the
diagram. It should be noted that the Schaeffler–
Delong diagram is not the only diagram for assessing
the ferrite content and microstructure of stainless
steels. Several other diagrams have been published,
all with slightly different equivalents, phase limits, or
general layout.

Precipitation-hardening stainless steels can be
divided into three subcategories: martensitic,
semiaustenitic, and austenitic grades. The common
denominator here is not the microstructure but the
hardening mechanism, precipitation hardening.
This involves the formation of second-phase parti-
cles from a supersaturated solution which induces
an internal strain in the microstructure and thus
increases the strength of the material. The elements
most commonly used to induce precipitation hard-
ening, either individually or in combination, are
aluminum, titanium, and copper.

3.04.4 Mechanical Properties

The difference in the mechanical properties of dif-
ferent stainless steels is perhaps seen most clearly
in the stress–strain curves in Figure 5. The high
yield and tensile strengths but low ductility of the
martensitic steels are apparent, as are the low yield
strength and excellent ductility of the austenitic
grades. Duplex and ferritic steels both lie somewhere
between these two extremes. Ferritic steels generally
have a slightly higher yield strength than austenitic
steels, whereas duplex steels have an appreciably
higher yield strength than both austenitic and ferritic
steels. The ductility of ferritic and duplex steels is of
the same order of magnitude, even if the latter are
somewhat superior in this respect.

3.04.4.1 Mechanical Properties at Room
Temperature

In terms of their mechanical properties, stainless
steels can be roughly divided into four groups: mar-
tensitic, ferritic, duplex, and austenitic, and the prop-
erties within each group are relatively similar.
Table 5 shows the typical mechanical properties at
room temperature for a number of stainless steels.

Stress values are given as the nearest 10 MPa.
Standard deviations are normally about 20 MPa for
proof strengths, Rp0.2, Rp1.0 and tensile strength, Rm;
and 3 wt% for the elongation, A5. More detailed
information can be found in Nordberg et al.4

Table 4 Guide to the compositions of the stainless steels presented in Figure 4

Note in Figure 4 Steel grade Typical chemical composition (wt%)

UNS ASTM EN Cr Ni Mo N Other

410 S41000 410 1.4006 12 0.04

420L S42000 420 1.4021 13

430 S43000 430 1.4016 16
444 S44400 444 1.4521 17 2

304 S30400 304 1.4301 18.1 8.3

304LN S30451 304LN 1.4311 18.5 10.5 0.14
316LowMo S31600 316 1.4401 17.2 10.2 2.1

316LN S31653 316LN 1.4406 17.2 10.3 2.1 0.14

316HiMo S31600 316 1.4436 16.9 10.7 2.6

317L S31703 317L 1.4438 18.2 13.7 3.1
904L N08904 N08904 1.4539 20 25 4.5 Cu(1.5)

2304 S32304 S32304 1.4362 22 3.5 0.1 0.10

2205 S32205 S32205 1.4462 22 5.5 3 0.17

2507 S32750 S32750 1.4410 24 6 3 0.27
310S S31008 310S 1.4845 25 20
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Martensitic steels are characterized by their high
strength and the fact that this strength is strongly
affected by heat treatment. Martensitic steels are usu-
ally used in the hardened and tempered condition.

In this condition, the strength of the steel improves
in relation to the carbon content. Steels with more
than 13 wt% chromium and a carbon content above
0.15 wt% are completely martensitic after hardening.
A reduction in the carbon content causes an increase
in the ferrite content and thus has an adverse effect on
the strength of the steel. The ductility of martensitic
steels is relatively low. Low carbon martensitic grades,
often alloyed with nickel, have high strength in the
hardened and tempered condition and good ductility.
The mechanical properties of martensitic stainless
steels are heavily influenced by the heat treatments
towhich the steels are subjected. A brief description of
the general heat treatment of martensitic stainless
steels and the effect on the mechanical properties is
given as follows.5,6

To obtain useful properties, martensitic stainless
steels are normally used in the hardened and tem-
pered condition. The hardening treatment consists of
heating to a high temperature in order to produce an
austenitic structure with carbon in solid solution fol-
lowed by quenching. The austenitizing temperature
is generally in the range 925–1070�C. The effect of

Table 5 Typical mechanical properties for stainless steels at room temperature for hot rolled plate

Micro structure Steel grade Rp0.2 (MPa) Rp1.0 (MPa) Rm (MPa) A5 (%)

EN UNS(ASTM)

Martensitic 1.4006 S41008 540 690 20
1.4021 S42003 780 980 16

S43100 690 900 16

ASTM 248 SV 790 840 930 18

Ferritic ASTM446 340 540 25
1.4521 S44400 390 560 30

Duplex (ferritic–austenitic) 1.4162 S32101 450 650 30

1.4362 S32304 470 540 730 36

1.4462 S31803 500 590 770 36
1.4410 S32750 600 670 850 35

Austenitic 1.4301 S30400 310 350 620 57

1.4307 S30403 290 340 590 56
1.4311 S30453 340 380 650 52

S30451 350 400 670 54

1.4541 S32100 280 320 590 54

1.4404 S31603 310 350 600 54
1.4571 S31635 290 330 580 54

1.4401 S31600 320 360 620 54

1.4432 S31603 300 340 590 54

1.4438 S31703 300 350 610 53
1.4439 S31726 320 360 650 52

1.4529 N08904 260 310 600 49

1.4547 S31254 340 380 690 50
Austenitic (heat-resistant steels) 1.4845 S31008 290 330 620 50

1.4818 S30415 380 410 700 50

1.4835 S30815 410 440 720 52

1.4854 S35315 360 400 720 50

Ferritic (444Ti) Austenitic (S31600)

Duplex (S32205)

Martensitic (S41500), quenched and tempered

Martensitic (S42000), quenched and tempered
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Figure 5 Stress–strain curves for some stainless steels.

Reproduced from Leffler, B. Stainless – Stainless Steels and
Their Properties; Avesta Sheffield AB Research Foundation,

Stockholm, Sweden, 1996.
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austenitizing temperature and time on hardness and
strength varies with the composition of the steel,
especially the carbon content. In general, the hardness
will increase in relation to the austenitizing tempera-
ture up to a maximum and then decrease. The effect
of increased time at the austenitizing temperature is
normally a slow reduction in hardness with increased
time. Quenching, after austenitizing, is done in air, oil,
or water depending on the steel grade. On cooling
below the Ms temperature, the starting temperature
for the martensite transformation, the austenite trans-
forms to martensite. The Ms temperature lies in the
range 70–300�C and the transformation is usually
completed at about 150–(200–248)�C below the Ms

temperature. Almost all alloying elements will lower
the Ms temperature, with carbon having the greatest
effect. This means that in higher alloyed martensitic
grades, the microstructure will contain retained aus-
tenite due to the low temperature (below ambient)
needed to finish the transformation of the austenite
into martensite.

In the hardened condition, the strength and hard-
ness are high but the ductility and toughness is low.
To obtain useful engineering properties, martensitic
stainless steels are normally tempered. The tempering
temperature used has a large influence on the final
properties of the steel. The effect of tempering tem-
perature on the mechanical properties of a martensi-
tic stainless steel (Type 431) is shown in Figure 6.
Normally, increasing tempering temperatures above
400�C will lead to a small decrease in tensile strength
and an increase in reduction of area while hardness,

elongation, and yield strength are more or less unaf-
fected. Above this temperature, there will be a more
or less pronounced increase in yield strength, tensile
strength, and hardness because of the secondary hard-
ening peak, around 450–500�C. In the temperature
range around the secondary hardening peak, there is
generally a dip in the impact toughness curve. Above
about 500�C, there is a rapid reduction in strength
and hardness, and a corresponding increase in duc-
tility and toughness. Tempering at temperatures
above the AC1 temperature (780�C for the steel in
Figure 6) will result in partial austenitizising and the
possible presence of nontempered martensite after
cooling to room temperature.7

Ferritic steels have relatively low yield strength and
the work hardening is limited. The strength increases as
the carbon content is increased, but the effect of
increased chromium content is negligible. However,
ductility decreases at high chromium levels and good
ductility requires very low levels of carbon andnitrogen.

Duplex (ferritic–austenitic) steels have a high
yield strength, which increases with higher carbon
and nitrogen levels. Increased ferrite content will,
within limits, also increase the strength of duplex
steels. Their ductility is good and they exhibit strong
work hardening properties.

Austenitic steels generally have a relatively low
yield strength and are characterized by strong work
hardening properties. The strength of austenitic
steels increases with higher levels of carbon, nitrogen,
and, to a certain extent, also molybdenum. The det-
rimental effect of carbon on corrosion resistance
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Figure 6 Effect of tempering temperature on the mechanical properties (Rp0.2 – 0.2% proof strength).
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means that this element cannot be used for increasing
strength. Austenitic steels exhibit very high ductility;
they have a high elongation and are very tough.

Some austenitic stainless steels with a low overall
content of alloying elements, for example, type 301
and 304 steels, can be metastable and may form
martensite, either due to cooling below ambient
temperatures or through cold deformation, or a
combination of both. The formation of martensite
will cause a considerable increase in strength, as
illustrated in Figure 7. The Md temperature is
defined as the temperature below which martensite
will form. The stability of the austenite depends on
the composition of the steel; the higher the content
of alloying elements, the more stable the austenite.
A common equation for relating austenite stability
to alloy composition is theMd30, which is defined as
the temperature at which martensite will form at a
strain of 30%:

Md30 ¼ 551� 462ðCþNÞ � 9:2Si� 8:1Mn�
13:7Cr� 29ðNiþ CuÞ � 18:5Mo� 68Nb

� 1:42 ðGS� 8:0Þð�CÞ
where GS is the grain size, ASTM grain size
number.

This type of equation gives a good idea of the
behavior of lean austenitic stainless steels, but it
must be noted that it is only approximate as interac-
tions between the alloying elements are not taken
into account.

The effects of alloying elements and structure on
the strength of austenitic and duplex steels have been
discussed over the years and several regression equa-
tions have been proposed for identifying the effects
of the various alloying elements in stainless steels.
Most of the regression equations proposed apply to
austenitic stainless steels but some have also included
duplex stainless steels in the equations.8,9,10 These

equations may be used to estimate the strength of
austenitic and duplex steel.

In contrast to the constructional steels, austenitic
steels do not exhibit a clear yield stress but begin
to deform plastically at a stress around 40% of the
tensile strength, Rp0.2.

It should be noted that although the different
elements are included in the equation through
rather simple expressions, the actual strengthening
mechanism might be more complex. At chromium
contents over 20%, austenitic steel with 10% Ni
will contain d-ferrite, which in turn causes a smal-
ler grain size, and this will enhance both yield
strength and tensile strength. Nitrogen has a strong
strengthening effect but is also a powerful austenite
stabilizer. In duplex stainless steels, the strengthen-
ing effect of nitrogen is, to a certain extent, coun-
tered by the increased austenite content caused by
the addition of nitrogen.

3.04.4.2 The Effect of Cold Work

Stainless steels will harden during deformation and
the mechanical properties of stainless steels are
strongly influenced by cold deformation. The amount
of hardening depends on both the composition and
the type of steel. The work hardening of austenitic
and duplex steels in particular causes considerable
changes in properties after cold forming operations.
The general effect of cold work is to increase the
yield and tensile strengths and at the same time
decrease the elongation. Figure 8 shows cold hard-
ening curves for some stainless steels.

The work hardening is greater for austenitic steels
than for ferritic steels. The addition of nitrogen in
austenitic steels makes these grades particularly hard
and strong: compare S31603 and S31653. The strong
work hardening of the austenitic steels means that
large forces are required for forming operations even
though the yield strength is low. Work hardening can,
however, also be deliberately used to increase the
strength of a component.

3.04.4.3 Toughness

The toughness of the different types of stainless steel
shows considerable variation, ranging from excellent
toughness at all temperatures for austenitic steels to
the relative brittleness of martensitic steels.

Toughness is dependent on temperature and
generally increases with increasing temperature.
One measure of toughness is impact toughness, that
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is, the toughness measured on rapid loading. Figure 9
shows the impact toughness for different categories
of stainless steel at temperatures ranging from �200
to +100�C. It is apparent from the diagram that there
is a fundamental difference at low temperatures
between austenitic steels on the one hand and mar-
tensitic, ferritic, and duplex steels on the other.

Themartensitic, ferritic, andduplex steels are char-
acterized by a transition in toughness, from tough to
brittle behavior, at a certain temperature, the transition
temperature. For the ferritic steel, the transition tem-
perature increaseswith increasing carbon and nitrogen
content, that is, the steel becomes brittle at successively
higher temperatures. For the duplex steels, increased
ferrite content gives a higher transition temperature,

that is, more brittle behavior. Martensitic stainless
steels have transition temperatures around or slightly
below room temperature, while those for the ferritic
and duplex steels are in the range 0–60�C, with the
ferritic steels in the upper part of this range.

The austenitic steels do not exhibit a toughness
transition as the other steel types but have excellent
toughness at all temperatures. Austenitic steels are
thus preferable for low-temperature applications.

3.04.4.4 Fatigue Properties

During cyclic loading, stainless steels, like other mate-
rials, will fail at stress levels considerably lower than
the tensile strength measured during tensile testing.
The number of load cycles the material can withstand
is dependent on the stress amplitude.Figure 10 shows
how the lifetime, that is, the number of cycles to
failure, increases with decreasing load amplitude
until a certain amplitude is reached, below which no
failure occurs. This stress level is called the fatigue
limit. In many cases, there is no fatigue limit, but the
stress amplitude shows a slow decrease with an
increasing number of cycles. In these cases, the fatigue
strength, that is, the maximum stress amplitude for a
certain time to failure (number of cycles) is called the
fatigue strength and it is always given in relation to a
certain number of cycles.

The fatigue properties of ferritic–austenitic and
austenitic stainless steels with a fatigue limit at a
lifetime of 106–107 load cycles can be described by
the Wohler curve or S–N curve and related to their
tensile strength, as shown in Table 6. The relation
between the fatigue limit and tensile strength is also

10 000 0001 000 000100 00010 000
Number of cycles, N

500

400

300

200

F = 90 Hz Rm= 620 MPa

S
tr

es
s 

am
p

lit
ud

e,
 S

 (M
P

a)

Figure 10 S–N curve (Wohler curve) for an austenitic
stainless steel of Type S31600 (hMo) in air. S – stress

amplitude, N – number of cycles. Reproduced from Leffler,

B. Stainless Steels and Their Properties, 2nd revised ed.;
Outokumpu Stainless Research Foundation, Stockholm,

1998.

–50–100–150–200 0 50
0

50

100

150

200

250

300

350

A
b

so
rb

ed
 e

ne
rg

y 
(J

)

S43000

S44635
S44400
S41000
S31603
S31653

S32205

S32304

Figure 9 Impact toughness for different types of stainless

steels.

S32205

S32205

316LN

316LN

316L

316L

1250

1000

750

500

250

0
0 30252015105 35

S
tr

es
s 

(M
P

a)

RmRp0.2 A5 60

50

40

30

20

10

0

E
lo

ng
at

io
n 

(%
)

Strain (%)

Figure 8 Effect of cold work on some stainless steels.

Reproduced from Leffler, B. Stainless Steels and Their

Properties, 2nd revised ed.; Outokumpu Stainless Research

Foundation, Stockholm, 1998.

1816 Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



dependent on the type of load, which is the stress ratio
(R). The stress ratio is the ratio of the minimum stress
to the maximum stress during the loading cycle. The
compressive stresses are defined as negative.

3.04.5 Precipitation and
Embrittlement

Under various circumstances, the different stainless
steel types can suffer undesirable precipitation reac-
tions, which can cause a decrease in both corrosion
resistance and toughness.

3.04.5.1 Embrittlement at 475�C

If martensitic, ferritic, or duplex steels are exposed
to temperatures in the range 350–550�C, a serious
decrease in toughness will occur after some time. The
phenomenon is encountered in grades containing
more than 15–18% chromium and the origin of this
embrittlement is the decomposition of the ferrite into
two phases of body-centered cubic, bcc, structure,
a and a0. The former is very rich in iron and the
latter very rich in chromium. This type of embrittle-
ment is usually called 475�C embrittlement after the
midpoint of the temperature range.

3.04.5.2 Carbide and Nitride Precipitation

If ferritic steels are heated to temperatures above
approximately 950�C, they suffer precipitation of
chromium carbides and chromium nitrides during
the subsequent cooling, which cause a decrease in
both toughness and corrosion resistance. This type
of precipitation can be reduced or eliminated by
decreasing the levels of carbon and nitrogen to very
low levels and/or stabilizing the steel by additions of
titanium as in 18Cr–2Mo–Ti.

Carbide and nitride precipitation in austenitic
and duplex steels occurs in the temperature range
550–800�C. Chromium-rich precipitates form in the
grain boundaries and can cause intergranular

corrosion and, in extreme cases, even a decrease in
toughness. However, during the short times in the
critical temperature range experienced in the heat-
affected zone adjacent to welds, the risk of deleterious
precipitation is very small for the low-carbon steels.

3.04.5.3 Intermetallic Phases

In the temperature range 700–900�C, iron alloys with
a chromium content above about 17% form interme-
tallic phases such as s phase, w phase, and Laves
phase. These phases all have high chromium content
and are brittle and consequently large amounts of
these phases in the microstructure will lead to a
drop in toughness and a decrease in resistance to
certain types of corrosion.

Chromium, molybdenum, and silicon promote the
formation of intermetallic phases, so the majority of
ferritic, duplex, and austenitic steels show some pro-
pensity to form these phases. Intermetallic phases form
most readily from highly alloyed ferrite. In ferritic and
duplex steels, intermetallic phases therefore form read-
ily but are, on the other hand, relatively easy to dissolve
on annealing. In the austenitic steels, it is the highly
alloyed grades that are particularly susceptible to inter-
metallic phase formation. The low chromium content
and low molybdenum grades are considerably less
sensitive to the precipitation of these phases.

Heat treatment may remove all types of pre-
cipitates by redissolving them. Renewed heat treat-
ment of martensitic steels and solution annealing and
quenching ferritic, duplex, or austenitic steels restore
the microstructure. Relatively long times or high
temperatures may be required for the dissolution of
intermetallic phases in highly alloyed grades.

Stainless steels can pick up nitrogen if exposed
to nitrogen-containing atmospheres such as nitrogen,
nitrogen mixtures, and cracked ammonia. During
nitrogen pick-up, nitrides and other brittle com-
pounds of chromium, molybdenum, titanium, vana-
dium, and aluminum can form. Atmospheric oxygen,
even at relatively low levels, reduces the risk for
nitridation. At temperatures between 400 and 600�C,
a layer of nitrides is formed at the steel surface; at
higher temperatures, nitrogen uptake and nitride for-
mation occur throughout the material. Nitridation,
that is, nitride formation, causes chromium depletion
and reduced oxidation resistance in the same way as
carburization. This can lead to catastrophically high
oxidation rates on the outer surface of equipment,
which is subjected to a nitriding atmosphere on
the inside – for example, the muffles in annealing

Table 6 Fatigue properties of stainless steels, relation

between tensile strength and fatigue strength

Microstructure So/Rm, Stress ratio Maximum stress

R=�1 R=0

Ferritic 0.7 0.47 Yield strength

Austenitic 0.45 0.3 Yield strength
Duplex 0.55 0.35 Yield strength
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furnaces. Nitrogen pick-up can also cause embrittle-
ment because of to surface or internal nitride forma-
tion. Nickel is the alloying element, which provides
the greatest protection against nitridation, as nickel
does not form stable nitrides.

3.04.5.4 Carburization

If a material is exposed to gases containing carbon,
for example, in the form of CO, CO2, or CH4, it can
pick up carbon. The degree of carburization is gov-
erned by the levels of carbon and oxygen in the gas,
also the temperature and steel composition. The car-
bon, which is picked up by the steel will largely form
carbides, primarily chromium carbides.

The formation of a large amount of chromium
carbides causes chromium depletion and thus a
reduced resistance to oxidization, because carbides,
or even a network of carbides, form in the grain
boundaries as well as within the grains. The resis-
tance to thermal cycling is reduced and, since car-
burization leads to an increase in volume, there is a
danger of cracks developing in the material. Carbon
pick-up can occur even at relatively low tempera-
tures (400–800�C) in purely reducing–carburizing
atmospheres and gives rise to catastrophic carburiza-
tion or metal dusting. Attack is severe and character-
ized by ‘powdering’ of the steel surface because of the
breakdown of the protective oxide layer and inward
diffusion of carbon, which forms grain boundary car-
bides. The increase in volume on carbide formation
means that grains are rapidly broken away from the
steel surface, giving rapid and serious attack.

Chromium, nickel, and silicon are the alloying ele-
ments, which most improve resistance to carburization.

3.04.5.5 Heat Treatment

The aim of heat treatment of stainless steels is to
restore the microstructure after forming or other fab-
rication and production operations thereby removing
or at least minimizing any possible negative effects.
However, in the case of the hardenable stainless
steels, that is, martensitic and precipitation-hardening
grades, heat treatment is used to set the mechanical
properties at the required level. In other cases, that is,
stress relief heat treatment, the aim is to reduce the
level of residual stresses caused by fabrication opera-
tions such as cold forming and welding.

3.04.5.5.1 Solution annealing

Solution annealing is the most common heat treat-
ment for ferritic, austenitic, and duplex stainless

steels, that is, the types of stainless steel in which
the mechanical properties cannot be set by heat
treatment. Instead the aim of the heat treatment is
to restore the microstructure by allowing recrystalli-
zation to occur and deleterious phases, such as car-
bides and intermetallic phases, to be dissolved.

During solution annealing the material is heated to
a temperature where detrimental phases will be dis-
solved, held at temperature for a time long enough to
allow the unwanted phases to dissolve, and then rap-
idly cooled or quenched. Solution annealing is nor-
mally performed on austenitic and duplex stainless
steels at temperatures above 1020�C. A higher alloy-
ing content will normally require a higher solu-
tion annealing temperature in order to produce a
precipitate-free microstructure. For the stabilized
austenitic grades, the temperature used should allow
chromium carbides and other unwanted phases to
dissolve but should be low enough to retain the tita-
nium or niobium carbides used to stabilize the steel.
Ferritic stainless steels are normally only annealed
using temperatures below 1000�C. Table 7 presents
typical heat treatment as solution annealing or
annealing temperatures for stainless steels.

Rapid cooling after heat treatment is normally
required to ensure that unwanted reactions in the
microstructure do not occur. Whether air- or water-
cooling is required depends on parameters such as
section thickness and the type of steel. It is not the
cooling rate per se that is important, but the time spent
in the temperature range in which precipitation or
other unwanted reactions may occur. Higher alloyed
grades and thicker sections will thus generally require
water quenching rather than air-cooling.

3.04.5.5.2 Quenching, tempering, and ageing

Martensitic grades

Heat treatment of the martensitic stainless steels is
essentially the same as the heat treatment of other
hardenable steels. The difference is that the high

Table 7 Heat treatment temperatures for ferritic, aus-

tenitic and duplex stainless steels

Category Temperature (�C) Quenching

Ferritic 700–850 Water/forced air

Ferritic (high
alloyed)

750–950 Water/forced air

Austenitic 1020–1100 Water/forced air

Austenitic (high

alloyed)

1080–1200 Water

Duplex 1020–1150 Water
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alloy content slows the transformation reactions and
increases hardenability.

The normal heat treatment cycle of martensitic
stainless steels is

1. hardening by austenitizing at temperatures of 950–
1050�C followed by quenching in oil or water, and

2. tempering at temperatures of 300–700�C to set
final properties.

Quenched hardness will increase with increasing
austenitizing temperature in the lower end of the tem-
perature range, but austenitizing in the high end of the
temperature rangewill lower the as-hardened hardness.

Tempering is designed to allow the material to
reach an optimum between strength and ductility.
The tempering temperature is thus dependent on
the strength level specified and these may normally
be found in the appropriate product standards.

Precipitation hardening Grades

These steels can be divided into three subcategories:
martensitic, semiaustenitic, and austenitic grades. All
of the precipitations hardening grades depend on a
precipitation reaction to induce the strengthening
during aging. The precipitates may differ from grade
to grade, but the principle is that a solution anneal
is used to put some alloying elements into solution
at high temperature followed by quenching to low
temperature at which a supersaturated solution is
obtained. Ageing at an elevated temperature will
then cause the precipitation and hardening resulting
in an increased strength. The heat treatment cycles of
the different types of precipitation-hardening steels
can be summarized as follows:

1. Martensitic grades
a. solution anneal in the austenite region

(1020–1050�C)
b. quench to room temperature
c. age at 470–630�C to produce precipitation and

hardening
2. Semiaustenitic grades

a. solution anneal in the austenite region
(1020–1050�C)

b. quench to room temperature followed by sub-
zero cooling or tempering at about 750�C

c. age at 470–570�C to produce precipitation and
hardening

3. Austenitic grades
a. solution anneal (1000–1100�C)
b. quench to room temperature
c. age at 700–800�C to produce precipitation and

hardening

3.04.5.5.3 Stabilization annealing
A stabilization heat treatment is applied to titanium-
or niobium-stabilized grades in order to enhance the
resistance to intergranular corrosion, that is, to make
sensitization more difficult. The aim of this treatment
is to ensure that the carbon dissolved in the matrix
is forced to combine with the stabilizing element,
for example, titanium or niobium, thus becoming
securely locked up in as titanium or niobium carbides
and therefore not unavailable for chromium carbide
formation.

Titanium and niobium both form more stable car-
bides than do chromium and these carbides precipitate
at higher temperatures than do chromium carbides. The
stabilizing treatment therefore consists of heat treatment
at a temperature slightly above the temperature range
for chromium carbide precipitation. The temperature
selected is normally in the range as low as possible in
order to obtain maximum driving force for the precipi-
tation. Stabilization heat treatment is usually performed
at temperatures in the range 850–980�C on material
that has previously been solution annealed. The lower
part of the temperature range should be usedwith some
caution, as this type of treatment is not equally effective
in all environments.

3.04.6 Physical Properties

The physical properties of the different stainless
steels are dependent on both the microstructure
(crystal structure) and the amount of alloying ele-
ments added. In many cases the physical properties
cannot be manipulated by heat treatment or fabrica-
tion practices and are more or less ‘locked’ in the
atomic arrangement of the steel. Again, the grouping
of the property values follows the division of steel
grades into the main stainless categories.

Ferromagnetism is a characteristic property of
ferrite and martensite while austenite is not ferro-
magnetic. This means the ferritic and martensitic
stainless steels are strongly magnetic while the
fully austenitic stainless steels are nonmagnetic.
However, since many of the more common and
lower alloyed austenitic grades contain small
amounts of ferrite the might show a weak magnetic
behavior. The duplex steels containing about 40–
60% ferrite will naturally be magnetic even if their
magnetism is weaker that that of the ferritic or
martensitic stainless steels.

Regarding the other physical properties it may be
noted that the thermal expansion is strongly related to
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the microstructure and this gives the austenitic steels
a thermal expansion that is about 50% higher than
that of the ferritic and martensitic stainless steels. The
thermal conductivity is lower for austenitic steels
comparedwith that of the ferritic or martensitic steels
and within each category the thermal conductivity
decreases with increasing alloying content. Other
properties such as thermal capacity and the modulus
of elasticity show relatively little variation across the
different stainless steel categories. The most highly
alloyed austenitic grades have a somewhat lower
modulus compared with other stainless steels.

Typical values of the physical properties for the
some stainless steels from the different categories are
shown in Table 8.11,12

3.04.7 Property Relationships for
Stainless Steels

Martensitic and martensitic–austenitic stainless
steels are characterized by their high strength but
limited corrosion resistance. An increased carbon
content increases strength, but at the expense of
lower toughness and considerable degradation of
weldability. The martensitic 13% chromium steels,
with higher carbon contents, are not designed to be
welded, even though it is possible under special cir-
cumstances. In order to increase high temperature
strength, alloying with strong carbide formers such
as vanadium and tungsten are used. An increase in

the nickel content also increases toughness. In con-
trast to the martensitic steels, the martensitic–
austenitic steels do not have to be welded at elevated
temperatures except in thick sections; even then only
limited preheating is required.

The areas of use of martensitic and martensitic–
austenitic steels are naturally those in which the high
strength is an advantage and the corrosion require-
ments are relatively low. The martensitic steels with
low carbon contents and the martensitic–austenitic
steels are often used as stainless constructional mate-
rials. The martensitic steels with high carbon content
are used for springs, surgical instruments, and for
sharp-edged tools such as knives and scissors.

The ferritic steels are characterized by good
corrosion properties, very good resistance to chloride-
induced stress corrosion cracking (SCC), andmoderate
toughness. The toughness of ferritic stainless steels is
generally not particularly high. Lower carbon and
nitrogen levels give a considerable improvement in
both toughness and weldability, although toughness is
limited for thicker dimensions. Consequently ferritic
steels are usually only produced and used in thinner
dimensions. Ferritic stainless steels are used in house-
hold products and in applications with fairly low
demands of the corrosion resistance of the material in
combination with aesthetic reasons. Examples of such
application areas are cookware lids, washing machine
drums, refrigerator doors etc. They have stress–strain
data similar to carbon steel; generally have higher yield
strength than the austenitic stainless steels. Their

Table 8 Typical physical properties of some stainless steels1

Stainless steel
grade

Density
(kg dm�3)

Modulus
(GPa)

Thermal
expansion
(10�6 �C�1)

Thermal
conductivity
(W m�1 �C�1)

Thermal capacity
(J kg�1 �C�1)

Electrical
resistivity ( m)

RT RT RT–400 �C RT RT RT

Ferritc

S43000 7.7 220 10.5 25 460 0.60

Martensitic
S42000 7.7 215 12.0 30 460 0.65

Duplex

S32205 7.8 200 14.5 15 500 0.80

Austenitic
S30100 7.9 200 18.0 15 500 0.73

S20100 7.8 200 17.5 15 500 0.70

S30403 7.9 200 18.0 15 500 0.73

S31603 8.0 200 17.5 15 500 0.75
N08904 8.0 195 16.9 12 450 1.00

S31254 8.0 195 18.0 14 500 0.85

S34565 8.0 190 16.8 12 450 0.92

RT, room temperature.
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thermal conductivity is high and they transmit heat
efficiently, which is one of the reasons to frequent use
in electric irons and heat exchangers. They have fur-
ther a low thermal expansion coefficient, lower than for
the austenitic stainless steels, which give them less
distortion when heated. Ferritic stainless steels are
widely used in large tonnage all over the world.

The modern duplex steels span the same wide
range of corrosion resistance as the austenitic steels
depending on the alloy composition. Duplex equiva-
lents can be found to both the ordinary austenitic
grades, such as S31600 (1.4401), and to the high-
alloyed austenitic grades, such as S31254 (1.4547).
The corrosion resistance of S32304 (1.4362) type
duplex is similar to that of S31600 (1.4401) while
S32205 (1.4462) is similar to N08904L (1.4539) and
S32750 (1.4410) is similar to the high-alloyed austen-
itic grades with 6% molybdenum, such as S31254
(1.4547). High strength, good toughness, and very
good corrosion resistance characterize the duplex
steels in general and excellent resistance to chlo-
ride-induced SCC and corrosion fatigue in particu-
lar. An increased level of chromium, molybdenum,
and nitrogen increases corrosion resistance, while the
higher nitrogen level also contributes to a further
increase in strength above that associated with the
duplex structure. Applications of duplex steels are
typically those requiring high strength, good corro-
sion resistance and low susceptibility to SCC or
combinations of these properties. The lower alloyed
S32304 (1.4362) is used for applications requiring
corrosion resistance similar to S31600 (1.4401) or
lower and where strength is an advantage. Some
examples of such applications are: hot water tanks
in the breweries, pulp storage towers in the pulp and
paper industry, tanks for storage of chemicals in the
chemical process industry, and tank farms in tank
terminals in the transportation industry. The higher
alloyed S32205 (1.4462) is, for example, used in pulp
digesters and storage towers in the pulp and paper
industry where it is rapidly becoming a standard
grade. It is also used in piping systems, heat exchan-
gers, tanks and vessels for chloride-containing media
in the chemical industry, in piping and process equip-
ment for the oil and gas industry, in cargo tanks
in ships for transport of chemicals, and in shafts,
fans, and other equipment which require resistance
to corrosion fatigue. High alloyed grades, for exam-
ple, S32750 (1.4410), are used in piping and process
equipment for the offshore industry, that is, oil and
gas and in equipment for environments containing
high chloride concentrations, such as seawater.

Very good corrosion resistance, very good tough-
ness, and very good weldability characterize the
austenitic steels. They are also the most utilized
stainless steels. Resistance to general corrosion,
pitting, and crevice corrosion generally increases
with increasing levels of chromium and molybdenum.
The low-carbon grades exhibit good resistance to
intergranular corrosion and consequently the higher
alloyed steels are only available with low carbon con-
tents. Austenitic steels are generally susceptible to
chloride-induced SCC; only the highly alloyed steels
such as N08904 (1.4529), and S31254 (1.4547) exhibit
good resistance to this type of corrosion.

The austenitic stainless steels are used in almost
all types of applications and industries. Typical areas
of use include piping systems, heat exchangers, tanks
and process vessels for the food, chemical, pharma-
ceutical, pulp and paper, and other process industries.
Nonmolybdenum alloyed grades, for example,
S30400, are normally not used in chloride-containing
media but are often used where demands are placed
on cleanliness or in applications in which equipment
must not contaminate the product. The molybde-
num-alloyed steels are used in chloride-containing
environment with the higher alloyed steels, N08904,
S31254, being chosen for higher chloride contents
and temperatures. S31254 is used to handle seawater
at moderate or elevated temperatures. Applications
include heat exchangers, piping, tanks, process ves-
sels, etc. within the offshore, power, chemical and
pulp- and paper industries. The low-alloyed grades,
especially S30400 and 31600, are used in equipment
for cryogenic applications. Examples are tanks,
heaters, evaporator, and other equipment for the
handling of condensed gases such as liquid nitrogen.
Finally it is worth mentioning that austenitic stainless
steels are often used in applications requiring non-
magnetic materials since they are the only nonmag-
netic steels.

3.04.8 Corrosion Properties of
Stainless Steels

Stainless steels are widely used throughout the world
in a variety of applications in both industrial and
domestic environments, for example, as a construc-
tion material, in the manufacture of everyday uten-
sils. The use of stainless steels has been growing
steadily and new areas of application, often in
demanding service environments, are constantly
being developed. The serviceability of stainless steels
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in many of these applications is determined by the
material properties of the steels and how they per-
form when exposed to different service environ-
ments. Historically, the success stories of stainless
steel usage have been widely accounted for in corro-
sion engineering. Extensive research has been carried
out with the aim of reducing further the risk of
various types of corrosion by choosing appropriate
stainless steel grades for specific service environ-
ments. The following chapter is intended as a guide
for explaining the different types of corrosion
mechanisms that can affect stainless steel and their
causes. This section also aims to increase the knowl-
edge of stainless steels and their corrosion resistance
in different service environments. Depending on the
service environment involved, several types of corro-
sion may affect stainless steels.

Figure 11 shows part of a stainless steel pipe after
service in a very severe corrosive environment con-
sisting of high amounts of chlorides, water, and oxy-
gen in combination with high temperatures under
evaporative conditions. The pipe suffered from sev-
eral corrosion forms that affect stainless steels, nota-
bly pitting corrosion, crevice corrosion and SCC.

3.04.8.1 Passivity

The reason for the good corrosion resistance of stain-
less steels is that they form a very thin, invisible

surface film, so called passive film or passive layer
in oxygen containing environments. The passive
film is mainly a chromium oxide, which protects the
steel from corrosion attack in an aggressive environ-
ment. For a passive film to form on a stainless steel
surface, a certain amount of chromium is required in
the steel as an alloying element. As chromium is
added to steel, a rapid reduction in corrosion rate is
observed around 10 wt% because of the formation
of this protective layer or passive film, as illustrated in
Figure 12.

The commercial alloys of austenitic stainless
steels typically contain between 16 and 28 wt% of
chromium, while the chromium content of ferritic
stainless steels ranges from 10.5 to 30 wt%. The
chromium content varies in martensitic stainless
steels, from 11.5 to 18 wt% and in duplex stainless
steels; it is usually between 21 and 29 wt%. A passive
film on a stainless steel surface consists of an inner
layer of mixed iron/chromium oxides and an outer
layer of chromium hydroxide. This film has self-
healing properties when damaged in the presence of
oxygen and a repair of the passive film can easily
form after a scratch or other surface damage.

The thickness of a passive film is commonly con-
sidered to be in the range of 1–3 nm, depending on
the service environment and the steel grade, but it
also depends on pH values and the electrochemical
properties in contact with a surrounding solution.

3.04.8.2 Contribution of Main Alloy
Elements to Passivation

As already indicated, chromium is the most impor-
tant alloying element for corrosion resistance in
stainless steels as it helps to form a passive film on

Figure 11 SCC, crevice corrosion, and pitting corrosion

on a stainless steel pipe, after service in a very

aggressive environment consisting of high amounts of

chlorides, water, and oxygen in combination with high
temperatures under evaporative conditions. Photo:

Outokumpu Stainless.
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Figure 12 The effect of chromium content on passivity.

Reproduced from Design Guidelines for the selection and
use of stainless steel, specialty steel Industry of the United

States, Washington, DC, USA.
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the surface. The spontaneous formation of intact
chromium oxide on the surface acts as a barrier
layer and the surface electrochemistry is changed as
a result of equilibrium reactions between the passive
film and any surrounding solution.

It is also well-accepted and proved that the addi-
tion of molybdenum, as an alloying element, offers an
efficient method for preventing corrosion in stainless
steel by improving the passive film properties. The
molybdenum content in stainless steels can be as
much as 8%. However, the exact mechanism of
detailed chemistry of molybdenum in a passive film
with respect to passivity, interaction, and formation
of compounds is the subject of extensive discussion,
since molybdenum as an alloying element shows a
complex oxide chemistry in the passive film with
many oxidation stages.

The addition of nitrogen contributes to enhancing
the resistance to pitting and crevice corrosion on
austenitic stainless steels.14 As the nitrogen stays sol-
uble in the stainless steel, without any precipitation,
the localized corrosion resistance is improved for
rather high amounts. However, if nitrides are formed
in the stainless steel the corrosion resistance is dras-
tically decreased. More about nitride precipitation
can be read in Section 3.04.5.

Nickel contributes to improved corrosion proper-
ties by assisting the repassivation process and helping
reduce the rate of corrosion, for example, in strong
acid solutions.

3.04.8.3 General Electrochemical
Considerations in Corrosion of Stainless
Steels

The basic electrochemical reactions for corrosion
are that the metal, Me, is defined as the anode
and balances the oxygen reduction attributed to the
cathode.

Me ! Menþ þ ne�

In the classical electrochemical oxygen cathodic
reaction there are two pathways accepted for the
reduction according to.

O2 þ 2H2Oþ 4e� ! 4OH�

ðneutral or alkaline environmentÞ
O2 þ 4Hþ þ 4e� ! 2H2O ðacid environmentÞ

The oxygen reduction is, however, a known complex
process with many proposed pathway, for example:

Four electron pathway:

O2 þ 4Hþ þ 4e� ! 2H2O E01 ¼ 1:229V=SHE

Two electron pathway:

O2 þ 2Hþ þ 2e� ! H2O2 E02 ¼ 0:695V=SHE
H2O2 þ 2Hþ þ 2e� ! 2H2O

The reduction pathway is influenced by many factors,
for example, the surface composition of the electrodes.

In strongly reducing environments, reduction of
hydrogen ions is often the cathodic reaction to bal-
ance the metal dissolution:

2Hþ þ 2e� ! H2 E ¼ 0V=SHE

The oxidation of a metal, that is, corrosion, requires
always a counter balance by a reduction.

A common test procedure for the investigation of
stainless steel’s resistance to corrosion in wet environ-
ments is to perform dynamic anodic polarization
measurements in a conductive solution to obtain a
polarization curve. Figure 13 shows a schematic polar-
ization curve undertaken for a stainless steel presenting
the different potential area and the current density
response.

The high current densities shown in Figure 13
represent a corrosion process and the very low cur-
rent response represents the passivity of a stainless
steel. At low cathodic potentials, a line of high current
densities represents the cathodic reaction. At the
potential, when the cathodic reaction and the anodic
reaction meet in the active area on occurring corro-
sion is denoted the corrosion potential, Ecorr.

At the higher anodic potential, the passivity is
represented by a decrease in current densities cor-
responding to the passivation current to stabilize in
the passive potential area to a very low current density,
the passive current density. Pitting corrosion or crevice
corrosion is typically represented by a steep increase
in the current response at an even higher potential,
the pitting potential, Ep. Transpassive corrosion is
represented by an increase in current density response
in a rather extended potential area at even higher
anodic potentials, associated with the transpassive
potential, Etr. In order to investigate the ability of
a stainless steel to repassivate in, for example, chloride
environment, a reverse scan is commonly performed
while performing polarizationmeasurements. The cur-
rent response on the repassivation process is a clear
decrease in the passive current and the potential for
the steep decrease is noted repassivation potential, Erp.
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3.04.8.4 Breakdown of Passivity

All corrosion forms on stainless steels are related to
any permanent damage of the passive film, either as a
complete breakdown of the film causing uniform
corrosion or locally as in pitting and crevice corro-
sion. Intergranular corrosion occurs along grain
boundaries due to local breakdown of the passive
film where chromium has been depleted. Once the
passivity of stainless steel is broken down, completely
or locally, and repassivation is not promoted by the
aggressiveness of the surrounding solution, active
corrosion occurs.

Local breakdown such as pitting and crevice cor-
rosion is commonly initiated in neutral solutions, but
can also occur in solutions with a low pH. The
general aspect to consider in pitting and crevice
corrosion is the very fast corrosion rate that can
cause penetration through the steel in a short time
and may lead to catastrophic failure.

Complete breakdown of the passive film causing
uniform corrosion may occur in solutions of either
low or high pH. Uniform corrosion or general
corrosion occurs when the passive layer on a stain-
less steel surface breaks down partly or completely.
The corrosion then propagates at a rate deter-
mined by a corrosive environment and the alloy
composition in combination. Uniform corrosion
causes a corrosion rate that can be expressed as a
mean value of the attacked surface, making it pos-
sible to calculate a material loss, from weight loss
determinations.

An even worse type of corrosion from the con-
struction service point of view is SCC, which is
characterized by the cracking of materials that are
subjected to both a tensile stress and a corrosive
environment. Most reported failures due to SCC
occur in the standard stainless steel grades S30400
and S31600 with tensile stress in aqueous solutions con-
taining chlorides at elevated temperatures, >60�C.
However, solutions containing chlorides are not the
only environments that cause SCC in stainless steels.
Similar cracking can also occur in hot caustic solutions
and in environments containing impurities such as
hydrogen sulfide.

3.04.8.5 Localized Corrosion – Pitting and
Crevice Corrosion

Smialowska recently reviewed the tremendous work
performed on pitting and crevice corrosion and the
use of electrochemistry to characterize stainless steel
regarding pitting and crevice corrosion.15 Detailed
information about pitting and crevice corrosion and
the historical research can be read in this review.

Defects in the passive film enhance the risk of
pitting and crevice corrosion. Manganese sulfides
are identified to be initiation points to pitting and
crevice corrosion. However, in modern commercial
stainless steels, the sulfur content is normally so low
that there are only few recent reports about sulfur
causing pitting corrosion.

Environments, which represent the greatest risk
of pitting and crevice corrosion of stainless steels,
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Figure 13 Schematic polarization curve for a stainless steel.
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include seawater and process solutions in which there
is a high concentration of chlorides sometimes also in
combination with an increased temperature. High
halide concentration, commonly chlorides, low pH,
and high temperature increase the probability
of pitting and crevice corrosion on stainless steels.
Pitting corrosion may also be caused by the presence
of thiosulphate in combination with chloride ions.
The risk of pitting corrosion increases when the
relative levels of thiosulfate, sulfate, and chloride
reach a certain amount, but can be avoided by
controlling the amount of thiosulfate.

Different types of formulas have been proposed to
rank the resistance of stainless steels to pitting corro-
sion and to compare a steel grade among other grades
by the influence of main alloying elements. The
pitting resistance equivalent (PRE) of a specific
steel grade can be estimated by formulas in which
the relative influence of a few elements, that is, chro-
mium, molybdenum, and nitrogen, are considered.
The higher the PRE value of a stainless steel, the
better the resistance to pitting corrosion in neutral
chloride containing solutions. Table 9 shows the
compositions of some commercial stainless steels
and calculated PRE, indicating their relative pitting
corrosion resistance.

One frequently used expression is:

PRE ¼ %Crþ 3:3%Moþ 16%N

There are also other formulas with different alloying
elements included, such as manganese, wolfram,
sulfur, and carbon.

Alfonsson and Qvarfort investigated some formu-
las for PRE, based on the chromium, molybdenum,
and nitrogen content and compared the PRE values
with critical pitting temperatures (CPT) measured
potentiodynamically, using the Avesta cell.16 They
found an acceptable linearity between the CPT and
PRE values for any of the PRE formulas studied.

3.04.8.5.1 Influence of alloy composition on

localized corrosion

The increase in the chromium content and molybde-
num content enhances the passive potential area to
more anodic potentials and consequently increases
the stainless steel’s ability to passivate in more
aggressive solutions. The higher alloyed stainless
steel grades, for example, those containing 6% of
molybdenum, do not often show any pitting potential
due to pitting corrosion in polarization measure-
ments at room temperature, and elevated tempera-
tures are often required to break down the passivity
in high amounts of chlorides.

Horvath and Uhlig investigated the influence of
chromium, nickel, and molybdenum on the pitting
potential in sodium chloride, NaCl, and sodium bro-
mide, NaBr. They showed that the alloying elements,
which had the greatest influence on the pitting

Table 9 Typical chemical compositions and PRE numbers for some commercial stainless steel grades

Steel grade Typical chemical composition (wt%) PRE

UNS EN Microstructure Cr Ni Mo N Other

S41000 1.4006 Martensitic 11.5 0.04 11.5

S42000 1.4021 Martensitic 12 12

S43000 1.4016 Ferritic 16 16
S44400 1.4521 Ferritic 17 1 20

S20100 1.4372 Austenitic 17 5 0.15 Mn (7.08) 19

S20400 Austenitic 16 2.2 0.17 Mn (9.07) 19
S30100 1.4310 Austenitic 17 7 17

S30100 1.4318 Austenitic 17.7 6.5 0.13 20

S34700 1.4550 Austenitic 18 9.5 0.04 Nb, Mn(2.0) 18

S30400 1.4307 Austenitic 17.5 8 17.5
S31600 1.4404 Austenitic 17.2 10.2 2.1 25

S31600 1.4571 Austenitic 16.5 10.5 2 Ti 23

N08904 1.4539 Austenitic 20 25 4.5 Cu (1.5) 36

S31254 1.4547 Austenitic 20 18 6.1 0.20 Cu 43
S32101 1.4162 Duplex 21.5 1.5 0.3 0.22 26

S32304 1.4362 Duplex 22 3.5 0.1 0.10 23

S32205 1.4462 Duplex 22 5.5 3 0.17 35
S32750 1.4410 Duplex 24 6 3 0.27 38
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potential, were chromium and molybdenum. The
addition of nickel resulted in a minor increase of the
pitting potential compared with the results obtained
by the addition of chromium and molybdenum.17

Figure 14 shows the influence of alloying elements
on pitting potentials inNaCl extracted fromHorvarth
and Uhlig.17 Comparing the data with an increasing
addition of chromium in a Cr–Fe alloy, the pitting
potential was around 0.2 V/SHE for 20 wt% chro-
mium, which rose to around 0.9 V/SHE at 38 wt% of
chromium. For nickel in a 15% Cr–Fe alloy, the
pitting potential was at 20% Ni, 0.28 V/SHE, which
at 40 wt% Ni increased to only 0.35 V/SHE.
In contrast to the low increase in the pitting potential
produced by the addition of nickel, the addition of
molybdenum produced a significant influence, even
at very low amounts. The pitting potential increased
from 0.3 V/SHE for 0.48 wt% up to 0.76 for 2.4 wt%
in a 15%Cr–13%Ni stainless steel.

As previously mentioned the presence of nitrogen
increases the resistance of pitting and crevice corro-
sion on stainless steels. Jargelius-Pettersson showed
that the effect of nitrogen was depressing both the
active dissolution and passive current. The author
also showed that the positive effect was pronounced
in combination with molybdenum.18 There are fur-
ther methods to increase the surface content of nitro-
gen to enhance the pitting and crevice corrosion
resistance of a stainless steel.

3.04.8.5.2 Pitting corrosion

Pitting is a type of localized corrosion that is char-
acterized by attacks at small discrete spots on the
stainless steel surface. The pits often appear to be

rather small on the surface, but may have larger cross
section areas deeper inside the metal as indicated in
Figure 15. When the metal corrodes inside the pit,
dissolved metal ions generate an environment with a
low pH and chloride ions migrate into the pit to
balance the positive charge of the metal ions. The
environment inside a growing pit gradually becomes
more aggressive by the generation of hydrogen ions
contributing to the ingress of chloride ions through a
lacy cover to maintain the electroneutrality in the pit
solution. The repassivation becomes less likely due to
the increased aggressiveness in the pit solution and
also by the restriction to mix the pit solution to the
surroundings by the diffusion barrier of the lacy cover
on top of the pit. Figure 16 shows schematically the
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Figure 14 Dependence of chromium, nickel and
molybdenum in 0.1 M NaCl at 25 �C. Reproduced from

Horvath, J.; Uhlig, H. H. J. Electrochem. Soc. 1968, 115(8),
791.

Figure 15 Pitting corrosion on stainless steel, image from
scanning electron microscope, SEM, Outokumpu Stainless,

R. Qvarfort.
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Figure 16 Schematic presentation of the pit chemistry
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formation and the lacy cover of a stainless steel suffering

from pitting corrosion.
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pit chemistry and the diffusion restriction due to
corrosion product formation and the lacy cover of a
stainless steel suffering from pitting corrosion. Since
pitting may not be immediately visible from a surface
inspection and may indeed be concealed altogether if
the propagation occurs inside the pit rather than
close to the surface, a pitting attack often remains
undiscovered until it causes perforation and leakage.

In order for pitting corrosion to propagate and thrive
in stainless steels, a concentrated pit solution is needed,
else passivation processes would interrupt active corro-
sion. This solution is produced inside the pit as a result
of the increase in the concentration of the dissolved
metal. However, the exact chemistry of the solution
inside an active pit is not yet determined. Newman
has reviewed the research undertaken in recent years
to explain the concept of pitting corrosion in stainless
steels.19 The author simplifies the complexity in the
chemical reactions inside the pit by indicating that the
low pH level results from a large ionic activity coeffi-
cient superimposed on hydrolysis reaction such as

Cr3þ þH2O ¼ CrOH2þ þHþ ðK ¼ 10�3:8Þ
Newman also describes the dependence of active dis-
solution rate on the concentration of dissolved pro-
ducts inside the pit.19 Tester and Isaacs associated this
anodic dissolution process in the pit by anodic diffusion
control across an iron-rich salt film formed in the
bottom of the pit.20 The salt film stabilizes the dissolu-
tion process by providing a reservoir of acid but at the
same time, it consumes acidity in the interface, leading
to passivation when the aggressive solution inside the
pit is not maintained. Landolt and Grimm showed
further that this diffusion-controlled anodic dissolu-
tion process reactionwas hinderedwhen the amount of
chromium in the steel increased to about 25%.21

Donker and Dengg showed already in 1927 that,
by applying an external potential to an iron anode, a
pitting potential corresponds to a large increase in
the current passing through an electrochemical cell
using a cathode of silver and solutions of various
salts.22 The technique was then used by Brennert to
study the passivity of stainless steels.23 Streicher
showed in 1956 that by applying a constant current
instead of a potential the number of pits per unit of
area found for a specific combination of steel and
corrosive solution depends directly on the density
of the current passing through the surface of a speci-
men. He also demonstrated the differences in the
extent of pitting at increasing current densities and
that the pitting data obtained for a certain stainless
steel at one temperature cannot be used to predict the

behavior of other stainless steels or for the same steel
at other temperatures.24

The pitting potential is characterized by the sus-
ceptibility of alloys to a defined environment and has
been used extensively to rank different steel grades
regarding pitting corrosion resistance in various envir-
onments containing halides such as chlorides. Laycock
et al. recently stated that there was an obvious similar-
ity between the pitting potentials of pits and crevi-
ces and related the pitting potential to the transitions
potential between the two regimes to activation con-
trol at lower potentials for metastable pitting, where
crevice corrosion commonly occurs and diffusion
control at higher potentials, where pitting corrosion
occurs.25

In Smialowska’s review of pitting corrosion, the
induction time for pit initiation is referred to as
the time required to form the first pit on a passive
metal exposed to a solution containing aggressive
anions (e.g., Cl�).26 Schwenk showed that this induc-
tion time at constant chloride content varies as a
function of applied potential.27 The induction time
is shorter at a higher applied potential than at a
lower potential.

Critical pitting temperature (CPT)

Brigham and Tozer introduced the postulation of
temperature dependence in pitting corrosion in
1973 to use for comparison of a large range of stain-
less steels with varying pitting corrosion resistance.28

The authors introduced a method to test pitting
corrosion properties in a potential area where tem-
perature showed the main influence on pitting corro-
sion regardless of the potential. However, later the
method was further developed by the introduction of
a crevice-free cell by Qvarfort and he showed by
polarization measurements that there is a tempera-
ture, above which the corrosion is pitting corrosion,
but below this temperature pitting corrosion is
impossible. This critical pitting temperature was illu-
strated in dynamic anodic polarization measurements
showing a pitting potential above the CPTand trans-
passive corrosion at higher anodic potentials at a
temperature below the CPT. He also showed that
the transition between the transpassive corrosion
and pitting corrosion was very abrupt at a tempera-
ture range �1�C.29 The concept of critical pitting
temperature was thereafter developed to measure
potentiostatically at 700 mV/SCE in 1 M sodium
chloride and it is, at present, widely used as standard
(ASTM G 150). The method is used for ranking
purposes of higher alloyed stainless steel grades
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containing high levels of molybdenum and chro-
mium. Figure 17 illustrates the potential dependence
and independency of the CPT.

Newman has summarized the concept of CPT for
stainless steel to understand the corrosion of stainless
steel by the emphasis on the temperature as the main
parameter for pitting corrosion.19 The CPT is sug-
gested to be the temperature at which passivation
occurs simultaneously as the precipitation of an
anodic salt film in the pit. The CPT for a specific
stainless steel currently refers to the temperature at
which passivation reactions intervene in active corro-
sion. Newman suggests further that two regimes of
pit growth can be identified one under mixed activa-
tion/ohmic control, which is usually found at lower
potentials, and the second under diffusion control,
generally at higher potentials with a salt film in the
pit bottom.19 As a lacy cover at the pit mouth devel-
ops, it stabilizes the dissolution of the pit, but the
dissolution is still metastable at this stage and as
pitting corrosion is established, the cover will finally
collapse. Repassivation occurs either because of the
absence of the salt film or as the lacy cover ruptures.
As long as the pit is growing and the salt film is
present, the pitting corrosion is under diffusion con-
trol. The transition between those two domains is
characterized by a transition potential, ET. In general,
the pitting potential Ep is the lowest transition poten-
tial ET, the potential at which stable pitting can be
distinguished for a specific stainless alloy and aggres-
sive environment.

Nyman suggests that in order to compare two
different stainless steels, for example, S30400 and

S31600 the following relation has to be considered19:

ET ¼ Ecorr þ ba logðiL=icorrÞ þ ’s

where Ecorr and icorr are the corrosion potential
and corrosion current density, respectively, in the
saturated pit solution; ba is the anodic Tafel slope; iL
is the anodic limiting current density; and ’s is the
ohmic potential drop in the pit cavity, which is
constant.

When the concentration of the metal cations is
at, or slightly above the saturation concentration
of metal cat ions, precipitation of the salt film
occurs. In order to precipitate, an anodic current
density greater than or equal to the limiting current
density, has to flow in the cavity where pitting
initiates. The anodic current density required to
maintain the local chemistry is then compared
with the critical current density for passivation icrit
from Salinas-Bravo and Newman30. For relatively
concentrated solutions very clean linear plots of
ET vs log iL can be generated using artificial pits.

IcritðT ;CsÞ ¼ nFDCs=d

where icrit is the critical current density for passiv-
ation, D is the diffusivity of metal ions, d the diffu-
sion length (pit depth), Cs is the metal ion
concentration at the pit surface, n the charge num-
ber, and F the Faraday’s constant.

Salinas-Bravo and Newman also considered that
this critical current density exists in the most aggres-
sive pit environment and also considered it to be a
steeper function of the temperature than the anodic
limiting current density. The concept of CPT was

CPT
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Pitting potential range

Pitting
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Figure 17 Potential dependence in transpassive and pitting corrosion.
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then concluded to be when the critical current den-
sity equals the anodic limiting current density and
the temperature at which the salt precipitation is
possible.30 Newman concludes recently, however,
that the steeper function of the temperature is trivi-
ally true for experiments carried out in strong HCl
solution mimicking the pit environment but that
there are no precise data available for real pit envir-
onments at present.19

Moreover, the diffusion length is included in the
concept of temperature dependence, which can ex-
plain why crevice corrosion appears at lower tem-
peratures than pitting corrosion. Notable is, that the
diffusion length in a crevice is generally longer and
consequently any CCT, critical crevice corrosion
temperature, is lower than CPT for a defined stain-
less alloy.

Figure 18 shows a photograph of a stainless steel
surface with pitting corrosion after CPT measure-
ment using a crevice-free flush port cell.

Even if the CPT has proved to be a useful value
for ranking a wide range of stainless steels with regard
to their pitting resistance, it does not necessarily
accurately reflect their performance and properties
in actual environments. Figure 19 shows examples of
CPT for increasing chromium and molybdenum
contents in various stainless steel grades represented
by their PRE values. The figure indicates the very
strong dependence of corrosion properties on the
alloy composition of stainless steels. The difficulties
associated with obtaining CPT values for lower

alloyed stainless steels are obvious. Lower alloyed
stainless steels such as ferritic stainless steels contain-
ing 12% of chromium seem to have CPT values well
below room temperature and these steel grades com-
monly corrode at temperatures of only a few or even
below 0�C under these very aggressive conditions.

3.04.8.5.3 Crevice corrosion

Crevice corrosion attacks start in a narrow crevice or
under a deposit on the stainless steel surface. Cre-
vices, such as those found at flange joints or at
threaded connections, are thus often the most critical
sites for corrosion of stainless steels.

In narrow crevices, it is possible for a liquid to
penetrate into the crevice and cause stagnant condi-
tions by capillary forces. Oxygen and other oxidants
are then consumed for the maintenance of the passive
layer inside the crevice. In the stagnant solution
inside the crevice, the supply of oxygen is after
some time restricted, causing a weakened passive
layer. Small amounts of dissolved metal ions inside
the crevice cause a further decrease of the solution’s
pH levels and finally, the presence of chlorides facil-
itates the breakdown of the passive layer. Thus the
environment inside the crevice gradually becomes
more aggressive and repassivation becomes less likely.
As a result, crevice corrosion attacks often propagate
at a high rate, thereby causing corrosion failure in a
relatively short time.

The mechanisms for under deposit corrosion or
crevice corrosion bear several similarities to pitting.
However, one of the differences between pitting and
crevice corrosion is that pitting initiates at points
which are susceptible to corrosion and to which the

Figure 18 Stainless steel surface with pitting
corrosion after CPT measurement in a crevice-free flush

port cell.
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environment has free access. Crevice corrosion, on
the other hand, is initiated on the metallic surface
where the surrounding solution has restricted
access.15 The rate determining factors in this stage
are proposed by Valen to be that the large current
density consumes high mounts of oxygen and the
narrow crevice, contains less amounts oxygen.31

Both factors lead to more rapid oxygen depletion
inside the crevice. Since oxygen depletion occurs in
the crevice or under the deposit the oxygen reduc-
tion occurs as cathodic on the outside of the crevice.
This causes a potential difference between the inside
and the outside of a crevice, which causes the corro-
sion process to thrive.

Crevice corrosion can be unpredictable and one
reason for this is that the critical potential, for
crevice corrosion to occur, is dependent on the
type of crevice. It is further experimentally more
difficult to find universal crevice formers to predict
all types of crevice corrosion since the type of crev-
ice found in actual structures may come in many
different shapes and forms. Examples of crevice for-
mers are gaskets, flanges joining stainless steel struc-
tures, or almost any partial blocking of the stainless
surface. It is almost impossible to avoid crevices
completely in practical operations, but the princi-
ples of good design emphasize that crevices should
be kept to a minimum.32 Figure 20, shows crevice
corrosion in a flange after exposure in high temper-
ature and high amounts of chlorides exceeding the
corrosion resistance of the steel grade.

One important parameter, which influences the risk
of crevice corrosion, is the geometry of the crevice.
A narrow crevice of a few micrometers in width is
typically more prone to crevice corrosion than a

wider crevice, due to the influence of capillary forces
in a narrow gap. The practice of draining the crevice
area from the stagnant chloride containing solution
may further decrease the risk of crevice corrosion.

In the case of deposits, it can be difficult to mea-
sure the crevice area, the degree of porosity and
consequently the exact influence of this parameter.
Dense deposits will cause more severe corrosion
attacks compared with a porous deposit, which allows
the solution to diffuse from the narrow area between
the stainless surface and the deposit.

There are several ways to prevent crevice corro-
sion and several courses of action may be taken to
minimize the risk, for example, selecting gasket mate-
rials that are nonporous and do not contain chlorides,
since the chlorides can be released to the surrounding
solution. However, in areas where crevices cannot be
avoided weld-overlaying the sealing surface can be
performed using a filler material that is higher
alloyed and thus more corrosion resistant than the
flange itself. Sharp corners or angles can be sites for
collecting dirt or other solids that act like deposits
and consequently increase the risk of corrosion under
deposits. As regards other types of corrosion, the risk
of crevice corrosion attacks decreases as the alloy
content increases in the stainless steel, particularly
with regard to chromium, molybdenum, and nitro-
gen. One stainless steel grade can be resistant to
localized corrosion on open surfaces but another
higher alloyed stainless steel might be used for cre-
viced conditions.

In some cases when crevices cannot be avoided,
there are ways of positioning beams, channels, and
stiffeners to encourage smooth flow and to avoid the
trappingof solids or deposits. If crevice corrosion occurs
on a certain steel grade, the material selection process
should take this into account and specify a better and
more corrosion-resistant stainless steel grade.

3.04.8.6 Stress Corrosion Cracking

A material failure may be accelerated by the com-
bined effect of a corrosion process and mechanical
tensile stress. Two examples of such processes are
SCC and corrosion fatigue. SCC does not occur if
only one of the two conditions is present. For exam-
ple, tensile stress present in a stainless steel in a
noncorrosive environment is unable to cause SCC.

Different manufacturing processes can introduce
stresses in the material. Examples of such processes
are coarse grinding, forming, and welding. Any
machining on the stainless steel surface thatFigure 20 Example of crevice corrosion in a flange.
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introduces residual stresses, hardening or martensitic
transformation can influence the resistance to SCC.
Examples of machining operations of this kind are
abrasion or machining techniques that involve deep
grooves or notches.33 However, the degree of the
impact from machining on SCC properties is not
easily evaluated and ranking methods are most com-
monly used to test any deterioration or improvement
in SCC resistance.

The electrochemical potential of the stainless
steel in solution has some effect on the risk for
SCC. The susceptible potential zones at which SCC
can occur for a given alloy/solution with a typical
active–passive behavior are shown in Figure 21.

Two zones of susceptibility appear at the potential
boundaries where the passive film is less stable. In the
active–passive potential zone, SCC occurs where the
passive film is relatively weak at active potentials almost
inadequate forming the film A, and B in Figure 28. In
the other potential zone C, in the passive potential area,
SCC and pitting corrosion are associated in adjacent or
overlapping potential ranges. The common example of
SCC in the active–passive potential zone (B) is austen-
itic stainless steel in hot MgCl2 solutions. However, a
material, which is not susceptible to SCC, will not crack
in despite being in the susceptible zones. SCC in the
active–potential area is commonly associatedwith a low
pH contributing to the corrosion mechanism and the
cracking in the passive-potential area is associated with
high amounts of chlorides contributing to localized
breakdown of the passive film.

3.04.8.6.1 SCC mechanisms

There are many attempts to explain the SCC by
mechanism taking into consideration both the corro-
sion process and the role of stresses in the material.
Sedriks summarizes some of the numerous

mechanisms and concludes that the lack of agreement
as to which mechanisms are operative have lead to a
simplistic nomenclature to describe SCC in terms of
the environments that cause it. For example, chloride
SCC and caustic SCC describe SCC in chloride
environment and in caustics respectively. Hydrogen
embrittlement describes cracking in environments in
which the cracking process is facilitated by the
entrance of hydrogen into the metal.34

Some general processes were, however, concluded
by Sedriks to provide a basis for a classification of
SCCmechanisms based on either removal of material
by dissolution or by film formation for separation of
the material.34 In the following section are some
mechanisms summarized briefly that were chosen
by Newman as three testable cracking models that
may account for most known cases of SCC in metals:
Slip-dissolution, film-induced cleavage, and hydro-
gen embrittlement.35

Slip dissolution

This mechanism is mainly used to explain intergranu-
lar cracking in ferritic stainless steels in environments
where the stainless steel is passive and in sensitized
stainless steels. The crack growth in the slip disso-
lution model is the result of an extremely localized
anodic dissolution. Propagation of the cracks occurs as
a result of film rupture, dissolution, and repair. The
sides of the crack are considered to be protected by a
film, an oxide, which is fractured as a result of plastic
strain in the metal at the crack tip.

Film-induced cleavage

Film-induced cleavage occurs when the crack is going
through a face cubic centre metal, fcc, as an austenitic
stainless steel, with a very high velocity in a very short
time. The stress corrosion crack introduces a brittle
crack in the propagation direction, which is then
widened by plastic arrests in the metal. The crack
propagates in steps by a brittle crack, which is then
widened in steps. As the crack goes further into the
material the outer cracks get wider and wider.

Hydrogen embrittlement model

Hydrogen embrittlement is assisted by the absorption
of hydrogen into the material from an aqueous envi-
ronment. If the acidification from the hydrogen con-
tributes to passive film breakdown in a crack, the
absorbed hydrogen can promote cleavage, intergran-
ular separation or a highly localized plastic frac-
ture.35 Microstructure plays an important role in
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Figure 21 Susceptible zones in the potential area for

stainless steels and SCC.
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hydrogen embrittlement as in the other mechanistic
approaches for SCC. In susceptible steel hydrogen
enters under both anodic and cathodic conditions.

Hydrogen embrittlement is accounted for in the
presence of hydrogen sulfide H2S as in oil wells
and releasing hydrogen is also commonly assisted
with an acid environment in the presence of sulfur
adsorption.

3.04.8.6.2 Impact of mechanical stress

on corrosion: stress intensity factor and

crack rate

Generally, it is considered that decreasing the applied
stress on the material increases the time to failure.
Threshold stress intensities (KISCC) are often referred
to as stress intensity factors below which the rate of
cracking in a given environment is very low. The
threshold stress intensity factor indicates a level
below which stress corrosion cracks will not propa-
gate. Increasing the stress factor above KISCC failure
will occur.34 Stress intensity factors are usually
derived from laboratory measurements in environ-
ments such as boiling magnesium chloride and care
has to be taken since these environments do not coin-
cide with real service in different applications. Pre-
cracked specimens are used for measurements of the
rate of growth as a function of the stress intensity
factor at the tip of the crack. The presence of different
microstructure phases, for example, in duplex stain-
less steels, can result in different stress intensity factor,
depending on the microstructure. It is also generally
considered that the duplex stainless steels have better
SCC resistance than the corresponding austenitic
stainless steels. Newman attributes these properties
to the differences in the stress intensity factor in
the different phases as ferritic and austenite in the
microstructure. The effect seems to be that one
phase is considered to assist to arresting the crack
propagation.35

Figure 22 shows a schematic representation of the
stress intensity factor and crack rate for S31600 cold
worked at 25 and 50% in a hot chloride solution.

The plateau in the schematic representation of
the stress intensity factor is proposed by Newman to
occur due to chemical reactions controlling the crack
rate, rather thanmechanical properties. These chemical
reactions might be dissolution, diffusion or adsorption.

3.04.8.6.3 Chloride-induced SCC

Circumstances where there is a pronounced risk of
SCC include evaporative conditions in chloride

solutions on stainless steel grades with low resistance
to SCC, such as the austenitic grade S30400 subjected
to stresses by manufacturing processes. The chloride
content on the surface increases to very high values as
a result of the evaporative conditions, causing corro-
sion to occur. Failure from SCC is very rapid; there
are no warning signs before the failure and the corro-
sion propagates very rapidly, causing the construc-
tion to fail in a short time.

The most common type of SCC on austenitic
stainless steel is transgranular SCC, which may
develop in concentrated chloride-containing envir-
onments at elevated temperatures at around or above
50–60�C. The crack propagation is in many cases
perpendicular to the introduced tensile stresses and
in transgranular stress corrosion, the cracks run
across the grains – to be compared with intergranular
SCC, where the cracks run in the grain boundaries.
Figure 23 shows typical transgranular SCC in aus-
tenitic stainless steel.
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Figure 22 Schematic representation of the Stress

Intensity factor and crack propagation rate for S31600 cold
worked 25 and 50% in a hot chloride solution. Reproduced

from Extracted from Dickson, J. I.; Russel, A. J.; Tromans,

D. Can. Met. Q 1980, 19, 161.

Figure 23 Transgranular SCC in an austenitic
microstructure.

1832 Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



Another frequently mentioned cause to SCC of
stainless steels is the sensitization of the material.
Sensitization occurs when stainless steel is submitted
to a high temperature treatment for too long a time,
which can cause carbide precipitation to occur if the
steel’s carbon content is too high. By avoiding sensi-
tization and carbide precipitation; the risk of SCC
can in many cases be eliminated. Most commercially
available modern stainless steels have low carbon
content and amounts below 0.05 wt% are seldom
sensitized, even in welding operations. For use in
hot concentrated nitric acid, the maximum carbon
content is proposed not to exceed more than 0.03
wt%. These improved properties not only contribute
to higher resistance to cracking but also enhance the
steel’s intergranular corrosion properties.

Solutions containing chlorides are not the only
environments that can cause SCC of stainless steels.
Solutions of other halides may also cause cracking.
Sensitized 1.4301 (30400) stainless steels are also
susceptible to intergranular SCC in steam and water
environments, for example, in boiling water reactors
if the stress level is sufficiently high.

3.04.8.6.4 Caustic SCC

Another risk scenario that may give rise to SCC,
particularly in low alloy steels, is very alkaline solu-
tions at high temperatures, where the pH values are
above 14 at concentrations between 20 and 70 wt%
and temperatures above 120�C. Caustic SCC has
been of particular interest to some industries, such
as chemicals, petrochemicals, and pulp and paper.
Sedriks concludes that any heat treatment or sensiti-
zation to produce 475�C embrittlement in duplex
stainless steels will promote caustic cracking but
also that duplex stainless steels generally offer better
resistance to cracking in hot caustic solutions.33

The alloy compositions of stainless steels influ-
ence the cracking of the material and it would appear
that alloys including molybdenum have a different
ranking in hot alkaline solutions compared with that
obtained for other wet chloride-induced corrosion in
stainless steels.

3.04.8.6.5 Sulfide stress cracking (SSC) by

hydrogen sulfide

Contaminants, such as hydrogen sulfide, H2S, may
increase the risk of SCC in stainless steels in chloride
containing environments. Hydrogen sulfide exists in
oil and gas wells and stainless steels intended for
applications in the oil and gas industry are typically

tested for use under these circumstances. The most
important environmental aspects of SCC in the sour
service environments common in oil and gas produc-
tion are hydrogen sulfide, H2S partial pressure, pH,
and the chloride concentrations.

The cathodic reaction in chloride containing
hydrogen sulfide solutions is mainly the reduction
of hydrogen ions to hydrogen, which may form either
as hydrogen gas or dissolve in the metal as hydrogen
atoms:

2Hþ þ 2e� ! H2 ðor2HÞ
The adsorption of hydrogen sulfide on the surface
promotes the hydrogen absorption in iron alloys. The
cathodic rate depends on several parameters such as
temperature, pH, concentration of weak acids, and
the electrochemical potential of the material. The
role of the weak acid is to donate hydrogen ions.

Duplex stainless steels are frequently used in the oil
and gas industry because of their mechanical proper-
ties and corrosion resistance in chloride environments,
for example, in subsea components working at high
pressures and high temperatures. Some examples are
pipelines, flow lines, and pipe work.

3.04.8.6.6 Hydrogen-induced stress cracking

(HISC) using cathodic protection
Martensitic and ferritic microstructures are suscepti-
ble to hydrogen embrittlement whereas austenitic
stainless steels are much less likely to suffer from
this type of cracking. The resistance to SCC can be
influenced by cathodic currents applied to stainless
steel in wet environments. For example, the super
ferritic grade, UNSS44735, is prone to hydrogen
embrittlement when polarized to potentials in the
range of 0.9–1.4 V/SCE, caused by overprotection
at potentials more negative than �0.8 V/SCE, so
potential in this range should be avoided.

High strength steels, including many martensitic
grades, are susceptible to hydrogen embrittlement.
Yield strength seems to be an important factor
and cause of hydrogen embrittlement along with
the tempering and precipitation hardening of the
material.33

Subsea duplex stainless steels are usually subjected
to cathodic protection since these steels are typically
connected to other carbon and low alloy steel struc-
tures that are already protected. Overall, duplex stain-
less steels have an excellent track record in subsea
conditions but hydrogen-induced stress cracking is a
risk if cathodic protection is applied in sour environ-
ments, containing H2S. The reported failures under
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cathodic protection have been associated with unusu-
ally high mechanical loads, an unfavorable micro-
structure in the base metal, characterized by large
grains, intermetallic phases, etc. or a high ferrite con-
tent in welds. Lowering the hydrogen sulfide concen-
tration to below 0.1 g l�1 can reduce the susceptibility
to SCC or by reducing the applied stress level to
below 60% of the yield stress.

Many tests on hydrogen embrittlement are carried
out using cathodic charging in sulfuric acid solutions
that contain arsenic, Hydrogen embrittlement occurs
if the applied stress is higher than the yield stress and
the presence of hydrogen ions recombines in the
presence of the poison arsenic compound in sulfuric
acid. The presence of molybdenum in ferritic stain-
less steel can reduce the steel’s resistance to hydrogen
embrittlement.

3.04.8.6.7 SCC in atmospheric environments
A number of accidents have occurred where ceilings
in swimming pool houses have collapsed due to cor-
rosion, mainly involving 304 type steel grades. For
example, in Steenswijk in the Netherlands in 2001,
suspended air channels were collapsed due to corro-
sion. Analysis revealed that the reason for the collapses
was SCC and also that it occurred at lower tempera-
tures than expected based on previous experience.
Most other reports of SCC related to atmospheric
environments have been at temperatures above 50�C
in combination with chlorides under evaporative con-
ditions and not typically at room temperature.

In recent decades, the atmospheric environment
in swimming pool houses has changed as modern
pool houses use higher water and atmospheric tem-
peratures for convenience. Furthermore, in many
cases, dehumidifiers are installed and the pools have
higher water agitation and heavier bather loadings.
The swimming pool house atmosphere may also be
subjected to changes in humidity and temperature
during both day and night.

Experience has shown that items of stainless steel
furniture and equipment immersed in or washed by
pool water do not suffer from corrosion problems.

Chlorine-based disinfectants are used in most
swimming pool water in a form of hypochlorous
acid, HClO, hypochlorite, ClO�, and chlorine, Cl2,
independent of the particular disinfection procedure.
Assuming the most typical pH level for swimming
pools, that is, between 7.2 and 7.4, the concentration
of hypochlorite and hypochlorous acid in the pool
water is approximately equal and the concentration
of chlorine gas is negligible. The amount of free

chlorine in the pool water, that is, the total concen-
tration of hypochlorite, hypochlorous acid, and chlo-
rine, is usually kept at 0.5–2 mg l�1.

Free chlorine reacts with ammonia and amine
compounds introduced to the pool water by bathers
forming relatively stable intermediate products,
chloramines. Chloramines are volatile substances
responsible for ‘swimming pool smell’ and causing
most of the eye and nose irritations to pool users.
Chlorine seems to be transported to the metal surface
from the pool water in the form of volatile chlorine-
based chemicals, probably mainly as trichloramines.
Chloramines are sufficiently stable to be carried to
relatively distant locations and dissolve in condensed
water on a metal surface. However, the deposition of
chlorine-based chemicals in the form of water aerosol
has also to be considered. Regular maintenance, such
as routine cleaning with clean water, reduces the risk
of corrosion in these environments significantly.37

Iversen and Prosek simulated the worst possi-
ble conditions in a swimming pool atmospheric envi-
ronment by exaggerating the concentration of chloride
in the surface electrolyte, the level of tensile stress, the
temperature, and the relative humidity of the atmo-
sphere in comparison with values reported from real
swimming pool environments to simulate extremely
severe conditions.37 The test method they used con-
sisted in applying droplets of saturated magnesium
and calcium chloride spots on the top of U-bent sam-
ples of eight grades of stainless steel. A part of each of
the samples was exposed at 50�C over saturated water
solutions of respective chloride salts to keep the rela-
tive humidity at the deliquescence point. The stainless
steel grades S30400 (1.4301) and S31600 (1.4404) were
susceptible to SCC in the presence of magnesium and
calcium chloride deposits at 50�C and at the deliques-
cence point. Transgranular cracks were initiated rap-
idly, probably within the first week of exposure.

No SCC was found on samples of the higher
alloyed austenitic stainless steel grades N08904
(1.4539) and S31254 (1.4547). These were completely
free of corrosion or suffered from pitting corrosion.
Figure 24 shows SCC on S31600 from laboratory
tests exposed with MgCl2 spots at 50

�C and at 31%
RH for 22 weeks.

Common austenitic stainless steel grades without
molybdenum or with amaximum of 3%molybdenum
have been recognized to suffer from SCC under
the specific conditions that can occur in swimming
pool atmospheres. Therefore, these stainless steels
should be excluded from being used as safety-relevant
fastening components in swimming pool buildings.
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It seems that highly corrosion-resistant stainless steels
are necessary for the successful and safe application
of stainless steels in swimming pool atmospheres in
combination with maintenance such as regular clean-
ing of the stainless steel surfaces.

3.04.8.6.8 SCC of martensitic stainless steels

Martensitic stainless steels such as S41000 are very
susceptible to both SCC and hydrogen embrittlement.
Martensitic grades are especially susceptible to hydro-
gen embrittlement in tempered conditions. This sus-
ceptibility to hydrogen embrittlement can have an
adverse effect on anycathodic protection ofmartensitic
stainless steels in applications such as in seawater. The
cathodic protection sets the potential in a risk area, at
low negative potentials, for hydrogen embrittlement to
occur. Another risk scenario for martensitic stainless
steels is grain boundary precipitation caused by tem-
pering, which leads to an increased risk of intergranular
SCC. The hardness of the material is often an impor-
tant factor in the selection of martensitic stainless
steels, but comes at a cost, since the mechanical tough-
ness decreases with increasing hardness. This will also
influence the stress levels in the material, particularly
in welded components.

3.04.8.6.9 SCC of ferritic stainless steels
Ferritic stainless steels are highly resistant to chloride-
induced SCC, but even if ferritic grades do not crack
under such conditions, their resistance to other types
of corrosion, such as localized corrosion and uniform
corrosion, is determined by a combination of the alloy
composition and the service environment.

High chromium ferritic alloys can suffer from
embrittlement under incorrect and prolonged heat
treatment often referred to as 475�C embrittlement.
Even though ferritic stainless steels exhibit excellent
resistance to stress corrosion in chloride solutions, sen-
sitization or high temperature embrittlement at 475�C
leads to cracking of these grades in a chloride or caustic

solution. Another operation that increases the suscepti-
bility to cracking in ferritic grades is coldwork. Alloying
elements in ferritic grades identified as causes of
SCC include nitrogen, copper, nickel, and carbon.
Microstructure effects on increasing cracking pro-
perties, are probably related to the reduction of duc-
tility, which occurs where precipitation of carbides
and nitrides occur in high temperature embrittlement
at 475�C.33

The most common reported cause of sensitization
in ferritic stainless steels is high carbon content. Low
carbon and nitrogen levels in ferritic stainless steels
are beneficial as they improve the toughness of the
material and also help prevent the precipitation
or carbides and nitrides. Alloying elements that
improve the resistance to cracking of ferritic stainless
steels are titanium (Ti) and niobium (Nb).

3.04.8.6.10 SCC of austenitic stainless steels
The alloying element nickel has been widely dis-
cussed in terms of its contribution to resistance to
chloride-induced SCC of austenitic stainless steels in
sodium chloride solutions. Copson showed that for
low and high levels of nickel in austenitic stainless
steels no SCC occurred in boiling magnesium chlo-
ride at 154�C.38 However, it should be pointed out
that these measurements were carried out under con-
ditions that cannot be transferred to any real envi-
ronment. Nevertheless, Nickel has a beneficial effect
and is known to prevent SCC when the nickel con-
tent exceeds 30–40 wt%. Very high amounts of nickel
as an alloying element are accounted for in nickel-
based materials. Any beneficial effect attributable to
nickel only is excluded in the ferritic stainless steels
as they normally do not contain nickel and are any-
way highly resistant to chloride-induced SCC. An
increase in the molybdenum content in austenitic
stainless steels has produced a significant improve-
ment in the resistance to SCC in sodium chloride
solutions. The resistance to SCC generally increases

Figure 24 SCC on S31600 (1.4404) from laboratory tests exposed with MgCl2 spots at 50
�C and at 31% RH for 22 weeks.

Reproduced from Iversen, A.; Prosek, T. Eurocorr 2007, Freiburg im Breisgau, Germany, 9–13 September, 2007.
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in line with the PRE number, as the chromium,
molybdenum, and nitrogen content is increased in
austenitic stainless steels. The super austenitic stain-
less steels are highly resistant to chloride-induced
SCC. One of the reasons for this is that the assist-
ing corrosion reaction to SCC does not initiate as
easily in super stainless steels with a high PRE num-
ber as in the standard grades S30400 (1.4301) and
S31600 (1.4401).

3.04.8.6.11 SCC of duplex stainless steels

Generally, duplex stainless steels are more resistant
to SCC compared with austenitic stainless steels with
corresponding PRE values and alloy composition.
This is because duplex stainless steels have a two-
phase microstructure. An austenite stabilizing alloy-
ing element such as nitrogen and nickel does not
dissolve easily in the ferritic phase. The effect of
the duplex microstructure on the overall material is
a two-phase system and a possible reason mentioned
in the literature is different stress intensity factors
for the two phases.35 There are also some theoretical
considerations suggesting that the SCC process
can be arrested by the differences between the two
phases and that propagation is, to some extent,
hindered between the two phases. However, occur-
rences of SCC in duplex stainless steels have been
reported in strong alkaline solutions at very high
temperatures.

3.04.8.7 Corrosion Fatigue

It is well-documented that material subjected to a
cyclic load far below the ultimate tensile stress can
fail, due to fatigue. If the metal is simultaneously
exposed to a corrosive environment, the failure can
take place at low loads and after a short period of time.
Contrary to pure mechanical fatigue, there is no fatigue
limit in corrosion-assisted fatigue. The fatigue fracture
is brittle and the cracks are typically transgranular,
as in SCC, but not branched. Fatigue properties of
stainless steels can be read in Section 3.04.4.4.

The fatigue strength is sensitive to the service
environment and under both cyclic loading and cor-
rosive conditions; the fatigue strength will generally
decrease. In many cases there is no pronounced
fatigue limit, as observed in air, but a gradual lower-
ing of the fatigue strength with increasing number of
load cycles. The more aggressive the corrosive con-
ditions and the lower the loading frequency, the
higher the effect of the environment. During very
high frequency loads there is little time for the cor-
rosion to act and the fatigue properties of the

material will mostly determine the service life. At
lower frequencies the corrosive action is more pro-
nounced and an aggressive environment may also
cause corrosion attacks that will act as stress concen-
trations and thus contribute to a shorter life. There is
a clear tendency that duplex stainless steels resist
fatigue and corrosion fatigue better than austenitic
stainless steels. The reason is a high strength com-
bined with good corrosion resistance.

3.04.8.8 Corrosion on Stainless Steels
Related to Welding Procedures

The procedure of welding changes mechanical proper-
ties, the surface geometry, surface appearance, and
microstructure in the weld compared with the base
material. These changes have an impact on the corrosion
properties of the steel grades and have to be accounted
for in a construction, welding procedure, the choice
of filler material but also by the postweld treatment.

Welding defects, which occur in connection with
the welding procedure, can in some cases have an
adverse effect on corrosion resistance. The effects of
weld defects will depend on the service environment
in which the construction or application is placed.
Weld defects in mild environments, for example,
clean and moist air, do not normally cause any severe
corrosion damage, whereas in more aggressive envir-
onments, such as those, which might occur in process
industry, could lead to more severe damage. One
good rule is to aim to eliminate defects and if they
occur, to remove them to ensure optimum corrosion
resistance of the welded construction.

In most cases where weld defects cause corrosion
attacks, the types of corrosion typically seen are
localized corrosion, such as pitting and crevice cor-
rosion. Other types of corrosion attacks might be
caused by nonproper welding procedures, as previ-
ously mentioned. The combination of unsuitable
welding procedures and an aggressive environment
can give rise to general corrosion, SCC and/or inter-
granular corrosion.

Defects possibly causing pitting corrosion are local
areas of holes, microcrevices, surface pores, crater
pores, spatter, slag or any other surface defect, which
naturally can be a location for the initiation of pitting
corrosion attacks. Crevice corrosion resistance is
decreased by any defect that forms a crevice. Exam-
ples of such defects are all types of cracks, incomplete
penetration or lack of fusion. Service environments
causing deposits under service are also a trigger to the
initiation of crevice corrosion.
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Uniform corrosion may occur in strong acid envir-
onments in connection to oxides or defects caused by
ignition spark. If a weld is underalloyed comparedwith
the parent metal, the weld could corrode uniformly
leaving the parent metal as if the service environment
is too aggressive for the filler material used.

SCC is caused by a combination of factors. These
include an aggressive environment as well as an ele-
vated temperature in combination with tensile stresses
in the surface. Welding can introduce tensile stresses
in the material that can initiate SCC if the other two
requirements are present. All types of defects known to
cause SCC must be avoided, for example, cracks, or
heavy undercuts. The presence of oxygen on the root
side during gas tungsten welding, TIG or gas metal arc
welding, MIG can, if present in the same concentra-
tions as in the service atmosphere, lead to excessive
oxidation of the melted metal during welding. The
result is a weld with a totally unacceptable geometry
combined with an excessive heat tint – thereby leaving
the root side with an unacceptably low corrosion resis-
tance. To avoid excessive oxidation, an inert root gas
must always be used during welding.

All types of stainless steels ferritic, duplex, and
austenitic must be thoroughly cleaned after welding
to accomplish sufficient and acceptable corrosion
resistance of the weld.

3.04.8.8.1 Ferritic stainless steels

The weldability of ferritic stainless steels depends
on the chemical composition and more specifically on
the ratio of alloying elements such as carbon and
nitrogen in relation to the chromium content.
Precipitation of chromium carbides along grain
boundaries should be avoided since this increases
the risk of intergranular corrosion. After welding,
heat treatment may be necessary to restore the cor-
rosion resistance of these steels. However, a low ratio
of (C+N/Cr) reduces the risk of chromium carbide/
nitride precipitation and any intergranular corrosion
in connection with welding.32

If insufficient gas protection is used during weld-
ing, chromium nitrides may form, caused by an
uptake of nitrogen from the atmosphere. These pre-
cipitates can cause embrittlement and lower the cor-
rosion resistance.

3.04.8.8.2 Duplex stainless steels

The modern duplex stainless steels have much better
welding characteristics than the ferritic stainless steels
and require in general no preheating or postweld heat

treatment. However, duplex stainless steels show fer-
ritic microstructure at very high temperatures and too
rapid a cooling can conserve this structure. This could
lead to the precipitation of nitride or carbide and
consequently increase the risk of intergranular corro-
sion. However, modern duplex stainless steels contain
high nitrogen content and low carbon contents, favor-
ing a two-phase structure free from precipitates. The
use of fillers with higher Ni-content ensures a weld
metal with sufficient austenite level.

3.04.8.8.3 Austenitic stainless steels

Austenitic stainless steels are generally easy to weld and
do normally not require any preheating or postweld
heat treatment. Highly alloyed austenitic stainless
steels – also known as super austenitic grades – gener-
ally have goodweldability, but the micro segregation of
molybdenum reduces the pitting resistance in the weld
deposit. To counter the reduction in pitting resistance,
these grades are welded with a nickel-based filler that
has been overalloyedwith molybdenum. Super austen-
itic steels should beweldedwith aminimum of heating.
The presence of ferrite might influence the corrosion
resistance in the ferrite phase in some specific environ-
ments as nitric acid. To rectify this, the use of fully
austenitic electrodes and filler are used in some appli-
cations, such as the production of urea and acetic acid.

Intergranular corrosion was previously a problem
for stainless steels with high carbon content. Nowa-
days, modern stainless steel manufacturers have no
difficulties in maintaining a low carbon content so
intergranular corrosion caused by chromium carbide
precipitation after the welding of austenitic and
duplex stainless steels is no longer a problem.

3.04.8.8.4 Postweld treatment

The presence of weld oxides can also cause decreased
resistance to pitting corrosion.

Heat tint seen on stainless steels after welding is
caused by an oxidation of even fairly minor amounts
of oxygen at the high welding temperature during
welding. The heat tint influences the passive film and
the corrosion properties of the passive film negatively
adjacent to the weld. Any oxides, tarnish or scale,
should be removed by grinding and/or pickling to
maintain the localized corrosion resistance of stain-
less steels. However, in some cases where the envi-
ronment will lead to general corrosion such as in
strong acids, the service environment will remove
the oxide scale.

Grinding of the surface produces a more or less
rough surface depending on the grit used. Generally,
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the finer the surface finish, the better the corrosion
resistance, and grinding coarser than grit 80 very
often produces a surface with an unacceptably low
pitting resistance compared with the pitting resis-
tance actually inherent in the alloy composition.
Coarse grinding can introduce tensile stresses in the
surface, which increases the risk of SCC if the envi-
ronment is too corrosive.

3.04.8.9 General Corrosion

General corrosion occurs uniformly over the stainless
steel surface when the passive layer is completely
broken down. Anodic and cathodic reactions occur
on the same surface and the corrosion rate is similar
over the entire surface.

General corrosion is easier to predict from corro-
sion rates and thinning of the material over time
compared with localized corrosion such as pitting,
crevice, and SCC. The corrosion rate can be used
for lifetime predictions and in material selection, a
stainless steel grade is generally chosen for its low
corrosion rate. Material with a corrosion rate of less
than 0.1 mm year�1 is generally regarded as being
corrosion-proof, whereas a corrosion rate that
exceeds 1.0 mm year�1 means that the material is
regarded as unusable in terms of its corrosion resis-
tance. Extensive data are available on the uniform
corrosion properties of commercial stainless steels.32

However, laboratory tests are not strictly comparable
with actual service conditions, where the corrod-
ing medium often contains impurities. These may in
some cases increase corrosion, in others, decrease
it. In unfavorable cases, the increase can be very
high. The best material advice is based on results
obtained from the actual process or service environ-
ment concerned.

The uniform corrosion rate is also affected if the
acid contains chemicals that are oxidizing or reducing.
Reducing impurities, for example, hydrogen sulfide
may increase the corrosion rate. An oxidizing acid
that has a positive effect at a lower concentration is
nitric acid, since this promotes passivation of the
stainless steel surface at some concentrations rather
than initiating uniform corrosion. Nevertheless, there
is a limit to how oxidizing the environment may be
from a corrosion point of view. Some exceptions
occur in strongly oxidizing solutions such as in hot
concentrated nitric acid or in chromic acid. In these
environments, molybdenum is an undesirable alloy
addition. A hot concentrated nitric acid can dissolve
the passive layer and transpassive corrosion may

occur. The mechanism of transpassive corrosion is
not similar to uniform corrosion as the passive layer
will be oxidized to more soluble species but the
consequence is the same, the passive layer breaks
down partly or completely and uniform corrosion
occurs. As for many other environments, in common
mineral acids and organic acids the higher alloyed
stainless steel grades containing higher amounts of
chromium, nitrogen, and molybdenum are more resis-
tant to uniform corrosion than the lower alloyed
stainless steel grades. Severe environments from a
general corrosion point of view are high concentra-
tions of hydrochloric or hydrofluoric acid in which
the corrosion may propagate at a rate that can be
detrimental to a construction.

Severe environments from a general corrosion
point of view are those with high concentrations of
hydrochloric or hydrofluoric acid in which the corro-
sion may propagate at a rate that can be detrimental
to a construction.

Engineering with stainless steels relies, in many
cases, on test results obtained in laboratory measure-
ments. As with other types of corrosion, a number of
different methods are used to describe the suscepti-
bility to uniform corrosion. Isocorrosion diagrams are
available for a number of stainless steel grades tested
in pure chemicals.32 The test methods introduce acti-
vation of the stainless steel to corrosion in between
test periods to forward either propagating uniform
corrosion or repassivation.

3.04.8.9.1 Sulfuric acid

When stainless steels are exposed to acids, the aggres-
sivity of the solution is generally related to the level
of concentration and general corrosion increases with
temperature, but as far as sulfuric acid is concerned,
there are some exceptions to this rule, even with
regard to the increase in the concentration. At low
concentrations and in concentrated sulfuric acid, the
aggressiveness towards stainless steels is low and at
intermediate concentrations, sulfuric acid causes
high uniform corrosion rates.

The isocorrosion line in the diagram shows the
limit for use of the specific stainless steel grade. The
line, one for each alloy, represents a corrosion rate of
0.1 mm year�1. At concentrations or temperatures
above this line the corrosion rate is unacceptably
high. In other words, above the isocorrosion line,
the corrosion rate is too high and below the line,
the material is regarded as corrosion-proof. A safety
limit is typically adopted to provide materials selec-
tion advice well below the line and not on the line.
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As can be seen from the isocorrosion diagrams in
Figures 25 and 26 the steel grade N08904 (1.4539)
performs better in sulfuric acid at intermediate con-
centrations than some other stainless steel grades.
Increased nickel, molybdenum, and copper content
in the steel sustain the uniform corrosion rate in
sulfuric acid.

Comparing the corrosion resistance of N08904 in
aerated and deaerated sulfuric acid, Figures 25–27,
show that in the aerated sulfuric acid some increase
in the corrosion rates were observed at intermediate
concentrations.

Figure 25 shows, at very high concentrations of
sulfuric acid, above 90wt% and, at temperatures
below 30�C, that there is a possibility of using the
standard grade of S31600, since the aggressiveness of
the highly concentrated sulfuric acid is less for stain-
less steel compared to intermediate concentrations of
sulfuric acid.

To understand the change in the corrosiveness of
sulfuric acid solutions, which is higher at intermedi-
ate concentrations than at high concentrations, we
must look to the hydrogen ion concentration in the
sulfuric acid. At intermediate concentrations, the
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hydrogen ions are able to dissolve into the water
more easily than in the higher concentrations since
there are minor amounts of water present in the
higher concentrations. The ability of sulfuric acid
to be either reductive or oxidizing is also affected
by the concentration.

3.04.8.9.2 Hydrochloric acid

Hydrochloric acid is one of the most severe mineral
acids for stainless steels. Generally, the corrosion
resistance in this type of environment increases
with increasing alloy content of chromium, molybde-
num, and nitrogen. However, stainless steels are only
used at low concentrations of this acid and at low
temperatures. The isocorrosion diagram, Figure 28,

shows that the corrosion rate increases rapidly when
the steel is exposed to hydrochloric acid. Care must
also be taken in chemicals where the risk of hydro-
chloric acid production is possible.

The beneficial effect from molybdenum as an
alloying element in stainless steel can be seen from
the results in the isocorrosion diagram, where S32654,
containing approximately 7 wt% of molybdenum,
performs better than the other stainless steels contain-
ing lower amounts of molybdenum. It should also be
pointed out that even if a low general corrosion rate is
obtained for a stainless steel in hydrochloric acid,
there would still be an increased risk of pitting at
moderate temperatures, as well as a risk of SCC at
higher temperatures. Hydrochloric acid is the most
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corrosive mineral acid and when a stainless steel is
activated there is little or no chance of repassivation of
the material.

3.04.8.9.3 Phosphoric acid

Phosphoric acid is used in many industrial processes
and the quality of the acid varies in many cases
depending on impurities. If oxidizing chemicals are
present, passivity can be obtained, and in pure phos-
phoric acid, many stainless steel grades are capable of
existing without any severe corrosion, as shown in the
isocorrosion diagram for pure phosphoric acid (see
Figure 29).

Many types of phosphoric acids are used in indus-
trial applications. The common classification of these

is wet-process phosphoric acids (WPA) and usually
means that the acid contains impurities in combina-
tion with phosphoric acid. Some triggers to increased
corrosiveness in technical phosphoric acids are fluor-
ides, chlorides, and bromides. Care has to be taken
while using phosphoric acids containing chlorides
and at increased temperatures. A temperature change
of 50–100�C would cause the corrosion rate to
increase more than 10-fold on a typical stainless
steel grade such as S31600, even where only low
amounts of chlorides are present in the acid. If the
chloride content were to increase to values exceeding
500 mg l�1 (ppm), even the S31600 grade would be
unsuitable due to the high corrosion rate at this
temperature range (see Figure 30).
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Fluorides in phosphoric acids may also have an
adverse effect on corrosion resistance if the amounts
are too high in combination with temperature increase,
see Figure 31. The worse conditions, however, are
those where there are synergetic effects between
chlorides and fluorides in combination with other
impurities. In complex WPA that contains different
impurities, it is usually advisable to seek additional
information and advice from corrosion experts.
Examples of WPA can be found in the literature,
however, only as examples and in real applications,
the amounts of impurities are typically not the same
as published.32

3.04.8.9.4 Nitric acid

Nitric acid is generally a passivation acid for com-
mon austenitic and duplex stainless steels containing
18 wt% chromium at concentrations of 20 wt% and
below 100�C. It is used for cleaning and passivation
after any alterations in the stainless steel surfaces in
different applications. Nitric acid is also one of the
chemicals in pickling acids used in the manufacturing
of stainless steels. The use of the stainless steel
grade S30400 in nitric acid of different concentra-
tions up to 60 wt% and below 100�C is widely
adopted. Even ferritic grades containing 13 wt%
chromium are resistant to corrosion in nitric acid
at concentrations of 20–60 wt% below 40�C.32

However, in hot nitric acid there is a risk of inter-
granular corrosion in most stainless steel grades due
to the oxidizing power of the solution. Sedrik
reviewed that high silicon alloys have been used

for service in concentrated nitric acid solutions
and the stainless steel grade 310L has been used
for very hot concentrated nitric acid.34

3.04.8.9.5 Organic acids

Most organic acids are less aggressive than the min-
eral acids. However, formic acid is one exception, as
this is aggressive to S30400 at intermediate tempera-
tures and concentrations. The temperature plays a
significant role in determining the corrosiveness of
formic acid and at intermediate concentrations rang-
ing from 25–85 wt% in combination with a high
temperature, that is, 100�C, most stainless steels cor-
rode. However, at lower temperatures, most of the
stainless steels containing higher amounts of chro-
mium, nitrogen, and molybdenum are resistant to
corrosion in formic acid, see Figure 32. Other organic
acids such as acetic and lactic acid are less corrosive
and the stainless steel grades S30400 and S31600 are
resistant to corrosion at most temperatures and con-
centrations. However, the stainless steel grades S30400
and S31600 corrode at higher temperatures and con-
centrations close to boiling point in lactic acid solu-
tions, so higher-alloyed stainless steel must be used in
such service environments. In acetic acid, S30400 is
prone to corrosion at temperatures above 90�C at
concentrations above 10 wt% and even to localized
corrosion above 70�C at concentrations above 80 wt%.
There are many organic chemicals in pure condi-
tions, many of which are not at all corrosive to
stainless steels such as S30400 and S31600. Some
examples are fatty acids, such as oleic acid, stearic acid
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or ethanol. The S31600 grade can also cope with most
concentrations and temperatures of citric acid.

Oxalic acid has two organic acid functional groups
and can release two protons per molecule. This acid
is more corrosive for standard stainless steel grades
such as S30400 and S31600 and is further highly
corrosive to titanium, see Figure 33.

3.04.8.9.6 Alkaline solutions

Stainless steels such as S30400 and S31600 are highly
resistant in alkaline environments such as sodium
hydroxide and potassium hydroxide at lower and

intermediate temperatures at all concentrations, see
Figure 34. The tolerance to chloride contamination
in sodium and potassium hydroxide is also much
higher compared with neutral water solutions.
Uniform corrosion tests have shown that resistance
was obtained in solutions containing 1–20 wt%
sodium chloride in 40 wt% sodium hydroxide solu-
tion using activation and at a temperature as high as
80�C.32 However, at high temperatures above 115�C
and at intermediate concentrations above 20 and 70
wt%, stainless steels are prone to SCC in sodium and
potassium hydroxide.
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3.04.8.10 Galvanic Corrosion

Galvanic corrosion may occur when two dissimilar
metals are in electrical contact in a conductive solu-
tion, an electrolyte. The corrosion rate is dependent
on the conductivity of the electrolyte, on the differ-
ence in the galvanic series between the metals and
also on the surface ratio between the metals. The
position of a metal in the galvanic series, at a specific
temperature, in a specific electrolyte can be repre-
sented as the corrosion potential of the metal, Ecorr or
open circuit potential, OCP. For example, in seawater
at 10�C, passive stainless steel is a more noble metal
and has a higher corrosion potential in the galvanic
series than the less noble mild steel. If a stainless steel
construction is in conductive electrical contact with a
less noble metal, the less noble metal will corrode at a
higher corrosion rate. Furthermore, if the less noble
metal has a small surface ratio compared with the
more noble metal, the corrosion rate will increase
even more.

Two different stainless steel grades in the passive
state, coupled in an electrolyte, are quite close in the
galvanic series and the risk of galvanic corrosion is
less as long as the stainless steels remain in the passive
state. If the passivity of one of the steel grades breaks
down and corrosion occurs, the corrosion potential
thus changes to the stainless steel active corrosion
potential and the corrosion rate is influenced by this
change between the two materials. Knowledge about
the series in the specific environment is necessary to
predict galvanic corrosion. The corrosion potential
for a stainless steel can vary as the pH level of the

solution changes and if oxidizing or reductive chemi-
cals are present in the solution.

In summary, the following circumstances influ-
ence the extent of galvanic corrosion:

� The relative area between the dissimilar metals.
A smaller area of the less noble metal suffers from
more aggressive corrosion attack. This relation is
often referred to as a small anode to a large cathode.

� The magnitude in variation of nobility of the
metals. The higher the potential difference
between the dissimilar metals in the galvanic series,
the higher the galvanic corrosion rates under wet
conductive conditions. The solution’s electrical
conductivity. The worse leading ability of a solu-
tion contribute to limited corrosion attack close to
the contact area between the two dissimilar metals.

� The corrosion rate of galvanic corrosion is further
decreased by the decrease in temperature of the
electrolyte.

� The solution’s electrical conductivity. A high con-
ductivity, that is, a high leading ability of a solution
contributes to increased electron flow from the cor-
rosion reactions and thereby a higher corrosion rate
at the contact area between the two dissimilarmetals.

� The rate of galvanic corrosion may be decreased
by a reduction in the temperature of the
electrolyte.

All passive stainless steels are relatively high up in
electrochemical potential, compared with other mate-
rial, whereas, for example, zinc is relatively lowdown in
potential in the galvanic series, see Figure 35.
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There are several ways of preventing galvanic
corrosion. Painting operations prevent the electrolyte
from reaching the contact area. The use of wax or
adhesives in narrow crevices prevents the electrolyte
from reaching any contact area and thus prevents
corrosion. The use of electrochemical knowledge
between metals in construction can also prevent the
occurrence of galvanic corrosion as well as being used
in corrosion protection.

The risk of galvanic corrosion is severe in seawater
applications. To predict the risk of galvanic corrosion
the comparison of the different corrosion potentials
can be utilized. The larger the difference the greater
the risk of attack of the less noble component.

3.04.8.11 Intergranular Corrosion

Intergranular corrosion occurs as the name indicates
along grain boundaries on. This corrosion form is
sensitive to high carbon contents in the stainless
steel and occurs if chromium carbides are precipi-
tated in between the grains. Precipitation reactions in
stainless steels can be read about in Section 3.04.5.
A stainless steel, which was heat-treated to conditions
for grain boundary precipitations to occur, is referred
to as sensitized. Other circumstances for intergranu-
lar corrosion to occur are when carbon is diffusing
into the surface layer of the solid stainless steel as in
carburization. If the stainless steel components are
heat treated with oil, plastic tape or other organic
substances on the surface or in atmosphere contain-
ing carbon monoxide or hydrocarbons there is a risk
of carburization and intergranular corrosion as a
result.32 More about carburization can be read in
Section 3.04.5.4.

Intergranular corrosion occurs in solutions where
the grain boundaries of chromium carbide are acti-
vated and the rest of the material is in a passive

condition, which means under strong oxidizing con-
ditions. But it should also be pointed out that a
sensitized stainless steel is vulnerable to other forms
of corrosion as pitting, crevice corrosion, and SCC.

Measures to increase the resistance of stainless
steels to intergranular corrosion caused by chromium
carbide precipitations are to perform solution anneal-
ing or lowering the carbon content by stabilizing with
titanium and niobium.

The addition of titanium or niobium to the steel,
so-called stabilization, means that the carbon is bound
as titanium or niobium carbides. Since titanium and
niobium have a greater tendency to combine with
carbon than chromium, this means that carbon is not
available to form chromium carbides. The risk of inter-
granular corrosion is therefore appreciably reduced.
There is, however, a disadvantage associated with
stabilization. In the area closest to a weld, the temper-
ature during welding can be so high that titanium or
niobium carbides are dissolved. There is then a danger
that they do not have time to re-precipitate before the
material has cooled sufficiently to allow the formation
of chromium carbides in the grain boundaries. This
leads to so-called knife line attack in which a narrow
zone of material very close to the weld suffers inter-
granular corrosion. Since the carbon level in stabilized
steels is often quite high (0.05–0.08 wt%) this can give
serious attack.

Nevertheless, a low carbon content in the stainless
steel extends the time required for sensitization to
occur andmodern steelmanufacturingmethods enable
lower carbon contents to provide a considerable
decrease of the risk of intergranular corrosion to occur.

The effect of a decrease in the carbon content
is most easily illustrated by a time–temperature-
sensitization, TTS-diagram, an example of which is
shown in Figure 36. The curves in the diagram show
the longest time an austenitic steel of type 18Cr–8Ni
can be maintained at a given temperature before
there is a danger of corrosion. This means that for
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standard low-carbon austenitic steels (L-grades) the
risk of intergranular corrosion cracking is, from a
practical point of view, eliminated. All high-alloyed
austenitic and all duplex grades intended for aqueous
corrosion service have carbon contents below 0.03 wt
% and are consequently ‘L-grades.’ Due to the low
solubility of carbon in ferrite, the carbon content will
have to be extremely low in ferritic stainless steels if
the risk of intergranular corrosion is to be eliminated.
In ferritic stainless steels, stabilizing element and
extra low carbon contents are often used to eliminate
the risk of intergranular attack after welding or other
potentially sensitizing treatments.

The stainless steels are usually delivered in the
solution-annealed conditions which is a heating pro-
cess causing the chromium carbides to dissolve, fol-
lowed by rapid cooling. Such an operation leaves the
carbon in solid solution in the steel. Even if a sensi-
tized structure occurs, solution annealing recovers
the stainless steel microstructure.

3.04.8.12 Erosion Corrosion

In construction systems where a flow of the solution
is a part of the process, a sufficiently high rate to
avoid deposits or marine growth is of preference. The
mechanical impact from a flowing solution in combi-
nation of corrosion reaction might raise the risk of
erosion corrosion in tubular systems. However, stain-
less steels commonly provide high tolerance against
erosion corrosion in neutral chloride solutions and an
optimum of flow rate avoiding erosion corrosion but
mitigate deposits beneficial for both corrosion per-
formance and economics of operation.

Erosion corrosion is a form of corrosion, which
occurs at high relative metal–liquid velocities. This
form of corrosion includes a mechanical wear of cor-
rosion products. In a solution containing solid parti-
cles, for example, sand, the corrosion rate is higher.
Stainless steels can be attacked if the composition of
the steel grade provides unstable passivity in an
aggressive solution. Attacks can occur on, for example,
pump impellers. The resistance of stainless steels to
erosion corrosion is generally increased by the same
alloying elements as those, which increase resistance
to general corrosion in the solution in question.40

3.04.8.13 Common Test Procedures and
Standards for Stainless Steels

The most reliable test method for stainless steel’s
performance in an environment is the field-testing
procedure. A number of stainless steel grades are

then tested in the service environment for a long
period of time, a year or longer. However, there are
a number of good test methods for ranking purposes
of different stainless steel grades and also in some
cases used for control purposes of the steel grades.
Below are some of the most common test methods
presented, used in the laboratory for research pur-
poses and also for the screening of different stainless
steel grades. The test methods are commonly based
on the type of corrosion expected to occur.

Laboratory methods offer the most efficient way
of ranking different stainless steel grades and their
resistance to pitting and crevice corrosion. However,
care has to be taken while using laboratory results in
real environments, and field tests should, in some
cases, be carried out to provide information about
the optimum stainless steel grade to use. Laboratory
tests can, nevertheless, still be very informative since
some of the parameters that have the greatest influ-
ence on the corrosion properties of stainless steels
may be used to simulate the most aggressive condi-
tions, such as the amount of chlorides, temperature,
pH levels, type of acid, any oxidizing chemicals, etc.
Advice on material selection can then be formulated
on the basis of these results.

3.04.8.14 Localized Corrosion Testing of
Stainless Steels using Electrochemical
Methods

The most common electrochemical method cur-
rently used to demonstrate the passivity and corro-
sion of standard alloy stainless steels in different
solutions is to perform polarization measurements.
Figure 37 shows a schematic polarization curve for
a stainless steel suffering from pitting corrosion at
anodic potentials where the electrochemical response
of active corrosion is a high current density.

The characteristic of pitting and crevice corrosion
is the breakdown of the passive film, represented in
polarization measurements by the pitting potential,
Ep. The pitting potential can be defined as the poten-
tial at which the current density exceeds 100 mA cm�2

for more than a minute. The most common polariza-
tion measurements show typically spikes in the cur-
rent density before the breakdown to corrosion, which
are referred to as metastable pitting corrosion.

Both the pitting potential Epr and the repassivation
potential, Er are dependent on the scan rate. A higher
scan rate will influence the chemical equilibrium
reactions at the metal surface. If the scan rate is too
high the pitting potential increases and the
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repassivation potential, Er, will typically decrease.15

The effect of too high a scan rate is independent of
the steel grade.41

The distinction between localized corrosion, such
as pitting and crevice corrosion, and transpassive
corrosion in the polarization measurements, is
shown by the slope in the polarization measurements
in the higher potential area, shown in Figure 38. In
the case of pitting the increase in current density is
much steeper than in the case of transpassive corro-
sion. Even more pronounced is the difference in
the repassivation potential, where in transpassive
corrosion this is closer to the transpassive potential,
Etr than for pitting corrosion.

Figure 38 shows the polarization measurements
illustrating transpassive corrosion at higher anodic
potentials.

Comparing the pitting potentials, in solutions con-
taining sufficient amounts of sodium chloride can
successfully provide a ranking of the standard stainless
steel grades S30400, S31600 and low alloy stainless
steel grades. However, the test temperature in combi-
nation with the aggressiveness of the solution must
exceed the critical pitting temperature (CPT) of the
tested steel grade for pitting corrosion to occur.

3.04.8.15 Different Stainless Steel Grades
and their Resistance to Pitting and Crevice
Corrosion

Two common methods for determining the critical
pitting temperature, CPT, are prescribed in ASTM
G 150 and ASTM G 48. The former is an electro-
chemical method that uses a set potential at 700 mV/
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Figure 37 Schematic polarization diagram of pitting potential, Ep and repassivation potential, Er in a solution containing
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SCE in 1 M NaCl as the electrolyte and then screens
the temperature from 0�C to the CPTwhere pitting
corrosion of the steel grade propagates in a crevice-
free electrochemical cell. This method provides a
different CPT than ASTM G 48, which is an immer-
sion test for 24 h in a 6% FeCl3 solution that produces
an oxidizing effect from the chemical solution instead
of from a potentiostate. The temperature is then
increased in intervals of 2.5�C until pitting corrosion
occurs. Both methods show similar ranking properties
with regard to the resistance to pitting corrosion
among stainless steel grades, but ASTM G 150 offers
better reproducibility than ASTM G 48. Figure 39
shows critical pitting temperatures for higher-alloyed
stainless steel grades according to ASTM G150 and
Figure 40 shows CPT according to ASTM G 48. It
should be pointed out that these values do not repre-
sent exact values for each steel grade but may deviate
due to effects from corrosion kinetics for various sur-
faces, welding or other mechanical treatments, etc.

The drawback of these methods is that it is
extremely difficult to measure lower-alloyed stainless
steels, such as 12% chromium ferritic stainless steels
or austenitic S30400 (1.4301) grades, due to the
aggressiveness of the methods. Both environments
cause these types of stainless steel grades to corrode
almost immediately when exposed. Today, pitting
potentials are typically used for ranking lower-
alloyed stainless steels in solutions with different

chloride contents. For comparison, pitting potentials
are presented for some standard stainless grades,
S30400 (1.4301) and S31600 (1.4401), in Figure 41.

There are several standardized methods for mea-
suring stainless steels’ susceptibility to crevice corro-
sion. One concept is to measure the critical crevice
temperature CCT, using standard crevice formers of
the MTI-2 type in a ferric chloride solution, accord-
ing to a modified ASTM G 48 method, which is very
aggressive to crevice corrosion in stainless steels due
to the combination of acidity and oxidizing power.
The higher-alloyed, more resistant stainless steel
grades provide a higher CCT than the lower-alloyed
stainless steels, but this method also has the disadvan-
tage of being too aggressive for the lowest-alloyed
stainless steel grades, such as the 12% ferritic stain-
less steels and S30400. This measure is similar to the
CPTmeasurements only if used for ranking purposes
and do not really provide data about the actual ser-
vice environment. Figure 42 presents some CCT
values for higher-alloyed stainless steels. In testing
crevice corrosion resistance of stainless steels a crev-
ice former is used. Depending on the type of crevice
former different results can be obtained. It can, in
many real environments, be very difficult to translate
the type of crevice to the laboratory since crevice
corrosion is dependent on the pressure from the crev-
ice former, the ability to drainage the solution out from
the crevice and also the crevice area. Generally
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standardized types of crevices are used for comparison
of laboratory purposes. Figure 43 shows an example of
a crevice former of MTI type with heals.

3.04.8.16 Screening of General Corrosion
Properties of Stainless Steel Grades

One frequently used method to screen a stainless
steel grade for many acids and to use for ranking
purposes is ASTM G 157-98. The original test
method was developed by MTI that has issued a
number of strictly specified laboratory tests, which

facilitate direct comparison between stainless steel
grades. Control alloys supplied by MTI are included
in the tests. The stainless steel is considered to be
passive and unaffected by corrosion when the corro-
sion rate is lower than 0.127 mm year�1 (5 mpy) and
in ASTM G157-98 the lowest temperature at this
measure is referred to as the critical temperature Tc.

A screening of the different stainless steel grades
shows a clear influence of the alloy composition on the
uniform corrosion properties. The super austenitic
stainless steel grades S32654, S31254, and N08904
and the super duplex stainless steel grades S32750
and S32205 provide much better resistance to general
corrosion compared with the standard grades of type
S30400 and S31600, as can be seen in Figure 44.

3.04.8.17 Testing Stress Corrosion
Cracking of Stainless Steels in
Environments Containing
Hydrogen Sulfide Under Acidic Conditions

Tests are adopted for material selection in environ-
ments containing hydrogen sulfide under acid condi-
tions. The most internationally prevalent standardized
method used for testing in these environments is
NACE TM 0177, which employs a 5% NaCl +
0.5% CH3COOH solution, saturated with H2S by
continuous bubbling after nitrogen de-aeration and
a pH of 2.7–2.8. The test specimens are immersed in
acidified solutions by the addition of acetic acid
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containing sodium chloride, which is saturated with
hydrogen sulfide at room temperature prior to the
test. The solution is also deaerated with nitrogen gas.
Some test results obtained for duplex stainless steels
tested according to NACE TM 0177 for 720 h are
presented in Table 10. Material selections based on
this standardized method are included in NACE
MR-0175.

3.04.8.18 Laboratory Tests of SCC

Several methods can be used to test resistance to
SCC. However, it can be very difficult to translate
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Figure 43 Example of a MTI crevice former with heales.
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the results of many of these more or less accelerated
tests to reflect performance in an actual service envi-
ronment, particularly in terms of the tensile stresses
that can occur in the material. U-bent samples are
used for many tests but can lose the introduced stress
level in the test sample by test time. Nevertheless, the
practice of ranking the results for different stainless
steels can, in combination with experience, provide
valuable data for the material selection process. One
test method used for testing evaporative conditions is
the ‘Wick-test,’ ASTM G-692-71, which was devel-
oped to simulate evaporative conditions at ~100�C in
an insulation material wetted with dilute chloride
solution. The results obtained from this test for dif-
ferent stainless steel grades after 600 h of exposure
are presented in Table 11.

Austenitic stainless steels seems much more prone
to SCC in this test compared with the duplex
corresponding duplex stainless steel grades.

3.04.9 Stainless Steels in Natural
Wet Environments

Experience has shown that natural water is consider-
ably more corrosive for stainless steel than artificial
water. Nevertheless, to understand the interactions
between metal surfaces and microbial life in water, in
terms of degradation and corrosion, amultidisciplinary
view has to be adopted and there are several definitions
used in the field of investigation of the interactions

between microbial life and materials resulting in cor-
rosion and/or deterioration of materials.

Microbially influenced corrosion (MIC) can be
referred to as the influence of microorganisms on the
kinetics of corrosion processes of metals, caused by
microorganisms adhering to the interfaces. A prerequi-
site for MIC is the presence of microorganisms.

3.04.9.1 Microbially Influenced Corrosion

MIC on stainless steels in natural water is commonly
related to an attached biofilm growth on a stainless
steel surface. If the conditions favor microbial activity
in the water, one of the effects of the adhesion of a
biofilm to the stainless steel surface is ennoblement of
the open circuit potential OCP or corrosion potential
Ecorr. The increase in the potential may cause loca-
lized corrosion on stainless steel if it reaches a value
exceeding the pitting potential of the steel grade.
Cases of MIC on stainless steels have been reported
for alloys with relatively low molybdenum content as
localized corrosion and deposits were often found at
or close to the corrosion sites.41

Figure 45 shows typical ennoblement on stainless
steels S30400 (1.4301) and S31600 (1.4401) in a natu-
ral water containing microorganisms.

Parameters that influence microbial activity on
metal surfaces are considered to be:

� temperature
� availability of nutrients

Table 11 Results from the Wick-test, ASTM G-692-71 for some duplex and austenitic stainless steels after 600 h

Microstructure Material Number of tested specimens Failed due to SCC PRE

Duplex S32101 6 0 26

S32304 6 0 23
S32205 2 0 35

S31803 4 1 35

Austenitic S30400 5 5 17.5

S31603 4 4 24
N08904 4 1 36

S31254 3 0 43

Table 10 Some test results obtained for duplex stainless steels tested according to NACE TM 0177 for 720 h

Material H2S (bar) Load (% Rp0.2)

70 95 100

S32205 0.01 No cracking Not tested No cracking

S32205 0.1 SCC Not tested SCC

S32750, welded tube 0.1 Not tested No cracking Not tested
S31254 1 No cracking Not tested No cracking
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� flow velocity
� pH
� oxygen level
� cleanliness
� toxic effects from chemicals

Biofilms may grow under favorable conditions to
such proportions that they can be regarded as depos-
its and the risk of under deposit corrosion or crevice
corrosion increases with the density of the deposits.

From early investigations by Mollica and Trevis of
stainless steels immersed in seawater, an increase of
the open circuit potential or corrosion potential, to
high values ranging from 350 to 450 mV/SCE was
observed and attributed to the formation of a biofilm
on stainless steel surfaces.42 These values were also
reported by many other investigations and the results
appeared to be similar and independent of geograph-
ical location or hydrological properties, but sensitive
to temperature changes. Mollica and Trevis attribu-
ted the ennoblement to an increased rate of the
cathodic reaction, which has an effect on the corro-
sion rate in the propagation stage. Feron investigated
the temperature effect and the ennobled potential fell
above 40�C.43

Another explanation for the mechanism of enno-
blement is the action of manganese oxidizing bacte-
ria. Tverberg, Pinnow, and Redmerski reported
manganese-rich deposits in combination with corro-
sion in standard stainless steel grades.44

While evaluating and predicting MIC in stainless
steels, several parameters that influence local corro-
sion have to be considered. The ennoblement from

active microorganisms increases the risk of exceeding
the pitting potential of the passive layer. However, the
pitting potential is dependent on factors such as the
alloying elements used in the steel grade, welding
procedures, chloride content, nitrate content, and
deposits. In addition, while considering the risk of
MIC in water passing through different industrial
water systems, one must also take into account the
fact that the water quality varies with respect to
factors such as oxygen content and chloride content.

3.04.9.1.1 Chlorination

The conventional way to prevent biofouling or to
reduce its effects is to chlorinate the water. This is
normally done by continuously or intermittently,
adding a strong hypochlorite solution. High chlorine
concentrations may increase the corrosivity of water
due to the oxidizing effect imposed on the stainless
steel. For this reason, the chlorine addition should be
restricted to a minimum. The addition of free chlo-
rine in quantities as low as 0.1 mg l�1 is just sufficient
to prevent the formation of an active biofilm but not
enough to increase the potential.

Figure 46 shows an example of the time depen-
dence of the open circuit potential on addition
of sodium hypochlorite for stainless steel grade
S32205 (1.4462). The efficiency of the hypochlorite
addition releasing chlorine in this case is approxi-
mately �14%.

By intermittent chlorination, high potentials are
reached during a short chlorination period. After
chlorination, the potentials decrease to low values
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similar to sterile chloride solutions, before the next
chlorination period. If the interval between two chlo-
rination periods is very long, an active biofilm will be
formed and the potentials will increase once again
after a couple of weeks.

The risk of crevice corrosion initiation is increased
by the chlorination but the propagation rate of the
crevice attack is reduced if intermittent chlorination
is used. Crevice corrosion on type S31600 (1.4401)
specimens exposed to, for example, nonchlorinated
and chlorinated seawater showed the strongest attack
in the nonchlorinated water while intermittent chlo-
rination causes only a minor shallow attack.32

3.04.9.2 River Waters and Freshwater

3.04.9.2.1 Drinking water32

Drinking water may seem a relatively harmless envi-
ronment from a corrosion point of view, and the
common austenitic stainless steels, that is, S30400
(1.4301), S31600 (1.4401), and similar grades are suit-
able for most equipment used in the production and
distribution of potable water, but may in rare circum-
stances suffer corrosion. Standard grade stainless
steels such as S30400 and S31600 are widely used in
themanufacture of vessels, piping, and heat exchanger
tubing for handling all kinds of freshwater. Four pri-
mary environmental parameters must be defined for
the serviceability of S30400 and S31600 in freshwater.
These are the chloride content of the water, the pres-
ence of oxygen or any other strong oxidant, the tem-
perature, and the presence of crevices. If one or more
of these environmental parameters exceeds these
empirical limits, the possibility of localized corrosion
is introduced. In most countries, the chloride concen-
tration is limited in potable water, often to a maximum
of 0.250–0.300 g l�1. However, chemicals added at
various stages in the water plant may contain chlorides,
with the result that higher chloride concentrations than
those specified for drinking water may occur close to
the dosage points of such chemicals.

The corrosiveness of the water increases as its
temperature rises. Most countries require the tem-
perature of drinking water to be less than 25�C. In
consumer applications, stainless steels may also be
used in water heaters and hot water tubing, where
the water temperature usually exceeds 60�C. In hot
water systems, heat transfer may occur through the
wall of a tube or a vessel. In such situations, the
corrosion risk will also be influenced by the direction
of the heat flux. In systems handling hot water, the
risk of SCC must sometimes be considered. In the

case of a hot water tube, where the heat flux direction
is from the water to the tube wall, the maximum
temperature of the stainless steel wall will be that of
the water. For the outside of the tube, there should be
no risk of corrosion as long as the surface is dry or just
wetted by water without chlorides. However, if the
outside is welled by water containing an appreciable
amount of chloride ions, evaporation of the water
may result in a concentrated solution that promotes
pitting and crevice corrosion that, in turn, may act as
starting points for SCC. Examples of this situation
are water leaking through a chloride containing ther-
mal isolation, or water leaking to the surface of a tube
embedded in wall plaster containing a chloride-rich
antifreeze agent. The 1.4301 grade (S30400) is sensi-
tive to this type of SCC even after a short wet period
whereas type 1.4401 (31600) can tolerate such condi-
tions for a longer period than 1.4301 (30400). How-
ever, if the wall temperature is less than 50�C, SCC is
not likely to occur in ordinary drinking water sys-
tems. Duplex stainless steels such as 1.4361 (S32304)
and 2205 (S32205) offer better resistance to SCC
than the 1.4301 and 1.4401 grades and should be
considered for hot water tubing that might be subject
to welling from the outside.

Several oxidizing chemicals may be added at a
water treatment plant and in the distribution system,
for example, potassium permanganate for the precip-
itation of metal ions, iron (III) ions for coagulation,
and various chlorine compounds and ozone for disin-
fection purposes. In the presence of strong oxidants,
the corrosion potential of the steel will be polarized
in the positive anodic direction and the pitting or
crevice corrosion potential may be exceeded.
Accordingly, there may be a greater risk of localized
corrosion attack close to the points where oxidants
are added to the water.

3.04.9.2.2 Freshwater

Freshwaters such as lakes and rivers contain much
less amounts of chlorides compared with seawater.
The material choice of stainless steels relies, in
many cases, on the chemical analysis of the water
and the temperature. For example, the stainless steel
grade chosen should rely on the chloride content of
the water but in some cases there are beneficial
effects of, for example, sulfates and nitrates solved
in the water. However, no systematic studies are
available on how beneficial those effects are but in
some cases tentative engineering diagrams are used
for the determination of a useful stainless steel. There
are, however, circumstances when unexpected pitting
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or crevice corrosion occurs in freshwater systems and
experiences from real systems can be a guide to
material advice. One example of tentative engineer-
ing diagrams is presented in Figure 47. A significant
decrease in the tolerance to chlorides and tempera-
tures is seen from the tentative engineering diagram
when crevice corrosion is a risk compared with a base
material without any crevices.

Data from tentative engineering diagrams should
be a guidance and also taken with care, since there are
a number of factors not included such as the impact
of different crevices, other impurities, etc.

3.04.9.3 Seawater

As seawater contains high amounts of chlorides
(�21000 ppm), standard stainless steels such as 30400
and 31600 are susceptible to localized corrosion such as
pitting and crevice corrosion. In addition, natural sea-
water contains microorganisms, which under beneficial
conditions are able to cause ennoblement of the open
circuit potential and thereby impose an oxidizing
effect. Typical values found in seawater are 300–350
mV/SCE, reached within 10–20 days of exposure. The
ennoblement caused by active microorganisms is inde-
pendent of stainless steel grade. Where ennoblement
occurs in combination with biofouling by microorgan-
isms or barnacles on a stainless steel surface, super
austenitic or super duplex stainless steels are often

required to ensure corrosion resistance in seawater,
even at low temperatures.

Also in seawater as in other natural waters, the
ennoblement is sensitive to temperature and imposes
a catalytic effect of the cathode reaction, which
causes a high current density in corrosion reactions.
Practical experience and numerous corrosion tests
have shown that conventional stainless steels are
prone to localized corrosion in seawater. Over the
last decades a number of highly alloyed steels with
excellent corrosion resistance have been introduced
into the market. Some of the new steels are being
used extensively in seawater applications, especially
in the seawater systems on offshore platforms.

A common factor of the super austenitic and super
duplex stainless steels is a high content of the alloying
elements chromium, molybdenum and, in most cases,
nitrogen. Typical compositions of seawater-resistant
stainless steels, S31254 (1.4547) and S32750 (1.4410)
with different structures are shown in Table 12. The
two stainless steels, S31254 (1.4547) and S32750
(1.4410) have approximately the same resistance to
crevice and pitting corrosion.

3.04.9.3.1 Material selection

Figure 48 shows up to which approximate tempera-
tures stainless steel can be used in oxygen-saturated,
slightly chlorinated water of varying chloride content.
The diagram is based on studies of literature,
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Figure 47 Tentative engineering diagram for S30400 and S31600 for different chloride contents and temperatures

extracted from Outokumpu Corrosion handbook. Reproduced from Alfonsson, E.; Arnvig, P.E.; Bergquist, A.; Ivarsson, B.;

Iversen, A.; Leffler, B.; Nordström, J.; Olsson, J.; Stenvall, P.; Wallén, B.; Vangeli, P.; Outokumpu Stainless Corrosion

Handbook, 9th ed.; Outokumpu Stainless Oy, Sandviken 2004, pp I:8–I:103.
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combined with practical experience, but it must be
underlined that the resistance of a material is also
influenced by factors other than temperature and
chloride content. Examples of such factors are weld
defects, presence of oxide from welding or other heat
treatment, contamination of the steel surface by par-
ticles of nonalloyed or low-alloyed steel, pH, micro-
bial activity, and the degree of chlorination. The
crevice geometry is normally more difficult in a
plate heat exchanger than for flange joints, a deeper
and more effective crevice due to the curved contact
surface, thereof two boundary lines for crevice corro-
sion on S31254 (1.4547). It should, however, be noted
that the crevice geometry of a flange joint is depen-
dent on the pressure that is obtained while tightening
screws and bolts. Therefore, the boundary line for
crevice corrosion under ‘normal’ conditions can, in

practice, be similar to that which applies to crevice
corrosion for plate heat exchangers.32

Data from tentative engineering diagrams should
be used as a guidance and also taken with care since
there are a number of factors not included such as the
impact of different crevices, other impurities etc.

3.04.9.3.2 Polluted seawater

In practice, the organisms most dangerous to stainless
steels are the sulfate reducing bacteria, which receive
their energy, by reducing sulfate ions to hydrogen
sulfide while simultaneously oxidizing organic sub-
stances. The growth of these bacteria is promoted by
anaerobic conditions, which, for instance, exist in bot-
tom sediments containing decomposing organic matter.

Several investigations show that hydrogen sulfide
stimulates the anodic reaction in the corrosion process
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Figure 48 Risk of pitting and crevice corrosion on high alloyed stainless steel in water of different chloride contents or
temperatures. Reproduced from Alfonsson, E.; Arnvig, P.E.; Bergquist, A.; Ivarsson, B.; Iversen, A.; Leffler, B.; Nordström, J.;

Olsson, J.; Stenvall, P.; Wallén, B.; Vangeli, P.; Outokumpu Stainless Corrosion Handbook, 9th ed.; Outokumpu Stainless Oy,

Sandviken 2004, pp I:8–I:103.

Table 12 Chemical composition and mechanical strength (min, values) of some seawater-resistant and conventional

stainless steels

Typical composition (%) Mechanical properties
N mm�2 (20 �C)

Microstructure

EN ASTM Cmax Cr Ni Mo Cu N Rp0.2 Rm

1.4547 S31254 0.020 20 18 6.1 0.7 0.2 300 650 Austenite

1.4410 S32750 0.030 25 7 4 – 0.3 550 800 Duplex

1.4436 S31600 0.050 17.5 11 2.6 – – 220 510 Austenite

1.4539 N08904 0.020 20 25 4.5 1.5 – 220 500 Austenite
1.4462 S31803 0.030 22 5.7 3.1 – 0.17 480 680 Duplex
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of stainless steels and consequently increases the cor-
rosion rate. Accordingly, very high levels of hydrogen
sulfide lower the pitting potential of a stainless steel
and increase the rate of the active corrosion existing in
the pit. However, hydrogen sulfide acts reducing on
the potential, which lowers the corrosion potential.
These low potentials mean that the risk of initiation
of crevice and pitting corrosion will decrease.

3.04.9.3.3 Cathodic protection and hydrogen

embrittlement
Naturally, cathodic protection of seawater-resistant
stainless steels is not necessary. However, such steels
might be included in a protection system if they are
parts of a construction in which other components
have to be protected, one example being subsea tem-
plates in the offshore industry. Another example can
be found in power plant condensers when stainless
steel tubes have been roller-expanded into tube
sheets made of bronze and brass.

However, examples of intentional protection of
stainless steel can be found in offshore flow lines,
which are placed on the bottom of the sea to transport
corrosive oil and gas from satellite platforms to the
main platform. In this case, the environment inside
the flow line determines the choice of material and
this seldom justifies seawater-resistant steel. There-
fore, cathodic protection of the outside of the flow
line is often necessary in spite of extensive passive
corrosion protection.

In cathodic protection with sacrificial anodes,
there are always parts of the object where the poten-
tial is more negative than the reversible potential of
hydrogen evolution, so significant hydrogen evolu-
tion always takes place. Under such circumstances
certain alloys may pick up hydrogen and thus suffer
embrittlement and cracking. The risk is particularly

high if the material is cold worked and subjected to
high mechanical stresses and fatigue loading. The
austenitic steel is not influenced by seawater and
cathodic protection despite being cold worked to
30%. However, embrittle effect on the duplex steel is
under debate. The phenomenon needs further investi-
gation, but caution is recommended if severely cold-
worked duplex stainless steels are used in seawater
constructions equipped with cathodic protection.

3.04.9.3.4 Seawater exposures
One of the largest exposure programme run in
Europe, the MAST II programme, studied the effects
of biofilm growth and the impact of chloride concen-
trations from different locations in Europe.46 In this
programme, several commercial stainless steels for
marine application were chosen and the electro-
chemical effects induced by biofilm growth were
measured and collected on samples exposed in all
European seas, from the Mediterranean to the
North Sea. Table 13 presents a list of the stainless
steel grades tested. Potential ennoblement of the stain-
less steels in the passive state occurred at all marine
stations and in all four seasons. The initial corrosion
potential and the rate of ennoblement showed signifi-
cant differences between the sites but the reasons for
the varying rates were not explained. The ennoble-
ment was related to the seasons of the year and was
strongly dependent on the temperature being less
rapid in winter than in the summer for all stations.

The samples were immersed in coastal seawaters
adjacent to Trondheim (Norway), Kristineberg
(Sweden), Cherbourg (France), Brest (France) and
Genoa (Italy).

The main risk of corrosion attack for stainless
steels in seawater where there is heavy biofouling is
crevice corrosion. Table 14 illustrates the risk of

Table 13 Stainless steel grades exposed in the MAST II Programme46

EN Trade name Chemical composition (wt%)

Cr Ni Mo Cu N

1.4435 316L 17.2 12.6 2.6

1.4462 2205 22 5.5 3.2 0.17
1.4460 UR47N 24.7 6.6 2.9 0.18

1.4507 UR52N+ 25 6.3 3.6 1.5 0.25

1.4410 SAF 2507 24.9 6.9 3.8 0.28
1.4547 254SMO 19.9 17.8 6 0.69 0.2

1.4652 654SMO 24.5 21.8 7.3 0.43 0.48

1.4563 SAN28 26.7 30.3 3.4 0.9 0.07

1.4537 URSB8 24.9 25 4.72 1.4 0.21
1.4529 URB26 20 24.7 6.3 0.8 0.19
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crevice corrosion for different stainless steels exposed
to seawater.

The more-alloyed stainless steel grades either
austenitic or duplex grades, appeared to be resistant
to crevice corrosion in all marine stations after at
least a 6000 h of immersion at ambient temperature.
The winter and summer tests lasted 3000 h respec-
tively. Some depassivation as discoloration was
observed under the crevice washers on many of the
samples but no weight losses were observed.

3.04.9.3.5 Anaerobic seawater environments
The presence or absence of a cathodic reaction can
determine the extent of corrosion. Oxygen reduction
is not the most natural cathodic reaction in natural
waters and by the absence of such a reaction may
have a beneficial effect in terms of low or virtually
zero oxygen content. Mollica, Montini, Scotto, and
Marcenaro investigated three stainless steel grades,
EN 1.4016(S43000), 1.4301(S30400), and 1.4401
(S31600) that were exposed in an anaerobic clay
environment in seawater at the harbor in Genoa,
Italy. The exposure time was six months and the
coupons were exposed at six various levels of depth
to the waterline, where the first level was just under
the waterline. During exposure, the open circuit
potentials were measured and weight loss measure-
ments were performed after the test. Analysis of free
sulfur and pH was carried out at the different levels
of exposure. The pH was 7.6 and the sulfur content
varied from 2.65 to 3.15 mol l�1 in the clay. The OCP
for EN 1.4301(304) and 1.4401(S31603) was after
40 days at the potential of �500�10 mV/SCE with-
out any initiation of local corrosion. The stainless
steel grades EN 1.4301 and 1.4401 remained corro-
sion resistant under anaerobic conditions and their

corrosion potential coincided with the redox poten-
tial of the medium, indicating that the level of oxygen
determined the open circuit potential, or corrosion
potential. However, the less noble grade EN 1.4016
suffered local corrosion at potential levels ranging
from �500 and �600 mV/SCE.47

These results indicate that in a completely oxygen-
free environment, even where there are high amounts
of chlorides, there is an electrochemical effect of the
oxygen removal that coincides with the cathodic pro-
tection of the stainless steel. However, in an anaerobic
clay or similar environment, any oxidizing coupling
effect of the steel, that is, an oxidizing chemical is
added or oxygen is present from another source,
causes an increase in the potential which can have
an adverse effect on the corrosion resistance of stain-
less steels.

Mollica and Ventura tested crevice samples of
the following stainless steel grades: EN 1.4652
(S31654), EN S31254 (1.4547), EN N08904
(1.4539), ENS31600 (1.4404), and EN S32205
(1.4462) in an anaerobic marine environment and
simulated a coupling effect between anaerobic and
aerobic environments potentiostatically to simulate
the rate of ennoblement found in aerobic condi-
tions.48 They found that the stainless steels were in
the passive state at an open circuit potential close to
�450 to �500 mV/SCE, almost independent of the
alloy composition. However, the passivity was
destroyed by a cathodic polarization at a potential
below �700 mV/SCE. An activity peak was
observed at the potential range �600 to �700
mV/SCE, independently of alloy composition and
tested temperatures. Nevertheless, spontaneous
repassivation of activated stainless steels was also
observed. The spontaneous initiation of crevice

Table 14 Results from crevice corrosion tests carried out at five marine stations46

EN Trade Name Genoa, Italy Cherbourg,
France

Brest France Kristineberg
Sweden

Trondheim
Norway

1.4435 316L 5/5 0/4 0/4 0/4 4/4
1.4462 2205 ++ + + 0/5 +

1.4460 UR47N ++ + 0/4 0/4 0/4

1.4507 UR52N+ + + 0/5 0/5 +

1.4410 SAF 2507 0/4 + 0/5 + +
1.4547 254SMO + + 0/5 0/5 0/5

1.4652 654SMO + 0/5 0/5 + 0/4

1.4563 SAN28 + + + 0/5 +
1.4537 URSB8 + + 0/5 0/5 0/5

1.4529 URB26 0/5 0/5 0/5 + 0/5

+/++, one/several depassivated areas, no weight loss; 5/5 crevice corrosion on 5 coupons out of 5.
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corrosion attacks in stainless steels in totally anaer-
obic seawater seemed impossible. However, under
oxidizing conditions, localized corrosion such as
crevice corrosion was initiated.48

3.04.10 Stainless Steels
Performance in Atmospheric
Environments32

In architectural applications, that is, wall claddings
and decorations, stainless steel is often chosen for its
aesthetic qualities, since it can be supplied with a
variety of surface finishes, and because of its cost
benefits – it is virtually maintenance-free.

In structural applications, stainless steel is used for
components within the building and construction
industry where the emphasis is more on the strength
and ductility of the material. In such cases, superficial
staining and minor shallow corrosion are not neces-
sarily a cause for concern as there is seldom any risk
of structural or mechanical failure of the component.
However, for stainless steel roofing, some superficial
staining need not be critical, but any penetrating
pitting attack will mean that the material chosen
will have failed to serve its purpose.

Whatever the reason for choosing stainless steel
for architectural applications, material selection must
be based on experience and knowledge of the perfor-
mance of specific grades in specific circumstances.
Figure 49 shows the Sickla bridge constructed in
duplex stainless steel. The bridge is located close to
Stockholm in Sweden.

3.04.10.1 Types of Atmosphere,
Corrosivity, and Material Selection

Outdoor atmospheres were previously divided into
four categories:

� rural
� urban
� industrial
� marine

Revisions of standards from the international stan-
dardization organization, for example, ISO define
corrosivity classes rather than atmospheres. The cor-
rosivity of the different atmospheres are calculated
and evaluated by pure metals such as carbon, steel,
and zinc. The results and corrosivity of environment
have been compared with the performance of stain-
less steels and Table 15 shows stainless steels
performing with corrosion resistance in the different
corrosivity classes.

Figure 49 The Sickla bridge, constructed in duplex

stainless steel.

Table 15 A comparison between corrosivity classes
according to ISO 9223 and ISO 12944–2, including appro-

priate stainless steel grades

ISO Typical environments Grades

C 1 Indoor, heated. Outdoor,

deserts and arctic areas (rural)

S43000, S30400

C 2 Indoor, nonheated. Outdoor,

arid and low pollution (rural)

S43000, S30400

C 3 Indoor, humid, low pollution.

Coastal areas with low

deposits of salt. Urban and
industrialized areas with

moderate pollution

S30400, S31600

C 4 Indoor with volatile aggressive

chemical compounds,
swimming pool buildings.a

Polluted urban and

industrialized atmosphere.

Coastal areas with moderate
salt deposits

S31600,

S32205,
N08904,

S32750,

S31254

C 5 Severely polluted industrial

atmospheres with high

humidity and marine
atmosphere with high degree

of salt deposits, splashes

N08904,

S31254

aAttention must be paid to cold stainless steel surfaces well
above the water level where volatile compounds, especially
chloramines, can condense and cause a special type of
SCC. It has been found that only the most resistant grades,
that is, N08904 (1.4539) and S31254 (1.4547), are capable
of withstanding such conditions. See the previous
section on SCC.
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3.04.10.1.1 Indoor, heated, nonheated.
Outdoor, arid, low pollution, deserts and arctic

areas (Rural), C1–C2

A rural atmosphere is characterized by clean air, that
is, a low level of pollutants, including airborne chlor-
ides from the sea. Acid rain resulting from emissions
of sulfur oxides due to the combustion of fossil fuels
at remote power stations does not normally cause any
problems for stainless steel as long as there are no
chlorides present.

Ferritic grades with 17% chromium, for example,
1.4016 (S43000), can normally be used in this type of
atmosphere.

Austenitic steels such as S30400 (1.4301) and sim-
ilar grades are still very common, but these are often
selected for their availability and fabrication aspects
rather than for their corrosion resistance. Certain
forming operations can be facilitated by the use of
austenitic grades.

Ferritic grades have a transition temperature, that
is, a temperature below which the material becomes
brittle. This does not normally create any problems
for thin gauges since the transition occurs at tem-
peratures well below zero (�C). However, this phe-
nomenon cannot be totally neglected in countries
with cold winters. Austenitic grades are safer in that
respect.

3.04.10.1.2 Indoor, humid, low pollution.

Coastal areas with low deposits of salt. Urban

and industrialized areas with moderate

pollution, C3

The use of 1.4301 (304) should be limited to indoor
nonpolluted atmospheres as described in Table 1.

Urban and industrial atmospheres normally con-
tain oily exhaust fumes from engines and soot and
dust, including metal dust. A fall in temperature
during the night may expose the stainless steel sur-
face to a slightly acidic condensate, which in turn
may cause staining. However, serious corrosion will
never occur provided that the atmosphere is free
from chlorides. Metal dust, especially if the source
is a steel plant or a mechanical workshop fabricating
steel items, can attach itself to stainless steel surfaces
and affect both the aesthetic and corrosion resistance
properties of the stainless steel surface unless it is
cleaned regularly.

Stainless steel is commonly used for architectural
applications inmajor cities, and in such an environment,
regular cleaning is recommended if the material has
been selected for its aesthetic qualities, particularly if
the surface is close to street level.

Grades containing 2–2.5% molybdenum, that is,
type S31600 (1.4401) and similar, normally offer ade-
quate corrosion resistance even when used for appli-
cations in cities situated close to the sea.

The principles of material selection for industrial
areas are virtually the same as those, which apply for
major cities. However, in an industrial environment,
the staining from nearby metal industries can some-
times be so severe that it is almost impossible to
maintain a shiny surface appearance. In such cases,
if the aesthetic aspects are a prime consideration in
material selection, other materials are to be pre-
ferred. If the integrity of a structural component is
more important, stainless steel is still an excellent
material.

3.04.10.1.3 Indoor with volatile aggressive

chemical compounds, roof parts with

mechanical load in swimming pool buildings.
Polluted urban and industrialized atmosphere.

Coastal areas with moderate salt deposits,

C4–C5

A marine atmosphere is characterized by its location
to the sea resulting in airborne and depositing chlor-
ides, either as salt crystals or close to water spray. The
distance from the sea is important, as is the geograph-
ical location. Temperature and humidity are almost
as important as the presence of chloride ions.

Molybdenum alloyed grades of type S31600
(1.4401) or comparable grades are normally specified
for a marine atmosphere, regardless of whether the
application is a prestigious building in a coastal city
or an offshore platform. However, this material has
inadequate resistance if used close to the sea in trop-
ical countries with high levels of humidity and high
daytime temperatures. Examples include cases of
SCC reported from industrial installations along the
Arabian Gulf coast and in South East Asia. A duplex
grade such as 1.4462 (S32205) is a good alternative in
those conditions. This grade has also been used for
hand railings along beach promenades in the Canary
Islands. For high prestigious buildings situated very
close to the sea in such countries, it may be necessary
to select a very highly alloyed grade such as 1.4547,
S31254 or S32750 (1.4410).

Indoor atmospheres are often, to a certain extent
justifiably, neglected. They do not normally contain
chlorides and the low relative humidity and high
temperature make the risk of condensation almost
negligible. The criteria for material selection will, in
such circumstances, be the same as for rural atmo-
spheres, that is, either a ferritic grade or S30400
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(1.4301) or similar as described earlier. This is also
what we face while entering a modern office building,
an elevator, or a hamburger bar.

However, there are indoor atmospheres for which
serious consideration is warranted prior to the instal-
lation of stainless steel, whether stainless steel is
chosen for its aesthetic properties or for load carrying
structural components.

One such case is swimming pool buildings. In such
an environment, the combination of high humidity,
relatively high temperatures, and the evaporation of
volatile chloramines can create very harsh conditions
for stainless steel. Chloramines are formed fromnitrog-
enous compounds such as sweat and urine from bath-
ers, and from chlorine, which is used as a disinfectant.
Grade S31600 (1.4401) can normally be used for com-
ponents intended for use or installation below or just
above thewater surface, for example, handrails, ladders,
stairs, etc., whether they are actually immersed in the
water or merely exposed to it in the form of splashes.
For weight-bearing structural components installed
well above the surface of the water, sometimes towards
the ceiling, more highly alloyed grades such as 1.4439
(N08904) and S31254 (1.4547) should be selected, for
example, ceiling wires and wire ropes, strapping and
hose clips, and various types of fasteners.

Another harsh indoor atmosphere can be found on
industrial sites which handle acids or chlorinated
hydrocarbons. These chemicals can evaporate and
later condense on cold metal surfaces. Material selec-
tion must be based on actual conditions but grades
lower alloyed than S31600 (1.4401) should not be
considered. It might sometimes be necessary to use
grades as highly alloyed as S32205 (1.4462) or, on rare
occasions, even S31254 (1.4547).

3.04.10.2 Factors Influencing Atmospheric
Corrosion on Stainless Steels

The importance of keeping the surface clean cannot
be stressed enough. ‘Cleanliness’ in this context can
either be achieved by regular washing to avoid stain-
ing by soot and dust, or by a carefully prepared
postweld cleaning procedure to restore the surface
after welding.

The surface finish of the steel is another very
important parameter, as it not only has a direct influ-
ence on the corrosion resistance, but can also deter-
mine the efficiency of cleaning operations.

Narrow crevices always involve a potential risk of
crevice corrosion but pockets that collect dirt and
moisture should also be avoided.

In some cases, when a design prevents postweld
cleaning operations or contains crevices that cannot
be avoided, it may be advisable to use a more highly
alloyed grade than would otherwise have been chosen
in normal service conditions.

3.04.11 Application Areas of
Commercial Significance

3.04.11.1 Domestic – Kitchenware

The corrosion resistance of stainless steel is an appealing
property of items used in domestic cutlery and kitchen-
ware. The stainless steel grade S30400 (1.4301) or simi-
lar grades are frequently used and widespread in these
applications. It is used in a wide variety of applications,
ranging from brewing vessels to kitchen sinks and milk
tankers. The deep drawing properties required to pro-
duce beer kegs are good for this steel grade. Stainless
steels are tolerant to the wide range of temperatures
common in cooking and resist thermal shock very well.
A stainless steel surface is also easy to clean. The surface
finish is important in applications such as domestic
cutlery and kitchenware. A rough surface attracts food
deposits, promoting an environment in which micro-
organisms can proliferate, whereas a smooth and eas-
ily cleaned surface will prevent this. The European
Hygienic Engineering&DesignGroupprovides guide-
lines on surface finish, recommending Ra 0.8 mm or
better, which can easily be achieved with cold-rolled
stainless steels. The Ra value alone, however, is not a
reliable indicator of whether the surface will attract
solids or deposits. The cleaning procedure becomes
evenmore important on rough surfaces than on smooth
surfaces and it is important to establish how easy it is to
clean the surface in actual service conditions.

The environments to which domestic cutlery and
kitchenware are exposed often vary from very mild,
indoor, dry, and less corrosive environments in the living
room towarm, wet environments such as those found in
kitchens, in which chloride may be present, or even to
outdoor environments such as a patio close to the sea
or coastal areas. The dry/wet environment in house-
holds varies depending on the chloride content in the
water, the temperature and, to a large extent, the humid-
ity and the stainless steel chosen must be capable of
withstanding such environments. Typical variations are

� chloride contents: 0.020–0.250 g l�1

� temperatures: 20–100�C
� relative humidity: 20–100% RH
� cyclic drying and wet variations, as in flush shower,

bath etc.
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Some examples of corrosive parameters for using
table salts and cooking in kitchenware are:

� food deposits in boiling chloride solution (table salt).
� long-term exposure to chloride water, for example,

leaving the pasta in the saucepan.
� partly heated water with table salt for a long time
� acids in the food, for example, in jam, juice,

rhubarb.

Examples of stainless steel grades used in cutlery blades
and kitchens utensils are presented in Table 16. The
use of lower-alloyed and standard grade of S30400
(1.4301) are the most common in these applications.
It is important to remember that, for certain appli-
cation areas in a kitchen environment, corrosion
might occur if stainless steel grades at the lower
end of the scale are selected. An example is the use
of the martensitic grade 1.4006 (410), which provides
a sharp edge but is not really a suitably corrosion-
resistant steel grade for use in hot chloride water
environments.

The main source of corrosion resistance in the
stainless steel grades presented in Table 12 is chro-
mium. The lower the chromium content, the lower
the corrosion resistance. To test the corrosion resis-
tance of stainless steels used for cutlery, there is an
easy and useful test described in EN-ISO8442 –
Material and articles in contact with foodstuff.
A mild test for the lower end martensitic stainless
steels is an immersion test in 0.050 g l�1 sodium
chloride for 6 hours at room temperature, between
18 and 26�C. Another more aggressive test is EN-
ISO8442 – Annex A, part 1 and Annex C part 2, where
1.0 wt% NaCl at 60�C of cyclic immersion 2–3 times
per minutes for 6 h.

3.04.11.2 Process Industry

3.04.11.2.1 Hydrometallurgy32

Many metals are extracted from mined ores and
subsequently refined by hydrometallurgical processes,

which usually involve dissolving of the metals in an
acid. Some examples of common hydrometallurgical
processes are recovery of zinc, copper, and nickel.
These processes vary not only in the sense of corro-
sive environments but also in process routes. Never-
theless, there are some general operations in the
hydrometallurgy processes to recover the desired
metals. These stages can include pressure or atmo-
spheric leaching, separation by, for example, solvent
extraction or ion exchange. Depending on the desired
product the downstream process stages can include
purification of solution, product recovery by electro-
refining, electrowinning and/or thereafter casting to
slabs as, for example, in the zinc production.

Because of its relatively low cost, sulfuric acid is
the most important acid used in these processes and it
is often produced on-site. Stainless steels are usually
the basic materials of construction used for withstand-
ing the acid environment and. have several advantages
from design and process flexibility point of view.
Under the most severe conditions, there are possibi-
lities to identify applications for the super duplex or
super austenitic stainless steel grades as well as other
steel grades for less severe environments.

The leaching stages have the most demanding
environments for stainless steels, since these stages
contain not only acid, but also chlorides and metal
ions from the ores, concentrate or matte. The pres-
ence of metallic ions in combination with chlorides and
sulfuric acid complicates the prediction of corrosion of
stainless steels in hydrometallurgical process environ-
ments. The metal ions, that is, Fe2+/Fe3+ and Cu2+,
have, due to the oxidizing influence, an inhibitive effect
on uniform corrosion of stainless steels, when added to
sulfuric acid. Conversely, in combination with chlor-
ides this oxidizing effect increases the risk for localized
corrosion and too high amounts of chlorides can also
lead to increased uniform corrosion. In summary, the
combination of sulfuric acid, chloride ions, oxidizing
metal ions, and the elevated temperature creates harsh
conditions for stainless steels.

Table 16 Stainless steel grades used in cutlery blades and kitchen utensils

Material Microstructure Typical composition (wt%) PRE

EN UNS Cr Ni N

1.4006 S41000 Martensitic 11.5–13. 11.5–13.5

1.4028 S42000 Martensitic 12.0–14. 12–14

1.4016 S43000 Ferritic 16.0–18.0 18–18

1.4301 S30400 Austenitic 17.0–19.5 8.00–10.5 <0.11 17–19.5
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Zinc production

One of the hydrometallurgical processes used for
zinc production is the Jarosite process. This pro-
cess can be divided into several stages. Neutral leach-
ing is performed in sulfuric acid at a concentration of
�50–60 g l�1, that is, at a low pH and a temperature
of 60�C. Oxygen is blown into the process stage from
below for further oxidation of the product stream. One
stream of the outlets from the neutral leaching stage
continues to purification and a separation stage where
cadmium, copper, and cobalt are reduced from the
product. The other product stream from the neutral
leaching stage proceeds to the Jarosite process. The
pH in the Jarosite stage is 1.5, containing ~7–10 g l�1

sulfuric acid. From the Jarosite stage a part of the
process solution is recycled to the neutral leaching stage.

A large part of the product stream continues to
the hot leaching stage, or concentrate leaching, where
Jarosite NaFe3(SO4)2(OH)6, is precipitated. The hot
leaching is carried out in tanks made of super-austenitic
or super-duplex stainless steels at elevated temperatures
of �95�C, at chloride contents of 300–400 mg l�1 and
sulfuric acid concentrations of 60–80 g l�1. In the
hot leaching stage manganese oxide is partly circu-
lated as an oxidizing agent and it can cause deposits
on the tanks. Corrosion can occur on grade 1.4539
(N080904) in this very hostile environment while
S32750 (1.4410) or S31254 (1.4547) are examples of
more corrosion-resistant grades. Figure 50 shows a
tank on the road in S32750 (1.4410) manufactured for
a hydrometallurgy process solution.

When cadmium, copper, and cobalt have been
removed from the neutral leaching process solution,

it continues to the product recovery, the electrowin-
ning stage, where pure zinc is precipitated electro-
chemically on large cathodes. In this stage manganese
dioxide can precipitate on the anode surfaces (lead)
causing efficiency loss in due time. For this reason,
the manganese dioxide has to be removed. Chlorine
can be used, solving the manganese dioxide by oxida-
tion. However, there is an increased risk of localized
corrosion on stainless steels, due to the oxidizing
effect of chlorine.

The leaching processes in zinc production are
under continuous development to increase produc-
tion efficiency and new processes operate commonly
with direct leaching. Zinc concentrate is in the direct
leaching process leached in acid slurry at atmo-
spheric conditions by the use of oxygen.

In addition to the hydrometallurgical production of
zinc, sulfuric acid is also commonly produced on the
site. Before entering the sulfuric acid production, the
product stream is filtered electrostatically to remove
mercury in a corrosive environment. An example of
a steel grade used in the electrostatic precipitator is
the super austenitic EN S31254 (1.4547).

Copper production

Copper refining is an electrolytic production process
using direct current for transporting copper in an
electrolyte to large cathodes. The electrolyte has a
low pH and contains, for example, copper ions, sulfu-
ric acid, and chlorides.

Copper is precipitated on large cathodes of stain-
less steels in the electrolytic process. The steel grade
used is EN S31600 (1.4404). The high purity copper
on the cathodes is then stripped mechanically from
the cathodes. The electrolyte might be corrosive for
EN 1.4404 when the cathodes are exposed in the
solution for longer periods of time when the current
is shut off, for example, at maintenance stops, but
during operation the cathodes are cathodically pro-
tected at low potentials.

Nickel production

A very harsh environment for stainless steels can be
found in solutions in nickel production using auto-
claves at elevated temperatures in combination with
chlorides and sulfuric acid. An example of the hostile
conditions is the processes operating at a temperature
as high as 250�C and under high pressure. In some of
the more demanding environments, metals such as
titanium and titanium alloys, zirconium, or even tan-
talum must be used in the leaching tanks to withstand

Figure 50 A tank on the road in stainless steel grade
S2750 (1.4410).
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the severe conditions. Nonmetallic materials may
also be suitable for certain applications in these
environments.

Corrosion resistance of stainless steels in

simulated hydrometallurgical solutions

Hydrometallurgical solutions are indeed very complex
and in order to document the corrosion properties of
stainless steels systematically, the most corrosive para-
meters have to be considered such as the sulfuric acid,
oxidizing chemicals Fe2+/Fe3+, Cu2+, and chlorides
and any synergistic effects in between. Laboratory
tests have been performed in environments simulating
some conditions in hydrometallurgy plants, that is,
including chloride ions, ferric ions, cupric ions, and
sulfuric acid. Selected temperature was 98�C and
immersion time 30 days. Cold-rolled sheets were
used for the preparation of samples, which also were
equipped with crevice washers.

Table 17 shows typical compositions of tested
stainless grades and Table 18 show the test com-
pounds. Table 19 presents the indications of corro-
sion resistance in stainless steel grades in these
compounds.

Both localized and uniform corrosion occurred
simultaneously on the test coupons. In some cases
the uniform corrosion was dominating, at very high
corrosion rates.

At intermediate chloride contents, between 0.1 and
0.5 g l�1, only the super duplex S32750 (1.4410), and
super austenitic S31254 (1.4547) were resistant.
Severe corrosion occurred while increasing the chlo-
ride content above the 0.5 g l�1 and the temperature
was close to the boiling point.Table 20 shows the test
results in compounds C and D. Increasing the sulfuric
acid content to 100 g l�1, but maintaining the low
chloride amounts (0.1 g l�1) did not seem to initiate
any corrosion on any of the steel grades, Table 21.
These results emphasize the importance on maintain-
ing the chloride levels very low in these very harsh
environments.

The corrosion tests were carried out without any
activation of the samples during the tests which can
have an impact on direct comparison with real ser-
vice conditions as also other impurities most com-
monly included in hydrometallurgical service
environments.

3.04.11.2.2 Desalination32

Water management will be one of the most important
infrastructural tasks for the future to solve all over the
world. Desalination, that is, the production of potable
water or industrial boiler feed water by removing salt
from brackish water, seawater or salty aquifers,
involves several stages, each of which places different
demands on the construction materials. Figure 51
shows an example of a desalination plant, Melitha.

Multistage flash

The oldest distillation process, and also the most
common for the larger desalination plants, is multi-
stage flash (MSF). In this process, hot deaerated
seawater or a seawater/brine mixture at a tempera-
ture of around 110–115�C, occasionally with some
residual chlorine, enters the first stage flash chamber,
where some of it evaporates and also condenses.
During each stage, the seawater/brine mixture loses
some of its energy and the temperature drops far
below 100�C towards the end of the process. How-
ever, creating a vacuum, which enables boiling to take
place at these low temperatures, counterbalances this.
The distillate is achieved by cooling the steam down
via numerous condenser tubes running above the
flashing seawater.

The most common stainless steel found in MSF
plants is S31600 (1.4404), which in the past has been
used for the lining of evaporator vessels and for a
number of internal components, for example, orifice
plates, distillate trays, demisters, and condenser tube
support plates. More modern design calls for clad
plates in the evaporator vessels, sometimes using
S31700 (1.4438). The condenser tubes are mostly

Table 17 Typical chemical compositions of tested stainless steel grades in weight %

Steel grade, EN UNS Cr Ni Mo N Others

1.4435 31600 17.1 12.7 2.64 0.060

1.4539 N08904 19.8 24.0 4.30 0.060 1.5 Cu

1.4462 S32205 21.9 5.67 2.99 0.190

1.4410 S32750 24.7 7.11 3.82 0.280
1.4547 S31254 20.1 18.1 6.28 0.210 Cu

Hastelloy, C-276 15.3 REM 15.6

ATi-24

Aqueous Corrosion of Stainless Steels 1863

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



made of copper alloys, but titanium has also been
used. Highly alloyed stainless steel grades, such as
S31254 (1.4547) and 1.4565 (S34565) could be an
option for the tubes, but neither grade has yet been
used for this particular application in MSF plants.
However, stainless steel tubes in the S31254 (1.4547)
grade have successfully been used for condensers in
ventilation systems.

The latest concept for evaporator vessels is solid
stainless steel, which has been successfully used
for recycling and also once-through plants. Hidd, a
135 000 m3 day�1 MSF recycling plant in Bahrain,
was commissioned in February 2000 and Melittah, a
15 800 m3 day�1 recycling plant in Libya, will start

water production during 2004. The evaporator ves-
sels were made of S31600 (1.4404) and S32205
(1.4462) respectively, and in the latter case the higher
strength of 1.4462 (S32205) was used for redesigning
the shells, making them around 30% thinner and less
costly than if made of S31600 (1.4404).

Solid stainless steel has also been used for once-
through plants, that is, MSF with no recycling of
brine. The material used for the evaporator vessels
must thus resist a very hostile internal environment
and also a potentially aggressive external environ-
ment, whichmay include exposure to boiling seawater
on a hot wall. Once through implies no deaeration,
that is, the water entering the first stage is air saturated
with an oxygen level of a few milligrams per liter, and
it may contain some residual chlorine.

There are three MSF once-through plants in ser-
vice in Chile, the oldest was commissioned in 1996,
and solid 254 SMO has been used for the first six
stages while ASTM 317LMN (1.4439) was used for
the remaining six. However, plant tests have shown
that 2205 would be a more cost effective alternative
than ASTM 317LMN (1.4439) for stages downstream
the first six stages. The total capacity of these plants is
10 400 m3 day�1.

Table 21 Steel grades used in field and laboratory tests

UNS EN ASTM CPT (�C) PRE Cr Ni Mo N

S30400 1.4301 304 – 19 18 8.7 – 0.06
S31600 1.4436 316 27 27 17 11 2.7 0.06

S32205 1.4462 2205 52 35 22 5.5 3 0.17

Table 20 Summary of test results in test compound C containing 4 g l�1 Cu2+, 100 g l�1 H2SO4 0.1 g l�1 chlorides, and

5 g l�1 Fe3+ and D with the same composition but with an increase in the amount of Fe3+ to 25 g l�1

Fe(III) content Fe3+ (g l�1) S31600 (1.4435) S32205 (1.4462) S2750 (1.4410) S31254 (1.4547) C-276

5 No Corrosion No Corrosion No Corrosion No Corrosion Corrosion

25 No Corrosion No Corrosion No Corrosion No Corrosion Corrosion

Table 19 Summary of test results at 98 �C in test compounds A and B, containing 5 g l�1 Fe3+, 4 g l�1 Cu2+, 10 g l�1

H2SO4 and two levels of chloride amounts according to the table

Chloride
content,
Cl� (g l�1)

S31600
(1.4435)

N80904
(1.4539)

S32205
(1.4462)

S32750
(1.4410)

S31254
(1.4547)

C-276

0.1 No corrosion No corrosion No corrosion No corrosion No corrosion No corrosion
0.5 Corrosion Corrosion Corrosion No corrosion No corrosion No corrosion

Table 18 Test compounds for immersion tests at 98 �C

Test
compound

Men+ H2SO4

(g l�1)
Cl�

(g l�1)
Fe3+ Cu2+

A 5 4 10 0.1

B 5 4 10 0.5

C 5 4 100 0.1
D 25 4 100 0.1
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Low-temperature multieffect, desalination plants

(LT-MED)

One major operational drawback of MSF plants is the
formation of scale, calcareous deposits, created by the
high temperatures. This has led to the development
of LT-MED, where the main deviation is a maximum
brine temperature of 55–60�C, as opposed to 110–
120�C, resulting in reduced corrosivity towards
metallic materials. The physics behind this process
are the same as in MSF plants, that is, an applied
vacuum causes boiling and evaporation of the incoming
seawater at a temperature far below 100�C, but the
design of the evaporators and condenser tubes is totally
different. There is no flashing but evaporation due to a
falling film on tubes where the internal side acts as a
condenser while the external side causes boiling.

Different types of material have been used for the
evaporator shells; epoxy coated mild steel, clad steel,
solid S31600 (1.4404), and even S31254 (1.4547).
A duplex grade, such as 1.4462 (S32205), would be
an appropriate alternative. A pronounced advantage
for a high strength grade such as 1.4462 (S32205) is
the cylindrical shape of the LT-MED evaporators
making an even more cost-effective design possible
than in the case for MSF shells.

There is one LT-MED plant in service with
highly alloyed stainless steel condenser tubes, AVR’s
Demi Water Plant, a 24 000 m3 day�1 plant in the
Netherlands, where 1.4 million meters of 1.4565
(S34565) tubes were installed.

Reverse osmosis and seawater reverse osmosis

The reverse osmosis (RO) process is performed at
ambient temperature but at a high pressure, for an
seawater reverse osmosis (SWRO) plant it is often in

the range 70–80 bar. The feed, seawater or brackish
water, is first pretreated, which implies mechanical
filtering, chlorination to avoid biofouling, and the
addition of chemicals to adjust pH values, etc.

However, the membranes used in RO plants do not
tolerate chlorine, so also if the feed has been chlorinated
as part of the water treatment, any residual chlorine
must be removed prior to the membrane passage, often
by an addition of sodium bisulfite or similar. The feed
is still air saturated and as the design contains a number
of crevices, there is an obvious risk of pitting and, above
all, crevice corrosion in these plants.

Highly alloyed austenitic stainless steels, such as
S31254 (1.4547), have frequently been used, very suc-
cessfully, in a number of SWRO plants in the Middle
East, on Mediterranean islands, on the Canary Islands,
in the West Indies and in the USA. Most of the ‘biggest
in the world’ plants are equipped with high-pressure
piping made of S31254 (1.4547) or similar. Materials
of type N08904 (1.4539), S32205 (1.4462), 1.4438
(S31700), and 1.4404 (31600) have previously been
used, but the failures have been numerous, not least
for 1.4404 (31600) and 1.4438 (S31700).

Highly alloyed grades have also been used for
high-pressure pumps and the super duplex S32750
(1.4410) can be an extremely attractive option for
energy recovery systems. The first plant to utilize
the properties, that is, strength and corrosion resis-
tance, for the energy recovery system of this grade
will be Ashkelon, a 275 000 m3 day�1 plant in Israel.

Highly alloyed stainless steels, for example,
S31254 (1.4547), can also be used for different filters
upstream the high pressure pumps although other
materials are often preferred for cost reasons.

3.04.11.2.3 Stainless steel within the pulp and

paper industry

The stainless steel manufacturers have been develop-
ing specific stainless steel grades optimized in pulp-
and paper process environments. Cost efficiency and
sustainability of stainless steels in the pulp- and paper
solve corrosion problems. One of the first fields of
application for duplex grades was the pulp and paper
industry, where the first digesters were mounted in
New Zealand in 1988.

Apart from economic factors, a growing concern
for the environment has led to a number of new
processes being introduced and existing processes
being modified. Effluent recycling has also become
more common in modern plants. The positive envi-
ronmental benefits of ‘closing-up’ the mills have been
accompanied by a rise in the concentrations of

Figure 51 An example of a desalination plant, Melitha.
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chemicals used in process streams, and in operating
temperatures. These factors have drastically increased
the demands made on the corrosion resistance of the
structural materials used in such plants.

Process environments and their impact on corro-
sion varies in a great extent in different pulp- and
paper processes, which also leads to that advice
concerning material selection require modification
while considering a particular environment at a par-
ticular mill.

The duplex alternative, for example, 1.4462 (S32205),
is constantly gaining ground at the expense of the
other alternatives and many duplex vessels have been
started up. The selection of an appropriate duplex
grade will, among other things, depend on the pro-
cess environment in service.

3.04.11.2.4 Architecture – Art 32

The most visible and perhaps also the most common
outdoor applications of stainless steel are for facades,
wall claddings, and roofs. The surface finish is
selected according to the aesthetic impression
required by the architect, whilst the surrounding
atmosphere determines the steel grade.

One of the oldest examples of this is the Chrysler
Tower in New York, which was crowned with an Art
Deco cap of stainless steel as early as 1929. It is still
in perfect condition and the extra sheets shipped
from Germany during the building’s construction and
intended for use in future maintenance were still held
in storage as recently as 1995. This means that the
stainless steel has stood the test of time for more than
70 years without any mass loss or localized corrosion.
The steel grade selected was of type 1.4301 (S30200),
which would today be regarded as a borderline steel
grade in terms of its alloy composition, considering the
previous discussion on corrosion hazards. Another
equally old landmark is the canopy at London’s Savoy
Hotel. Both are clearly excellent examples of the
understated elegance of stainless steel.

More recent installations that are equally well
known are the Court of Human Rights in Strasbourg
in France, Canary Wharf in London, and Petronas’
450 m high Twin Towers in Kuala Lumpur, that are
all clad with stainless steel of type S31600 (1.4401).
The same material was also used for the roof of the
new departure terminal at Stockholm’s central rail-
way station, built in the late 1980s.

Another recent installation is the Tsing Ma Bridge
along the highway to Chep Lap Kok, the new airport
of Hong Kong. Whilst this construction is, in some
respects, similar to those named earlier, there is an

important difference. In this case, the stainless wind
deflectors were not only installed for aesthetic rea-
sons; they are also intended to protect the traffic from
strong side winds during the hurricane season.

The elegance of stainless steel can be seen in a
number of monuments all over the world. Figure 52
shows a bridge constructed in stainless steel located
at the island Menorca.

The famous Finnish composer Jean Sibelius has
been honored with a monument in Helsinki, a stain-
less steel ‘organ,’ created by Eila Hiltunen. The same
sculptress also created ‘The Sun Flower Field,’ which
was raised in a man-made seawater lagoon outside
Jeddah. The selection of steel grade was in both cases
based on the respective atmospheres, with type
S31600 (1.4436) being selected for the urban atmo-
sphere of the Finnish capital and S31254 (1.4547) for
the harsh marine conditions of the Red Sea.

The steel grade S31254 (1.4547) was also used for
Carl Milles’ sculpture ‘‘God and the Rainbow’’, seen
in Figure 53, which was inaugurated in 1995 by
HRH King Carl XVI Gustaf of Sweden. Its location
means that the rainbow is sprayed with water from
the Baltic Sea and such conditions would be too harsh
for a conventional grade such as S31600 (1.4401).

Maintenance-free structural components can be
found in a number of industries, but in selecting a
grade for a specific application, it is always important
to consider the intended operating environment.

The cable ladders on the Norwegian platform
Statfjord A were originally made of painted mild
steel, which lasted four years. The replacement lad-
ders made of zinc coated (galvanized) steel lasted
another 7 years but were then replaced by stainless
steel ladders made of S31600 (1.4401) in 1990.

Figure 52 Bridge constructed in stainless steel, located

at Menorca.
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Another example is the internal wall lining of a
building for the pickling of steel at a Swedish carbon
steel producer. The original lining was made of stain-
less steel, 1.4436hMo (S31600), which, from an aes-
thetic point of view, offered inadequate corrosion
resistance to the acid condensate precipitated on
thewalls. The result was heavy rusting and a thorough
evaluation of several highly alloyed grades was per-
formed prior to the selection of the wall lining for an
expansion in 1998. However, despite the heavy rust-
ing, it was eventually concluded that type 1.4436 was
good enough from a functional point of view and this
grade was also selected for the expansion.

If similar problems occur at other plants, it is
recommended that an exposure test be performed
prior to the selection of steel grade.

3.04.11.2.5 Stainless steel in oil and gas

production32

Although oil is not corrosive in itself, production of
oil can involve highly corrosive environments
because of the simultaneous presence of water and
dissolved aggressive species such as oxygen, chlor-
ides, carbon dioxide, and hydrogen sulfide. To a
certain degree oil can in fact act as an inhibitor,
though it is somewhat unreliable with regard to stain-
less steels when only a thin oil film is ‘isolating’ the
metal from the corrosive water. Thick films of oil may
totally inhibit corrosion.

Initially, mainly carbon steels were used in oil and
gas production. However, because of the often
increasing amounts of corrosive agents after years of
production in old wells and the exploitation of more
and more corrosive wells, stainless steels are used
increasingly in this industry. Furthermore, environ-
mental considerations have also led to the increased
use of stainless steels, since carbon steel demands the
addition of vast amounts of various artificial corro-
sion inhibitors, even under fairly mild corrosive con-
ditions, and most of these inhibitors are more or less
hazardous to the environment.

Looking at long term economics, by means of life
cycle cost calculations, the use of a stainless steel can
often repay the initial extra investment cost, mainly
through low maintenance costs and weight savings
since stainless steel components do not need to be
over dimensioned to compensate for general corro-
sion, as do carbon steel components. Finally, much
longer lifetimes can be achieved with stainless steels
than with carbon steels.

Environmental factors

‘Sweet’ or ‘sour’ environments Production fluids
and gases in the oil and gas industry are traditionally
classified as ‘sweet’ or ‘sour’ environments, depending
on whether hydrogen sulfide is absent or present in
significant amounts respectively.

Sweet environments are those containing no or neg-
ligible amounts of hydrogen sulfide. High amounts of
carbon dioxide may be present in sweet environments,
causing accelerated corrosion on carbon steel. Sour
environments are those containing significant amounts
of hydrogen sulfide.Themain concern regardingH2S is
its ability to embrittle metals thereby causing cracking,
‘sulfide stress cracking (SSC),’ under certain conditions.

Hydrogen sulfide Hydrogen sulfide is one of the
main factors to consider, while choosing a material
for oil and gas production equipment, because of the
risk of SSC.

Sulfides, S2, HS or H2S adsorbed to the metal
surface, catalyze the absorption of hydrogen atoms
by the metal, which may subsequently crack due to
hydrogen, induced stress cracking (HISC) depending
among other factors on the amount of hydrogen
absorbed. It is this cracking that is usually termed
‘SSC.’ The full mechanism of hydrogen embrittle-
ment by H2S is still under debate.

The hydrogen absorption caused by H2S may
work synergistically with the factors involved in

Figure 53 S31254 (1.4547), used for Carl Milles’ sculpture
‘God and the Rainbow’, seen in Figure 53, which was

inaugurated in 1995.
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chloride SCC, thereby increasing the risk of environ-
mentally induced cracking.

Hydrogen embrittlement seems to be the most
active cracking mode at low temperatures, whereas
chloride SCC predominates at high temperatures.
Consequently, the combined risk of cracking due to
H2S and chlorides tends to be most severe for the
nonferritic stainless grades at intermediate tempera-
tures, approximately in the range 80–100�C.

When H2S is present, it is generally the risk of
cracking that is of concern. However, very small
amounts of H2S should not necessarily be seen as a
negative factor since the presence of H2S guaran-
tees a low redox potential in the environment
and thereby lowers the risk of chloride-induced loca-
lized corrosion, for example, SCC, pitting and crevice
corrosion.

Actual limiting critical values of H2S partial pres-
sures are difficult to give, due to several other factors
temperature, pH, and chloride concentration proba-
bly being the dominating ones.

Carbon dioxide Stainless steels are not susceptible
to the general CO2 corrosion as are carbon steels. For
example, pipelines in carbon steel suffering CO2

corrosion have been replaced with stainless steel
and have given very long service lives. However,
CO2 can indirectly affect the performance of stainless
steels by dissociation of carbonic acid, which leads to
a lowering of pH.

CO2 þHOH 2CO3 H�þHCO3

It is not surprising that a higher hydrogen ion activity
will increase the driving force for hydrogen being
absorbed into the metal, so that the metal becomes
more prone to cracking (SSC). A significant hydrogen
uptake is, however, still only possible when H2S above
a certain concentration is present.

It should be borne in mind that most actual sys-
tems have natural pH buffering systems such as from
bicarbonate present initially. Therefore the full pH
lowering effect caused by CO2 may not be felt
because of buffering action. So, in many practical
situations, the system may not be as aggressive as
expected from the knowledge only of the partial
pressures of CO2 and H2S.

Chlorides Chlorides are very often present in high
concentrations in water associated with oil and gas
formations. Localized corrosion on stainless steels
induced by chlorides is well-known. However, the

oxygen content of these fluids is mostly extremely
low and significantly higher chloride levels are there-
fore acceptable than under oxygen-saturated condi-
tions. The main cathodic reaction in these systems is
the reduction of hydrogen ions.

Temperature As is well-known, normally the
higher the temperature the more aggressive the envi-
ronment with regard to localized corrosion induced
by chlorides. However, as mentioned earlier, nonfer-
ritic stainless steels seem to show their greatest sen-
sitivity to SSC at around 80–100�C in terms of
critical partial pressure of H2S. This effect is most
pronounced in the duplex stainless steels and lower-
alloyed austenitic stainless steels. This phenomenon
is thought to be explained by the reverse temperature
dependency of sulfide-induced SSC and chloride-
induced SCC.

Sulfur The presence of elemental sulfur has shown
to be highly deleterious for stainless steels and may
reduce the critical partial pressure of H2S appreciably.
One possible explanation for the deleterious effect of
elemental sulfur is that it can be reduced by hydrogen
ions to form H2S. However, elemental sulfur does not
seem to be present in most wells.

Galvanic effects

Creating a galvanic contact between stainless steels and
carbon steels will often result in full cathodic protec-
tion of the stainless steel with regard to chloride-
induced localized corrosion. However, ferritic and
duplex stainless steels may, during long periods of
exposure, develop hydrogen embrittlement from the
increase in the cathodic reaction (hydrogen ion reduc-
tion) on the stainless steel surface. Obviously this effect
is most pronounced at a low pH.

Artificial environments

In many cases the limiting environment with regard
to corrosion may not be the gas or formation water
present in the well. A number of chemicals are fre-
quently added to the well in order to optimize the
productivity or as part of the initial drilling and set-
up procedures.

Stimulation acids are widely used to increase for-
mation permeability. These acids are most often
inhibited, however many of these inhibitors have
been developed for carbon steel, and there is no
guarantee that the inhibition is effective on stainless
steels without prior testing.
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In general, the use of organic acids is recom-
mended. Excessively large injections should be
avoided. This will minimize the risk of creating an
unnecessarily aggressive local environment with a
low pH. It should be recognized that even though the
pH is lowered during acidifying, the concentration of
dissolved sulfides is also lowered by general dilution in
the near vicinity of the metal.

Completion fluids are sometimes used to counter
balance the formation pressure. These fluids may
contain high concentrations of chlorides or bromides
that inherently introduce an enhanced risk of chlo-
ride (halide)-induced localized corrosion.

Injected waters to help secondary recovery may be
seawater in the case of offshore production, or pro-
duced water in either onshore or offshore production.
These waters can be treated in various ways, which
influence their corrosivity like dc aeration (less
aggressive) or chlorination (more aggressive).

Offshore production – seawater

Topside equipment may be exposed to seawater
internally in the case of seawater being used as a
cooling liquid or used for the production of freshwa-
ter. The unavoidable splashing from the marine envi-
ronment causes external exposure of topside equipment
to seawater.

In these cases, the selection of a stainless steel
grade should be based on the maximum temperature
and the condition (aerated and untreated, chlori-
nated, deaerated, etc.) of the seawater. In the case of
splashing from the marine environment, possible
evaporative conditions should be considered. The
super austenitic 6Mo stainless steel grade S31254
(1.4547) has shown excellent performance in many
seawater environments.

Submerged pipelines are another example where
the outside environment is sometimes potentially
more aggressive than that on the inside.

Metallurgical factors

It is generally accepted that the sensitivity to hydro-
gen embrittlement increases with increasing strength.
This has led to the practice of specifying a maximum
hardness of the material when used in sour service, as
in NACE standard MR0175, which is discussed as
follows.

It should be recognized that the traditional corre-
lation between strength, hardness, and SSC sensitiv-
ity was based on industry experience with carbon
steels. The application of this rule is not so straight-
forward for stainless steels, where the strength in the

annealed condition can vary greatly depending on a
number of different metallurgical factors. For exam-
ple, a high nitrogen content in the fully austenitic
stainless steel S31254 (1.4547) or in the super duplex
stainless steel S32750 (1.4410) introduces a high strength
in the annealed condition, but these steel grades are
in general less sensitive to SSC compared with the
similar stainless steels containing lower amounts of
nitrogen and having lower annealed strength.

Certain stainless steels do, however, become more
susceptible to SSC, when they have been coldworked.

Ferritic and martensitic stainless steels Ferritic
stainless steels are fairly susceptible to SSC, espe-
cially in the cold-worked condition. For common
ferritic grades the resistance to chloride-induced
pitting and crevice corrosion is also limited. Ferritic
stainless steels have therefore found limited use in
sour production environments.

Martensitic stainless steels are used mainly when
high strength is needed in sweet environments, where
they have shown to be cost effective in replacing
carbon steel suffering from CO2 corrosion.

Martensitic stainless steels have a fairly limited
chloride-induced localized corrosion resistance, and
they show a high susceptibility to SSC.

Austenitic stainless steels Low-alloyed austenitic
stainless steels, types S30400 (1.4301) and S31600
(1.4401), are being used for a large number of com-
ponents. These alloys are far less prone to SSC than
ferritic and martensitic alloys as long as they are in
the annealed condition. However, heavy cold work of
these alloys does increase their susceptibility to SSC
even at ambient temperature. Stainless steel S30400
(1.4301) cold worked 30% exhibits susceptibility to
SSC even at very low chloride concentrations.37

The super austenitic 6Mo stainless steel grade,
S31254 (1.4547) has shown excellent resistance to
SSC and SCC. Even after cold work up to 80% and
coupled to carbon steel, S31254 (1.4547) is highly
resistant to SSC. The carbon steel coupling increases
the driving force for hydrogen-induced cracking as
discussed earlier.

At high temperatures the high chloride-induced
SCC resistance is a further argument for the wide
spread use of S31254 (1.4547) in oil and gas
production.

Duplex stainless steels The high strength of
duplex stainless steels together with their high resis-
tance to chloride-induced localized corrosion is
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important reasons for their popularity in oil and gas
production.

However, it is necessary to observe some restric-
tions on their use in severe sour environments, since
laboratory investigations have indicated moderate
SSC susceptibility. It should be borne in mind that
pH and stresses in practical applications try tests.
This is clearly illustrated by a number of successful
applications of duplex steels at far higher partial
pressures of H2S than a number of laboratory inves-
tigations have indicated should be possible.

SSC test method NACE MR0175 NACE stan-
dard MR0175 presents material requirements for
resistance to SSC in oil and gas production equip-
ment and related equipment. The document is a
broadly written document. Certainly not all materials
listed in MR0175 are satisfactory for all practical sour
service applications. However, MR0175 is frequently
used as a minimum requirement for the selection of
materials for sour service.

In this standard a sour gas environment is defined as
containing water as a liquid and hydrogen sulfide in the
gas at a partial pressure exceeding 3mbar (0.05 psi), and
with total pressures greater than 4.5 bar (65 psi).

In the case of multiphase systems (gas/‘oil’/water)
MR0175 defines sour environments as systems with
H2S partial pressure exceeding 3 mbar (0.05 psi) at a
total pressure above 18.3 bar (265 psi). At total pres-
sures below 18.3 bar, the partial pressure of H2S above
0.7 bar (10 psi) or more than 15% H2S also defines a
sour environment. Sour multiphase systems that have
operated satisfactorily with standard equipment are
outside the scope of MR0175.

MR0175 lists a wide range of metallic materials
and product forms that under certain conditions
are found to be acceptable for use in sour service.
In general the main restriction put on the materials
is a maximum hardness level. Requirements for
welds are generally the same as for the annealed

wrought material with regard to the maximum
hardness level.

It should be remembered that MR0175 only
addresses SSC in the context of the H2S partial
pressure, whereas effects of pH and chloride-induced
localized corrosion are not taken into account.

3.04.11.2.6 Stainless steel in wastewater

treatment 32,49

The first methods used to treat wastewater involved
reducing the amount of suspended matter in rivers.
Biological treatment for further reduction of sus-
pended matter and phosphorus reduction was added
as a cleaning process in the 1970s followed by meth-
ods for nitrogen removal. During the 1990s, the use of
an activated sludge process in the biological treat-
ment of wastewater has increased. New biological
purification treatments have been introduced in
wastewater treatment plants worldwide, which effi-
ciently reduce nitrates from the water.

Methods of purification

The design of a wastewater treatment plant will usu-
ally depend on what methods are required for purifi-
cation of the wastewater. Both chemical and
biological cleaning processes are used to clean the
incoming wastewater.

Wastewater treatment plants may contain several
stages involving different processes of purification.
Main purification processes are mechanical treatment,
chemical treatment with removal of phosphorous,
biological treatment (including nitrogen reduction),
and removal of organic matter. Figure 54 shows a
schematic representation of the main stages in a waste-
water treatment plant.

Mechanical treatment The sewage enters a waste-
water treatment plant through screens that remove

Inlet
Screen

Grit and
grease
settling

Mechanical treatment

Chemical treatment

Biological treatment

Removal of
phosphorous

Digestion

Anoxic Aerobic

Effluent

Final
settling

Figure 54 Schematic view of the main processes in a wastewater treatment plant.
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large particles. It then continues to a grit chamber,
where grit, gravel, oil, and fat are removed from the
wastewater, and thereafter to the primary settling stage.

Chemical treatment Phosphorus in wastewater
consists of several compounds such as phosphorus in
organic compounds and phosphates. However, the
organic phosphorus compounds undergo hydrolysis
in water and orthophosphate, which is the main com-
pound, is usually removed from the sewage water by
precipitation. Avariety of precipitation chemicals can
be used for this purpose and different plants may have
different preferences.

Some examples of precipitation chemicals are fer-
rous sulfate, aluminum sulfate or iron (III) chloride.
In Sweden, the use of poly aluminum chlorides and
poly aluminum sulfates in wastewater treatment is a
relatively recent development. The dosage point may
be prior to the primary settling stage and/or, in some
plants, before the final settling tank to ensure low
phosphorus content in the effluent.

Biological treatment The biological treatment
involves both the removal of nitrogen and the removal
of biological carbons. In some plants, it may also involve
the reduction of phosphorus. This purification process
can be divided into several stages. The biological treat-
ment can alternate between anaerobic (anoxic) condi-
tions and aerobic conditions where air is blown into the
water. Biological nitrogen is removed in the processes of
nitrification and denitrification. An anaerobic environ-
ment assists the denitrification process and an aerobic
environment assists the nitrification process. During
nitrification, ammonia is converted to nitrate, whilst
during denitrification; nitrate is converted to free nitro-
gen. The end product, nitrogen gas, is then released into
the atmosphere.

The internal position of the aerobic nitrification
and the anaerobic denitrification stages in the
biological treatment may vary from plant to plant.
In some plants, the aerobic stage may come first,
whereas in others, it may occur at the end, followed
by recycling to the anaerobic process. Biological car-
bons are removed during the aerobic stage where
nitrification also occurs. During this process, the
biological carbons are converted to carbon dioxide
and water.

Final settling After the biological treatment the
wastewater passes on to the final settling tanks
where the remaining active sludge settles. The sludge
may thereafter be passed back and recycled into
the biological treatment or transferred into the

process of digestion. The temperature of the flowing
water in the final settling tanks varies commonly
between 10 and 15�C. After the final settling stage,
the effluent can be released into the sea, lakes, or
rivers.

Digestion Sludge is removed during the biological
treatment and later transferred to large digesters
where it undergoes a process of digestion. The
active digestion of the sludge is oxygen consuming
and the process is considered to be anaerobic. The
temperature during the digestion process remains
relatively constant at 38�C while the pH level of
the sludge can vary between 6 and 8. During
biological digestion, biogas containing hydrogen sul-
fide gas is produced.

The sludge may be dewatered after digestion by
centrifugation. If it contains no heavy metals, the
dried sludge may be used as fertilizer.

Corrosion conditions in waste water treatment

plants

Chloride Content The chloride ions present in the
water promote local corrosion such as crevice corro-
sion and pitting, and the higher the chloride content,
the more corrosive the water. The chloride concentra-
tion of the water that passes through sewage treatment
plants is usually lower than the chloride concentration
of seawater. In Sweden, where the use of de icing salt on
the roads is common during the winter period, the
chloride content passing through a plant may vary
according to season. High values of chloride may be
recorded during a few days in the winter season.

MIC and requirements for localized Corrosion on
Stainless Steels Ennoblement from microbial
activity such as, for example, after the biological
cleaning stages, that is, in the final settling of a waste-
water treatment plant might provide a high potential
closer to, or in the vicinity of, the pitting potential for
standard stainless steel grades of type S30400 (1.4301)
and S31600 (1.4401) under certain conditions such as
in the presence of chlorides, crevices, and deposits. In
these environments, localized corrosion can be
initiated and propagated with an increased corrosion
rate due to the enhanced cathodic reaction caused by
the microbial activity.

Addition of Chemicals The most common chemi-
cals used in Scandinavian wastewater treatment
plants to precipitate phosphates are aluminum
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sulfate, iron (III) chloride, and iron sulfate. At the
point where the dosage is in the plant, there is an
increased risk of local corrosion using iron (III) chlo-
ride. However, the risk of corrosion on stainless steels
declines very fast with the distance to this dosage
point since the chemicals are diluted in the flowing
water. Less corrosive chemicals with no chloride con-
tent are iron sulfate and aluminum sulfate.

If, at any stage of the purification process, any
other chemicals are added, for example, strong oxi-
dizing agents such as chlorine as a disinfectant, or
potassium permanganate for precipitation reactions,
care must be taken with the dosage. The dosage must
be low enough to ensure that the effect on stainless
steels does not promote any increase in the free corro-
sion potential. This is essential in both the aerobic and
anaerobic stages. The effects of strong oxidizing agents
such as chlorine and potassium permanganate are
well-documented in Section 3.04.9.

Corrosion results from field tests in wastewater

treatment plants

Field exposures were carried out at different waste-
water treatment plants at various locations in Sweden
and Denmark to evaluate the risk of corrosion
in wastewater treatment plants. The most corrosive
part of the plants based on the processes was consid-
ered to be the final stages, the settling tanks where
chlorides in combination with grown biofilm on the
surfaces have to be taken into account. The test
materials were welded standard austenitic stainless
steel grades S30400, S31600 (1.4301, 1.4436), and a
welded duplex stainless steel grade S32205 (1.4462).
The chemical compositions of these steels are shown
in Table 21. The pitting resistance equivalent (PRE)
numbers and the critical pitting temperatures CPT

according to ASTM G 150 for the steel grades are
also presented in Table 22.

Field tests were carried out over a 12-month
period several wastewater treatment plants in Sweden
and Denmark, where the samples were exposed in the
final settling tanks. The chemical compositions of the
water from three of the exposure sites in the plants
are shown in Table 22.

The open circuit potentialsweremeasured in for the
test coupons exposed in the plants. From these results it
was shown that in aerobic conditions the potential
increased to a maximum of 340 mV/SCE, schemati-
cally shown in Figure 55, whereas, in more anaerobic
conditions the OCP increase was low and even dec-
reased as schematically shown in Figures 56.

At plant 1, corrosion was found on stainless steel
grades S30400 (1.4301), and S31600 (1.4436) in com-
bination with heavy deposits, a high chloride content
and ennoblement. Figure 57 shows the extent of
corrosion on the base material and on the welds of
steel grade S31600 after the removal of the deposits
containing both sulfur and manganese.

Base material welds

Table 23 shows the potential values obtained in the
field tests in combination with the chloride content
and visual observations after the field tests. Biofilms
or biological deposits were observed on all samples
after the exposure at the plants, but ennoblement was
only observed at some plants.

The combination of a high OCP value generated
by microbial activity in a biofilm and high chloride
content will lead to a higher susceptibility of loca-
lized corrosion for steel grade S30400 (1.4301), and
S31600 (1.4436). The Localized corrosion was
observed in plant 1 for S30400 (1.4301), and S31600

Table 22 Chemical compositions of treated wastewater from the field-test locations

Compound Plant 1 Plant 3 Plant 5 (anaerobic)

Nitrate-N (mg l�1) 10.2 1.5 4.1
Sulphate (mg l�1) 129 150 69

Chloride (mg l�1) 515 585 78

Iron (mg l�1) 0.16 0.083 0.98
Manganese (mg l�1) 0.18 0.045 0.069

Aluminium (mg l�1) <0.01 <0.01 0.06

pH 6.8 7.1 7.6

Conductivity (mS m�1) 208 263 60.2
CODa (mg l�1) 4.3 6.6 16b

aOxygen consumption measured as chemical oxygen demand (COD).
bHigher value than expected from the anaerobic process.
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(1.4436) because of a high OCP and high chloride
content in combination with heavy deposits. On the
other hand, for plants with a low chloride content in
the water, no corrosion was observed.

3.04.12 High Temperature
Corrosion32

When stainless steels are exposed to hot gases, chemi-
cal reactions take place between the steels, or rather
between their alloying elements, and elements or
compounds in the gases. As a rule, these reactions
will lead to the formation of gas–metal interface layers
of reaction products. The chemical compositions and
morphologies of these products are determined by,
among other factors, the steel and gas compositions
and temperatures. These surface layers are more or
less protective against further attacks from the gas.

The chemical composition and various standards’
designations for some high temperature steels are
given in Table 24.

In practice, all stainless steels rely on the formation
of an oxide layer. All other reaction products either
form a porous, less adherent, and hence nonprotective
scale, or are liquid or even volatile andwill flux off any
existing scale or evaporate. Thus, one condition that
must be fulfilled for good high temperature corrosion
resistance is that the gas must be oxidizing, that is, it
must contain enough oxygen for the formation of a
protective layer, consisting of oxides of one or several
of the alloying elements. Even so, all oxide scales will
eventually experience a breakdown due to growth
stresses in the scale. Any measure taken to reduce
the scale growth rate will therefore increase the time
to breakdown. A low growth rate will also reduce the
subscale depletion of the oxide forming element(s),
thus improving the ability of the alloy to heal any
cracks or other damage to the scale.

The terms oxidizing and reducing are common in
the context of high temperature environments, but
are not very well-defined and should be used with
care. A gas may, for example, be reducing to some of
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Figure 57 Localized corrosion found on S31600 (1.4436) under heavy deposits after a field test at plant 1. (Magnification�3).
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the alloying elements but oxidizing to others. Another
gas may contain enough oxygen for the formation of a
protective layer; yet at the same time contain other
elements that form other, faster growing but less
protective compounds.

Gases and/or construction materials are generally
chosen to ensure that such a protective layer is in fact
formed on the material. For example, the type of gas
chosen for heat treatment applications, where oxida-
tion of the treatedmaterial is undesired, will generally
be reducing, or at least nonoxidizing, to the treated
material, but oxidizing to the higher-alloyed furnace
construction materials.

In certain processes, however, truly reducing gases
are used or produced, and in such circumstances, no
oxide layer will form and any existing layer will, as a
rule, dissolve. Preoxidation is often used to increase
the corrosion resistance in such atmospheres. How-
ever, the resulting oxide layer has a limited lifetime
and the process of preoxidation has to be repeated at
certain intervals.

Heat resistant stainless steels are mainly devel-
oped for strength and corrosion resistance at elevated
temperatures. As the technical requirements are dif-
ferent, the resistance of these alloys to room temper-
ature ‘wet’ corrosion may be less satisfactory. The risk
of condensation or deposition of aggressive com-
pounds during temporary disturbances or shutdowns

must therefore be considered while selecting the
construction material. Alternatively, removal of the
aggressive gas may be specified in the service instruc-
tions for such events.

Several common corrosion types are described as
follows. Since some of these corrosion types are gener-
ally active, simultaneously or in sequence, in practical
cases, one often has to choose between fulfilling con-
tradictory demands for the material’s corrosion resis-
tance. Whilst the mechanical or physical properties of
the material may sometimes be paramount, this can to
some extent be overcome by design.

The very complex nature of high temperature
corrosion and the lack of standardized testing prac-
tices make it virtually impossible to present corrosion
data in tables.

While choosing material for high temperature
applications, one must have an extensive knowledge
of existing or expected service conditions, such as gas
temperature, gas composition and the temperature of
the material. Knowledge of previously used materials,
their service performance, and of the cause(s) of
previous failures are usually of great support in the
process of material selection to identify an optimum
high temperature grade.

The demands on the corrosion resistance vary
depending on the processes and constructions involved.
In some plants, components can be maintained,

Table 23 Results from visual inspections made after the field tests in the final stages of six treated wastewater treatment

plants

Plant S30400
weld

S31600
base

S31600
weld

S32205
weld

Max OCP (mV/SCE) Chloride content (mg l�1)

1 Corrosion Corrosion Corrosion No corrosion 337 515
2 Corrosion No corrosion No corrosion No corrosion 219 585

3 No corrosion No corrosion No corrosion No corrosion 50 78

Table 24 Typical chemical composition for some examples of high temperature stainless steels

Steel grade Typical chemical composition (wt%)

EN ASTM, UNS C N Cr Ni Si Others

1.4948 304H 0.05 – 18.3 8.7 0.5 –
1.4878 321H 0.05 – 17.5 9.5 0.5 Ti

1.4818 S30415 0.05 0.15 18.5 9.5 1.3 Ce

1.4828 0.04 – 20 12 2.0 –

1.4833 309S 0.06 – 22.5 12.5 0.5 –
1.4835 S30815 0.09 0.17 21 11 1.7 Ce

1,4841 314 0.10 – 24 19 1.5 –

1.4845 310S 0.05 – 25 20 1.0 –
1.4854 S35315 0.05 0.15 25 35 1.5 Ce
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repaired, or replaced with minor if any interference
to normal service, but in other applications, mainte-
nance and repair must be carefully planned and can
only be performed during annual or semiannual shut-
downs. Obviously, a more careful choice of materials
must be made in those cases.

3.04.12.1 Oxidation

When steel is heated in air or another oxygen con-
taining gas, an oxide layer is formed on the surface,
acting as a barrier between the steel and the gas.
A dense and adherent layer will retard further oxida-
tion, whilst a porous and crack-prone layer will be
less protective. Chromium alloyed steels have a better
resistance to oxidation than carbon steels since the
presence of chromium and mixed chromium–iron
oxides in an oxide layer makes it more protective
than a pure iron oxides layer. When the chromium
content is increased from 0 to 27 wt%, the scaling
temperature increases from around 500 to 1125�C. At
temperatures above 1000�C, aluminum oxides are
more protective than chromium oxides. The amount
of aluminum required for the formation of a protec-
tive layer will, however, make the alloy rather brittle
and hence the fabrication difficult and costly.

The scaling temperature is a common measure of
the oxidation resistance and is defined as the tempera-
ture above which the oxidation rate exceeds a certain
value, and is usually determined in different short time
cyclic tests, which differ between testing laboratories.

The scaling temperature is primarily used for ranking
different alloys. The maximum service temperature in
air is usually set some 50�C lower.

Additions of silicon and rare earth metals (REM)
improve the oxidation resistance of steels by reducing
the oxide layer growth rate further. The protective-
ness of the oxide layer also depends on the oxygen
activity of the oxidizing gas, as this affects the mor-
phology and composition of the scale.

Rapid temperature changes are detrimental, since
thermal stresses will be induced in the oxide layer due
to lower thermal expansion of the oxide relative to that
of the base metal. This will eventually lead to cracking
and spalling of the layer. Ferritic stainless steels have
lower thermal expansion coefficients than austenitic
high temperature stainless alloys and are therefore
more resistant to oxidation under varying temperature
conditions. Unfortunately, this advantage cannot gen-
erally be fully exploited at higher temperatures due to
the poor mechanical strength and the greater tendency
for embrittlement of the ferritic stainless steels. The
negative effect of temperature variations on the perfor-
mance of austenitic alloys can be reduced by several
means, for example, by increasing the nickel content.
Thereby, satisfactory oxidation resistance up to 1150�C
can be reached. REM additions will lead to the forma-
tion of a thinner, more ductile, and hence more adher-
ent oxide layer.

In Figure 58, the oxidation behavior of some
common austenitic high temperature stainless steels
is compared.
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Although oxides as a rule are beneficial, there are
a few elements which tend to form liquid or even
gaseous oxides – especially in stagnant atmospheres –
which may lead to ‘‘catastrophic oxidation,’’ that is,
fluxing of the scale by the liquid oxide. Molybdenum
(Mo), known to be one of these elements, however, is
often used to increase wet corrosion resistance, but
should be avoided in materials for service at tem-
peratures above 750�C. A similar behavior is
reported for tungsten (W). For niobium (Nb), even
worse behavior than for Mo and W has been
reported, although some sources claim that it can
have a positive effect on the oxidation resistance, at
least at lower temperatures.

Two other elements, which form liquid oxides, are
vanadium and lead. Their concentration in alloys as
either alloying or trace elements is too low to be
harmful, but they are sometimes present as contami-
nants in the environment.

3.04.12.2 Sulfur Attack

Different sulfur compounds are often present as con-
taminants in flue gases and some process gases. Chemi-
cally, sulfidation is similar to oxidation. However, as
a rule, sulfides have lower melting points than the
corresponding oxide, so the risk for a fluxing of the
scale is greater. Especially nickel is a nonfavorable
alloying element in that respect.Moreover, the diffusion
rates in sulfide scales are generally much higher than in
the corresponding oxides, making the scale growth rate
higher and the time to scale breakdown shorter.

In oxidizing gases, that is, when a protective oxide
layer can be formed, the corrosion resistance is deter-
mined by the properties of that layer. Sulfur attacks
generally start at cracks in the layer. A ranking of
the corrosion resistance of different materials in oxi-
dizing sulfur-containing environments is often equiv-
alent to the oxidation resistance ranking. On the
other hand, under conditions where it is difficult to
form a protective oxide layer, the corrosion resistance
is considerably lower and directly dependent on the
bulk chemical composition of the tested alloys. Under
these conditions, steels with high chromium content
and little or no nickel are superior.

3.04.12.3 Halogen Gas Corrosion

Gases containing halogens, that is, F, Cl, Br, and I or
hydrohalides are very aggressive against all metallic
materials. Under reducing conditions, nickel and

chromium additions generally improve the corrosion
resistance. In oxidizing environments, chromium and
especially molybdenum and tungsten are very detri-
mental due to their tendency to form highly volatile
oxychlorides and fluorides.

The halogens of practical interest are fluorine and
chlorine. Fluorine is considered to be more corrosive
than chlorine, which, on the other hand, is more
common and more concentrated in most applications.
Although theoretical considerations and laboratory
tests yield very low maximum service temperatures
(<300�C), in practice, stainless steels can often be
used up to 600�C.

Other halogen compounds may be equally corro-
sive, but only after deposition or condensation, see
molten salt corrosion in the following section.

3.04.12.4 Molten Salt corrosion

There are several industrial applications in which
molten salts are intentionally used, the most impor-
tant areas being heat treatment, metal extraction, and
energy conversion. However, there are also many
cases in which the presence of molten salts is far
from intentional.

Mixtures of chloride salts are frequently used in
salt pots for heat treatment. These ‘neutral salts’ will
neither oxidize nor decarburize heat-treated or con-
struction materials when they are pure, but their
corrosivity can increase dramatically if they become
oxidized or otherwise contaminated. The salt pots
often experience localized attacks at the salt–air
interface. Salt pot life can be extended by using
special inserts at this transition zone, by using an
inert gas instead of air, and/or by rectification (deox-
idation) of the salt bath. As for chlorine gas corrosion,
low-chromium, high- or medium-nickel alloys are
the best material choices. Some recent tests have also
shown a good performance for low-nickel, high-silicon
alloys. In general, however, salt pot failures are due to
poor manufacturing, operational, or maintenance pro-
cedures, rather than to poor alloy selection.

Fluoride salts have been suggested for use in
nuclear power systems. Those mentioned earlier
also apply to them.

In the case of hardening salt pots, cyanides are
added to the common chloride mixture. The pot
material should then be able to withstand carburiza-
tion and nitridation, that is, high nickel content is
beneficial. Since the cyanide keeps the oxygen con-
tent at a low level, these salt pots often show longer
service lives than ‘neutral salt’ pots.
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3.04.12.5 Molten Metal Corrosion

Construction materials are deliberately exposed to
liquid metals in several applications, for example,
heat treatment, energy conversion, and the actual
production of those metals. The main corrosion
mechanisms in those cases are massive or selective
material dissolution, or possibly mass transfer.

Some general observations can be made. With
respect to austenitic Ni–Cr–Fe alloys, the higher
the nickel content, the more rapidly the alloy dis-
solves in liquid metal. Ferritic Fe–Cr stainless steels
tend to be more resistant, and are not as likely to
suffer intergranular attack, as are austenitic alloys.

Specific metals and alloys will not be treated sep-
arately in this article. The reader is referred to spe-
cialist literature on this subject.

A more unpredictable and hence more dangerous
threat is liquid metal embrittlement – a phenomenon
caused by local contamination by metals such as Ag,
Cu, and Zn. When molten, these metals, or alloys of
them, will penetrate austenitic alloys’ intergranular
and may cause rupture within seconds. Examples
where this has been reported to occur are:

– Welding stainless steels to galvanized carbon steels
or other zinc contaminated steels, for example,
from melting off galvanized steel (e.g., during
fire) or from zinc containing paint;

– Weld cracking due to copper contamination, for
example, from cold forming tools or back-up bars;

– Cracking caused by copper containing antiseize
compounds;

– Cracking from manual, and hence less well-
controlled, silver brazing.
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Abbreviations
ABS Acrylonitrile butadiene styrene (copolymer)

AOD Argon-oxygen-decarburization

ASTM American Society for Testing and Materials

BAM Bundesanstalt Fuer Materialforschung

und-pruefung (Germany)

CCT Critical crevice corrosion temperature

CPI Chemical process industry

CPT Critical pitting temperature

EDC Ethylene dichloride

EN European standardization

FGD Flue gas desulfurization

FM Filler metal

HAZ Heat affected zone

IC Intercrystalline corrosion

LC Low carbon

MDI Methylene di-paraphenylene

NACE National Association of Corrosion Engineers

PRE Pitting resistance equivalent

PVC Polyvinyl chloride

SAN Styrene acrylonitrile (plastic resin)

SBR Styrene butadiene rubber

SEP Stahl-Eisen-Pruefblaetter (Germany)

TDI Toluene di-isocyanate

TIG Tungsten inert gas welding process

UNS Unified numbering system (North America)

VCM Vinyl chloride monomer

VOD Vacuum-oxygen-decarburization

Symbols
AV Notch impact energy (J)

mVNHE Potential versus a normal hydrogen

electrode (mV)

M6C Metal carbide

p.a. Analytical grade purity

pH Negative logarithm of the concentration of

dissolved hydrogen ions (H+)

VSCE Potential versus a saturated calomel

electrode (V)

3.05.1 Introduction

Within the chemical process industry (CPI), as well
as other industries, the austenitic corrosion-resistant
stainless steels have been, and will continue to be, the
most widely used tonnage material after carbon steel.
Materials of construction for the modern chemical

process and petrochemical industries must not only
resist uniform corrosion caused by various aqueous
media, but must also have sufficient resistance to
localized corrosion as pitting, crevice corrosion and
stress-corrosion cracking. Chemical process and pet-
rochemical industries have to cope with the technical
and commercial challenges of rigid environmental
regulations, the need to increase the production effi-
ciency by utilizing higher temperatures and pressures
and more corrosive catalysts and, at the same time,
possess the necessary versatility to handle varied
feedstock and upset conditions. Over the past 50
years, improvements in alloy metallurgy, melting
technology, and thermomechanical processing, along
with a better fundamental understanding of the role
of various alloying elements, have led to new nickel
alloys that not only extend the range of usefulness of
the existing alloys by overcoming their limitations, but
are also reliable and cost-effective, and have opened
new areas of applications.

Nickel and nickel alloys have useful resistance to
a wide variety of aqueous corrosive environments
typically encountered in various industrial processes.
In many instances, the corrosive conditions are too
severe to be handled by other commercially available
materials, including stainless and super stainless
steels. Nickel by itself is a very versatile corrosion-
resistant metal finding many useful applications in
industry. More importantly, its metallurgical compat-
ibility over a considerable composition range with a
number of other metals as alloying elements has
become the basis for many binary, ternary, and
other complex nickel alloy systems having unique
and specific corrosion-resistant behavior for handling
the modern-day corrosive environments of chemical
processing, petrochemical, marine, pulp and paper,
agrichemicals, oil and gas, energy conversion, and
many other industries. These alloys are more expen-
sive than are the standard austenitic corrosion-
resistant stainless steels because of their higher alloy
content and more involved thermomechanical pro-
cessing, and hence, are used only when stainless steels
are not suitable or when product purity and/or safety
considerations are of critical importance. Corrosion
resistance depends on the chemical composition of
the alloy, the alloy’s microstructural features developed
during thermomechanical processing, the chemical
nature of the environment, and the various reactions
occurring at the alloy–environment interface.

In this chapter, the major nickel alloy systems
are discussed, including their major character-
istics, the effects of alloying elements, and most
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importantly, the strengths, weaknesses, and applica-
tions of these systems. A few words on fabrication are
also included, because an improper fabrication may
destroy the corrosion resistance of an otherwise fully
satisfactory nickel alloy.

3.05.2 Brief Survey of Nickel and
Nickel Alloy Groups for Aqueous
Corrosive Applications

Nickel and nickel alloy systems for aqueous corrosive
applications can be divided into various groups
according to their composition as shown in Table 1.

Table 1 gives, in its first column, the internation-
ally used, but not standardized, alloy designation,
followed in the second column by the materials’
number in use for European standardization (EN). In
the third column, the designation according to the
unified numbering system (UNS) of the Unified States
is indicated. The following columns describe nickel

and the various nickel alloys by means of their main
alloying elements, indicating typical values only.

With reference toTable 1 from top to bottom, the
first alloy group is unalloyed nickel in its high-carbon
(maximum 0.05 mass%) and special low-carbon
(maximum 0.02 mass%) forms, designated as alloys
200 and 201, respectively. Second are the nickel–
copper alloy 400 and its age-hardenable version alloy
K-500, which are widely used. Third is the nickel–
molybdenum group, where only one of its members,
the quasibinary nickel–molybdenum alloy B-2 is men-
tioned, due to the very limited use of this type of alloy
in special applications. The nickel–chromium alloy
group can be considered to be an extension of the
austenitic nickel–chromium stainless steels up to
very high nickel and to rather low iron content.

The group of nickel–chromium–molybdenum
alloys has restricted iron content only and may contain
tungsten besides some other elements like niobium,
copper, and tantalum. Since the corrosion behavior of
these alloys is largely dependent on the amounts of

Table 1 Principal nickel alloy groups for aqueous corrosive applications

Designation Main alloying elements, typical values (mass%)

Alloy EN UNS Ni Cr Mo Cu Fe Other elements/remarks

Nickel
200 2.4066 N02200 99.5 Ni >99.2

201 2.4068 N02201 99.5 Ni >99, C �0.02

Nickel–copper

400 2.4360 N04400 64 32 1.8 1.0 Mn
K-500 2.4375 N05500 65 30 1.0 0.6 Mn, 2.8 Al, 0.45 Ti

Nickel–molybdenum

B-2 2.4617 N10665 69 0.7 28 1.7

Nickel–chromium
600 L 2.4817 N06600 73 16 9 0.25 Ti, C �0.025

690 2.4642 N06690 61 29 9 0.25 Ti

Nickel–chromium–molybdenum with (Cr + Mo) in ascending order
625 2.4856 N06625 62 22 9 3 3.4 Nb

C-4 2.4610 N06455 66 16 16 1

C-276 2.4819 N10276 57 16 16 6 3.5 W

22 2.4602 N06022 56 22 13 4 3 W
686 2.4606 N06686 58 21 16 1.5 3.8 W

MAT 21 N06210 58 19 19 <1 1.8 Ta

2000 2.4675 N06200 57 23 16 1.6 1.5

59 2.4605 N06059 59 23 16 1
Nickel–chromium–iron–molybdenum–copper with (Cr + Mo) in ascending order

20 2.4660 N08020 38 20 2.4 3.4 34 0.2 Nb

825 2.4858 N08825 40 23 3.2 2.2 31 0.8 Ti

G-3 2.4619 N06985 48 23 7 2.0 19 0.3 Nb
31 1.4562 N08031 31 27 6.5 0.9 45 0.20 N

33 1.4591 R20033 31 33 1.6 0.6 32 0.40 N

G-30 2.4603 N06030 43 30 5 1.7 15 2.5 W, 0.7 Nb
Age-hardenable nickel–chromium–iron–molybdenum(–Copper)

718 2.4668 N07718 53 19 3 18 5.2 Nb, 0.9 Ti, 0.6 Al

925 2.4852 N09925 44 21 3 2 27 2.1 Ti, 0.3 Al
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chromium and molybdenum being added as alloying
elements, the alloys are arranged in Table 1 according
to the sum of these elements in ascending order.

For the same reason, the members of the following
nickel–chromium–iron–molybdenum–copper alloy
group are arranged according to the sum of their
alloying elements chromium and molybdenum in
ascending order. However, other alloying elements
like copper and nitrogen, and last but not least, nickel,
exert an influence on the corrosion behavior too.
This will be pointed out more in detail in the follow-
ing subsection devoted to this alloy group. The alloys
of this group are higher in iron than are the alloys of
the nickel–chromium–molybdenum alloy group, and
are, in this way, closely related to or – depending on
the formalities of classification – at the same time
part of the corrosion-resistant high-alloy special
stainless steels.

At the bottom of the table is the age-hardenable
nickel–chromium–iron–molybdenum (–copper) alloy
group that is of great importance in the special appli-
cation of oil and gas extraction.

Although the list of the principal nickel alloy
groups for aqueous corrosive applications presented
in Table 1 seems to be quite large, it shows a selec-
tion of the most important alloys only. The great
number of nickel alloys for aqueous corrosive appli-
cations that are available today is the result of
a phenomenal recent growth in the development
of new nickel alloys, with special emphasis on
the high-performance nickel–chromium–molybdenum
alloy group. This development of new alloys has
become possible by the introduction of new metallur-
gical techniques like argon–oxygen-decarburization
(AOD) and vacuum–oxygen-decarburization (VOD)
in the 1960s. These new metallurgical techniques
allow easy decarburization of large volumes of
molten alloys down to very low carbon contents as,
for instance, 0.005 mass%. Table 2 gives a brief
listing of developments of some nickel alloys during
the pre-1950s and since the 1950s.1 As is evident from
this listing, today’s corrosion and material engineers

have a much wider selection of alloys to meet their
specific needs than had been the case prior to the
1950s when the alloy choices available for combating
aqueous corrosion were very limited. This historical
development has to be kept in mind when reading
older literature on corrosion-resistant materials. New
alloys and refinements of old ones are constantly
under way.

3.05.3 Nickel and Nickel Alloy Groups
for Aqueous Corrosive Applications

3.05.3.1 Nickel

As Friend2 points out, the standard reduction poten-
tial of nickel that is shown in the electrochemical
series of metals is nobler than that of iron and less
noble than that of copper. Owing to nickel’s marked
hydrogen overpotential, hydrogen is not so easily
liberated from the usual nonoxidizing acids, and the
presence of oxygen, for example, from dissolved air is
generally necessary here in order to allow corrosion to
proceed. The general rule is that oxidizing conditions
promote the corrosion of nickel in chemical solutions,
whereas reducing conditions retard it. However, nickel
has the ability to protect itself against certain forms of
corrosive attack by forming a passive layer of oxide or
hydrated oxide, and in practice often exhibits a more
noble behavior than does copper. Therefore, corrosion
is not always accelerated by oxidizing conditions.
A certain amount of pitting may occur if the passive
layer is locally destroyed, for example, in hot chloride
solutions. The results of the studies of the mechanism
of passivation of nickel have been reviewed extensively
by Friend.2

If the temperature is not excessively high, nickel
has a useful measure of resistance to corrosive attack
by dilute nonaerated solutions of most of the nonoxi-
dizing mineral acids, for example, sulfuric, hydro-
chloric, and phosphoric acid. This also applies to
the nonoxidizing salts of such acids, which can hydro-
lyze with the formation of dilute solutions of these

Table 2 Historical development and introduction to the market of selected nickel alloys

Period

Alloy Pre-1950s 1950s 1960s 1970s 1980s 1990s

Ni, Ni–Cu, Ni–Cr 200, 400, 600
Ni–Mo B B-2 B-2 ‘controlled composition’

Ni–Fe–Cr–Mo–Cu 825 20, G G-3 G-30 31, 33

Ni–Cr–Mo C C-276, 625 C-4 22 59, 686, 2000, MAT 21
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acids. Nickel may corrode rapidly in oxidizing acids,
for example, nitric acid, or in other mineral acids
containing significant amounts of oxidants.

Nickel has a useful measure of corrosion resistance
to most nonaerated organic acids and other organic
compounds. This enables it to be used in the plastics
industry. When being used in the food industry, nickel
itself might exhibit a sufficient level of corrosion resis-
tance in the medium under consideration, nevertheless
attention has to be paid to the amount of nickel ions that
mightmigrate into the food, and for this reason, nickel-
plated food contact materials should not be used.3

Nickel is very resistant to corrosion by most kinds
of natural and highly purified water. However, if
water intended for human consumption is consid-
ered, the size of the surface of the nickel-plated
parts being exposed to the water should be limited
and a sufficient amount of flow maintained as well, in
order to avoid an excessive uptake of nickel by the
drinking water, and in this way, meet the require-
ments of the European Council Directive 98/83/
EC on the quality of drinking water.4

Nickel is also resistant to fast-flowing seawater.
Under stationary conditions, however, it is suscepti-
ble to substantial growth of organisms, with the result
that severe local attack may occur under this and
other deposits.

Nickel is outstandingly resistant to alkalis such as
sodium and potassium hydroxide, even at high con-
centrations and temperatures, with the exception of
more highly concentrated ammonium hydroxide
solutions, and to nonoxidizing alkaline and neutral
salts. This property is the reason for nickel’s use in
chemical process equipment manufacturing for the
production and processing of caustic soda and caustic
potash. Figure 1 shows an isocorrosion diagram of
nickel in caustic soda solution originally established
more than 30 years ago5 and redrawn more recently,6

due to its unique importance for the industrial appli-
cation of metallic nickel. Obviously, in practice, this
diagram can only be used as an initial guide, because
admixtures and impurities that may be present in the
caustic soda influence the metal’s corrosion behavior.

More detailed information on nickel’s corro-
sion behavior is provided by Friend.2 In traditional
parlance, unalloyed nickel in wet-corrosion applica-
tions is referred to as ‘pure nickel.’ The most popular
grades for wet-corrosion service are the standard
grade alloy 200 (EN 2.4066/UNS N02200) and the
low-carbon grade alloy 201 (EN 2.4068/UNSN02201)
shown inTable 1. The low-carbon grade must be used
at temperatures in excess of 315 �C (600 �F) in order to

avoid loss of ductility because of the precipitation of
graphite at the grain boundaries within the metal’s
microstructure.2 In addition, unalloyed nickel when
used in electroplated form, mainly on steel and brass,
may be exposed to wet-corrosive attack too.

3.05.3.2 Nickel–Copper Alloys

Copper is reasonably corrosion-resistant in dilute,
nonoxidizing, nonaerated solutions of mineral acids
such as sulfuric, hydrochloric, phosphoric, or hydro-
fluoric acid, and also of most organic acids, for
example, acetic and formic acid, even at quite high
temperatures. It is attacked by hot concentrated solu-
tions of these acids. When nickel and nickel alloys are
alloyed with copper, their resistance to these nonoxi-
dizing acid solutions is generally improved. In partic-
ular, copper is often added to increase the corrosion
resistance of nickel alloys and high-alloy special
stainless steels in sulfuric acid.

Nickel–copper alloys containing, for instance,
27–34 mass% copper may have a useful measure of
corrosion resistance in nonaerated sulfuric acid at
concentrations of up to 80% at room temperature,
60% at 70 �C, and 20% at boiling temperature
(Craig and Anderson7 indicate data that are at vari-
ance with this).

Nickel–copper alloys are reasonably resistant to
dilute hydrochloric acid solutions, provided that, like
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the aforementioned sulfuric acid solutions, they are
kept free of air. These alloys can then be used at
hydrochloric acid concentrations of up to �15% at
room temperature and �5% at �70 �C. Therefore,
they can be used for handling nonoxidizing chlorides,
which form hydrochloric acid in low concentrations
by hydrolysis in the presence of water.

Nickel–copper alloys are one of the few types
of metallic materials that exhibit good corrosion
resistance in nonaerated hydrofluoric acid of all con-
centrations. In aerated solutions, on the other hand,
severe metal dissolution and stress-corrosion crack-
ing may occur. The corrosion rates are shown in detail
in the isocorrosion diagram for nonaerated and aerated
solutions.

Nickel–copper alloys are resistant to most kinds of
water; their resistance to seawater with a high flow-
velocity is particularly relevant for their use in actual
service. They can therefore be used for, among other
things, heat exchanger tubes and for shielding in
seawater spray and tidal zones. The age-hardenable
variant is used in places where not only resistance to
seawater but also high strength are important, for
example, for ship propeller shafts, valve seats, studs,
bolts, and pump components. Under stationary con-
ditions, incrustation by marine organisms can occur,
causing concentration cells to form, which result in
pitting. This, however, tends to slow down with time
and even, in tropical waters, seldom exceeds penetra-
tion depths of �0.75mm (30mils) after a few years.

Thanks to their high nickel content, nickel–
copper alloys are resistant to most alkalis (except
ammonium hydroxide) and most nonoxidizing alka-
line and neutral salts. They have good resistance in
caustic soda and caustic potash, similar to that of
unalloyed nickel. Rates of corrosion of less than
0.05mmyear�1 were found up to a concentration of
75%NaOH and a temperature of 130 �C.When 75%
NaOH is evaporated to anhydrous NaOH, the
corrosion rates are higher than with unalloyed nickel,
and in molten NaOH, stress-corrosion cracking was
observed in equipment items subjected to high
mechanical stress. Under such conditions, therefore,
the components must undergo stress-relief annealing.

Neutral and alkaline salt solutions such as chlor-
ides, carbonates, sulfates, nitrates, and acetates have
only a minimal corrosive effect on nickel–copper
alloys, even at high concentrations and temperatures
up to the boiling point; consequently, corrosion rates
are generally less than 0.025mmyear�1. Nickel–
copper alloys are, therefore, used in plants in which
salts are crystallized from saturated brines.

Nickel–copper alloys are not resistant to highly
oxidizing solutions such as nitric and chromic acid,
moist chlorine, and hypochlorites.

The most important nickel–copper alloys for
engineering purposes are alloy 400 (EN 2.4360/
UNS N04400) and the age-hardenable variant alloy
K-500 (EN 2.4375/UNS N05500) as mentioned in
Table 1.

Related, in the broader sense, to the nickel–copper
alloys are the copper–nickel alloys, which are dealt
with in Chapter 3.07, Corrosion of Copper and its
Alloys.

3.05.3.3 Nickel–Molybdenum Alloys

Molybdenum exhibits a very good corrosion resis-
tance to nonoxidizing solutions of hydrochloric,
phosphoric, and hydrofluoric acid at most concentra-
tions and temperatures and to boiling sulfuric acid up
to a concentration of �60%. The alloying of nickel
and nickel alloys with molybdenum improves their
corrosion resistance in these media approximately in
proportion to the percentage of added molybdenum.
Nickel–molybdenum alloys, which typically contain
26–30 mass% molybdenum, are among the few
metallic materials that are resistant to nonaerated
hydrochloric acid at all concentrations and tempera-
tures.6 The prerequisite is the absence of oxidizing
additions such as dissolved oxygen and heavy metal
ions. Otherwise, the corrosion rates can increase sig-
nificantly, as the isocorrosion diagrams shown by
Craig and Anderson7 for the alloy type B-2 make
clear by way of example.

In nickel–molybdenum alloys, the practicable
molybdenum content is subject to an upper limit
owing to the constitutional situation.8–10 As shown in
Table 1, the commercial alloy B-2 typically contains
28 mass% molybdenum. As Figure 2 makes clear,6,11

at this molybdenum content, a minimal rate of corro-
sion, which depends only to a slight extent on varia-
tions in the molybdenum content, can be anticipated
in tests in boiling 10% hydrochloric acid as a test
method, which is widely used in such circumstances.

Up to the mid-1990s, problems were frequently
encountered when working and using the technolo-
gically established alloy B-2 (EN 2.4617/UNS
N10665) because of fractures during working and
stress-corrosion cracking while in service. The
cause of both the fall in ductility and the stress-
corrosion cracking is considered to be the formation
of the ordered Ni4Mo phase,9,10 a phenomenon that
is accelerated by cold deformation.12 A thorough
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analysis showed that the risk of such damage can be
greatly reduced if the iron and chromium contents of
this type of alloy are set close to the upper limit of
what is acceptable according to the specification.10

Figure 3 reveals by way of example how with
this material the decrease in ductility during a
working-related input of heat in the medium temper-
ature range is delayed with increasing iron and chro-
mium contents. It is due to these findings that a new
alloy B-2 ‘controlled composition’ with Fe at 1.7 and
Cr at 0.7 mass% as typical values, as shown in
Table 1, had been introduced to the market in the
1990s (cf. Table 2). Nevertheless, solution annealing

of cold-formed parts, for example, heads, may be
necessary when deformation is greater than 7%
outer fiber elongation of cold work in order to avoid
susceptibility to cracking at welds and heat affected
zones during subsequent fabrication or later service.

The isocorrosion diagram plotted for alloy B-2
(EN 2.4617/UNS N10665) in nonaerated sulfuric
acid shows interesting areas of resistance, for exam-
ple, at concentrations between 60% and 80% and at
temperatures above 120 �C. This too is subject to the
prerequisite that clearly reducing conditions must be
present; oxygen inputs due to aeration, heavy metal
ions, and other oxidants accelerate corrosion.6,7

The corrosion resistance of alloy B-2 (EN 2.4617/
UNS 10665) in organic acids, especially acetic acid, is
tied to similar conditions.2

Thanks to its extremely low carbon and silicon
contents, the NiMo28 alloy B-2 (EN 2.4617/UNS
10665) has good resistance to knife-line corrosion
and selective corrosion in the heat-affected zone
(HAZ) and can therefore usually be used in the
welded state without further heat treatment.

3.05.3.4 Nickel–Chromium Alloys

Nickel and nickel alloys are alloyed with chromium
to improve their resistance to strongly oxidizing
media. Substances of this kind include nitric acid,
chromic acid, and some acidic solutions containing
oxidizing salts, with the exception of chlorides. In this
case, corrosion resistance increases approximately in
proportion to the chromium content, provided that it
is more than 10 wt%. In the case of aerated acidic
solutions, especially at elevated temperatures, chro-
mium contents of more than 18% are preferable.2

Figure 4 serves as a typical example of the effect
of chromium on the reduction of the corrosion rate
in strongly oxidizing solutions, referring as much
to iron–chromium–nickel alloys as to nickel–
chromium–iron alloys as shown by the example of
alloy 690 (cf. Table 1). The difference between
the older data and the newer data reflects the intro-
duction of the melting technologies AOD and VOD,
which occurred in the 1960s and resulted in cleaner
alloys. Internal cleanness of the metallic grain struc-
ture is an often overlooked prerequisite for an
enduring resistance to corrosive attack in the pas-
sive/transpassive and in the transpassive area, as
may happen in strongly oxidizing solutions such as
boiling azeotropic nitric acid as in Figure 4.

Since nickel–chromium alloys require the pres-
ence of further alloying elements in order for them
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to be universally suitable for wet-corrosion service,
they are few in number and their use tends to be
limited to special cases. In current engineering prac-
tice, there are only two that are commonly used: alloy
600 L (EN 2.4817/UNS N 06600) and alloy 690 (EN
2.4642/UNS N 06690). As shown in Table 1, these
alloys also have a nominal iron content of 9 mass%.
This means that, strictly speaking, they are nickel–
chromium–iron alloys. Owing to their high nickel
content, both can be considered for corrosive attack
by hot alkaline solutions if they contain oxidants;
examples are chlorates from diaphragm cells or sulfur
compounds. These types of alloy are also used for
steam generators in nuclear power stations. Owing
to its high chromium content, alloy 690 has also
been considered for corrosive attack by strongly oxi-
dizing media. Nowadays, however, as is evident
from Figure 4, the more recently developed alloy
33 (EN 1.4591/UNS R20033) is probably a better
alternative.13,14

3.05.3.5 Nickel–Chromium–Molybdenum
Alloys

3.05.3.5.1 General

As is to be expected, nickel–chromium–molybdenum
alloys combine the good resistance to corrosion of
nickel–molybdenum alloys under reducing conditions

with the good resistance to corrosion exhibited by
nickel–chromium alloys under oxidizing conditions.
The most important for engineering purposes are the
so-called C-type alloys, the first of which was intro-
duced as long ago as the 1930s. This was a nickel alloy
with typically (figures in mass%) 16% chromium and
16% molybdenum, which also contained 4% tungsten
and 6% iron together with 0.7% silicon and 0.05%
carbon; this alloy is no longer in common use.15 With
the discovery that to reduce precipitation-readiness, it
is important to reduce both the carbon and the silicon
content of such materials to very low levels, it was
developed into the alloy C-276 (EN 2.4819/UNS
N10276), which is in use today, as shown in Table 1.
Since the 1960s, this has also been possible on a large
scale without major problems, thanks to the new AOD
and VOD production processes, which were intro-
duced from that date onwards (cf. Section 3.05.3.4).
Low silicon contents of typically 0.04 mass% and
very low carbon contents of typically 0.005 mass%
are nowadays characteristic of all the commonly used
C-type nickel–chromium–molybdenum alloys,15 which
also include the alloys C-4 (EN 2.4610/UNS N06455),
22 (EN 2.4602/UNS N06022), and 59 (EN 2.4605/
UNS N06059) in Table 1.

3.05.3.5.2 Alloy C-276
Alloy C-276 (EN 2.4819/UNS N10276) has its main
areas of use for prevailing corrosive attack by reduc-
ing acids such as sulfuric acid, phosphoric acid,
hydrochloric acid, and organic acids. Its isocorrosion
diagram in technical grade sulfuric acid is repro-
duced in Figure 5.

Owing to its good corrosion resistance in predom-
inantly reducing media, even in the presence of halo-
gens, it has succeeded in conquering a wide range of
applications in the chemical industry; today, however,
these are increasingly being taken over by the subse-
quently developed alloy 59 (see later text), which can
be used on a more universal scale. This applies, for
example, to plate-type heat exchangers in sulfuric
acid production, which operate at reduced tempera-
tures. Alloy C-276 is also used in applications
where its resistance to hydrochloric acid solutions
comes to the fore, for example, in the production of
vinyl chloride monomer (VCM), methylene di-para-
phenylene isocyanate (MDI), and toluene di-
isocyanate (TDI). Moreover, this type of alloy has
good resistance to acetic acid at all concentrations
and temperatures,7 and is used for handling oxidizing
acetic acid solutions and in places where acetic acid
occurs in combination with inorganic acids and salts,
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which restrict the use of stainless steels.7 Alloy C-276
has proved to be resistant to chloride-induced stress-
corrosion cracking under very aggressive sour-gas
conditions, even in the presence of elemental sulfur,
but is susceptible to hydrogen-induced stress-corro-
sion cracking in such media below a temperature of
100 �C.16 The material’s capabilities are also well
proven in environmental technology where it has a
broad area of use in flue gas desulfurization (FGD).17

Other important industries in which this type of alloy
has become established together with its C-4 variant,
which is described in the following section, are listed
by Agarwal et al.15 Some details of this material and its
corrosion behavior are discussed in the following
section in comparison with the other C-alloys.

3.05.3.5.3 Alloy C-4
Alloy C-4 (EN 2.4610/UNS N06455) is a variant of
alloy C-276, which is in common use in the European
chemical industry in particular. As shown in Table 1,
it differs from the latter material in the absence of
tungsten as an alloying element and greatly reduced
iron content. Consequently, the alloy is less resistant
in predominantly reducing media, but is much less
prone to precipitation and very much easier to work,
with the result that, on its commercial launch in the
1970s, it rapidly gained acceptance in the chemical
industry. The important chemical industry applica-
tions include fertilizer and pesticide production
processes and the production of pharmaceutical

intermediates, acetic acid, and inorganic chemicals.
In the version without the addition of titanium
that is supplied by ThyssenKrupp VDM GmbH,
it is free from titanium nitrides. This enables a uni-
formly smooth surface, which remains smooth, to be
obtained in electropolishing and comparable condi-
tions, for example, current feeding rollers in electro-
lytic plating.

3.05.3.5.4 Alloy 22

With alloy 22 (EN 2.4602/UNS 06022), a nickel–
chromium–molybdenum alloy typically containing
22 mass% chromium and 13 mass% molybdenum
together with 3 mass% tungsten and 3 mass% iron,
which was brought into the market in the mid
1980s,15 a material became available which, owing
to the increased chromium content, has better corro-
sion resistance than do alloy C-276 and alloy C-4 in
oxidizing media. However, owing to the reduced
molybdenum content, the effect of which can only
be partly compensated for by the tungsten addition,
it is inferior to alloy C-276 in strongly reducing
media and in conditions of extreme crevice corrosion
attack.15 The subsequently developed alloy 59 also
exhibits, according to Heubner6 and the following
remarks, a more favorable behavior than does alloy
22 in many respects.

3.05.3.5.5 Alloy 59

Alloy 59 (EN 2.4605/UNS N06059), with its compo-
sition of 23 mass% chromium and 16 mass% molyb-
denum, is a considerable advance on alloy 22. This
material,15 which was introduced into engineering
practice in the early 1990s, is not only far superior
to the other nickel–chromium–molybdenum alloys
listed in Table 1 in handling reducing acids, even if
contaminated, their main area of application, but has
also been successfully qualified for further duties
such as the handling of highly corrosive salt solutions
resulting from waste water treatment in FGD18 and
control of critical crevice corrosion problems in sea-
water,15 including those occurring in plate-type heat
exchangers cooled with chlorinated seawater.19

Its isocorrosion diagram in aerated technical
grade sulfuric acid, plotted using results from immer-
sion tests, is depicted in Figure 6. It shows a broad
range of resistance, which, in these test series, falls
only slightly below 100 �C up to a concentration
of �60% H2SO4. The corrosion behavior of alloy
59 in sulfuric acid is not influenced greatly by the
amounts of oxidants present in the acid and is also
less impaired by the presence of chlorides than is the
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corrosion behavior of alloys that are more difficult
to passivate.20

Figure 7 depicts the isocorrosion diagram for
alloy 59 in hydrochloric acid, also plotted using
results from immersion tests. It shows that this mate-
rial is resistant at all HCl concentrations up to at least
40 �C. This, however, means among other things, that
it is corrosion resistant in many organic process
media in which hydrochloric acid is formed, which
with other materials would lead to corrosion damage.

Alloy 59 should also be considered as a very attractive
material for handling aerated hydrofluoric acid.15

Finally, as shown in Figure 8, the results of testing
in an oxidizing sulfuric acid solution in accordance
with ASTM G-28 method A are also of interest.
Even though they are not directly relevant to practi-
cal use, they illustrate, by way of example, the influ-
ence of the chromium to molybdenum plus tungsten
ratio on the corrosion behavior of nickel–chromium–
molybdenum alloys under oxidizing conditions.6,21

The ‘Green Death’ solution (11.5% H2SO4 þ
1.2% HCl þ 1% FeCl3 þ 1% CuCl2), which is
widely used for testing the pitting resistance of
nickel–chromium–molybdenum alloys and which
simulates acidic condensates of the kind that can
occur in the flue gas ducts of coal-fired power sta-
tions, shows a critical pitting temperature (CPT) of
>120 �C for alloy 59, compared with 120 �C for alloy
22, 115–120 �C for alloy C-276, and 100 �C for
alloy C-4.22 The Green Death solution decomposes
at temperatures above 120 �C, which means that there
is no point in measuring temperatures in excess of
120 �C. However, a further differentiation of the pitting
behavior of very high-alloyed materials is enabled by
the CaCl2 test,23 a potentiostatic holding test at
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0.2 VSCE in a 4.5mol l�1 (500 g l�1) CaCl2 solution
boiling at 115 �C, which for alloy 59 gives a CPT of
100 �C, comparedwith 83 �C for alloy C-276. A realistic
pitting test for FGD is the testing of unwelded and
welded specimens at the chloride–pH–temperature
matrix intersection Cl� 7%/pH 1/T 105 �C, which is
described with results in Figure 9 and which likewise
shows that the performance of alloy 59 is superior to
that of other nickel–chromium–molybdenum alloys.17

The time–temperature–sensitization diagram,
which is discussed in the following section, shows
that alloy 59 is supremely resistant to thermal influ-
ences. The harmonious relationship of outstanding
corrosion behavior accompanied by good workability
is the special distinguishing feature of alloy 59. This
alloy is therefore used in many areas of chemical
process technology and other process industries,24

in marine technology,25 as well as in environmental
engineering on a very large scale.17,26

3.05.3.5.6 Additional C-alloys and thermal
stability as a criterion for alloy selection

The additional alloy C variants, which have been
brought onto the market since the introduction of
alloy 59 are alloy 2000 (EN 2.4675/UNS N06200),
which typically contains 23 mass% chromium and
16 mass% molybdenum plus 1.6 mass% copper
and 1.5 mass% iron, alloy MAT 21 (UNS N06210)
which, as shown in Table 1, typically contains
both 19 mass% chromium and molybdenum and
1.8 mass% tantalum in addition, and alloy 686
(EN 2.4606/UNS N06686), which, as shown in
Table 1, typically contains 21 mass% chromium, 16
mass% molybdenum and also 3.8 mass% tungsten
and 1.5 mass% iron. With respect to alloy MAT 21,
insufficient data are available to discuss its localized
corrosion behavior and thermal stability. Alloy 2000
clearly attempts to take advantage of the well known
influence of copper on the corrosion resistance of
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nickel alloys and high-alloyed special stainless steels
in sulfuric acid.27 In case of alloy 686, it is evident
from the composition that the intention was to shift
the best available corrosion resistance more toward
reducing conditions. Both alloys achieve their special
corrosion behavior at the expense of a thermal stabil-
ity that is markedly inferior to that of alloy 59, as
shown inTable 3 by reference to the corrosive attack
after sensitizing annealing treatment.15

The thermal stability of nickel–chromium–
molybdenum alloys is an important criterion for
their use, for example, in welding of thick-walled
vessels where multipass welding is necessary, or in
hot deformation of thick cross-sections. A fuller idea
of the outstanding thermal stability of alloy 59 com-
pared with alloy 686 and alloy 2000 with reference to
the corrosive attack after sensitizing annealing treat-
ment for periods ranging from 0.3 to 10 h at tem-
peratures between 650 and 1000 �C is given6 in
Figure 10.

A further comparison is given by the time–
temperature–sensitization diagrams26 as shown in
Figure 11. It is evident that alloy C-276 is very
susceptible to intercrystalline corrosion (IC) under
such criteria. In fact, this alloy is neither intended
nor suitable for use under the kind of oxidizing condi-
tions that are specified by the test in accordance with
ASTM G-28 A. By contrast, alloy 59 performs signifi-
cantly better under these oxidizing conditions, also in
comparison with the other two nickel–chromium–
molybdenum alloys C-4 and 22. Sensitization in the
sense of an intercrystalline 50mm depth of penetration
IC criterion only begins after 2 h at the earliest.
This is an adequate time in practice for avoiding IC
after hot-forming, heat treatment, and welding even of
thick dimensions.

3.05.3.5.7 Alloy 625
Alloy 625 (EN 2.4856/UNS N06625) is listed in
Table 1 as the leanest of the nickel–chromium–molyb-
denum alloy group. As is evident, it differs from the
previously described C-type nickel–chromium–molyb-
denum alloys in that it is stabilized with niobium. Also,
it has the lowest molybdenum content of 9mass%,
and hence the lowest pitting resistance of this group of
alloys, but owing to its niobium content, the effect
of which is similar to that of molybdenum, it gives
the appearance, in terms of its corrosion behavior, of
having a somewhat higher alloying content of molybde-
num. This alloy was originally developed for high
temperature applications, but is now widely used in
wet-corrosion service. The isocorrosion diagram for
this type of material in sulfuric acid is shown in Craig
and Anderson.7 Its high mechanical strength and good
resistance to acids7 enable the fabrication of thin-
walled components with good heat transmission. As
can be inferred from the chromium-to-molybdenum
ratio and is confirmed by Figure 8, its preferred area of
use is more on the oxidizing side. It is used in the
processing of phosphate ores with fairly high impurity
content because of its corrosion and erosion resistance
to the phosphate slurries in the digestion reactor and in
the evaporation equipment of the final stage.7However,
in the processing of phosphate ores, alloy 625 is
increasingly replaced by alloy 31 (EN 1.4562/UNS
N08031), which, due to its higher chromium content,
performs much better, and is more cost-effective in
addition (cf.Section3.05.5.4).Alloy 31has increasingly
taken the place of alloy 625 in flue gas cleaning too,
where alloy 625was typically used under less aggressive
conditions not requiring the use of alloy 59. Also, wor-
thy of mention is the use of alloy 625 for borehole
equipment and flow lines under sour-gas conditions.

Table 3 Thermal stability, stated as corrosion loss in millimeter per year after a sensitizing heat treatment for 1, 3, and 5 h

at 87 �C (1600 �F) in tests in accordance with ASTM G-28 A and with ASTM G-28 B, according to data from Agarwal
and Herda15

Test Sensitization (h) Alloy

C-276 22 686 C-2000 59

ASTM G-28 A 1 >12.5a >12.5a 22.2a 3.0a 1.0b

3 >12.5a >12.5a >25.4a 4.5a 1.3b

5 >12.5a >12.5a >25.4a 5.3a –

ASTM G-28 B 1 >12.5a 8.6a 0.4a >12.5a 0.1b

3 >12.5a 8.0a 2.2a >12.5a 0.1b

5 >12.5a >12.5a >12.5a >12.5a 0.4b

aThe alloys C-276, 22, C-2000, and 686 exhibit severe pitting and intercrystalline corrosion with grains dropping out.
bAlloy 59 exhibits no pitting.
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3.05.3.6 Nickel–Chromium–Iron–
Molybdenum–Copper Alloys

3.05.3.6.1 General

Nickel–chromium–iron–molybdenum–copper alloys
occupy a position between the nickel–chromium–
molybdenum alloys and the high-alloy steels. Conse-
quently, they are more limited in their application
than the nickel–chromium–molybdenum alloys, but
are significantly more corrosion resistant than the
popular stainless steels in a large number of industrial

media. One of their characteristics is that, due to
their still relatively high nickel content, they have
excellent resistance to stress-corrosion cracking in
aqueous and acidic media containing chloride ions.
With the exception of alloy 33, these alloys are
particularly intended for use in the reducing acids
sulfuric acid and phosphoric acid. The alloys in
question with their chromium, molybdenum, and
tungsten contents in ascending order (cf. Table 1)
are alloy 20 (EN 2.4660/UNS N08020), alloy 825
(EN 2.4858/UNS N08825), alloy G-3 (EN 2.4619/
UNS N06985), alloy 31 (EN 1.4562/UNS N08031),
alloy 33 (EN 1.4591/UNS R20033), and alloy G-30
(EN 2.4603/UNS N06030). Their resistance in sul-
furic acid is significantly improved by the alloying
addition of copper.27

3.05.3.6.2 Traditional materials: Alloys 20,

825, G-3, and G-30

The alloys 20, 825, G-3, and G-30 can be considered
traditional materials in that they are making use of
titanium or niobium as stabilizing additions in com-
bination with rather high nickel contents. Alloy 825’s
high stabilization with titanium marks it out as a
veteran of material technology, which was developed
before the 1960s (cf. Table 2). According to the
isocorrosion diagram reproduced in Craig and
Anderson,7 it can be considered resistant to sulfuric
acid of all concentrations up to a temperature of at
least 50 �C with a corrosion rate of <0.13mm year�1.
Its corrosion resistance is further improved by the
presence of nitric acid and oxidizing salts.7 If the
requirements are not too stringent, this very tradi-
tional yet versatile material can also be used for
handling nitric acid and caustic soda solutions.7

Alloy 20 can be regarded as a variant of alloy 825
with reduced nickel, chromium, and molybdenum
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various nickel–chromium–molybdenum alloys,26
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Figure 10 Thermal stability of alloy 59 (EN 2.4605/UNS
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as corrosive attack in tests in accordance with ASTM G-28

A after sensitizing heat treatments for 0.3–10h at between
650 and 1000 �C. Reproduced from Heubner, U. In Nickel

Alloys and Special Stainless Steels; 3rd ed.; Heubner/

Klöwer, et al., Ed.; Expert Verlag: Renningen, 2003;

Chapter 2, pp 47–93.
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contents but an enhanced copper content. According
to the comparative isocorrosion diagram,7 its corro-
sion resistance in sulfuric acid is predominantly
somewhat lower than that of alloy 825. Alloy 20 is a
material of construction for sulfuric and phosphoric
acid heat exchangers and pipes, which is in common
and widespread use in the United States in particular.
Alloy 825, on the other hand, is also used in the
offshore sector as a preferred material for heat
exchangers, product piping, and conveying pipes.
Both the alloys are resistant to hydrofluoric acid of
all concentrations at room temperature and at con-
centrations up to 10% HF at 70 �C.7

In view of the pitting resistance equivalent (PRE)
relationship, which plays a dominant role here, both
alloy 825 and alloy 20 can be expected to exhibit
comparatively low resistance to pitting and crevice
corrosion in chloride-containing media, including
seawater. However, alloy 825 has a remarkably high
resistance to chloride-induced stress-corrosion
cracking with preceding pitting corrosion in aggres-
sive sour-gas media.28 Therefore, for this kind of
attack, a parameter

P ¼ Ni þ 2Mo þ 0.5Cr (for
Mo � 2.5) calculated as mass% has been tenta-
tively proposed by Rhodes16 as a measure of alloy
resistance in place of the commonly used PRE
written for instance16 as PRE ¼ Cr þ 3.3Mo þ
30N. However, as the PRE shows very clearly, in
the case of alloy 825, the fixing of all the available
nitrogen by the titanium is not an advantage, and
in the case of alloy 20, the high copper content
is more likely to have a detrimental effect on
its crevice corrosion resistance.6 This weakness is
counteracted by the higher molybdenum content of
the variant alloy G-3, which is increased to 7 mass
% nominal as shown in Table 1. Besides the
handling of sulfuric and phosphoric acid, this type
of alloy can also be used in acetic acid production7

and for tubular products in oil and gas extrac-
tion. However, there are applications where more
advanced materials such as alloy 31 (EN 1.4562/
UNS N08031) have been substituted successfully
for the traditional alloy G-3, and this change is
expected to continue.

Alloy G-30 is a modification of alloy G-3, with
increased chromium content and lower molybdenum
content. Alloy G-30 has excellent corrosion resis-
tance in commercial phosphoric acids as well as
in many complex and mixed acid environments of
nitric/hydrochloric and nitric/hydrofluoric acids.
The alloy also shows good corrosion resistance to
sulfuric acid. Typical applications of alloy G-30 are

in phosphoric acid service, mixed acid service,
nuclear fuel reprocessing, components in pickling
operations, agrichemicals manufacture, and mining
industries.1

3.05.3.6.3 Advancedmaterials: Alloys 31 and 33

As shown in Table 1 the alloys 31 and 33 are a
new type of nickel–chromium–iron–molybdenum–
copper materials characterized by lower content
of nickel in order to save on the cost of raw materials,
and instead of stabilizing alloying additions they
contain appreciable amounts of nitrogen, which pro-
vides increased resistance to pitting corrosion and
increased strength. It is for these reasons that they
deserve a more detailed presentation.

According to Table 1, alloy 31 (EN 1.4562/UNS
N08031) with the sum of its alloying elements chro-
mium, molybdenum, and copper is higher than alloy
G-3, whereas it is remarkably lower in nickel. In view
that the amount of the alloying elements chromium,
molybdenum, and copper, to a large extent, deter-
mines the corrosion behavior, alloy 31 can be taken as
an excellent example for what can be done more with
respect to corrosion resistance with less cost of raw
materials. The isocorrosion diagram established by
means of immersion tests in aerated technical grade
sulfuric acid is reproduced in Figure 12. However,
the presence of oxidants is important for the corro-
sion resistance of alloy 31 in sulfuric acid at concen-
trations above �10%. Therefore, when testing in
analytical grade sulfuric acid instead of aerated tech-
nical grade sulfuric acid, the 0.1mm year�1 isocorro-
sion line will be shifted to lower temperatures as
shown in Figure 13, which results from detailed
studies.20 The presence of chlorides will shift the
0.1mm year�1 isocorrosion line of alloy 31 to lower
temperatures too.20

In the production of phosphoric acid, the presence
of chlorides, fluorides, oxidizing metal ions, and pos-
sibly further corrosion-accelerating impurities such
as an influence of erosion or deposit formation should
be anticipated depending on the composition of the
phosphate ores. This means that for the concentra-
tion stage (>50% H3PO4), only special stainless
steels or nickel alloys with very high alloying con-
tents of chromium and molybdenum are suitable.
Alloy 31 has been tested for such applications, both
in the laboratory and directly in the plant, inter alia
with specimens that were fixed to the agitating arms
of acid digestion tanks as well as with tube specimens
that were installed in the concentration units. As is
evident from the results reproduced inTable 4, alloy
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31 exhibits an attractive behavior in comparison with
other materials that are commonly used for the pro-
duction and processing of phosphoric acid. In fact,
alloy 31 has proved its capabilities superbly under the
particularly aggressive conditions of phosphoric acid
production,29 being probably the most cost-effective
alloy to meet these harsh requirements30 and having
thus successfully replaced the higher-alloyed mate-
rial alloy G-30 (cf. Table 1) in this application too.31

According to the isocorrosion diagram in hydro-
chloric acid shown in Figure 14, which was estab-
lished on the basis of immersion tests,32 alloy 31 is
resistant at room temperature up to a concentration
of 8% and at 80 �C up to a concentration of �3%
HCl. It may be inferred from this that alloy 31 should
have good resistance in chemical processes in which
traces of HCl can form.6

Alloy 31 (EN 1.4562/UNS N08031) has been
tested in 67% boiling HNO3 solution (Huey test).
Even after 10 boiling periods of 48 h each, alloy 31
base material exhibits exceptionally low corrosion
rates of 0.11mm year�1, as shown by its position in
Figure 4. Notwithstanding its high Mo content, alloy
31 is therefore also outstandingly resistant in strongly
oxidizing media.

Alloy 31 (EN 1.4562/UNS N08031) has also been
tested under sour-gas conditions (10 bar H2S at
232 �C). In this test, the rate of uniform corrosion
after 35 days was 0.01mm year�1 with no signs of
pitting and stress-corrosion cracking at a load of 95%
Rp0.2. Alloy 31 complies withNACE specificationMR-
0175 (Level VI) and the requirements of the Exxon
Slow Strain Rate Test (177 �C, 7 bar H2S, 980 MPa).33

The critical pitting corrosion temperature of alloy
31 is close to the upper 85 �C limit of the of the widely
used FeCl3 test.17 Therefore, a direct comparison of
the pitting corrosion resistance of alloy 31 with the
pitting corrosion resistance of higher-alloyed nickel-
base materials is better done by testing in a CaCl2 test
solution.34 The results are demonstrated in Figure 15.
In this test, the critical pitting corrosion temperature
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of alloy 31 (EN 1.4562/UNS N08031) is at �48 �C,
well above the critical pitting corrosion temperature of
alloy 625 (EN 2.4856/UNS N06625).

To obtain an initial indication of the relationship
between temperature and pitting resistance in
chloride-contaminated aqueous media, the pitting
potential of alloy 31 (1.4562) was measured in
ASTM artificial seawater.6 The pitting potential is
plotted against the temperature in Figure 16 in com-
parison with the other two high-alloy materials, alloy
28 (EN 1.4563) and alloy 926 (EN 1.4529). Obviously,
the potentials for the two reference materials fall
sharply as the temperature rises, whereas for alloy
31 the pitting potential remains almost constantly
high, even at temperatures up to 90 �C. This indi-
cates outstanding resistance to pitting in actual
media such as seawater, brackish water, and chloride-
contaminated cooling water.

Besides its pitting resistance, the crevice corrosion
resistance of alloy 31 in actual seawater service is also
superior to that of the conventional 6% molybdenum
steels such as EN 1.4529. As Figure 17 shows,14 when
used as a flange material, the resistance limits are
correspondingly broadened in the direction of higher
temperatures and chlorine contents.

With regard to resistance to IC, the time–
temperature–sensitization diagram plotted in the
test according to ASTM G-28 Method A shows that
sensitization in the sense of an intercrystalline 50 mm
depth of penetration IC criterion only occurs after
2 h in the temperature range between �650 and
700 �C.6 To complement this, individual tests were
also carried out on welded specimens (plate thickness

Table 4 Corrosion loss in millimeters per year of alloy 31 (EN 1.4562/UNS N08031) and other alloys in technologically

relevant phosphoric acid solutions,6 according to data from White et al.29

Test – Medium Temperature
(�C)

Alloy

Alloy 31
(EN 1.4562)

Alloy 926
(EN 1.4529)

Alloy 28
(EN 1.4563)

Alloy G-3
(EN 2.4619)

72% H3PO4 + 4.5% H2SO4 + 0.9% H2SiF6 +
1.5% Fe2O3 + 400 ppm Cl�

80 0.02 0.06 0.075
120 0.78

52% P2O5 116 0.08a 1.2 0.28

42% H3PO4 + 2.4% H2SO4 + 2.3% H2SiF6 +

1% Fe2O3 + 1000 ppm Cl�
80 0.015 0.03

54% P2O5 116 0.05a 1.4 0.40

54% P2O5 + 2000 ppm Cl� 116 2.35a 2.3 0.40

100 1.30

aTemperature: 120 �C.
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6mm) according to both ASTM G-28 Method
A (120 h) and SEP 1877 Method II (24 h). The results
are compared with those obtained for the two high-
alloy special steels EN 1.4529 and EN 1.4563 in

Table 5. In both the tests, alloy 31 (1.4562) exhibits
the lowest corrosion rates. The weld metal, HAZ and
base metal are all free from IC. Hence, the IC resis-
tance after welding that is required in actual service is
guaranteed. It should be noted, however, that in the
case of alloy 31 only the carbides that are precipitated
at low temperatures manifest themselves in the form
of sensitization; this is not the case with the sigma
phase, which can form at high temperatures. Particu-
larly after hot-forming work, which is critical for this,
such as pressing of heads, a test for pitting resistance
and notch impact toughness can indicate more read-
ily than can an IC test whether the material is in
perfect condition. This applies to welding as well.

The results of the corrosion tests and service
experience to date indicate the following typical
areas of application for alloy 31 (EN 1.4562/UNS
N08031): equipment for production and the handling
of phosphoric acid, pipes, and heat exchangers in
contact with sulfuric acid and seawater, components
for oil and natural gas extraction under sour-gas
conditions, components for the pulp and paper indus-
try, salt manufacturing industry, and, last but not
least, flue gas desulphurization, where the use of
alloy 31 is preferred especially for regulating and
shut-off systems operating under extremely demand-
ing conditions in modern coal-fired power stations.
It is also qualified for the evaporation of effluents
from flue gas cleaning (first evaporation stage).18

While alloy 31 (EN 1.4562/UNS N08031) has
a wide-ranging scope for application, alloy 33

Table 5 Results of testing of TIG-welded alloy 31 (EN

1.4562/UNS N08031) specimens and reference materials in
accordance with (a) ASTM G-28, Method A, 120 h, (b) test-

ing in accordance with SEP 1877, Method II, 24 h. Surface

ratio weld metal/base material of the corrosion specimens

as 1:6, corrosion loss in millimeters per year, according to
data taken from Heubner6

(a) ASTM G 28 A Base material Welded
specimen

Alloy 926 (EN 1.4529) 0.43; 0.37 0.45; 0.58

Alloy 28 (EN 1.4563) 0.18; 0.14 0.20; 0.23
Alloy 31(EN 1.4562/

UNS N08031)

0.18; 0.13 0.17; 0.20

(b) SEP 1877 II Base material Welded
specimen

Alloy 926 (EN 1.4529) 0.13 0.24

Alloy 28 (EN 1.4563) 0.03 0.08
Alloy 31(EN 1.4562/

UNS N08031)

0.04 0.05

ppm Cl2
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Alloy 31
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Figure 17 Stability limits of alloy 926 (EN 1.4529/UNS
N08926) when used as a flange material in chlorinated

seawater up to the onset of crevice corrosion and their

extension when using alloy 31 (EN 1.4562/UNS N08031),
determined in tests in realistic conditions (North Sea,

Norway), from Heubner. Reproduced from Heubner, U.

In Nickel Alloys and Special Stainless Steels; 3rd ed.;

Heubner/Klöwer, et al., Eds.; Expert Verlag: Renningen,
2003; Chapter 1, pp 1–46.
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(EN 1.4591/UNS R20033) is suitable for specific
applications. Although it was originally intended
chiefly for use in oxidizing media in view of its high
chromium content, it has also proven to be an attrac-
tive material for the handling of nonoxidizing acids
and alkaline media and for use in chloride-containing
aqueous solutions, for instance, seawater.

Alloy 33 exhibits lower corrosion rates in the
passive state and a greater ease of passivation in
15–80% sulfuric acid at temperatures between 50
and 90 �C than do the traditional materials alloy
825 (EN 2.4858/UNS N08825) and alloy 20 (EN
2.4660/UNS N08020) that are well established for
such applications. As a result, its range of use in the
passive condition is broadened in comparison with
these materials. Low oxidant contents enable the
range of application to be extended to higher acid
concentrations and temperatures. For example, as can

be seen from the corrosion resistance diagram in
Figure 18, �6mg l�1 Fe3+ is sufficient to allow it
to be used in conditions of up to 45%H2SO4 and 80

�C,
and�28mg l�1 Fe3+ is sufficient in order to extend the
range of application to 45% H2SO4 and 90 �C.

In boiling 67% nitric acid (Huey test), alloy 33
exhibits a corrosion loss of only 0.04 g m�2 h�1 in
tests over 15 � 48 h, and hence has the lowest level of
corrosive attack of all known iron–nickel–chromium
alloys under these corrosive conditions, as shown in
Figure 4. On the basis of the results of extensive
corrosion testing for up to 100 days, the alloy can be
regarded as corrosion resistant, even in the welded
state, at a HNO3 concentration of up to 95% at
25 �C, up to 90% HNO3 at 50 �C, up to slightly
below 85% HNO3 at 75

�C, and in 67% HNO3 up to
boiling point.13 Alloy 33 is also of interest for handling
nitric–hydrofluoric acid mixtures, as shown by the test
results in Tables 6 and 7. It is therefore an attractive
material not only for nuclear fuel reprocessing, but in
particular for lining of pickling tanks for stainless steels.

The corrosion behavior of alloy 33 in highly con-
centrated sulfuric acid has been comprehensively
tested.35–37 Figure 19 reproduces the isocorrosion
diagram of alloy 33 for corrosion losses of 0.1 and
0.5mm year�1 in stationary highly concentrated
industrial-grade sulfuric acid according to the data
given in Renner and Michalski-Vollmer.36 It is evident
that toward lower sulfuric acid concentrations, there are
obviously two different corrosion mechanisms at work,
depending on the temperature, which have their maxi-
mum reaction rates at�110 and�190 �C, respectively.
However, under different test conditions and especially
with a different test period, the situation may differ37

from that shown in Figure 19, making the small win-
dow of corrosion resistance even narrower. Therefore,
for practical applications, prior corrosion tests under
the specific operating conditions are strongly advised.

It is not only in oxidizing acids and in reducing
acids, whose composition has been sufficiently adjusted
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Figure 18 Corrosion resistance of alloy 33 (EN 1.4591/

UNS R20033) in stationary analysis-grade sulfuric acid of
medium concentration for corrosion rates <0.13mm year�1

and various additions of Fe3+ as oxidant, added in the form

of Fe2(SO4)3, established using three parallel specimens in

each case over a test period of 7 days. Reproduced from
Heubner, U. In Nickel Alloys and Special Stainless Steels;

3rd ed.; Heubner/Klöwer, et al., Ed.; Expert Verlag:

Renningen, 2003; Chapter 2, pp 47–93.

Table 6 Results of corrosion testing of alloy 33 (EN 1.4591/UNS R20033) and other materials for comparison in nitric/

hydrofluoric acid solutions, immersion tests over 21 days at 90 �C, corrosion loss in grams per square meter per hour,
according to data taken from Heubner6

Alloy 12% HNO3 0.4% HF

+0% HF +0.9% HF +3.5% HF +32% HNO3 +44.5% HNO3 +56% HNO3 +67.5% HNO3

28 (EN 1.4563) <0.01 5.74 20.74 0.96 1.78 3.38 5.46

690 (EN 2.4642) <0.01 0.61 6.34 1.46 1.97 4.69 7.42
G-30 (EN 2.4603) <0.01 0.28 1.21 0.49 1.45 2.39 4.49

33 (EN 1.4591) <0.01 0.24 1.19 0.27 0.67 1.66 3.08
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to oxidizing, that alloy 33 exhibits a corrosion behavior
that is attractive for practical applications of many
kinds; this also applies to alkaline media. For example,
a corrosion loss of <0.01mm year�1 was measured in
25% and 50% caustic soda solution up to the boiling
point.35 Even for 70% caustic soda at 170 �C, a corro-
sion loss of only 0.03mm year�1 is stated.38 To com-
plement this, field tests were carried out in NaOH
tanks with added chlorine, the specimens therefore
being exposed to both the liquid and the vapor phase.
The material performed faultlessly, with only slight
signs of crevice corrosion.6 In a further field test with
chloride- and chlorate-contaminated caustic soda from
the diaphragm cell process, an outstanding resistance
was measured,39 as reported in Section 3.05.5.2.

The resistance of alloy 33 to pitting, which has
been comprehensively tested34 with regard to the
handling of chloride-containing cooling water and
use in seawater, is comparable with that of alloy 31
(EN 1.4562/UNS N08031), alloy 31 tending to

perform somewhat better. This is made clear by the
results of the FeCl3 test shown in Table 8. In the
CaCl2 test, on the other hand, both alloys have prac-
tically the same CPT, as is evident from Figure 15.

In terms of crevice corrosion resistance, on the
other hand, alloy 33 (EN 1.4591/UNS R20033) is
comparable with alloy 926 (1.4529/UNS N08926),
as is again evident from Table 8. This confirms that
higher nitrogen contents have a lesser effect on the
crevice corrosion resistance than on the pitting resis-
tance, in accordance with the data in Kirchheiner and
Wahl17 for the material EN 1.4565. Alloy 33 and alloy
926 can also be rated equally with regard to their
repassivation potential in the case of crevice corro-
sion in seawater according to Voigt et al.34 Combined
with its high strength, excellent ductility, and high
resistance to stress-corrosion cracking, even under
sour-gas conditions,40 possibilities for application in
seawater and offshore service are therefore open to
alloy 33.

In conclusion, it should be noted that alloy 33
(EN 1.4591/UNS R20033) exhibits a high degree of
thermal stability. During ageing between 700 and
900 �C, its notch impact toughness decreases slightly
because of precipitation of sigma phase, but never-
theless still exceeds 100 J even after a tempering time
of 8 h. When tested for sensitization in boiling azeo-
tropic nitric acid (Huey test), there are no signs of
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Figure 19 Isocorrosion diagram for alloy 33 (EN 1.4591/

UNS R20033) in stationary highly concentrated industrial
grade sulfuric acid,6 based on the data established by

Renner et al.36 over a test period of 21 days.

Table 8 Critical pitting temperatures (CPT) and crevice

corrosion temperatures (CCT), established in FeCl3 tests,
34

indicating the pitting resistance equivalent (PRE) as % Cr +
3.3 � % Mo + 30 � % N

Alloy EN UNS PRE CPT (�C) CCT (�C)

20 2.4660 N08020 28.3 15 <5

825 2.4858 N08825 33 30 <5

904L 1.4539 N08904 37 45 25

926 1.4529 N08926 47 70 40
33 1.4591 R20033 50 85 40

31 1.4562 N08031 54 >85 65

Table 7 Results of corrosion testing of alloy 33 (EN 1.4591/UNSR20033) and other materials for comparison in 20% nitric

acid solutions with additions of 3, 5, and 7% hydrofluoric acid, immersion tests over 21 days at 25 and 50 �C, corrosion loss in
grams per square meter per hour, according to data taken from Heubner6

Alloy 25 �C 50 �C

+3% HF +5% HF +7% HF +3% HF +5% HF +7% HF

316 Ti (EN 1.4571) 3.33 6.20 5.68 17.3a 24.4a 33.45a

28 (EN 1.4563) 0.03 0.04 0.06 0.18 0.29 0.41

33 (EN 1.4591) 0.01 0.01 0.02 0.08 0.11 0.17

aDuration of test: 7 days.
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either grain boundary attack or an increase in the
rate of uniform corrosion even after tempering for
up to 1000 h.35

3.05.3.7 Age-HardenableNickel–Chromium–
Iron–Molybdenum (–Copper) Alloys

Positioned at the bottom of Table 1 is an alloy group
consisting of two important age-hardenable nickel–
chromium–iron–molybdenum (–copper) alloys. They
are used for bars, tools, pump shafts, valves, and for-
gings in oil and gas production where low weight
and hence high strength is a requirement. Their
high mechanical strength is achieved by so-called
age-hardening in an intermediate range of tempera-
tures where intermetallic phases are precipitating
within the metallic matrix, causing an increase of
strength. Alloy 925 (EN 2.4852/UNS N09925) is the
age-hardenable version of alloy 825 (EN 2.4858/UNS
N08825), with an almost identical corrosion behavior
(cf. Section 3.05.3.6.2). Alloy 718 (EN 2.4668/UNS
N07718), however, has its origin in high temperature/
high-strength applications and has been adapted very
successfully for the wet corrosive requirements of oil
and gas extraction.

3.05.4 Corrosion Behavior of Nickel
Alloys in the Welded State

3.05.4.1 The Specific Surface and Structural
Condition of the Weld Metal and the HAZ

In chemical, environmental, power, and marine engi-
neering, welding is the most popular joining method.
In these fields, there are very few material applica-
tions where welding is not required. The corrosion
resistance that is determined for a material in its
various mill product forms should therefore generally
apply to this material in the welded state as well, that
is, to the weld metal and the whole area of the weld.
The weld area of a construction may well be the
location of preferential corrosive attack, because
here – in contrast to the homogeneous solution-
annealed or stabilized and subsequently (if necessary)
shot-blasted and pickled state – a clean, bright metal
surface may not be obtained easily. Instead, the weld
may have slag residues or may be oxidized depending
on the welding process used. The adjacent HAZ is
also likely to be coated with surface oxides to varying
extents, which are generally recognizable as temper
colors. A lookout should also be kept for spatter and
contamination away from the weld, which are usually

detrimental to corrosion resistance. Moreover, in the
weld area the microstructure is heterogeneous not
only in the weld metal with its cast structure, but
often also in the HAZ directly adjoining the weld.
The extent of the structural changes caused by the
welding operation in the HAZ depends on the mate-
rial and its susceptibility to precipitation of carbides
and intermetallic phases at medium temperatures, as
well as on the heat input and the rate of cooling
during welding. Problem-free welding of a material
by means of the particular welding process is only
possible if welding techniques and welding para-
meters can be used to keep the heat input so low
that the agreed testing methods fail to discover
any intolerable structure-related impairment of the
corrosion behavior and the mechanical properties in
the HAZ. Moreover, care should be taken where
necessary to ensure, by appropriate posttreatment of
the surface, that any scale and any surface oxides
manifesting themselves as temper colors do not
adversely affect the material’s corrosion behavior.

Some possible defects in the weld area are
depicted schematically in Figure 20. Slag residues

Pitting corrosion

Pitting corrosion

Uniform corrosion
Galvanic corrosion

Erosion corrosion

Intercrystalline
corrosion

Knife-line corrosion Stress-corrosion cracking

Crevice corrosion

Root crack
Micro cracks Underbead crack

Lamellar crack

Hot crack

Solidification cracks
Undercut

Slag
Pore

Toe crack

Lack of fusion

Welding spatter

Welding ribs

Surface pore
Residual slag

Fusion line
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Root Depletion

(b)

(a)
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Figure 20 Possible defects in the weld area and their

effects on corrosion behavior, from Heubner. Reproduced

from Heubner, U. In Nickel Alloys and Special Stainless

Steels; 3rd ed.; Heubner/Klöwer, et al., Ed.; Expert Verlag:
Renningen, 2003; Chapter 2, pp 47–93.
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on the surface of the weld are sites of preferential
attack, because they offer ideal conditions for crevice
corrosion and pitting. The same applies to pores,
which, in the form of solidification porosity, cannot
be ruled out for nickel alloys, but can be controlled
by alloying techniques with respect to the filler
metal or by other welding engineering measures. An
excessively rough material surface (ribbed texture),
edge misalignment, or severe cases of drop-through
chiefly allow room for the formation of sediments,
deposits, and incrustations, which, acting like a
sponge, result in local concentrations of corrosive
media constituents such as chloride ions that can
lead to localized corrosion. Solidification cracks, hot
cracks, weld undercuts, weld interface, and root
cracks and incomplete root fusion are ideal locations
for crevice corrosion attack. With materials that
require a higher-alloyed filler metal, unmixed fusion
zones in the root area, but also on the capping pass
side, can be sites of preferential corrosive attack. High
mechanical stresses in the weld area, including ther-
mally caused stresses, may result in an increased
likelihood of stress-corrosion cracking, depending
on the material and the surrounding medium.
A rough-ribbed structure of the weld metal can also
contribute to this on account of the stress peaks,
which then arise.

3.05.4.2 Surface Condition and Necessary
Surface Treatment after Welding

Oxide layers on the weld metal and oxides over the
HAZ, which manifest themselves as temper colors,
weaken the resistance of nickel alloys to pitting. As
known from stainless steels,6 the differences in corro-
sion resistance may be greatest between pickled sur-
faces and those with ‘light,’ that is, straw-yellow
temper colors. As temper colors become darker, cor-
rosion resistance further decreases. The surface oxide
layers either consist almost exclusively of chromium
oxide, Cr3O4 (spinel type)41 or are, at any rate,
generally significantly enriched with chromium.42

The chromium required for oxide formation is
extracted from the matrix of the material, which
consequently becomes depleted in chromium. As
the resistance of nickel–chromium–molybdenum
alloys to pitting is almost exclusively determined by
their chromium and molybdenum contents, a decrease
in the chromium content is synonymous with reduced
resistance to this type of corrosion.41 There is even a
strong possibility that immediately beneath the oxide
coating, there is a thin metallic surface layer, which no

longer corresponds to the intended material grade at
all. Therefore, it is understandable that in such a case,
simply removing the temper colors may not be suffi-
cient to restore the resistance of the unwelded base
material; it may in fact be necessary to remove the
chromium-depleted metallic surface layer lying
immediately beneath them at the same time. In prac-
tice, the situation may become really problematic, for
the technical corrosion resistance of a material
depends less on the pitting potential than on the
lower repassivation potential, because it is only below
this repassivation potential that pitting, once begun,
can be stopped again.

In industrial engineering practice, therefore,
full-immersion pickling of welded components is
recommended for critical situations. This, however,
is feasible only in certain cases and to a limited
extent. Moreover, its success depends on the material
and on the pickling method employed. As a rule, it is
necessary to use a different means for removing the
surface oxides. In modern fabrication practice, the
methods of in situ pickling of the component, abrasive
blasting, and grinding are mainly used. The effective-
ness of each of these measures was investigated by,
among other things, measuring the critical pitting
potential in artificial seawater.43,44 It turned out
that, among the methods of grinding with disc
wheels, blasting with glass beads and pickling with
HNO3/HF pickling pastes, grinding was the least
effective – at least with a very rough finish – and
the best results were obtained with the pickling pastes.
For the some types of stainless steels, the results of the
investigation show that when using the pickling pastes,
it is at best possible to obtain a corrosion resistance
that is virtually equivalent to that of the metal in the
bright, unwelded state. On the other hand, in the case
of higher-alloyed materials such as alloy 625 (EN
2.4856/UNS N06625), there was only a slight depen-
dence of the corrosion resistance on the method of
surface treatment. With this material, the pickling
action achieved was insufficient to remove not only
the oxide coating but also an adequate amount of the
chromium-depleted metallic surface layer beneath it,
because even in a chromium-depleted surface condi-
tion, this material is too corrosion-resistant in relation
to the pickling agent for this to be achieved within the
treatment time. This is true not only of treatment with
pickling paste, but has also been observed with nickel–
chromium–molybdenum alloys in the case of post-
treatment by immersion or spray pickling.

Consequently, brushing of welds with a stainless
steel wire brush immediately after welding while
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the metal is still hot, at the least, is vital in order
to remove surface contamination, slag residues,
and temper colors to the greatest possible extent.
Subsequent pickling is then likely to produce a
further marked improvement in corrosion resis-
tance, but mechanical removal of the chromium and
molybdenum-depleted metallic surface might be an
additional requirement in case of very corrosion-
resistant materials when used near to the limit of
their corrosion resistance. The highest resistance to
pitting is obtained with electrochemical polishing. If
there are doubts regarding the nature and extent of
postweld treatment, the testing of expertly executed
and experimentally posttreated welded joints in a
manner which corresponds or at least approximates
to the level of corrosive attack in practice is essential.

3.05.4.3 IC in the HAZ

In chromium-alloyed nickel-base materials, with a
sufficiently high carbon content of the HAZ adjacent
to a welded joint, preferential precipitation of chro-
mium carbides at the grain boundaries may occur,
with the consequence of chromium depletion in the
region near the grain boundaries. This may go so far
that under corrosive attack, adequate corrosion resis-
tance no longer exists in this region, and IC occurs.
This can also take the form of pitting along the grain
boundaries; it is then referred to as sensitization. In
the case of the chromium-alloyed nickel-base mate-
rials for wet-corrosion service that are the focus
of interest here, only LC grades or stabilized materi-
als are in use today; as a result, IC, owing to sim-
ple precipitation of chromium carbide, only rarely
comes up for discussion in the case of these materials –
for instance, if it is necessary to consider a high
temperature material with a high carbon content,
such as the nickel–chromium alloy 600 (EN 2.4816/
UNSN06600) with regard to temporary service under
wet-corrosion conditions (e.g., shutdown dew point
corrosion and during cleaning) among other factors.

However, in the case of the chromium-alloyed
nickel-base materials, IC in the HAZ of welded joints
may well be a matter, which requires consideration
owing to the precipitation of intermetallic phases,
including the M6C type of carbide. On the other
hand, the sigma phase, which is precipitated in, for
example, the nickel–chromium–iron–molybdenum–
copper alloy 31 (EN 1.4562/UNS N08031) in the
medium temperature range45 leads, when tested in
the conventional tests according to ASTM G 28 A or
SEP 1877 II, not to IC but to an increased

susceptibility to pitting;46 however, this does not usu-
ally cause problems in fabrication by welding.

Figure 11 shows a summary of the time–
temperature–sensitization diagrams that have been
plotted for nickel–chromium–molybdenum alloys.

Leaving aside the more stringent Strauss test,
which is little used, the test methods employed for
IC testing of high-alloyed materials range from the
Huey test, which specifies very strongly oxidizing
conditions, via the Streicher test in accordance with
ASTM G 28 A, which likewise specifies oxidizing
conditions, to – with decreasing aggressiveness – the
testing of nickel–molybdenum alloys in hydrochloric
acid. However, there is no standardized method of IC
testing for slightly oxidizing conditions, which would
be typical of the corrosive conditions to which
nickel–chromium–molybdenum alloys are frequently
exposed, for example, in the aqueous media encoun-
tered in FGD plants of fossil-fired power stations.
To fill this gap, the anodic polarization behavior
of welded nickel–chromium–molybdenum alloys in
solutions containing sulfuric acid with the addition of
anions with a structure-specific effect, such as SCN�

and Cl�, was investigated.47 The results showed that
in the transitional active/passive range of the materi-
als, it is actually possible to distinguish between the
behavior of different heat treatment states with
regard to IC of the HAZ and pitting-like selective
corrosion of the weld metal, which also occurs under
these test conditions. In such a test, after welding with
a heat input in excess of 8 kJ cm�1, the tendency for
increased IC within the HAZ and for selective corro-
sion of the weld metal is most marked in the case of
alloy C-276, followed by alloy C-4. With the alloy
59 (2.4605), any influence of the heat input during
welding only becomes noticeable if the values for the
energy inputs per unit length of weld are as extreme
as 6.2 kJ cm�1 on the one hand, or 15.1 kJ cm�1 on the
other. In this respect too, therefore, alloy 59 (EN
2.4605/UNS N06059) proves to be the least suscep-
tible nickel–chromium–molybdenum alloy.

3.05.4.4 Resistance ofWeldMetal and Heat
Affected Zone to Pitting

The cast structure of the weld metal and the asso-
ciated segregations have widely differing effects on
corrosion resistance, depending on the material and
the surrounding medium. Because of this, unalloyed
nickel and the nickel–copper, nickel–molybdenum,
and nickel–chromium alloys are welded with fillers
of identical or at least similar composition to the base
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metal; here, peculiarities in the chemical composition
of the filler metals have more to do with the technical
requirements of the welding operation than with the
demands of corrosion resistance.

If nickel–chromium–molybdenum alloys are
welded with filler of identical composition to the
base metal, practical experience clearly shows that
the identical-composition weld metal generally has
the same high corrosion resistance, in spite of its
heterogeneous nature,22 as the homogeneous austen-
itic base metals, at least below certain threshold con-
ditions of attack. Electrochemical tests in oxidizing
ASTM G-28 A solution have revealed only minor
differences, the weld metal, in fact, having a more
noble corrosion and passivation potential.48 Potential
profiles relating to joint welding of nickel–
chromium–molybdenum alloys with filler of the
same composition as the base metal show no or only
slight differences between the wrought alloy and the
weld metal.49 However, marked differences arise in
the testing of the pitting resistance. For instance, in
the ‘Green Death’ test23 the CPT established for the
weld metal of FM 625 (EN 2.4831/UNS N06625)
was on average �12 K lower than that established for
the corresponding homogeneous austenitic material
alloy 625 (EN 2.4856/UNS N06625), and for the weld
metal of FM C-276 (EN 2.4886/UNS N10276) the
CPT was on average �18 K lower than that of the
corresponding homogeneous austenitic material alloy
C-276 (EN 2.4819/UNS N10267).23 In the CaCl2
test,23 which is more sensitive and can be used over a
wider range of alloys, this difference is on average c.
25K for alloy C-276 (EN 2.4819/UNS N10267).23,50

If the actual conditions of service make it necessary to
do so, for example, as a result of realistic tests in the
chloride/pH/temperature matrix (cf. Figure 9), it is
probable, based on the test results available so far,22,23

that the reduced corrosion resistance of the weld metal
of FM 625 and FM C-276, as shown by the ‘Green

Death’ test,23 can be avoided by instead using FM 59
(EN 2.4607/UNS N06059) as filler metal.

A good guide to the anticipated behavior of mate-
rials on welding is also given by cooling tests at differ-
ent rates from the solution-annealing temperature.46

Table 9 shows the results obtained from tests with
alloy 31 (EN 1.4562/UNS N08031). This alloy should
preferably be solution-annealed at 1150–1180 �C. If
the CPT in the HAZ, to be measured in the FeCl3
test, must not fall below 75 �C, the cooling rate in the
range between the solution-annealing temperature
and 600 �C should, according to these test results, be
at least 150 �C min�1. The associated notch impact
energy values, which are often of interest to the design
engineer, are also shown in Table 9 for comparison. It
is interesting to note that in this case the notch impact
energy does not fall in parallel with the pitting resis-
tance, but initially rises; this has been observed, to a far
greater extent, with alloy 926 (EN 1.4529/UNS
N08926) as well in the case of isothermal ageing.51

3.05.5 Application of Nickel and
Nickel Alloys as Materials Resistant to
Aqueous Corrosion in the CPI and in
Environmental Technology

3.05.5.1 General

The CPI and environmental technology have to cope
with a large variety of adverse operating conditions,
including a wide range of temperatures, all kinds of
static and dynamic loads, as well as numerous solid,
liquid, and gaseous products and product mixtures.
Safety, cost-efficiency, and even the feasibility of a
process depend on whether the materials envisaged
for the plant and its components can handle the
required range of different operating conditions.

Nickel and nickel alloys are needed in all areas of
halogen chemistry/chlorine chemistry to withstand
both general and localized forms of corrosion. Fur-
ther applications can be found in chemical processes
involving alkalis (e.g., caustic soda) or acids (e.g.,
sulfuric acid and acetic acid) at different concen-
trations and temperatures. These high corrosion-
resistant materials are well established in wide areas
of chemical processing, and in the following section,
some selected examples of their application are
presented.

Beyond the scope of the CPI and environmental
technology, nickel alloys are finding wet corrosive
applications in many other industrial sectors, for exam-
ple, marine technology14 and oil and gas extraction.28,33

Table 9 Influence of the cooling rate from the solution-

annealing temperature down to 600 �C on the CPT to be

measured in the FeCl3 test and the notch impact energy (Av)
of alloy 31 (EN 1.4562/UNS N08031)6,46

Condition CPT (�C) Av (J)

Solution-annealed 85 266

At 150 �C min�1 to 600 �C 75 270

At 50 � C min�1 to 600 �C 70 280
At 25 � C min�1 to 600 �C 55 240
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3.05.5.2 Production of Caustic Soda

Caustic soda (NaOH) is one of the most important
chemical feedstocks, with a total annual production
of 106 tons. NaOH is used in organic chemistry, in the
production of aluminum, in the paper industry, in the
food processing industry, in the manufacture of
detergents, etc. Caustic soda is a coproduct in the
production of chlorine, 97% of which takes place by
the electrolysis of sodium chloride.

Caustic soda has an aggressive impact on most
metallic materials, especially at high temperatures
and concentrations. It has been known for a long
time, however, that nickel exhibits excellent corro-
sion resistance to caustic soda at all concentrations
and temperatures, as shown by Figure 1. In addition,
except at very high concentrations and temperatures,
nickel is immune to caustic-induced stress-corrosion
cracking. The nickel standard grades alloy 200 (EN
2.4066/UNS N02200) and alloy 201 (EN 2.4068/
UNS N02201) are therefore used at these stages of
caustic soda production, which require the highest
corrosion resistance. The cathodes in the electrolysis
cell used in the membrane process are made of nickel
sheets as well. The downstream units for concentrat-
ing the liquor are also made of nickel. They operate
according to the multistage evaporation principle
mostly with falling-film evaporators. In these units,
nickel is used in the form of tubes or tube sheets for
the preevaporation heat exchangers, as sheets or clad
plates for the preevaporation units, and in the pipes
for transporting the caustic soda solution. Depending

on the flow rate, the caustic soda crystals (super-
saturated solution) can cause erosion on the heat
exchanger tubes, which makes it necessary to replace
them after an operating period of 2–5 years. The
falling-film evaporator process is used to produce
highly concentrated, anhydrous caustic soda. In the
falling-film process developed by Bertrams, molten
salt at a temperature of �400 �C is used as the heat-
ing medium. Here, tubes made of low-carbon nickel
alloy 201 (EN 2.4068/UNS N02201) should be used,
because at temperatures higher than �315 �C
(600 �F), the higher carbon content of the standard
nickel grade alloy 200 (EN 2.4066/UNS N02200) can
lead to graphite precipitation at the grain boundaries.
Nickel is the preferred material of construction for
caustic soda evaporators where the austenitic steels
cannot be used. In the presence of impurities such as
chlorates or sulfur compounds – or when higher
strengths are required – chromium-containing mate-
rials such as alloy 600 L (EN 2.4817/UNS N06600)
are used in some cases. Also of great interest for caustic
environments is the high-chromium-containing alloy
33 (EN 1.4591/UNS R20033). If these materials
are to be used, it must be ensured that the operating
conditions are not likely to cause stress-corrosion
cracking. Alloy 33 (EN 1.4591/UNS R20033) exhi-
bits excellent corrosion resistance in 25% and 50%
NaOH up to boiling point and in 70% NaOH
at 170 �C. This alloy also showed excellent perfor-
mance in field tests in a plant exposed to caustic
soda from the diaphragm process.39 Figure 21

65–70% NaOH + 2.98% NaCl +
0.7% Na2CO3+ 0.48% NaClO3
T = 180–195 �C

60–65% NaOH + 2.9% NaCl +
0.63% Na2CO3+ 0.42% NaClO3
T = 172–180 �C

46–50% NaOH + 2.7% NaCl +
0.76% Na2CO3+ 0.31% NaClO3
T = 143–150 �C

0 0.2 0.4
Corrosion rate (mm a–1)

0.6 0.8 1

Alloy 201/welded

Alloy 201/unwelded

Alloy 33/welded

Alloy 33/unwelded

Figure 21 Corrosion rates of alloy 33 (EN 1.4591/UNS R20033) and low carbon nickel alloy 201 (EN 2.4068/UNS N02201)

after almost 3 months of exposure to diaphragm caustic soda contaminated with NaCl, Na2CO3, and NaClO3 in various
ranges of concentrations and temperatures. Reproduced from Alves, H.; Horn, E. M.; Klöwer, J. In Nickel Alloys and Special

Stainless Steels; 3rd ed.; Heubner/Klöwer, et al., Ed.; Expert Verlag: Renningen, 2003; Chapter 7, pp 226–254.
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shows some results regarding the concentration of
this diaphragm caustic liquor, which was contami-
nated with chlorides and chlorates. Up to a con-
centration of 45% NaOH, the materials alloy
33 (EN 1.4591/UNS R20033) and nickel alloy 201
(EN 2.4068/UNS N02201) show a comparable out-
standing resistance. With increasing temperature and
concentration, alloy 33 becomes even more resistant
than nickel. Thus, as a result of its high chromium
content, alloy 33 seems to be advantageous to handle
caustic solutions with chlorides and hypochlorite
from the diaphragm or mercury cell process.

3.05.5.3 Production and Handling of
Sulfuric Acid

Sulfuric acid (H2SO4) is one of the basic raw materi-
als for the chemical industry. It is used in numerous
processes as a reagent, as a catalyst, and as a drying
agent. Examples of the wide-ranging applications of
this acid include the treatment of raw phosphates in
the fertilizer industry, the treatment of titanium ores
for the production of titanium dioxide, the manufac-
ture of phosphoric and hydrofluoric acid, and the
wide field of organic chemical synthesis, for example,
in sulfonation and nitration.

Today, primarily elemental sulfur but also pyrite is
used as raw material for the production of sulfuric
acid. Combustion produces sulfur dioxide (SO2)
which is subsequently converted catalytically to form
sulfur trioxide (SO3) and thereafter is absorbed in
concentrated sulfuric acid, usually in several stages.
The absorption of SO3 in concentrated sulfuric acid
takes place in packed towers. Absorption occurs in a
counter-current system, the SO3 gas flowing upwards
and the concentrated sulfuric acid flowing downwards.
This process is highly exothermic.

So far, only a few materials were available
which offer adequate corrosion resistance to highly
concentrated sulfuric acid at high temperatures. As a
result, the operating temperatures for the down-
stream equipment such as heat exchangers, pumps,
and piping had to be reduced. For components
operating at these lower sulfuric acid temperatures,
various special materials are used. The nickel alloy
C-276 (EN 2.4819/UNS N10276) is used for plate-
type heat exchangers serving as acid coolers. Alloy 59
may also be used for this purpose. The isocorrosion
diagram of alloy C-276 in technical grade sulfuric
acid (Figure 5) at its extreme high concentration side
on the right shows a large horizontal distance
between the 0.1 and the 0.5mm year�1 isocorrosion

line, indeed. This represents an excellent safety mar-
gin in case of temporary excursions of the sulfuric
acid to lower concentrations.

Alloy 33 (EN 1.4591/UNS R20033) had been
developed with the aim to use it, for example, for
large acid distribution systems and plate heat exchan-
gers.36 Figure 19 shows the isocorrosion diagram for
this material in highly concentrated sulfuric acid.
However, it must be emphasized that sulfuric acid
can exhibit very complex behavior toward materials.
For example, the temperature dependence of the
corrosion rate of alloy 33 in highly concentrated
sulfuric acid is not monotonous.36,37 For certain
acid concentrations, it is possible to cause the corro-
sion rate to rise by decreasing the temperature, an
effect which can be observed in the isocorrosion
diagram of Figure 19. Furthermore, traces of impu-
rities, changes in the rate of flow, slight changes in
concentration and/or slight increases in temperature
can cause markedly higher rates of corrosion. In
view of this, the isocorrosion diagram presented in
Figure 19 can only serve to provide an initial orien-
tation and extensive testing in the actual plant acid
and environment is necessary when selecting alloy 33
(EN 1.4591/UNS R20033).

Depending on the actual operating conditions,
deviations can be expected to occur to a lesser or
greater extent. This is true not only for the highly
concentrated sulfuric acid discussed here in detail but
for the whole range of sulfuric acid concentrations as
shown in Figures 5, 6, and 12, in particular for those
temperatures under which materials are near their
limits of resistance. If the operating parameters cannot
be closelycontrolled, itmay, in some cases, be necessary
to select a material not as a function of its resistance to
the theoretical operating conditions, but rather because
of its ability to absorb variations in these conditions. As
is so often the case, only plant testing under true service
conditions is likely to give a reliable indication on the
suitability of materials in most circumstances.

With these considerations in mind, the handling of
sulfuric acid and sulfuric acid-based aqueous solu-
tions constitutes a very broad field of application for
nickel alloys. Standard stainless steel grades can be
used only to handle much diluted acid at low tem-
peratures. At higher concentrations and tempera-
tures, the use of materials like high-alloy stainless
steels and nickel alloys becomes necessary. Alloy 20
(EN 2.4660/UNS N08020), alloy 825 (EN 2.4858/
UNS N08825), alloy 31 (EN 1.4562/UNS N08031),
alloy 59 (EN 2.4605/UNS N06059), and alloy B-2
(EN 2.4617/UNS N10665) are some examples.

Aqueous Corrosion of Nickel and its Alloys 1903

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



As pointed out in Section 3.05.3.3, the use of
alloy B-2 may become necessary at sulfuric acid
concentrations between 60% and 80% and tempera-
tures even above 120 �C, but clearly reducing condi-
tions must be present.

The use of the alloys 825 and 20, on the other
hand, is restricted to the lower temperature range,
but is facilitated by the presence of oxidants, as men-
tioned in Section 3.05.3.6.2. The newer alloys 31
(EN 1.4562/UNS N08031) and 59 show a more
extended suitability. This is obvious from their iso-
corrosion diagrams in technical grade aerated sulfu-
ric acid shown in Figure 6 for alloy 59 (EN 2.4605/
UNS N06059) and in Figure 12 for alloy 31 (EN
1.4562/UNS N08031). However, it has to be kept in
mind that the 0.1mm year�1 isocorrosion line of alloy
31 in sulfuric acid is shifted to lower temperatures if
no oxidants are present as demonstrated in Figure 13
with the comparison of the corrosion behavior
in technical grade sulfuric acid and in a p.a. sulfuric
acid, established by Alves et al.20 Although oxi-
dants can extend the region of passivity of alloy 31,
the corrosion behavior of alloy 59 is not influenced
greatly by the amounts of oxidants present in
the acid.20

Besides the influence of oxidants, the influence of
the temperature deserves a closer look, too. Near the
isocorrosion line, temperature is an extremely impor-
tant variable influencing the corrosion rate, since
above that line corrosion rate rises above 0.1mm
year�1 and materials may become unsuitable for ser-
vice. Alloy 31 (EN 1.4562/UNS N08031) and alloy
59 (EN 2.4605/UNS N06059) behave differently in
this respect. While for alloy 31, a small temperature

increase above the isocorrosion line can cause a jump
in corrosion rate, for alloy 59 the corrosion rate also
increases but more moderately, as shown in Figure 22.
This is because the corrosion rate in active state,
which depends directly on the test temperature and
on the alloy composition, is significantly higher for
alloy 31 than for alloy 59. Particularly, high Ni
and Mo contents are known to reduce the rate of
active current density giving rise to the lower active
corrosion rates of alloy 59.20 Anodic polarization
curves, which had been established in this context
by Alves et al.,20 indicate that alloy 31 is not so easy to
passivate as alloy 59, but once passive, it exhibits
lower passive current density than does alloy 59. This
is probably related to the copper content of alloy 31
(EN 1.4562/UNS N08031), since copper is known to
influence the passive current density in sulfuric acid.20

In many sulfuric acid applications, chlorides are
also present, for example, in wall condensate in FGD
units. Chlorides impair the corrosion resistance in
sulfuric acid in shifting the anodic curve to higher
current densities, making passivation more difficult,
increasing the corrosion rates and may produce
pitting corrosion. Indeed, as shown by Alves et al.,20

the 0.1mm year�1 isocorrosion line of alloy 31 (EN
1.4562/UNS N08031) is shifted to significantly lower
temperatures when 1 g l�1 chloride is added to the
sulfuric acid. However, in sulfuric acid contaminated
with chlorides, alloy 59 (EN 2.4605/UNS N06059)
has advantages over alloy 31, as exemplified in
Figure 23, and its resistance to pitting is higher.

Many chemical processes use 98–99% sulfuric
acid. After reaction is completed, the acid is not
totally consumed, but is discharged in a diluted and
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technical grade sulfuric acid closely below and above the 0.1mm year�1 isocorrosion line, 24 h immersion test, according to

Alves et al.20
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contaminated form. This waste acid is totally useless
unless it can be concentrated (e.g., up to 75–80%) and
purified for further use in chemical process reactions.
Both alloy 31 (EN 1.4562/UNS N08031) and alloy 59
(EN 2.4605/UNS N06059) are in use in the regener-
ation of waste sulfuric acid.

For example, in viscose Rayon plants, alloy 31 (EN
1.4562/UNS N08031) is used in the regeneration of
sulfuric acid. In the spinning step, the viscose is
forced through a spinneret to produce the fine fila-
ments and then comes into contact with a solution of
sulfuric acid, sodium sulfate, and usually Zn2+ ions.
The waste sulfuric acid from this step is regenerated
by condensation under vacuum at temperatures
between 30 and 40 �C and further adjusted with
highly concentrated sulfuric acid, the dissociation
heat of which can raise the temperature to up to
60 �C. The resulting 80–85% acid can be used for
further processes.

In the production of titanium dioxide by the sul-
fate process, finely ground ilmenite (FeTiO3) or
ilmenite slag is digested with sulfuric acid in a con-
centration of �90% and the cleaned titanium oxide
sulfate is hydrolyzed to form titanium oxide hydrate,
which is then calcined to form TiO2. Modern plants
incorporate a downstream dilute sulfuric acid proces-
sing facility. Alloy 31 (EN 1.4562/UNS N08031) is
used in this application.

Further examples of waste acid recovery systems
can be found in the metal-producing industry. In
the copper production, alloy 31 (EN 1.4562/UNS
N08031) is used in autoclaves to concentrate spent
waste-contaminated sulfuric acid from 25% to
�75–80% in evaporators under vacuum. The

presence of oxidizing metal ions in the contaminated
acid helps maintain the passivity of alloy 31 (EN
1.4562/UNS N08031).

3.05.5.4 Production of Phosphoric Acid

A large amount of the world’s fertilizer production is
based on phosphoric acid (H3PO4). Two principal
production methods are used. Thermal phosphoric
acid is produced by the combustion of phosphorus
with atmospheric oxygen, followed by the hydration
of the oxide obtained. Owing to its high purity, this
acid is primarily used as a food additive. Because of the
high energy requirement, this method is of secondary
importance. In the wet process, phosphoric acid is
produced by digesting phosphate rock (apatite), usu-
ally with sulfuric acid. The by-products of this process
are calcium sulfate, in the form of dihydrate (gypsum),
and fluosilicic acid. About 95% of the global demand
for phosphoric acid is met by the wet process. After
filtration, the phosphoric acid, usually at a concentra-
tion of �28% P2O5, is concentrated either to the
standard commercial grade of 54% P2O5 or to super
phosphoric acid with 70% P2O5.

The action of phosphoric acid on most metals is
not particularly aggressive. However, the sulfuric acid
and the presence of fluorine, chloride, and silica in
the phosphate ores, which leads to the formation of
hydrofluoric acid, fluosilicic acid, and also hydro-
chloric acid, give rise to very complex corrosion
conditions. Silica and aluminum are used to complex
with fluorine and reduce its corrosive effect. The
chloride concentration strongly depends on the origin
of the apatite and increases if the ores are washed using
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Figure 23 Corrosion rates of alloy 31 (EN 1.4562/UNS N08031) and of alloy 59 (EN 2.4605/UNS N06059) in aerated

technical grade sulfuric acid with addition of 1.5% chloride, graph published by Alves et al.20
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seawater. Corrosiveness is further increased by the
presence of sulfides. In addition, the degree of corro-
sive attack is aggravated by erosion resulting from the
presence of abrasive solids such as phosphate rock
particles and gypsum crystals, by turbulence and
high velocity fluid flow, by deposit formation and by
increases in temperature. From literature and plant
experience, it is known that high chromium levels in
the alloys used are required for sufficient corrosion
resistance to phosphoric acid under those conditions.

In the wet process, the first stage for which
corrosion-resistant materials are required is the reactor
for digesting the ore. The reactor vessel is made of
carbon steel throughout with a nonmetallic lining,
sometimes augmented with acid-resisting bricks, par-
ticularly in locations of impingement and abrasion.The
agitators are often made of special stainless steels.
The application of these alloys, however, is limited by
the increasing impurities in the phosphate ores and
higher temperatures for digesting the ore. Experience
gained under real service conditions proved that the
materials alloy 31 (EN 1.4562/UNSN08031) and alloy
625 (EN2.4856/UNSN06625) are particularly resistant
to erosion and corrosion in phosphoric acid slurries.29

The filtration equipment requires special materi-
als, in particular, with good resistance to pitting and
crevice corrosion. The materials used for this equip-
ment item are high-alloy stainless steels, but higher
resistance to pitting and crevice corrosion can be
achieved with alloy 31 (EN 1.4562/UNS N08031).

After filtration, the raw phosphoric acid, which
may be contaminated with sulfuric acid, chlorides,
fluorides, and fluosilicic acid, is concentrated to
54% P2O5. This takes place in an evaporator that is
either equipped with metal tubes or is made of graph-
ite. It has been shown that metallic heat exchangers

operate satisfactorily when hot water is used as the
heating medium. The solids settling on the tube walls,
mainly gypsum, are easily removed by routine clean-
ing, which prevents corrosion under the deposits. Alloy
28 (EN 1.4563/UNS N08028) and alloy 31 (EN
1.4562/UNSN08031) are used for the heat exchangers.

In the further processing to produce super phos-
phoric acid (70–72% P2O5), usually no particular
corrosion problems arise, because most of the fluorine
contaminants have been removed in the upstream
stages. The nickel–chromium–molybdenum alloy 625
(EN 2.4856/UNS N06625) is the standard material
here. Nickel alloys are also used for further equipment
in the phosphoric acid production, such as plate heat
exchangers, equipment for the removal of gaseous
fluorine compounds, pumps, and fans.

According to Table 4, alloy 31 (EN 1.4562/UNS
N08031) exhibits high resistance to uniform and loca-
lized corrosion in industrial phosphoric acid under
diverse conditions.29 In phosphoric acid contaminated
with sulfuric acid, fluosilicic acid, oxidizing metallic
ions, and high amount of chlorides at 80 �C, this alloy
shows outstanding corrosion resistance. At 120 �C, the
corrosion rate becomes considerably higher. At these
high temperatures, contamination is extremely impor-
tant and must be well defined and controlled. In the
example of Table 4, the contaminated 52% phospho-
ric acid at 120 �C is �10 times more corrosive than is
the technical pure one.

It should be emphasized that the performance of
alloy 31 (EN 1.4562/UNS N08031), which combines
a high chromium content with a sufficient molybde-
num level is comparable or even many times superior
to higher-alloyed materials of significantly higher
price. As an example, Figure 24 shows the corrosion
rate of various alloys in attack acid with different
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chloride content at 90 �C, demonstrating that alloy 31
excels with the lowest corrosion rate.30,52 This alloy
also resists well to erosion–corrosion conditions,29

which is in accordance with studies suggesting that
under the mixed erosion–corrosion conditions found
in the phosphoric acid industry, it is primarily corro-
sion resistance rather than hardness that determines
the performance of the material. Typical applications
for alloy 31 (EN 1.4562/UNS N08031) in phosphoric
acid production include mixers, filter components,
piping systems, heat exchanger tubes in concentra-
tion units, sulfuric acid coolers, vapor systems in
concentration plant, flash coolers, and others. In par-
ticular, the use of alloy 31 (EN 1.4562/UNS N08031)
in phosphoric acid production increases feedstock
flexibility by contributing in a cost-effective manner
to the solution of corrosion problems in the proces-
sing of, for example, phosphate ores containing high
levels of chlorides.30,31 Additional information on
suitable alloys for application in phosphoric acid
and on tackling chloride corrosion in phosphoric
acid production is provided by Alves et al.52 and by
Hoxha et al.53

3.05.5.5 Production of Hydrofluoric Acid
and Aluminum Fluoride

Hydrofluoric acid (HF) is produced by the reaction
of concentrated sulfuric acid with fluorspar (calcium
fluoride): CaF2 þ H2SO4 ! 2 HF þ CaSO4. The
reaction can take place in two stages. In the first stage,
preheated fluorspar and preheated sulfuric acid are
mixed together. The reaction is exothermic and the
temperatures can reach 150 �C. The materials used
here must therefore be able to resist hot concentrated
sulfuric acid as well as hydrofluoric acid and possess
adequate erosion resistance to fluorspar and calcium
sulfate crystals. Depending on concentration and
temperature, the materials alloy 20 (EN 2.4660/
UNS N08020), alloy C-276 (EN 2.4819/UNS
N10276), and alloy 59 (EN 2.4605/UNS N06059)
are successfully used for these equipment items.

The second stage is a rotary kiln, in which the
reaction is taken to completion. Some kilns, or their
linings, are made of alloy 20 (EN 2.4660/UNS
N08020), while in others, special stainless steels are
used. Recently, good experience has been achieved
with alloy 59 (EN 2.4605/UNS N06059) as a material
for the rotary kiln. The gaseous hydrogen fluoride
leaving the kiln is contaminatedwith entrained sulfuric
acid and silicon tetrafluoride; these contaminants are
removed in a sulfuric acid scrubber. The material for

the scrubberwill be determined by the concentration of
sulfuric acid in the scrubber liquid. In some plants, the
high-alloyed stainless steel alloy 926 (EN 1.4529/UNS
N08926) is successfully used; depending on the sulfuric
acid concentration, alloy 31 (EN 1.4562/UNSN08031)
or alloy 59 (EN 2.4605/UNS N 06059) may also be
considered.

The HF gas is liquefied at ambient temperature in
condensers made of carbon steel and then distilled in
two stages to remove impurities. The volatile consti-
tuents are first removed in a carbon steel column.
In the second stage, the less volatile impurities are
removed. The residue is an aqueous mixture of
hydrofluoric acid and sulfuric acid. In the upper
part of the distillation column, carbon steel can be
used, while alloy 400 (EN 2.4360/UNS N04400) is
generally used for the lower part and the reboiler.39

Only a few special stainless steels and nickel alloys
can be used for handling aqueous hydrofluoric acid
solutions; alloy G-3 (EN 2.4619/UNS N06985), alloy
31 (EN 1.4562/UNS N08031), and alloy 59 (EN
2.4605/UNS N06059) are suitable within very nar-
row temperature and concentration limits.39 If alloy
400 (EN 2.4360/UNS N04400) is used, it must be
kept in mind that stress corrosion cracking can occur
in air containing hydrofluoric acid vapors, and to a
lesser extent also in the liquid phase.

Aluminum fluoride is produced in fluidized beds
of aluminum oxide and hydrogen fluoride at a tem-
perature of 650 �C. Owing to the excellent corrosion
resistance of alloy 600 L (EN 2.4617/UNS N06600)
at high temperatures in the presence of gaseous HF,
this alloy is used to make the reactors and the tubes
for the product coolers.39

3.05.5.6 Production of Acetic Acid

Acetic acid (CH3COOH) is the most important of the
organic acids. It is used as a raw material in a large
number of chemical processes. For example, acetic
acid is used for the production of cellulose acetate,
vinyl acetate monomer, acetic ester, pharmaceuticals,
plastics, dyes, and insecticides. Acetic acid can be
produced by fermentative oxidation of methanol.
More common is the catalytic oxidation of hydrocar-
bons (e.g., butane) or the catalytic reaction of methanol
and carbon monoxide: CH3OH + CO! CH3COOH.

The most well known process using this route was
developed by Monsanto, the license now being held
by BP Chemicals. Rhodium activated with iodide acts
as the catalyst. From carbon monoxide and the
methyl groups, a complex compound is produced,
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which is converted into acetic acid by hydrolysis,
carbon dioxide and water arising as by-products.
The exothermic reaction takes place at temperatures
of 180–200 �C and a pressure of 15 bars in a special
reactor. The acetic acid formed is then collected in an
overhead condenser from where the iodine com-
pounds are recycled to the reactor. The raw acetic
acid is then distilled in two stages, with the uncon-
verted methanol also being returned to the reactor.

The combination of hydroiodic acid, acetic acid,
and water in the reactor, scrubber, and distillation
columns produces extremely corrosive, reducing
conditions. The materials in use for these items are
alloy B-2 (EN 2.4617/UNS N10665), which is par-
ticularly corrosion resistant under reducing condi-
tions, or alternatively zirconium.

After separation of the halogen ions, the acetic
acid is less corrosive, so that the materials alloy C-
276 (EN 2.4819/UNS N10276), alloy 59 (EN 2.4605/
UNS N06059), alloy G-3 (EN 2.4619/UNS N06985),
or alloy 31 (EN 1.4562/UNS N08031) can then be
used in the downstream process equipment.

In other acetic acid processes like the Eastman
process, in which no iodine is used, nickel–
chromium–molybdenum alloys such as alloy C-276
(EN 2.4819/UNS N10276) and alloy 59 (EN 2.4605/
UNS N06059) are likewise used.

3.05.5.7 Production of VCM

VCM is a feedstock for the manufacture of PVC and
is nowadays produced from ethylene and chlorine.
Ethylene is either converted directly with chlorine to
form ethylene dichloride (EDC), which is then ther-
mally cracked to produce VCM or ethylene is sub-
jected to oxychlorination followed by pyrolysis.

As would be expected in pyrolysis processes, many
equipment items are exposed to high temperatures
and severe corrosive attack. The highly corrosive
nature of dissolved chlorine and hydrogen chloride
comes to the fore at elevated temperatures and, to a
particularly strong extent, in the presence of mois-
ture. Priority therefore attaches to the operation of a
dry process. Any introduction of moisture or water
would lead to the formation of hydrochloric acid and
other corrosive media. As the demand for absolute
dryness cannot be fulfilled in actual practice (start-up
and shutdown, downtimes, leaks, decoking with
steam), suitable measures must be found to prevent
premature material failure as a result of corrosion.
Where the process temperature permits, such mea-
sures include coatings (in most cases organic-based)

and the use of corrosion-resistant materials. According
to Alves et al.,39 here it is mainly nickel alloys that have
proved successful in the relevant operating conditions.
Thus, alloy 825 (EN 2.4858/UNS N08825) is used for
gas inlet tubes and alloy 59 (EN 2.4605/UNSN06059)
or alloy C-276 (EN 2.4819/UNS N10276) for tube
sheets and as cladding material in the catalysis section
of fluidized bed reactors. The fixed-bed reactors are
equipped with vertical tubes that are usually made of
the nickel standard grade alloy 200 (EN 2.4066/UNS
N02200), alloy 600 (EN 2.4816/UNS N06600), or
alloy 625 (EN 2.4856/UNS N06625).

Thermal cracking of the EDC to form VCM and
hydrochloric acid takes place in a pyrolysis kiln at
425–550 �C. Alloy 800 H (EN 1.4958/UNS N08810)
is the standard material for this application. A few
facilities are also constructed in alloy 600 (EN
2.4816/UNS N06600). In the EDC purification sec-
tion, the main corrosion problem is created by hydro-
chloric acid. Here, various nickel materials such as
alloy 400 (EN 2.4360/UNS N04400), alloy B-2 (EN
2.4617/UNS N10665), and 6Mo stainless steels such
as alloy 926 (EN 1.4529/UNS N08926) are used for
columns, heat exchangers, pumps, and valves. The
use of standard chromium–nickel steel grades cannot
be recommended owing to their high susceptibility to
pitting corrosion and stress-corrosion cracking in the
special conditions of VCM production.

A characteristic feature of some older VCM plants
is the flare stack used to burn off waste gases. Alloy 59
(EN 2.4605/UNS N06059) is suitable for the stack
head, which is subject to heavy corrosive attack. For
environmental reasons, in new facilities, this gas is no
longer burnt off but recycled to the process. The
same materials can be used for the recycling process
as for the VCM process itself, because their corrosion
behavior has to meet similar requirements.

3.05.5.8 Production of Styrene

Styrene (C6H5CH:CH2) is an important chemical for
the production of a range of plastics, including poly-
styrene, SBR, ABS, and SAN resins, synthetic latexes,
and polyesters. The main process used to produce
styrene is the production of ethylbenzene in a first
step by catalytic reaction of benzene and ethylene
followed by the dehydrogenation of ethylbenzene.

In the first reaction stage, in which the ethylben-
zene is produced, it is the corrosiveness of the catalyst
that determines the type of material required. The
Union Carbide/Badger process employs aluminum
chloride as catalyst. Aluminum chloride is extremely
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corrosive, meaning that only acid-resistant glass or
ceramic linings come into consideration here. For
metal linings, heating coils, and other internals,
alloy B-2 (EN 2.4617/UNS N10665) and alloy
C-276 (EN 2.4819/UNS N10276) can be used. The
same alloys are also used in the downstream heat
exchangers and piping systems. Columns and heat
exchangers that come into contact with traces of
chlorides are often made of the nickel–copper alloy
400 (EN 2.4360/UNS N04400). Special stainless
steels such as the 6Mo grade alloy 926 (EN 1.4529/
UNS N08926) can also be considered.

Other ethylbenzene processes use noncorrosive
catalysts, and therefore, only low-alloy materials are
required in the first stage.

The second process stage, in which hydrogen is
split off, runs at high temperatures (950–1000 �C)
in the presence of superheated steam. The steam is
produced in furnaces in which the tubes and the mani-
folds are generally made of alloy 800 H (EN 1.4958/
UNS N08810). The connection line from the super-
heater to the reactor may also be made of the same
material. High temperature materials are also used for
the reactor in which dehydrogenation takes place.
These are mainly heat-resistant steels such as alloy
800 H (EN 1.4958/UNS N08810) or nickel alloys
such as alloy 617 (EN 2.4663/UNS N06617). The
exact choice of material depends on the design and
the degree of attack.

3.05.5.9 Production of Acrylic Acid and
Acrylate Esters

Acrylic acid (C2H3COOH) is a feedstock for the
production of polyacrylic acid and acrylic esters.
Acrylate esters (such as methyl acrylate, ethyl acry-
late, butyl acrylate, etc.) are used in polymerized
form for the production of dyes and paints, adhesives,
textiles, and plastics. Polyacrylic acid is used in the
production of hygiene products, cleaning products,
and water treatment agents.

The most important process for the production of
acrylic acid is the partial oxidation of propylene. In
general, this process is regarded as ‘noncorrosive,’
enabling low-alloy steels to be used. Recently, however,
a number of cases of corrosion damage have occurred
in the extraction column. These problems have been
attributed to traces of formic acid in the plant. Field
tests have led to the selection of different materials
according to the corrosiveness of the medium. Thus, in
one plant, the 6Mo stainless steel grade alloy 926 (EN
1.4529/UNS N08926) was selected, in another plant

the nickel alloy C-276 (EN 2.4819/UNSN10276), and
in a third plant alloy 31 (EN 1.4562/UNS N08031).

Acrylate esters are produced by reacting acrylic
acid with the corresponding alcohol in the presence
of a catalyst. The catalyst can, for example, be sulfuric
acid or sulfonic acid; the reaction temperature is in
the order of 130 �C. An oxidizing or reducing stabi-
lizer is added to prevent polymerization. The corro-
siveness of the process is determined by the type of
catalyst. Therefore, the choice of material for the
reactor, heating tubes, and mixer will be determined
by its corrosion resistance to sulfuric or sulfonic acids
under either oxidizing or reducing conditions.

When reducing conditions are encountered, the
copper–nickel alloy 400 (EN 2.4360/UNS N04400)
can be successfully employed. It should be kept in
mind, however, that alloy 400 loses its resistance to
corrosion under oxidizing conditions. In one plant,
severe corrosive attack was observed when the stabi-
lizer was converted from reducing to oxidizing.
Extensive exposure tests as much with high-alloy stain-
less steel grades as with the nickel alloy grades alloy
G-3 (EN 2.4619/UNSN06985), alloy 625 (EN 2.4856/
UNS N06625), alloy 31 (EN 1.4562/UNS N08031),
alloy C-276 (EN 2.4819/UNS N10276), alloy 59 (EN
2.4605/UNS N06059), etc. showed that alloy 59 was
the only material exhibiting an overall corrosion rate
below 0.01mm year�1 and no pitting or crevice cor-
rosion. For this reason, alloy 59 (EN 2.4605/UNS
N06059) was selected for the particularly critical
part of the plant, the heating tubes. As Alves et al.39

report, after 3 years in use without any problems, the
entire reactor was constructed in alloy 59.

3.05.5.10 Production of MDI and TDI as
Feedstocks for Polyurethanes

Polyurethanes are produced by the polyaddition of
isocyanates and alcohol. The most common processes
use MDI and TDI as feedstocks. MDI and TDI are
synthesized by conversion of diamines in the pres-
ence of carbonyl chloride (phosgene).

In the synthesis of both MDI and TDI, hydrogen
chloride is generated as a by-product. Owing to the
corrosiveness of HCl it is generally necessary to use
corrosion-resistant materials. The heat exchangers
downstream of the reactor are exposed to corrosive
attack from a mixture of TDI, HCI, and phosgene (in
traces) at temperatures of �200 �C. The nickel–
chromium alloy 600 L (EN 2.4817/UNS N06600) is
generally used for these heat exchangers. Under nor-
mal conditions, this material lasts �10 years. Under
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particularly critical conditions, alloy 59 (EN 2.4605/
UNS N06059) has been successfully selected.

In other areas of the plant, materials are required
that are resistant to hydrochloric acid in aqueous
solution. Depending on the overall process, the pro-
cess stage and the precise composition of the
medium, the nickel alloy grades alloy B-2 (EN
2.4617/UNS N10665), alloy 400 (EN 2.4360/UNS
N04400), alloy C-276 (EN 2.4819/UNS N10276),
or alloy 59 (EN 2.4605/UNS N06059) are used.39

Recently, a new gas phase technology has emerged
whereby alloy C-4 and alloy 59 have proved to
withstand corrosion in key equipment parts. In the
reactor sump vessel, the mixture of TDI, hydrogen
chloride, and phosgene at high temperature leads to
strong pitting on standard stainless steel. In field tests
and long-term pilot plant operation, alloy C-4 (EN
2.4610/UNS N06455) and alloy 59 (EN 2.4605/UNS
N06059) have proved to be the material of choice.

3.05.5.11 Production of Fine and Specialty
Chemicals

The fine and specialty chemicals industry produces a
wide variety of chemical ingredients and active inter-
mediates to be used, for example, in the pharmaceuti-
cal, food, agrochemical, and home and care industries.
The selection of materials for the production of fine
chemicals is made more difficult by the fact that the
chemical plants involved are increasingly used to pro-
duce different types of substances to satisfy fast-
changing market demands, so that reactors, vessels,
piping systems, and heat exchangers are frequently
exposed to changing corrosive media requiring the
use of equally versatile multipurpose materials.

In addition, metallic contamination of the final
product is not tolerable in many cases. Dissolved
metallic ions may either lead to a discoloration of
the products or trigger undesired catalytic reactions
within the products or their amount may be limited
by legal requirements. For this reason, specifications
have to be met in many cases where tolerable mass
loss is far below the corrosion rate of � 0.1mm
year�1, which is usually considered the limit for the
technical corrosion resistance in case of metallic
alloys.54 The requirement for resistance to a broad
spectrum of different media, which is given in most
cases leads to the selection of either nonmetallic mate-
rials, like glass-linings and polymers, or special metal-
lic materials. Such special metallic materials are alloys
belonging to the family of C-type nickel–chromium–
molybdenum alloys, titanium, zirconium, and

tantalum. Lower-alloyed materials like alloy 31 (EN
1.4562/UNS N08031) are useful to a certain extent.

C-type nickel–chromium–molybdenum alloys,
particularly alloy 59 (EN 2.4605/UNS N06059) can
be considered for critical equipment as synthesis
reactors and distillation columns. In the case of
centrifuges, fittings, agitators, and valves, the material
selection is mainly restricted to metals due to
mechanical and design requirements.

Furthermore, cleanability is an important issue in
multipurpose plants. In the case of nickel alloys, a high
degree of cleanability can be achieved by electropol-
ishing. Electropolishing of nickel alloys allows obtain-
ing extremely smooth surface structures to which it is
difficult for the products to adhere. In addition, the
true surface area of an extremely smooth surface is
considerably reduced compared with a surface of
greater roughness, which results in a lower corrosion
rate of the alloy and less migration of alloying con-
stituents to the product. However, obtaining smooth
surfaces by electropolishing requires a high degree of
homogeneity of the alloy that has to be part of the
material specification for this reason.

The wide variety of service media encountered in
this industry is outside the scope of this work. As an
example, reactions involving organic acid or solvents
and catalyzed by small amounts mineral acids like
sulfuric acid or hydrochloric acid can be found in the
production of fine chemicals. Although more corro-
sive than the sulfuric acid, the hydrochloric acid is
sometimes preferred owing to its higher catalytic
activity. Oxidizing contaminants like oxygen, ferric,
or cupric ions should also be considered, because
they tend to shift the redox potential.

Figures 25 and 26 present data from laboratory
tests intended to simulate in a simplified manner
such type of environments.55 Distinct levels of dis-
solved oxygen were achieved by bubbling nitrogen or
oxygen into the solution and different concentrations
of ferric ions were added in the form of sulfate. As
indicated by the results, alloy 31 (EN 1.4562/UNS
N08031) may sometimes require a shift of the free
corrosion potential to more oxidizing conditions in
order to make it corrosion resistant in these media.
Alloy 59 (EN 2.4605/UNS N06059), however, exhi-
bits very low corrosion rates under all conditions
tested. Nickel–molybdenum alloys of the B-type are
not considered for changing conditions in multipur-
pose plants, as they are resistant to few specific media
only. In addition, their corrosion rate is increasing
strongly with increasing amounts of accompanying
oxidizing substances.
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An additional study by Alves et al.56 on the corro-
sion resistance in organic solvents with small amounts
of sulfuric acid or hydrochloric acid showed again
that alloy 31 (EN 1.4562/UNS N08031) requires
a threshold oxidizing capacity to passivate, being
preferred for the more oxidizing conditions. Alloy
59 (EN 2.4605/UNS N06059), however, revealed
to be the more versatile alloy, having good resis-
tance in the most environments studied. Alloy 59
(EN 2.4605/UNS N06059) shows higher ability to

passivate and little susceptibility to variations on the
content of oxidants or chlorides. Another interesting
conclusion of the same study is that the corrosive
impact of the small additions of HCl (2%) depends
on the solvent and decreases in the sequence: metha-
nolic solution > ethanolic solution > aqueous solu-
tion as a result of the different protonic activity. If
methanol is used as a solvent, a certain threshold of
water is required to maintain the passivity of nickel
alloys. The water contents required to maintain
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passivity and the corrosion rate<0.1mm year�1 were
found to be 8% at 40 and 50 �C for the unwelded
alloy 31 (EN 1.4562/UNS N08031), and 12% at
40 �C and 18% at 50 �C for the welded alloy 31.
Alloy 59 (EN 2.4605/UNS N06059) requires signifi-
cantly lower amounts of water to maintain passivity
(2% at 40 �C and 4% at 50 �C) and is not influenced
by the welding conditions.

The C-type family of nickel–chromium–molyb-
denum alloys, in particular, alloy 59 (EN 2.4605/
UNS N06059), offers a high level of reliability when
equipment items are exposed to a variety of corrosive
media. Indeed, this versatile alloy is suitable for a wide
variety of corrosive environments, including mineral
and organic acids, acid mixtures, halides, etc., and
resists high levels of chlorides, oxidizing and reducing
contaminants, and stress-corrosion cracking. Thus,
alloy 59 (EN 2.4605/UNS N06059) can often be con-
sidered to replace more expensive materials like zirco-
nium and tantalum or the mechanically fragile enamel.

3.05.5.12 Transport of Corrosive
Dangerous Goods in Tanks

In Germany, the ‘‘BAM – List Requirements for Tanks
for the Transport of Dangerous Goods’’ with compat-
ibility evaluations of selected metallic material groups
as well as of polymeric gasket and lining materials
under the influence of dangerous goods and water-
polluting substances is the basis for substance-related
prototype approvals for tank containers designed for
the carriage of dangerous goods.57 Such information is
applicable also to tanks, trucks, and rail cars. There are
a large number of dangerous goods with high corro-
sivity to metals where the standard steels are not
corrosion resistant. One possibility to solve corrosion
problems is to line the tank with a polymeric material.
An alternative possibility is the application of high-
alloyed stainless steels and nickel alloys as there are
alloy 31 (EN 1.4562/UNS N08031) and alloy 59 (EN
2.4605/UNS N06059). For lack of corrosion test
results with welded test samples of these high-alloyed
materials under the influence of corrosive dangerous
goods, a comprehensive test programwas performed in
14 relevant groups of media at 55 �C.58,59

The results obtained indicate that alloy 59 (EN
2.4605/UNSN06059) showed the most universal cor-
rosion resistance of the materials tested. This alloy is
suitable as material for tanks transporting almost all
corrosive substances having been included in the test
series. One exception is the limitation of temperature
during the transport of hydrochloric acid.

Alloy 31 (EN 1.4562/UNS N08031) is very corro-
sion resistant, but more restricted in its use than alloy
59. Exceptions for the use of this material are hydro-
chloric acid, perchloric acid, and molten monochloro-
acetic acid at 110 �C. Limitations for the use exist
in the concentration range of aqueous solutions of
aluminum chloride, copper (II) chloride, ferric chlo-
ride, and 2-chloropropionic acid. Alloy 31 can be
considered corrosion-resistant tank material for the
transport of mixtures of concentrated nitric acid and
96% sulfuric acid if the content of the nitric acid does
not exceed 50% or the temperature does not exceed
30 �C. Alloy 31 has excellent prospects for application
in transportation tanks because of the multipurpose
corrosion resistance characteristics in combination
with the beneficial cost ratio in comparison with the
standard stainless steel grade AISI 316L.

All details of those and future test results will be
included in the most recent edition of the BAM-
List – Requirements for Tanks for the Transport of
Dangerous Goods.

3.05.5.13 Environmental Technology

Air pollution control occupies a leading position in
the market for environmental technology. Therefore,
the subject of this section16 is the removal of oxida-
tion products of the sulfur and of the accompanying
HCI/HF gases from the combustion processes of
organic materials (coal, lignite, oil) by chemical gas
scrubbing. This process is generally known as ‘FGD’
and the associated plants as ‘FGD plants.’

The wide range of scrubbing processes developed
can be divided into scrubbing processes with regen-
eration of the scrubbing solution, spray absorption
processes, and scrubbing processes without regener-
ation of the scrubbing solution. The scrubbing pro-
cesses without regeneration, the so-called limestone
processes are used throughout the world in �90% of
all FGD plants.

In a typical single-circuit process limestone FGD
plant, the flue gas passes through an electrostatic
precipitator; subsequently, the dust-free raw gas is
sprayed with a scrubbing suspension in a quencher,
whereby it is cooled and saturated with water vapor.
In plants with a heat recovery system, the raw gas is
cooled from �200 to 300 �C (with/without NOx

reduction) to 150 �C by means of a so-called clean
gas preheater before entering the scrubber. The gas
flow and the circulation of the scrubbing suspension
are adjusted so that the temperature of the scrubbing
suspension is �60 �C. The pH is adjusted to between
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4.5 and 6. In the scrubber sulfur dioxide/sulfur triox-
ide (SO2/SO3) are transformed by the addition of
limestone into calcium sulfite (CaSO3) and subse-
quently transformed by the injection of air or oxygen
into essentially insoluble CaSO4� 2 H2O, that is,
gypsum. This essentially insoluble gypsum precipi-
tates out, and thus promotes the very high SO2/SO3

conversion rate of over 90%. A suspension of quick-
lime (CaO), hydrated lime (Ca(OH)2), or lime-
stone (CaCO3) is used as the scrubbing solution.
Chemical buffer reactions provide a constant pH in
the absorber after the start-up phase of a FGD plant.
Secondary reactions that take place after entry into
the quencher or the bottom section of the integrated
absorber are the almost 100% removal of hydrogen
chloride (HCl) and hydrogen fluoride (HF), which
are produced in the combustion process by chemi-
cal reactions and carried over with the flue gas.
In counter-current systems, the flue gas is again
sprayed with the scrubbing suspension in the upper
region of the scrubber, the limestone excess in the
added suspension resulting in a further increase in
the degree of desulphurization. A pH shift toward a
pH of �6 is obtained by the buffer reaction of hydro-
gen carbonate. The main reaction in the FGD there-
fore consists in the transformation of sulfur oxides
into inert insoluble end products (gypsum) in a weakly
acidic medium. The resultant attack of the material
arising from this process is in principle not critical.
Practice shows, however, that particular zones within
the plant are more sensitive with regard to materials
than others, apparently because of secondary reactions
or nonequilibrium conditions. Effects such as local
temperature variations, catalytically acting surface
conditions, and the tendency toward formations of
incrustations and concentrations of individual harmful
ions contribute to this. This results in zones ranking in
their aggressiveness from slight to very severe requir-
ing a whole spectrum of corrosion-resistant materials,
from high-alloy stainless steels to nickel alloys.

The lower-alloyed stainless steels can – as a sim-
plification – only be used in the area of the FGD
absorber in very mild conditions, at low temperatures
and if the development of concentrations under
incrustations or deposits can definitely be ruled out,
that is to say, in the neutral to weakly acidic region, if
the chloride ion concentration is adjusted to ¼ 0.5%.
The operating range of the alloys mentioned in
Table 1, for example, alloy 31 (EN 1.4562/UNS
N08031) commences in weakly acidic solutions and
extends to strongly acidic solutions with moderate
chloride ion attack. Higher-alloyed nickel alloys are

usually used at chloride concentrations>0.5% and in
acidic to very strongly acidic conditions as well as
where temperature increases to well over 70 �C are
expected. At temperatures over 100 �C, with large
fractions of chloride in the flue gas and much incrus-
tation with dust or gypsum deposits, only the
highest-alloyed materials such as alloy C-276 (EN
2.4819/UNS N10276) and alloy 59 (EN 2.4605/UNS
N06059) turned out to have long-term resistance,
but even these two broadly similar materials in prac-
tice exhibited marked differences in resistance to
the most aggressive FGD conditions. In the past,
countless reference plants have shown that alloy 59
(EN 2.4605/UNS N06059) is the only material that is
still in use in an undamaged condition, even after
many years of operation, in areas that are at greatest
risk of corrosion such as the raw gas inlet of an FGD
plant in a lignite-fired power station, and can also
guarantee safe operation of the plant for its entire
service life.

With this simplified representation of the areas of
application of the special steels and nickel alloys, it is,
however, vital to bear in mind that the actual material
specification is only possible with reference to the
specific project and by the material manufacturer, the
equipment fabricator, the engineering consultant, and
the plant operator working together. In doing so, a
large number of other parameters such as processing,
fuels, mode of plant operation, operating tempera-
tures, magnitude, and frequency of deviations from
the state of equilibrium, proportion of particulates,
incrustations, design, and geometry of the compo-
nents have to be taken into account.

It is economically sensible to produce in metal all
the components of the heat recovery system, the
quencher with the raw gas inlet, the absorber, the duct-
ing, the second heat exchanger, and the stack. Nickel
alloys are to be used for the components that will be
subjected to the most aggressive media. Heat recovery
systems, raw gas inlet areas, as well as fixing and sealing
elements of dampers, are as a rule the components that
are usually subjected to high condensate attack, and
must therefore be made from the most-resistant mate-
rials. In recent years, alloy 59 (EN 2.4605/UNS
N06059) has been used to a large extent for this appli-
cation. Alloy C-276 (EN 2.4819/UNS N10276) may
also be selected for these components; however, with
this, the reserve capacityof alloy 59 is not quite attained.
Since failure of fastening components could be disas-
trous and because of the extreme crevice conditions
encountered there, alloy 59 (EN 2.4605/UNSN06059)
is recommended for any fastening components too.
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Alloy 59 is also recommended as a universal filler metal
in welding, taking advantage of its high corrosion resis-
tance combined with its high thermal stability.

If a stable chemical system with pH values in the
range 4.5–6.5 is formed in the absorber sump and thus
the aggressiveness can be calculated, and also as long
as the chloride content is not too high, even alloy 31
(EN 1.4562/UNS N08031) can be used, given an
exact knowledge of the operating conditions. The
condition for the use of the latter material, however,
is the avoidance of gypsum deposits by designing the
agitating units accordingly. If there are any doubts, it
is better to manufacture the absorber sump region in
alloy 59 (EN 2.4065/UNS 06059), for example, in
clad form (10 þ 4mm). In the transition zone from
the raw gas inlet to the wet–dry interface of the sump,
certain areas have to be constructed with a greater
amount of alloy 59 or alloy C-276.

This also applies to the quencher nozzle system
up to the process-specific transition into the absorber
region (bowl in the dual-circuit scrubber). The first
absorption planes, that is, the first spray pipe layers
above the quencher nozzle system, can be made from
alloy 31 (EN 1.4562/UNS N08031). The head of a
dual-circuit absorber may be made from a high-alloy
stainless steel, depending on the effectiveness of the
mist eliminator. The heat recovery system, which is
coupled with the raw gas inlet must, even in the parts
where the gas is clean, be fabricated from nickel
alloys of the type alloy 59 (EN 2.4605/UNS N06059).

It is necessary to make a distinction between coal-
fired and lignite-fired power stations where the
clean-gas connections to the stack are concerned.
While, as a rule, in lignite-fired power stations with
heat recovery systems, very clean treated gas duct
conditions usually occur and thus limited deposits
form, the situation in coal-fired power stations is
the opposite. In particular, if there is no heat recovery
system and the mist eliminator system is not working
effectively or is not rinsed out frequently, thick
deposits form in coal-fired power stations, which
can give rise to an extremely high risk of corrosion
with simultaneous condensate formation, particularly
in the 6 o’clock position and in the flow deviation
areas, and at design-related flow interruption points.
Clean-operating treated gas ducts can, in some cases,
even be fabricated from alloy 31 (EN 1.4562/UNS
N08031) or even from a 6Mo stainless steel such as
alloy 926 (EN 1.4529/UNS N08926). With all other
methods of operation, higher-alloyed nickel alloys
must be used, particularly in the 6 o’clock position
and at the other flow interruption points, to achieve a

corresponding increase in corrosion resistance. Stack
inlet pipes or stacks built of solid metal usually
require the materials alloy C-276 (EN 2.4819/UNS
N10276) and alloy 59 (EN 2.4605/UNS N06059),
since it is not possible to calculate accurately over
the stack height and cross-section where the conden-
sation zone occurs as a function of the external climate.
Massive damages to coating systems (resin coatings
with flake filling) as well as serious rotting of unpro-
tected concrete stacks have recently increased the use
of metallic nickel–chromium–molybdenum materials
in stack construction.

Despite some fluid mechanics-related require-
ments, materials for shut-off fittings, for example, dam-
pers and gates, must naturally be assessed according to
their location in the gas stream. The material selection
is obviously based on the aforementioned remarks.

On the basis of past experience, the selection of
suitable materials specific to the component can
guarantee a better long-term reliability and thus
higher plant availability. If costs dictate thin-walled
application of highly corrosion-resistant materials,
this can be produced by the cladding of existing or
new carbon steel structures with thin large sheets of
nickel–chromium–molybdenum materials (wallpa-
pering), or by the use of explosively or roll-bond
clad composites with highly corrosion-resistant clad-
ding materials.
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3rd ed.; Heubner/Klöwer, et al., Ed.; Expert Verlag:
Renningen, 2003; Chapter 2, pp 47–93.

7. Craig, B. D.; Anderson, D. S. Eds.; Handbook of Corrosion
Data, 2nd ed.; ASM International: Materials Park, OH,
1995.

1914 Non-Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد

http://www.coe.fr/soc-sp
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NACE International: Houston, TX, 2000, Paper No. 501.

25. Agarwal, D. C.; Brill, U.; Behrens, R. CORROSION
2004; NACE International: Houston, TX, 2004, Paper
No. 04281.

26. Butts, M. D.; Cripps, P. R.; Gilbertson, O.; Agarwal, D. C. In
AIRPOL Symposium 2004, August 29, 2004, Washington,
DC; NACE International: Houston, TX, 2004.

27. Heubner, U.; Rockel, M. B.; Wallis, E. ATB Metall. 1985,
XXV(3), 235–241.

28. Hibner, E. L.; Pucket, B. C.; Patchell, J. K. CORROSION
2004; NACE International: Houston, TX, 2004, Paper No.
04110.

29. White, F. E.; Jallouli, E. M.; Moustaqssa, A.; Agarwal,
D. C. In AIChE Central Florida Section, 23rd Annual
Memorial Weekend Conference on Phosphate
Technology, Clearwater, Florida, May 28–30, 1999.

30. Alves, H.; Stenner, F.; Agarwal, D. C.; Hoxha, A.
CORROSION 2006; NACE International: Houston, TX,
2006, Paper No. 06221.

31. Thomas, B.; Agarwal, D. C. CORROSION 2007; NACE
International: Houston, TX, 2007, Paper No. 07216.

32. Heubner, U.; Kirchheiner, R.; Rockel, M. CORROSION 91;
NACE International: Houston, TX, 1991, Paper No. 321.
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Glossary
Stellite A family of cobalt–chromium based alloys

typically containing additions of carbon,

tungsten, and molybdenum and notable for

their extreme hardness and good corrosion

resistance.

Abbreviations
Bcc Body centred cubic

Fcc Face centred cubic

GTAW Gas tungsten arc welding

Hcp Hexagonal close packed

HIP Hot isostatic pressing

MoM Metal-on-metal

SFE Stacking fault energy

TCP Topologically close packed

THR Total hip replacement

TJR Total joint replacement

TWL Total weight loss

Symbols
Ecorr Corrosion potential

icorr Corrosion current density

3.06.1 Metallurgy

3.06.1.1 Introduction

Cobalt is one of the transition metals appearing
between iron and nickel; it was discovered by Brandt
in 1735. Depending on temperature, there are two
allotropic modifications of cobalt: face centered
cubic (fcc), which is stable above 690K and hexagonal
close packed (hcp), stable below 690K. Pure cobalt is
soft and it has poorer oxidation resistance than nickel
and iron. However, the alloying of cobalt with chro-
mium and various quantities of carbon and tungsten
results in the family of Stellite alloys, which have
excellent corrosion and wear resistance. Cobalt is
generally obtained as a secondary product from the
mining of other elements, particularly copper and
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nickel; relatively minor quantities (15%) derive from
primary cobalt mining.1 Current production is around
�50 000 tonnes per annum at a producer cost gener-
ally from three to five times that of nickel.

The cobalt-base alloys are extremely resistant to
many forms of wear and moderately resistant to many
forms of corrosion. For example, alloys optimized for
wear resistance generally include significant carbon
addition, which results in the formation of carbides in
the microstructure during alloy solidification. These
carbides increase the hardness of the alloys and their
resistance to low-stress abrasion. Key applications are
in wear and erosion-resistant alloys (e.g., the Stellite
family and cemented carbides) and in high tempera-
ture oxidation-resistant alloys: these comprise �40%
of cobalt use. The balance of production is used in
batteries (25%), magnetic alloys (6%), colors and
pigments (10%), catalysts (9%), etc.

Alloys designed for service in severely corrosive
environments typically contain low carbon levels.
Not only does this markedly improve resistance to
corrosion, but also it increases ductility. The chief
benefits of high carbon content are increased hard-
ness and enhanced resistance to low-stress abrasion,
both of which increase with increasing carbon con-
tent. Aspects of the corrosion resistance are discussed
in detail later in the chapter.

In forming carbides, the carbon ties up a portion of
vital alloying elements, such as chromium. The effec-
tive chromium content from a corrosion standpoint
(the chromium remaining in the solid solution) is
therefore considerably lower than indicated by the
nominal composition. Carbide forming elements
such as tungsten (which forms W6C type carbides)
may reduce the amount of carbon required to reach
the eutectic composition.

3.06.1.2 Alloying

Historically, many of the commercial cobalt-base
alloys are derived from the cobalt–chromium–tungsten
and cobalt–chromium–molybdenum ternaries first in-
vestigated by Elwood Haynes in the beginning of the
twentieth century.2 He discovered the high strength
and stainless nature of the binary cobalt–chromium
alloy, and he later identified tungsten and molybdenum
as powerful strengthening agents within the cobalt–
chromium system. When he discovered these alloys,
Haynes named them the Stellite alloys after the Latin
‘stella’ (star), because of their star-like microstructure.
Having discovered their high strength at elevated tem-
peratures, Haynes also promoted the use of Stellite
alloys as cutting tool materials. In Figure 1 a typical
microstructure of the Stellite 6 alloy is shown and the
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Figure 1 Typical microstructure of Stellite 6 alloy: (a) analysis area composition in wt% is 60.8% Co, 29.8% Cr, 6.2% W,
1.7% C, 1.4% Fe (b) is eutectic Cr-rich carbide, and (c) is the Co rich matrix. Reproduced from Malayoglu, U. PhD Thesis,

Heriot-Watt University, 2005.3
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complex structure of eutectic carbides and the Co-rich
matrix is clear.

The chemical constitution of cobalt alloys is anal-
ogous to the general family of stainless steels and the
role of major and minor alloying elements is virtually
identical throughout these austenitic alloy systems.
The addition of alloying elements alters the thermo-
dynamic stability of the fcc compared with the hcp
phases by either enlarging or constricting their fields.
These alloys also effect the martensitic transforma-
tion by influencing the Ms (martensitic start) and As
(austenite start) temperatures.

In cobalt-base alloys, the key element, chromium,
is added in the range of 20–30wt% to improve
corrosion and wear resistance and for some measure
of solid–solution strengthening. Where carbide pre-
cipitation strengthening is a desirable feature, chro-
mium also plays a strong role through the formation
of a series of varying chromium–carbon ratio carbides
such as M7C3 and M23C6. M7C3 carbides, which have
a hexagonal crystal structure and contain �70 wt%
Cr,�12 wt%Co, and small amounts of other metallic
elements in the alloy.

The refractory elements, tungsten and molybde-
num, are utilized as the major solid–solution strength-
eners for both wrought and cast cobalt alloys, while
those of lower solubility such as tantalum, columbium,
zirconium, and hafnium are generally more effective
in their carbide forming role. Molybdenum and tung-
sten produce strengthening by formation of interme-
tallic compounds of Co3M and MC carbides and the
formation of M6C carbides

For cast alloys, Morrow et al.4 demonstrated that
replacing tungsten with an atomic equivalent addition
of molybdenum improves elevated tensile and rupture
ductility without decreasing strength in alloys such as
FSX 414 and MM 509. Additionally, alloy cost and
density decreases with little change in expansion coef-
ficient or microstructural characteristics. However,
molybdenum addition slightly decreases the solidus
and liquidus temperatures and increases the total
solidification range, which somewhat alters the carbide
morphology and produces additional eutectic carbides.

The refractory element rhenium has been success-
fully utilized in nickel alloys for solid solution
strengthening; however, its potential in cobalt alloys
has not fully been explored. Like tungsten, it exhibits
extensive solubility in the matrix and increases the
solidus and liquidus temperatures. Of the alloying
elements, tungsten produces a favorable increase in
melting temperature. Tantalum has been success-
fully utilized as a replacement for tungsten in high
temperature sheet alloys MM-918 and S-57, where

some improvement in oxidation resistance was also
demonstrated. The effect of different alloying ele-
ments is summarized in Table 1.

3.06.1.3 Microstructure and
Microstructural Influences

The microstructure of Stellite alloys varies consider-
ably with composition. They may either be in the form
of hypoeutectic structure consisting of primary den-
drites of a cobalt-rich solid solution surrounded by
eutectic carbides, or of hypereutectic type containing
large idiomorphic primary chromium rich carbides and
eutectic.

Among the alloying elements, carbon is found to
have a large influence on the microstructure, caus-
ing a change from a hypoeutectic to hypereutectic
alloy. Figure 2 shows the phase diagram for the

Table 1 The effect of several elements in cobalt-base

superalloys

Element Effect

Chromium Improves oxidation and hot-corrosion

resistance; produces strengthening by
formation of M7C3 and M23C6 carbides

Molybdenum Solid–solution strengtheners; produce

strengthening by formation of
intermetallic compound Co3M; formation

of M6C carbide

Tungsten

Tantalum Solid–solution strengtheners; produce
strengthening by formation of

intermetallic compound Co3M and MC

carbide; formation of M6C carbide

Columbium
Aluminum Improves oxidation resistance; formation

of intermetallic compound CoAl

Titanium Produces strengthening by formation of
MC carbide and intermetallic compound

Co3Ti; with sufficient nickel produces

strengthening by formation of

intermetallic compound Ni3Ti
Nickel Stabilizes fcc form of matrix; produces

strengthening by formation of

intermetallic compound Ni3Ti; improves

forgeability
Boron Produce strengthening by effect on grain

boundaries and by precipitate formation;

zirconium produces strengthening by
formation of MC carbide

Zirconium

Carbon Produces strengthening by formation of

carbides MC, M7C3, M23C6, and possibly
M6C

Yttrium Increases oxidation resistance

Lanthanum

Source: Anon, Cobalt Monograph, Centre d’Information du
Cobalt/Battelle, 1958.
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carbon–cobalt alloy system. As can be seen in the
hypoeutectic side of the system (<1.6at% of C)
the liquidus temperature of the alloy decreases
by �14 �C for each 1% increase in carbon content.
Carbon is clearly critical to those casting alloys
formulated for the highest creep rupture strength
levels, since carbide strengthening is the primary
precipitation hardening mechanism utilized in the
cobalt alloy system. The control of carbon is critical
for tensile and rupture strength and ductility since it
has been shown that a nonlinear increase in strength
occurs over a range of �0.3–0.6% carbon.

The strength of most cobalt base superalloys is
derived from the carbide phases present in the matrix
and distributed around the grain boundaries. The car-
bides that form depend on the composition and ther-
mal history of the material. The carbide former
elements are from group IV (Ti, Zr, Hf), group
V (Cb, Ta), and group VI (Cr, Mo, W). The types of
carbides that are formed are as follows (M and
C represents metal and carbon atoms respectively):

M3C2: rhombic, a high chromium content carbide
which forms at low Cr/C ratio;
M7C3: trigonal, a high chromium content carbide
which forms at a slightly higher Cr/C ratio;
M23C6: cubic, a high chromium content carbide
which forms at an higher Cr/C ratio, when the Cr
is greater than 5wt% of the alloy;

M6C: complex cubic, a carbide phase whose vol-
ume fraction increases as refractory metals are
introduced;
MC: fcc NaCl structure, a carbide comprising
metal groups IV and VI.

These carbides are listed above in the order of
increasing stability, or free energy of formation. The
stronger the carbide formers used, the greater is the
tendency to form M6C and MC carbides. The type of
carbides that form is dependent upon both thermal
history and composition. Lane and Grant6 suggested
a transformation of M7C3–M23C6 during aging in an
X-40 casting, which is described by the reaction

23M7C3 ¼ 7M23C6 þ 27C ½1�
This demonstrates that a nonequilibrium struc-

ture exists in Co castings at high temperatures.
The microstructure of cobalt base superalloys is

thus a combination of MC, M7C3, M23C6, and
M6C carbides. In the cast structures, both composi-
tion and shape help to distinguish one carbide from
another. The MC carbides have two characteristic
shapes, a Chinese script and a block-like angular
particles. The differences are believed to be the result
of formation at various times during solidification.
Block-like angular MC carbides may form initially
before the bulk of the melt has started to solidify,
whereas in the Chinese script, MC carbide is formed
within the eutectic composition.7

M23C6 carbides are found mostly as fine plates
interlayered with the cobalt matrix. This eutectic
structure has a block-like shape. Subsequent heating
of the cast structure can dissolve the M23C6 carbides.
Upon aging, the carbides are precipitated as fine
particles, usually near the eutectic M23C6 islands. In
contrast to other carbides, the M6C carbides do not
have a characteristic morphology. Other important
microstructural features of cobalt base superalloys
are stacking faults, which have been reported to be
present on all {111} planes.8 Stacking faults appear to
be related to the tendency to form hcp. Since stacking
faults in fcc materials have an hcp structure, this is
not surprising.

Many of the chemical attributes of the cobalt-based
alloys derive from their crystallographic characteristics,
which are summarized in Figure 3. The influence of
alloying elements such as iron and nickel is explained
through their effect on the stacking fault energy (SFE).
Ni, Mn, and Fe have a strong effect on the SFE stabi-
lizing the fcc allotrope, but Mo, W and Cr tend to
stabilize the hcp allotrope and decrease the SFE.
The excellent erosion resistance of cobalt-based
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Figure 2 Cobalt–carbon binary system. Reproduced from
Atamert, S. Stability, wear resistance and microstructure

of iron, cobalt and nickel-based hardfacing alloys,

PhD thesis, University of Cambridge UK, 1989.5
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Stellite alloy is greatly attributed to the low SFE,which
in turn means higher stacking fault probability and a
greater chance for the formation of e hcp platelets. The
lower the SFE (the greater the width of stacking fault),
the more difficult cross-slip is and the higher the work
hardening and the strain to fracture. Thematerialswith
low SFE tend to strain harden rapidly, and show the
highest galling resistance.

The effect of stacking faults may be detrimental to
overall mechanical properties of cobalt base super-
alloys. Stacking faults have been shown to contribute
to the strength of materials by inhibiting dislocation
flow.5 They also serve as sites for precipitation of
second phases in cobalt base superalloys, which can
likewise increase strength.10 In contrast, it has been
suggested that excessive stacking faults decrease the
ductility of cobalt base superalloys to a value unac-
ceptable for commercial use.

Stellite 6B is more likely to transform to hcp phase
than most cobalt-base alloys since the fcc stabilizing
elements iron and manganese are present in small
amounts. Although carbon has a strong stabilizing
effect in solution, most of it is tied as carbides. In
fact, by suitable heat treatment, partial transformation
may be achieved by thermal exposure alone.

Addition of iron and nickel are known to increase
the stability of the fcc phase (and therefore, the SFE)
of cobalt-base alloy. Furthermore, an increase in the
SFE results in a change in the mode of deformation.
The a!e transformation occurs to a lesser extent and
there is a greater tendency towards slip of undissoci-
ated dislocations {111} phase. The a!e phase trans-
formation and the formation of mechanical twins have

been found to cause rapid increase in the work hard-
ening rate while also producing a maximum in the
strain to fracture. These two phases are considered
necessary for erosion resistance and therefore, any
factor suppressing these structural changes must lead
to a decrease in resistance.

3.06.1.4 Alloy Systems

The cobalt–chromium–carbon system is characterized
by the affinity of chromium for the formation of
carbides of various types in which cobalt can replace
some of the chromium. Wever and Haschimoto11

carried out extensive studies on the solidification
behavior of cobalt–chromium–carbon alloys of various
compositions by thermal analysis. According to their
findings the 30% Cr, 1% C alloy has a solidification
range (the temperature difference between the solidus
and liquidus temperatures) of �150 �C. In the carbon
content range of 1.0% to 1.7%, the solidification range
decreases by �5.5 �C with each 0.1% increase in car-
bon content. Also, they showed that at 1% carbon, an
increase in chromium from 20% to 30% results in
reduction of the solidification range by �50 �C.

Koster and Spencer12 studied the constitution of
the cobalt–chromium–tungsten alloy system and their
work showed for up to �30% chromium and 15%
tungsten the microstructure at room temperature con-
sists of only the cobalt base solid solution. At higher
chromium and tungsten contents various intermetallic
phase would form in addition to the solid solution.

The carbon–tungsten–carbon system has been the
subject of many investigations concerning cemented
tungsten carbides (WC and W2C), dealing mainly
with alloys containing less than 25% cobalt. However,
Rautala and Norton13 covered most of the alloy system
and produced diagrams showing phase equilibria at
1400 �C. These studies show that if the carbon content
is maintained close to that required for stoichiometric
formation ofWC therewill be a stable two-phase region
ofCo+WCbelow 1400 �C.Carbon deficiencies lead to
formation of Co3W3C while carbon excess leads to the
formation of graphite. However, it has to be mentioned
that up to �7.5% WC is soluble in cobalt.13 Thus in
alloys containing small quantities of carbon and tung-
sten, the formation ofWCphasewould not be expected.

3.06.1.5 Processing

There are numerous processing techniques depending
on the application and the environment available to
provide good wear and corrosion resistance parts from
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Figure 3 Effect of alloying elements on the fcc–hcp

transformation in cobalt as a function of solubility.

Reproduced from Sims Chester, T.; Stoloff, N. S.; Hagel,
W. C. Super Alloys II; John Wiley & Sons: London, 1987.9
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cobalt base alloys. The effect of different processing
techniques on the microstructure and the mechanical
properties has been studied by different researchers
and a short review is presented later in the chapter.

Wrought cobalt–tungsten base alloys were studied
by Adkins et al.14 In the binary alloys, the room
temperature hardness increased with increasing tung-
sten content up to 15%. There was a slight drop in
hardness for alloys containing over 15% tungsten.
Solution-treated and quenched alloys showed a mar-
tensitic Co3W phase.

Stellite alloys are often used as a coating for hard-
facing applications or as castings. The casting and
hard-facing of Stellite is, however, difficult and
leads to an inhomogeneous coarse grain structure
and also to excess dilution and improper adherence
when there is overlaying.

Mohamed et al. studied the localized corrosion
behavior of alloy Stellite 6 produced by hot isostatic
pressing (HIP) and by wet powder pouring using elec-
trochemical techniques.15 In another workWong-Kian
et al. compared the erosion corrosion behavior of
HIPed and welded Stellite coatings16 and showed that
HIPed alloys have lower mass loss due to finer micro-
structure. Malayoglu also confirmed the superior resis-
tance of HIPed Stellite 6 and attributed this to the
different microstructure with spherical carbides and
the enrichedCr in solid solution in thematrix.3Figure 4
shows the HIPed microstructure of Stellite 6.

Frenk and Kurz17 investigated the solidification
conditions and microstructure of a cobalt base alloy.

They concluded that different processing conditions
can be achieved using laser surface cladding. For exam-
ple, a variation in the laser scanning rate over two
orders of magnitude from 1.67 up to 167mms�1 led
to a considerable refinement of the microstructure.
Antony18 compared the wear performance of various
forms of Stellite alloy 6B. He showed that gas tungsten
arc welded (GTAW) alloy had better cavitation res-
istance compared to investment cast, wrought and
oxyacetylene Stellite 6B deposit. Berns and Wendl
analyzed the microstructure of the alloy Stellite 6 in
the cast, forged and powder metallurgy state and com-
pared them to the mechanical and wear properties.19

Weld overlays are used for economic and technical
reasons. From an economic standpoint, it is sensible to
use relatively expensive wear and corrosion resistant
alloys only where their properties are necessary. From
a technical standpoint, many wear-resistant alloys are
brittle by nature and thus unsuitable for use in bulk
form. The largest problem associated with the use of
weld overlay material is dilution that is, the intermix-
ing which occurs with the substrate material, generally
stainless steel. It has been reported that dilution of iron
into the cobalt-base alloy is detrimental to the corro-
sion and cavitation resistance of cobalt-base alloys.20

Cobalt and cobalt–molybdenum binary alloys have
been the subject of work by Bibring and coauthors.21 In
alloys containing 8% or 10% molybdenum, quenching
results in a structure that consists primarily of the hcp
low temperature phase, and a significant proportion
of the fcc nonequilibrium high temperature phase.
When aged at a temperature below the solubility
limit, the supersaturated hcp phase increases rapidly
in hardness, while the fcc phase remains unchanged.
This selective hardening of the hcp phase is due to
the appearance of a phase with a composition
corresponding to Co3Mo. Darby and Beck22 investi-
gated the cobalt–chromium–molybdenum alloys and
they reported an existence of Co13Cr17, which had a
beneficial effect on the mechanical properties of the
alloy. Silverman et al.23 increased the proportion of
chromium and molybdenum in commercial alloy
Stellite 21. They found that room temperature hardness
increased with increasing proportion of chromium and
molybdenum.

Precipitation of an intermetallic compound in
cobalt–chromium–molybdenum alloys was found to
increase the room-temperature hardness in alloys
containing 20% chromium and up to 16% molybde-
num. A study of precipitation hardening in alloys
containing 12.0% to 17.5% chromium and from
15% to 20% molybdenum was made by Lux and
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Figure 4 Microstructure of HIPed Stellite 6 (e) Cr-rich

carbides, (f) Co-rich matrix. Reproduced from Malayoglu,

U. PhD Thesis, Heriot-Watt University, 2005.
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Bollmann.24 The alloys as-cast all contained a coarse
precipitate of Co7Mo6. Some of the alloys in the cast
condition showed Widmanstatten structure. It was
suggested that this structure was associated with the
formation of a Co3Mo super lattice. Generally
speaking, the precipitate observed in cast specimens
that had been aged for 100 h at 1000 �C gave an X-ray
pattern that corresponded to Co7Mo6, but chemical
analysis of precipitates indicated a partial replacement
of the molybdenum by chromium. The amount of
chromium in the precipitate increased with aging
temperature. At room temperature, the data offered
three possible relationships between the precipitate
and the matrix: a Co3Mo super lattice, a coherent
Co3Mo precipitate, or a coherent Co7Mo6 precipitate.

3.06.1.6 Strengthening Mechanisms

Intermetallic compounds play an important role in
the microstructure of Co-base alloys and the next few
paragraphs discusses the nature of these and their
role in affecting the properties of Co-base alloys.

Geometrically close-packed (GCP) phases are
usually designated by the chemical formula A3B,
where A is the larger atom. For example, in nickel
base superalloys a fine precipitate Ni3(Al,Ti) contri-
butes greatly to high temperature strength. Because of
its strengthening characteristics and high solution
temperature, this phase has improved tremendously
the high temperature properties of nickel superalloys,
and even surpassed the properties of the cobalt sys-
tems. The generation of GCP phases within cobalt
alloys is substantially more difficult since the chemi-
cal and crystallographic stability is affected by a lat-
tice mismatch that is rarely less than 1%. In contrast,
topologically close-packed phases (TCP) are usually
detrimental to high temperature mechanical proper-
ties of cobalt superalloys. These phases are made up of
close-packed layers of atoms separated from one
another by relatively large interatomic distances
forming a characteristic topology. By contrast, GCP
phases are characterized as close-packed in all direc-
tions. The most common TCP phases are s, m, and
R which are electron compounds. The general for-
mula for a TCP phase is: (Co,Ni)x(Cr,Mo,W)y; where
x and y¼ 1–7. The structure of the TCP-type phases
(s, m and R) are as follows:

Laves phases are the most common intermetallic
compounds of the TCP type. The chemical formula
for Laves phase is A2B, where A and B are two differ-
ent metallic elements and occur in high temperature
superalloys when excessive amounts of refractory
metals are added. These phases precipitate as both
plate and block structures and are generally detri-
mental to mechanical properties.

The primary strengthening mechanism in cobalt
base alloys is precipitation hardening; principally by
the presence of carbides in the matrix and grain
boundaries. The carbides, especially M23C6, precip-
itate at the grain boundaries, pin the grain bound-
aries preventing grain boundary sliding, or in the
case of higher carbon content, the carbide network
may support some of the load. The large carbide
particles can act as dislocation generators under the
influence of a stress and the subsequent dislocation
interaction can give rise to an increase in the flow
stress of the metal. Regarding carbides, another
important mode of strengthening arises from pre-
cipitation of fine M23C6 particles on stacking faults.
This provides a rather uniform dispersion of inter-
locking structural effects caused by the hard car-
bide particles at stacking faults and stacking fault
intersections.

Beside carbides, another form of second phase
particles in cobalt-based alloys are intermetallic com-
pounds as mentioned earlier. These phases have to be
considered as they can cause a significant loss of both
strength and ductility. Their deleterious effect is due
primarily to the chemical partitioning effect caused
by the mass presence of the phase itself, thus depleting
the matrix of solute-strengthening atoms. As men-
tioned earlier, solid solution strengtheners include
mainly the refractory elements such as chromium,
molybdenum and tungsten. These atoms contribute
to strengthening in a number of ways: they inhibit
recovery by binding vacancies; and also they impede
dislocation glide through the existence of interstitial
complex around the refractory atoms. The fcc–hcp
transformation in cobalt alloys has not been fully
utilized in the development of desired mechanical
properties. This is primarily due to the fact that the
details of the allotropic transformation have not been
well understood. The first detailed examination using
transmission electron microscopy of the fcc–hcp trans-
formation in the Co–Cr–Mo–C system was carried
out by Vander Sande et al.25 Their work was initiated
by earlier findings of property modifications in
response to heat treatment and processing variables
and associated microstructural changes.

s¼ complex body centre tetragonal 30 atoms/unit cell

m¼ rhombohedral 13 atoms/unit cell

R¼ rhombohedral 53 atoms/unit cell
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3.06.2 Corrosion

3.06.2.1 Electrochemistry

Compared with iron, cobalt is significantly more
noble and part of its domain of stability lies above
the hydrogen stability line for water. Compared with
nickel, it is slightly less noble; the main difference
in chemistry being a considerably larger stability
for the Co(III) oxidation state compared to the cor-
responding nickel species. Cobalt is passive in neutral
to alkaline pH but dissolves in aerated and dearated
acids below pH 7. The Pourbaix diagram for cobalt is
shown in Figure 5.

3.06.2.2 Passive Films on Co-Base Alloys

It is generally acknowledged that the susceptibility of
passivemetals to localized corrosion (including pitting)
and the rate at which this corrosion process occurs are
closely related to the ability of the passive film to resist
breakdown and to repassivate once corrosion has
initiated.26 The chemical composition of the passive
film, its structure, physical properties, coherence and
thickness are of paramount importance in the nucle-
ation and propagation of localized corrosion.

Investigations into the composition and structure
of passive oxide films on stainless steels and other
related passive alloys, of which the Co-base super-
alloys are one class, are much more difficult than in

the case of analysis of oxide films on iron because the
films are thinner, their chemical composition is com-
plicated, and they cannot be reduced cathodically.
A major part of the information available on compo-
sition and structure of passive films on stainless steels
has been obtained with spectroscopic techniques,
particularly X-ray photoelectron spectroscopy (XPS)
and Auger electron spectroscopy (AES). Other meth-
ods such as ion scattering spectroscopy (ISS) and
secondary ion mass spectrometry (SIMS) also pro-
vide valuable data.

The XPS method was used to study the composi-
tion and structure of oxide films on iron-chromium
alloys. Li et al.27 used this method to compare the film
formed on Fe–30Cr and Fe–30Cr–2Mo alloys during
passivation in 1M KCl. They did not find any substan-
tial differences in the film composition, which was
primarily hydrated chromium oxyhydroxide. XPS
and AES methods were also used by Olefjord and
Elfstrom to study oxide films on austenitic stainless
steels passivated in 0.1M HCl+ 0.4M NaCl solu-
tion.28 The passive film consisted primarily of chro-
mium oxide. Iron was preferentially dissolved even
during passivation. Mo enrichment was observed in
high Mo alloyed (6%) steel. Ni was present only to a
small extent in the film.

Compared to the extensive literature on Fe-based
alloys (especially stainless steels) there is very little
information available on other alloys which exhibit
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passivity (e.g., Ni and Co-based alloys). Hocking et al.29

studied the corrosion of Stellite 6 in lithiated high
temperature water used in pressurized water reactors
(PWR) coolant circuits. By using XPS, they deter-
mined the chemical composition at the outer surface
of the corrosion layer and concluded that oxidation of
Stellite 6 alloy is believed to occur by preferential
dissolution of Co at the solution interface, leaving a
Cr-rich oxide. An increase in oxygen activity leads to a
change in the mechanism from diffusion controlled to
solution transport, dissolution-precipitation process
and the corrosion rate increases.

McIntyre et al. also studied on the formation of the
corrosion film on Stellite 6 alloy30 According to their
work there are two major mechanisms controlling the
corrosion behavior of the alloy during aqueous oxi-
dation. One is migration via solid-state processes,
while a second results from dissolution of the cation
and its subsequent reprecipitation on the oxide sur-
face. As a result of their work, they concluded that
during aqueous exposure in either reducing or mildly
oxidizing conditions, a depletion of the cobalt surface
composition was observed. This implies that there is a
preferential dissolution of cobalt, which had already
migrated preferentially to the interface.

It is also known for passive alloys that there is
generally an inverse relationship between the thick-
ness of the film and its protective property. This was
seen in work by Malayoglu et al.3 where the break-
down potential in anodic polarization tests was
shown to be reduced aligned with a thinning of the
passive film detected by XPS on HIPed Stellite 6 in
3.5% NaCl.

For the as-polished sample of Stellite 6, the C 1s
spectrum revealed the presence of an overlay of
carbonaceous contamination, and the O 1s spec-
trum the presence of oxide/hydroxide species at
the surface. The carbon contamination and oxygen-
containing species are readily removed by argon
etching. The C 1s spectrum also reveals the presence
of metal carbide species below the contamination over
layer. The Cr 2p spectrum comprises the presence of
Cr metal, carbide and oxide/hydroxide species and
theW 4f spectrum is consistent with the metal but not
W oxides. The Co 2p spectrum is consistent with
the presence of Co metal and oxide/hydroxide spe-
cies. The XPS signals of the metal oxide/hydroxide
species decrease with argon ion etching, hence the
model for the as-polished surface is of a matrix of
metal and metal carbide species with an over layer
of Cr and Co oxide/hydroxide and carbonaceous
contamination.

The analysis of the spectra after anodic polarization
on HIPed Stellite 6 indicates a multilayer duplex
structure, where the composition changes continually
with depth. At the outer surface, the film contains no
metallic Co, Cr or W and consists of Cr(OH)3/Cr2O3

and WO2. Immediately beneath this layer, depending
on the test temperature, the film is composed of Cr
(OH)3/Cr2O3 and metallic Cr, from the bulk material
can be observed. Similarly, W was detected in the form
of WO3 and metallic W. A schematic representation of
the key components of the air-formed film and cor-
roded surface was presented as shown in Figure 6.

Maffiotte et al.31 confirmed the qualitative similar-
ity in oxide film composition on a 30%Cr, 4.5%W,
2.5% Ni alloy when exposed to different environ-
ments representative of operating conditions in
PWR. The film in both solutions was Cr-enriched
and Co-depleted but the depth profile of the oxide
film composition was dependent on the solution
composition. Longer exposure to the solution further
enriched the oxide with Cr as shown in Figure 7.

3.06.2.3 Corrosion of Cobalt-Based Alloys

Co-base alloys have seen extensive use in wear envir-
onments mainly due to their high strength, corrosion
resistance and hardness. Application of cobalt-based
superalloys was traditionally most prevalent in the
nuclear industry in the 1960s and 1970s and, for this
reason, much research into corrosion of Stellite was
focused in conditions relevant to nuclear power appli-
cations such as simulated pressurized water reactor
and primary heat transfer conditions, for example.32

Currently, use of Stellite alloys has extended into
various industrial sectors (e.g., pulp and paper pro-
cessing, oil and gas processing, pharmaceuticals,
chemical processing) and the need for improved

CoO
Cr(OH)3
Cr2O3

Passive film on matrix Cr-rich carbides

Co/Cr/W-rich matrix

Cr(OH)3
WO3

Cr2O3
WO2

Figure 6 Key components of the air-formed passive film.

Reproduced from Malayoglu, U. PhD Thesis, Heriot-Watt
University, 2005.
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information regarding corrosion (and often tribo-
corrosion) of Stellite alloys has increased. It has
been recognized that processing changes, which
affect the microstructure of Stellite alloys, affect the
corrosion behavior. Stellite alloys have been used as
surface engineering systems as weld overlays, laser-
clad overlays and HVOF coatings, and because of the
very different microstructures as a result of the ther-
mal cycling, the corrosion properties can vary. In a
study by Kim and Kim33 the corrosion resistance of
Stellite 6 resulting from the plasma transferred arc
(PTA) welded surfaces was compared to spray-fused
and open arc-welded surfaces. Their corrosion
results showed that the corrosion resistance of PTA
weld surfaced Stellite 6 is better than that of the open
arc weld surfaced Stellite 6 because dilution (�15%)
with the iron substrate for the open arc weld surfaced
Stellite 6 is higher than that (�5%) of the PTAweld
surface Stellite 6. Figure 8 shows the increase in
corrosion current density (icorr) for the alloys experi-
encing higher dilution.

Mohamed et al.15 studied the localized corrosion
behavior of powder metallurgy processed cobalt-base

alloy Stellite 6 in a chloride environment. They
showed that the Stellite 6 alloys produced by the
HIP technique had the highest pitting and crevice
corrosion resistance compared with identical alloys
manufactured by the rolling or wet powder process.
They discussed how the Oldfield–Sutton model of
acidification was more appropriate for crevice corro-
sion in HIPed alloys than the models used to describe
Cl� accumulation. The finer microstructure for the
HIPed alloy was thought to be the main reason for
the improved resistance.

Human et al.34 studied the electrochemical polari-
zation and corrosion behavior of a cobalt–tungsten–
carbon alloy in 0.5M sulfuric acid. They showed
that tungsten and carbon additions influence the
corrosion behavior of the alloy. With increasing tung-
sten and carbon additions, the corrosion current den-
sity and the critical current density were reduced.
The corrosion potential shifted to more positive
values with increasing additions. As the corrosion
studies have not necessarily been made with high
purity elements, the effect of small amounts of
impurity or alloying elements and the synergistic
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effects of them on the corrosion performance of the
metals and alloys is difficult to determine and
understand.

In this work empirical relationships were devel-
oped for the alloys of the form

Ecorr ¼ �372þ 70V fcc
v ðC;W Þ½mV�

where V fcc
v is the volume fraction of fcc phase. In this

nonpassivating system, the cracks and pores in the
surface layer are clearly visible (Figure 9).

Malayoglu assessed the corrosion resistance of
three Stellite alloys in the cast and HIPed form.
The Stellite 12 has a similar composition to Stellite
6 but with a much higher content of W of 9%. In
Stellite 706, the W in Stellite 6 is replaced with Mo.
As shown in Figures 10a and 10b the resistance to
passivity breakdown (Eb) is affected by temperature
and the alloys are affected to a different extent. At
low temperature for the cast alloy Stellite 12 and
Stellite 706 are comparable and more resistant than
Stellite 6. Between 30 and 40 �C, there is a significant
loss of resistance for Stellite 6. In potentiostatic tests
on HIPed alloys, it was shown that the critical tem-
perature was higher for Stellite 12 and Stellite 706.
However, severe tunneling pitting was seen on Stel-
lite 12 – not seen on Stellite 6.

3.06.2.4 Oxidation

The effect of alloying elements on the high temper-
ature corrosion performance of the metals and

alloys, and the corrosion resistance of films and
scales have been summarized by Frantsevich35 who
stated that;

� Small amounts of alloying elements will affect the
parent metal oxide by changing its conductance.
Factors influencing this will be the alloying ele-
ment’s valence, ion radius, and the heat of forma-
tion of the oxide.

� Large amounts of alloying elements will affect,
more significantly, the properties, such as: electri-
cal conductivity, mechanical and thermodynamic
stability, and mutual solubility of the oxide phase.
Changes in the dissolution pressure, concentra-
tion defects in the lattice, appearance of physical
defects in the scale owing to stresses originating in
the oxide film can be expected.

The effects of the alloying elements on improving
the oxidation resistance of an alloy may be due to one
or more of the following main factors:

� Reduction of the diffusion rate of reaction compo-
nents in the oxide layer and metal through the
decreased concentration of lattice defects and the
formation of new phases of combined oxides.

� An increase of the ion mobility in the oxide may
improve the mechanical properties of the scale
phase and permit some plastic deformation.

� The decrease of the metal/oxide volume ratio, due
to the change of parameters of the oxide and metal
lattices, occurs when the cations are replaced with
ions of smaller radii.
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Figure 9 Cracks and pores in the surface layer of Co––WC
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3.06.2.5 Corrosion in Biomedical
Applications

3.06.2.5.1 Joints

CoCrMo alloys have been widely and successfully
used in hip joints due to their high corrosion resis-
tance and good mechanical properties. Many authors
have studied effects of the microstructure and ele-
mental content on the joint-bearing performance. It
has been shown that many factors influence their
performance.36–39 However, one major concern

about the use of CoCrMo alloys is the toxicity of the
released Co and Cr ions. From clinical examinations,
released metal ions lead to various phenomena: trans-
portation, metabolism, accumulation in organs, aller-
gic reactions, and carcinoma. If a large amount of
metal ions are released, it is generally thought to be
harmful to human health.40–42 Some researchers have
found Co, Cr, and Ni ions can be eliminated through
urine.43 Nevertheless, how they affect different
organs, and the safe level of metal ions, are still
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under investigation. Their effects are thought to be
also dependent on the individual. Since the release of
metal ions depends on the electrochemical reactions
or on tribocorrosion processes, a full understanding
of how corrosion and wear processes lead to the loss
of ions from the surface is necessary.

Many authors have been studying metal on metal
wear behavior in vivo and in vitro. A running-in (or
bedding-in, wearing-in) stage is found for most cases,
followed by a lower wear rate steady-state.44 The length
of running-in varies depending on the different simu-
lators and geometry of contacts (pin-on-plate, ball-on-
plate, etc.) from thousands of cycles to one million
cycles.44–46 Small wear debris particles are created in
the running-in phase and cause abrasive wear. From
clinical examinations, for the first few days after im-
plantation of metal-on-metal joints, metal ions were
found to increase dramatically. The metal ion level
then stabilized,47–49 which is possibly related to differ-
ences between the running-in and the steady-state
phases phenomena and the saturation of metal ions in
the body.

Corrosion has been considered as one of the major
problems for metallic biomaterials. When devices are
implanted into the human body, they are immedi-
ately surrounded by biological fluids. Even though
corrosion can occur on plastics, ceramics, and glasses,
the term is often associated with metals. In this sec-
tion, corrosion of metallic bio-implant materials is
the focus. From a corrosion engineering point of
view, these liquids are not as aggressive as some
industrial process fluids, but the body is still a harsh
environment due to the oxygenated saline solution
and the involvement of organic species. Ever since
metallic biomaterials were adapted for surgical use,
studies have been done to assess corrosion resistance
of those materials. Three major metallic materials;
stainless steel, cobalt chromium alloys, and titanium/
titanium alloys are normally used and the under-
standing of their performance and improvement has
been under investigation for several years.

Corrosion can severely limit the fatigue life and
ultimate strength of materials, leading to the mechani-
cal failure of implants. Corrosion has been implicated
in causing local pain and swelling in the region of the
implant and affect the performance of those implants
resulting in failure and revision. The release of ions
from implanted metallic biomaterials to the local host
environment is also a great concern. Ions are released
by chemical and electrochemical processes (corrosion).

One point which should not be ignored is the
corrosion of wear debris. Even though nano-size

metal debris is very difficult to be collected and ana-
lyzed, it is still a potentially important source of the
metal ion release which has not largely been studied
until now.

The corrosion mechanisms of these metallic mate-
rials for surgical use have been extensively investi-
gated, from both in vitro experiments and in vivo

observations.
Pitting corrosion : Pitting corrosion is the most com-

mon type of localized corrosion. It was found on
stainless steel implant materials resulting in extensive
damage and causing release of significant amounts of
metal ions.50

Crevice corrosion : Compared to the other types of
metallic implant materials, Type 316L stainless steel is
highly susceptible to this corrosion attack. In the area
of contact between stainless steel screw heads and the
bone plate, the occurrence of corrosion was found. It
also induced crack propagation of bone plate.51

Fretting corrosion : Fretting corrosion phenomena
are associated with micromotions between compo-
nents.52 When an oscillating rubbing action is contin-
uously applied on two opposing surfaces such as bone
plates and the screw heads of the prosthetic devices,
fretting corrosion can occur.53 It is the major factor to
cause the initiation of cracks and fracture failures for
surgical screws.

3.06.2.5.2 Galvanic corrosion

When metals of different types from different devices
are in physical contact in body fluid, galvanic corro-
sion can occur. For example, a bone screw and a bone
plate made of dissimilar metals and alloys can form a
galvanic couple.

Wear-corrosion : When implant materials are under
cyclic loading, wear-corrosion is always present.54

Wear-corrosion resistance is an important factor of
consideration for load-bearing surgical implants such
as hip and knee replacement implants.

Metallic materials used for bearing surfaces in hip
arthroplasties normally rely on a stable passive film,
which forms spontaneously in air, for their biocom-
patibility. The passive film can form a barrier, which
can efficiently separate the metal from the corrosive
environment and protect it from further corrosion
processes. The passive film inhibits corrosion and
keeps current flow and the release of corrosion pro-
ducts at a very low level. Nonetheless, the release
of metal into the body is a well-documented fact.
Uniform passive dissolution resulting from the slow
diffusion of metal ions through the passive film, trans-
passive dissolution under high oxidizing conditions,
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or the local breakdown of passivity as a consequence
of localized forms of corrosion such as pitting or
crevice corrosion, or as a consequence of mechanical
events, such as fretting and wear corrosion, are all
possible mechanisms.

XPS and other surface analysis techniques have
been used to determine the nature of passive films on
Co-base alloys. Primarily Cr2O3, CoO, and MoO3 are
found in the top layer (1.6 nm) of the spontaneously
formedpassive film in air for CoCrMo alloys. The inner
layer of the passive film contains Cr2O3 and Co andMo
metal species.55 The total thickness of the passive film
on CoCrMo alloys in the atmosphere is �4–5 nm.

Hanawa et al.56 examined the surfaces of metallic
stainless steel, CoCrMo alloys, and titanium.
A preferential release of Co ion for CoCrMo alloys
and Fe ion for stainless steel 316Lwere obtained. The
release of Mo in CoCrMowas reported to be insignif-
icant. A ratio of approximately 2.9:1 of Co/Cr for pin-
on-disk tests on CoCrMo was reported.57 However,
the amount of Co released from cast CoCrMo alloys
was found to be very small in the biological solution.58

In addition it was found that the amount of Ni
released from 316L gradually decreased with increas-
ing pH; similarly, the amount of Cr and Mo ions
released from CoCrMo decreased at pH 4 and higher.
One thing which should be noticed is that, in the
natural body serum condition, the pH is �7.4. Cal-
cium phosphate was found as precipitates on implant
metals and alloys surfaces. They also suggested that
the formation of oxide or hydroxides of metal ions was
less toxic than the complex of protein-bond-metal.59

The CoCrMo alloys are highly corrosion resistant
with only a minimal susceptibility whilst stainless
steel quite readily suffers crevice and pitting corro-
sion. CoCrMo alloys are considered biocompatible.
However, very high levels (20–30 times as reference
normal serum cobalt value (0.15 mg l�1) and serum
chromium value (0.26 mg l�1)) of metal ions are
reported cytotoxic with increasing concern over the
biocompatibility of implant materials and especially
in terms of the significance of corrosion, wear, hyper-
sensitivity and carcinogenicity.60 The quantity of
organometallic production over longer periods after
total joint replacement (TJR), correlationwith patient
health medication and activity levels remain the
objective of many studies.61 There can be no doubt,
therefore, that patients with metal-on-metal (MoM)
implants will be exposed to elevated levels of metal
ions locally. The outstanding question is the clinical
impact of these elevated ion levels. Brondner et al.62

examined patients with CoCrMo MoM total hip

replacement (THR) and found that the Co and Cr
concentration in blood serum and urine are high.
They seem to fall after the initial one-year running-in
phase. Average preparative blood serum cobalt levels of
0.15mg l�1 were cited as reference values for patients
who had MoM hip implants from Muniz’s studies on
elements trace63 and it is generally in line with the
others. Black et al.64 showed a disagreement concerning
‘normal’ levels for these elements in serum. Because it is
still unclear what constitutes a normal level for an
individual patient and what the consequences are of
transient or chronic deviations from that level, a ques-
tion mark still exists over MoM implantation.

Visuri and Koskenvuo65 showed that there was no
increase in the risk of cancer in patients with McKee-
Farrar type CoCrMo MoM THR and Willert66 found
no proof that the release of metal is teratogenic but
did show the possibility of hypersensitivity to metals.
Koegel and Black67 and others disagreed. An increased
incidence in cardiomyopathy (a disease or disorder of
the heart muscle) and tumors was found from animal
tests. Because the number of patients with aMoMTJR
for 10, 20, or more, years increases, it suggested that
long-term studies are still required to fully address the
issue of metal-ion associated diseases. Investigations to
clarify the importance of toxicology are currently
being undertaken by many researchers and clinicians.

Electrochemical methods have been employed to
understand corrosion behavior for implant materials
and then to assess their biocompatibility. Many
authors have been trying to monitor the performance
of TJR by measuring metal levels.68–69

At this stage, it is important that a more detailed
understanding of the effects of implanted metals must
be gained.69 A wide variety of serum proteins exists
in vivo and it is reasonable to assume that many of
these become rapidly adsorbed onto the metal surfaces
upon implantation. It is suggested that the adsorbed
proteins influence the material corrosion rate.

3.06.2.6 Erosion-Corrosion

In certain environments, either where two moving
surfaces come into contact or where there is impinge-
ment of a slurry onto a surface, wear is unavoidable.
There is usually progressive deterioration of the sur-
face resulting from the removal of material by at least
one of the following mechanisms, abrasion, erosion,
and erosion-corrosion. Additionally, forms of corro-
sion may occur locally to exacerbate the damage.

Neville et al.70 discussed the effect of temperature
on the erosion rate of Stellite X40 and BS 3468 cast

Aqueous Corrosion of Cobalt and its Alloys 1929

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



iron in the slurry erosion conditions. The focus of
this work was to validate the use of Stellite X40 as
an optimum material for subsea drill bit castings
(Figure 11). Drill bits for subsea use have to be able
to tolerate the impingement of the drilling fluid
injected through the nozzle onto the faces of the bit
which contain the diamond cutters. Material loss in
this region is serious as the support for the cutters is
lost, as seen in Figure 11(b). In their work, it was
shown that the damage on the face is a complex mix
of erosion and corrosion processes and that Stellite
X40, is in fact the optimum material when compared
with a variety of Fe and Ni base materials.

The synergistic effect between erosion and corro-
sion has received more and more attention in recent
years because of the widespread occurrence of such
problems in material processing industries. In such
conditions, material selection can be a problem and,
in many cases, is only carried out on the basis of em-
pirical evidence. Erosion-corrosion can cause high
material degradation rates because the action of the
erodent particles can remove a stable passive film on
the surface of the material. Hence, the wastage rates of
the material can be significantly higher than the com-
bined effects of erosion and corrosion acting separately.

The literature has not been consistent in the use
and meaning of the synergistic effect in aqueous ero-
sion-corrosion. Some authors describe it as the sum of
the enhancement of erosion due to corrosion and vice
versa (dEC and dCE).

71 Some authors used the term

‘additive effect’ to refer to an enhancement, but there
is a difference between these two terms. Often an
‘additive effect’72 is when the sum of pure erosion in
the absence of corrosion (E), the pure corrosion in the
absence of erosion (C) and the change of corrosion rate
due to erosion (dCE) is equal to the total weight loss
(TWL). If this is not the case the ‘synergistic effect’
is observed. In other words, the term synergism is
restricted to the erosion enhancement due to corrosion
(S or dEC). The following equations [2] and [3] show
the differences between the additive effect and the
synergy (S) effect from on which this work is based.

TWL ¼ E þ C þ dCE þ dEC ½2�
TWL ¼ E þ C þ S ½3�

In order to define the synergistic effect, both
erosion and corrosion must be studied independently
of each other under controlled conditions. To obtain
the corrosion rate, a potentiostat or galvanostat is
used to control the electrical potential or current of
the erosion sample.

Neville et al.70,73,74 used a range of engineering
alloys ranging from low grade C–Mn steel to super
alloys, Stellite X40, to calculate the percentage dam-
age caused by synergy.

They measured the TWL at the free corrosion
potential; anodic polarization with presence of
liquid–solid impingement and by using Tafel extrap-
olation in situ pure corrosion component of TWL (C)

1.5 cm

(a) (b)

Figure 11 New subsea drill bit (a) and erosion-corrosion of the Stellite X40 around the polycrystalline diamond cutters (b).
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is calculated. By applying a cathodic potential to the
sample the pure erosion component (E) of the TWL
was obtained.

The TWL of the material was identified as pure
erosion, corrosion and synergistic effects. In the liter-
ature, the effect of temperature, salinity, and solid
particles content in the impingement jet was analyzed
and their effect on the different mechanisms were
quantified. Das et al.75 showed that the corrosive
wear rate increases with increasing angle of inclina-
tion and a higher wear rate was obtained for the
impingement angle 90� and, the lowest weight loss
was obtained at 30� . Similar findings were reported
by Fan et al.76,77 where they related these findings to
the properties of the passive film. They showed that
in the areas where the tangential component of
impact velocity is large, the main mechanism is a
cutting mode. On the contrary, in the areas where
the normal component of impact velocity is larger,
the failure mode consists of the formation of micro-
cracks and the removal of second phases.

The performance of the different alloys under
erosion-corrosion conditions has been studied with
various techniques. Important variables relating to
erosion such as load, fluid velocity, impact angle
and solid loading have been studied to determine
the erosion-corrosion behavior of materials. How-
ever, there is virtually no information available on
cobalt-based superalloys under erosion-corrosion
conditions and in particular, the effect of alloying
elements on the mechanical and electrochemical
damage, which is one of the main objectives of the
current project.

3.06.2.7 Wear and Wear-Corrosion of
Cobalt-Base Alloys

Cobalt-base alloys have enjoyed extensive use in
wear-related engineering applications for well over
50 years because of their inherent high-strength cor-
rosion resistance and ability to retain hardness at
elevated temperatures. In recent years, a concen-
trated effort has been made to understand the defor-
mation characteristics of cobalt-base alloys exposed
to erosive environments in order to optimize those
factors contributing to their erosion resistance.

In Stellite alloys the cobalt-rich solid solution
incorporating elements such as chromium, tungsten
and molybdenum, is highly resistant to erosion. This
is due to rapid increase in the work hardening rate and
the strain to fracture, which are caused by deformation

twinning and presence of a small amount of strain-
induced e phase.

The wear properties of the cobalt-based alloys are
believed to be influenced by:

� the limited mobility of the stacking faults gener-
ated by mechanical stress, which limits plastic
deformation;

� interaction between stacking faults (this results
rapid hardening);

� mechanical twinning which occurs extensively in
certain alloys and absorbs energy;

� the formation of hcp platelets, which are believed
to absorb energy; and

� the characteristics of this hcp phase once formed.

Most cobalt-based alloys possess good cavitation
resistance and moderate abrasion and slurry erosion
resistance. The last two features are independent of
the carbon content, and have been attributed by
Crook78 to crystallographic transformation, under
stress, from the fcc to hcp structure by twinning.
During deformation, energy is absorbed and the
effect of the stress is decreased.

Cobalt-based superalloys have been recognized as
an alloy type one of the most resistant to both cavita-
tion and liquid impact erosion.79 The underlying
reason for their superior erosion resistance behavior
however, is not yet clear. Investigations have attempted
to obtain universal correlation between the erosion
resistance of the materials and the mechanical proper-
ties such as hardness and strain energy to fracture but
all such attempts have been unfortunately unsuccess-
ful. For example, austenitic stainless steel had higher
erosion resistance than martensitic stainless steel of
the same hardness and cobalt-base alloys had much
higher resistance in relation to hardness.80

Lee et al.80 compared the liquid impact erosion
resistance of 12 Cr steel with a Vickers hardness of
380 kgmm�2 and Stellite 6B with a hardness value
of 420 kgmm�2. The liquid impact erosion resistance
of Stellite 6B was at least six times greater than that of
12 Cr steel, implying that hardness is not the govern-
ing factor for liquid erosion. Stellite 6B also showed
very different behavior in liquid impact erosion in
comparison with 12 Cr steel (Figure 12). They con-
cluded that the superior erosion resistance of Stellite
6B results from the cobalt matrix whose deformation
appeared as mechanical twins. Other studies showed
a trend of increasing erosion resistance with decreas-
ing grain size. The twins are produced by the passage
of partial dislocations, which had a Burgers vector
equal to a fraction of the lattice vector, giving twinned
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regions and untwinned regions of different orienta-
tions. Therefore, the increase in density of twins with a
number of impacts would play the role of fragmenta-
tion of the grains in the cobalt matrix into a submic-
rometer level. This would decrease the mean free path
of dislocations to a limit surface distortion severely
and given a much higher erosion resistance.

In the case of cavitation erosion, it is observed that
the dynamic and localized nature of the stresses gen-
erated by the imploding cavities produce a material
response which is quite different from that obtained
under bulk quasi-static loading. A striking example of
this is that cobalt and its alloys exhibit far greater
erosion resistance than other metals and alloys com-
parable strength.81 In fact pure cobalt is the most
erosion resistant of comparable pure metals known.

Wong-Kian et al.16 showed that under erosion-
corrosion conditions HIPed Stellite alloys 1, 6, and
21 had lower mass loss than the welded specimens of
the same Stellites. They related their finding to the
finer and homogeneous microstructure, which was
obtained after HIPing. They also showed that wear
resistance of the cobalt-based alloys is promoted by
the harder complex carbides of chromium and tung-
sten, while corrosion resistance is enhanced by the
presence of cobalt in the matrix.

From almost all of the work done on the wear
properties of Stellite alloys it has been concluded
that the exceptional erosion resistance of the Stellite
alloys can be ascribed to the drastic change in mechan-
ical properties brought about by the formation of
mechanical twins and by the presence of platelets of

the e hcp phase. It has been shown that the formation
of twins and e phase is controlled by the SFE.

Strain hardening occurs as a result of interactions of
dislocations with each other, and with barriers, which
impede dislocation motion. One of the earliest expla-
nations for strain hardening is that dislocations pile up
on slip planes at barriers in the crystal, and produce a
back stress, which opposes the applied stress on the
slip plane.82 Possible dislocation interactions and
intersection of the active slip planes were suggested
as another dominating mechanism for strain harden-
ing. Mechanical twinning, and the presence of hcp
platelets may also contribute to the work-hardening
in cobalt base alloys. The effectiveness of each mecha-
nism in terms of work-hardening depends upon the
strain increment characteristics of each process. This
concept was studied by Roebuck et al.,83 who found the
best strengths and ductilities in extruded Co–C–W
alloys correspond with the highest fcc content. They
suggested that when the fcc phase is stabilized defor-
mation occurs by twinning or slip rather than by fcc–
hcp martensitic transformation.

The strength of the matrix is considered in detail
here. Kosel et al.84 showed the effect of the matrix
strength can affect the wear rate. They used the
normalized alloy content (NAC) as a measure of the
matrix strength. They defined the NAC as the sum of
the weight percentages of Ni, V, W, Mo and in
Table 2 they are normalized with respect to Stellite
6 alloy. The alloys that are used as solid–solution
strengtheners give an approximate measure of the
degree of solid–solution strengthening.

By using the same approach the NAC of the alloys
Stellite 6, Stellite 12, and Stellite 706 were calculated
and normalized against cast Stellite 6 as shown in
Table 2.

Figures 13 and 14 show the change in the weight
loss as a function of NAC. In Figure 12, only Stellite 6
and Stellite 12 are compared to assess the effect of
increased tungsten on the NAC and the resistance to
wear. Figure 13 is a comparison of Stellite 6 and
Stellite 706 and the factor being considered here is
replacing tungsten and molybdenum. From Figure 12
it can be clearly seen that an increase in the tungsten
amount increases the NAC and the weight loss at both
test temperatures and both solid loadings is not
affected by the increase in NAC. However, as shown
in Figure 13, there is a linear relationship between the
NAC and the erosion-corrosion resistance of the alloys.
The alloys with high NAC gave a lower weight loss in
all test conditions. These two results show that molyb-
denum as a solid–solution strengthener is much more

Carbide

Boundary crack
PPt crack

Twin

Figure 12 Liquid impact erosion mechanisms of Stellite

No. 6B.
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effective in providing erosion-corrosion resistance than
tungsten.

It is apparent that SFE has a significant influence
in changing the deformation mode. The excellent
erosion resistance of cobalt-based Stellite alloys is
generally attributed to the low SFE,85 which, in turn,
means higher stacking fault probability and a greater
chance for the formation of e hcp platelets. The lower
the SFE (the greater the width of the stacking fault)
the more difficult is cross-slip, and the higher is the
rate of work-hardening and the strain to fracture.
Bhansali and Miller86 examined the role of SFE on
the galling and wear behavior of Stellite 6 modified by
the addition of Ni, which in turn increases SFE and
stabilizes the fcc matrix. Their results showed that
materials with low SFE tend to strain harden rapidly,
and to show the highest galling resistance.

Remy and Pineaue87 found that in Co–Cr–Ni–Mo
alloys an SFE of �20mJm�2 resulted in an Md tem-
perature (i.e., the maximum temperature at which the

fcc–hcp reaction can be stress induced of�25 �C). This
low value of the SFE also gives rise to the opti-
mum mechanical properties, that is, the highest work-
hardening rate and the maximum strain to fracture.

Heathcock and Ball,79 compared the cavitation
erosion resistance of a number of Stellite alloys,
(3, 4, 6, 8, 20, and 2006), cemented carbides and
surface-treated alloy steels. They showed that
among the Stellite alloys, Stellite 3 has the highest
resistance to cavitation erosion. Stellite 4, 6, 8, and 20
have similar resistance and Stellite 2006 is a little less
resistant than all the Stellite alloys. They considered
this difference to be a consequence of the microstruc-
ture. Stellite 3 has carbides Cr7C3 and W6C which
form a fine interdentritic network in a cobalt-rich
matrix whereas in Stellite 20 acicular Cr7C3 carbide
formation and islands of cobalt-rich solid solution
were observed. They also showed that acicular car-
bides in Stellite 20 are much harder than those in
Stellite 3 (1860 HDP compared with 1100 HDP),
which also showed the inverse relation between the
hardness and the cavitation erosion resistance of the
alloys. They concluded that in Stellite alloys the
cobalt-rich solid solution, incorporating elements
such as chromium, tungsten, and molybdenum is
highly resistant to erosion, due to a rapid increase
in the work-hardening rate and the strain to fracture
which is caused by deformation twinning and the
presence of a small amount of strain-induced e phase.

Although some attempts have been made to cor-
relate hardness with erosion resistance, a good
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Figure 13 Total Weight Loss (TWL) test results plotted versus normalized alloy content for Stellite 6 and Stellite 12.

Reproduced from Malayoglu, U. PhD Thesis, Heriot-Watt University, 2005.

Table 2 Normalized alloy content of Stellite 6, Stellite

12, and Stellite 706 (both cast and HIPed)

Alloy Normalized alloy content (NAC)

Stellite 6 Cast 1
Stellite 6 HIPed 1.2

Stellite 12 Cast 2.5

Stellite 12 HIPed 2.4

Stellite 706 Cast 1.36
Stellite 706 HIPed 1.39
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correlation generally has been recognized only for
pure metals or alloys with the same compositional
system. For example, Finnie et al.88 showed that a
good relationship between material hardness and ero-
sion resistance existed for pure metals but not for heat-
treated carbon steel (the erosion resistance was nearly
constant, independent of the heat treatment). In
another study, the cobalt alloy Stellite 6 B was shown
to have a steady-state rate of volume loss, an order of
magnitude less than many titanium- and iron-base
alloys of comparable hardness.89 These results may
suggest that it is not possible to use material hardness
as the sole parameter in evaluation of erosion resis-
tance for all materials.

Frenk and Kurz81 investigated the influence of the
microstructure on the dry sliding wear resistance of a
hypoeutectic Stellite 6 alloys. They showed that the
hardness is dependent on the microstructure and in
particular, on the size of the dendrites and the chemi-
cal composition of the matrix, in particular elements
modifying the SFE. They reported a severe delamina-
tion wear of the Stellite under the sliding conditions
investigated. During the stationary wear regime, no
dependence of the wear rate on the as-solidified
microstructure was determined. They suggested addi-
tion of alloying elements which decreases the SFE,
which could improve the dry sliding wear resistance.

Desai et al.90 studied the effect of carbide size on
the abrasion resistance of two cobalt-based powder
metallurgy alloys 6 and 19. As a result of their SEM
investigation they divided the wear scar into three

parts, entrance, central, and exit regions. In the
entrance region, many of the abrasive particles
move at angles to the length of the wear scar, while
in the central and exit regions the particles create
long straight grooves. Stellite 6 gave a greater mass
loss than alloy 19 at any given carbide size. They
attributed this to the combined effect of the higher
matrix microhardness of alloy 19. They also con-
cluded that the wear rate decreased monotonically
with increasing carbide size. The effect of carbide
size is attributed primarily to the fact that the smaller
carbides are often found to be contained wholly
within micromachining chips, indicating that these
carbides contribute little to wear resistance.
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Glossary
Antimicrobial Capable of destroying or inhibiting

the growth of microorganisms.

Dealloying A corrosion process whereby one

constituent of a metal alloy is preferentially

removed from the alloy, leaving an altered

residual microstructure.

Dezincification A corrosion process specific to

brasses (copper–zinc alloys) whereby

zinc is preferentially removed from the

alloy, resulting in a porous residual

microstructure.

Shape memory alloy An alloy which, after it is

deformed, will automatically regain its

original geometry when it is heated.

Abbreviations
BTAH Benzotriazole

FPSO Floating production, storage and offloading

vessel

MIC Microbiologically influenced corrosion

MRSA Meticillin-resistant Staphylococcus aureus

SCC Stress corrosion cracking

SEM Scanning electron microscopy

STEM Scanning transmission electron microscopy

WHO World Health Organization

Symbols
Ai Activity of species i

K Equilibrium constant and rate constant

Q Activation energy

R Copper run-off rate

R Gas constant

T Temperature (K)

3.07.1 Introduction

Copper and copper alloys are among the earliest
metals known to man, as they have been used from

prehistoric times, and their present-day importance
is greater than ever before. Their widespread use
depends on a combination of good corrosion resis-
tance in a variety of environments, excellent work-
ability, high thermal and electrical conductivity, and
attractive mechanical properties at low, normal, and
moderately elevated temperatures.

A wide range of cast and wrought alloys is avail-
able. For detailed expositions of properties and
uses, the reader is referred to publications of many
specialized aspects obtainable from the Copper
Development Association offices in various countries.
Relevant publications of the British Standards
Institution include BSEN1982, Copper Alloy Ingots

and Castings,1 and those covering wrought products.2,3

All ASTM standards relating to copper and copper
alloys are included in a volume published annually.4

3.07.1.1 Alloy Compositions and Properties

The mechanical properties of wrought alloys5,6

depend on composition and metallurgical condition.
At the extremes, annealed pure copper has a tensile
strength of 220 MN m�2 and a hardness of 40 HV,
and heat-treated beryllium copper can have a tensile
strength of 1450 MN m�2 and a hardness of 400 HV.
Summaries of typical properties of some of the more
important wrought and cast copper alloys are given
in Tables 1–4.

3.07.1.1.1 Coppers

The purest grade of copper commercially available,
and that with the highest electrical conductivity, is
oxygen-free high-conductivity copper. The minimum
copper content required by some specifications is
99.99% and the method of manufacture is such that
no residual deoxidant is present. Oxygen itself has very
little effect on conductivity, and the ‘tough pitch’ cop-
pers (either electrolytic or fire-refined), containing
�0.04% oxygen are high-conductivity materials.

One disadvantage of tough pitch coppers is embrit-
tlement, which is liable to occur when they are heated
in atmospheres containing hydrogen. Therefore, for
many purposes (and particularly where fabrication is
involved) deoxidized coppers are preferred. The usual
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Table 1 Compositions of wrought copper alloys.2

Alloy

Description EN No. Cu Al Fe Mn Ni P Pb Si Sn Zn Other

HC copper

Cu–ETP

CW004A 99.90Min 0.005 0.0005Bi 0.040 O

Deoxidized

nonarsenical

copper

Cu–DHP

CW024A 99.90Min 0.015–0.040

Oxygen-free

copper, Cu–OF

CW008A 99.95Min 0.005 0.0005Bi

Silver-alloyed
copper,

Cu–EPT

CW012A Rem 0.06–0.08Ag
0.0005Bi 0.040

O

Tellurium copper CW118C Rem 0.003–0.012 0.4–0.7Te

Beryllium copper CW100C Rem 0.2 0.3 1.6–1.8Be 0.3Co
85/15 brass CW502L 84.0–86.0 0.02 0.05 0.3 0.05 0.1 Rem

70–30 brass CW505L 69.0–71.0 0.02 0.05 0.3 0.05 0.1 Rem

60/40 brass CW509L 59.5–61.5 0.05 0.02 0.3 0.3 0.2 Rem

Dezincification
resistant brass

CW602N 61.0–63.0 0.05 0.1 0.1 0.3 1.7–2.8 0.1 Rem 0.02–0.15 As

Free machining

brass

CW614N 57.0–59.0 0.05 0.3 0.3 2.5–3.5 0.3 Rem

Aluminum brass CW702R 76.0–79.0 1.8–2.3 0.07 0.1 0.1 0.01 0.05 Rem 0.02–0.06As

Naval brass CW712R 61.0–63.0 0.1 0.2 0.2–0.6 1.0–1.5 Rem

High tensile

brass

CW705R 65.0–68.0 4.0–5.0 0.5–3.0 0.5–3.0 1.0 0.2–0.8 0.2 Rem

18% Nickel

silver

CW409J 60.0–63.0 0.3 0.5 17.0–19.0 0.03 0.03 Rem

5% Tin bronze CW451K Rem 0.1 0.2 0.01–0.4 0.02 4.5–5.5 0.2

Silicon bronze CW116C Rem 0.05 0.2 0.7–1.3 0.05 0.05 2.7–3.2 0.4
High strength

bronze

CW111C Rem 0.2 0.1 1.6–2.5 0.02 0.4–0.8 Additions of Co,

Mg, Cr

10% Aluminum

bronze

CW307G Rem 8.5–11.0 3.0–5.0 1.0 4.0–6.0 0.05 0.2 0.1 0.4

90–10

Cupronickel

CW352H Rem 1.0–2.0 0.5–1.0 9–11 0.02 0.02 0.03 0.5

70–30
Cupronickel

CW354H Rem 0.4–1.0 0.5–1.5 30–32 0.02 0.02 0.05 0.5

Values are given in % mass fraction and are maximum values unless indicated otherwise.
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Table 2 Typical properties of wrought alloys

Alloy Melting
point (�C)

Density
(g cm�3)

Coeff of expansion
(� 10�6 �C�1)

Electrical
Cond (%
IACS)

Thermal
conductivity (W
mK�1)

Tensile
Strength (MN
m�2)

Elongation
(%)

Hardness
(HV)

Description EN No.

HC copper Cu–ETP CW004A 1083 8.94 18 103 390 220–385 4–55 40–110
Deoxidized

nonarsenical copper

Cu–DHP

CW024A 1082 8.93 18 80 340 220–385 4–60 40–120

Oxygen-free copper,

Cu–OF

CW008A 1083 8.94 18 100 395 220–385 4–60 40–110

Silver-alloyed copper,

Cu–EPT

CW012A 1083 8.94 18 102 390 220–385 4–55 40–110

Tellurium copper CW118C 1075 8.93 18 96 360 250–360 2–7 90–110

Beryllium copper CW100C 955 8.2 18 23 85 680–1450 3–35 100–400

85/15 Brass CW502L 1025 8.74 19 35 155 260–420 4–50 55–135

70–30 Brass CW505L 955 8.53 20 27 125 270–490 9–50 55–150
60/40 Brass CW509L 905 8.38 21 29 125 340–480 6–43 85–140

Dezincification resistant

brass

CW602N 8.43 21 26 117 280–520 15–45 70–140

Free machining brass CW614N 8.47 21 27 120 350–450 20–30 100–150

Aluminum brass CW702R 980 8.33 19 23 100 300–390 25–35 70–110

Naval brass CW712R 890 8.41 21 25 110 340–460 10–30 85–140

High tensile brass CW705R 890 8.35 21 23 105 550–650 8–12 150–200
18% Nickel silver CW409J 8.69 16 7 35 380–900 2–40 85–230

5% Tin bronze CW451K 1050 8.89 18 17 80 340–740 1–60 70–220

Silicon bronze CW116C 1030 8.52 18 8 40 380–900 3–50 90–220

High strength bronze CW111C 1060 8.86 17 50 220 600–800 5–15 100–250
10% Aluminum bronze CW 307G 1075 7.5 18 8 40 430–770 15–25 200–240

90–10 cupronickel CW352H 1150 8.91 16 10 50 290–520 8–35 80–160

70–30 cupronickel CW354H 1240 8.94 16 5 30 350–520 12–35 90–130
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Table 3 Compositions of cast copper alloys1

Alloy

Description EN No. Cu Al Fe Mn Ni P Pb S Sb Si Sn Zn Other

High

conductivity

copper

CC040 Not

specified

Dezinification
resistant

brass

CC752S 61.5–64.5 0.3–0.70 0.35 0.15 0.25 1.5–2.5 0.15 0.02 0.4 Rem 0.15As

High tensile
brass

CC765S 57.0–65.0 0.5–2.5 0.5–2.0 0.5–3.0 6.0 0.03 0.5 0.08 0.1 0.1 Rem

Tin bronze CC481K 87.0–89.5 0.1 0.1 0.05 0.1 0.5–1.0 0.25 0.05 0.05 0.01 10.0–11.5 0.05

Leaded

gunmetal

CC491K 83.0–87.0 0.1 0.3 2.0 0.10 4.0–6.0 0.1 0.25 0.01 4.0–6.0 4.0–6.0

Aluminum

bronze

CC331G 83.0–89.5 8.5–10.5 1.5–3.5 1.0 1.5 0.1 0.2 0.2 0.5 0.05Mg

Copper nickel

chrome

CC382H Rem 0.01 0.5–1.0 0.5–1.0 29.0–31.0 0.01 0.005 0.01 0.15–0.50 0.2 1.5–2.0Cr,

0.15Zr
0.25Ti

Copper

chromium

CC140C Rem 0.4–1.2Cr

Values are given in % mass fraction and are maximum values unless indicated otherwise.
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deoxidizing agent is phosphorus, and specifications
require residual phosphorus contents of between
0.004% and 0.06%. Phosphorus-deoxidized coppers
with lower phosphorus content have electrical con-
ductivities �98% of that of pure copper.

3.07.1.1.2 High conductivity coppers

Pure copper has the highest electrical conductivity of
any metal apart from silver. However, it has poor
strength and suffers from creep at temperatures above
�150 �C. A small addition of silver (0.03–0.12%) gives
an increase in creep strength and resistance to soften-
ing up to 250 �C (up to 350 �C for short times).
Copper–silver alloys are widely used in electrical
motors and for contact and catenary wires for electric
railways and tramways. They have a nominal conduc-
tivity of 100% IACS. In the past, copper–cadmium
alloys (0.5–1.2% Cd), which have an excellent combi-
nation of strength and electrical conductivity, were
widely used for such applications. However, due to
health concerns regarding cadmium when the alloy is
molten, the use of copper–cadmium alloys is declining.
Other high conductivity alloys such as copper–
magnesium and copper–tin (0.1–0.5%) have been
developed. For all of these high conductivity alloys, a
compromise has to be made between high strength and
electrical conductivity.

3.07.1.1.3 Heat treatable copper alloys

Copper alloyed with 0.5–1.2% chromium with or
without 0.03–0.3% zirconium gives precipitation
hardening alloys with strengths up to 450 MN m�2.
Such alloys have electrical conductivities of 80%
IACS together with good thermal conductivity
properties.

Precipitation hardening Cu–Ni–Si alloys are also
available. One type is based on copper, nickel, and
silicon (described as ‘High strength bronze’ in
Table 3), which, with further alloy additions, can

reach tensile strengths of around 800 MN m�2 while
retaining its high conductivity. For this material,
which is widely used for plastic moulding equipment,
the main precipitating phase is Ni2Si. Stress relaxa-
tion and the ability to withstand high temperatures
under stress without losing spring properties or ease
of bending are importance for this material.

The highest strength of any copper alloy (up to
1450 MNm�2) is obtained by precipitation hardening
and cold working copper–beryllium (1.8–2.0% Be).
However, due to the toxic nature of beryllium, care
must be exercised in melting and machining this alloy.

3.07.1.1.4 Brasses

Brasses are basically alloys of copper and zinc, con-
taining between �10% and 45% Zn, but many other
additions can be made.7 The single-phase (a) brasses,
containing up to �37% Zn in the binary alloys, may
have additions of 1% Sn (Admiralty brass), 2% Al
(aluminum brass), or 1–3.5% Pb for ease of machin-
ing. Duplex (a–b) brasses containing more than 37%
Zn, may have additions of 1% Sn (Naval brass), or 1–
3% Pb to assist machining. Both a and a–b brasses,
with and without lead, are used in the cast as well as
the wrought form. High-tensile brasses are a–b alloys
containing up to 5% Al and 1–2% of one or more of
the following: Sn, Pb, Fe, or Mn. These alloys also are
used in both wrought and cast form.

3.07.1.1.5 Cupronickel alloys

Cupronickel alloys contain between 5% and 30% Ni
and are mainly used in the wrought condition.8 The
more popular grades have 10% and 30% Ni and are
recognized for their very good corrosion and biofoul-
ing resistance in marine applications.9,10 Small con-
trolled alloying additions of iron and manganese are
essential to optimize their resistance to localized cor-
rosion and seawater flow. The addition of chromium
has also been shown to improve resistance to flow

Table 4 Properties of cast copper alloys1

Alloy Tensile strength,
minimum (MN m�2)

Elongation,
minimum (%)

Brinell hardness HB,
minimum

Description EN No.

High conductivity copper CC040A 150 25 40

Dezincification resistant brass CC752S 280 10 70

High tensile brass CC765S 500 18 120
Tin bronze CC481K 350 4 85

Leaded gunmetal CC491K 230 10 65

Aluminum bronze CC331G 550 18 130

Copper nickel chrome CC382H 440 18 115
Copper–chromium CC140C 300 10 95
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velocity and a cast (30Ni–1.6Cr)11 as well as a wrought
version (16Ni–0.5Cr)12 have been developed. The cast
version has been predominantly used by the British
Navy and is covered by DEF STAN 02-824.11

Other higher strength cupronickels have additions
of aluminum or tin, producing two ranges of pro-
ducts. The Cu–Ni–Al alloys13 are thermally age-
hardened to form Ni3Al precipitates in the matrix
whereas Cu–Ni–Sn alloys display spinodal strength-
ening through the development of submicroscopic
chemical composition fluctuations.14

3.07.1.1.6 Tin bronze
Copper alloys with 1.5–9% Sn and 0.01–0.4% P are
wrought alloys known as phosphor bronzes. They
have good elastic properties combined with good
resistance to corrosion and corrosion fatigue.

Cast copper alloys with between 2% and 11% Sn
and 1–10% Zn are termed gunmetals. Modified
forms may contain lead (up to 7%) giving leaded
gunmetal or nickel (up to 6%) giving a nickel gun-
metal. Gunmetals are the most widely used copper
casting alloys combining good corrosion resistance
with modest strength and good castability.

3.07.1.1.7 Aluminum–bronzes

Wrought aluminum bronzes contain between 4% and
12.5% Al. If less than 8% Al is present, the alloys are
a-phase and may be cold worked. The two phase
(a–b) alloys, which may be wrought or cast, contain
8–12.5% Al with possible additions of iron (0.5–7%),
manganese (1.5–3.5%), nickel (2–7%), and silicon
(2%). In terms of its influence on corrosion resis-
tance, the addition of nickel is the most important,
as it acts to reduce dealuminification (see Section
3.07.3.3.3).

Aluminum bronzes can be hardened by heat treat-
ment and have an enhanced corrosion resistance due
to the existence of a complex naturally-formed pro-
tective film which includes both aluminum oxide15

and copper oxide. If damaged, the film is self healing
and this gives aluminum bronzes good wear, cavita-
tion, and antigalling characteristics.

3.07.1.1.8 Silicon–bronzes

Silicon–bronzes usually contain 2.8–4.5% Si and
0.8–1.5% Mn. The wrought alloys combine high ten-
sile strength (see Table 2) with good corrosion resis-
tance and an attractive color. Theyare used in chemical
equipment and marine hardware. The cast alloy has
found application in statuary, art castings, and plaques.

3.07.1.1.9 Nickel silvers
Nickel silvers do not contain silver but are essentially
copper–zinc brasses with nickel in the range of
9–18%. The 18% nickel alloy polishes to a white
color (like silver) and has good corrosion resistance.
All have excellent ductility and are available as tube,
wire, plate, sheet, and strip.

3.07.1.1.10 Copper–nickel--chromium
Copper–nickel–chromium alloys have been devel-
oped chiefly as cast alloys, the most prominent of
which is CC382H. A version of this is DEF STAN
02-824, which is commonly used by the British Navy.

3.07.2 Theoretical Aspects of Copper
Corrosion

Copper is the first member of Group IB of the peri-
odic table, having atomic number 29 and electronic
configuration [Ar]3d104s1. Loss of the outermost
s electron gives the cuprous ion Cu+ and a second
electron may be lost from the filled d shell to form the
cupric ion Cu2+. The availability of the d electrons
for coordination allows copper to readily form com-
plexes with such species as NH3 and CN.

Copper occurs in the uncombined state in nature
and is relatively easily obtained by the reduction of its
compounds. It is not very active chemically and oxi-
dizes very slowly in air at ordinary temperatures. In
the electrochemical series of elements, copper is near
the noble end and will not normally displace hydro-
gen, even from acid solutions. Indeed, if hydrogen is
bubbled through a solution of copper salts, copper is
slowly deposited, a process which occurs more rap-
idly if it is carried out under pressure.

As copper is not an inherently reactive element, it
is not surprising that the rate of corrosion, even if
unhindered by films of insoluble corrosion products,
is usually low. Nevertheless, although the breakdown
of a protective oxide film on copper is not likely to
lead to such rapid attack as with a more reactive
metal (e.g., aluminum), in practice the good behavior
of copper, and, more particularly, of some of its alloys
often depends to a considerable extent upon the
maintenance of a protective film of oxide or other
insoluble corrosion product.

In many environments, alloys of copper can be
more resistant to corrosion than is copper itself,
owing to the incorporation either of relatively corro-
sion-resistant metals, such as nickel or tin, or of
metals such as aluminum or beryllium which would
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be expected to assist in the formation of protective
oxide films. Several types of copper alloys are liable
to undergo a selective type of corrosion in certain
circumstances, the most notable example being the
dezincification of brasses (see Section 3.07.3.3.2).
Some alloys are liable to suffer stress corrosion by
the combined effects of internal or applied stresses
and the corrosive effects of certain specific environ-
ments. The most widely known example of this is the
season cracking of brasses (see Section 3.07.3.6). In
general, brasses are the least corrosion-resistant of
the commonly used copper-based alloys.

The various grades of commercial copper avail-
able do not differ to any marked extent in their
corrosion resistance, and a choice between them is
usually based on other grounds. Subsequent refer-
ences to the corrosion behavior of copper may there-
fore be taken to apply broadly to all types of copper.
The choice of alloy for any particular application
is determined by the desired physical, mechanical,
and metallurgical properties. Within these limits,
however, a range of materials is usually available.
It is essential that, at the very earliest stage, the
choice of materials and the detail of design of the
installation should be considered from the point of
view of corrosion if the best performance is to be
obtained in service. This is particularly true for
copper alloys, where protective measures are not
normally applied.

3.07.2.1 Electrode Potential Relationships

The electrode potentials for the equilibria:

Cu2þ þ 2e⇆Cu ½1�
Cuþ þ e⇆Cu ½2�
Cu2þ þ e⇆Cuþ ½3�

are þ0.34, þ0.52, and þ 0.17 V respectively, as
measured against a standard hydrogen electrode.
For the equilibrium

2Cuþ⇆Cu2þ þ Cu ½4�
Kc ¼ aCu2þ= a2Cuþ

� �2
Kc has the value of�1� 106 at 298 K, and in solutions
of copper ions in equilibrium with metallic copper,
cupric ions therefore greatly predominate over
cuprous ions, except in very dilute solutions. Cupric
ions are therefore normally stable and become unstable
only when the cuprous ion concentration is very low.
A very low concentration of cuprous ions may be
produced in the presence of a suitable anion, by the
formation of either an insoluble cuprous salt or a very

stable complex cuprous ion. Cuprous salts can there-
fore exist in contact with water only if they are very
sparingly soluble (e.g., cuprous chloride) or are com-
bined in a complex, for example, [Cu(CN)2]

� and
[Cu(NH3)2]

+. Cuprous sulfate can be prepared in
nonaqueous conditions, but because it is not spar-
ingly soluble in water, it is immediately decomposed
by water to copper and cupric sulfate. The equilib-
rium between copper and cuprous and cupric ion is
disturbed by the presence of oxygen in solution, since
the reaction shown in eqn [3] is facilitated, the oxygen
acting as an electron acceptor.

3.07.2.2 Behavior of Copper Electrodes

The electrode potential behavior of copper in various
solutions has been investigated in detail by Gatty and
Spooner.16 According to these workers a large part of
the surface of copper electrodes in aerated aqueous
solutions is normally covered with a film of cuprous
oxide and the electrode potential is usually close to
the potential of these film-covered areas. The filmed
metal simulates a reversible oxygen electrode at the
oxygen concentration and pH, less an overvoltage
determined by the existing current density. The prin-
cipal factors which affect the electrode potential are
thus the nature of the solution, the way in which this
influences the area of oxide film, and the supply of
oxygen to the metal surface. In solutions containing
chloride, there is a tendency for the establishment
of the Cu/CuCl/Cl� electrode potential, so that
the activity of chloride ions is an important factor in
determining the electrode behavior. From a knowl-
edge of the solubility products of cuprous chloride
and cuprous oxide, it is possible to predict under
what conditions chloride or hydroxyl ions are the
potential-determining ions. According to Gatty
and Spooner, chloride determines the potential if
aOH� < 10�8:1 � aCl� and hydroxyl determines the
potential if aOH� > 10�8:1 � aCl� . However, this will
not hold in concentrated solutions as complex
[CuCl2]

� ions as well as simple ions will be present.
A further factor to be considered is the ready formation
of insoluble basic compounds. In solutionswhich do not
contain chloride (e.g., sulfate or nitrate solutions), cor-
rosion rates are usually lower and the electrode poten-
tial is more steady over a wide range of conditions.

Gatty and Spooner consider that the rate of cor-
rosion is probably determined by the rate at which
metal ions can escape through pores in the protective
oxide film, and this is supported by the results of

1944 Non-Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



experiments on the anodic and cathodic polarization
of copper.

One of the potential–pH equilibrium diagrams
devised by Pourbaix17 relating to the Cu–H2O system
is shown in Figure 1. Such diagrams are of con-
siderable assistance in discussing many problems
associated with the chemistry, electrochemistry, elec-
trodeposition, and corrosion of copper. It must be
pointed out that the thermodynamic approach on
which these are based has limitations, the most
important being that, although predictions can be
made about the possibility of a given reaction pro-
ceeding in certain circumstances, no information can
be gained about the rate at which it will proceed.

A similar method of representing the behavior
of copper in dilute aqueous solutions by means of
corrosion-current/pH diagrams has been given by
Rubinic and Markovic.18 A study of the behavior of
copper when anodically polarized has been made by

Hickling and Taylor19 and, more recently, by Kuksina
et al.20 using electrochemical methods which record
the variation of potential with the Faradaic charge
passed. In alkaline solutions, the main stages of
polarization have been found to be (1) the charging
of the double layer, and (2) the formation of a film
of cuprous oxide which was almost at once oxidized
to cupric oxide. Mayer and Muller21 report evidence
that this converts to Cu2O3 at potentials above
�25 mV versus Hg/HgO in 1 M KOH. However, in
0.1 M NaOH,20 the Cu2O film was found to be
around four molecules thick when oxygen evolution
first commenced. In buffer solutions of decreasing
pH, the formation of sparingly soluble salts pre-
ceded or accompanied the formation of the oxide
film. In acid solutions yielding soluble copper salts,
no passivity developed, the anodic process being
merely dissolution of copper. In nitrate solutions,
the cathodic process has a significant effect on the
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Figure 1 Potential–pH equilibrium for the system copper–water at 25 �C.
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anodic dissolution of copper. Low-frequency AC
polarization techniques have shown22 that OH� ions
adsorbed during the cathodic half-cycle facilitate
copper dissolution in the anodic half-cycle through
the production of an insoluble hydroxide layer. Other
workers have also studied the anodic behavior of
copper or copper alloys in alkaline23 and in acid24,25

solutions, using both static conditions and turbulent
conditions, such as those generated by rotating cylin-
der electrodes26 and the presence of light has been
found to have an influence on the electrochemistry.21

For instance, in Cu–Al–Sn anodically polarized in
sodium sulfate solution,27 an enrichment of the pas-
sive film with aluminum oxide can be detected as the
photocurrent spectrum changes from a ‘copper-type’
to an ‘aluminum-type’ with time.

The excellent corrosion resistance of cupronickel
alloys is related to the formation of a particularly
effective protective film of corrosion products in the
early stages of exposure. A number of studies have
been carried out involving a wide range of analytical
techniques.28 The film formed is dark brown in color
and there is general agreement that it contains an
inner layer of Cu2O which is enriched with nickel
and iron. Recent electrochemical studies29 have iden-
tified that over this layer, a thin outer layer of CuO
develops and an increasing nickel content in the alloy
produces a decrease in the overall corrosion rate. The
corrosion rate also falls as the chloride ion concen-
tration rises above 0.3 M due to an enhanced forma-
tion of the passive Cu2O film.30 On this subject, in a
seawater context, see Section 3.07.3.5.

3.07.3 Corrosive Environments
Experienced

Copper and its alloys have a very diverse range of
properties and their application exposes them to
many types of environment. Artifacts dating back
thousands of years are testimony to the resilience of
copper alloys to atmospheric corrosion, waters, and
soils. Also, they have been recognized for marine use
for several decades and are still selected even though
other noncopper alloy systems have been developed
in the interim. The release of copper ions and the
cuprous oxide film have antifouling properties and, in
addition, recent work has proved their antimicrobial
properties; investigations into the mechanisms for
these beneficial effects are ongoing, as are their
development into new applications. More traditional
applications requiring corrosion resistance of copper

alloys involve roofing, plumbing, naval and commer-
cial shipping, and desalination plant. The level of
corrosion and corrosion mechanisms occurring in
different environments depend on the alloy group
chosen and can vary from mildly resistant to highly
resistant. Various corrosion mechanisms exist and
these have been found to be related to the type of
alloy and to the environment to which it is exposed.
The following sections give details of the effects seen
in a range of different corrosive environments
experienced.

3.07.3.1 Atmospheric Corrosion

Copper has a high degree of resistance to atmo-
spheric corrosion and is widely used for roofing
sheets, flashings, gutters, and conductor wires as
well as for statues and plaques. The corrosion resis-
tance of copper and its alloys is due to the develop-
ment of protective layers of corrosion products,
which act to reduce the subsequent rate of attack.
The formation, in course of time, of the typical green
‘patina’ gives copper roofs a pleasing appearance;
indeed, methods are used to produce it artificially
or to accelerate its formation.31 The nature of the
corrosion products formed on copper exposed to the
atmosphere has been exhaustively studied by Vernon
and Whitby.31–33 A comprehensive review of the lit-
erature on atmospheric corrosion including copper
and copper alloys up to 1995 has been produced by
Dechema34 It has been found that in the early periods
of exposure, the corrosion deposit contains sulfide,
oxide, and soot. By the action of sulfuric acid and by
the oxidation of sulfide, copper sulfate is formed and
this hydrolyzes and forms a coherent and adherent
basic form of this compound. Initially, this approxi-
mates to CuSO4–Cu(OH)2 but it gradually increases
in basicity until after 70 years or so it becomes
CuSO4–3Cu(OH)2 and is identical with the mineral
brochantite. In some cases, small quantities of basic
carbonate, CuCO3–Cu(OH)2 (malachite), are also
present, and, near the sea coast, basic chloride
CuCl2–3Cu(OH)2 (atacamite) is produced. However,
even very near the sea coast, sulfate usually predo-
minates over chloride.

In laboratory tests, Vernon33 showed that the rela-
tive humidity and the presence of sulfur dioxide have
a profound effect on the rate of corrosion of copper,
as they do with many other metals. He found that
when the relative humidity was less than 63%, there
was little attack even in the presence of much sulfur
dioxide, but when the relative humidity was raised to

1946 Non-Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



75%, corrosion became severe and increased with the
concentration of sulfur dioxide present. By exposing
specimens to the atmosphere at different times of the
year, Vernon found that the rate of attack on copper
was determined by the conditions prevailing at the
time of first exposure. For specimens first exposed in
winter, there was a linear relationship between
increase in weight and time of exposure, indicating
that the layer of corrosion product formed under
these conditions was nonprotective. For specimens
first exposed in summer, the square of the increase
in weight was proportional to the time of exposure.
This indicated that the coating formed in summer
(when the atmospheric pollution was relatively low)
was protective. It was found that the parabolic law
holds when the corrosion product layer obstructs the
access of the corrosive agent to the metal, the rate of
attack then being inversely proportional to the thick-
ness of the layer. It was apparent that the protective
character of the layer persisted through subsequent
periods when the pollution was relatively high.

Copper tarnishes rapidly when exposed to atmo-
spheres containing hydrogen sulfide. Atmospheric
corrosion tests on copper and several copper alloys
were carried out by Hudson35 at a number of sites in
the United Kingdom. Corrosion damage was assessed
by one or more of the following methods: gain in
weight, loss of weight after cleaning, loss of electrical
conductivity, and loss of tensile strength. Hudson
found that the resistance to atmospheric corrosion
was high and that the rate of attack tended to de-
crease with time of exposure. Little difference was
found between the behavior of arsenical copper and
high-conductivity copper, and most of the alloys

tested behaved very similarly except for the brasses,
which deteriorated more rapidly owing to dezincifi-
cation (see Section 3.07.3.3.2). Several series of
atmospheric exposure tests have been carried out
since Hudson’s work, and the loss in weight data
obtained in six of the most important investigations
are summarized in Table 5. In all cases, losses in
tensile strength were also determined, and the results
from the two methods were, in general, in good
agreement. However, for alloys suffering selective
attack (such as with the dezincification of brasses)
change in mechanical properties usually provided a
more reliable indication of deterioration than weight
loss. Some other findings common to all the tests
were that (1) corrosion rates decreased with time,
(2) least attack occurred at rural sites and most in
urban and industrial atmospheres, (3) corrosion was
uniform, and (4) with a few exceptions, there was no
significant pitting.

Tracy et al.36 exposed specimens of 11 different
grades of copper in the form of sheet and wire to
rural, marine, and industrial atmospheres in the
United States for periods up to 20 years. The differ-
ences in the behavior of the materials were small and
of little, if any, practical significance. Very similar
results for various types of copper were found by
Mattsson and Holm37 in Sweden and Scholes and
Jacob38 in the United Kingdom (see Table 5).

Table 5 gives the results of tests on copper alloys
by Tracy,36 Thompson,40 and Mattson and Holm,37

Scholes and Jacob38 and, more recently, Morcillo39

together with their co-workers. The tests of Tracy
and Scholes were for periods up to 20 years; in the
work of Thompson and Mattson, specimens were

Table 5 Atmospheric corrosion tests on copper and copper alloys

No. of types of
copper

No. of different
alloys

No. of
sites

Period of
exposure
(years)

Average rates of attack from
weight losses (mm year�1 � 104)

Rural
sites

Marine
sites

Urban/
Industrial
sites

Tracy, Thompson,
and Freeman36

11 – 4 20 5.6–4.3 6.9–9.4 8.6–12

Tracy43 2 9 7 20 0.5–7.6 1.3–23a 13–30a

Thompson40 1 17 4 7 3.3–10 4.3–25 13–27

Mattson and
Holm41

4 – 3 7 5–6 7–8 10–12
– 18 3 7 2–5 6–11 9–22

Scholes and

Jacob38
4 – 2 20 – 6–10 11–20

– 17 2 20 – 8–26 14–38
Morcillo et al.39 1 – 66 4 0.1–0.2

aRates of attack for high tensile brass were (45–115) � 10�4 mm year�1.
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removed after 2 and 7 years and further specimens
were removed after 16 years.41 The average penetra-
tion during the 16-year period was found to be about
the same as during the first 7 years, but considerably
lower than during the initial 2 years. The materials
tested included brass, nickel–silvers, cupronickels,
copper–beryllium alloys, and various bronzes. Recent
studies have involved the investigation of seasonal
effects of industrial pollutants (NOx) and comparison
of rural and marine locations in South America.42

In the tests described by Tracy,43 a high-tensile
brass suffered severe dezincification (see Table 5).
The loss in tensile strength for this material was
100% and, for a non-arsenical 70–30 brass, 54%; no
other material lost more than 23% during 20 years’
exposure. In Mattsson and Holm’s tests, the highest
corrosion rates were also shown by some of the brasses.
Dezincification caused losses of tensile strength of up
to 32% for a b brass and up to 12% for some of the
a–b brasses; no other materials lost more than 5% in
7 years. Dezincification also occurred, though to a
lesser degree, in the a brasses tested, even in a material
with as high a copper content as 92%. Incorporation of
arsenic in the a brasses consistently prevented dezin-
cification only in marine atmospheres.

In Thompson’s reported work, the alloy showing
the lowest rate of attack at all sites was a bronze
containing 7Al–2Si. Relatively high corrosion rates
were shown by Cu–5Sn–0.2P at a marine site and
Cu–2.5Co–0.5Be in an industrial environment. The
beryllium–copper alloys were the only materials
to show measurable pitting, the deepest attack
being 0.6 mm after 7 years. In Scholes and Jacob’s
tests pitting, intergranular (or transgranular) penetra-
tion, or selective attack occurred on some alloys.
The maximum depth of attack exceeded 0.2 mm in
20 years on 6 of the 21 materials (three brasses, two
nickel silvers, and Cu–20Ni–20Mn), but exceeded
0.5 mm in 20 years only on Cu–20Ni–20Mn and
60/40 brass. These two latter alloys lost up to 73%
and 13% respectively of their tensile strength; no
other alloys lost more than 10% in 20 years.

The work of Ramos et al.42 has demonstrated a
clear correlation between seasonal increases in SO2

and NOx concentrations in urban atmospheres with
higher corrosion rates and the presence of sulfates
in the corrosion products. This broadly agreed with
a previous study of comparative weight gains of cop-
per over a 2-year period at 39 sites spread across
Europe,44 where a clear correlation was found
between weight gain and SO2 content of the environ-
ment, although attempts to find mathematical

correlations of weight increase with other atmo-
spheric species was not found to be possible. How-
ever, other works report that the corrosion of copper
by sulfur dioxide is measurably accelerated by the
presence of NO2

45 or ozone.46 The recent study
conducted in South America, which involved the
comparison of 21 unpolluted sites with 45 marine
locations, showed that there is a threshold chloride
concentration of 20 mg m�2 day�1 in the environ-
ment above which the corrosion rate intensifies.
Other recent studies have involved comparing the
effects of different types of climates throughout four
continents.47

From the work described and other investiga-
tions,48 it is evident that copper and most copper
alloys are highly resistant to atmospheric corrosion.
The reported results indicate that copper itself is as
good as, or better than, any of the alloys with regard
to atmospheric corrosion. Some of the brasses are
liable to suffer rather severe dezincification and it is
unwise to expose these to the more corrosive atmo-
spheres without applying some protection.

When unusually rapid corrosion of copper and its
alloys occurs during atmospheric exposure, it is likely
to be for one of the following reasons:

1. Extreme local pollution by products of
combustion.

2. Bad design or construction, for example, the pres-
ence of crevices where moisture may lodge for
long periods, including, for instance, coiled wire.49

3. Constant dripping of rain water contaminated by
atmospheric pollution (e.g., from near-by chimney
stacks) or by organic acids from lichens, etc.

4. Corrosion fatigue due to inadequate allowance for
expansion and contraction with consequent buck-
ling as the temperature fluctuates.

Most of these disorders can be avoided by attention
to design.50

The discussions in recent years of the possibility
of pollution occurring as a result of released copper
due to atmospheric corrosion have resulted in studies
of runoff from roofs and facades by several work-
ers.51–54 A number of research results have been
published by the Royal Institute of Technology,
Stockholm, Sweden55–61 and the EMPA laboratories,
Switzerland. It has been found that, after a short
initiation period, the runoff rate of copper per year
is constant over a long time.55,56,58,62 This makes it
possible to model the copper runoff rate, R,57 based
on SO2 concentration, the pH of the rainwater, and its
quantity. The roof surface angle of inclination Y has
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also been taken into account,61 according to the fol-
lowing equation:

R¼ð0:37½SO2�0:5þ0:95½Rain�10�0:62pHÞ ðcosYÞ
ðcos 45�Þ ½5�

The seasonal variation of copper corrosion rate and
the runoff rate have also been studied.60

Some workers note that the released metal from
the corrosion reaction is in ionic form directly on the
roof and the environmental impact of these released
ions has been determined. Other workers state that
the run-off is mainly in particulate form. However,
the interaction with solid surfaces in the near vicinity
of buildings has been looked at together with the
changes of transport which occur from the source to
the end product. Investigations of reactivity have
been made toward various natural and manmade
surfaces, such as different soil systems, limestone,
and concrete. The results illustrate that, for scenarios
where copper ions come in extensive contact with
solid surfaces, a large fraction of released copper is
retained in the immediate vicinity of the building.56

The potential ecotoxic effects from released copper
have also been investigated. Copper biosensor testing
with a bacteria and growth inhibition testing with
green algae have been used. The runoff water directly
after release was found to cause significant reduction
of the green algae growth rate, indicating that the
copper is bioavailable. However, it was found that
contact with solid surfaces effectively reduces this
bioavailable copper.

The fate of released copper in runoff has also been
studied in the United States.62–64 The results
obtained also show that the bioavailable copper frac-
tion is low after contact with solid surfaces.

Sundberg62 followed the runoff from a new copper
roof for 3.5 years. A relatively stable runoff rate per
year was found after 0.5 years. The result was

compared with the runoff from a roof prepatinated
40 years ago, which was found to have a copper
runoff rate which was 10% lower.

3.07.3.2 Soil Corrosion

Several extensive series of soil-corrosion tests have
been carried out by the National Bureau of Standards
in the United States, and the results summarized by
Romanoff.65 In one series, 2 types of copper and 10
copper alloys were exposed in 14 different soils for
periods up to 14 years. The results for the copper
specimens are summarized in Table 6.

The behavior of the phosphorus-deoxidized and
tough-pitch coppers was, in general, very similar. At
the less corrosive sites, with a few exceptions, copper
was the best material. Most of the alloys lost weight
ranging up to twice that of copper, with maximum
depths of attack up to three times greater. At the
other sites, although the coppers were usually rather
better than the alloys, some of the alloys were occa-
sionally superior.

The three most corrosive sites were rifle peat
(pH 2.6), cinders (pH 7.6), and tidal marsh (pH
6–9). Corrosion of some of the alloys was particularly
severe in the cinders. The behavior of the brasses
tested, particularly those high in zinc, was rather dif-
ferent from that of the other materials. In most cases
dezincification occurred and the brasses were the
worst behaved materials; in the cinders, for instance,
several brass specimens were completely destroyed by
dezincification. However, in some of the soils rich in
sulfides, the brasses were the best materials.

The British NonFerrous Metals Research Associ-
ation carried out two series of tests, the results of
which have been given by Gilbert66 and Gilbert and
Porter67; these are summarized inTable 6. In the first
series,66 tough pitch copper tubes were exposed at

Table 6 Soil-corrosion tests on copper by National Bureau of Standards and British Nonferrous Metals Research
Association (BNFMRA)

Period of
exposure (years)

Average rate of attack
from loss in weight
(mm year�1 � 10�4)

Maximum rate of
pitting (mm year�1)

BNFMRA first series five least corrosive soils 10 0.5–2.5 Nil

BNFMRA second series four least corrosive soils 5 5.0–25 0.140
Nat. Bur. Standards nine least corrosive soils 14 4.0–25 0.043

Nat. Bur. Standards two next most corrosive soils 14 23–130 0.033

BNFMRA first series acid clay and acid peat 10 53–66 0.046
BNFMRA second series cinders 5 66 0.32

Nat. Bur. Standards three most corrosive soils: rifle

peat, cinders, tidal marsh

14 160–355 0.115
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seven sites for periods of up to 10 years. The two
most corrosive soils were a wet acid peat (pH 4.2)
and a moist acid clay (pH 4.6). In these two soils,
there was no evidence that the rate of corrosion was
decreasing with duration of exposure. In the second
series,67 phosphorus deoxidized copper tube and sheet
were exposed at five sites for 5 years. Severe corrosion
occurred only in cinders (pH 7.1). In these tests, sul-
fides were found in the corrosion products on some
specimens and the presence of sulfate-reducing bacte-
ria at some sites was proved. However, it was not clear
to what extent the activity of these bacteria was a factor
accelerating the corrosion of copper.

Cinders and acid peaty soils are obviously among
the soils most corrosive toward copper. There is,
however, no direct relationship between the rate of
corrosion and any single feature of the soil composi-
tion or constitution.68 For instance, in the American
tests, corrosion in several soils with either low pH or
high conductivity was not particularly severe, while
the British tests show that chloride or sulfate contents
are not necessarily harmful. The latter tests showed
that bare copper can safely be buried in a wide range
of soils without fear of excessive corrosion. Experi-
ence of the behavior of copper water service pipes,
which are used widely, confirms this. Difficulties are
generally confined to ‘made-up’ ground containing
cinders, etc. and a few other aggressive soils, and in
these circumstances it is necessary to apply protec-
tion such as bitumen-impregnated wrappings or plas-
tic coatings. Tin coatings cannot be recommended as
experience shows that accelerated attack is liable to
occur at pores and scratches in the coating, leading to
premature failure. Copper water pipes have been
known to fail by the action of stray electric currents,
but this is not a common occurrence.

There is agreement between the soil-corrosion
tests carried out by National Bureau of Standards
and practical experience of the behavior of hot-
pressed brass fittings used for joining copper water
service pipes. These duplex-structure brass fittings
are liable to suffer attack by dezincification in many
soils in which copper behaves satisfactorily, and, for
burial underground, fittings of copper, gunmetal, or
dezincification-resistant brass are to be preferred.
In general, it may be said that, unless there is some
special reason for using a copper alloy, it is preferable
to choose copper for applications involving sub-
terranean service. A comparison of the corrosion
produced through the influence of possible ionic
species present around buried copper has shown69

that the major damage is caused by chloride ions.

Ammonium and sulfide species appear to be rela-
tively benign. The corrosion products which result
are cuprite and malachite, the latter being favored for
soils with higher water content.70

3.07.3.3 Corrosion in Natural Waters

Copper and copper alloy pipes and tubes are used in
large quantities both for conveying fresh and salt
water and in condensers and heat exchangers where
fresh or salt water is used for cooling. Pumps, screens,
valves, and other ancillary equipment may also be
largely constructed of copper alloys. Large tonnages
of these materials are therefore used on offshore struc-
tures, multistage flash desalination plants, power sta-
tions, on board ships, in sugar factories, and in oil
refineries, as well as in hot and cold water circuits
and heating and cooling systems in hospitals, factories,
hotels, and homes.

Corrosion problems that arise frequently are dis-
cussed under separate headings, depending on whether
the environment is seawater or freshwater. In fact, there
is no sharp dividing line between these environments,
since some harbor, estuarine, and brackish well waters
are mixtures of seawater and freshwater and are often
variable in composition. Corrosion has been found to
occur in all these media, particularly in seawater, but
this is more frequently seen as a result of poor design or
operation than as a result of lack of materials suitable
for the application. This section will deal with the types
of corrosion which can be seen in all types of natural
water; seawater, brackish water, or freshwater. Separate
sections will follow which deal with corrosion types
seen almost entirely solely in freshwater and with the
behavior of copper alloys specifically in seawater.

3.07.3.3.1 Impingement attack

Copper alloys have good corrosion resistance under
moderate fluid flow rates. However, above a certain
flow velocity, called the breakaway velocity, the shear
stress of the liquid on the alloy protective surface film
is sufficient to damage it and much higher corrosion
rates occur. This phenomenon is called impingement
attack or erosion–corrosion. Therefore, tube and pip-
ing systems are designed to operate satisfactorily up
to a maximum velocity and it is important that this is
not exceeded in service. Breakaway velocity can be
influenced by many factors, including the alloy being
used, the resilience of the surface film, the geometry
of the product and system, the corrosive nature of the
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fluid being handled, pollution, solids (e.g., sand in
seawater), and turbulence.71

Copper tubes have been found to suffer from
impingement attack in systems where the speed of
water flow is unusually high. The phenomenon has
been discovered to be dependent in some degree on
the quality of the water, for instance where no pro-
tective scale is able to form, for example, in a soft
water containing appreciable quantities of free car-
bon dioxide.72 Impingement attack is most often seen
downstream of poorly installed fittings or sharp
bends in pipework systems. Such obstructions to
flow and sharp changes in direction where the speed
of the water is high can lead to eddy currents con-
centrating the flow on specific parts of the tube,
the creation of bubbles at areas of low pressure
(which subsequently collapse), and the streaming of
particulate matter. The latter can act alone or in
concert to remove any protective scale that has
formed on the copper surface, thus exposing the
metal to further corrosion and subsequent removal
of corrosion product. In such a way, severe metal loss
can occur, leading eventually to failure of the tube.
Impingement attack is characterized by areas of
bright metal and horseshoe-shaped undercut areas,
their direction being as though the horse was walking
upstream. In the middle of such undercut areas, there
may be islands of bright metal or metal still retaining
some protective corrosion product. An example of
this phenomenon is shown in Figure 2. Ball valve
seatings may also suffer an erosive type of attack. The
corrosion of ball valves, including the effect when the
water is chlorinated, has been studied by several
workers.73 Avoidance of impingement attack is usu-
ally achieved by reducing the flow velocities by one

or a combination of the following: reducing the pump
output, increasing the pipe size, modification of the
change of direction to one which is less abrupt, open-
ing partially closed valves, etc. The maximum flow
velocity quoted in European Standard EN806 part 3
is 2.0 m s�1 for header, riser, and floor service pipes
and 4.0 m s�1 for (replaceable) connection pipes to
one fitting. The Swedish Building Standard 2522
recommends a reduction in velocity as the design
operating water temperature increases viz, 2 m s�1

at 10 �C, 1.5 m s�1 at 50 �C, 1.3 m s�1 at 70 �C, and
1.0 m s�1 at 90 �C.

The actual velocity at which impingement com-
mences depends on the fluid and varies from alloy to
alloy.74 In general, the nickel aluminum bronzes and
copper–nickel alloys have the highest velocity toler-
ances in seawater and are somewhat better than gun-
metals, brasses and tin bronzes75 (see Table 7 and
Section 3.07.3.5). The cupronickel 90–10 and 70–30
alloys are commonly used for seawater condensers,
heat exchangers, and pipework in naval vessels as well
as merchant shipping. For tube sizes used in heat
exchangers and condensers, the velocity is limited
to �2–2.5 m s�1. For seawater pipework of internal
diameter 100 mm and with bends of long radius, the
recommended maximum seawater flow velocities are
3.5 m s�1 for the 90–10 alloy and 4 m s�1 for the 70–30
alloy76. This has worked well in practice although it is
now believed to be a little on the conservative side.77,78

Areas causing high turbulence such as bends with tight
radiuses, partially throttled valves, and partial obstruc-
tions need to be avoided.

Other cupronickel alloys have been developed and
have been found to offer even better resistance to
impingement attack. In particular, a 16.5% Ni–0.5%
Cr alloy first developed by INCO in the 1970s has a
much higher, critical shear stress than the 70–30
alloy.12 Also a 2% Mn–2% Fe–30% Ni alloy, devel-
oped for extra impingement resistance in situations
where entrained sand is present in seawater, is now
successfully used in the more demanding areas of
desalination plants.9

Gunmetals and aluminum bronzes have good
resistance to impingement attack but these alloys
are not normally used for heat exchange tubing, the
former because they are casting alloys and the latter
because it may pit in quiescent conditions. However,
both groups are used for components such as pumps
and valve bodies. The nickel aluminum bronze alloy
is used for propellers and pump components as it has
excellent resistance to cavitation compared to many
other copper based alloys.

Figure 2 Photograph showing typical impingement attack

caused by eddy currents which were present as a result of

burrs on the internal wall. The tube type is 15 mm diameter
copper tube to EN 1057, R250 (half-hard condition).
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A number of studies have evaluated the impinge-
ment resistance for marine condensers and piping
involving several types of test apparatus, including
rotating discs, rotating spindles, model condensers,
multivelocity jet tests, and jet impingement tests.79

This work has proved reliable in ranking materials as
a function of impingement resistance and has been an
important factor in the development of alloys resis-
tant to impingement attack.

Experience has shown that for intermittent
flow (as might be the case of firewater systems used
on offshore platforms which are tested periodically),
short-term high velocities in the order of 7–15 m s�1

for cupronickels are not detrimental. Also open geo-
metries need not have the velocity restrictions of pipe
and tubing; for example, 90–10 cupronickel has been
successfully used on ship hulls operating at 24 knots
(12 m s�1) with little thinning experienced.9

3.07.3.3.2 Dezincification of brasses
Historically, the most common dealloying phenome-
non seen in copper alloys has been the dezincifica-
tion of brasses. In recent years, the development
of dezincification-resistant brasses and a greater
understanding of the required conditions under
which dezincification manifests itself have lessened
its occurrence, but it retains a high degree of scien-
tific interest. Dezincification is characterized by
regions of the brass becoming replaced by a porous
mass of copper which, though retaining the shape of
the original article, has virtually no strength. There
has long been discussion as to whether there is selec-
tive corrosion of the zinc in the brass, which leaves
the copper behind, or whether complete dissolution
of the brass occurs, followed by redeposition of cop-
per. Possibly both processes occur under different
circumstances.

Table 7 Comparative results showing corrosion and erosion/corrosion performance of a number of copper alloysa

Alloy General corrosion
rate (mm year�1) b

Crevice corrosion
rate (mm year�1) b

Minimum flow rate to produce
erosion/corrosion (m s�1) c

Wrought Alloys:

Phosphorus deoxidized
copper, CW024A

0.04 <0.025 1.8

Admiralty brass, CW706R 0.05 <0.05 3

Aluminum brass, CW702R 0.05 0.05 4
Naval brass, CW712R 0.05 0.15 3

HT brass, CW705R 0.18 0.75 3

90–10 cupronickel 0.04 <0.04 3.6

70–30 cupronickel 0.025 <0.025 4.5
5% Al–bronze 0.06 <0.06 4.3

8% Al–bronze 0.05 <0.05 4.3

9% Al–bronze 0.06 0.075 4.5

Nickel aluminum bronze 0.075 <0.30 4.3
Aluminum silicon bronze 0.06 <0.075 2.5

High strength cupronickel

(Cu–Ni–Al–Mn–Fe)

0.02 <0.02 4.8

Cast alloys:

Gunmetal, CC491K 0.04 <0.04 3.6

Gunmetal, CuSn10Zn2 0.025 <0.025 6

High tensile brass, CC765S 0.18 0.25 2.5
Aluminum bronze, CC331G 0.06 <0.06 4.5

Nickel aluminum bronze,

CC333G

0.06 <0.5 4.3

Manganese aluminum
bronze, CC212E

0.04 3.8 4.3

aDue to difficulties of achieving consistent results for tests in seawater, data should be used for comparing relative performance rather than
being taken as absolute.75
bThe figures for general corrosion rate and crevice corrosion rate were determined using samples fully immersed beneath rafts in
Langstone Harbour, Portsmouth, UK, for 1 year.75
cThe corrosion/erosion resistance tests were carried out using the following method (known as the Brownsdon and Bannister method): the
specimens were fully immersed in natural sea water and supported at 60 �C to a submerged jet, 0.4 mm diameter placed 1–2 mm away,
through which air was forced at high velocity. From the minimum air jet velocity required to produce corrosion/erosion in a fourteen-day
test, the minimum sea water velocity required to produce corrosion/erosion under service conditions was estimated on the basis of known
service behavior of some of the materials.
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The mechanism of dezincification of brass has
been investigated and discussed by Evans,80 Fink,80

Lucey,81 Feller,82 and Heidersbach,83 and is referred
to in many other papers.84–92 Recent extensive stud-
ies93,94 which have investigated the distribution of
copper isotopes and the effects of specimen rotation
during testing, show that redeposition of copper is a
major mechanism.

With a single-phase brass, the whole of the
metal in the corroded areas is affected. Dezincifica-
tion may proceed fairly uniformly over the surface,
and this ‘layer type’ takes much longer to cause
perforation than the more localized ‘plug type’
which more often occurs.95 With a two-phase brass,
the zinc-rich b phase is preferentially attacked and
eventually the a phase may be attacked as well. The
zinc corrosion products which accompany dezincifi-
cation may be swept away, or, in some conditions,
may form voluminous deposits on the surface.
These may in turn lead to blockages, for example,
in fittings. In general, the rate of dezincification
increases as the zinc content rises, and great care
needs to be exercised in making brazed joints with
copper/zinc brazing alloys, particularly if they are to
be exposed to seawater. Under these conditions, a
properly designed capillary joint may last for some
time, but it is preferable to use corrosion-resistant
jointing alloys such as silver solders96, as specified in
BS EN 1044:1999.

Factors which cause increased rates of dezincifica-
tion are high temperature, high chloride content of
water, and low water speed.97–100 Dezincification is
also likely to occur preferentially beneath deposits of
sand or silt on the metal surface, or in crevices where
there is a low degree of aeration.

Addition of �0.04% arsenic will inhibit dezin-
cification of a brasses in most circumstances and
arsenical a brasses can be considered to be immune
to dezincification for most practical purposes.101

There are conditions of exposure in which dezincifi-
cation of these materials has been observed, for
example, when exposed outdoors well away from
the sea37 or when immersed in pure water at high
temperature and pressure, but instances are rare. In
other conditions, for example, in polluted seawater,
corrosion can occur with copper redeposition away
from the site of initial attack, but this is not truly
dezincification, which, by definition, requires the
metallic copper to be produced in situ. The work of
Lucey81 goes far in explaining the mechanism by
which arsenic prevents dezincification in a brasses

but not in a–b brasses. An interesting observation is
that the presence of a small impurity content of
magnesium will prevent arsenic in a brass from hav-
ing its usual inhibiting effect.102

The addition of antimony or phosphorus, in
amounts similar to arsenic, are claimed to be also
capable of preventing dezincification of a brasses.
However, most manufacturers use arsenic. It appears
desirable to avoid using phosphorus, as Bem103 has
shown that this element can, in some circumstances,
lead to an undesirable susceptibility to intergranular
corrosion. The same can be true for arsenic additions
over �0.05%.

A dezincification resistant alloy, CW602N, was
first introduced in 1980. This alloy is a leaded brass
with a zinc content sufficiently high to permit hot
forging and extrusion in the b range without crack-
ing. After hot working, a heat treatment of up to 6 h at
500 �C followed by slow cooling transforms any
residual b phase to a so that the finished component
is essentially a brass. Dezincification is inhibited by
adding arsenic (0.02–0.15%) which protects the
a phase, and good machinability is assured by adding
lead (1.7–2.8%). The impurities iron and manganese,
which combine with arsenic, must be carefully con-
trolled for the arsenic to be effective. A rule of thumb
is that the percentage of arsenic must be greater than
the combined percentage of iron and manganese to
provide resistance to dezincification. There is practi-
cal evidence that the maximum limits for iron and
manganese allowed in the specification (0.1% each)
are too high as, at these levels, the arsenic may be
rendered ineffective.

Newer studies of intergranular corrosion attack
(IGA) of arsenic-containing dezincification resistant
brass93,104 show that there is a close relationship with
the degree of precipitation of iron–arsenic com-
pounds in the grain boundaries. The precipitates are
formed during low temperature heat treatment or
slow cooling after hot forging or a prior heat treat-
ment. Sulfide corrosion and dezincification in the
grain boundary appear to be the result as the arsenic
is bound to impurities like iron. IGA has also been
reported for aluminum brass (CW 702R) and Mazza
and Torchio105 have presented a laboratory test
method to reveal IGA in this material. The method
has also been used successfully for dezincification
resistant brass104 and correlation with field tests in
seawater is good.

The addition of 1% tin can markedly reduce the
rate of dezincification in two phase brasses, and naval
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brass (61Cu–38Zn–1Sn) is attacked considerably
more slowly than 60/40 brass in seawater, although
there may be virtually no difference between them in
most freshwaters. Some of the cast complex high-
strength two-phase brasses containing tin, aluminum,
iron, and manganese appear to have relatively good
resistance to dezincification, but they are by no
means immune to it.

Dezincification of brasses in drinking water may
occur, particularly in stagnant or slowly-moving
warm or hot waters relatively high in chloride and
containing little carbonate hardness.106 Dezincifica-
tion of a brasses is inhibited by the usual arsenic
addition, but two-phase brasses are liable to severe
attack in some waters. In such cases, dezincification-
resistant brass or gunmetal fittings should be used. If
copper/zinc brazing alloys are used, these may dezin-
cify in water known to support this type of corrosion
and may consequently give rise to leaks.106

3.07.3.3.3 Selective attack in other alloys

Selective attack analogous to dezincification can
occur in other copper alloys, particularly in alumi-
num bronzes and, less frequently, in tin bronzes,107

cupronickels,108 and other alloys. Dealuminification
of aluminum bronzes has been studied extensively109

and the results indicate that, while a-phase alloys
suffer such attack comparatively rarely, alloys of
higher aluminum content can be more susceptible.
The electrochemical relationships are such that pref-
erential corrosion of the second phase is liable to occur
in a–g2 alloys, but a–b alloys are relatively resistant to
attack. Retention of b phase is favored by rapid cooling
after casting or after high temperature heat treatment,
and also by incorporating manganese in the alloy.
A tempering heat treatment in the temperature range
of 650–740 �C has been found to hinder the occur-
rence of dealuminification due to the transformation
of the more corrosion-prone b phase to a combination
of a phase and comparatively benign k phases.110

The addition of nickel to aluminum bronze has
been found useful in controlling the occurrence of
the g2 phase, which has a corrosion potential
�100 mV less noble than the a phase, thereby under-
going selective attack in seawater. Weill-Couly and
Arnauld111 have determined an empirical relationship,
eqn [6] shown below, which denotes the aluminum
content of nickel–aluminum bronze castings below
which a resistance to dealuminification is found.

Al � 8:2þNi

2
½6�

3.07.3.3.4 Deposit attack and pitting
When water speeds are low and deposits settle on the
surface, pitting in copper and copper alloys is liable to
occur by differential aeration effects. This is particu-
larly so at water speeds below �1 m s�1. In seawater
systems, such attack may occur under dead barnacles
or shellfish, the decomposing organic matter assisting
the corrosion process. Pitting is most likely to occur in
polluted in-shore waters, particularly when hydrogen
sulfide is present. In such contaminated waters, non-
protective sulfide scales are formed and these tend to
stimulate attack. It has been found possible to develop
a mathematical model which can be successfully used
to calculate the electrode potential below which cop-
per is immune to pitting in tap water or seawater in the
temperature range 25–75 �C.112 Of the 26 ionic spe-
cies which have been included in the calculation,
CO3

2� and SO4
2� were found to be the most aggressive.

3.07.3.4 Corrosion in Freshwater

Freshwaters are, in general, less corrosive toward
copper than is seawater and copper is widely and
satisfactorily used for distributing cold and hot waters
in domestic and industrial installations.113–116 Cop-
per and copper alloys are used for pipes, hot-water
cylinders, ball valves, taps, fittings and heater sheaths.
In condensers and heat exchangers using freshwater
for cooling, tubes of 70/30 brass or Admiralty brass
are usually used, and corrosion is rarely a problem.
Nevertheless, the widespread use of copper and cop-
per alloys since the early part of last century espe-
cially in domestic water systems has meant that all
adverse situations have been experienced and the
following are rare but notable corrosion issues. Two
British Standards give guidance on the likelihood of
corrosion in water distribution and storage systems
and in water recirculating systems. These are BSEN
12502:2004 and BSEN14868:2005.

3.07.3.4.1 Pitting

Occasionally copper water pipes fail prematurely by
pitting. This a general term and is used for any failure
of the pipework system leading to a leak. Pitting
corrosion of copper in drinking water systems is
often categorized as Type I, II, or III but other
types of localized corrosion are also known. However,
there may be no strict limits between Type I and
Type II pits; in relatively saline tap waters, corrosion
pits showing traits of both types have been found.
Only through proper investigation can the cause of
pitting be identified, such as in the following sections.
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3.07.3.4.1.1 Carbon film pitting

Carbon film pitting, also known as ‘Type I’ pitting,
has been a frequent problem. An example of this in a
copper tube from a domestic water supply is shown
in Figure 3 with the corrosion products removed
from the main pit. The characteristics of the pits are
hemispherical cavities with large crusts of corrosion
products outside. The composition of the crusts is
mainly basic cupric carbonates for example, mala-
chite. Cuprous chloride and reddish cuprous oxide
crystals may be found inside the cavity. The presence
of CaCO3 in the crust outside the cavity led Lucey

117

to propose a particular mechanism for this type of
pitting. Contrary to conventional descriptions of the
pitting processes, Lucey postulated that the cathodic
reaction that is, the oxygen reduction, takes place at
the crust of corrosion products which cover the cav-
ity. The phenomenon was found to occur in organi-
cally pure, cold waters originating from deep wells
and boreholes and was shown by Campbell118 to be
associated with residual films of carbon on the bore of
the tubes. This carbon was caused by decomposition
of residual drawing lubricant during bright (reducing
atmosphere) annealing. It is therefore necessary for
manufacturers to take steps to avoid these harm-
ful residues. This type of pitting attack has been
identified in many different countries119 and may be
assisted by iron-rich precipitates which can be pres-
ent at the grain boundaries.120,121 There is evidence
that it could be inhibited by the presence of organic
species in the water.122

This evidence has been corroborated in the United
Kingdom by Campbell, who found failures due to this
effect were confined to certain districts that is, supply
waters. He showed that for many supply waters this

pitting cannot proceed even in tubes containing car-
bonaceous cathodic films. He proposed that this is
most probably due to the presence of small amounts
of a naturally-occurring inhibitor in the water, proba-
bly an organic colloidal material, which stifles pitting
of copper. Pipe failures therefore only occur in waters
which contain little or none of this inhibitor.

Pitting problems also occasionally occur in copper
water cylinders123 and, as a result of a study of this pro-
blem, Lucey117 has made suggestions about the mech-
anism of pitting of copper in potable water supplies.
Several suggested methods of avoiding pitting failures
in copper cold-water tubes have been evaluated.124–126

3.07.3.4.1.2 Hot soft water pitting and Type II

pitting

In hot water pipes, failures sometimes occur in cer-
tain areas supplied with soft waters from moorland
gathering grounds. The waters concerned contain a
few hundredths of a part per million of manganese,
and in the course of several years’ exposure, a deposit
rich in manganese dioxide is laid down in the hottest
parts of the system. This may cause pitting which
could eventually lead to failure.

Hot-water pitting of another type, often referred
to as ‘Type II’ pitting, is sometimes experienced in
soft waters having high sulfate content in relation
to the carbonate hardness and a relatively low pH
value and it has been described by Mattson and
Fredriksson.127 The crusts covering these pits are
less voluminous than Type I pits, the cavities are
branching and they may be almost completely filled
with black cuprous oxide. The occurrence of Type II
pitting is associated with waters with pH � 7 and low
carbonate contents. A successful remedy has been to
increase pH, introduce carbonate dosing to give a
minimum of 70 mg HCO3

� per liter, or reduce the
water temperature to less than 60 �C.

3.07.3.4.1.3 Type III pitting

This type of pitting occurs in cold soft waters with a
pH above 8.0 and it is geographically localized, being
mainly confined to Sweden. It is generalized form of
pitting where the pits are sparse128,129. Mattson128

describes the phenomenon, noting its morphology
and means of avoidance through a method involving
bicarbonate dosing of the drinking water.

3.07.3.4.1.4 Electrochemistry of pitting

Drogowska et al.130 have used solutions designed to
mimic natural waters containing bicarbonate and
chloride ions to study the anodic oxidation of copper
and onset of pitting corrosion. They have found that,

Figure 3 Photograph showing carbon film pitting on a

copper tube.
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as the anodic polarization of copper increases in this
environment, a porous layer of Cu2O initially forms
on the metal surface. This is found to convert to basic
CuCO3 at more positive anodic potentials or in higher
concentrations of HCO3

� ions. A passivity breakdown
potential is recorded at which pitting initiates, and this
becomes more positive when HCO3

� ions are present.
The presence of Cl� ions shifts the pitting potential to
lower values, but the HCO3

� ions are found to act to
prevent this effect. Sulfate ions are found to have a very
similar effect to chloride ions in lowering the break-
down potential131 and pitting is found to be avoided
if the pH � 7.4 and the [HCO3

�]/[SO4
2�] ratio is �1.

The effect of increasing the solution temperature
to 60 �C is found to give improvement to the passivity
of the oxide film.132 Two new international standards
have been produced which give guidance on cor-
rosion prevention in water distribution and storage
systems.133

3.07.3.4.2 Chemical attack

Joining copper should be accomplished according to
recommended practice to avoid corrosion issues.
Copper pipework installations are joined using capil-
lary attraction of solder or braze material or by
mechanical means.

In the case of capillary joints, fittings, or in some
cases specifically formed tube ends, are used to form
an annular capillary gap into which molten solder or
braze is run. Fluxes containing chlorides have to be
used when soldering. The chlorides act to remove
surface oxide and reduce the surface tension, allow-
ing the solder to be drawn into the capillary gap.
Excessive use of flux can lead to its retention in
the pipework and attack by the chloride ions present.

This will normally take place in the first few months
after installation. An example of this is shown in Fig-
ure 4. Over longer periods when the active elements
of the flux are exhausted, the presence of residue can
lead to deposit attack. In both of these cases, pitting
corrosion and failure of the tube can result. Good
installation practice which ensures complete removel
of any flux residue by washing (as given by BS
6700:1997) will prevent this type of corrosion. Capil-
lary joints formed using copper/phosphorus, copper/
silver/phosphorus, or silver brazing alloys do not need
flux and therefore cannot suffer this type of attack.

3.07.3.4.3 Microbiologically influenced

corrosion

Microbiologically influenced corrosion (MIC),
describes a form of pitting considered to be due to
the action of microbes. This form of corrosion of metals
has been known for many years, for instance in the oil
industry, and an early description of its occurrence
with copper alloys was given by Rogers in 1948.134 In
some instances, MIC has been associated with soft
water which is high in organic content which has
been allowed to maintain temperatures in the region
of 20–30 �C under low velocity conditions. In such
circumstances, the resulting warm high concentration
of organic material at the bottom of horizontal tubes
provides ideal conditions for MIC to take place.135

Other circumstances with a different water quality
have been described by Wagner et al.136 However, the
exact MIC mechanism has not been elaborated. The
general view is that a region of low pH is created under
a biofilm containing polysaccharides and that the
organic materials present provide transport for the
metal ions to the liquid phase.137

Soldering Flux run-off and leak

Typical protective
corrosion layer

Figure 4 Photograph showing flux attack on a soldered copper tube.
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MIC of copper water pipes in institutional build-
ings has been reported in several countries. The
results of research, leading to remedial measures,
have been summarized by Geesey.138

An example of this type of corrosion associated
with soft high organic content water is shown in
Figure 5. Avoidance entails operating the system at
correct temperatures and flow rates as well as provid-
ing water with a low organic burden and with the
implementation of appropriate disinfection measures.

3.07.3.4.4 Stress corrosion cracking

Stress corrosion cracking (SCC) may occur with brass
fittings (see Section 3.07.3.6.1) due to traces of
ammonia in the environment or arising from nitrates
in the water. In certain rare instances, copper tubes
are known to suffer SCC, an example of which is
shown in Figure 6. In the great majority of cases of
stress corrosion encountered, traces of ammonia have
been found in the cracks.

3.07.3.4.5 Dissolution

The corrosion of copper in contact with drinking
water soon reduces to a very low rate due to the
formation of stable scale. However, some waters
continuously dissolve appreciable amounts of cop-
per.139–141 Factors which favor this action are waters
with low pH and low total dissolved solids. There-
fore, most dissolution is found in hot, soft, acid waters.
Desalination plants will produce such an aggressive
water and unless treated to increase its mineral con-
tent this water should not be used with copper. This
type of corrosion is general and the resulting pipe
wall thinning is so slight that the useful life of the
pipe or component is virtually unaffected unless

impingement attack occurs. A few very hard waters
can also give rise to copper dissolution. Research has
indicated that the difference between a scale forming
water (with a resulting low copper dissolution rate)
and a ‘dissolving’ hard water appears to be organic
content.142

High levels of copper complexed with organic
material gives the water a distinctive blue color, and
is hence given the term ‘blue water corrosion.’ It
tends to be confined to soft, unstable water types
and, to date, appears to be confined to Australia and
New Zealand. This form of dissolution has been
found to be due to microorganisms143 and restoring
the disinfection agent (e.g., free chlorine) to its
desired level will stop the effect and prevent the
occurrence of further episodes.

A review of the current state of knowledge
on dissolution in drinking water has been prepared
by Merkel and Pehkonen.144 In considering copper
dissolution, this paper subdivides general copper
corrosion into the subprocesses (oxidation, scale
formation, and scale dissolution) enabling a better
understanding of the influence of water quality para-
meters and operating conditions on copper release.
This work also considers that research needs to
be carried out to distinguish between organic com-
ponents which promote or reduce the dissolution
process.

Once copper has been dissolved, it may then lead
to problems downstream. For instance, the dissolved
copper can (1) plate out and cause galvanic corrosion
on other products such as zinc-coated steel,145 light
alloys,146 or bare steel and (2) cause blue–green stain-
ing in baths, sinks, and sometimes clothes or hair due

Figure 5 Optical micrograph showing an example of the
typical pit morphology found in MIC.

Figure 6 Photograph showing longitudinal stress
corrosion cracking of a 15 mm diameter copper tube (EN

1057, R250, half-hard condition).
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to the combination of copper with stearates in soaps
and shampoos.

The World Health Organization (WHO) Guide-
lines for Drinking Water Quality 1993147 notes that
copper is an essential element necessary for human
health and that in most parts of the world deficiency
was a problem. However, it was decided that setting
an upper limit for the allowable concentration was
necessary. Following this guideline, many countries
have regulated the maximum weekly average of
drinking water to 2 mg Cu per liter. Araya et al.148

showed that the likely taste level for copper in drink-
ing water was 4 mg l�1 or above for 95% of the
population.

In deaerated conditions, for instance, in most
central heating systems, little attack on copper
occurs.149–151 Further reference to the subject of cop-
per in water can be found in an extensive review by
Grunau.152

3.07.3.5 Corrosion in Seawater

Copper alloys have had an extensive history of use in
a wide range of marine applications9,153 due to their
advantageous properties with respect to corrosion
and biofouling resistance, conductivity, and ease of
fabrication.

Exposure tests of various copper alloys have been
carried out in natural seawater by the UK Ministry of
Defence laboratories.154 Weight loss measurements
were used to measure general corrosion rates, crevice
corrosion rates, and erosion/corrosion flow velocity
limits. The results are shown in Table 7, although
some anomalies have been reported for the dta as
presented75. It was found that the brasses exhibited
the highest corrosion rates and the alloys most resis-
tant to corrosion and erosion/corrosion were the
cupronickels.

Regarding practical applications of copper alloys
in seawater, a major example is their use for conden-
sers and heat exchangers, which has been long estab-
lished. Recent reviews have considered potential
corrosion in this application, the likely causes and
remediation procedures.76,155–157 Specific aspects
covered include the effects of surface films, the com-
missioning process, stagnant conditions, flow veloc-
ity, ferrous sulfate treatment, and cleaning
techniques. The latter may lead to greater corrosion,
though ferrous sulfate treatment can offset the effect.
Chlorination can cause increased attack in some cir-
cumstances, aluminum brass being more susceptible
to attack than cupronickels. The presence of sulfide

contamination causes serious corrosion if polluted
and aerated conditions alternate, or if oxygen and
sulfide are simultaneously present.

Corrosion of condenser tubes was a problem of
great magnitude during the first quarter of the twen-
tieth century. In those times, 70–30 brass condenser
tubes failed by dezincification and Admiralty brass
(70Cu–29Zn–1Sn) was brought into use. This proved
little better, but some time later the addition of arsenic
was found to inhibit dezincification. Failures of Admi-
ralty brass by impingement attack became a serious
problem, particularly as coolingwater speeds increased
with the development of the steam turbine. The intro-
duction of alloys resistant to impingement attack was a
great step forward and immediately reduced the inci-
dences of failure. A history of condenser tubes up to
1950 has been published by Gilbert.158

The alloys most commonly employed today are
cupronickels,159 containing appropriate iron and
manganese levels and aluminum brass (76Cu–22Zn–
2Al–0.04As). Three cupronickel alloys are in wide-
spread use and these are: (1) 30Ni–0.7Fe–0.7Mn, (2)
30Ni–2Fe–2Mn, and (3) 10Ni–1.5Fe–1 Mn. These
materials are extensively and successfully applied in
ships, power stations, oil refineries, desalination
plants, etc., in condensers and heat exchangers, with
limitations on water flow velocities, sometimes with
much entrained air present. At the highest water flow
velocities, there is a rather greater factor of safety
with 70–30 cupronickel. The 30Ni–0.7Fe–0.7Mn var-
iant is usually to be preferred under most polluted
water conditions.

A number of studies have been carried out on the
reasons for the high seawater corrosion resistance of
cupronickels. In 70–30, a nickel-rich zone is formed
in the oxide layer at the metal surface.160 This acts to
anodically protect the matrix from further corrosion.
If the film develops defects, which may be caused by
prior deformation of the metal,161 then corrosion
initially accelerates in those areas, but quickly
diminishes, resulting in a smooth overall surface.

The occasional failures which still occur in con-
denser tubes are usually due to one (or sometimes
several) of the following factors:

1. Localized attack or pitting in badly contaminated
waters.

2. Pitting under decaying barnacles, shell fish, or
other deposits.

3. Impingement attack due to high local water velo-
cities, e.g., at partial obstructions in a tube such as
barnacles or Hydra.
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4. Erosion due to sand or other abrasive particles
suspended in the water.

5. Use of tubes of the wrong alloy, or of incorrect
composition or which contain manufacturing
defects.

6. Poor welding techniques causing welds to pro-
trude into the flow.

The material most commonly used when suspended
abrasive matter is a problem is the 30% Ni alloy
containing 2% each of Fe and Mn.156,157

A difficult condenser-tube corrosion problem
arises from the use of polluted cooling waters from
harbors and estuaries, which may be severely con-
taminated, particularly when warmer climates are
involved.162 Many condenser-tube materials are lia-
ble to suffer corrosion in these circumstances, and the
choice of materials is made difficult by the fact that
different orders of merit apply at different locations
and even at the same location at different times. The
state of the water when the tubes are commissioned
and first enter service, which influences the type of
surface film formed, may well determine whether or
not a satisfactory service life will be obtained.159,163

Full salinity seawater, free from sulfides, is reported
to be the most effective passivating medium162

although the 14–60 days which this takes to complete
may put it at a lower ranking than other methods,
particularly those involving dosing with ferrous
sulfate76.

In power plants, the condenser tubes must be able
to withstand corrosive cooling waters and complex
boiler water treatments. Also, the use of recirculating
water can cause dissolved salts to concentrate between
twice and eight times the initial concentration, making
thewater significantlymore aggressive.164 Corrosion of
power-station condenser tubes by polluted waters
was at one time particularly troublesome in Japan.
Improved results have been reported using tin brasses
or special tin bronzes.165 Elsewhere, pretreatments
have been investigated with mixed success76,166 and
sodium dimethyldithiocarbamate is reported to give
protective films which will withstand the action of
polluted waters167 and has had some naval use.76

Methods of maintaining tube cleanliness include
chlorination and mechanical methods such as water
lancing and the use of the Taprogge system of circu-
lating sponge-rubber balls.157 Hot acid is now not
environmentally acceptable and the use of commer-
cial descaling agents invariably results in the near
complete loss of the passive surface layers on the
material.168 Thus, it is recommended that, after

their use, a period of 3 weeks or more should be
imposed during which natural seawater is allowed to
flow through the system to restore passivity.

Condenser tube-plates of naval brass usually
undergo some dezincification in seawater service,
but this is normally not serious in view of the thick-
ness of the metal involved. Use has been made of
tube-plates of more resistant materials such as alumi-
num bronze, or cupronickel. Plates that are too large
to be rolled in one piece can be fabricated by welding
together two or more items. In some special applica-
tions, the tubes are fusion welded or explosively
welded to the tube plates. Fusion welding operations
are rather more difficult with brasses than with other
copper alloys due to the evolution of zinc fume
during the process.

Condenser water-boxes were at one time made of
unprotected (or poorly protected) cast iron and these
afforded a measure of cathodic protection to the tube
plates and tube ends. This beneficial effect has been
lost with the general adoption of water-boxes which
are completely coated with rubber or some other
impervious layer, or which are made from resistant
materials such as gunmetal, aluminum–bronze, or
cupronickel. Steel water-boxes which are clad with
cupronickel are also used. To prevent attack on tube-
plates and tube-ends in these circumstances, either a
suitable applied-current cathodic protection system
can be applied or sacrificial soft-iron or mild-steel
anodes can be installed, the required protection volt-
age being fairly low (50 mV minimum).169 Ferrous
wastage plates have the additional advantage that the
iron corrosion products introduced into the cooling
water assist in the development of good protective
films throughout the length of the tubes. This is
particularly important in the case of aluminum–
brass tubes; indeed, with such tubes it may be desir-
able, as an additional preventative measure, to add a
suitable soluble iron salt (such as ferrous sulfate)
regularly to the cooling water.

As it has become increasingly necessary to supple-
ment natural sources of freshwater in various parts of
the world, processes for producing freshwater from
seawater have been intensively studied. Distillation is
one method widely used and, during recent years,
large numbers of multistage flash-distillation plants
have been installed in various countries particularly
in theMiddle East. Many of the larger flash-distillation
units are capable of producing several millions of
gallons of freshwater per day. In these plants, seawater
passes through horizontally disposed tubes and
steam, which is ‘flashed’ from the brine, condenses
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on the outside. In some parts of the plant, the condi-
tions are similar to those in steam condensers, but in
other parts the seawater has been treated to remove
dissolved gases and is at much higher temperatures.
Copper alloy tubes are used in large numbers for the
heat exchange units in this type of desalination
plant,170,171 these being mainly aluminum–brass and
the various cupronickel alloys.

For cooling-water trunking and saltwater services
in the engine room and elsewhere, including fire
mains, plumbing, and air-conditioning systems in
ships, more resistant alloys are taking the place of
copper or galvanized steel. The latter were formerly
extensively employed, but they do not have adequate
resistance to attack by seawater. Cu–10Ni–1.5Fe alloy
has been widely utilized and normally gives excellent
service. In some special naval applications, pipelines
of 70–30 cupronickel are used and it has been found
that adequate attention must be given to correct
fabrication and installation techniques. Carbonaceous
residues from fillers used in bending operations must
be avoided or pitting corrosion may occur in service.
Jointing materials of low corrosion resistance should
not be used, silver brazing or appropriate welding
methods being the correct techniques. Residual stres-
ses, if present, can cause stress-corrosion failures of
aluminum–brass pipelines in service.

Copper alloys inwrought or cast form are employed
for other purposes in ships and marine installations,
such as for propellers, bearings, valves, and pumps. For
instance, aluminum–brass is used for heating coils in
tankers carrying crude oil or petroleum products.
However, some corrosion problems encountered in
this and other applications on board ship have been
described by Gilbert and Jenner.172

Cupronickels have been shown to possess ex-
tremely low long-term corrosion rates in quiet or
slowly-moving seawater. The 90–10 alloy is of partic-
ular interest28,163: this alloy is now well established
for use for pipelines on ships and it has become
widely used for piping systems on floating produc-
tion, storage and offloading vessels (FPSO’s), and
offshore platforms. In addition to its good corrosion
resistance, 90–10 cupronickel has a high resistance to
marine macrofouling providing that it is not cathodi-
cally protected. This has led to applications such as
the construction or sheathing of ships’ hulls, fish
cages for aquaculture and cladding of steel offshore
structures in the tidal/splash zones.9

Investigations into the effects of arsenic and phos-
phorus in single phase brasses on their susceptibility
to intergranular attack and SCC in seawater have

shown that the normal additions of arsenic to inhibit
dezincification (�0.04%) have no significant adverse
effect. Other possible consequences of exposing cop-
per alloys to seawater which have been investigated
included dealloying of aluminum bronzes109 and the
effects at bimetallic contacts.

Major efforts have been made to understand the
nature of films formed on copper alloys in natural
seawater. These films have quite different character-
istics to those formed in sodium chloride solution, the
differences being associated with the presence of
organic material in the natural environment. However,
the structure of the films is affected by variables such
as water velocity, temperature, and oxygen content.
Protective films often have a multilayered structure,157

with an outer layer rich in iron providing impinge-
ment resistance and an inner layer giving chemical/
electrochemical protection. With aluminum brass,
a colloidal mixed hydroxide inner layer provides a
buffering action, with tin-containing brass there
is a tin-rich layer near the copper surface173 and,
with cupronickel, there is a chloride-rich layer which
strongly inhibits the cathodic reaction. A study on Cu–
Si alloys in seawater has found that the formation of
copper silicide at the alloy surface acts to prevent
corrosion.174

3.07.3.6 Effect of Exposure to
Contaminated Environments

As with many metallic materials, failure of copper
alloys may occur by cracking due to the combined
influence of tensile stress and exposure to a debilitat-
ing environment due to the presence of a contami-
nant. Failures of brass components due to this form of
stress corrosion cracking have been known for many
years175 and has been termed season cracking. In this
case, the stresses in the material are produced
in components during their manufacture and the
contaminant is ammonia vapor produced by the nat-
ural decay of organic matter.

Only certain specific environments appear to pro-
duce stress corrosion of copper alloys, most notably
ammonia,176–178 ammonium compounds, or amines.
Interestingly, pure copper does not suffer from
ammonia-induced stress corrosion but will display
the phenomenon in the presence of nitrites.179 Stress
corrosion can also occur with moist sulfur dioxide,
sulfites, and some organic acids.180 Mercury or
solutions of mercury salts (which cause deposition
of mercury), or other molten metals will also
cause cracking, but the mechanism is undoubtedly
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different.181 Cracks produced by mercury are always
intergranular, but ammonia, according to the exact
conditions, may produce cracks which are fully trans-
granular, fully intergranular, or a mixture of both. As
an illustration of this, Edmunds182 found that mer-
cury would not produce cracking in a stressed single
crystal of brass, whereas ammonia could do so.

In certain circumstances, corrosion of copper
alloys can occur through seemingly random
interconnected microtunnels which spread out into
the metal from what appears to be only a discolor-
ation of the surface film. As a result of this phenom-
enon, through-thickness perforation of tube can
result in weeks or months. This type of corrosion
has been termed formicary corrosion due to its mor-
phological similarity to an ants nest. Elliott183 has
produced a summary of knowledge of formicary cor-
rosion up to 1999. The cause has been ascribed to
contamination of the outside of the tube by carbox-
ylic acids.

3.07.3.6.1 Stress corrosion of brasses

Brasses containing only a few percent of zinc may
crack under load if the stresses are high and the
environment is sufficiently corrosive and most types
of brass appear to be susceptible to the occurrence of
this phenomenon of stress corrosion. An investigation
of the effect of additions to 70–30 brass has been
carried out by Wilson et al.,184 who found that an
addition of �1% Si was markedly beneficial. Other
additions were beneficial under some circumstances
but none of the 36 additions tested accelerated stress-
corrosion cracking. Further results have been given
in later papers.185,186

In general, the susceptibility to stress corrosion in
brasses appears to rise with an increase of zinc con-
tent, but in some circumstances alloys containing
64–65% Cu were found to be rather more affected
than those containing 60% Cu.187

Many workers188–193 have investigated the resid-
ual stresses introduced by different working pro-
cesses in brasses of various compositions and the
annealing treatments necessary to remove these
stresses or reduce them to a safe level. A ‘stress-relief
anneal’ at �300 �C will usually lower internal stres-
ses to comparatively small values without much
effect on hardness of the material.

Specifications for brass products customarily
include the provision for carrying out a mercurous
nitrate test194,195 (EN ISO 196:1995) to ensure
that unduly high residual tensile stresses are not
present, but a satisfactory result in this test does not

guarantee freedom from cracking in environments
containing ammonia. More searching tests involving
exposure to ammonia have therefore been devised,
such as ISO 6957:1988. The standardization of stress-
corrosion cracking tests and their correlation with
service experience have been the subject of several
papers.196–200 A European standard for the assessment
of susceptibility to SCC was published in 2006: EN
14977, Copper and copper alloys – detection of tensile
stress – 5% ammonia test. Many authors201–205 have
described practical cases of stress-corrosion crack-
ing usually involving tensile stresses applied in ser-
vice. Two possible preventive measures are the use of
coatings206–208 or inhibitors.209

The behavior of a wide range of a, a–b, and b
brasses in various corrosive environments was studied
by Voce and Bailey and their results have been sum-
marized by Whitaker.210 Penetration by mercury and
by molten solder was found to be intergranular in
all three types of brass. In moist ammoniacal atmo-
spheres, the penetration of unstressed brasses of all
types was intergranular. Internal applied stresses
accelerated the intergranular penetration of a brasses
and initiated some transgranular cracking. It also
caused severe transgranular cracking of b alloys
and transgranular cracking across the b regions
in the two-phase brasses. Immersion in ammonia
solution, however, caused intergranular cracking of
stressed b brasses. b brasses containing 3% or more
aluminum failed with an intergranular fracture when
stressed at �0.1% proof stress in air. The behavior
of alloys of this type was subsequently studied by
Perryman211 and Bailey212 who showed that cracking
in air occurs only when moisture is present. It has
been confirmed that b brasses are prone to crack in
service.213

High-strength a–b brasses containing up to �5%
Al (with small amounts of Fe, Mn, Sn, etc.) used for
propellers, parts of pumps, nuts and bolts, and similar
applications usually give good service but occasion-
ally suffer intergranular failure, for instance in con-
tact with seawater. Examination of such failures
usually reveals thin dezincified layers along the
cracks, but it is often difficult to decide whether the
crack or the dezincification occurred first.

The theoretical aspects of stress-corrosion crack-
ing have attracted much attention in recent years.
Among the copper alloys, the behavior of brasses in
ammoniacal environments has been most studied.
While cracking has been shown to be possible in
contact with some other corrosive agents, ammonia
has the most powerful effect. Evans214 suggests that
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this is because ammonia is a feeble corrodent which
produces little attack except at regions such as grain
boundaries or other lattice imperfections. Also, it
prevents accumulation of copper ions in the crevices
formed owing to the formation of stable complexes
such as Cu[(NH3)4]

2+. The mode of cracking (inter-
granular or transgranular) can be affected by changes
in composition of the brass or by changes in the
nature of the environment.215 Mattsson216 found
that, on immersion in ammoniacal solutions of differ-
ent pH values, stressed brasses cracked most rapidly
at pH 7.1–7.3 and that in this range black surface
films formed on the metal. The role of tarnish films
has been further studied subsequently.217–219 Many
authors have studied electrochemical220–235 or met-
allurgical236–241 aspects of the stress corrosion of
copper alloys and discussed theories of the mecha-
nism. Papers on the subject have been included in
several symposia or conferences on stress corrosion
of metals.242–244 The stress cracking of brasses has
been reviewed by Bailey245 and other workers246–254

and reviews of stress corrosion as a general subject
have also been published.255–257

3.07.3.6.2 Stress corrosion of other copper

alloys

Evidence indicates that pure copper is not likely
to be susceptible to stress corrosion258–260 but
instances of the failure of copper are known, when
it contains 0.4% As261 or 0.02% P.258 SCC has
also been found to occur in copper–beryllium,262

copper–manganese,263–265 aluminum–bronzes,266,267

tin–bronzes, silicon–bronzes, nickel silvers,268 and
cupronickels.268,269 Most of these alloys are much
less susceptible to cracking than brasses,270 although
under some conditions aluminum–bronzes can be
particularly prone to cracking.271 In ammoniacal
environments, the cracking tends to be transgranular,
and in steam atmospheres, intergranular cracking is
favored.272 Additions of 0.35% Sn or Ag are claimed
to be effective in preventing intergranular crack-
ing.273,274 Aluminum–bronzes containing 2% Ni
and 0.5–0.75% Si are claimed to have good resistance
to stress corrosion,273,275 although there is evidence
that silicon bronzes can show accelerated intergranu-
lar fracture in the presence of moist air.

Thompson and Tracy258 carried out tests in a
moist ammoniacal atmosphere on stressed binary
copper alloys containing zinc, phosphorus, arsenic,
silicon, nickel, or aluminum. All these elements gave
alloys susceptibility to stress corrosion. In the case of
zinc, the failure time decreased steadily with increase

of zinc content, but with most other elements there
was a minimum in the curve of concentration of alloy-
ing elements against time to failure. In tests carried out
under a static load of 70 MN m�2, these minima were
found to occur at concentration levels of �0.2% P,
0.2% As, 1% Si, 5% Ni, and 1% Al. In most cases, the
cracking was observed to be intergranular.

A series of slow strain rate tests have been carried
out on high strength Cu–Ni–Al alloys in environ-
ments which could be encountered by the offshore oil
and gas industry276 and these have found that the
application of a cathodic potential (as applied in
cathodic protection) gives protection against stress
corrosion. However, molybdenum disulfide greases
mixed with seawater and greases containing bentone
were found to promote stress corrosion as did the
more well known debilitating species such as amines.
Work on relating the microstructural aspects of these
alloys to their possible susceptibility to stress corro-
sion has identified277 that the production process
should be undertaken in such a way that the presence
of iron-rich phases on the grain boundaries is
restricted, the material has a fine grain size and that
it is supplied in an under-aged condition.

Cupronickels (90–10 and 70–30) have generally
been considered immune to sulfide stress corrosion
in most seawater environments.9 However, there have
been recent trials278 in seawater containing severe
sulfide levels of 100–1000 ppm which indicate a
cracking possibility for the 90–10 alloy.

A related debilitating effect to stress corrosion
cracking is hydrogen embrittlement, and it is inter-
esting to note that copper alloys have not been
reported to suffer from this phenomenon. In particu-
lar, testing has demonstrated that high strength Cu–
Ni–Al and Cu–Ni–Sn alloys do not embrittle under
hydrogen charging conditions277 whereas nickel
alloys containing copper and aluminum (Ni–Cu–Al)
lose ductility under the same conditions. Detailed
electrochemical work carried out by Pound279 allowed
him to suggest that this is because the internal hydro-
gen becomes associated with both reversible and irre-
versible trap sites. He postulates that the trap sites in a
Cu–Ni–Al alloy are measurably more reversible than
those in Ni–Cu–Al, preventing the former from being
susceptible to hydrogen embrittlement.

3.07.3.7 Corrosion in Industrial Chemicals

A number of publications are available which give
detailed information on the action of a wide range of
chemicals on copper and copper alloys.280–285
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When contemplating the use of copper-based
materials for industrial purposes it is necessary to
bear in mind that, even though a satisfactory life of
the component may be obtained, possible difficulties
may arise from the following other causes:

1. Copper compounds can be tolerated only in small
amounts in potable waters or food substances. The
WHO current safe concentration limit for copper
in drinking water of 2.0 mg l�1.

2. Copper compounds are highly colored, and a very
small amount of corrosion may lead to staining
and discoloration of products.

3. Stimulation of the corrosion of vital parts made of
more anodic metals may occur if they are
connected to copper.

4. Very small amounts of copper taken into solution
may cause considerable corrosion of more anodic
metals elsewhere in the system, particularly
zinc,145 aluminum,146 and sometimes steel.286

Small particles of copper deposited from solution
set up local cells which can cause rapid pitting.

Despite these qualifications, copper and its alloys
are used extensively and successfully in many types
of chemical production equipment. Uses include
condensers and evaporators, pipelines, pumps,
fans, vacuum pans, and fractionating columns. Tin–
bronzes, aluminum–bronzes, silicon–bronzes, and
cupronickels are used in some circumstances because
they present better corrosion resistance than copper
or brasses.

3.07.3.7.1 Acid solutions

Copper does not normally displace hydrogen, even
from acid solutions, and it is therefore virtually un-
attacked in nonoxidizing conditions. For strongly
reducing conditions in the temperature range 300–
400 �C, corrosion resistance is comparable, if not
better, than stainless steel. However, when copper
alloys come into contact with most solutions, which
invariably contain dissolved air, cathodic depolariza-
tion can occur which increases the chances that cor-
rosion will take place.287 Therefore, it is difficult to lay
down any general recommendations for the use of
copper in acid solutions, since the rate of attack signifi-
cantly depends on the particular circumstances.
Under fairly mild conditions copper or copper alloys
are successfully used for handling solutions of hydro-
fluoric,280,288,289 hydrochloric,280,290 sulfuric,291 phos-
phoric,280,292 acetic, and other fatty acids.280,293 Rates
of corrosion, in general, increase with concentration of
acid, temperature, amount of aeration,294,295 and speed

of flow.296 Tin–bronzes, aluminum–bronzes,297–299 sili-
con–bronzes, and cupronickels are among the copper
alloys most resistant to acids. For instance, aluminum
bronze will withstand 50% sulfuric acid at 120 �C and
60% sulfuric acid at 30 �C. Silicon bronze is resistant
to hydrochloric acid over the range 10% HCl at
70 �C/20% HCl at 50 �C/35% HCl at 15 �C. Brasses
should not normally be used in acids. All copper-based
materials are attacked rapidly by oxidizing acids such
as nitric acid, strong sulfuric acid, or chromic acid
(including dichromates) and also by hydrocyanic acid.
The maximum temperature of operation of copper in
dry HCl is 93 �C and in dry chlorine it is 200 �C.

The dissolution of copper and brasses in acid
solutions has been studied by several authors.300–305

In sulfuric acid, pitting attack has been found to occur
in 95% sulfuric acid at 50 �C, in 80% sulfuric acid at
70 �C, and in 60% sulfuric acid at 100 �C. Various
substances have been found to have an inhibiting
effect on the rate of attack of copper or brasses in
nitric acid306–310 and in hydrochloric acid.311

3.07.3.7.2 Neutral and alkaline solutions

Copper-based materials are resistant to alkaline solu-
tions over a wide range of conditions,312 but may be
appreciably attacked by strong solutions, particularly
if hot. Cupronickel alloys usually give the best results
in alkaline solutions. Copper and its alloys should
be avoided if ammonia, ammonium compounds, or
organic amines are present313–317 owing to the danger
of both general corrosion and stress corrosion.

Copper is satisfactory for handling solutions of
most neutral salts280,318 unless aeration and turbu-
lence are excessive. All exception is provided by
those salts that form complexes with copper, such as
cyanides, and solutions containing oxidizing agents,
such as ferric or stannic compounds.

3.07.3.7.3 Hydrogen sulfide pollution

Polluted and stagnant waters can be a source of
corrosion to copper alloys because of the metal reac-
tion with hydrogen sulfide to form sulfide surface
films. Higher corrosion rates and pitting corrosion
can result because the films do not provide the same
protection as those normally formed. Sources of
hydrogen sulfide include industrial waste, decomposi-
tion of organic matter, and sulfate reducing bacteria.

When there is little or no oxygen present in the
system, then the corrosion rate of copper alloys with
a sulfide film is only slightly higher than in aerated
seawater.319 However, when aerated seawater mixes
with sulfide-containing seawater, higher rates of
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corrosion can occur. Such corrosion is also velocity
sensitive and is found to be more pronounced in
regions of highest flow velocity.

A sulfide film can gradually be replaced by an
oxide film in seawater during subsequent exposure
to aerated conditions,9,162 although this may take
several days and high corrosion rates can be expected
in the interim. However, if an established cuprous
oxide film is already present, then periodic exposure
to polluted water can be tolerated without damage to
the film. Therefore, exposure to sulfides should be
restricted wherever possible and this should be par-
ticularly so during commissioning and during the
first few months of exposure to seawater, during
which time the oxide film is maturing. Typical guide-
lines for commissioning or shut down/standby of
copper alloy piping systems are given in Table 8.

The addition of ferrous ions to seawater systems,
usually as a result of dosing with ferrous sulfate or by
the use of a stimulated iron anode, has been found to
improve the corrosion resistance of aluminum brass
and cupronickels when exposure to polluted condi-
tions are anticipated.76 Other pretreatments have
been investigated with variable success.76,166

The common cast alloys used for seawater systems
are gunmetals, high tin bronzes, and nickel aluminum
bronze. In clean water, nickel aluminum bronze is the
favored alloy for pumps and valves319 but 10% tin
bronzes can be better in mildly polluted conditions,
particularly for erosion resistance.

Francis has reported319 that the presence of sul-
fides can reduce the temperature above which hot

spot corrosion can be found in heat exchangers from
�130 �C down to 80 �C. This type of attack is caused
by thermogalvanic effects under slow flow or stag-
nant conditions. Cupronickel (70–30) is the most
susceptible alloy for hot spot corrosion and alumi-
num brass is the most resistant. Again, ferrous sulfate
dosing, or higher flow rates, can provide improved
resistance.

A microstructural study of the behavior of high
strength Cu–Ni–Al alloy toward aqueous H2S has
been carried out using STEM and SEM surface
analysis.320 The morphology of the surface is shown
in Figure 7 together with a schematic diagram
derived from microanalysis explaining the chemical
composition of the various corrosion product layers
formed. It was concluded that the large copper sul-
fide crystals were deposited on the surface following
preferential corrosion of copper from the alloy sur-
face. The general corrosion rate was about three
times lower than that of 70–30 cupronickel as a result
of the formation of an aluminum-rich oxide layer
directly at the solid/solution interface.

3.07.3.7.4 Other chemicals

Copper and copper alloys are unsuitable in hydrogen
peroxide279,321 or molten sulfur.279,322 Halogens
have little action on copper at room temperature
when dry, but are corrosive when wet. Hypochlorite
solutions are corrosive.323 Most organic compounds
are without appreciable action,279 although contact
with moist acetylene should be avoided, as explosive
compounds are formed. Moisture also accelerates

Table 8 Guidelines for shutdown and standby conditions of a copper alloy piping system in order to avoid possible

problems caused by the presence of sulfides

Conditions in the system

Duration Clean seawater or freshwater without deposits Polluted seawater or freshwater where deposits
are present

4–6 days Keep the system filled Commissioned system:
	 Avoid high flow rates
	 If possible, drain the system and fill with clean

seawater or freshwater

New system:
	 Clean the system and fill with clean seawater
or freshwater.

>4–6 days Keep the system filled and replace the water by

oxygenated water every 2–3 days

Possibility I:
	 Clean the system and fill with clean seawater
or freshwater

	 Replace the water by oxygenated clean

water every 2–3 days.

Possibility II:
	 Clean the system and keep it dry.
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attack by halogenated organic compounds, particularly
carbon tetrachloride and trichloroethylene, which
hydrolyze to give traces of hydrochloric acid. Cupro-
nickels show most resistance to these chemicals.

Copper alloys are widely used for handling hydro-
carbon oils, although, if sulfur compounds are pres-
ent, attack can be serious. The effects of synthetic
detergents on copper have been investigated324,325

and several authors279,326–328 have discussed various
aspects of the behavior of copper and its alloys in the
food-processing industry, where direct contact with
copper alloys can result in the alteration of taste
or color.

3.07.3.8 High Temperature Oxidation and
Scaling

Several authors have reviewed the literature on the
oxidation and scaling of metals, including copper.329–332

3.07.3.8.1 High temperature oxidation of

copper

The volume ratio for cuprous oxide on copper is 1.7,
so that an initially protective film is to be expected.
Such a film must grow by a diffusion process and
should obey a parabolic law. This has been found to
apply for copper in many conditions, but other rela-
tionships have been noted. For instance, in the very
early stages of oxidation, a linear growth law is found
(e.g., at 1000 �C).333

At 180–290 �C, it has been determined334 that the
parabolic law first applies but, subsequently, this
changes to a logarithmic relationship of the type
shown in eqn [7]:

Y ¼ K logBðt þ 1=BÞ ½7�
B being a constant. However, other workers have
reported a cubic relationship under some conditions.
Evans335,336 has shown how the effect of internal
stresses in growing films may have various effects
which can lead to any one of the three growth laws
referred to above.

At medium and high temperatures337–345 copper
ultimately follows the parabolic law.346 It has
been shown using radioactive tracers347,348 that the
diffusion of copper ions in cuprous oxide is the rate-
determining step at 800–1000 �C, and there is con-
siderable evidence in favor of the view that metal ions
move outwards through the film by means of vacant
sites in the oxide lattice.133

When oxidation is a diffusion-controlled process,
the oxidation rate should be related to the tempera-
ture by the Arrhenius relationship, eqn [8]:

K ¼ A expð�Q =RTÞ ½8�
where K is the rate constant, A a constant, R the
gas constant, T the absolute temperature, and Q

the activation energy. Values which have been
obtained for A and Q are summarized by Tylecote,349

Pilling and Bedworth,350 Feitknecht,351 and others

Thick sulphide rich layer

Thick scale containing sulphide
partially converted sulphuric and oxide

(a)

(b)

Thin sublayer

Corrosion
 product

Metal

Partially converted subscale

Oxide rich scale

Corrosion product

Metal

Figure 7 Scanning electron image and schematic diagram of Cu–Ni–Al surface after exposure to saturated aqueous

H2S at 25 �C.
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and give values of Q of �0.17 MJ for temperatures
of 700–1000 �C, while at lower temperatures (up
to 500 �C) Vernon352 and others have obtained
values of about 85 kJ. These values are in agreement
with calculations by Valensi,353 based on the assump-
tion that, at high temperatures, the oxidation proceeds
by the reaction of oxygen with metallic copper to
produce cuprous oxide while at lower temperatures
the rate is determined by the reaction between oxygen
and cuprous oxide to form cupric oxide.

At low temperatures (e.g., 300 �C) the film consists
almost entirely of CuO. As the temperature increases,
the film consists of a layer of Cu2O beneath a layer
of CuO, the proportion of Cu2O increasing until,
at high temperature, the film is almost entirely
Cu2O. The precise composition of the film depends,
however, on a number of factors, including tem-
perature, time, and oxygen concentration in the
atmosphere. Tylecote346 has investigated the compo-
sition, properties, and adherence of scales formed on
various types of copper at temperatures between 400
and 900 �C. At the higher temperatures, the scales
formed on copper containing phosphorus were more
brittle and less adherent than those formed on copper
containing no phosphorus.

Studies have been carried out on the effects at
high temperature of sulfur349 and of atmospheres
containing hydrogen sulfide,354–356 steam,357,358 sul-
fur dioxide,358 and hydrogen chloride.358

3.07.3.8.2 High temperature oxidation of

copper alloys

In the case of copper alloys which contain elements
which are more noble than copper, the resulting
surface oxide will be substantially pure copper
oxide as the oxides of the noble metals have higher
dissociation pressures than the copper oxides. Con-
versely, for alloys containing baser metals, the alloy-
ing element will appear as an oxide in the scale often
in greater concentration than in the alloy itself, and
sometimes to the exclusion of copper oxides. The
dissociation pressures of many oxides have been cal-
culated by Lustman.359

Whether the rate of oxidation of an alloy of copper
with a base metal is less or more than that of copper
will depend on the concentration of the alloying
element and the relative diffusion velocities of
metal atoms or ions in the oxide layers. There is
extensive literature on the oxidation behavior of
copper alloys.346,347,360–367 According to Wagner’s
theory368–371 the rate of oxidation will be largely
influenced by the electrical conductivity of the film

and this theory is supported by the fact that the
alloying elements giving maximum oxidation resis-
tance to copper, that is, beryllium, aluminum, and
magnesium, form oxides having very low conductiv-
ities, as shown by Price and Thomas.372 Wagner cal-
culated that when sufficient aluminum was present in
copper to cause the formation of an alumina film, the
oxidation rate should be decreased by a factor of
more than 80 000. Experiment showed the factor to
be only 36, but when Price and Thomas carried out
initial oxidation under only slightly oxidizing condi-
tions, producing only a film of alumina, the oxidation
rate on subsequent exposure to full oxidizing conditions
was decreased by a factor of �240 000. Hallowes and
Voce358 found that selective oxidation of a 95Cu–5Al
alloy by this method gave protection from atmospheric
oxidation up to 800 �C unless the film was scratched or
otherwise damaged, or the atmosphere contained sulfur
dioxide or hydrogen chloride.

The effects on oxidation resistance of copper as a
result of adding varying amounts of one or more
of aluminum, beryllium, chromium, manganese, sili-
con, and zirconium are described in a number of
papers.360–367 Other authors have investigated the
oxidation of copper–zinc373,374 and cupronickel
alloys,374,375 the oxidation of copper and copper–
gold alloys in carbon dioxide at 1000 �C376 and the
internal oxidation of various alloys.377–379

Copper alloys have been used extensively in high-
pressure feed-water heaters in power generating
plant.380 Experience has shown that when such hea-
ters are operated intermittently, 70Cu–30Ni or
80Cu–20Ni alloy tubes suffer fairly rapid and severe
steam-side (external) oxidation with the formation of
exfoliating scales. This corrosion, which may be asso-
ciated with ingress of air during shutdowns, has been
the subject of several published papers.381–385 The
behavior of other alloys for feed-water heater service
has also been discussed.380,386–388

3.07.4 Protective Measures

The good corrosion behavior of copper and copper
alloys is dependent upon correct choice of material,
good design of equipment, and proper methods of
operation. Brasses and bronzes may often be effec-
tively protected by polishing followed by periodic
waxing. If proper attention is given to these factors,
there will usually be no need for protective measures.
In special cases, however, for example, to prevent the
dissolution of small amounts of copper or to maintain

1966 Non-Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



a high-grade finish, metallic coatings of one or more
of the following metals may be applied: tin, lead,
nickel, silver, chromium, rhodium, or gold. In other
cases painting, varnishing, or lacquering may be
desirable, or if the conditions are very severe (as in
some corrosive soils) heavier protection such as bitu-
minous or plastic coatings may be necessary. Brasses
that are liable to suffer dezincification or stress cor-
rosion may need protection where other copper
alloys would be satisfactory in an unprotected condi-
tion. Sometimes use is made of the principles of
cathodic protection, for example, steel ‘protector
blocks’ in condenser water-boxes.

In some circumstances, use of inhibitors may be a
desirable remedial measure. For instance, benzotria-
zole (BTAH) has been found of considerable value
for preventing staining and tarnishing of copper pro-
ducts.389 The characteristics of the behavior seen
indicate that an inhibiting film is formed by adsorp-
tion of neutral BTAH molecules on the copper sur-
face followed by adsorption of a thin layer of copper
BTAH in polymeric form. Also, a synergistic effect
has been found when BTAH and iodide ions are
used together to prevent copper corrosion in sulfuric
acid.390 Sodium diethyldithiocarbamate also has use-
ful inhibiting properties.391 Other types of inhibitors
can be of value in condensate systems392,393 and in
acid solutions.305–310 Reviews have been given of
corrosion inhibitors for copper394 and brasses.395,396

The effects and efficiencies of various inhibitors con-
tinues to be the subject of much research.397–400 Low
concentrations (0.1 mM) of amino acids (glycine and
cysteine) have been demonstrated to provide over
95% inhibition efficiency for 95–5 cupronickel
corrosion.401

The danger of accelerated attack on copper-base
materials due to coupling with other metals is small
in many environments since copper is usually the
cathodic member of the couple, but precautions are
often necessary to prevent excessive corrosion of the
anodic member. Surveys of the behavior of couples
involving copper and copper alloys have been
given.319 Titanium, high nickel alloys, and super
stainless steels can be sufficiently more noble than
copper alloys in seawater environments to cause gal-
vanic attack of the copper alloy and electrical isola-
tion or insulated spool pieces may be required. This
is less of a problem in chlorinated systems as preven-
tion of the biofilm can reduce the efficiency of the
cathode.319,402 Another material that has been found
capable of accelerating attack on copper in practice
is graphite; hence graphitic paints or graphite in

gasketing, etc., are undesirable. Occasionally the
action between different copper-based materials
may be appreciable particularly if the relative surface
areas are unfavorable, for example, gunmetal may
stimulate the corrosion of copper or brass in seawater
and due care should be taken.

3.07.5 Areas of Future Development

3.07.5.1 Antimicrobial Benefits of Copper
Corrosion

The formation of cuprous Cuþ and cupric ions Cu2þ

has been described earlier. The ability of copper to
gain and lose outer electrons is the source of many of
copper’s important physical properties such as high
electrical and thermal conductivity, chemical stabil-
ity, and its reddish color. Copper ions also play a
crucial role in copper’s antimicrobial action and the
main hypotheses for the mode of actions in damaging
the functionality of a cell of a microorganism are:

1. Their competing with and hindering uptake of
major minerals such as sodium and potassium.
This causes serious imbalances in the mineral
composition of the cell of the microorganism.403

2. Their binding to proteins inside the cell which do
not require copper, creating a dysfunction of that
protein.404,405

3. Their causing oxidative damage, thereby damag-
ing the cell wall and other cellular structures and
finally causing bacterial cell death.406

Recent work407–409 has shown the effectiveness of
copper in inactivating pathogens such as Escherichia
coli, Meticillin-resistant Staphylococcus aureus (MRSA),
and Influenza A and in reducing environmental con-
tamination in a clinical setting.410,411

3.07.5.2 Alloy Developments

Cupronickel alloys in particular are being developed
for applications in seawater and oil and gas well
environments. Copper nickel chrome (DEF STAN
02-824) cast components are beginning to replace
those made from nickel aluminum bronze when
long-term seawater corrosion resistance is required.
This is due to the fact that, after 10 years of seawater
service, only such components have been found to
have lost only �0.15 mm from their original thick-
ness through corrosion, performing significantly bet-
ter than cast nickel aluminum bronze under the same
conditions.412 Cu–Ni–Al and Cu–Ni–Sn alloys are
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being developed as high strength corrosion resistant
alloys for seawater applications requiring hydrogen-
embrittlement-free, antigalling properties, and as alter-
native corrosion resistant, nonmagnetic bearing alloy to
Be–Cu in directional oilfield drilling equipment.

Shape memory effect alloys have recently been
under development for use in electronics and den-
tistry. Those based on Cu–Al and Cu–Ag–Al have
been found to exhibit curious electrochemical effects
during dissolution in alkali media if oxygen is pres-
ent.413 This has been explained in terms of fast pref-
erential dissolution of aluminum followed by the
slow transport of aluminate ions from the surface.
This influences the formation of Cu2O, which is the
main corrosion reaction, such that an unusual oscil-
latory electro-potential effect is produced.
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3.08.1 Introduction

Having been discovered some 180 years ago, alumi-
num has a relatively short history and only recently
completed its first century of commercial manu-
facture. The key to its extensive use today is its
corrosion resistance and its extreme versatility that
make it suitable for a wide range of products from
household foil to armor plate and the essential
construction material for generations of aircraft
and space vehicles. Aerospace applications, which
demand strength, toughness, corrosion resistance
and light weight, have provided the greatest stimulus
for alloy development and corrosion research, which
continues even today.1 Durable aluminum has pro-
vided a vast web of power transmission cables, clad-
ding for all types of buildings and the versatile
extruded section for glass house construction. It is
increasingly the metal chosen for reducing the weight,
thereby reducing emissions from the world’s vast and
rapidly expanding population of cars and trucks.

Aluminum and its alloys offer a diverse range of
desirable properties that can be matched precisely to
the demands of each application by the appropriate
choice of composition, temper and fabrication mode.
Aluminum can be rolled, forged, slit and sheared and
shaped by extrusion through dies of a multiplicity of
shape or can be cast directly into shaped products. In
addition to its low density and high corrosion resis-
tance, its other major attributes are its high thermal
and electrical conductivity, heat and light reflectivity,
cryogenic compatibility, nonferromagnetic property
as well as its hygienic and nontoxic qualities for food
contact applications.2

Aluminum as an engineering material ranks in
tonnage use only behind iron and steel, and its growth
in production has been continually increasing year by

year. The global tonnage shipped in 2007 was 60Mt,
of which 37Mt was provided by primary production
and 23Mt by recycled scrap.3 Aluminum is unique
in its high level of recyclability, which can compensate
for the high energy cost of its primary production.

Aluminum is an essential material for modern
economies and often substitutes as the preferred mate-
rial for steel and plastics in automotive and build-
ing applications; copper in electricity production
and transmission; magnesium, titanium, composites
and plastics in aerospace and defense applications;
steel, plastics and glass in packaging applications;
and wood and vinyl for building and construction
applications.

This chapter provides a general, yet concise,
account of the corrosion behavior of aluminum and
its alloys with reference to their classification, pro-
cessing and surface treatment.

3.08.2 Historical Perspective

Aluminum was first produced in impure form in 1825
by Hans Christian �rsted and in pure form in 1827
by Friedrich Wöhler. The first commercial prepara-
tion of aluminum was in 1855 in France when Henry
Etienne Sainte-Claire Deville reduced aluminum
chloride with sodium. He also, most likely, conceived
the idea of the electrolysis of aluminum oxide dis-
solved in cryolite, which in 1886 was used indepen-
dently by Charles Martin Hall in the United States
and Paul Héroult in France for the development of
electrolytic extraction of high-purity aluminum in an
economical manner and remains the basis for pro-
duction even today.4,5 Before the Hall–Héroult pro-
cess was developed, aluminum was more valuable
than gold and was used for dinner plates by Napoleon
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III and the apex of the Washington Monument in
1884. Commercial production started in 1888 at the
Pittsburgh Reduction Company, today known as
Alcoa, and in 1889 in Switzerland at Aluminium
Industrie, now part of Alcan.

Aluminum is the most abundant metal and com-
prises about 8% of the earth’s crust. It occurs natu-
rally as bauxite, the name given to its ore containing
30–50% hydrated alumina (along with impurities
including iron oxide, titania and silica). The proces-
sing of bauxite is carried out by the chemical process
invented by Karl Joseph Bayer in 1888,6 which con-
verts bauxite to alumina by digestion in caustic soda
followed by precipitation and calcination. Impurities
from bauxite and from the steel vessels and pipe-
work of the alumina plants have a significant inf-
luence on the corrosion behavior of aluminum and
its alloys.

The Hall–Héroult process is carried out in alumi-
num primary production plants, known as smelters,
where the alumina from the Bayer plant is dissolved
in molten cryolite, and electrolysis is carried out in an
electrolytic reduction cell (or ‘pot’) consisting of
baked carbon anode rods (which are consumed), a
carbon-lined vessel to hold the electrolyte and a
molten pool of liquid aluminum (the cathode).4,5

The reduction cell is operated at about 950 �C. The
anodes are consumed during the process as they react
with the oxygen coming from the alumina. A typical
smelter has hundreds of cells arranged in potlines
operating at currents up to 500 kA. All potlines built
since the early 1970s use prebake anode technology,
where the anodes, manufactured from a mixture
of petroleum coke with coal tar pitch binder, are
prebaked in separate anode plants. In the earlier
Soederberg technology, the carbonaceous mixture is
fed directly into the top part of the pot, where self-
baking anodes are produced using the heat released
by the electrolytic process. Potlines of this type are
being progressively phased out.

At regular intervals, molten aluminum is tapped
from the pots and is transported to the cast house
where it is alloyed in holding furnaces by the addition
of other metals, cleaned of oxides and gases and then
cast into ingots. These can take the form of extrusion
billets for extruded products, or rolling ingots for
plate, sheet and strip products, depending on the way
they are to be further processed. Aluminum castings
are produced by foundries using a number of molding
techniques to manufacture shaped components.

Generally, the purity of aluminum from electro-
lysis cells is adequate (i.e., 99.7–99.9%) for alloying,

the main impurities being iron and silicon together
with lower levels of zinc, magnesium, manganese and
titanium; however, if high- or super-purity aluminum
is required, a second stage of refining is carried out in
a three-layer Hoopes cell producing purities between
99.99% and 99.999%. Higher purities can be
achieved by zone-refining super-purity aluminum.
World aluminum production grew rapidly from
180 kt in 1918 to 2Mt in 1952 to 20Mt in 1989.
Since that time, the rate of increase has been more
modest, rising steadily to 24Mt in 2000 and recently,
more rapidly to 37Mt in 2007. Aluminum has been
traded on the London Metal Exchange (LME) since
1978, and from 1985, the LME price was adopted as
the market price. Over the past 30 years, the average
LME quoted price of aluminum has been $1.5 per
kilogram but has ranged between $1.00 and $3.00 per
kilogram depending on the variation in supply and
demand.7,8

From a corrosion perspective, aluminum has been a
remarkably successful metal, and many of the earliest
artifacts remain like the mill-finished roof of
the church of St. James in Rome built in 1897 and the
statue of Eros by Albert Gilbert unveiled in London
in 1893. The aluminum industry maintained strong
corrosion technology support groups for many years
as aluminum production and its range of applications
expanded.Themajor corrosion issues addressedduring
this time were the tropicalization of aluminum alloys
containing magnesium, the stress corrosion cracking
of alloys used in aerospace applications, the galvanic
corrosion of aluminum in architectural and automotive
applications and, most recently, the filiform corrosion
of painted aluminum sheet in both architectural and
automotive applications. The most significant alumi-
num corrosion challenges at present are the ramifica-
tions from the elimination of chromates and the
tolerance of increased impurity levels due to the incre-
ased use of recycled metal.

3.08.3 Production and Types of
Aluminum Alloys

3.08.3.1 Aluminum Production

Bauxite production has increased from 144Mt
worldwide in 2002 to 178Mt in 2006. Most of this is
mined from open cast mines in Australia (62Mt),
Brazil and China (both 20Mt) followed by Guinea
(15Mt), Jamaica (15Mt), and India (13Mt). In 2006,
Alcoa, Chinalco, Alcan, Rusal and BHP Biliton
accounted for or controlled almost 60% of the
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69Mt of worldwide alumina production from the
178Mt of bauxite.9 The largest alumina producers
in 2006 were Australia (18Mt) and China (14Mt).
Like many commodities, alumina is sold both on
spot prices and contract terms, for which it is typi-
cally priced between 11.5% and 13.5% of the alumi-
num price quoted on the LME. The recent rapid
growth in Chinese demand for aluminum has led
to a predicted increase in annual demand from
69Mt per year in 2006 to 88Mt per year by 2011.
The largest producers of primary aluminum in
2003 were China (5.5Mt), Russia (3.5Mt), Canada
(2.8Mt), United States (2.7Mt), Australia (1.8Mt)
and Norway (1.1Mt). By 2007, Chinese production
had increased to 12.6Mt out of the total world pri-
mary production of 34Mt.9 The amount of electrical
energy to produce aluminum has been reduced from
more than 50 kWh kg�1 in 1890 to 16.1 kWh kg�1 in
1990 and to 15.2 kWh kg�1 in 2006.

Four tons of bauxite is used to produce 2 tons of
alumina, which then produces 1 ton of aluminum.
The industry average emissions associated with
primary aluminum production is 9.73 kg CO2e per
kilogram, 55% of this from electricity generation, so
this varies considerably depending on how the elec-
tricity is generated.3 Historically, over 50% of the
electricity used to produce aluminum has been hydro-
electrically generated, and although it is expected that
this trend will continue, recently significant smelter
capacity has been installed, particularly in the Mid-
dle East, using gas. Aluminum production consumes
3% of the world’s electricity and about 10% of its
hydropower.

The aluminum industry maintains a close watch
on the composition of primary aluminum by regular
chemical analysis of samples from each individual
electrolysis cell. Purity is calculated by subtracting
all the trace element concentrations from 100%.
Trends are noted with respect to age of the cell,
anode technology and alumina source, as well as the
use of recycled alumina from the environmental con-
trol systems (scrubbers) used in smelters that are
used to trap elements that volatilize from reduction
cells. Use of this scrubber alumina results in higher
levels of nickel, lead, gallium and vanadium. From the
corrosion perspective, the most significant impurities
are iron (typically 0.03–0.2 wt %) and silicon (0.03–
0.1 wt%) and the lower levels of elements such as
copper, manganese, nickel, titanium, zinc, vanadium
and gallium. Volatile elements such as sodium, cal-
cium and phosphorous are removed by flux treat-
ments prior to ingot casting.

Aluminum and its alloys are readily recyclable,
with recycled scrap providing an increasingly impor-
tant and growing contribution of 23Mt per year to
the more than 60Mt total annual metal supply.3,10

The ever-growing environmental concerns over raw
material processing and primary aluminum produc-
tion as well as the favorable economics of recycling
have led to a strong secondary aluminum production
industry based on reclaimed scrap accounting for
about 30–35% of total aluminum production since
the early 1990s. The recycling of aluminum requires
95% less energy than that is required for primary
aluminum production, and recycling of used alumi-
num products generates only 0.5 kg of CO2e per
kilogram of aluminum produced.

However, in order to meet the mechanical and
corrosion performance requirements of many alloy
and product specifications, much of the recycled
metal must be ‘sweetened’ with primary metal to
reduce impurity levels. The result is that in many
cases (except beverage cans) recycled metal tends to
be used primarily for lower grade casting alloys and
products. While a certain amount of this is accept-
able, the recycle-friendly world will be truly opti-
mized only when the recycle loop is closer to a closed
loop within a number of product lines. Elements that
increase in the recycled metal are mainly iron and
silicon, and other elements such as magnesium, nickel
and vanadium.11 It is generally advisable to separate
wrought alloys from cast alloys.

The total weight of aluminum products in use in
2006 was estimated to be 584Mt, of which 32% is in
building products, 28% in transport applications,
28% in engineering and cable, 1% in packaging and
11% in other products. Since the 1880s, close to
800Mt of aluminum have been produced, and about
three-quarters of this metal, more than 580Mt, is still
in productive use. This is a testament to the excellent
corrosion resistance and recyclability of aluminum in
almost all its applications. Recycling the metal cur-
rently in use would equal 17 years’ primary alumi-
num output.3

3.08.3.2 Physical Metallurgy

The properties of aluminum alloys (mechanical, phys-
ical and chemical) depend on both alloy composition
and alloy microstructure as determined by casting
conditions and the thermomechanical processing his-
tory. While certain metals alloy with aluminum rather
readily,12 comparatively few have sufficient solubility
to serve as major alloying elements. Of the commonly
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used alloying elements, magnesium, zinc, copper and
silicon have significant solubility, while a number of
additional elements (with <1% total solubility) are
also used because of the important improvements to
alloy properties they confer. Such elements include
manganese, chromium, zirconium and titanium.1,13

The low yield strength of pure aluminum
(�10MPa) mandates strength increase by alloying
for subsequent engineering applications. The sim-
plest strengthening technique is ‘solution hardening,’
whereby alloying additions as solute must have
appreciable solid solubility over a wide range of
temperatures and must remain in solution after any
heating/cooling cycles, ultimately not being removed
from solution by reacting with elements to form
insoluble phases. Solid solution strengthening can
lead to strength increases of about a factor of 2–4.

However, the most significant increase in strength
for aluminum alloys is derived from age-hardening,
and in the extreme, this can result in strengths up to
800MPa. Age-hardening requires a decrease in solid
solubility of one (or more) alloying elements with
decreasing temperature. The age-hardening process
can be summarized by the following stages

� solution treatment at a temperature within a
single-phase region to dissolve the alloying
element(s);

� quenching or rapid cooling of the alloy to obtain
what is termed a supersaturated solid solution;

� decomposition of the supersaturated solid solution
at ambient or moderately elevated temperature to
form finely dispersed (nanoscale) precipitates.

The fundamental aspects of decomposition of a
supersaturated solid solution are complex and still
under debate.14–16 Typically, however, Guinier–Preston
(GP) zones and intermediate phase (as shown in
Figure 1) are formed as precursors to the equilibrium
precipitate phase.13

In addition, increases in yield strength may also be
achieved by grain refinement by exploiting the Hall–
Petch relationship.1 Grain refinement in aluminum
alloys is achieved at the casting stage (by additions of
small amounts of low-solubility additions such as Ti
and B to provide grain nuclei) or by recrystallization
control using dispersoids (formed by making trace
alloying additions of Cr, Zr or Mn to promote
submicron-sized insoluble particles which subse-
quently restrict or pin grain growth).

Strength development can be further enhanced
or modified by careful thermomechanical processing
which may include heat treatments such as duplex

aging and retrogression and reaging. Maximum hard-
ening in commercial alloys is often achieved when
the alloy is cold-worked by stretching after quench-
ing and before aging, increasing dislocation density
and providing more heterogeneous nucleation sites
for precipitation.14

In reality, the microstructures developed in alu-
minum alloys are complex and incorporate a combi-
nation of equilibrium and nonequilibrium phases.
Typically, commercial alloys have a chemical com-
position incorporating up to 10 deliberately made
alloying additions. It is prudent, from a corrosion
point of view, to understand the role that impurity
elements have on the microstructure. While not of
paramount significance to alloy designers, impurity
elements such as Fe and Si with additional elements
form insoluble/high-melting-point compounds that
form constituent particles at the alloy casting stage.
These constituent particles are comparatively large
and irregularly shaped, with characteristic dimen-
sions ranging from 1 to 10 mm. These particles are
formed during alloy solidification and are not appre-
ciably dissolved during subsequent thermomechani-
cal processing. Rolling and extrusion tend to break
up and align constituent particles into bands within
the alloy as shown in Figure 2. Often, constituents
are found in colonies made up of several different
intermetallic compound types. Because these parti-
cles are rich in alloying elements, their electrochem-
ical behavior is often significantly different from that

Figure 1 Dark field scanning transmission electron

micrograph of fine precipitate Al2CuMg particles in an
Al–Mg–Cu–Si alloy – imaged down the <100> zone axis.

Courtesy of Nick Birbilis.
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of the surrounding matrix phase. In most alloys,
pitting is associatedwith specific constituent particles
present in the alloy.17,18 A range of alloying elements
are found in constituent particles: examples include
Al3Fe, Al6Mn and Al7Cu2Fe.

3.08.3.3 Description of Alloys and Tempers

Traditionally, the global prescription of aluminum
alloys for use in engineering was difficult owing to
the alloy designations differing from country to coun-
try.1 For this reason, the introduction of an Inter-
national Alloy Designation System (IADS) introduced
in the 1970s was a welcome rationalization and advance.
The IADS, and its European Standard equivalent (EN
573), give each wrought alloy a four-digit number of
which the first digit is assigned on the basis of the major
alloying element(s), as is summarized inTable 1, along
with the associated temper description.

In the case of cast aluminum alloys, the alloy
designations used in a global sense principally adopt
the notation of the Aluminium Association system
summarized in Table 2. The casting compositions
are described by a four-digit system which incor-
porates three digits followed by a decimal. The .0
decimal indicates the chemistry limits applied to an
alloy casting; the .1 decimal indicates the chemistry
limits for ingot used to make the alloy casting; and
the .2 decimal indicates ingot composition but with
somewhat different chemical limits (typically tighter,
but still within the limits for ingot).19 Generally, the
XXX.1 ingot version can be supplied as a secondary
product (remelted from scrap, etc.), whereas the
XXX.2 ingot version is made from primary alumi-
num. Some alloy designations include a letter. Such

letters, which precede an alloy number, distinguish
between alloys that differ only slightly in percentages
of impurities or minor alloying elements (e.g., 356.0,
A356.0, B356.0 and F356.0).

The temper designation system adopted by the
Aluminium Association is similar for both wrought
and cast aluminum alloys. Comprehensive details of
alloy properties and characteristics are provided in
the publications of the major aluminum companies
and independent organizations.19 Aluminum alloys
tend to fall into several distinct groups, sometimes
with apparently small differences within the group.
Characteristics that could influence the selection of
the most appropriate wrought products for a specific
application are tabulated (in Table 4), but further
details are provided as successful utilization of alu-
minum begin with the selection of alloy.

3.08.3.3.1 Pure aluminum
Corrosion resistance of unalloyed aluminum
increases with increasing metal purity. The use of
the 99.8% and 99.9% grades is usually confined to
those applications in which very high corrosion resis-
tance or ductility is required. The chemical industry
can advantageously use these purities for handling
some products, but because of their low mechanical
strength, they are sometimes used as a cladding mate-
rial for a stronger substrate. Decreasing the purity
results in modestly increased strength for the 99%
and 99.5% grades, which still retain a high resistance
to corrosion. The 99% pure metal may be considered
the more useful general-purpose metal for lightly
stressed applications such as cooking utensils. These
alloys are known as the 1xxx series alloys, and the last
two of the four digits indicate the minimum aluminum
percentage. For example, 1050 is aluminum with a
minimum purity of 99.5%. Alloys for electrical use are
of special composition (i.e., AA1350 conductor alloys).

3.08.3.3.2 Manganese-containing alloys

Manganese has a relatively low solubility in alumi-
num but improves its corrosion resistance in solid
solution and can moderate the harmful influence of
iron-bearing primary intermetallic phases. Additions
of manganese of up to 1% form the basis for an
important series of non-heat-treatable (3xxx series)
wrought alloys, which have good corrosion resistance,
moderate strength and high formability. For example,
AA3003 displays a tensile strength of �110MPa. In
sheet form, its attractive combination of properties
has resulted in large tonnages being used in buildings
cooking utensils, and many general engineering

40 µm 500x

Figure 2 Scanning electron micrograph of constituent

particles in AA7075-T651 imaged in the backscattered

electron mode. Courtesy of Katja Meyer.
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applications. The predominant architectural sheet
alloys are AA3005 and AA3105, and alloys such as
AA3104 are used for beverage cans because of their
deep-drawing capability.

3.08.3.3.3 Magnesium-containing alloys

Magnesium that has a relatively high solubility in
aluminum can impart substantial solid solution
strengthening and improvement of work-hardening
characteristics. The 5xxx series alloys (containing
<7%Mg) do not age-harden. Nominally, the corro-
sion resistance of these weldable alloys is good, and
their mechanical properties make them ideally suited
for structural use in aggressive conditions. These
alloys are used both for boat and shipbuilding,
for which a long history of satisfactory corrosion

Table 2 Four digit system for cast aluminum alloy

designations

Alloy class Designation

Aluminum of �99.0% 1xxx.x

Al þ Copper 2xxx.x

þ Silicon (with copper and/or magnesium) 3xxx.x
þ Silicon 4xxx.x

þ Magnesium 5xxx.x

(Series is unused) 6xxx.x

þ Zinc 7xxx.x
þ Tin 8xxx.x

þ Other elements 9xxx.x

Source: Polmear, I. J. Light Alloys: Metallurgy of the Light Metals,
3rd ed.; Arnold: London, 1995.
Schlesinger, M. Aluminium Recycling; CRC Press: Boca Raton,
FL, 2006.

Table 1 Wrought aluminum alloy and temper designations

The first digit indicates the alloy group
(as above), the second indicates
modifications to alloy or impurity
limits and the last two identify the
aluminium alloy or indicates the
aluminium purity.

4-digit series Aluminium
content or main
alloying elements

1 xxx
2 xxx
3 xxx
4 xxx
6 xxx

7 xxx
8 xxx

99.0% minimum
Copper
Manganese
Silicon
Magnesium and
Silicon
Zinc
Others

Alloy identification systems Temper designations
(Added as suffix letters of digits to the alloy number)

Suffix letter F, O, H, T 
or W indicates basic 
treatment of condition

First suffix digit indicates
secondary treatment used
to influence properties•

Second suffix digit for
condition H only indicates
residual hardening•

As-fabricated

Annealed-
wrought
products only

Cold-worked
(strain
hardened)

Heat treated
(stable)

Cold-worked only

Cold-worked and partially
annealed

Partial solution plus natural
ageing

Cold-worked and stabilized

Annealed cast products only

Solution plus cold-work

Solution plus natural ageing

Artificially aged only

Solution plus artificial ageing

Solution plus stabilizing

Solution plus cold-work
plus artificial ageing

Solution plus artificial 
ageing plus cold-work

1

2

3

1

2

3

4

5

6

7

8

9

1/4 Hard

1/2 Hard

3/4 Hard

Hard

Extra Hard

2

4

6

8

9

• Where a second digit is used 
for T tempers, or a third is used 
for condition H, this indicates a
specific treatment, e.g. amount 
of cold-work to secure specific
properties.
Refer to specifications or
manufacturer’s literature for
details

Examples of alloy and temper
descriptions:
(1) 5152 H36 = aluminium-
      magnesium alloy, cold 
      worked and stabilized to 
     develop a ¾ hard condition
(2) (2) 6061 T6 = aluminium
      magnesium silicon alloy 
      solution heat treated 
      followed by artificial ageing.

F

O

H

T

Aluminium alloy and temper designation systems

Source: Polmear, I. J. Light Alloys: Metallurgy of the Light Metals, 3rd ed.; Arnold: London, 1995.
Schlesinger, M. Aluminium Recycling; CRC Press: Boca Raton, FL, 2006.
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performance is on record, and for automotive struc-
tural applications. However, elevated temperatures
should be avoided, since for alloys containing more
than 3wt%Mg, the precipitation of b-type phase
(Mg2Al3, Mg5Al8) over a period of time can lead to
serious corrosion in the form of intergranular attack or
stress corrosion cracking. Fully work-hardened
AA5456 (Al–4.7Mg–0.7Mn–0.12Cr) has a tensile
strength of 385MPa.

3.08.3.3.4 Silicon- and magnesium–silicon-
containing alloys

Silicon additions alone can lower the melting point
of aluminum while simultaneously increasing fluidity,
which is very important and is largely the basis of alu-
minum casting alloys and the associated shape-casting
industry. These alloys are making an increasingly impo-
rtant contribution in automotive applications for engine
and drive train components. Generally, corrosion issues
with aluminum casting alloys are rare or at least under-
reported unless they are in contact with other metals,
fasteners or fixtures that promote galvanic corrosion.
Wrought 4xxx series aluminum–silicon alloys are used
extensively as cladding materials for brazing alloys.
Where free machining characteristics are required, this
may be achieved by additions of cadmium, antimony,
tin or lead.

The heat-treatable Al–Mg–Si alloys are predomi-
nantly structural materials, all of which have a high
resistance to corrosion, immunity to stress corrosion
cracking (SCC) and a satisfactory degree of weld-
ability. These 6xxx series alloys are mainly used in
extruded form, although increasing tonnages of auto-
motive closure sheet are being produced. Magnesium
and silicon additions are made in balanced amounts
to form quasibinary Al–Mg2Si alloys, or excess sili-
con additions are made beyond the level required to
form Mg2Si. Alloys containing magnesium and sili-
con in excess of 1.4% develop higher strength upon
aging. AA6061 (Al–1Mg–0.6Si–0.25Cu–0.2Cr) in the
United States and AA6063 (Al–0.6Mg–0.4Si–0.10Cu)
in the EU are used as general-purpose building mate-
rials. Automotive closure sheet is made from AA6016
in the EU and AA6111 in North America.

3.08.3.3.5 Copper- and copper–magnesium-

containing alloys

Copper is one of the most common alloying additions
to aluminum since it has both good solubility and a
significant strengthening effect by its promotion of
age-hardening response. Copper is added as a major

alloying element in the 2xxx series of alloys. The
copper–magnesium alloys led to the accidental dis-
covery of age-hardening by Wilm in 1906.20 These
alloys were the foundation of the modern aerospace
construction industry, and, for example, AA2024 (Al–
4.4Cu–1.5Mg–0.8Mn) can achieve strengths of up to
520MPa depending on temper. Such Al–Cu–Mg
alloys develop their strength by precipitation of the
S-phase (Al2CuMg).

3.08.3.3.6 Zinc- and zinc–magnesium-
containing alloys

Zinc is added to certain types of casting alloys, and
wrought binary aluminum–zinc alloys are used as clad
layers to sacrificially protect aerospace and armor
alloys. However, binary alloys show a limited age-
hardening response, which is significantly increased
by the addition of magnesium and copper. The
Al–Zn–Mg alloy system provides a range of commer-
cial compositions, primarily where strength is a major
consideration along with weldability, although this
requirement limits the maximum amount of copper
that can be added to less than 0.3wt%. Al–Zn–Mg–Cu
alloys have traditionally offered the greatest potential
for age-hardening, and as early as in 1917, a tensile
strength of 580MPa was achieved; however, such
alloys were not suitable for commercial use until
their high susceptibility to stress-corrosion cracking
could be moderated. Military and commercial aero-
space needs following World War II led to the in-
troduction of a range of high-strength aerospace
alloys of which AA7075 (Al–5.6Zn–2.5Mg–1.6Cu–
0.4Si–0.5Fe–0.3Mn–0.2Cr–0.2Ti) is perhaps the
most well known.

The high-strength 7xxx series alloys derive
much of their strength from the precipitation of the
Z-phase (MgZn2) and its precursor forms. The heat
treatment of the 7xxx series alloys is complex, involv-
ing a range of heat treatments that have been dev-
eloped to balance strength and stress corrosion
cracking performance.21

3.08.3.3.7 Lithium-containing alloys
Lithium is soluble in aluminum to a maximum level of
about 4wt%; however, as this is 16 at.%, it means that
significant density improvements result from lithium
additions. The strong response of these alloys to heat
treatment has led to intense research and development
on these alloys of high specific strength and stiffness for
aerospace applications. Although research into Al–Li
alloys dates back to the 1950s, there are continuing
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concerns relating to low ductility and poor toughness
and low corrosion resistance.

Recent studies have focused on Al–Cu–Li, Al–Li–
Mg and Al–Li–Cu–Mg alloys (including the use of
minor Ag additions). These alloys derive their
strength from age-hardening, involving intermetallics
such as Al2CuLi and S0 phase resulting in strengths
in excess of 700MPa.22 Such alloys are very attrac-
tive for aerospace applications such as, for example,
the launching of payloads into space orbit. The new
Airbus A350XWB aircraft (expected 2013) is pro-
posed to be predominantly comprised of Al–Li-
based alloys. The corrosion challenge that remains
to be resolved is the susceptibility to intergranular
corrosion (IGC).

3.08.3.3.8 Other alloys classified as 8xxx alloys

Certain alloys high in lithium are classified as 8xxx
alloys. This designation also includes alloys contain-
ing high levels of iron and manganese near the ter-
nary eutectic content, such as 8006, that have useful
combinations of strength and ductility at room tem-
perature and retain their strength at elevated tem-
peratures. These properties are due to the fine grain
size stabilized by the finely dispersed iron-rich sec-
ond phase. Alloys such as 8011 are based on Al–Fe–Si
but with more than 1wt% total alloying element
present to give correspondingly higher strengths.
Such alloys find application as foil and closures as
well as heat exchanger finstock.

An Al–Ni–Fe alloy 8001 is used in nuclear power
generation for applications demanding resistance to
aqueous corrosion at elevated temperatures and pres-
sures. Other alloys included in the 8xxx series are bear-
ing alloys commonly used in cars and trucks which are
based on the Al–Sn system (e.g., 8280 and 8081).

3.08.3.4 Properties of Aluminum Alloys

The basic physical properties of aluminum are given
in Table 3.

The diverse and exacting technical demands made
on aluminum alloys in different applications are met
by the considerable range of alloys available for gen-
eral and specific engineering purposes, each of which
have been designed and tested to provide various
combinations of useful properties. These include
strength/weight ratio, corrosion resistance, workabil-
ity, castability or high temperature properties, to
mention a few. Some basic properties of these stan-
dard alloys are given in Table 4.

Wrought aluminum alloys are fabricated into the
familiar semifabricated forms such as plates, sheets,
extruded sections and drawn tubes from direct
chill (DC) cast blocks or billets as appropriate. The
largest DC cast rolling blocks are of the order of 20
tons, and most of these are made from primary metal
alloyed and cast at smelters. These large rolling blocks
are processed through a series of breakdown mills as
well as hot and cold tandem mills to produce the wide
range of plate and sheet products that represent the
largest tonnage of aluminum alloy usage. Continuous
casting (CC) of aluminum for sheet products has grown
from its commercial inception in the early 1960s to
more than 6Mt per year capacity today. These CC
alloys have both modified composition and microstruc-
ture when compared to their DC cast equivalents, and
this results in modified corrosion behavior. Joining may
be carried out by mechanical methods (such as riveting
and bolting), brazing, soldering, adhesive bonding or
welding. The argon-shielded arc welding methods
(MIG and TIG), and more recently, friction stir weld-
ing are particularly appropriate where corrosion resis-
tance of the welded joints is of importance.23

3.08.3.4.1 Wrought aluminum alloys

The wrought aluminum alloys are often classified
according to two major groups, which are the

Table 3 Properties of aluminum

Physical

Atomic number 13

Atomic weight 10.0

Atomic volume 26.97
Valency 3

Crystal structure Face-centered cubic

Interatomic distance 2.863 Å
Electrochemical equivalent 0.3354g A�1 h�1

Density at 293K 2700kg m�3

Thermal

Melting point 931K

Sp. heat at 293K 896 J kg�1 K�1

Mean sp. heat (293–931K) 1047 J kg�1 K�1

Latent heat of fusion 387 kJ kg�1

Coeff. of linear exp. (293–393K) 0.61 � 10�6 m K�1

Thermal conductivity at 273K 214W m�1 K�1

Electrical

Elec. vol. resistivity at 293K 2.7–3.0 mO. cm
Elec. vol. conductivity at 293K 63–57% IACS
Temp. coeff. of elec. resistance

per K for 293K

0.0041

Thermoelectric power vs. platinum þ0.41mV/100K
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non-heat-treatable, and heat-treatable wrought alloys.
Non-heat-treatable alloys derive their strength from a
combination of solid solution or dispersion hardening.
Such alloys can be further strengthened by strain-
hardening and cold work.

In contrast, the heat-treatable alloys are strengthened
by solutionizing and subsequent age-hardening. The
designations, properties and applications of wrought
alloys are covered elsewhere in this chapter.

3.08.3.4.2 Cast aluminum alloys

Naturally, casting alloys may not be worked or strain-
hardened; however, they may be heat-treated. It was
estimated that in 1997 ingots for casting represented
a total of �26% of the total aluminum market in the
United States. Of this amount, about 60% was die
cast, with the remainder either sand cast, permanent
mold cast, etc. The strength of the cast component is
typically lower than that of wrought alloys; however,
a tensile strength of up to 485MPa may be realized
with heat-treated 2xx.x series casting alloys, with a
number of commercial casting displaying a good
medium strength in the vicinity of 300MPa.

3.08.4 Processing of AluminumAlloys

3.08.4.1 Shape Casting

Cast products are usually produced in foundries from
prealloyed metal supplied from secondary smelters,

although certain high-performance castings are made
from primary metal. The three most commonly used
processes are sand casting, permanent mold casting
and die casting. Sand molds are gravity fed, whereas
the metal molds used in permanent mold casting are
either gravity fed or by using air or gas pressure
to force the metal into the mold. In high pressure,
diecastings, parts up to 5 kg are made by injecting
molten aluminum alloy into a metal mold under
substantial pressure using a hydraulic ram. Sand cast-
ings and permanent mold castings are made from
alloys that respond to heat treatment; however,
because of their entrapped gas content, die castings
are not easily welded or heat treated. Approximately,
85% of aluminum alloy die castings are produced in
aluminum–silicon–copper alloys. Permanent mold
castings are used for higher production runs than
diecastings and, as the metal mold produces rapid
solidification, such castings have excellent mechani-
cal properties, low porosity and good dimensional
tolerances. Sand casting is a versatile and low-cost
process used for a wide range of alloy types although
such castings do not have dimensional accuracy and
have a relatively poor surface finish. Plaster molds
have better surface finish than sand castings, allowing
castings to be made with fine detail and close toler-
ances. Investment casting uses refractorymolds formed
over expendable wax or thermoplastic patterns. The
molten aluminum is then cast into the fired mold to
produce precision parts with thin walls, good

Table 4 Properties of selected aluminum alloys

Alloy Temper Wrought/cast Density
(g cm�3)

Electrical
conductivity
(% IACS)

Thermal
conductivity
at 25 �C
(W m�1 K�1)

Yield
strength
(MPa)

Tensile
strength
(MPa)

Elongation
(%)

1199 O W 2.71 60 237 10 45 50

1100 O W 2.71 59 222 34 90 35

3003 H14 W 2.73 50 193 145 152 8
5005 H38 W 2.70 52 200 200 186 5

5052 H38 W 2.68 35 138 290 255 7

2024 T4 W 2.77 30 121 324 469 20
T861 490 517 6

6061 T6 W 2.7 43 167 276 310 12

7075 T6 W 2.80 22 130 503 572 11

T73 434 503 13
201.0 T4 C (sand cast) 2.80 30 121 215 365 20

356.0 T51 C (sand cast) 2.69 41 150 140 175 2

413.0 F C (die cast) 2.66 39 154 140 300 2.5

Source: Polmear, I. J. Light Alloys: Metallurgy of the Light Metals, 3rd ed.; Arnold: London, 1995.
Grjotheim, K.; Welch, B. J. Aluminium Smelting Technology, 2nd ed.; Aluminium-Verlag: Dusseldorf, 1988.
Hatch, J. E. Aluminium: Properties and Physical Metallurgy; ASM International: Materials Park, OH, 1984; pp 424.
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dimensional tolerance and a fine surface finish that
require little further machining.

Aluminum castings are found in most of the vehi-
cles in use today from cars, buses and trains, to ships,
aircraft and spacecraft. The wide variety of aluminum
casting alloys available allows the selection of mate-
rials with good strength, good corrosion resistance
and other special properties. Approximately, 60% of
aluminum castings are used in transport applications,
15% in domestic and office equipment, 6% in gen-
eral engineering applications and 5% in the building
and construction industry. Aluminum castings form
parts used in cooking pots, washing machines, refrig-
erators, chairs and tables, and in offices castings are
used in furniture, computers and other small, light-
weight, high-technology equipment.

However, despite their wide use comparatively,
little work has been carried out to date to understand
the corrosion behavior of aluminum casting alloys.
Because of their high content of alloying elements
such as silicon, iron and magnesium, casting alloys
have a higher density of intermetallic particles when
compared to wrought aluminum alloys. Processing
parameters such as cooling rate and pouring tempera-
ture and even minor alloying element content varia-
tion lead to significant changes in the microstructure
of these alloys.

3.08.4.2 Direct Chill Casting

This is a semicontinuous process used for the pro-
duction of rectangular ingots or slabs for rolling into
plate, sheet and foil and cylindrical ingots or billets
for extruded rods, bars, shapes, hollow sections, tube,
wires and rods. Most of the production is from pri-
mary aluminum and process scrap or selected post-
consumer scrap. The shallow mold for a DC casting is
made from an aluminum- or copper-based alloy with
good thermal conductivity, and the walls of the mold
are water cooled. The base of the mold is lowered
hydraulically or mechanically at a speed that depends
on the size and composition of the alloy being cast.

Casting starts by pouring molten metal into the
mold which solidifies on contact with the water-
cooled base of the mold. Before the mold is filled, it
is lowered and the pouring rate is controlled to main-
tain a constant level of metal in the mold. The soli-
dified shell holding the molten metal is directly
chilled by water sprays directed onto the emerging
ingot, and pouring is continued until the required
ingot length is cast. For small diameter ingots, multi-
ple ingots in lengths of 3 to 4m may be cast in one

drop. This requires a high degree of automation and
control for both quality and safety.

Before DC casting, the melt is degassed, filtered
and grain-refined. The cast surface is often uneven,
and the outermost 20 cm of the cast surface is often of
a coarser grain structure than the interior and can
contain higher levels of segregates. The outer cast
surface is commonly scalped off.

An ideal structure for a DC cast ingot is a fine and
uniform grain size, and this is achieved by using a grain
refining master alloy in rod form that is fed into the
molten alloy during casting at a rate of 0.2 –1 kg t�1 of
alloy. Grain refiner is usually an alloy that contains 5%
titanium and 1% boron as intermetallic phases of
titanium aluminide and titanium diboride. These pro-
vide the nuclei for solidification in the cooled melt.
Cast ingots have a 5–20-mm-thick coarse-grained
shell zone with fine grain and a coarse-grained center.
DC cast ingots also suffer from macrosegregation and
the middle of the ingot can have a significantly differ-
ent composition.

The stress in the cast ingot depends on the alloy
composition, the size and shape of the ingot, the
casting speed and the cooling rate, but can be large
enough to result in ingot splitting. Certain high-
strength 7xxx alloys require stress relieving by heat-
ing to 450 �C and slow cooling to prevent splitting.

Thermodynamic considerations often fail to pre-
dict correctly the phase content and solid solution
content of the as-cast microstructure because of the
nonequilibrium nature of solidification during DC
casting. This is important, as alloy corrosion proper-
ties are controlled by solid solution levels and inter-
metallic phase crystallography and morphology,
which depend on complex kinetic competitions for
nucleation and growth. An understanding of the fac-
tors that govern phase selection in aluminum alloys
under conditions of nonequilibrium solidification is
important since varying solidification conditions
can lead to variations in secondary Al–Fe and ter-
nary Al–Fe–Si phase contents at different positions
in the casting, which in turn can lead to a degrada-
tion in the corrosion resistance of the fabricated
products.24

Following DC casting, ingots are homogenized
at high temperature between 450 and 630 �C prior
to rolling or extrusion. Homogenization reduces
segregation, encourages the transformation of meta-
stable secondary and ternary phases into equilibrium
phases and acts to equilibrate solid solution levels
of soluble elements, resulting in certain cases in the
precipitation of dispersoids. Homogenization can
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therefore exert a significant influence on corrosion
performance. The transformation of Al–Fe phases
to Al–Fe–Si phases, known as beta to alpha transition,
is particularly important in the processing of 6xxx
extrusion alloys and 3104 can stock.25 These transi-
tions can exert a controlling influence on subsequent
corrosion behavior.

3.08.4.3 Hot and Cold Rolling

Rolling blocks or slabs that are up to 30 tons in weight
are scalped bymilling away the cast surface and usually
have their tops and bottoms sawn off. Slabs are heated
to a temperature in the range 400–500 �C and passed
through a reversing breakdown mill using heavy
reductions per pass to reduce the slab gauge down to
15–35mm. The surface of the slab undergoes intense
shear deformation during this process, and a thin
deformed layer is developed that can have a major
influence on the subsequent corrosion performance
of the rolled sheet if the layer is not removed by
chemical or electrochemical cleaning.26 The slab
from the breakdown mill is then hot-rolled on a multi-
stand tandem mill down to a gauge of 2.5–8mm. Strip
is coiled from the hot mill in tandem. Hot rolling
deforms the original cast structure and the as-cast
grains are elongated in the rolling direction. Depend-
ing on the alloy composition, temperature and rolling
reduction, recovery processes and partial recrystalliza-
tion can take place during hot rolling and the slow
cooling of the hot-rolled coil. The elongated micro-
structure developed during hot rolling can have a
profound effect on corrosion properties such as stress-
corrosion cracking and exfoliation corrosion. For exam-
ple, the exfoliation corrosion of 7xxx alloys was shown
to be due to manganese segregation during DC casting,
which developed into a banded microstructure during
hot rolling, and exfoliation corrosion occurred as a
result of preferential matrix attack adjacent to bands
of manganese-containing intermetallic phases.27

Cold rolling is usually carried out continuously on
multiple-stand tandem mills in which each stand has
four rolls and the small diameter work rolls are pre-
vented from bending by large diameter backup rolls.
Surface roughness is controlled by the surface finish
of the steel rolls. In cold rolling, there is still asperity
contact between the roll and the aluminum surface
and this can also produce a deformed surface layer
with lower corrosion resistance than the underlying
alloy. Removal of this surface has been shown to be
important for the control of filiform corrosion of coil-
coated aluminum architectural sheet.

3.08.4.4 Extrusion

In aluminum extrusion, a hydraulic ram forces a
preheated billet held in a fixed container against a
die and squeezes the metal through the die opening.
The billet surface sticks to the container wall and a
new surface is generated on the extrudate. However,
this is not the case in backward or indirect extrusion,
where the billet surface becomes the surface of the
extrusion. Control of temperature and speed is
important to avoid problems associated with over-
heating. However, most of these problems relate to
surface defects seen during finishing operations such
as anodizing rather than to direct corrosion issues. As
with rolling corrosion of extruded sections is con-
trolled largely by the distribution of primary inter-
metallic phases from DC casting and how these
phases are broken up and elongated in the extrusion
direction. Grain size and shape are important partic-
ularly if recrystallization does not occur and the as-
cast grain structure is elongated in the extrusion
direction. Partial recrystallization of an outer band
of the extrusion can lead to a duplex structure with a
predominately fibrous core and a thin, recrystallized
outer zone.

3.08.4.5 Continuous Casting

Aluminum flat products can also be produced by
twin roll casting or twin belt casting. This effectively
removes the requirement for DC casting, formal
homogenization and hot rolling. Molten aluminum
is directly cast onto a water-cooled hollow steel roll
or onto a cooled belt or block. Growth in continuous
casting capacity has increased to more than 6Mt
per year from almost zero in 1960. Continuous cast-
ing has proven to be remarkably effective for the
production of coiled strip suitable for coil coating for
use as painted architectural sheet and for foilstock.

From a corrosion perspective, as solidification is
more rapid in continuous casting, higher levels of
supersaturation are achieved and the size of iron-
bearing intermetallic phases is refined. This can be
beneficial from a corrosion perspective. However, the
surface quality is generally inferior to more conven-
tionally cast and rolled strip, as the cast surface is
not removed by scalping and variations in casting
conditions can lead to surface streaks that persist at
the final gauge after cold rolling. The range of alloys
that can be made by continuous casting is more
limited, and to date, only limited success has been
achieved with automotive sheet alloys although belt
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casting capacity for this purpose has been installed
in Japan.

Continuous casting is particularly suitable for
making strip from secondary metal sources such as
recycled post-consumer scrap. This, together with the
lower surface quality, has raised concerns about corro-
sion resistance, but service experience of painted archi-
tectural sheet has been positive provided that the sheet
is properly cleaned prior to pretreatment and coating.

3.08.5 Corrosion of Aluminum Alloys

Aluminum is a very reactive metal with high affinity
for oxygen. This is indicated from its position on the
electromotive force series. The metal is nevertheless
highly resistant to most atmospheres and to a great
variety of chemical agents. This resistance is due to
the inert and protective character of the aluminum
oxide film which forms on the metal surface and
reforms rapidly if damaged. In most environments,
therefore, the rate of corrosion of aluminum decreases
rapidly with time.

The protective oxide film on aluminum attains a
thickness of about 1 nm on freshly exposed metal in
seconds. Oxide growth is modified by impurities and
alloying additions and is accelerated by increasing tem-
perature and humidity and immersion in water. The
protective oxide film inhibits corrosion because it is
both resistant to dissolution and a good insulator that
prevents electrons produced by oxidation of the metal
from reaching the oxide/solution interface, where
either the cathodic reduction of oxygen or water can
take place. Restricting these cathodic reactions reduces
the amount of aluminum oxidation that can occur.

The oxidation of aluminum at room temperature
is reported to conform to an inverse logarithmic
equation for growth periods up to 5 years.28 At ele-
vated temperatures, oxidation studies over shorter
periods illustrate conformity to parabolic, linear and
logarithmic relationships according to time and tem-
perature. These kinetic variations are attributed to
different mechanisms of film formation.29,30

Corrosion of aluminum is an electrochemical pro-
cess that involves the dissolution of metal atoms; so it
can take place only once the protective oxide film has
been dissolved or damaged. Aluminum is amphoteric
in nature, meaning its oxide film is stable in neutral
conditions but soluble in acidic and alkaline environ-
ments. The thermodynamic stability of aluminum’s
oxide film is expressed by the potential versus pH
(Pourbaix) diagram shown in Figure 3.31

This diagram indicates the theoretical circum-
stances in which aluminum should show corrosion
(forming Al3+ at low pH values and AlO2

� at high
pH values), passivity due to hydrargillite, that is,
Al2O3�3H2O (at near-neutral pH values) and immu-
nity (at high negative potentials). The nature of the
oxide actually varies according to temperature, and
above about 75 �C boehmite (Al2O3�H2O) is the stable
form. It should be noted that the potential versus pH
diagram does not indicate one of the most important
properties of aluminum, that is, its ability to become
passive in strongly acidic solutions of high redox
potential such as concentrated nitric acid.

3.08.5.1 Forms and Causes of Corrosion

Corrosion is an electrochemical process, and hence the
corrosion potential of different aluminum alloys is of
considerable importance. In addition, the difference
between the potential of aluminum alloys and other
metals is important, as is the relationship between the
potential of microstructural constituents of a single
alloy. As we discuss in the following, the compositions
of solid solutions and additional phases, in addition to
the spatial distribution and number density of addi-
tional phases, impact both the extent and the morpho-
logy of resultant corrosion. The major forms and
causes of corrosion are covered individually below.

3.08.5.1.1 General dissolution

As a general rule, general dissolution occurs sponta-
neously in strongly acidic or strongly alkaline solu-
tions (as predicted by the Pourbaix diagram), but
there are specific exceptions. Thus, in concentrated
nitric acid, the metal is passive and the kinetics of the
process is controlled by ionic transport through the
oxide film, while inhibitors such as silicates permit
the use of some alkaline solutions (up to pH 11.5) to
be used with aluminum. Even where corrosion may
occur to a ‘limited’ extent, aluminum is often pre-
ferred to other metals because its corrosion products
are colorless.

3.08.5.1.2 Pitting and localized corrosion

This is the most commonly encountered form of
aluminum corrosion. In certain near-neutral aqueous
solutions, a pit once initiated will continue to propa-
gate as the solution within the pit becomes acidified
and the alumina is no longer able to form a protective
film to prevent pit growth.32

Pitting arises from the creation of a very localized
and ‘aggressive’ environment that breaks down the
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nominally passive and corrosion-resistant film on the
metal. Such an environment usually contains halide
ions, of which chlorides are the most common. Solu-
tions containing chlorides are very harmful, while the
presence of chlorides can create local corrosion
potential ‘drops’ between the metal surface and the
occluded region at which the chloride is concen-
trated or accumulated. Pits may form at scratches,
mechanical defects or stochastic local discontinuities
in the oxide film. Pitting occurs only in the near-
neutral pH range since the oxide is unstable in a bulk
sense under acidic or alkaline conditions. Chlorides
facilitate the breakdown of the film by forming AlCl3,
which is also usually present in the solution in the
pits. When aluminum ions migrate away from the
pits, alumina precipitates as a membrane, further
isolating and intensifying local acidity, and sustained
pitting of the metal results.

With increasing purity of aluminum, greater resis-
tance to pitting corrosion is developed. On high-
purity materials, however, any pits that develop are
likely to be deeper though fewer in number than
those formed in more impure metal. In some special
applications, notably in contact with ammonia solutions
or pure water at elevated temperatures and pressures,
the iron and silicon present in commercial-purity metal

are beneficial and retard corrosion. Up to about 5%
magnesium improves the corrosion resistance to
seawater.

While the shape of the pits can vary rather signif-
icantly depending on the alloy type and environment,
pit cavities are nominally hemispherical. This distin-
guishes pits from other forms of corrosion such as
intergranular or exfoliation corrosion. Pitting is
strongly influenced by the alloy type and microstruc-
ture, and Section 3.08.5.2 covers the effect of micro-
structure on the corrosion mode in more detail.

The pitting potential defines the conditions under
whichmetals in the passive state are subject to corrosion
by pitting, and also serves as a means of discriminating
the pitting propensity of alloys. However, the pitting
potential yields no information regarding the number
and size of pitswhichmay formupon a given alloy, but it
does give a measure of the driving force required for
pitting to proliferate for a given alloy.There is a definite
pitting potential for aluminum and its alloys in near-
neutral pH environments, which has been readily and
reproducibly measured by many investigators.33–35

A review of certain aspects of pitting corrosion of
aluminum was given by Smialowska.18,36 This review
highlighted that from a detailed mechanistic point of
view, the processes (at the atomic level) that lead
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to breakdown of the film due to halide interaction
are presently not understood in sufficient detail.
However, different analytical techniques including
selected ion monitoring (SIM), X-ray photoelectron
spectroscopy (XPS) and autoradiography have revea-
led a clear adsorption of Cl� on passive films of
aluminum.36

In addition, since the 1980s, the work of Macdonald
and coworkers has endeavored to explain the role of
the film structure on pitting using the point defect
model.37–41 This model hypothesizes that chloride
ions may be incorporated into the passive film by
occupying anion vacancies resulting in a decrease of
anion vacancies and an increase in cation vacancies.
Cation vacancies are then posited to pile up at the
metal interface leading a film breakdown.

More recently, certain researchers have observed
current oscillations at a constant anodic potential
below the pitting potential for different aluminum
alloys.42–45 The occurrence of these oscillations was
explained by the formation and repassivation of
nano/micropits termed ‘metastable’ pits. These
investigations have been largely carried out to under-
stand the processes that lead to the formation of
stable pits. A typical current versus time record is
shown below in Figure 4.

Recent studies have shown that the surface of
rolled, ground or machined aluminum alloys have
deformed surface layers that range in thickness from
100 to 200 nm up to several microns46,47 and that
the presence of these layers has a strong effect on
the initiation of pitting corrosion. These deformed
layers are characterized by ultrafine grains formed as
a result of the high levels of shear strain locally
experienced by the aluminum alloy surface. The

surface layer grains are 50–100 nm in diameter, are
stabilized by oxide particles on their boundaries and
are more susceptible to corrosion than the underlying
bulk alloy. Deformed layers on AA3005 and similar
architectural alloys are activated by the preferential
precipitation of manganese-containing dispersoids,
whereas the similar layers on AA6016 and AA6111
automotive AA7075 aerospace alloys are more sus-
ceptible to pitting due to the preferential precipita-
tion of the aging precipitate. High-shear processing
of the surface of aged alloys results in the dissolu-
tion of the aging precipitate and this can lead to
double breakdown potentials in polarization tests, as
the surface is effectively in an underaged state and
the pits are at a lower potential than the underlying
bulk alloy.48

3.08.5.1.3 Bimetallic or galvanic corrosion

Aluminum is anodic to many other metals, andwhen it
is joined to them in a suitable electrolyte which may
even be a damp, porous solid, the resultant potential
difference (see Table 5) causes a current to flow and
result in considerable corrosion. Corrosion is most
severe when the resistance of the electrolyte is low,
for example, seawater. In some cases, surface moisture
on structures exposed to an aggressive atmosphere can
give rise to galvanic corrosion.
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Figure 4 Current vs. time record for AA7075-T651
in deaerated 0.1M NaCl held potentiostatically

at �0.755VSCE. Courtesy of Mary K. Cavanaugh.

Table 5 Comparison of measured corrosion potentials

according to ASTM G-69

Alloy/material Corrosion potential (VSCE)

Al (99.999) �0.75

Cr (99.9) þ0.23
Cu (99.999) þ0.00

Fe �0.55

Mg �1.64

Zn �0.99
1100 �0.74

2014-T6 �0.69

2024-T3 �0.60

3003 �0.74
5052 �0.76

5154 �0.77

6061-T4 �0.71
6061-T6 �0.74

6063 �0.74

7039-T6 �0.84

7055-T77 �0.75
7075-T6 �0.74

7075-T7 �0.75

7079-T6 �0.78

8090-T7 �0.75
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The corrosion potentials for a range of non-heat-
treatable (wrought), heat-treatable (wrought), and
cast aluminum alloys with some other standard cor-
rosion potentials based on measurements made
according to ASTM G 69 are shown in Table 5.

In practice, copper, brasses and bronzes in marine
conditions cause the most trouble. The danger from
copper and its alloys is enhanced by the slight solu-
bility of copper in many solutions and its subsequent
redeposition on the aluminum to set up active local
cells. This can occur even when the copper and
aluminum are not originally in contact: for example,
when water running over cuprous surfaces subse-
quently comes into contact with aluminum. Similarly,
water washings from lead can cause pitting of alumi-
num. The controlling factor with lead and cuprous
washings is the solvency of the water, so soft water is
the most damaging in this respect. The successful
utilization of these metals in close proximity to alu-
minum, for example, in plumbing and roofing, there-
fore requires careful design to avoid the transfer of a
harmful solute to the aluminum.

Contact with steel, though less harmful, may
accelerate attack on aluminum, but in some natural
water and other special cases, aluminum can be pro-
tected at the expense of ferrous materials. Stainless
steels may increase attack on aluminum, notably in
seawater or marine atmosphere, but the high electrical
resistance of the two surface oxide films minimizes
bimetallic effects in less aggressive environments.
Titanium appears to behave in a similar manner to
steel. Aluminum–zinc alloys are used as sacrificial
anodes for steel structures, usually with trace additions
of tin, indium or mercury to enhance dissolution char-
acteristics and to render the operating potential more
electronegative. Aluminum–55% zinc alloys applied
as hot dip coatings are also used extensively as a
protective coating for steel for roofing and automotive
applications.

Additions of elements such as zinc, tin, indium and
mercury activate aluminum electrochemically and
are 4 of the 10 elements that can enhance aluminum
dissolution in aqueous electrolytes when contained as
solute in the aluminum solid solution. The full list of
these activators is antimony, zinc, lead, cadmium,
thallium, bismuth, tin, indium, gallium and mercury
in the order of increasingly negative potential. When
these activators are mixed, the potential is controlled
by the dominant activator which is the one with the
highest melting point.49 Aluminum alloys are simi-
larly activated by additions of the activator elements
to the electrolyte. These additions may be used to

turn aluminum into an anode plate for dry cells or
metal–air batteries. The best addition for this pur-
pose has been found to be tin together with an addi-
tion of magnesium. The magnesium addition is
required to prevent a higher level of activation, and
hydrogen production associated with the use of acti-
vators that can form hydrides.50

Aluminum in contact with galvanized steel may
accelerate attack on the zinc coating and this is par-
ticularly noticeable when there is an unfavorable area
ratio, as with galvanized fittings on aluminum sheets.
In alkaline solutions, however, aluminum may be
preferentially attacked. The copper-bearing alumi-
num alloys are nobler than most other aluminum
alloys and this can accelerate galvanic attack on
these, notably in seawater. Mercury and all the pre-
cious metals are harmful to aluminum.

Bimetallic corrosion of aluminum is a frequent
cause of service-related corrosion failures, as the rate
of attack can be rapid and corrosion can be severe and
unexpected. In automotive applications, galvanic cor-
rosion of aluminum is found in accelerated vehicle and
component tests, particularly where aluminum is in
direct electrical and electrolytic contact with a nobler
metal. The solution is generally simple and involves
providing sufficient protection using combinations of
paints and barrier tapes to ensure that either electrical
or electrolytic continuity is broken.

3.08.5.1.4 Crevice corrosion

If a crevice is formed between two aluminum sur-
faces, or between the surfaces of aluminum and a
nonmetallic material (i.e., a polymer) localized cor-
rosion may occur within the crevice in the presence
of electrolyte.

Crevice corrosion is due to the formation of a
local cell, since at the mouth of the crevice (whether
it is submerged or not) the concentration of oxygen is
higher than that within the crevice. The difference in
oxygen concentration leads to a difference in local
corrosion potentials leading to corrosion in the ‘less
noble’ area, which is the oxygen depleted zone. Con-
comitantly, the oxygen rich zone (i.e., the mouth)
assumes the role of the cathode. This mode of attack
is often termed ‘differential aeration cell corrosion’ or
‘concentration cell corrosion,’ which are terms that
may be applied more generally to describe corrosion
phenomena other than crevice corrosion.

Crevice corrosion can be a very problematic form
of corrosion in an engineering sense, as the sites for
crevice corrosion are often difficult to avoid in ‘real’
constructions which include welded lap joints,
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rivetings, valve seats, or even deposits that arise in
service.51 Crevice geometry is the governing factor
that determines the susceptibility, or conversely the
resistance, to crevice corrosion. As a result, crevices
are defined by their degree of tightness and their
depth (distance from the mouth).

The general rules for the severity of crevice cor-
rosion are presently under active research for several
metal alloy systems, including aluminum.51–53 Typi-
cally, in aluminum, tighter crevices lead to more
rapid initiation of attack (owing to less electrolyte
and a steeper oxygen concentration profile being
achieved more rapidly). In addition, increasing crev-
ice depth may also increase the likelihood of crevice
initiation. Elimination of crevices should be done at
the design stage where possible, and when unavoid-
able, they should be kept as open and shallow as
possible or possibly even sealed with some type of
appropriate non-crevice-forming sealant.

3.08.5.1.5 Filiform corrosion

Filiform corrosion may be considered as a specific
type of differential aeration cell corrosion that occurs
from defects where the bare metal is exposed on
painted or coated aluminum surfaces.2 Filiform cor-
rosion attack has a unique appearance that resembles
fine filaments (worm-like threads) emanating from
one or more defects in semirandom directions.
Much like crevice corrosion, filiform attack is driven
by a differential aeration cell with an anodic head
growing under the coating and a cathodic tail where
oxygen is reduced. The filiform filaments are filled
with corrosion products that can include alumina gel
and partially hydrated corrosion products. Typical
filiform filament growth rates average about 100 mm
per day.2 Filiform corrosion has been an issue for
aluminum alloys in the aging aircraft sector. This is
because aircraft are routinely painted for corrosion
protection with polyurethanes and more complex
coating systems.53–56 Filiform corrosion, however, is
not observed in cases where aluminum has been
anodized or conversion-coated. More recently, fili-
form corrosion has also been observed in automobiles
with aluminum closure sheet, in architectural sheet
in Northern Europe and in packaging products.46,47

Recent work has shown that susceptibility to fili-
form corrosion in architectural and automotive appli-
cations in most if not all cases is due to the presence
of a deformed layer on the surface of the sheet. For
architectural applications, this is the residual surface
layer from the high levels of surface shear induced by
hot and cold rolling that becomes corrosion

susceptible as a result of the preferential precipita-
tion of manganese-containing dispersoid particles.
This type of deformed layer-induced filiform corro-
sion can be prevented by acid or alkaline etching to
remove the deformed surface layer, by reducing the
manganese level in the alloy or by heat treatment to
precipitate the manganese from solid solution before
rolling. In automotive applications, the susceptibility
to filiform corrosion is induced by the grinding treat-
ment that is used to rectify surface blemishes prior to
painting. This type of corrosion is prevented by lim-
iting the rectification grinding treatments in vehicle
areas susceptible to stone chip damage in service or
by providing additional protection to the painted
surface to prevent stone chip damage.57

3.08.5.2 Effects of Microstructure on
Corrosion

The microstructure of aluminum alloys develop as a
result of alloy composition, including impurities, cast-
ing practice and thermomechanical treatment. From
the corrosion perspective, the dominant features of
alloy microstructures are grain structure and the dis-
tribution of second phase (intermetallic) particles as
constituent particles, dispersoids or precipitates. Such
particles have electrochemical characteristics that dif-
fer from those of the surrounding alloy matrix, making
the alloys susceptible to localized forms of galvanic
attack, that has been termed microgalvanic corrosion.

Over the years, a number of studies have been
carried out in order to assess the effect of specific
intermetallic particles on the corrosion susceptibility
of specific aluminum alloys.34,58–62 In the mid-1990s,
Buchheit collected the corrosion potential values
for intermetallic phases common to aluminum alloy
families mainly in chloride-containing solutions.18

More recently, various groups have focused on the
electrochemical properties of Fe-containing interme-
tallics63,64 and Cu-containing intermetallics65–67 and
this has been expanded into a more comprehensive
treatise covering a variety of common intermetallics
present in commercial aluminum alloys (both wrought
and cast).32 A summary of the results of these studies
is shown in Table 6.

The identification and structural characteriza-
tion of intermetallic particles present in aluminum
alloys have been quantified by particle extraction
techniques combined with X-ray diffraction, by auto-
mated electron probe microanalysis and by scanning
and transmission electron microscopy combined with
X-ray microanalysis. For example, Buchheit et al.67
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quantitatively determined the chemical composition
of constituent particles in AA2024-T3 and were able
to determine both their stoichiometry and relative
surface area.

Intermetallic particles in aluminum alloys may be
either anodic or cathodic relative to the matrix. As a

result, two main types of pit morphologies are typi-
cally observed.68,69 The so-called circumferential pits
appear as a ring of attack around a more or less intact
particle or particle colony and the corrosion attack is
mainly in the matrix phase. This type of morphology
arises from localized galvanic attack of the more
active matrix promoted by the more noble (cathodic)
particle, as shown in Figure 5.

The second pit type of morphology is due to the
selective dissolution of the constituent particle. Pits
of this type are often deep and may have the rem-
nants of the particle in them. This morphology has
been interpreted as particle fallout, selective particle
dissolution in the case of electrochemically active
particles, or in the case of some Cu-bearing particles,
particle dealloying and non-faradaic liberation of the
Cu component.

Localized corrosion activity is, however, a com-
plex phenomenon that is still under active research.
Localized corrosion leads to local pH gradients, as
recently studied by Scully et al.61 Cathodic sites of
enhanced oxygen reduction will naturally generate
hydroxyl ions and promote local pH increases, which
can then modify the subsequent rate and morphology
of corrosion propagation. The precise morphology of
particle-induced pitting is important for the emerging
damage accumulation models. For these models to be
predictive, it is necessary to develop a comprehensive,

Table 6 Summary of corrosion potentials in NaCl at the

given concentration for intermetallic particles common to Al

alloys

Stoichiometry Phase Corrosion potential (mVSCE)

0.01M 0.1M 0.6M

Al3Fe B �493 �539 �566
Al2Cu y �592 �665 �695

Al3Zr b �752 �776 �801

Al6Mn – �839 �779 �913
Al3Ti b �620 �603 �799

Al32Zn49 T0 �1009 �1004 �1063

Mg2Al3 b �1124 �1013 �1162

MgZn2 M, Z �1001 �1029 �1095
Mg2Si b �1355 �1538 �1536

Al7Cu2Fe – �549 �551 �654

Mg(AlCu) – �898 �943 �936

Al2CuMg S �956 �883 �1061
Al20Cu2Mn3 – �550 �565 �617

Al12Mn3Si – �890 �810 �858

Al–2%Cu – �813 �672 �744
Al–4%Cu – �750 �602 �642

Acc.V Spot Magn Det WD 100 µm
25.0 kV 3.0 202X SE 10.0 0.1 M NaCl 10 h

Figure 5 Scanning electron micrograph of early stage corrosion development upon AA7075-T651 immersed in quiescent

0.1M NaCl for 10 h. Courtesy of Mary K. Cavanaugh.
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self-consistent account for this type of pitting. In cases
where the electrochemical characteristics of constitu-
ent particles have been rigorously characterized, they
have been found to have much more complicated
behavior than that could becategorized by simple
characterizations such as ‘noble’ or ‘active.’

Generally, the constituent intermetallics of inter-
est for a particular aluminum are those that appear in
the greatest proportion either by size or by frequency.
Variations in thermal treatments will have marked
effects on the local chemistry (hence local electro-
chemistry) and hence the local corrosion resistance
of the alloy. Similarly, the impact of mechanical
working will influence the number of grain bound-
aries (hence grain boundary precipitates) and the
distribution and size of constituent type particles
(which tend to break up and align in the direction
of working). Furthermore, directional solidification
and segregation from casting will influence the resul-
tant microstructure, all of which will impact the type
and number of particles that form and their location
within the material.

3.08.5.3 Intergranular Forms of Corrosion

IGC is a phenomenon of which the precise mechan-
isms have been under debate for almost half a cen-
tury.70–76 While in a global sense we can consider IGC
as a special form of microstructurally influenced cor-
rosion, in a generic sense, IGC can be summarized as a
process whereby the grain boundary region of the alloy
is anodic to the bulk or adjacent alloy microstructure.

Corrosion is often microgalvanic (or even nano-
galvanic), with activity developing as a result of some
heterogeneity in the grain boundary structure. In
aluminum–copper alloys, precipitation of Al2Cu par-
ticles at the grain boundaries leaves the adjacent solid
solution anodic and more prone to corrosion.76 With
aluminum–magnesium alloys, the opposite situation
occurs, since the precipitated Mg2Al3 phase is less
noble than the solid solution. However, serious inter-
granular attack in these two alloys may be avoided,
provided correct manufacturing and heat treatment
conditions are observed.

In the case of the aluminum–magnesium system,
almost all commercial alloys are supersaturated as
the magnesium solubility at ambient temperatures is
less than 1wt%. This effectively means that for alloys
with more than 3wt% magnesium elevated service
temperatures can lead to grain boundary precipita-
tion and sensitization of grain boundaries to corro-
sion as intercrystalline attack. The extent of this

sensitization may be approximately deduced from
the continuity of Mg2Al3 precipitation at the bound-
aries as determined by optical metallography of
polished and etched cross sections. Apparently, con-
tinuous or nearly continuous etched boundaries cor-
respond to high levels of sensitization to IGC.

Although the precipitation of Mg2Al3 may appear
continuous from examination of polished and etched
sections in an optical microscope, examination of
microstructures at higher resolution in a scanning
or transmission electron microscope invariably
reveals the precipitation to be discontinuous. Suscep-
tibility of AA5xxx alloys is controlled in practice
either by limiting the level of magnesium in the
alloy to below 3wt%, as such alloys can be sensitized
to IGC only under extreme conditions or by the use
of a deliberate stabilization treatment for a more
magnesium-rich alloy. Stabilization of AA5xxx alloys
with more than 3% magnesium is achieved by a
deliberate heat treatment to promote intragranular
precipitation of Mg2Al3. The temperature and time
of this treatment depend on the precise magnesium
level in the alloy. In production sometimes, this pro-
cess is carried out by a specific formal heat treatment,
and sometimes the rolling practice is modified so that
the required level of intragranular precipitation is
achieved during warm rolling. The level of sensitiza-
tion to IGC of a fabricated sheet, plate or extrusion
can be easily determined by measurement of the
NAMLT value. This is a 24 h exposure to nitric
acid and a measurement of weight loss due to IGC
and loss of grains. A NAMLT value of more than
30 g cm�2 of surface is necessary before an alloy has
become sensitized to IGC or cracking.

In the case of Al–Zn–Mg alloys, where the pre-
cipitated phase is the highly anodic MgZn2 phase,
IGC can occur rather readily. However, susceptibility
to IGC is strongly dependent on the heat-treated
condition and its effect on grain boundary solute
segregation and the morphology and composition of
the grain boundary precipitate and the surrounding
alloy matrix.77 The most resistant heat treatments are
based on the use of overaging to the T7 condition.
More complex heat treatments that involve retrogres-
sion and reaging are also used to provide a high level
of IGC resistance with a lower loss of strength.1,2

The images in Figure 6 help rationalize the
origins of IGC.

IGC differs from pitting corrosion. While IGC
may initiate from a pit, propagation of IGC proceeds
more rapidly than pitting corrosion, and while both
may have a deleterious effect on corrosion fatigue,
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IGC is more detrimental as the sharper corrosion
front compared to a more rounded pit front is a
higher stress concentrator that reduces the number
of cycles to failure.

The test method used to evaluate susceptibility
to IGC depends on the alloy type. For 5xxx series
alloys, the NAMLTmethod (ASTMG 67) is adopted,
whereas for 2xxx and 7xxx series alloys, ASTMG 110
is most common, employing testing in sodium chloride
solutions containing hydrogen peroxide.

Exfoliation corrosion78 of aluminum alloys is also
frequently due to IGC. It generally occurs in cases
where the alloy microstructure has been heavily
deformed by rolling, extrusion or forging where the
grain structure has been flattened and significantly
extended in the direction of working. IGC attack
from transverse edges and pits then runs along grain
boundaries parallel to the alloy surface, and the
resulting layers of corrosion attack are sometimes
referred to as ‘layer corrosion.’ Exfoliation corrosion

is characterized by leafing off of layers of relatively
uncorroded intragranular metal caused by the
swelling of the corrosion product in the layers of
IGC. Exfoliation corrosion is observed on aircraft
components, for example, around riveted or bolted
components or wing brackets. Testing for exfoliation
corrosion is carried out by a number of ASTM tests,
including the acidified salt spray test (ASTM G 85),
the ASSET immersion test (ASTM G 66) and the
EXCO immersion test (ASTM G 34).

3.08.5.4 Environmentally Assisted Cracking

Environmentally assisted cracking is a generic term
that includes stress corrosion cracking (SCC), liquid
metal embrittlement (LME), corrosion fatigue (CF)
and hydrogen embrittlement (HE).

3.08.5.4.1 Stress-corrosion cracking
Stress-corrosion cracking is a time-dependent, pre-
dominantly intergranular fracture mode in aluminum
alloys that requires the simultaneous presence of a
susceptible alloy, a sustained tensile stress and a cor-
rosive environment.

The minimum tensile stress required to cause
SCC in susceptible alloys is usually small and signif-
icantly less than the macroscopic yield stress.79,80

Susceptibility to SCC has restricted the use of alu-
minum alloys, particularly the weldable 7xxx series
alloys, to well-controlled and well-protected applica-
tions. There are several theories postulated for the
mechanism of SCC. The main theories are either
corrosion dominated where cracking is due to prefer-
ential corrosion along the grain boundaries by anodic
dissolution (i.e., analogous to IGC) or hydrogen
dominated where cracking along grain boundaries is
enhanced by absorbed atomic hydrogen. The origin
of this hydrogen is from IGC itself, and it is consid-
ered that the presence of absorbed hydrogen weakens
grain boundaries.

While SCC is a very important corrosion-related
phenomenon for aluminum alloys, in order to do
justice to the topic, the reader is referred to specific
monographs on the topic for a more detailed treatise
of the SCC theories.81,82 As previously mentioned,
SCC in aluminum alloys is predominately intergran-
ular, and this is seen in Figure 7.

Whether or not SCC develops will depend on
both the duration and magnitude of the applied ten-
sile stress. Fracture mechanics tools for the determi-
nation of crack growth rates are commonly used in
the evaluation of SCC resistance for aluminum

50 nm

AI-4% Cu

AI-0.2% 

AI2Cu

(b)

(a)

Figure 6 (a) Schematic of hypothetical grain boundary in

an Al–Cu alloy. This schematic indicates the different

chemistry that exists in the grain interior, solute depleted

zone (precipitate-free zone) and grain boundary
precipitates – giving rise to electrochemical heterogeneity

localized at the grain boundary region. (b) Conventional

bright field TEM image of high-angle grain boundary in

AA7022-T651, revealing grain boundary precipitates
(MgZn2) and a distinguishable precipitate-free zone.

Courtesy of Steven P. Knight.
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alloys. Such tests suggest a minimum (threshold)
stress intensity is required for cracks to develop.
This empirical test is largely the basis on which
susceptibility to SCC is compared between different
alloys under the specific conditions of a particular
test or environment.2

Residual stresses in aluminum products that may
arise as a result of quenching following solution heat
treatment and cold working may play an important
role in SCC should the level of residual stress be
significant. After solution heat treating and quench-
ing of aluminum aerospace and defense plates, it is a
common practice to ‘stress relieve’ the cold-rolled
plate by controlled plastic deformation typically to
1.5% by tensile stretching using a plate stretcher. The
stress-relieved temper is designated by the Tx5x
designation following the temper designation: exam-
ples include AA7075-T651 or AA2124-T351.1

SCC of 7xxx alloys occurs in water and water
vapor in addition to chloride-containing electrolytes.
Most other susceptible alloys fail only because of
exposure to environments containing chloride ions.

Grain structure has a major influence on SCC of
thick section aluminum wrought products. Generally,
these products, of which plate is the main example, are
not recrystallized and have directional, highly aniso-
tropic grain structures. This means that cracks can

grow only in directions parallel to the rolling direction
along the flattened grain boundaries. This means that
testing the plate in the short transverse direction
determines the lowest SCC resistance, followed by
the long transverse, and then the longitudinal direc-
tion where the intergranular crack path is the most
tortuous. This is a very important consideration for the
use of plates in the aerospace and defense sector,
where thin sections need to be designed such that
there is little or no stress in the short transverse
direction, or that the most SCC-resistant tempers are
used. For welded aluminum alloys in defense applica-
tions, exposed short transverse edges are protected by
buttering with weld metal or by the use of flame-
sprayed protective coatings of sacrificial alloys based
on aluminum zinc alloys.

Generally speaking, the low-strength and rela-
tively pure aluminum alloys are not susceptible to
SCC. The alloys most prone to SCC are the 7xxx,
2xxx and the higher strength 5xxx series alloys. Most
service failures involving SCC have occurred as a
result of residual stresses acting in the short trans-
verse direction.83 The relative resistance of certain
aluminum alloys to SCC is tabulated in Table 7
(adapted from Davies).2 As noted, progressively
overaging beyond the peak (T6) condition generally
improves SCC resistance (while lowering strength).

1 µm

Figure 7 High-resolution SEM micrograph of an SCC fracture surface taken from an AA7079-T651 DCB specimen

exposed to 75% relative humidity (specimen was from the T/6 position from a 3-in.-thick rolled plate). Courtesy of
Steven P. Knight.
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3.08.5.4.2 Liquid metal embrittlement
While LME is not commonly observed in the routine
use of aluminum alloys, it can be defined as a mode of
attack that results in a complete loss of alloy ductility
of a solid metal, below the normal yield stress, as a
result of the surface being wetted by a liquid metal.
LME-induced fractures may be both intergranular
and transgranular but are generally intergranular in
aluminum alloys. A micrograph of intergranular frac-
ture due to LME in mercury is shown in Figure 8.

It is well known that gallium in contact with
aluminum can result in the disintegration of alumi-
num (or aluminum alloy) into individual grains. In
addition, mercury can also embrittle aluminum and

its alloys, though to a lesser extent. Aluminum has
also been noted as being embrittled appreciably by
tin–zinc and lead–tin alloys, indium and sodium.

3.08.5.4.3 Corrosion fatigue

Corrosion fatigue is the interaction of irreversible
cyclic plastic deformation with localized corrosion
(electrochemical) activity. The combination of each of
themechanisms, aswell as the transition from initiation
to propagation, is an issue under research currently and
of considerable technological importance. However,
corrosion pits have been observed to nucleate crack
growth in structures subject to fatigue loading.84

Recent work has emphasized that in a fatigue
study of aluminum alloy 7075-T6 all specimens in
that study fractured from cracks associated with
pitting.85 Indeed, the numerous studies referenced
with Ref. 2 support the notion that pitting has a
critical and detrimental effect on fatigue life.

Corrosion fatigue is an area that is of relevance to
the aerospace sector and, indeed, a significant
amount of work exists in the area, including several
technical publications, dedicated monographs and
handbooks.86,87

A fatigue crack can initiate from a corrosion pit or
surface flaw when the flaw reaches a critical size at
which the stress intensity factor reaches a threshold
for fatigue cracking, or conversely when the rate of
fatigue crack growth exceeds that of pit growth.88,89

A simple expression revealing the relationship
between the critical pit size and the stress concentra-
tion can be given by:90

ap�c ¼ p
DKth

2:2Kt Ds

� �2

where ap–c is the pit–crack transition size and Kt is the
stress concentration factor.

As noted in recent works,91 aerostructures nomi-
nally experience corrosion between flights and
fatigue loading during flight, suggesting the notion
of ‘prior corrosion.’ This eludes to corrosion pits as
precursors to fatigue cracking, a notion that can be
seen elegantly in Figure 9 as adapted from Harlow.92

Corrosion fatigue phenomena are diverse and spe-
cific to the environment and particular application at
hand; however, certain variables that can influence
corrosion fatigue crack growth propagation naturally
include stress intensity, frequency of loading, stress
ratio, alloy composition and microstructure (hence
electrochemical potential) and the environment
composition (and temperature).

Table 7 Qualitative SCC resistance of aluminum alloys
(in the rolled plate form)

Alloy and temper SCC resistance

2014-T3 Poor

2024-T3, T4 Poor

2024-T8 Good

2124-T851 Good
2219-T3, T4 Poor

2219-T6, T8 Excellent

6061-T6 Excellent
7049-T73 Good

7x75-T6 Poor

7x75-T73 Excellent

7x75-T76 Intermediate

Source: Davies, J. R., Ed. Corrosion of Aluminium and Aluminium
Alloys; ASM International: Materials Park, OH, 1999.
US Air Force Research Laboratory, Wright Patterson Air Force
Base, OH.

100 µm

Figure 8 Intergranular failure of an Al alloy pressure vessel
in a natural-gas plant due to LME by Hg. Courtesy of Stan

P. Lynch.
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3.08.5.4.4 Hydrogen embrittlement

Hydrogen is capable of dissolving in aluminum and
its alloys both in the molten state and during thermal
treatments at temperatures close to the alloy melting
temperature where the atmosphere may include
water vapor or excessive hydrocarbons. Hydrogen
from molten aluminum results in porosity in cast
products but does not have an influence on corrosion
performance or hydrogen embrittlement.

However, there is experimental evidence that
hydrogen generated during corrosion can penetrate
into the grain boundaries and lead to embrittlement,
a factor in the initiation and propagation of cracking
(in particular SCC).93–96 The mechanism by which
hydrogen causes the embrittlement is difficult to
study and is posited to act by either facilitating
enhanced dislocation emission ahead of an advancing
crack or by bond weakening and enhanced plasticity
ahead of an advancing crack. The strongest evidence
for the involvement of hydrogen in the SCC of 5xxx
and 7xxx aluminum alloys comes from the observa-
tions of recovery and hydrogen evolution, from the
measurement of sufficiently rapid grain boundary
hydrogen diffusion and the precise matching of inter-
granular fracture surfaces that are striated with crack
arrest markings.

Understanding hydrogen embrittlement is impor-
tant in unraveling the mechanism and modes of fail-
ure processes including SCC; however, this far it has
not been a key factor that has restricted the usage of
high-strength aluminum alloys. There are no specific
and generally accepted tests for assessing hydrogen
embrittlement susceptibility of aluminum alloys, as

embrittlement in hydrogen gas has not been observed
irrespective of the test pressure.

3.08.5.5 Influence of Environment and
Processing

3.08.5.5.1 Influence of alloy processing

The bulk microstructure of aluminum alloys is deter-
mined by the complex interaction between the cast
microstructure and any subsequent thermomechanical
processing operation. The situation is then compli-
cated by any forming, finishing or joining operations
that may locally modify alloy microstructures. Any
deformation or heat-treatment processes that modify
the local or bulk microstructure of the alloy will have
an attendant influence on alloy corrosion. This is
mainly due to the modification of the size and dis-
tribution of intermetallic phases at the micron, sub-
micron and nanoscale and the change in grain size and
grain shape from the cast state.

Soldered or brazed joints will usually have lower
corrosion resistance than the parent metal, but
sound-welded joints with resistance to attack equal
to that of the parent metal can be obtained in most
alloys.97 Many assemblies contain angles, pockets or
crevices that attract moisture originating either from
external sources or from condensation. The corrosion
so caused could often be avoided by redesign of the
assembly, the provision of drain holes if possible (of at
least 5mm diameter) and the avoidance of horizontal
surfaces being among the more important features.

3.08.5.5.2 Atmospheric corrosion

The aluminum alloys as a group present with a pleas-
ant gray color outdoors, which may deepen to black
in industrial atmospheres. Superficial pitting occurs
initially but gradually ceases, being least marked on
high-purity aluminum. With some alloys, including
the copper-bearing alloys and the medium-strength
Al–Zn–Mg alloys, additional protection, for example,
painting, is desirable in the more aggressive atmo-
spheres to avoid any risk of IGC.

Gases such as hydrogen sulfide and carbon diox-
ide do not typically increase the corrosivity of the
atmosphere towards aluminum.98 Service experience
extends over 100 years and includes such well known
examples as Eros, which is in an excellent condition
although cast in a low purity (98%) aluminum, and
the cupola of San Gioacchino (St. James), a church in
Rome that was covered in 1897 with a sheet 1.25mm
thick and now shows attack to a depth of less than
0.13mm. Twenty-year tests at selected marine,
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Figure 9 Schematic diagram of the development of
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the transition from one mode to another via some threshold

pit depth.
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industrial and rural sites in the United States99 have
shown that the greater part of the attack takes place in
the first or second year and that thereafter the rate of
attack maintains a low value.

The relatively high percentage strength losses are
due to the extremely thin test specimens. After
20 years, the average measured depth of attack for
an aluminum–copper alloy at a sea coast test site did
not exceed 0.15mm. The falling-off in the rate of
pitting with time is in sharp contrast to the behavior
of the older established structural metals that have a
fairly uniform corrosion rate throughout their life,
and indicates that the relative merit of aluminum
increases with scheduled life.

Aggressive environments include marine condi-
tions and particularly industrial atmospheres con-
taining high concentrations of acid gases such as
sulfur dioxide; rain washing is beneficial in both
environments, while dampness and condensation
alone can accentuate the rate of attack in the pres-
ence of chlorides and acidic sulfates. The relative
severity of industrial, marine and rural conditions
has been demonstrated by the results of 7-year tests
in the United States and the United Kingdom,100 and
in this work the benefit from rain washing was espe-
cially manifest for the industrial sites in the United
Kingdom. While the continual removal of atmo-
spheric pollution by rain washing is beneficial, the
removal of the protective corrosion product is obvi-
ously undesirable. The retention of the weathered
surface is therefore usually preferred unless aesthetic
considerations are of major importance, in which case
abrasive or specialist chemical cleaning are effective.

Over many years Alcan used the CLIMAT test
originally developed by Bell Laboratories101 to ‘‘clas-
sify industrial and marine atmospheres.’’ The test that
has been standardized102 involves the exposure of
wire-on-bolt samples to the atmosphere of interest
for a period of 90 days. Following the exposure, the
wire-on-bolt samples are disassembled, cleaned and
weighed, and the CLIMAT indices are determined
from the percentage weight losses. Generally, three
wire-on-bolt samples are exposed with aluminum
wires wound on to plastic, copper and mild steel
bolts. The relative values of the weight loss indexes
enable the corrosivity of different sites to be compared
and ranked. By 1988, it was estimated that Alcan had
carried out over 13 000 individual CLIMAT tests in
locations all over the world, and summarized versions
of the test results have been published.103–105 More
recently, the CLIMAT test has been used to monitor
and compare the severity of outdoor exposure sites in

Europe and to assess the corrosivity of the automotive
environment. The test has also begun to be used to
compare the severity of different types of cabinet tests
compared to outdoor exposure sites.

In urban areas, atmospheric fallout of carbon from
partially burned fuel can cause severe localized
pitting by galvanic action, although this is not com-
monly encountered. Indoors, aluminum retains its
appearance well, and even after prolonged use may
show no more than slight dulling, or on aluminum–
magnesium alloys a slight bloom. This superficial
deterioration can be accelerated by the presence of
moist conditions and condensation which in extreme
cases may lead to staining.

In order to enhance the durability of structural
aluminum, anodizing provides a good level of pro-
tection. Anodized aluminum extrusions can survive
even prolonged exposure in accelerated salt spray
testing, indicating that the anodizing process where
applicable is an industrially acceptable means of
protection.

3.08.5.5.3 Natural waters

Immersed aluminum and its alloys have excellent
resistance to attack by distilled or pure condensate
water, and are used in industry in condensing equip-
ment and in containers for both distilled and deio-
nized water, as well as in steam-heating systems.106

Of the commercial alloys, only those that contain
copper as a major alloying element are likely to
corrode in unpolluted seawater, but pollution of the
seawater may cause localized pitting attack to occur
on other aluminum alloys. The Al–Mg alloys con-
taining up to about 4.5% magnesium offer particu-
larly good combinations of corrosion resistance and
strength. Fouling collects readily on aluminum alloys,
as on other materials, and where it may be necessary
to use paints containing cuprous oxide for antifouling
purposes, the risk of bimetallic corrosion must be
substantially inhibited by a chemical pretreatment.
Nowadays, the use of chromate priming paint in
addition to mercury-containing antifouling composi-
tions is not considered as a best practice. The behav-
ior of aluminum in natural fresh water and tap water
may vary, as these types of water differ widely in their
dissolved solid content. No corrosion occurs imme-
diately on immersion of aluminum and its alloys in
these kinds of near-neutral water, and aluminum
gives satisfactory service with all types of tap water
provided regular cleaning and drying takes place, as
occurs with aluminum hollowware. In some types of
water, black or brown stains, which are largely due to
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optical effects associated with the oxide film on the
metal surface, occur. Although somewhat unsightly,
the film is quite harmless and can be removed by
simple methods such as boiling of fruits (e.g., rhubarb).
Alternatively, preliminary boiling with pure water pro-
vides some protection against the staining, but can
hardly be considered justifiable in most of the cases.

The combination of carbonate, chloride and cop-
per is more damaging than if they are present singly
or if one of them is absent,107,108 so that some kinds of
supply water are naturally more aggressive than
others. The role of copper is of particular relevance,
since as little as 0.02 ppm can initiate pitting in hard
waters,109 although more is required in soft waters
which are otherwise less aggressive. In this context,
however, it must be remembered that soft waters are
inherently more cupro-solvent than hard waters; con-
sequently, the conjoint use of aluminum and copper
fittings is rarely advisable irrespective of the necessity
for avoiding galvanic interaction when the two metals
are in direct contact. This latter point has tradition-
ally stifled the usage of aluminum in more routine
plumbing applications, although use of aluminum in
such applications is likely to be considered again as
the price of brass- and copper-based fittings and
pipework increases relative to the price of aluminum.

Once pitting has started, it may continue in solu-
tions which would themselves be incapable of initiat-
ing corrosion. In water of all types, the rate of
increase in the depth of pitting falls off rapidly with
time. Water movement (of the order of 0.3 m s�1 or
more) will reduce pitting or prevent its initiation.
A rise in temperature tends to lead to higher corro-
sion rates at existing pits, but even with the most
aggressive hard waters, above about 50 �C the
oxide-forming mechanisms act to prevent the initia-
tion of pitting as shown by the long and satisfactory
service given by aluminum hollowware, which is
assisted in some waters by scale formation.

Where aluminum is to be used in direct contact
with cold, natural water with no possibility of regular
cleaning, clad aluminum alloys are the preferred
materials. Aluminum–zinc alloys are used for clad-
ding that is anodic to the core alloy and corrosion is
therefore restricted to the surface cladding, thereby
obviating the risk of perforation. Cladding with
super-purity aluminum is preferable where it is
important to have the minimal degree of total corro-
sion, but in this case, the potential relationship with
the core is more critical and in some circumstances
the cladding can actually become cathodic. Sacrificial
protection may also be obtained from sprayed

coatings of appropriate composition which can be
applied to extrusions and castings as well as to sheets,
rods, plates and tubes. In practice, unclad aluminum–
manganese alloys have been used for piping soft
water in the United Kingdom and, more widely, in
the United States.

3.08.5.5.4 Underground corrosion by soils

This is largely related to the presence of moisture
which can leach out soluble constituents from the
soil. As it is the case with natural water, the nature
of the corrosive environment is a more important
factor than the alloy used, provided that copper-
bearing alloys are avoided. At present, it is difficult
to produce a satisfactory classification of soils with
respect to their aggressive action on aluminum alloys.
Made-up ground, particularly when it includes car-
bonaceous cinders, is usually extremely corrosive,
while neutral clays are often the least corrosive. It is
desirable that protection should be given to all alu-
minum materials buried in soils110 except where
there is previous experience of satisfactory service
from aluminum in a given soil. Pipe wrappings based
on bitumen (or the now legislated-against chromates)
are effective, while for cable sheathing, a continuous
plastic coating provides both electrical and corrosion
protection. Cathodic protection has been utilized for
pipelines111 but is not widely practiced; close control
is necessary since overprotection can result in alkali
attack (from excessive accumulation of hydroxyl ions
generated from the CP). Potentials in the region
of �1.0 V versus saturated Cu/CuSO4 are favored
although some divergence of opinion exists in this
respect.

3.08.5.5.5 Corrosion in chemical environments

Detailed information about the behavior of specific
chemicals is given in several works of reference.112–115

Acids

Most acids are corrosive to aluminum-based materi-
als. The oxidizing action of nitric acid at concentra-
tions above about 80%, however, causes passivation
of aluminum. Very dilute and concentrated sulfuric
acid dissolves aluminum only slowly. This is seen
graphically in Figure 10.

Boric acid also exerts little attack on aluminum,
while a mixture of chromic and phosphoric acids can
be used for the quantitative removal of corrosion
products from aluminum without attacking the metal.

Organic acids usually have low rates of attack on
aluminum, notable exceptions to this generalization
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being formic acid, oxalic acid and some chloride-
containing acids such as trichloroacetic acid. Glacial
acetic acid (pH 3) has no significant corrosive
effect on aluminum but the rate of attack increases
rapidly with decreasing concentration or in the
absence of the traces of water normally present. The
rate of corrosion in an acid solution rises rapidly
with temperature, often doubling or more with a
10 �C rise.

A summary of the effect of dilute inorganic acids
on the corrosion of aluminum is seen in Figure 11.

Alkalis

Alkalis are generally corrosive to aluminum; caustic
soda is in fact used for chemical milling of aluminum.
Ninety-nine percent pure aluminum is, however,
resistant to ammonium hydroxide, even at pH 13,
while the action of more dilute caustic alkalis can
be inhibited by the use of silicates. Mild alkalis such
as sodium carbonate are moderately corrosive and are
not recommended for washing aluminum hollow-
ware. Synthetic detergents, in general, give satisfac-
tory service in cleaning aluminum, but those
containing uninhibited sodium carbonate may give
some surface roughening. Inhibitors such as silicates
can prevent attack by the more dilute solutions.

Alloys of aluminum with magnesium or magne-
sium and silicon are generally more resistant than
other alloys to alkaline media. The corrosion rate in
potassium and sodium hydroxide solutions decreases
with increasing purity of the metal, but with ammo-
nium hydroxide the reverse occurs.

Inorganic salts

Most simple inorganic salt solutions cause virtually
no attack on aluminum-based alloys unless they pos-
sess the qualities required for pitting corrosion, which
have been considered previously, or hydrolyze in
solution to give acid or alkaline reactions, as do, for
example, aluminum, ferric and zinc chlorides. With
salts of heavy metals, notably copper, silver and gold,
the heavy metal deposits on the aluminum, where it
subsequently causes serious bimetallic corrosion.

Some salts, notably chromates, dichromates, sili-
cates, borates and cinnamates, have marked inhibitive
power and are very effective in closed-circuit water
systems. Care must be taken to ensure that a suffi-
cient quantity of such anodic inhibitors as chromates
is added, as otherwise attack, though occurring at
fewer points, may be more severe at these points.
Chromates and dichromates have little inhibitive
power in strongly acidic solutions. It is emphasized
that while chromates are mentioned herein for his-
torical purpose, the toxicity of chromates has resulted
in a dramatic decrease in their use in the past decade,
and may result in a zero-usage policy on the global
scene within the coming few years.

Aluminum is used in hydrogen peroxide proces-
sing and storage equipment partly because of its high
corrosion resistance and also because it does not
cause degradation of the peroxide.
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Organic compounds

With many organic compounds, aluminum shows high
corrosion resistance either in the presence or absence
of water. The lower alcohols and phenols are corrosive
when they are completely anhydrous, although this is
rarely encountered in practice since repair of breaks in
the natural protective oxide film on aluminum cannot
take place in the absence of water. Amines generally
cause little attack unless very alkaline.

Processing and storage equipment for many chemi-
cals, including acetaldehyde, formaldehyde, nylon salt,
methyl methacrylate, carbon tetrachloride, glycerol,
triacetin, proprionic acid, acetic acid and acetic anhy-
dride, is manufactured from aluminum alloys, primar-
ily because of their excellent corrosion resistance.

Aluminum has good resistance to petroleum pro-
ducts, and an Al–2Mg alloy is used for tank heating
coils in crude-oil carriers. Caked-on deposits must be
removed from the coils by hot seawater cleaning in
order to maintain effective heat transfer and prevent
corrosion. Aluminum is also used in the petroleum
industry for sheathing for towers, heat exchangers,
transport and storage tanks and scrubbers. Many
industries use aluminum alloys for heat exchangers,
clad alloys being used where pitting corrosion is
liable to be initiated by one of the contacting materi-
als. Heat exchangers in the gas industry have utilized
duplex tubes, with aluminum on the water side and
steel on the gas side in cases where aluminum is
unsuitable owing to the presence of catechol which
can attack it.

Aluminum does not become brittle at low tem-
peratures and for this reason (and because of its
corrosion resistance), it has been adopted for the
carriage and storage of liquefied methane.

3.08.5.5.6 High temperature corrosion

Dry atmospheres

When exposed to high temperatures in dry atmo-
spheres, aluminum is highly resistant to corrosion
by most of the common gases, other than the halogens
or their compounds.

High temperature aqueous systems

When aluminum corrodes at temperatures below
90 �C in aqueous systems, attack is usually by pitting.
At temperatures between 90 and 250 �C (for the
attainment of which considerable pressures are
needed), uniform attack is the commonest form of
aqueous corrosion. Above about 250 �C, uniform
attack is merely the prelude to highly destructive

intergranular attack. The corrosion products from
the uniform attack form a film which includes a
barrier layer and a bulk film analogous to those
formedduring anodizing; it is the bulk film that controls
the corrosion rate, which is not significantly affected by
most common dissolved ions. The onset of intergranu-
lar attack occurs at about the same time as the crystalli-
zation of the amorphous barrier layer oxide. Kinetic
studies indicate that over the temperature range from
100 to 363 �C the oxidation rate law is successively
inverse logarithmic, parabolic and linear.116

The requirements of nuclear energy application
fostered an interest in special alloys for service in
high temperature aqueous environments, but their
utilization has not been widespread. Encouraging
results have been reported for alloys of 2Ni–0.5Fe
and 1.2Ni–1.8Fe.117

Steam forms a protective white film at tempera-
tures up to about 250 �C, but above this temperature
steam can, under some conditions, react with alumi-
num progressively to form aluminum oxide and
hydrogen. Sintered aluminum powder (SAP) has rel-
atively good resistance to steam at 200 �C, but at
about 300 �C an addition of 1% nickel to the SAP is
needed to prevent rapid disintegration.

Molten salts and metals

Aluminum alloys resist the action of many molten
salts which are nearly neutral in reaction. Molten
sodium nitrate or mixtures of sodium nitrate and
potassium nitrate are, even nowadays, most com-
monly used for salt-bath heat treatment of most
aluminum alloys.

Molten metals generally attack aluminum alloys.
Both zinc and tin form alloys by dissolution of alumi-
num, although the aluminum does not melt. Molten
lead is inert to aluminum, and molten lead baths can
be used for heating aluminum alloys.

3.08.5.5.7 Aluminum in contact with other

materials

The aluminum alloys recommended for structural
and architectural purposes (not including the high-
strength alloys containing copper) have relatively
good resistance to concretes, mortars, plasters and
cement products. When freshly mixed, some of the
materials release traces of alkaline products that are
sufficient to stain aluminum (that is, to etch it). As
soon as the mixture is set, the attack, however, is
noted to cease, and even after many years’ service
attack on embedded aluminum is found – empiri-
cally – to be negligible.118
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With cement and concrete under continuous wet
conditions, there may, however, be surface attack.
This decreases with time, and the strength of compo-
nents is not significantly affected. Under embedment
conditions, bituminous protection is advisable to
avoid risk of cracking of the concrete due to stresses
set up by the bulk of the voluminous aluminum
corrosion product. Plasters are generally less aggres-
sive than Portland cement. In damp environments,
some corrosion of aluminum may arise in contact
with the more open-grained building stones and
brickwork, but the hard stones, such as granite, are
inert. With building stone and brickwork, as with
soils, it is the nature of the products that can be
leached out which will determine whether aluminum
corrodes. Unprotected aluminum, in the form of nails
for example, can be satisfactorily used in contact with
precast concrete blocks, which are usually noncorro-
sive to aluminum. Magnesium oxychloride composi-
tions (used for flooring), on the other hand, stimulate
corrosion of aluminum under moist conditions, as
well many insulation materials based on magnesium
and calcium silicates.

Plastics generally do not react with aluminum and
are widely used to provide insulation between other
metals and aluminum. Rubber has no effect upon
aluminum unless it is filled with carbon.

A few acid woods, such as oak, chestnut and West-
ern red cedar, accelerate surface weathering of alu-
minum, but do not usually give rise to serious
attack.119 Timber preservatives containing soluble
copper compounds should be avoided; creosote and
zinc napthenate are satisfactory preservatives for
wood in contact with aluminum.

Common packaging materials are a potential
source of aggressive substances,120,121 and careful
selection is recommended to avoid surface deteriora-
tion. Where paper is in contact with aluminum, the
chloride content should be below 0.05%, sulfate con-
tent below 0.25% and copper content below 0.01%,
and the pHof aqueous extracts in the range pH 5.5–7.5,
in order to avoid corrosion in damp conditions. Papers
and felts used in building applications should also
conform to this specification as a minimum require-
ment and be of the highest quality, since metallic
copper found in materials of inferior origin can result
in severe local galvanic attack of aluminum. Tarpaulins
are sometimes treated with copper-containing preser-
vatives, andwater leached from these has been found to
cause corrosion of underlying aluminum sheets.

Fiberglass insulation produced from soda glass
can cause pitting in conditions where leaching of

alkali occurs, for example, by condensation: the use
of fiberglass produced from Pyrex glass is therefore
preferred. Common putties of whiting/linseed oil
composition do not attack aluminum; adhesion is
obtained by allowing the metal surface to weather,
or by applying an etch primer treatment to the metal.
Both thermosetting adhesives (e.g., the phenolic
types) and thermoplastic adhesives (such as paraffin
and microcrystalline waxes or bitumen) are noncor-
rosive to aluminum. In general, adhesives applied to
aluminum should not contain chlorides in excess of
0.05% (as NaCl) of the solid content, and should be
free from copper- or mercury-containing fungicides.
The presence in the adhesive of borax or sodium
silicate is beneficial when one of the adhesive com-
ponents is of an acidic character.

3.08.5.5.8 Applied stress

Stress below the proof stress does not normally affect
corrosion rates. Cyclic stresses in combination with a
corrosive environment (corrosion fatigue) can pro-
duce failure at below the ordinary fatigue limit.
Alloys susceptible to intergranular attack may cor-
rode faster when stressed (see Section 3.08.5.4).

3.08.6 Corrosion Prevention
Strategies

3.08.6.1 Inhibitors

Corrosion of aluminum and aluminum alloys can be
controlled by use of inhibitors added to aggressive
aqueous environments. For the purpose of this dis-
cussion, an inhibitor is a chemical substance, soluble
in water, that slows the corrosion cell process on
aluminum. The range of inhibitors that slow corro-
sion of aluminum is large, and there are a number of
useful ways to deliver chemical inhibitors when cor-
rosion is a risk.

Soluble corrosion inhibitors act by slowing either
the anodic reaction or the cathodic reaction or both.
This gives rise to a useful scheme for classifying
chemical inhibitors. Those that slow the anodic reac-
tion are referred to as ‘anodic’ inhibitors, those
that slow the cathodic reaction are ‘cathodic’ inhibi-
tors, and those that slow both reactions are ‘mixed’
inhibitors.

For aluminum alloys, anodic inhibitors typically
act to increase the pitting potential in electrochemi-
cal testing, or slow or suppress the onset of pitting in
exposure testing. Even with good anodic inhibitors,
pitting may occasionally occur if pre-existing defects
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on the alloy surface are weak enough. Additionally,
anodic inhibitors may have no effect on slowing the
growth of existing pits.

Cathodic inhibitors are usually substances that
slow the rate of the oxygen reduction reaction on
aluminum alloy surfaces. By slowing down oxygen
reduction, the companion aluminum oxidation reac-
tion must also slow down. This results in an overall
decrease in the corrosion cell kinetics, as well as a
decrease in the free corrosion potential. For the best
inhibitors, the decrease in the corrosion potential is
usually to a value well below the alloy’s pitting or
repassivation potential. Cathodic inhibitors have the
advantage of being able to improve corrosion resis-
tance at very low concentrations. For example, chro-
mate added at micromolar concentrations to an
aerated dilute chloride solution is enough to signifi-
cantly reduce the rate of oxygen reduction leading to
significant corrosion protection.

Soluble corrosion inhibitors are usually ions in
solution. Important inorganic anions that inhibit alu-
minum corrosion include chromate, phosphate, per-
manganate, nitrate, vanadate, molybdate, tungstate
and silicate. Cations of strontium, cerium and the
lanthanides as well as zinc are inorganic cationic
inhibitors. Organic substances that are inhibitors of
aluminum corrosion include phosphonates, sulfonates,
benzoates, thiols, azoles, amines, fatty acids and natural
compounds such as tannins. Among these, special
attention must be given to chromates. Chromate is an
exceptionally powerful inhibitor of oxygen reduction
and an excellent inhibitor of aluminum corrosion.
Chromates are used across all industries as aluminum
corrosion inhibitors. However, their use is becoming
increasingly restricted over concerns for work-place
safety and environmental pollution because chromates
are human carcinogens.

Inhibitors can be incorporated into coating sys-
tems in a variety of ways. Sparingly soluble inorganic
compounds and ion exchange materials are used as
corrosion inhibiting pigments in coating formula-
tions. Inhibitor ions can be attached to reactive sites
on coating resin polymers or directly applied to alu-
minum surfaces using an evaporable solvent.

3.08.6.2 Conversion Coatings

Conversion coatings, which are frequently referred to
as pretreatments or pretreatment coatings, are applied
to aluminum and aluminum alloys to improve corro-
sion resistance or to improve adhesion of subse-
quently applied organic coatings and adhesives.

From a technological and processing perspective,
conversion or pretreatment coating of aluminum is
analogous in some ways to phosphating of steel and
passivation of stainless steels. The conversion coating
process involves contacting the surface to be coated
with an aqueous solution containing surface activa-
tors and coating-forming ingredients. Contact times
in commercial processes range from seconds on a
continuous coil processing line to minutes for certain
aerospace applications, and solution contact with the
surface can be applied by immersion, spraying or
rolling. Coating solutions are operated at or slightly
above room temperature, and bath stability is main-
tained under careful control using guidelines from
the pretreatment system supplier. Commercial con-
version coating processes are well supported by sup-
pliers, and methods for maintaining coating baths and
ensuring coating quality are almost always provided.

Conversion coatings are not as protective as
anodized coatings, and in most cases, conversion-
coated surfaces are subsequently primed or painted.
Conversion coatings are used for stand-alone corro-
sion protection when mild to moderate, occasionally
condensing, atmospheric exposure conditions are
expected, or for temporary corrosion protection.

Pretreatment of aluminum has relied extensively
on chromate-based systems. There are two general
classes of chromate conversion processes: the acti-
vated acidic formulations such as the chromium
chromate processes that use a sodium fluoride–
chromic acid chemistry, and alkaline oxide processes
based on a sodium chromate–sodium hydroxide or
carbonate chemistry. Activated acid processes have
been the dominant process across many industry
sectors for over 50 years. In finished form, conversion
coatings produced are a light to deep yellow, contin-
uous, and conformal across the surface with thick-
nesses ranging from 0.1 to 1.5 mm depending on
coating bath contact time. Freshly formed coatings
are gelatinous and require at least a day to harden
before handling. Such coatings can prevent pitting for
several thousand hours of continuous salt spray expo-
sure. Alkaline oxide coatings fell out of common use
with the emergence of activated acidic formulations.
Alkaline oxide coatings are thicker, less uniform and
occasionally dusty. Coating baths produce much
sludge and are difficult to maintain.

Chromate conversion coatings are noted for their
ability to self-heal. Self-healing refers to the ability of
the coating to resist corrosion from scribes or defects
in the coating. This phenomenon is attributed to the
release of labile hexavalent chromium in the coating
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into an aggressive solution contacting the surface.
Chromate ions are released by the coating, and can
be transported to the site of damage to participate in
repair of the film by reduction of the chromate to a
chromic species that bond with the aluminum sub-
strate and the existing conversion coating.

Chromate is a human carcinogen, and chromate-
based coatings are banned in many countries. In
response to this ban, trivalent chromium conversion
coatings have been developed. These coatings pro-
vide useful levels of corrosion protection, but are not
as protective as chromate conversion coatings. They
are also observed to perform better on certain alloys
than others.

There has been a major worldwide initiative to
develop chrome-free pretreatment systems for alu-
minum alloys. Successful chrome-free pretreatment
of aluminum alloys depends on a number of critical
factors ranging from alloy and process route selection
through to appropriate surface cleaning and how
corrosion or durability testing is carried out to com-
pare chrome-free and chrome-based systems.

Recent results have shown that the severity of
corrosion of coil-coated aluminum architectural
sheet is directly related to the manganese content of
the alloy. This means that alloys such as AA3003,
AA3103, AA3004, AA3104 and AA3005 are all poten-
tially more susceptible to corrosion than alloys with a
lower manganese level, such as AA3105, or AA5050,
AA5251, AA5754, etc. It is quite difficult to make the
low-manganese AA3xxx or AA5xxx alloys suscepti-
ble to corrosion under paint films.

Generally, the corrosion susceptibility of painted
aluminum is due to an active surface layer.122–128

This arise from the high level of surface shear
induced during rolling, which transforms the near-
surface microstructure. Deformed surfaces are
characterized by an ultrafine grain size that can be
stabilized by magnesium oxide pinning in magnesium-
containing alloys.129 A typical deformed surface layer
on an AA3104 alloy after hot rolling is shown in
Figure 12.

However, it is not the fine grain size that is respon-
sible for the corrosion susceptibility of the surface
layer. This susceptibility is promoted by the prefer-
ential precipitation of manganese-rich dispersoids
during annealing treatments. Susceptibility is
directly related to density of precipitated dispersoids,
which, in turn, depends on the manganese solid solu-
tion level and the temperature and time of annealing.
This is why manganese has such a strong influence on
corrosion susceptibility.130–132

Deformed surface layers on aluminum alloys are
produced most readily by hot rolling, and generally
the layer thickness of sheets and plates after hot roll-
ing is of the order of a micrometer. The deformed
layer thickness is progressively reduced by cold roll-
ing, so alloys that have been extensively cold rolled
have thinner deformed layers that can more readily
be removed by conventional etch-cleaning opera-
tions. This means that resistance to corrosion can be
improved by increasing the transfer gauge thickness
so that after cold rolling the amount of surface to be
removed at final gauge is 0.2 mm or less.

Another route to reduce susceptibility is to
homogenize rolling blocks before hot rolling to pre-
cipitate out the manganese from solid solution. This
is equivalent to using a lower manganese-containing
alloy. A further possibility is to eliminate hot rolling
by using either roll-cast or thin belt-cast production
routes. This is particularly effective when used in
combination with appropriate alloy selection.

Cleaning is the most critical process step to pro-
vide alloy surfaces that can be successfully pretreated
with a chrome-free pretreatment. Basically, the cor-
rosion active surface layer must be removed using
either an acidic or alkaline treatment. The amount
of metal to be removed depends directly on the layer
thickness, and this means that cleaning is facilitated
where there has been significant cold rolling to
reduce layer thickness. In low-magnesium alloys,
the ultrafine grains are usually annealed out, but
there is still a preferential precipitation of dispersoids
compared to the bulk microstructure. The entire
corrosion sensitive layer must be removed. For most
AA5xxx alloys, the only requirement is to remove
magnesium oxide from the surface, as this can reduce
adhesion particularly for bonding applications. This
means that cleaning of AA5xxx alloys is much more
straightforward than cleaning AA3xxx alloys, partic-
ularly those with high manganese content.

200 nm

Figure 12 TEM image of an ultramicrofomed section of a
hot-rolled AA3104 alloy after breakdown rolling showing the

ultrafine grains pinned by magnesium oxide particles.

Courtesy of Yanwen Liu.
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Aluminum alloys generally become immune to
underfilm corrosion following effective cleaning to
remove any corrosion-susceptible layers. However, it
is very important to avoid accumulation of copper
on the alloy surface during the cleaning operation
and/or to ensure that any copper enrichment is
removed by a suitable desmutting treatment. Copper
is readily enriched on the surface of aluminum alloys
in both acid and alkaline etching solutions. Generally,
it is important that surfaces are not overcleaned and
that the cleaning operation is calibrated such that the
end of cleaning coincides with active layer removal.
Copper enrichment during cleaning can be measured
on alloys where the nominal copper level in the alloy
is less than 0.1%.

The principal function of pretreatment or con-
version treatment after cleaning of architectural and
automotive sheet alloys is to provide good adhesion.
This can be achieved by using a treatment to enhance
the natural oxide layer, such as anodizing or hydro-
thermal treatment in water or steam. Anodizing
pretreatments have been used very effectively for
many years, although they are not in widespread use
as coil-line treatments. Coil-line treatments are based
on fast anodizing in either sulfuric acid or phosphoric
acid. These types of preteatment have the advantages
of speed, control and uniformity compared to most
chemical conversion treatments. They are much
underutilized as chrome-free pretreatments for alumi-
num alloys.

Fluorotitanic- and fluorozirconic-acid-based pre-
treatments are in widespread use as chrome-free
alternatives. Such pretreatments are effective but
are more difficult to monitor in production compared
to traditional chrome-based systems. This is particu-
larly an issue where polymeric additions are made to
the formulation to improve performance. For such
systems, good adhesion is achieved through good
surface coverage of a uniform film of either zirco-
nium and/or titanium oxide. However, adhesion is
severely compromised if the film is too thick, and this
can lead to coating failure in service that is unrelated
to corrosion sensitivity.

Pretreatment systems based on the use of adhesion
promoters such as silanes, phosphonates and poly-
acrylic acids have been extensively researched. These
pretreatments can be very effective especially when
applied as monolayers rather than thick films. They
are probably most useful when used in combination
with a thin anodizing treatment or similar treatment to
increase barrier film thickness and to develop a micro-
surface roughness to enhance adhesion.

There is very little systematic information on the
field performance of painted aluminum products.
Most useful information has come from the carefully
monitored exposure of sets of test panels on exposure
sites. The results of these studies correlate extremely
well with filiform corrosion tests and with certain
cyclic corrosion tests that are not overaccelerated
by acidification or the use of additions of copper
salts. There is generally poor correlation with the
results of acidified salt spray tests either in terms
of performance ranking or in the observed mode of
corrosion. It is inappropriate to use corrosion tests
designed for steel substrates for aluminum, as the
conditions that promote corrosion are quite different.
Corrosion of painted aluminum requires the pres-
ence of chloride and a high humidity. Corrosion of
aluminum under conditions of total immersion or at
humidity levels of more than 95% does not show the
filamental corrosion mode that is seen on exposure
sites or in service.133

Corrosion on painted panels occurs most readily
on marine sites when panels are exposed vertically,
facing north, and the panel is protected by an over-
hang so that accumulated chloride is not removed by
rain. Such conditions are not reproduced in most
cabinet-based corrosion tests.

Although the surface of wrought aluminum pro-
ducts can be made corrosion resistant by cleaning to
remove active surface layers, it is important that such
surfaces are not damaged by subsequent high shear
processes such as grinding or machining operations.
This is particularly important for aluminum automo-
tive alloys, such as AA6111 and AA6016, which are
used in external closure panel applications. Mechani-
cal grinding during processes such as rectification can
readily produce an ultrafine-grain-sized surface layer
as shown in Figure 13. This layer is not removed
during cleaning and phosphating as part of the body-
in-white finishing operation. The layer can become
more corrosion-active than the underlying bulk
metal following paint baking. This is due to preferen-
tial precipitation of the aging precipitate in the surface
layers compared to the bulk microstructure.

The situation of aluminum external closure panels
is similar to using galvanized steel, in that rectifica-
tion must be minimized in the areas that are suscep-
tible to stone chip damage. For galvanized steel,
surface grinding removes the protective zinc layer,
whereas for aluminum, a corrosion active layer is
created by the grinding and finishing operation.
However, corrosion in service can occur only if the
paint film is damaged to expose the bare metal.
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Although as-cast surfaces have not been found to
be susceptible to filiform corrosion, it is possible to
develop active layers on castings by grinding or
machining and subsequent thermal treatment. This
is probably the main influence on the corrosion of
cast aluminum wheels. The surface of extruded
aluminum has been studied extensively, although
ultrafine grain microstructures have not been
reported. However, transformed surface micro-
structures, particularly those with coarse grain
structures, have been well documented. Resistance
to filiform corrosion is also significantly improved
by deep surface etching. Cutting, grinding and
machining operations, following cleaning and pre-
treatment either before or especially after painting,
are probably highly significant in promoting corro-
sion in service.

Secondary metal generally contains higher levels
of impurities compared to primary metal. This can
lead to higher levels of elements such as iron, silicon
and copper and also contamination by elements such
as lead, bismuth, zinc and tin. Aluminum alloys made
from secondary metal can be highly resistant to cor-
rosion using chrome-free pretreatments, provided
that alloy compositions are optimized. In addition,
continuous casting production routes should be cho-
sen to minimize active layer development by elimi-
nating hot rolling. Effective cleaning is critical, and
surface enrichment of elements such as copper, lead,
bismuth, zinc and tin must be avoided or such
enriched layers must be removed. After such clean-
ing, continuously cast alloys made from secondary
metal can be shown to be highly resistant to corrosion
using simple chrome-free pretreatments that pro-
mote good adhesion.

3.08.6.3 Anodizing

Aluminum and aluminum alloys can be anodized to
enhance corrosion protection and improve adhesion
of subsequently applied organic coatings, and
improve a range of other surface properties. For this
reason, it is a very widely used process. Anodized
coatings are formed electrochemically in an aqueous
solution that results in an aluminum oxide surface
film (see Figure 14). Anodized coatings on aluminum
alloys are on the order of 2–50 mm in thickness.
Aluminum anodization is usually carried out in an
acidic bath that contains ingredients which promote
formation of an adherent oxide film. Anodization is
most commonly carried out in chromic acid solutions
and sulfuric acid solutions. To improve corrosion
protection, anodized coatings can be sealed in a sec-
ond step in the process.

Chromic acid anodization is carried out in solu-
tions that are at or slightly above room temperature.
Coating times range from 30 to 60min, and result in a
2–5-mm-thick gray-colored coating. This process does
not consume much of the base metal, making it suit-
able for applications where precise part dimensions
must be maintained. Among various anodization pro-
cesses, the chromic acid process causes the smallest
fatigue strength debit. The chromic acid process is the
process of choice for porous surfaces and complex
shapes where rinsing of the anolyte may be difficult.
The residual anolyte is rich in chromate, which is
passivating and protective for aluminum alloys.

Sulfuric acid anodization is carried out at ambient
temperatures in H2SO4 solutions. Coating times
range from 30 to 60min. The process yields coatings
that are 5–10 mm in thickness. These coatings possess

10 µm 1 µm

Figure 13 Scanning electron micrographs of the surface of an AA6016 alloy after rectification by grinding. The higher
magnification image shows the ultrafine grain size of the deformed layer. Courtesy of George Thompson.
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good corrosion resistance, which can be improved by
sealing the coating through subsequent immersion in
the sodium chromate solution. Coatings produced by
this process can be dyed to take on a range of colors.

Changes to the sulfuric acid anodization process can
be made to produce anodized layers with high hard-
ness. The so-called hard coat anodization processes are
carried out in solutions chilled to near freezing (about
1 �C). Coating times range from 20 to 120min. These
coatings can be as much as 50 mm in thickness. Coat-
ings are very hard and suitable for applications where
wear resistance is needed. The intrinsic porosity of the
coatings makes them well suited for adhesive bonding
applications. Corrosion resistance of these coatings is
excellent and can be further improved by sealing in
boiling water or nickel-based sealing solutions.

The protectiveness of anodized coatings is com-
monly tested using accelerated exposure testing.
When anodized coatings fail, the substrate is sub-
jected to localized corrosion, which occurs mainly in
the form of pitting. Electrochemical methods are
appropriate for characterizing the corrosion resistance
of anodized coatings. In particular, electrochemical
impedance methods are useful for determining the
effectiveness of sealing treatments as well as the overall
protectiveness of the anodized layer.

3.08.6.4 Organic Coatings

The natural passivity of aluminum is often insuffi-
cient to protect against corrosion in many common

service environments. Alloying aluminum further
degrades protection conferred by passivity, and alloys
are almost always coated when the application
requires prolonged exposure to outdoor environ-
ments.134 A broad range of organic coatings can be
applied to aluminum alloys. For many engineering
applications, and certainly the most demanding ones,
a coating system consisting of multiple coating layers
is used. Each layer contributes to the functionality of
the overall coating system. Functions imparted may
include adhesion to the underlying alloy, flexibility,
impermeability, chemical resistance, abrasion resis-
tance, electromagnetic signature control and, of
course, corrosion protection.

There are two general strategies for imparting
corrosion protection by organic coatings: barrier pro-
tection and active corrosion protection. The barrier
protection strategy is based on the simple concept of
preventing contact of the underlying aluminum sub-
strate with the environment. The vast majority of
protective coatings systems used today are based on
this concept. While simple and straightforward, this
concept is remarkably difficult to implement and
sustain in practice in engineered systems. There are
two reasons for this. First, coatings contain defects
that are formed during the application process. These
defects can serve as corrosion initiation sites when a
coated component is placed in service. In modern
coating operations, great effort is made to apply
coatings on scrupulously clean surfaces under very
well controlled conditions. This minimizes defect

90 µm 1000 x
200 µm

Jul 25 2008 13:09

Figure 14 Backscattered SEM image revealing the anodized coating upon a sectioned piece of extruded AA6060.

Courtesy of Brendan Stafford.
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formation and leads to higher quality, longer lasting
coating systems. Second, coatings will sustain damage
in service. Damage can arise from mechanical action
at the surface that scrapes or scratches. Damage can
also arise by exposure to aggressive chemical agents.
This can degrade the organic component of the coat-
ing destroying the barrier properties. Exposure to
thermal energy and ultraviolet radiation can also
degrade the integrity of the organic component of
the coating.

In the active corrosion protection strategy, barrier
properties of the coating are not necessarily important.
Coatings that protect by this mechanism contain a
releasable corrosion inhibitor. As moisture from the
environment penetrates the coating, the corrosion
inhibitor is released. In well-designed coatings, any
moisture that reaches the coating–metal interface will
have enough inhibitor in it so that the natural passivity
of the underlying alloy is preserved. This protection
strategy is not as widely employed as barrier protec-
tion, but strontium chromate-pigmented organic
primer coatings used widely in aerospace applications
depend critically on this protection mechanism.

Corrosion of aluminum under organic coatings
generally occurs as filiform corrosion, although blis-
tering is observed on samples exposed to accelerated
corrosion tests or where coating adhesion is entirely
inadequate. In thick and opaque coating systems,
corrosion under the coating may be difficult to detect
until corrosion has progressed to a significant extent.

Corrosion of organically coated metals is typi-
cally characterized using outdoor exposure tests or
simulated service testing. Overaccelerated corrosion
tests should be avoided, as their relative ranking of
corrosion susceptibility is usually erroneous and the
observedmode of corrosion is not that found in service.
The extent of corrosion damage accumulation is nor-
mally characterized visually. Early stages of coating
degradation and undercoating substrate corrosion can
be characterized by electrochemical methods includ-
ing electrochemical noise and electrochemical imped-
ance spectroscopy. The application of impedance
spectroscopy for characterizing degradation of organ-
ically coated metal surfaces has been thoroughly
reported in the scientific literature.

3.08.7 Applications of Aluminum
Alloys

In recent years, the aluminum industry has become a
global industry, just as the business interests of its

customers have become global. The world economy
has integrated, and major industry consolidation has
occurred. Today, Alcoa is the only independent major
producer in North America, as Alcan has become part
of Rio Tinto. Alcoa, Alcan (as Rio Tinto Alcan) and
Rusal are the three largest aluminum companies.

Total global aluminum consumption (as measured
as aluminum semis, castings and forgings) grows each
year by about 5% on average. Rolled products are the
largest product form at 35% (16.4mt) followed by
castings at 26% (12mt), extrusions at 24% (11.3mt),
wire and cable at 10% (4.8mt), and forgings and
other forms at 5% (2.5mt). In 2005, the geographical
market was split amongNorth America (24%),Western
Europe (22%), China (22%), Asia (21%), Latin America
(5%), Africa and Oceania (2%), Eastern Europe (2%)
and CIS (2%).3

Presently, there are three main markets for the
aluminum industry: packaging (cans and foil), trans-
portation (automotive and light trucks) and building
and construction. About 25 years ago, building and
construction was the largest aluminum market, pack-
aging was second and transportation was third.
Then, 10 years ago, transportation became the largest
market, followed by packaging and then construction.
However, more recently in the emerging economies,
building and construction has been the greatest
source of growth and this is now the second largest
market for aluminum after transportation. In terms
of global consumption of the 43Mt of aluminum
produced in 2005, transportation was 27%, building
and construction 20% and containers and pack-
aging 16%. These main uses were followed by
electrical (10%), machinery and equipment (8%),
consumer durables (7%) and other uses (12%). In
2007 �14.5Mt of aluminum was used in transporta-
tion, 13Mt in building and construction, and 4.5Mt
in beverage cans.3

In packaging, aluminum cans are in competition
with plastic containers and, to a much lesser degree,
glass, although this varies considerably from country
to country. In North America, steel is not much of a
factor, whereas in Europe it still is, and in certain
markets like the United Kingdom, there is direct and
sustained competition between aluminum and steel
cans. Presently, the recycling rate of aluminum used
beverage cans (UBCs) varies significantly from coun-
try to country and from state to state in the United
States. Critical factors are legislation and the use of
financial incentives (e.g., returnable deposits on cans)
to promote collection and return. Corrosion concerns
in packaging applications are not a major factor.
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There is a direct relationship between the weight
of a car and its fuel consumption, and although there
are global legislative initiatives to reduce fuel con-
sumption and carbon emissions, the weight of cars
has in fact progressively increased since the 1970s.
This is shown by the increase in weight of the VW
Golf from the Mark 1 (750 kg) to the Mark 2 (770 kg),
the Mark 3 (960 kg), the Mark 4 (1060 kg) and the
Mark5 (1200 kg). The main factors that have led to
this weight increase are safety, both for crash and
pedestrians, comfort and build quality. The weight
of a car is mainly from its structure or ‘body-in-white’
(BIW) (34%), its drive train (25%) and its engine
(17%), and the increase in BIW weight has been the
most significant contributor to vehicle’s weight
increase. There is strong competition between high-
strength steel, aluminum, magnesium high pressure
die castings and plastics for BIW construction. The
average aluminum content of European cars
increased from 32 kg in 1978 to 120 kg in 2002 and
is predicted to be 160 kg by 2010. This total use of
160 kg is split between BIW hang-on panels (50 kg),
suspension and wheels (50 kg), engine and drive train
(43 kg) and interior components (17 kg). Audi has led
the way in making aluminum-intensive cars exempli-
fied by the A2 1.2TDi introduced in 1999, which was
the first mass-producible car with a fuel consumption
of 3 l of fuel per 100 km traveled. The emissions from
this car were only 80 g of CO2 per kilometer. In
North America, it is estimated that an average car
or a light truck has about 160 kg of aluminum and the
major applications are in hang-on panels (bonnets and
deck lids) and engines, with aluminum engines repre-
senting about 90% of current production. The poten-
tial for increased use of aluminum in cars is enormous,
particularly as number of vehicles on the road is pre-
dicted to increase from 800 million to more than 1450
million in 2030 with nearly all of this increase in
developing economies like India and China.

Forming and joining issues associated with the use
of aluminum in cars have been solved, and the only
reported corrosion issues have been galvanic corro-
sion where protection systems were not in place and
filiform corrosion associated with rectification by
grinding prior to painting. The main barrier remains
the relatively high cost of aluminum automotive
sheet as compared to its steel equivalent. Just as
aluminum beverage cans compete favorably with
steel cans through their high level of recyclability, it
is the same for aluminum in transportation applica-
tions. Aluminum automotives become both cost and
energy competitive with steel if the aluminum sheet

is recycled back to the same sheet and this is main-
tained over repeated construction and end-of-vehicle
life cycles. Aluminum-intensive vehicles also offer
increased vehicle life. Durability and corrosion issues
associated with the use of recycled sheet will need to
be addressed.

Although aluminum has enjoyed a dominant posi-
tion as the material of choice for airframe construc-
tion, it has become increasingly threatened by
composite materials. However, the overall tonnage
of aluminum aircraft plate required by major manu-
facturers such as Airbus and Boeing is predicted to
increase. For example, Airbus have estimated that
their plate demand, which was 20.2 kt in 2002 and
was 88 kt in 2007, will be more than 100 kt from 2010
onwards. Airbus consider the latest generation of
aluminum lithium alloys such as 2050 with less than
2wt% lithium to be competitive with composites for
fuselage applications, and that their corrosion resis-
tance is such that they can be used without cladding
for fuselage skin applications. They are also consid-
ering an increased use of weldable alloys (AlMgSc)
and using joining procedures like laser welding and
friction stir welding to decrease the buy-to-fly ratio.
The competition between aluminum plate and sheet
and composites for airframe construction has stimu-
lated the development of 2xxx, 7xxx (7449 and 7140)
and 6xxx (6056) alloys with improved mechanical
performance in terms of both strength and toughness.
The development of improved alloys and the use of
new joining techniques have stimulated significant
corrosion-testing activity.135,136
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Abbreviations
CVD Chemical vapor deposition

EB Electron beam

EMF Electromotive force

IG Intergranular

LB Laser beam

MAO Micro arc oxidation

PEO Plasma electrolytic oxidation

PVD Physical vapor deposition

RA (%) Percentage reduction in area

RE Rare earth

SCC Stress corrosion cracking

SCE Saturated calomel electrode

SSRT test Slow strain rate tensile test

TG Transgranular

UTS Ultimate tensile strength

YS Yield strength

3.09.1 Introduction

There is great concern about the weight of vehicles in
automobile, aircraft, and aerospace sectors. With the
existing rules of the European Commission on CO2

emissions, the drive for a reduction in the consump-
tion of petrol in automobiles has already be felt.
A reduction in the weight of vehicles would not only
help in minimizing the fuel consumption and emission
levels, but would to a great extent enable the automo-
bile and aviation industries to improve passenger and
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transportation capacities, with considerable control of
overall operating costs. However, it becomes essential
to ensure passenger comfort and safety when such a
design is being looked into.

So far, high-strength low alloy steels have a
major share in the automobile industry, whereas
age-hardenable aluminum alloys and titanium alloys
mainly cater to the needs of the aircraft and aero-
space sectors. With recent developments, the require-
ment for lightweight constructions can be fulfilled to a
great extent by magnesium and its alloys. Magnesium
alloys with lower density levels are destined to be
the construction material in the aforementioned indus-
tries in the days to come. Weight savings of up to 30%
could be achieved with magnesium in place of alumi-
num. This could be further improved by appropriate
processing and additional treatments on magnesium
alloys, and thus these alloys have a great potential
for many applications. However, there are issues
concerning magnesium alloys which limit their usage
for critical applications. The lowductility of some of the
alloys is one problem, and the galvanic corrosion of
magnesium in contact with other materials is another
big concern.

In this chapter, a comprehensive discussion of the
magnesium alloys with reference to their classification,
processing, and treatments is provided. The different
forms of corrosion and their associated mechanisms,
including environmentally assisted cracking, are dealt
with in detail. The methods of combating the pro-
blems of corrosion, including some of the recent

advancements and modern practices, are addressed in
the last segment.

3.09.2 Historical Perspective

Magnesium was discovered in 1808 by Sir Humphrey
Davy. He achieved this by the electrolytic splitting
of magnesium oxide with the help of cinnabar. Sub-
sequently, different production techniques were
developed by Bussy (1828), Liebig (1830), Bunsen
(1852), and Sainte-Claire Deville (1857) for the
extraction of magnesium, and magnesium found its
first application as an explosive. Magnesium was first
produced industrially by a procedure developed by
Grätzel in an aluminum and magnesium factory at
Hemelingen in 1886.

In 1896, magnesium was produced by molten bath
electrolysis in a chemical factory in Bitterfeld. Until
1900, the global production of magnesium amounted
to only 10 tons. With further developments, the pro-
duction of magnesium rose steadily from 2200 tons in
1932 to about 14 000 tons in 1935. By 1939, this
amount was doubled to 30 000 tons and then reached
a level of 235 000 tons in 1943 owing to the high
demand for materials during the Second World War.
At the end of the war, the production dropped down
again to 17 000 tons, with a more or less continuous
increase in usage up to the present day. As of 2002, the
global production of magnesium was around 400 000
tons per annum (Figure 1) and by the end of 2006 the
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Figure 1 Trend of global production and price of primary magnesium since 1937.
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production of primary magnesium has been reported
to be approximately 726 000 tons per annum.

In the early days, magnesium alloys were accepted
by the automotive and aviation industry1 owing to
their light weight and good strength-to-weight ratio.
In the 1970s, magnesium alloys were virtually forced
out of applications owing to their poor corrosion
properties and the low prices of aluminum alloys.
Nevertheless, with increase in crude oil prices and
stringent requirements from the environmental view-
point (CO2 emissions), magnesium alloys are experi-
encing a renaissance; they are popular today with
wide acceptance and a large number of applications
since the early 1990s.

3.09.3 Production and Types of
Magnesium Alloys

3.09.3.1 Extraction of Magnesium

Magnesium is the eighth most abundantly available
element in the earth’s crust, but it is not available in
the metallic form in nature. Table 1 shows the essen-
tial source materials for magnesium. Magnesite
appears to be the most important ore of magnesium
and is reported to be available with 95% purity level.

More than 50% of the global production of pri-
mary magnesium today is in China, and production
installations are also found in Russia, Canada, Israel,
Brazil, and the United States. In Australia and Congo,
some projects are underway. Owing to the very high
operating costs in the EU, no primary magnesium is
produced there nowadays. Compared to the early
stages in the 1980s when primary magnesium was
sold at $3.6 per kg, the prices touched $2 per kg in
2002. However, with the increase in demand for raw
materials, the prices have gone up again. Today, the
primary production of magnesium is dominated by
two routes viz., (a) molten salt bath electrolysis and
(b) thermal reduction. In the first case, MgCl2
obtained from the source products is reduced by the
electrolytic process, and in the thermal reduction
process either dolomite or magnesite is processed
with the addition of ferrosilicon. The composition
and characteristics of some of the typical electrolytes
used in the electrolytic reduction of MgCl2 are
provided in Table 2.

3.09.3.2 Physical Metallurgy

While magnesium was primarily used as an alloying
element for aluminum alloys in the early days, it took

until 2003 to reach the same level of use as a con-
struction material (Figure 2). Other applications
such as desulphurization of iron are also shown in
the figure. The effect of alloying elements and impor-
tant alloys of magnesium are introduced in the fol-
lowing sections. Most alloying elements form
intermetallic phases with magnesium, resulting in
either eutectic or peritectic systems. Table 3 lists a
group of binary alloys based on magnesium, indicat-
ing the solubility of alloying elements, the possible
intermetallic phases, and also the melting point of
each system.

The first industrially useable magnesium alloys
were developed at the beginning of the twentieth
century. The basic works at that time showed very
clearly the influence of essential alloying elements
on the property profile and the workability of mag-
nesium alloys. The effect of alloying elements on
the properties of a variety of magnesium alloys
has been addressed in the literature.1–5 An overview
concerning the effect of the alloying elements on
the properties is given in Table 4. Table 5 shows
the essential physical properties of pure magnesium
and a very popular alloy containing aluminum and
zinc, called AZ91. Furthermore, the chemical com-
positions of some of the commonly used alloys are
provided in Table 6.

3.09.3.3 Alloying Elements

Aluminum is considered as one of the primary
alloying elements for magnesium alloys. The addition
of aluminum to magnesium improves the strength and
corrosion resistance, reduces the melting point and
increases the melting range. Aluminum is also known
to cause microporosity. In alloys containing more than
6% (by weight) aluminum, the intermetallic phase
Mg17Al12 (Figure 3) is formed. These alloys are heat

Table 1 Rawmaterials and their magnesium con tent2,6,7

Percentage

Carnallite MgCl2 �KCl �6H2O 8.7

Magnesite MgCO3 28.8
Dolomite MgCO3 �CaCO3 13.2

Brucite Mg(OH)2 41.7

Kieserite MgSO4 �H2O 17.6

Kainite MgSO4 �KCl � 3H2O 9.8
Forsterite Mg2SiO4 17.3

Periclaso MgO 60.3

Sea water MgCl2 0.5
Natural brines MgCl2 3–10
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treatable and thus an improvement in mechanical
properties is feasible. Aluminum has no adverse influ-
ence on the weldability of magnesium. Nevertheless,
aluminum in excess of 1.5% has been reported to
increase the stress corrosion cracking (SCC) suscepti-
bility of magnesium alloys. An aluminum content of
about 10% favors fine grained solidification and also
weldability. With regard to high temperature mechan-
ical properties and creep strength, aluminum shows no
positive effect.

Zinc is used, very often in combination with alu-
minum, in magnesium alloys. Because of its low
melting point, the addition of zinc lowers the melting
range of Mg–Al alloys, which on the other hand
causes problems in solidification. A zinc content
of more than 1% in magnesium alloys can lead to
hot cracking problems during solidification, and a
content higher than 2% can cause cracking during
welding. Nevertheless, in combination with zirco-
nium and/or thorium, zinc positively influences the
mechanical properties. In addition, zinc improves
the corrosion behavior of magnesium alloys.

Zirconium is used as a grain refiner in magnesium
alloys which do not contain Al, Mn, Sn, Sb, Ni, Fe,
Co, or Si or contaminants such as C, N, O or
H. Zirconium helps in the development of a fine
grain structure in the welding of magnesium alloys
and in addition Zr minimizes the loss of ductility
in welded joints. Furthermore, the presence of zirco-
nium prevents excessive grain growth during heat
treatment.

Alloying elements of the group of rare earth (RE)
elements as well as thorium results in eutectic systems
with limited solubility. The level of porosity is reduced
in the presence of RE elements. In general, these
elements form stable precipitates/intermetallic phases
which improve the elevated temperature strength and
creep resistance. In addition, an improvement in the

Table 2 Typical electrolyte composition for electrolytic reduction of magnesium3

Electrolyte Composition
(wt%)

Melting
point (�C)

Density
(kg m�3)

Conductivity
(S m mm�2)

Viscosity (mPa s) Surface
tension (mN m�1)

Potassium

Electrolyte

5–12 MgCl2 650 1600 183 1.35 104

70–78 KCl
12–16 NaCl

Sodium–

Potassium
Electrolyte

10 MgCl2 625 1625 200 1.58 108

50 NaCl
12–16 NaCl

Sodium–

Calcium

Electrolyte

8–16 MgCl2 575 1780 200 2.22 110

30–40 CaCl2
35–45 NaCl
0–10 KCl

Lithium–

Pottasium–

Electrolyte

10 MgCl2 550 1500 420 1.20 Data not available

70 LiCl

20 KCl
Lithium–

Sodium

Electrolyte

10 MgCl2 560 1521 488 Data not available Data not available

70 LiCl

20 NaCl
Sodium–

Barium

Electrolyte

10 MgCl2 686 1800 217 1.70 110

20 BaCl2
50 NaCl

20 KCl
Mg 650 1580 22.4 1.25 563

Others 4%

Mg wrought products
2%

Mg cast products
36%

Chemical applications
3%

De-sulphurisation of iron
16%

All-alloying element
39%

Figure 2 Applications of magnesium (statistics as
of 2002).

Source: http://minerals.usgs.gov/minerals/pubs/

commodity/magnesium/

http://www.intlmag.org
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corrosion behavior is also observed with the addition
of these elements. Yttrium is used as an alloying ele-
ment along with RE elements. The other RE elements,
viz., Nd, Ce, La, and Pr, are often used in combina-
tions. For example, the magnesium alloy designated as
‘QH21A,’ contains 2.5% Ag, 1.0% Th, 0.7% Zr, and
1.0% Di. Didymium (Di) consists basically of about
85% Nd and 15% Pr.

Beryllium has a very low solubility in magnesium;
nevertheless, it has great potential to control the melt
oxidation while melting or welding. However, the
addition of beryllium needs to be done very carefully
as it may cause grain coarsening. As a rule, the addi-
tion of beryllium should be restricted to a maximum
of 30 ppm in magnesium alloys.

Additions of calcium in quantities >0.03%
will increase the susceptibility to hot cracking. Dur-
ing solidification, the calcium-rich low melting
eutectic mixture wets the grain boundaries, conse-
quently leading to cracking assisted by the solidifi-
cation stresses. In aluminum containing magnesium
alloys, calcium additions lead to the formation of a
stable intermetallic phase Al2Ca in preference to

Mg17Al12, which helps in improving the high tem-
perature properties.

The addition of strontium in small quantities is
reported to reduce the porosity during welding of
high pressure die cast alloys, as it improves the solu-
bility of hydrogen. Further, in conjunction with RE
additions, strontium is found to improve the high tem-
perature properties of magnesium alloys.

Silicon improves the castability if added in small
quantities. With addition of up to 1% it forms the
high-melting intermetallic phase magnesium silicide
(Mg2Si) and thus improves the high temperature
properties. However, in the presence of iron it deterio-
rates the corrosion resistance of magnesium to a great
extent. Higher silicon content (>1%) in magnesium
alloys decreases the castability drastically because of
primary precipitation of Mg2Si in the melt.

Lithium can be used in large quantities in order to
reduce the density of magnesium even further.
Besides, an increase in Li content beyond 11%, leads
to a change in the crystal structure from hexagonal
close packed to body centered cubic structure. With
the availability of more slip systems, the formability of
the alloys is greatly improved, but the strength of Mg–
Li alloys is generally reduced. Further, the problems of
burning and vaporization arise while melting in pres-
ence of higher levels of lithium. In addition, the corro-
sion resistance of magnesium alloys in presence of
lithium has been reported to be poor.

Manganese is found in most of the magnesium
alloys. Primarily, manganese in magnesium alloys
improves the ductility, and as it forms stable compounds
with iron and other alloying elements, the corrosion
resistance is improved on account of control of ‘free’
iron. Manganese also has a positive effect on the weld-
ability and shows some grain refinement effect, too.

Copper has been reported to improve the high tem-
perature properties of magnesium alloys. At the same
time, Cu levels greater than 0.05% have been found to
be highly detrimental for the corrosion resistance of the
magnesium alloys. Other elements with similar adverse
effect on the corrosion resistance of magnesium alloys
are, Fe, Ni, Cr and Co. However, they are generally
regarded as impurities in magnesium alloys.

3.09.3.4 Alloy Designations

As for ferrous systems, there are quite a number of
alloy designation systems for magnesium alloys, too.
An overview of the universally accepted alloy desig-
nation for magnesium systems, as recommended by
the German Institute for Standardization (DIN) and

Table 3 List of selected binary magnesium alloy

systems9

System Max solubility Phase Melting
point (�C)

wt% at.%

Mg–Aga 15.5 4.0 Mg3Ag 492

Mg–Ala 12.7 11.6 Mg17Al12 402
Mg–Bia 8.85 1.12 Mg3Bi2 821

Mg–Caa 0.95 0.58 Mg2Ca 714

Mg–Cea 0.74 0.13 Mg12Ce 611
Mg–Dya 25.8 4.83 Mg24Dy5 610

Mg–Gaa 8.5 3.1 Mg5Ga2 456

Mg–Inb 53.2 19.4 Mg3In 484

Mg–Lia 17.0 5.5 – –
Mg–Mnb 2.2 1.0 Mn 1245

Mg–Nda 3.6 0.63 Mg41Nd5 560

Mg–Pba 41.7 7.75 Mg2Pb 538

Mg–Scb 25.9 15.9 MgSc –
Mg–Sma 5.8 0.99 Mg6.2Sm –

Mg–Sna 14.85 3.45 Mg2Sn 770

Mg–Tba 24.0 4.57 Mg24Tb5 –
Mg–Tha 5.0 0.49 Mg23Th6 772

Mg–Tla 60.5 15.4 Mg5Tl2 413

Mg–Tma 31.8 6.26 Mg24Tm5 645

Mg–Ya 12.0 3.6 Mg24Y5 620
Mg–Yba 3.3 0.48 Mg2Yb 718

Mg–Zna 8.4 3.3 MgZn 347

Mg–Zrb 3.6 0.99 Zr 1855

aEutectic.
bPeritectic.
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Table 4 Selection of alloying elements and their effect on properties of magnesium alloys13

Alloying element

Tensile
strength

Ultimate
strain

Compressive
strength

Hardness Ductility Liability of
cracks/notches

Creep
resistance

Hot
strength

Corrosion
resistance

Grain
refinement

Castability

Aluminum + + + + + +

Copper L + L LL L
Chromium + +

Yttrium + L + + +

Cobalt + LL
Strontium + + + +
Zirconium + L + + ++

Lithium L L + L
Manganese + + + + + +

Nickel LLL
Silicon L + + L
Zinc +

Calcium L + + +

+ Beneficial; L Deleterions.

2
0
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the American Society for Testing of Materials
(ASTM) is provided below.3,4,6 As per the German
Institute for Standardization (DIN) EN 1754 the
materials receive a prefix EN M followed by the
marking of the product form as below:

� A: Anodes (Ingots)
� B: Block metals
� C: Castings

After this marking, the chemical composition is
provided. Therefore, the marking EN M C
MgAl9Zn1 is the designation for a magnesium alloy
casting with 9% Al and 1% Zn.

The identification of magnesium alloys is also
standardized worldwide by the ASTM standards; each
alloy is markedwith letters indicating the main alloying
elements, followed by the rounded figures of each
element in weight percentage. Table 7 shows the key
letters for each of the available alloying elements.
The last letter in each identification number indi-
cates the stage of development of the alloy (A, B, C,
etc.). The alloy AZ91D, for example, is an alloy with a
rated content of 9% aluminum (A) and 1% zinc (Z).
Its development stage is 4 (D). The corresponding
DIN specification would be MgAl9Zn1.

ASTM specifies the following composition for the
above designation D (all values wt%): Al 8.3–9.7; Zn
0.35–1.0; Si (max.) 0.10; Mn (max.) 0.15; Cu (max.) 0.30;
Fe (max.) 0.005; Ni (max.) 0.002; others (max.) 0.02.

Some of the alloy designations may also contain
the history of heat treatment. The designation of heat
treatment follows the rules of aluminum alloys.3 The
purpose of the heat treatments in the case of magne-
sium alloys would be to achieve the desired micro-
structural state and properties. The different temper
designations concerning the heat treatment of mag-
nesium alloys are presented in Table 8.

3.09.3.5 Cast Magnesium Alloys

The first commercial magnesium alloys, among them
many AZ systems, were developed in the mid 1930s,
and in recent times significant developments have
taken place on alloy development. Even though new
alloys have been developed with specific properties
viz., high strength, creep and corrosion resistance
etc., the AZ system of alloys still remains as the
prime group. These alloys are of importance because
of good casting properties, especially in high pressure
die casting, and in general these alloys possess a
good combination of properties. The main alloying
elements are aluminum and zinc, with both the ele-
ments improving the castability. Alloys belonging to
the category of AM designations, with Al and Mn as
the major alloying elements, have relatively inferior
castability. However, these alloys have better toughness
and reasonable strength. Both these categories of alloys
are suitable for both cold and hot chamber pressure die
casting. Nevertheless, the properties of the AZ and AM
series alloys are highly insufficient for applications at
temperatures higher than 130 �C.7

For elevated temperature applications (>130 �C),
AE and AS categories of alloys are preferred, in which
the RE elements or silicon, respectively, are the essen-
tial alloying elements in addition to aluminum. These
alloys have poor castability, and owing to the high
melting points and formation of precipitates in the
melt, the alloys are not suitable for hot chamber high
pressure die casting. These alloys can successfully be
employed at temperatures up to 180 �C.

Other alloys for high temperature applications are
available in the WE, ZE, or QE systems. The WE
group of alloys contains yttrium and RE elements as
main constituents are currently used in the aviation
industry, e.g. for gear cases in helicopters. They can
be used up to temperatures of 300 �C.8–10 While the
alloys of the ZE system are based on zinc and RE ele-
ments, the QE alloys are based on silver and RE
elements. These alloys are processed predominantly
by sand casting and are not suitable for high pressure
die casting. The processing capabilities of these alloys
in the semisolid state have not yet been fully under-
stood. Further, both the above systems are not used
any more for major industrial applications. The newly
developed alloys MRI, AJ, and ACM appear to be
superior compared to the old ZE and QE type of
alloys for the high temperature applications, as can
be seen from Tables 9 and 10.

All aforementioned alloys are used nowadays in the
form of high purity alloys. The level of impurities in

Table 5 Characteristic physical properties of pure

magnesium and AZ91 alloy14

Mg AZ91

Density (g cm�3, RT) 1.74 1.81
Liquidus temperature (�C) 650 598

Thermal expansion coefficient (10�6 K�1,

20–100 �C)
24.8 26.0

Specific enthalpy (kJ kg�1) 382 370
Specific heat (kJ kg�1 K�1, RT) 1.03 1.02

Thermal conductivity (W K�1 m�1, RT) 156 51

Electrical conductivity (106 O�1 m�1, RT) 22.6 6.6

RT – room temperature.
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the magnesium alloys is of great importance from the
viewpoint of corrosion resistance. Even small levels of
nickel, iron or copper as impurities may adversely
influence the corrosion behavior of magnesium alloys.
These elements are controlled in the primary proces-
sing stages, for example, by the addition of elements
like manganese to form an intermetallic compound
with iron. The high purity magnesium alloys offer a

much superior corrosion resistance compared to those
with intolerable levels of impurities.8

A new trend in alloy development is to check the
current alloys on their ability to be processed in the
semisolid state and to modify them for better semi-
solid processing. The modification is done by addi-
tions of calcium, strontium and also RE elements.
These elements have been reported to improve the

Table 6 Nominal chemical compositions of standard magnesium alloys9,10,15,16

Al Zn Mn Zr RE Ag Th Si Y Others

High pressure die casting alloys

AE42 4.0 0.10 2.5

AJ52x 5.0 1.95 Sr
AJ62x 6.0 2.4 Sr

AJ62Lx 6.15 1.9

AM50A 4.9 0.26
AM60A 6.0 0.13

AS21 2.2 0.10 1.0

AS41A 4.2 0.20 1.0

AZ91D 8.7 0.7 0.13
Sand and gravity die casting alloys

AM100A 10.0 0.1

AZ63A 6.0 3.0 0.15

AZ81A 7.6 0.7 0.13
AZ91E 8.7 0.7 0.13

AZ92A 9.0 2.0 0.1

EQ21A 0.7 2.1 Di
EZ33A 2.7 0.6 3.3

HK31A 0.7 3.3

HZ32A 2.1 0.7 3.3

K1A 0.7
QE22A 0.7 2.1 Di 2.5

QH21A 0.7 1.0 Di 2.5 1.0

WE43A 0.7 3.4 4.0

WE54A 0.7 3.0 5.2
ZC63A 6.0 0.25 2.7 Cu

ZE41A 4.2 0.7 1.2

ZE63A 5.8 0.7 2.6

ZH62A 5.7 0.7 1.8
ZK51A 4.6 0.7

ZK61A 6.0 0.7

Wrought alloys
AZ10A 1.2 0.4 0.2

AZ31B 3.0 1.0 0.2

AZ61A 6.5 1.0 0.15

AZ80A 8.5 0.5 0.12
M1A 1.2

ZC71 6.5 0.5 1.25 Cu

ZK21A 2.3 0.45

ZK31 3.0 0.6
ZK40A 4.0 0.45

ZK60A 5.5 0.45

ZK61A 6.0 0.7
ZM21 2.0 0.5

RE – Rare earth elements.
Di – Nd+Pr.
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mechanical properties and corrosion behavior as
well.10,11 The RE elements especially improve the
mechanical properties at high temperatures due to
formation of stable precipitates. Thus, the creep
behavior is strongly improved.12–14

Unlike aluminum alloys, grain refiners for use
with magnesium alloys are not well known. Only a
few elements such as Zr, Sr, Si and C are known as
effective grain refiners.1,3,15,17 Zirconium works only
in magnesium alloys which are free from Al, Si, Sn,
Mn, Sb, Ni, Fe and Co. In such alloys Zr addition has
been reported to provide finer grain size and this

contributes to better formability. Particles such as
SiC can work as grain refining agents as well.17 How-
ever, none of the mechanisms for the grain refinement
of magnesium alloys is completely understood. Most
of the grain refiners work only in certain alloys and
combinations of them may influence the effectiveness
or may even have an opposite effect.2,3,17

Magnesium castings are also produced by squeeze
and thixocasting techniques. In the first case, the
material is handled in a completely molten state
and in the latter it is processed in a semisolid state.
The squeeze cast magnesium alloys exhibit a good
strength and ductility, owing to the fact that the
squeeze casting develops fine grained structures.18

Even though the squeeze cast alloys are expected to
exhibit good fatigue behavior, their creep properties
are poor, essentially because of the fine grains. Prop-
erties of semisolid processed alloys are still under
investigation. As the main applications are housing
for electronic components, the property require-
ments are not that stringent for these alloys.

3.09.3.6 Wrought Magnesium Alloys

Wrought magnesium alloys have a great potential for
light weight construction, especially in the automobile
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Figure 3 Binary phase diagram of Mg–Al system.3

Table 7 Codes for alloying elements in magnesium

alloys9,10

Element Letter Element Letter

Aluminum A Manganese M

Bismut B Nickel N

Copper C Phosphorous P
Cadmium D Silver Q

Rare earth E Chromium R

Iron F Silicon S

Thorium H Tin T
Zirconium K Yttrium W

Lithium L Antimony Y

Zinc Z
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industry, owing to the excellent strength to weight
ratio. For rolling into sheet alloys, low levels of alloy-
ing elements are generally used (e.g., AZ31), while for
extrusion and forging, basically, all alloys can be used.
The AZ family of alloys with low zinc content and
different levels of aluminum is the dominant alloy
system, as they exhibit an attractive combination of
strength and ductility. The increase in aluminum con-
tent in the alloy leads to an increase in the secondary
phase content (Mg17Al12), which in turn results in
increased strength levels with acceptable drop in duc-
tility. In the wrought systems, the most commonly
used alloys are AZ31, AZ61, and AZ80. Furthermore,
Mg–Mn alloys (M1 and M2) are used for extrusions.
The advantage is the high press rate; however, the

ductility is rather low, hence this alloy system is of
less importance.19 Other alloys used are based on the
Zn system (ZK30, ZK60) in which Zr is working as
grain refiner and providing an improved formability to
the material. Furthermore, typical cast alloys of the
AZ (AZ91) and AM (AM50, AM60) systems are used
mainly for extrusions,20–22 and also for forgings. The
WE system (WE43, WE54) has also gained commer-
cial importance in extrusions and forgings in recent
times. The mechanical properties of typical wrought
alloys are given in Tables 11 and 12.

3.09.3.7 Magnesium Matrix Composites

In addition to conventional magnesium alloys, metal
matrix composites (MMCs) based on magnesium are
studied to extend the field of applications. MMCs, as
they are defined, contain at least 5% of strengthening
phases/constituents in the alloy matrix. The secondary
strengthening constituents may be present in the
form of long fibers, short fibers, whiskers or particles
and in addition, a mixture of particles and fibers is
also feasible. Generally, all magnesium alloys can be
used as matrix material, but in view of the intended
applications, the heat-resistant alloys are mostly used
as matrix.

The MMCs have been reported to possess higher
specific strength than the monolithic magnesium
alloys. MMCs have shown better properties in terms
of Young’s modulus, thermal expansion coefficient,
electrical and thermal conductivity and creep resis-
tance.23,24 The creep rates of the magnesium MMCs
are reported to be about 10–100 times lower than
those of the monolithic alloys, and in fact these
MMCs are believed to compete with some class of
steels in terms of creep properties. However, corrosion
resistance is most of the time adversely affected
because of galvanic effects between the reinforcement

Table 8 Temper designations in magnesium alloys9

F As-manufactured

O Heat treated and recrystallized

H Cold deformed

H1 Only cold deformed
H2 Cold deformed and partially annealed

H3 Cold deformed and stabilized

T Heat treated to obtain conditions other than

mentioned under F, O or H
T1 Cooled down and naturally aged

T2 Annealed (only cast alloys)

T3 Solution treated and cold deformed
T4 Solution treated

T5 Cooled down and artificially aged

T6 Solution treated and artificially aged

T7 Solution treated and stabilized
T8 Solution treated, cold deformed, and artificially

aged

T9 Solution treated, artificially aged, and cold

deformed
T10 Cooled down, artificially aged, and cold

deformed t

W Solution treated (unstable condition)

Table 9 Comparison of typical properties of newly developed magnesium alloys and standard alloys15,39

MRI
153 M

MRI
230D

AJ62Lx AJ62x AJ52x AZ91D AE42 AS41 AS21

Rp (RT) 170 180 147 142 134 160 135 130 125

Rp (150 �C) 135 150 116 108 110 105 100 – 87

Rm (RT) 250 235 270 239 212 260 240 240 230

Rm (150 �C) 190 205 166 163 163 160 160 – 120
A (%, RT) 6 5 11 8 6 6 12 10 16

A (%, 150 �C) 17 16 27 19 12 18 22 – 27

Corrosion rate
(mg cm�2 day�1)

0.09 0.10 0.04 0.08 0.09 0.10 0.21 – 0.34

Corrosion data: Based on salt spray tests, ASTM B117.

2020 Non-Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



and the matrix. Nonconducting reinforcements are
generally a better choice to minimize the galvanic
corrosion attack.

3.09.4 Processing of Magnesium
Alloys

3.09.4.1 Casting Technologies

About 95% of the magnesium components are pro-
duced by liquid metallurgy route, and the processing
temperatures are normally in the range of 600–
800 �C. Magnesium and its alloys are extremely reac-
tive in the molten state and extreme care is required
for protecting the melt. In the early days, salt-fluxes
were used to protect the melt, and in addition these
are useful to clean the impurities in the melt, to some
extent.1 However, today, these fluxes are seldom used
and the modern foundries, which process magnesium
alloys mostly employ controlled atmospheres. In the
beginning, a mixture of inert gases, e.g. N2, with SF6,
was used for protection,25,26 with SF6 offering an
efficient protection against oxidation to the molten
baths up to temperatures of around 700 �C by form-
ing a thick protective film. However, since 2007, the
use of SF6 has been restricted on account of environ-
mental regulations. SO2 has been recommended by
the European Commission as an alternative to SF6.
However, SO2 is a toxic gas, and handling it is more

difficult than SF6; thus, the magnesium producers are
exploring the possibilities of employing SO2 on the
production scale.

Sand casting belongs to the traditional casting
techniques and was already employed for magnesium
in the early days, but the problems that were encoun-
tered are partly unsolved up to now. The exothermic
reaction between the components of sand (silicon
dioxide, iron oxide, and water) and molten magne-
sium can damage the mould and the surface of the
component. In order to minimize this problem, sulfur,
boric acid, calcium fluoborate, ammonium fluorine
silicate and urea (referred to as inhibitors) are used
individually or in combination.1,4

For gravity die casting, moulds from steel are
normally used. Even though the problem of reaction
between the mould and the molten metal does not
arise in this case, the steel moulds are expensive, and
the surface finish is rather inferior. However, gener-
ally good quality casting can be produced by gravity
die casting procedure, if the wall thickness is high
enough. Thin walled parts are better produced by
pressure assistance.

Magnesium components are produced predomi-
nantly by pressure die casting techniques and both
the cold and hot chamber die casting procedures are
adopted in the industry. Both techniques yield com-
ponents with fine grain structure, excellent quality
surface finish and a greater dimensional accuracy. The
major disadvantage of these techniques, however, is
the inevitable gas inclusions in the castings, preventing
the use of heat treatments to fully utilise the potential
of the alloys. Employment of either cold or hot
chamber technique for the production of castings
depends also on the type of alloys. AZ91, AM50 and
AM60 alloys are most suitable for the production of
castings by hot chamber pressure die casting tech-
nique. The AS and AE systems of magnesium alloys,
which have relatively higher melting points than the

Table 10 Mechanical properties of sand gravity and die

cast magnesium alloys9,10

UTS (MPa) YS (MPa) % RA

AM100A T61 275 150 1
AZ63A T6 275 130 5

AZ81A T4 275 83 15

AZ91E T6 275 145 6

AZ92A T6 275 150 3
EQ21A T6 235 195 2

EZ33A T5 160 110 2

HK31A T6 220 105 8
HZ32A T5 185 90 4

K1A F 180 55 1

QE22A T6 260 195 3

QH21A T6 275 205 4
WE43A T6 250 165 2

WE54A T6 250 172 2

ZC63A T6 210 125 4

ZE41A T5 205 140 3.5
ZE63A T6 300 190 10

ZH62A T5 240 170 4

ZK51A T5 205 165 3.5
ZK61A T5 310 185 –

ZK61A T6 310 195 10

Table 11 Mechanical properties of forged magnesium

alloys9,10

UTS (MPa) YS (MPa) % RA

AZ31B F 260 170 15
AZ61A F 295 180 12

AZ80A T5 345 250 6

AZ80A T6 345 250 11

M1A F 250 160 7
ZK31 T5 290 210 7

ZK60A T5 305 215 16

ZK61 T5 275 160 7
ZM21 F 200 125 9
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AZ or AM alloys, are more suitable for casting in cold
chamber pressure die casting machines. The latter
can also be used for processing AZ and AM based
alloys.

Squeeze-casting is a special process with a vertical
arrangement of a slewable casting unit and molding
direction. When the unit is filled, it closes and docks
to the mould. Then, the piston rises up and the actual
filling begins. In contrast to die-casting, the molding
is done slowly (minimum turbulence and hence low
porosity), though the final compression is the same.
In squeeze-casting, however, the pressure is main-
tained until freezing is complete and even allows
for further feeding in the semi-solid condition. Injec-
tion pressures are usually between 70 and 100 MPa,
so as to obtain a compact and fine-grained microstruc-
ture. Squeeze-casting is an excellent method for
producing pressure-sealed, low-porosity, weldable,
heat-treatable parts with reproducible high quality.
It is increasingly being used in place of classical
gravity casting. Magnesium alloy casting can be
made by employing both direct and indirect squeeze
casting techniques and the same is applied for the
production of MMCs, too.

Thixocasting is a fairly new method based on the
thixotropic properties of semi liquid alloys. The
material while processing would reach the liquidus
temperature and would consist of a mixture of solid
and liquid phases (also known as semi-solid metal
forming). For example, intense stirring can be used
to prevent the usual formation of dendritic grains,
instead, globular grains form. This condition is char-
acterized by thixotropic flow behavior; with increas-
ing viscosity the shearing strain falls off. The actual
procedure requires suitably manufactured raw mate-
rial. Technically, it is carried out by electromagnetic
stirring (rheocasting) within a slab-casting machine.

Recently, much effort has been directed towards
shortening the time required for the electromagnetic

stirring so as to lower the processing costs. A first step
towards this goal is the so-called NRC process (new
rheo-casting process). This process tries to avoid
dendritic growth by a customized melting–cooling
process and simultaneous turning of the melting cru-
cible. The advantages of this procedure compared to
conventional casting are as follows: (a) complete
automation of the production process, (b) high pro-
ductivity, (c) cost savings due to low energy con-
sumption, (d) higher tool lifecycles, (e) parts free
from gas inclusions and hence weldable, (f) low cool-
ing shrinkage and no blow holes, (g) parts with excel-
lent mechanical properties, and (h) final parts with
near-net-shape quality.27–30 Even though all the three
procedures, NRC, thixocasting, and thixomoulding
can process the material in the partially liquid state,
the source, state, pretreatment and realization of the
process differ in each case.31 Thixocasting, in general,
promises improved mechanical properties and com-
parable wall strengths for magnesium alloy compo-
nents compared to high pressure die castings.32,33

Microstructures of some of the commercial alloys in
the various cast conditions are presented in Figure 4.

3.09.4.2 Forming Technologies

The three major metal forming processes that are
widely employed for the processing of magnesium
alloys are (a) rolling, (b) extrusion, and (c) forging.
The deformation behavior of magnesium alloys is
greatly influenced by a number of variables, viz.,
crystal structure, initial microstructure, thermody-
namic conditions, state of stress, method of deforma-
tion etc. At ambient temperatures, the formability of
magnesium alloys is limited, owing to the hexagonal
close packed structure. However, with increase in
temperatures to about 225 �C a higher number of
slip systems becomes active and an improved metal
forming behavior is observed.

Table 12 Mechanical properties of wrought magnesium alloys40

Alloy Tensile strength (MPa) Yield strength Rp0,2 (MPa) Compressive strength (MPa) Elongation (%)

AZ31 250 180 110 14

AZ61 300 220 130 12

AZ80 340 240 145 10
M1A 260 170 – 10

M2A 250 180 110 4

ZK31 290 240 190 14
ZK60 320 290 230 12

WE34 260 170 165 12

WE54 280 190 180 10
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Magnesium alloy sheets have to compete with
aluminum and steel sheets for automotive applica-
tions, offering at least the same economical and tech-
nical benefits. For economic reasons, rolling is
preferred to be done at temperatures as close as
possible to ambient temperature. However, consider-
able optimization is required for obtaining sheets
with acceptable mechanical, thermal and corrosion
properties and surface finish.34 The surface quality is
controlled by the use of appropriate lubricants, either
oil based or solid lubricants like molybdenum disul-
phide.35 The anisotropy that is observed in the mag-
nesium alloy sheets can be minimized by appropriate
use of thermo-mechanical treatments and the choice
of alloys.

The coarse grained structure of magnesium cast
alloys can be readily converted into fine grained ones
by hot working processes, such as extrusion. The
mechanical properties of the extruded alloys depend
on the chemical composition and the thermo
mechanical pretreatment that is given to the alloys.36

The extrusion processes have three variants, viz.,
direct extrusion, indirect extrusion and hydrostatic
extrusion, but most commonly used industrial pro-
cesses are direct and indirect extrusion. Cylindrical
ingots are heated to 300–400 �C depending on the
alloy and pressed through matrices with manifold
cross-sections. The maximum extrusion length is
50m. Because of the required complexity, only
AZ31 or M2 alloys with restrictions, and AZ61 alloys

as well, can be extruded with economical speed, the
minimum wall thickness that could be achieved is
determined by the alloy and the type of profile. For
small to medium-sized AZ31 profiles, the minimum
wall thickness that is achievable is 1.2 mm.37,38

Hydrostatic extrusion is still under examination, but
it seems to allow higher extrusion rates and lower
extrusion temperatures. Representative micrographs
of typical wrought alloys are shown in Figure 5.

Magnesium alloy components can also be pro-
duced by forging. However, there are limitations in
terms of availability of suitable alloy systems, form-
ability and corrosion behavior of these alloys. Never-
theless, wheel rims have been successfully forged and
used in commercial vehicles and racing cars.

3.09.4.3 Joining Technologies

The joining technologies for magnesium alloys can
generally be classified into two broad categories, viz.,
mechanical fastening and metallurgical bonding.
Screwed connections, riveted joints and use of adhe-
sives form the first group, and the second group is
constituted by fusion or solid state joining processes,
viz., power beam welding, friction stir welding, diffu-
sion bonding, etc.

An overview of the different aspects of preparing
screwed connections for magnesium alloys was given
by Weissert.39 It is important to bear in mind the
different thermal expansion coefficient values of

QE22AZ91Pure Mg
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Figure 4 Optical micrographs of some cast magnesium alloys.
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magnesium and steel/aluminum when designing com-
ponents for elevated temperature operation (especially
above 100 �C) in a multi-material mix design. From
the design and the material selection perspective, it is
necessary to ensure that the screwed/bolted assem-
blies do not lose their pre-stress during application,
and the materials chosen as screw do not foster gal-
vanic corrosion. The latter can be minimized by the
right choice of material combinations, appropriate
coatings, and constructive measures.

Welding is one of the most widely used joining
technologies for magnesium alloys. The weldability
of magnesium alloys is influenced by (a) chemical
and physical properties, (b) chemical composition,
and (c) production process, and the quality of base
material. The physical properties that are considered
relevant for welding are the melting point, the boiling
point, the thermal conductivity, and the coefficient of
thermal expansion. A wide solidification range in the
alloys, increases the possibility of hot cracking as well
as the localized melting of some of the eutectic phases
in the alloy.

Joining of magnesium alloys can be accomplished
by different fusion welding processes viz., gas tung-
sten arc welding, gas metal arc welding, plasma arc
welding, laser beam welding and electron beam weld-
ing. Solid state joining processes viz., friction welding,
friction stir welding, and diffusion bonding are also
employed for this purpose.40–42

Even though the gas tungsten arc (GTA) and gas
metal arc (GMA) welding are still popular,43–45 with
the advent of power beam processes and friction stir
welding, the trend moves towards the modern techni-
ques for the joining of magnesium alloys.46,47 The GTA
and GMAwelds suffer from the inherent drawbacks of
large weld pool/heat affected zone, low welding speeds
and higher degree of distortion and residual stress. In
some cases, hybrid welding with laser and GTA/GMA
combination has proved to be successful for achieving

deeper penetration welds in magnesium alloys,48 also
overcoming some of the issues mentioned above.
Recently, the activated-GTA (popularly called as A-
TIG) with flux addition was employed for the welding
of AZ31B, and full penetration joints in 5 mm thick
plates were claimed to have been realized with accept-
able quality.49

The absorption of laser beam on the surface of
materials being joined plays a crucial role in the case
of magnesium alloys, and this has been treated exten-
sively in literature.50,51 Even though both CO2 and
Nd:YAG lasers are employed for welding of magne-
sium alloys, the weldability with Nd:YAG has been
reported to be much superior due to shorter wave
length and stable molten pool.52,53 Quite a large
number of researchers have investigated the evolu-
tion of microstructures and the mechanical proper-
ties of magnesium alloy laser beam welds.54,55 The
mechanical properties of the resultant weldments
were observed to be dependent on the alloy compo-
sition, and a wide range of property variations have
been reported for these weldments. However, in
almost all the cases, a distinct reduction in the frac-
ture strain values of the weldments was reported.
Also, the electron beam welding of magnesium alloys
is attempted by researchers, especially, for welding of
higher section thickness magnesium alloys.47

The application of the friction stir welding process
for joining of magnesium alloys is described in the
literature.4,56 The development of this modern solid
state joining technique has given a new dimension to
the joining of the so-called difficult to weld alumi-
num and magnesium alloys. However, in contrast to
the aluminum alloys, the published literature on the
characterization of friction stir welded joints of mag-
nesium alloys is quite limited.57–59 The investigations
made and documented so far, suggest, that there exists
a great potential for employing FSW for making not
only similar, but dissimilar welds containing

AZ61AZ91

100 μm 100 μm

Figure 5 Optical micrographs of wrought magnesium alloys (extruded).
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magnesium alloys, as well. The macrostructure and the
microstructural features of the parent andweld nugget
regions of the friction stir weldment of AZ61 alloy are
depicted in Figure 6.

3.09.5 Corrosion of Magnesium
Alloys

Until recently, it was believed that magnesium has a
poor corrosion resistance amidst the metals and alloys
known to the engineering industry. This widespread
view was essentially owing to a variety of reasons
which include, but are not limited to: (a) poor alloy
design (with higher levels of impurities like Fe, Ni, and
Cu, and or inclusions of melting salts), (b) improper
design of the components, or (c) none or a wrong or
inadequate surface protection for the chosen applica-
tion. But, today’s magnesium alloys show corrosion
properties similar to or better than some of the struc-
tural grade carbon steels and copper-containing high
strength aluminum alloys (Figure 7). With the right
choice of alloy and the developments in the field of
surface engineering, the so-called ‘susceptible magne-
sium’ alloys are nowadays used for a variety of appli-
cations in the electronic, automobile and aircraft
industry with appropriate surface protection.60–63

On the one hand, the uniform or general corrosion
of magnesium alloys in various environments is rela-
tively well controllable, whereas on the other hand,
the galvanic corrosion and the environmentally
assisted cracking (SCC and corrosion fatigue) are
the causes of failures of components made from
these alloys. Other forms of corrosion such as pitting
corrosion, filiform corrosion, and crevice corrosion
apparently play an assisting role in the damage.

Parent Weld nugget

Overview of the AZ61 FSW 

50 μm 50 μm

2 μm

Figure 6 Microstructural features of a friction stir weldment.
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Intergranular corrosion of magnesium alloys does not
seem to happen because of the fact that the grain
boundaries outlined with secondary phases are
nobler than the matrix/interior grains.

3.09.5.1 Forms and Mechanisms

Like all the metals which do not exist in the metal
state in nature, magnesium has to be extracted from
its ores, requiring considerable quantum of energy.
Hence, magnesium also tends to return to its stable
natural state by reactions with elements of the envi-
ronment, that are mainly oxygen and water. Magne-
sium has a standard electrode potential of�2.37 V for
bare magnesium in contact with a solution containing
Mg divalent ions, and is the most active construction
material in the EMF series (Figure 8). Its free corro-
sion potential in neutral chloride solution is around
�1.7 V versus SCE, and is in the active end of
the galvanic series (Figure 9). The shift of the poten-
tial is caused by the polarization due to passive
film formation.

The fact that magnesium reacts instantaneously
with air and water leads to the formation of corrosion
products on the surface. The nature of the layer is
determined by the surrounding environment, and in
many instances, this leads to a reduction of the cor-
rosion rate due to the effect of passivation, which by
itself is an effective corrosion protection means.
Thus, in normal atmospheres, the level of corrosion
damage on magnesium alloys is insignificant. How-
ever, with increase in relative humidity of air the
extent of corrosion damage in general increases. At
low ambient humidity magnesium reacts with the
oxygen of the air to form magnesium oxide (MgO),
which forms as a thin passive layer on the surface of
the material. In more humid conditions (>93% rela-
tive humidity) first, a surface layer of magnesium
hydroxide (Mg(OH)2) develops, which subsequently

converts into magnesium carbonate (MgCO3) as a
result of the reaction with the CO2 in the air. In
marine and industrial atmospheres, chlorides, sul-
fates, and nitrates can destroy this protective layer
and may induce corrosion damages.

In aqueous solutions, the process of corrosion of
magnesium, which is dependent on the pH and tem-
perature, is described below:

MgðsÞ þ 2H2Oð1Þ ! MgðOHÞ2ðsÞ þH2ðgÞ ½1�
The dissolution of magnesium is the partial anodic
reaction

MgðsÞ ! Mg2þ þ 2e� ½2�
and/or

MgðsÞ þ 2ðOHÞ� ! MgðOHÞ2ðsÞ þ 2e� ½3�
and the hydrogen evolution is the partial cathodic
reaction

2Hþ þ 2e� ! H2ðgÞ ½4�
The following cathodic reaction can lead to the evo-
lution of hydroxyl ions

2H2Oþ 2e� ! H2ðgÞ þ 2OH� ½5�
The potential–pH diagram, known as the Pourbaix
diagram, for the system magnesium–water is shown
in Figure 10. It is obvious from this diagram that
magnesium undergoes active dissolution in the pH
range from 0 to 11, and magnesium hydroxide is
stable only above pH 11. In contrast to aluminum,
magnesium forms stable and self healing passive
oxide/hydroxide layers in aqueous solutions without
additional ions, only if the pH values are higher than
11. Immunity, the state in which corrosion cannot
take place due to thermodynamic reasons, exists
only below �2.5 V, because of the very low negative
standard potential of magnesium. Nevertheless, the
corrosion rate is normally very low in small sealed off
water volumes because of the low solubility of
Mg(OH)2 (the saturation equilibrium is reached
fast), and owing to the dissolution of magnesium, a
pH value above 10 is quickly reached. However, if the
exchange of water becomes constant, this equilibrium
will not be reached and the corrosion progresses
continuously. An increase in temperature also accel-
erates the corrosion rate.

In aqueous chloride solutions with heavy metal
ions such as Ni, Fe, and Cu, the corrosion rate of
magnesium alloys is generally very high. These metal
ions will be deposited on the anodic magnesium
surface and act as very active cathodes, thus driving

Ag+++ Ag+ Cu++ H+Ni++Fe++ Zn++ Ti++ Mg++

Cu+

+0.52

+1.42 +0.80 +0.34 �0

−0.40

−0.44

−0.23

−0.76 −1.75

Electrochemical potential (V)

–2.40

−0.71 −1.66

Cd++ AI++Cr+++

More noble Less noble

Figure 8 Electromotive force series (EMF series).
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magnesium to dissolve at a rapid rate by galvanic
action. Various anions, too, have an effect on the
localized dissolution of magnesium hydroxide, and
chlorides play a much more prominent role than
sulfates and nitrates. However, there is a group of
anions that help in the formation of a protective

layer on the surface, upon forming hardly soluble
and adherent compounds with marginal dissolution
of magnesium. Such salts are used in the electro-
chemical surface treatment of magnesium alloys
(fluorides, chromates, vanadates, phosphates, etc.).
Dissolved oxygen in water or salt solutions has no
additional corrosive effect.

As magnesium is stable in solutions with pH> 11,
due to a stable Mg(OH)2 layer, it does not corrode in
alkaline solutions. All acids, except HF and H2CrO4,
tend to attack and dissolve magnesium strongly. In
the aforementioned exemptions, the formation of a
stable film upon initial dissolution helps in prevent-
ing further dissolution. An aqueous chromic acid
(180 g l�1) solution is often used to clean magnesium
alloys from corrosion products.

Most of the organic compounds (aliphatic and
aromatic hydrocarbons, ketones, ether, glycol, etc.)
have very little effect on the corrosion of magnesium
alloys. The corrosion effect on magnesium alloys by
ethanol is rather light, and anhydrous methanol
inflicts a strong attack. Sour liquids like fruit juices,
carbonated drinks, milk, etc., also cause measurable
corrosion attack.

The resistance of magnesium alloys to almost all
gases, including the aggressive chlorine, is very good
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Figure 9 Free corrosion potentials of metallic materials in neutral sodium chloride solution.
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as long as the gases are dry. Even very small quantities
of humidity lead to the formation of acids and hence,
may result in a strong damage to the magnesium
alloys, for example, in the presence of chlorine and
sulfur dioxide. In contrast, the performance of mag-
nesium alloys in ammonia containing atmosphere is
good, regardless of whether the conditions are dry or
humid. The oxidation of magnesium in the presence
of oxygen increases with temperature; however, the
applications at elevated temperatures are limited
mostly by the creep resistance and not by the oxida-
tion rates. As mentioned earlier, the corrosion perfor-
mance is dependent on the pH value, and apparently
the corrosion performance of magnesium alloys in
soils depends on the pH value of the soil. Thus, the
corrosion rate is higher in saline acidic soils than in
neutral or alkaline soils.

Because of the basic nature of magnesium alloys
with very active corrosion potentials, the corrosion is
accelerated when in contact with other metals due to
the galvanic effect. This is taken as an advantage for
applications, wherein, magnesium alloys are used as
sacrificial anodes for the cathodic protection of metals.
However, for structural applications in aggressive
media some additional coating and/or constructional
measures are required on components to be protected.

The compatibility of magnesium (so-called
anodes) and a second metal (cathodes) to be used as
a couple in a given environment, is determined by the
potential difference of the couple and the polariza-
tion resistance. In principle, these potential differ-
ences should be as low as possible and the resistance
polarization (of the cathode material) should be as
high as possible. Aluminum alloys belonging to the
5XXX and 6XXX series are the most compatible
materials due to a relatively low potential difference
with magnesium, compared to most other acceptable
materials. Interestingly, despite a very large potential
difference 80Sn/20Zn alloy coatings are also accept-
able because of their high polarization resistance
characteristics. The following materials are abso-
lutely not acceptable to be used as a direct couple
with magnesium alloys: practically all steels, nickel
and aluminum alloys containing copper. However, in
the case of steels, a coating of zinc plus a cataphoretic
painting to the tune of 15 mm would be helpful for
making a couple with magnesium alloys.

Magnesium alloys are not only susceptible to gal-
vanic corrosion when in contact with other metals,
but also for a special kind of galvanic corrosion in the
form of so-called ‘microgalvanic cells’. The potential
differences between the anodic and cathodic regions

within the alloy is the reason for this type of corro-
sion that can occur in chloride-containing neutral as
well as in alkaline media. Impurities such as iron,
copper, and nickel, although mostly present as inter-
metallic compounds in the matrix, have very noble
potentials compared to the matrix and thus, acceler-
ate the corrosion damage of the matrix. The corro-
sion damage can at times be highly localized and lead
to pits. The effect is similar in alloys containing the
secondary phase Mg17Al12, wherein the regions with
this intermetallic compound exhibit more noble
potentials than the matrix in chloride solutions. The
same effect can be observed for almost all interme-
tallics, formed between magnesium and alloying
elements.

Even though the galvanic drive is expected to accel-
erate the dissolution of the surrounding matrix, it is
feasible to tailor the properties of magnesium alloys
with proper distribution of the secondary phase in the
matrix. For example, in pressure die cast alloys with
fine grained structure, the distribution of Mg17Al12
secondary phase can be made more favorable, and
this phase can form a coherent corrosion barrier net-
work along the grain boundaries (Figure 11),65 and
thus, may lead to lowering of the corrosion rate.

3.09.5.2 Environmentally Assisted
Damages

The term environmentally assisted cracking, in gen-
eral, refers to failures under conditions of either static
or dynamic loading with considerable assistance from

α

β
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Corrosion
products
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Figure 11 Schematic representation of the change of

surface conditions during corrosion of a magnesium alloy
with nearly continuous Mg17Al12 phase near to the

surface.65 (a) Initial surface and (b) final surface.
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the environment. In the case of statically loaded
components, this failure is influenced by the dissolu-
tion of the alloy, known as SCC, or induced by the
entrapped/picked up/generated hydrogen at the tip
of the crack, referred to as hydrogen induced crack-
ing (HIC), or hydrogen embrittlement (HE). Under
conditions of cyclic loading, the failures that happen
with the influence of the environment are termed as
corrosion fatigue (CF).

SCC is generally considered to be a dangerous
form of damage, as it often leads to catastrophic fail-
ures. The mechanisms of SCC vary from one system
to the other, and mechanistically SCC is quite subtle.
The failure under these circumstances can be with-
out any signs of visible deterioration of surfaces, but
can happen due to highly localized damage. In fabri-
cated components, apart from the external stresses,
the residual stress in the components itself can lead to
failures. The SCC susceptibility of wrought magne-
sium alloys has been widely looked at by researchers.
Nevertheless, cast Mg alloys too, have been reported
to be susceptible to SCC, especially when the stress
levels are higher.

The SCC behavior of magnesium alloys is very
similar to that experienced in the metals/alloys with
a passive layer. There has always been a debate, as to
whether pure magnesium is susceptible to SCC or
not66–70; however, the alloys of magnesium are sus-
ceptible to this form of damage to a great extent.
Stampella et al.70 reported the susceptibility of
99.95% (high pure) magnesium to SCC in sulphate
solutions based on slow strain rate tensile (SSRT)
tests. The susceptibility of magnesium alloys to
SCC was reported based on the laboratory tests per-
formed by numerous researchers and compiled by
Winzer et al. 71 SCC of a variety of magnesium alloys
was observed in environments containing very low
concentrations of (as low as 0.001 N) sulfates or
chlorides or even in distilled water. Further, SCC
has been observed in chromate containing solutions.

A fairly large amount of work has attempted to
understand the effect of alloying elements on the
SCC behavior of magnesium alloys. Aluminum, one
of the major elements for strengthening, has been
reported to adversely influence this behavior, with the
threshold concentration level of around 2.5%.69,70

Higher aluminum containing alloys have been found
to fail by SCC, even in distilledwater. Miller72 reported
that zinc increases the SCC susceptibility, which was
contradicted by Fairman and Bray.73 Surprisingly, the
manganese containing magnesium alloys are generally
considered to be immune in the atmosphere, chloride

solutions, and chloride–chromate solutions,72 but have
been reported to be susceptible in distilled water.74

Addition of cadmium and neodymium to Mg–Zn–Zr
alloy has been reported to improve the SCC resis-
tance75 and, conversely, the deleterious effect of Cd
was also reported.69 The presence of Fe as impurity
plays a crucial role in SCC, especially in the impure
alloys. The presence of intermetallic compounds such
as FeAl is reported to influence the SCC,76 the micro
galvanic effect in these alloys leads to stronger hydro-
gen evolution, and the cracking is expected to be with
the assistance of hydrogen.77,78

In a recent work, the SCC susceptibility of an
extruded magnesium alloy (AZ31) in ASTM
D 1384 test solution (Figure 12) was addressed.79

The fracture was observed at a stress level of around
100 MPa with a strain of 2% compared to the strain
level of about 45% in the tests in air. The fracture
surfaces of SSRT tested AZ31 magnesium alloy
(in air and in ASTM D 1384 solution) presented in
Figure 13 show characteristic fine dimples in the
specimen tested in air, and a distinct transgranular
cleavage fracture in the specimen tested in ASTM
D 1384 solution.

The documented literature on the SCC of magne-
sium alloys suggests that in a majority of the cases the
failure was transgranular (TG) in nature. SCC of mag-
nesium alloys in intergranular (IG) or mixedmodes are
also reported in literature.80,81 The differences in frac-
ture modes have been attributed to the heterogeneities
at the grain boundaries, leading to the formation of
micro galvanic cells and subsequent dissolution along
the grain boundaries, thus resulting in IGC.
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The SCC propagation mechanisms for magnesium
alloys fall in one of the following two groups:
(a) continuous crack propagation by anodic dissolution
at the crack tip (Figure 14)82 or (b) discontinuous
crack propagation by a series of mechanical fractures
at the crack tip (Figure 15).83 The dissolution
mechanisms could be (a) preferential attack, (b) gal-
vanic attack by film rupture, or (c) tunneling. The
mechanical fracture mechanisms are broadly either
(a) cleavage fracture or (b) hydrogen embrittlement.
A comprehensive description of the SCC mechanisms
in magnesium alloys can be found in the review by
Winzer et al.71

There is not much published information on the
effect of processing conditions on the cracking sus-
ceptibility of magnesium alloys. The data presented
in Figure 1684 suggests that the processing

conditions have a definite influence on the mechani-
cal properties of AZ31 alloy. However, it is interesting
to note that the strain to failure of the specimens in
chloride environment is nearly the same although the
difference in air is quite large.

The information on the SCC behavior of welded
magnesium alloys is also quite scarce. Welds produced
by the modern joining technologies viz., friction stir
welding and laser beam welding, seem to have good
mechanical properties. The SCC of laser and friction
stir weldments addressed recently,79 suggest that the
fusion boundary region is susceptible to SCC. A mixed
mode of fracture (transgranularþ intergranular) has
been reported in both these weldments subjected to
SSRT tests in ASTM D1384 solution, and further, the

ln air 

20 μm 20 μm

ln ASTM D1384 solution (a) (b)

Figure 13 Fracture surface appearance of SSRT tested AZ31 alloy (10�6 s�1)79: (a) in air and (b) in ASTM D 1384 solution.
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Figure 15 Model for transgranular cracking in Mg–Al
alloys.83
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weldments showed a higher susceptibility to SCC than
the parent alloy (Figures 17 and 18).

Cathodic polarization of magnesium alloys is
reported to reduce or even prevent SCC of magne-
sium alloys in aqueous solutions.66,70,72 However, yet
in another recent work,85 it has been found that AZ80
alloys undergo SCC–HE under conditions of contin-
uous charging under cathodically polarized condi-
tions in distilled water. Figure 19 shown below
explains the effect of cathodic charging on the crack-
ing behavior. The exact role of hydrogen and the
precise underlying mechanisms of SCC under such
conditions are still being debated.

3.09.5.3 Influence of Alloying and
Processes

The corrosion behavior of magnesium alloys is influ-
enced substantially by the impurities. The heavy
metals contained as impurities (viz., Fe, Cu, and Ni)
form galvanic cells and enhance the corrosion rate,
and the effect of these impurities on the corrosion
rate is depicted in Figure 20.86

The tolerance limit depends on the alloy compo-
sition. For pure magnesium, the tolerable limits for
Cu, Fe, and Ni are 0.1%, 0.005%, and 0.0005%,
respectively. These impurities in magnesium alloys
arise from various sources; the iron pick up is primar-
ily from the melting crucibles and tools, copper
comes from impure aluminum, while nickel gets in
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from nickel containing stainless steel crucibles or at
times very low levels of Ni may be contained in
the raw magnesium itself.87 If these impurities are
restrictedwithin tolerable limits, a substantial improve-
ment in the corrosion resistance of magnesium alloys
could be accomplished.

Magnesium alloys in which the total content of
these impurities is restricted to ‘ppm’ levels are
referred to as high purity (HP) alloys, and these
alloys can virtually compete with aluminum alloys
in terms of corrosion resistance.86 In the salt spray
tests performed as per ASTM B 117, the high purity
magnesium alloys (with the exception of AM20)
showed very low corrosion rates, (Figure 21)

compared to a silicon and copper containing alumi-
num alloy (AA4250), which is used as a secondary
alloy in the automobile industry.

The micro galvanic effects, as well as the formation
of passive layers to minimize the corrosion can be
influenced by addition of specific alloying elements.
Besides the production of HP alloys, the susceptibility
to corrosion of magnesium alloys can be controlled by
the addition of RE elements. It is believed that these
elements stabilize the passive film formed on the sur-
face of magnesium alloys. In addition, the intermetallic
phases formed in the magnesium alloys containing SE,
show corrosion potentials similar to the aluminum con-
taining matrix and thus, eliminate the galvanic effect.
Additions of manganese to magnesium alloys help in
reducing the galvanic corrosion, as manganese prefer-
entially forms an intermetallic compound with alumi-
num, incorporating Fe and Ni, thus bringing down the
effect of potential differences between free iron or
nickel and the magnesium matrix in the alloys. The
tolerance limits for impurities (especially Fe) in such
alloys can be higher, without many of its problems.
Aluminum improves the corrosion resistance in mag-
nesium alloys when the alloying addition is increased
from 2% to 9%. The benefit is two fold, first, Mg17Al12
forms a favorable corrosion resistant network along the
grain boundaries, and second, the incorporation of alu-
minum oxide in the Mg(OH)2 layer improves the sta-
bility of the passive layer and thus enhances the
corrosion resistance. Owing to the superior passive
layer on the surface in aluminum containing magne-
sium alloys, a special form of corrosion, so-called
filiform corrosion, is observed which is otherwise
observed only underneath thin coatings. Zinc
increases the corrosion potentials and thus reduces
the corrosion rate. Also, the elements such as zirco-
nium added as grain refiners to magnesium alloys
can influence the corrosion behavior positively.
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The microstructure with a given grain size and
precipitate has a great influence on the corrosion
resistance. Small grain size is often reported to be
more corrosion resistant than larger grains. Thus,
corrosion resistance can be optimized by the choice
of the production process. So, the same alloy pro-
cessed with HPDC has generally a better perfor-
mance than sand or gravity die casting, and this can
be explained by higher cooling rates resulting in a
finer microstructure. Using special melt or powder
metallurgical production processes or thermo mec-
hanical treatments, even smaller grain size can be
obtained. The new production processes, such as
semi-solid processing, result in specific microstruc-
tures and thus have an influence on the corrosion
performance. The globular microstructure with sur-
rounding intermetallic phases is often reported to have
good corrosion resistance. The best corrosion resis-
tance, however, is often found with the products of
rapid solidification processes. Precipitates and impu-
rities are often finer and more uniformly distributed or
the alloying elements remain in solid solution without
forming precipitates. Passive films on supersaturated
alloys are more easily formed and are more uniform
and stable. In Mg–Al alloys, the b-phase (Mg17Al12)
formation can be suppressed by rapid solidification,
and there is sufficient Al available to stabilize the
passive layer by the formation of MgAl2O4 spinels.

88

Heat treatment of magnesium alloys influences the
corrosion behavior, as the involved diffusion process
has an effect on the distribution of alloying elements
in the matrix and also influences the secondary phase
formation. In general, magnesium alloys subjected to
heat treatment (solution treatment, ageing, etc.)
exhibit a higher corrosion rate when compared to
the as-cast condition. The latter is especially the
case if the precipitates have a barrier function in the
as-cast condition, owing to the formation of a dense
network along the grain boundaries.

3.09.6 Corrosion Prevention
Strategies

3.09.6.1 Coatings

Magnesium and magnesium alloys can hardly be
protected by alloy development against general cor-
rosion in acidic environments and against galvanic
corrosion. Instead, for this purpose, a wide variety
of coatings are available. The coatings are also used
for improving the aesthetic appeal and for increasing
the decorative finish. The following techniques are

available for the surface modification of magnesium
and its alloys:

� Chemical conversion coatings
Chromating, phosphating

� Electro-chemical coatings
Anodizing
Electroplating (Zn, Cu, Ni, Cr)
Plasma electrolytic oxidation

� Physical techniques
Physical vapor deposition
Plasma/laser assisted vapor deposition
Thermal spraying

� Nonmetallic coatings
Varnish, wax, polymeric coatings, paints.

The physical techniques are still in the research
stage, and only the other surface modification tech-
nologies are adopted in the industry to some extent as
of today. A detailed overview, description of the pro-
cesses, and information about the advantages and
disadvantages of many surfaces treatments for mag-
nesium alloys is given by Gray and Luan.89 Before
selecting a coating system for a given application, it is
necessary to understand the corrosion behavior of the
magnesium alloy in question in the service environ-
ment and the suitability of the material for processing,
to deposit the coating. The surface preparation plays a
crucial role in making the coating system perform well
in the field of operation.

A number of problems are specific for coatings on
magnesium alloys. No coating system polarizes mag-
nesium in the cathodic direction, since all the coatings
are more noble than the magnesium alloy matrix.
Coating of magnesium, especially with a metallic coat-
ing, may lead to an accelerated galvanic attack in
aqueous environments, if the deposited layers are not
sufficiently thick enough or if there are any defects/
damages in the coatings. However, magnesium sur-
faces can be modified and effectively protected by
multilayered systems. For reasons of cost, the coating
system is mostly decided, based on the aggressiveness
of the environment and the application demand. Pick-
ling, conversion coating, anodizing, plating, and
organic coatings are available and multiple combina-
tions of these are possible.

3.09.6.1.1 Chemical conversion coatings

Chromating is a known surface treatment for alumi-
num, zinc, and magnesium for years and this treat-
ment develops a very thin layer (to about 1 mm
maximum). The treatment can be used for the pre-
vention of damage by corrosion of magnesium alloy
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components during storage and transport. In addition
to corrosion protection, these films offer an inhibitive
effect inherent to the chromate film. The adhesion to
organic coatings is also greatly improved by this
treatment.90 Nevertheless, the use of chromates is
limited by the new environmental regulations in
Europe since 2003, owing to growing health concerns
associated with hexavalent chromium.91,92

New alternatives to the chromating process
based on phosphate permanganate or fluoride zir-
conate have been proposed.90 Alternate chrome-free
conversion coatings based on alkali potassium per-
manganate solutions (MAGPASS-COAT®) and from
solutions containing vanadates, molybdates and tung-
states have also been attempted.93,94 As these conver-
sion coatings impart good adhesion properties, a few
attempts have been made to produce chrome-free
coatings in electrolytes based on stannates 95 and
RE salts.96 Effort was also made to produce conver-
sion coatings based on zinc manganese phosphating
electrolytes on magnesium alloys.97 In general, all
these conversion coatings need to be used in combi-
nation with an overlay coating for efficient corrosion
protection, especially in aggressive environments.

3.09.6.1.2 Electrochemical conversion

coatings
The anodic oxidation of magnesium alloys result in a
relatively thick and electrically insulating layer with
good wear resistance. Like the chemical conversion
coatings, the anodic oxide films also provide a good
base for organic coatings, and in addition these can be
impregnated as well. In particular, the newer pro-
cesses are capable of developing very hard ceramic
layers (ANOMAG®, KERONITE®, TAGNITE®,
and MAGOXID®). These treatments are carried out
in electrolytes at higher operating voltages with low
current density levels leading to a plasma discharge.98

The temperature of the bulk electrolyte tends to rise,
typically to around 50 �C (depending on the degree
of cooling provided to the system). The local tem-
perature in the plasma zone would probably be in
excess of 1000 �C, this results in the formation of
‘glassy’ or ‘ceramic’ anodic coatings. The process
is called by various names, viz. plasma anodizing,
micro arc oxidation (MAO), and plasma electrolytic
oxidation (PEO).

The composition and the thickness of the conver-
sion layers developed, depend on the processing con-
ditions, viz. the chemical composition of the alloy,
electrolyte composition, operating voltage, current
density, temperature of electrolyte, duration, etc.

The thickness of the layers ranges from a few microns
to as high as 150 mm. Electrolytes containing combi-
nations of hydroxides, carbonates, silicates, phos-
phates, aluminates, and borates have been explored.
The processing voltages are in general a function of
the composition of electrolytes, and voltage levels as
high as 600 V are achieved during this PEO proces-
sing. The current density for the PEO operation
ranges generally from 5 to 50mAcm�2, which is
decided depending on the electrolyte/material com-
bination. A few of the conventional and plasma ano-
dizing processing electrolytes, processing conditions
and resultant films are presented in Table 13.99

Figure 22 represents schematically a typical PEO
coating obtained in an electrolyte based on silicate
and hydroxide. The various zones that are observed
in the PEO coatings are: Zone 1 (interface): The
interface is very rough. It appears as if there were
thin layers of less than 1 mm thickness with a finer and
more dense structure in the interface region; Zone 2
(micro porosity): This has an extension from 20
to 80 mm. Here, the ceramic oxide film is denser,
and only a small number of larger pores or cavities
are visible; Zone 3 (pore band): This is observed in
all specimens and can be identified by a pronoun-
ced band of cavities at a depth of 20–40mm from
the surface. Most of the visible surface pores (craters
with discharge channels) seem to end in this band of
cavities; Zone 4 (near surface): This is the outermost
surface with the crater structure on the top.
The ceramic layer is enforced by a large number of
discharge channels reaching from the crater surface
toward Zone 3. The porosity is the most striking
feature of the anodized layers (Figure 23), and the size
and distribution of pores strongly influence the
properties of the layers. It should be noted that the
other coatings can vary from this layered structure.

As almost all PEO layers are more or less porous, a
secondary seal coat would be preferred for an
enhanced corrosion protection, depending on the
environment in which the components are to be
used. However, their use in the commercial market
as of date, is somewhat restricted owing to the high
operating costs associated with the processing.

3.09.6.1.3 Electro and electroless deposition

The deposition of metals and/or alloys from aqueous
solutions containing the respective metal salts is
practiced for many of the components made of both
ferrous and nonferrous metallic substrates for impart-
ing better surface finish, aesthetic appeal, corrosion
resistance, electrical conductivity, solderability etc.
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There is not much older literature on the established
practices for the deposition of metals/alloys on mag-
nesium, but recently the interest manifested in the
number of publications is increasing, especially in
China.

There are lots of issues in the deposition of metals/
alloys on magnesium alloys. First, magnesium is quite
active and can react with oxygen to form a layer on the
surface which very strongly inhibits effective deposi-
tion. Hence, it calls for a specific and careful preplating
treatment procedure. Second, magnesium undergoes
active dissolution in acidic or near neutral solutions
upon immersion, and hence needs to be handled care-
fully while plating. Nevertheless, there have been a
number of research attempts for the prevention of

corrosion of magnesium by plating techniques. Plating
of nickel/gold has proved to be good for some space
applications, while plating with silver was rated good
from electrical conductivity. Plating of gold is reported
to be done in stages with the first stage being zinc
immersion plating, followed by nickel electro flash and
finally the gold coating.101 Recently, in an interesting
work, plating of zinc from ionic solutions was demon-
strated by Bakkar and Neubert and it is claimed that
deposits were free from defects and showed corrosion
behavior (Figure 24) similar to that of pure zinc in
chloride solutions.102

Electroless nickel plating is also contemplated for
magnesium alloys with a careful pretreatment of the
substrates. In order to promote better coating

Table 13 Some commonly used anodic oxidation processes for magnesium alloys99

Process Electrolyte Components Current
density
(A cm�2)

Type of current Electrolyte
temperature
(�C)

Layer
color

HAE Potassium fluoride 1.5–2.5 AC or DC 27 Brown

Sodium phosphate

Potassium hydroxide

Aluminum hydroxide
Potassium permanganate

DOW 17 Ammonium difluoride 0.5–5.0 DC 70–80 Green

Sodium dichromate
o-Phosphoric acid

AHC

Magoxid-

Coat®

Mineral acid (fluoric,

phosphoric. boracic acids)

1–5 Special types of signals with

plasma-chemical reaction

15–20 White

Organic matters

Oxide coating
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Figure 22 Schematic representation of a typical cross section of PEO-coated magnesium alloy.100 (Typical features of the

scanning electron micrographs inserted.)
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characteristics, magnesium surfaces may be given a zinc
or copper flash coating over which nickel can be depos-
ited by the electroless technique,98 and the deposition
of flash coating is similar to that performed for the
deposition of gold. The electroless nickel deposits are
harder than most of the magnesium alloys (�80HV0.1),
in general to about 500HV0.1. Such coated magnesium
alloys find applications in electronics and telecommu-
nications, guaranteeing a stable electrical contact with
good resistance to adhesive wear and corrosion. It is
mandatory to ensure that the deposits are free from
pores and cracks as these defects can very adversely
influence the corrosion behavior of the coated magne-
sium alloy (galvanic effect), despite the presence of a
layer intended for protection. Further, recycling of such
coated alloys is not feasible, especially if one looks at the
production of high purity magnesium alloys. This is
true despite the fact that there are quite a number of
stripping solutions available for the removal of coatings
from magnesium substrates.

3.09.6.1.4 Physical techniques

Advanced techniques like laser beam (LB) and electron
beam (EB) processing offer large scope for the modifi-
cation of the surface of engineering alloys. Thus, mag-
nesium alloys can be tailored by just heating to critical
temperatures, or remeltingwith or without the addition
of alloying elements, or by depositing coatings
(cladding).

The thermal spray coatings often have a good
amount of porosity, and this could be a major disad-
vantage from the corrosion point of view. The modern
thermal spray techniques like high velocity oxy fuel or
detonation gun spray process could produce effective
coatings as the porosity levels are substantially low.

Thermal spray coatings on magnesium alloys have
been reported for space applications.103

With the LB, EB and thermal spray processing,
surfaces resistant to wear and corrosion can be pro-
duced by means of alloying and diffusion and it is
even feasible to develop functionally graded layers.
The physical and chemical vapor deposition technol-
ogies can also be used for coating a number of metal-
lic and ceramic layers on magnesium alloys. The
advantage and disadvantage at the same time is that
they can be used economically only for reinforcement
of smaller local areas whereas large area coatings are
normally too time consuming. The coatings that can
be achieved by thermal sputtering in highly controlled
atmospheres are free from oxidation, and it is possible
to produce thin and thick corrosion resistant protec-
tive coatings depending on the requirement.

Laboratory scale experiments on chemical vapor
deposition (CVD) of molybdenum are reported to
improve the corrosion resistance significantly, by
the formation of a stable thin film (<0.5 mm) of moly-
bdenum on magnesium alloy substrates.104 Deposi-
tion of titanium nitride and zirconium nitride by
plasma assisted CVD have also been attempted.105

PVD coatings based on Mg alloys can be used for
cathodic protection of conventional magnesium sub-
strates.106–108 However, the applicability of PVD and
CVD coatings on large scale industrial components
has not yet been fully explored.

3.09.6.1.5 Organic coatings

The effect of organic coatings is generally to prevent
or reduce the contact of water, oxygen, or other
electrolytes with the metal surface. They are gener-
ally used in combination with conversion or anodized

Figure 23 SEM image showing the topography of the

PEO-coated magnesium alloy.100
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coatings and offer in this combination an excellent
corrosion protection (paint). If they are used alone,
then normally only a temporary protection is intended,
for example, the use of wax or oil for storage or
shipping. The most important aspect for the selection
is a resistance against alkaline corrosion products of
magnesium alloys.

3.09.6.2 Choice of Coating Systems and
Design Aspects

The damage caused by galvanic corrosion of the
magnesium components in contact with other metal-
lic materials can also be reduced or fully suppressed
by employing appropriate constructive measures.
The most effective method is to avoid the accumu-
lation of electrolyte in the area of contact of materi-
als, as this virtually eliminates the formation of a
galvanic cell.

The other way of controlling the galvanic corro-
sion of magnesium alloys is to control the cathodic
reaction so that the net anodic reaction (galvanic
attack) on magnesium can be reduced correspond-
ingly.109 The galvanic current (I ) is expressed as

I ¼ ðEC � EAÞ=ðRC þ RE þ RMÞ
where EC and EA are the open circuit potentials of the
cathode and anode, respectively, RM and RE are the
resistances of the metal circuit and the electrolyte,
respectively, and RC is the cathodic polarization
resistance.

Based on the above equation, the net galvanic cur-
rent flow can be controlled by selecting an appropriate
and compatible material as a couple, thus keeping the
potential difference as low as possible. By using suit-
able coatings and insulation materials, the resistances
RC and RM can be increased, resulting in lower gal-
vanic current. As mentioned earlier, keeping the elec-
trolyte away will result in an increased RE, hence, in
that case, too, a better galvanic corrosion resistance
can be expected.

The choice of protective systems for magnesium
alloys depends on the size, shape and geometry of the
components and the joining technologies employed.
Screwed and riveted joints offer the most varied pos-
sibilities to control, as one can alter the anode, cath-
ode and the electric contact between these as well as
the contact with the electrolyte. In some cases, by
providing insulation between the magnesium and
the other contacting material, the magnesium compo-
nent can be left as such without any coating. There
have been instances in which failure of a coating on

magnesium alloys led to accelerated form of damage
by the galvanically driven corrosion.

Conventionally galvanized steel screws can be
employed with a silicate sealing for fastening of mag-
nesium alloys, and it has been proven to be successful
for applications in commercial vehicles.110 The steel
screws can also be electroplated with an alloy deposit
of 80%Sn–20%Zn for a better performance.111 The
steel fasteners can also be used with nylon or plastic
caps as cover for the screw heads.109 In addition,
washers made of an aluminum alloy (6XXX series,
anodized) or polymer can be used with steel screws to
minimize the galvanic corrosion. The use of Al
screws instead of steel, if the loading conditions are
not that severe, is a good idea. Fiber reinforced plastic
screws on PEEK base with carbon or polyamide
fibers can also be used considering the fact that the
polymers are free from galvanic corrosion.112

The surface treatment procedures described
above can also be applied for the treatment of mag-
nesium alloy weldments. In principle, these weld-
ments can be treated as an individual component;
however, it is well known that the heat affected
zones could be the vulnerable region in the weld-
ments.113 Nevertheless, by appropriate selection of
processing parameters, a good protection from cor-
rosion damage can be offered to these weldments.

3.09.7 Applications of Magnesium
Alloys

Magnesium alloys have had applications since the early
1930s, when they were first used in the cast form in
automobiles. Since the start of its production in 1939,
more and more parts, such as the crank case, camshaft
sprocket, gearbox housing, several covers, and the armof
an electric generator, were added, until the total magne-
sium weight reached 17 kg in 1962, which meant a
reduction of 50 kg in total mass compared to steel.
The production of the VW Beetle used almost 21 000
tons of magnesium alloys in 1960,114 and the Volkswa-
gen Group reached a total consumption of 42 000 tons
of magnesium alloys in 1972,115 until the change from
air-cooled to water-cooled engines reduced the use of
magnesium alloys. Other manufacturers used magne-
sium in their technical applications aswell as in complex
parts such as tractor hoodsmade of die-castings (dimen-
sions: 1250mm	 725mm	 480mm; weight 7.6 kg),
main gear boxes for helicopters (casting weight 400 kg,
machined 200 kg), crank cases for zeppelin engines, air
intake cases for propjet engines (weight 42 kg), frames,
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rims, instrument panels, fan blades for cooling towers
(weight 169 kg), etc.

The development of high purity (HP) alloys, with
their much improved corrosion resistance, contribu-
ted to the rapidly expanding production. In the past,
the corrosion behavior of the available alloys had
often been the overriding factor preventing their
application. The factor favoring the use of magne-
sium is that it counts as a substitute for polymers for
which no satisfactory recycling solution has yet been
found. Furthermore, it allows light-weight construc-
tion for reduced energy consumption or simply easier
handling.

With regard to the processing of magnesium
alloys, pressure die-casting is preferred in view of
its advantages compared to the processing of alumi-
num and zinc, which are both amenable to this type
of casting. Besides the specific properties of magne-
sium mentioned above, the other favorable factors

are its low casting temperature (650–680 �C,
depending on the alloy) and the relatively low
energy needed for melting. The energy needed for
AZ91 (2 kJ cm�3) is about 77% of that required to
melt the aluminum alloy AlSi12CuFe.116 The high
price of magnesium usually refers to its mass not its
volume, and the lower density coupled with other
factors can actually make it cheaper in real terms.
Thus, the low thermal heat content allows the cast-
ing process to be 50% faster than with aluminum; a
high clock cycle of parts is possible, maintaining
high precision and good surface quality.

Thus, magnesium can be found in a variety of
applications today. The density, its shielding against
electromagnetic radiation, and the possibility of pro-
ducing thin-walled parts has led to furthering the use
of magnesium die-cast parts in the computer indus-
try, in mobile phones (Figures 25(a) and 25(b)), and
in hand tools (e.g., chainsaws).

(a) (b)

Figure 25 Applications of magnesium alloys in the communications sector.122 (a) Parts for a telephone switch board and

(b) a mobile case.

(a) (b)

Figure 26 Applications of magnesium alloys in automobiles.122 (a) Fuel tank cover in Mercedes Benz and (b) gearbox
housing in VW-Passat (Volkswagen AG).
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Other examples of magnesium parts in vehicles
include:

� gearbox housing, e.g., in the VW Passat, Audi A4
� the inner tailgate in the Lupo (‘3-liter car’), which

was made of AM50 (3.2 kg)
� tank cover in the Mercedes-Benz SLK
� cylinder head caps, for example, made of AZ91HP

by cold-chamber high pressure die casting, and
having a weight of 1.4 kg117

� dashboard, for example, in the Audi A8 and in the
Buick Park Avenue/Le Sabre118

� seat-frames119

� steering wheels, for example, in the Toyota Lexus,
Celica, Carina, and Corolla118

� rims, for example, in the Porsche Carrera RS
(9.8 kg AM70 HP; low-pressure ingot casting).117

The list of magnesium parts in cars could be further
continued120,121 and new examples are constantly being
added. Two recent applications of magnesium are illu-
strated in Figures 26(a) and 26(b). The Mercedes-
Benz SLK fuel tank cover is used as an example to
show the advantages resulting from converting the
construction from conventional materials to magne-
sium alloys. The part supports the car body and serves
as a separation between the trunk and the back seats.
Previous solutions consisted of a welded conduit frame.
The first alternatives were steel and aluminum welding
(7–8 kg each) and a magnesium cast part. The magne-
sium casting could be established as a serial part with a
total weight of 3.2 kg, a decreased spatial requirement,
and fewer components. Moreover, no post processing
was necessary and the part could be used uncoated.
The use of magnesium in the gearbox housing in the
VW Passat is also primarily based on the weight sav-
ings achieved by replacing aluminum alloys. The use of
the AZ91 alloy instead of aluminum led to a total
weight reduction of almost 25%, and the geometry
and production equipment remained identical.
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Glossary
Adsorption The surface retention of atoms,

molecules, or ions by a solid or a liquid.

Alloy A metal product containing two or more

elements as a solid solution, intermetallic

compound, or mixture of metallic phases.

Anatase A tetragonal polymorph of titanium

dioxide, also called octahedrite.

Cathodic modification Enhancement of cathodic

kinetics by alloying additions leading to

depolarization of the cathodic reaction and a

shift of the corrosion potential to the passive

region.

Complexation Formation of a coordination

compound between a metal ion and a

molecular or ionic entity known as a ligand.

Corrosion allowance An excess amount of metal

included in a component, beyond that

required for mechanical considerations, to

compensate for expected corrosion losses.

Creep Slow, time-dependent strain of a solid

caused by stress.

Diffusion coefficient The mass of a species, in

grams, diffusing across an area of 1 cm2 in

one second in a unit concentration gradient.

Also known as diffusivity.

Environmentally-assisted cracking A cracking

process driven by tensile stress in the

presenceof particular favorable environmental

conditions (e.g., stress corrosion cracking,

hydrogen-induced cracking).

Film fracture events Spontaneous and sudden

rupture of the passive film on a metal,

resulting in exposure of the underlying metal

to the environment.

Fretting Wear and corrosion damage at the

asperities of contact surfaces induced by

repeated relative surface motion under load.

Galvanic coupling The joining of two dissimilar

metals in an electrolyte, potentially leading to

galvanic corrosion.

Halide The anion of an element belonging to the

halogen group (F, Cl, Br, I, At).

Hydriding The formation of a covalent compound

between hydrogen and a metal

Hydrolysis The reactions of metal cations with

water to produce oxides or hydroxides and

increase acidity.
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Initiation The start of a localized corrosion

process.

Intermetallic compound A covalent compound of

two or more metals, or the alloy of twometals

in which a progressive change in

composition is accompanied by a

progression of phases, differing in crystal

structure.

Lamination A layered arrangement.

Load The mechanical force that is applied to a

body.

Metallosis Infiltration of metal ions and/or particles

into, and inflammation of, soft and/or bony

tissues proximate to metallic biomedical

implants as a result of wear, corrosion,

and/or hypersensitivity reaction.

n-Type A semiconductor whose electrical

conduction is associated with electrons (as

opposed to holes) as the majority charge

carrier.

Nitinol A TiNi shape-memory alloy.

Propagation The active stage of ongoing reaction

and damage formation during a localized

corrosion process.

Repassivation The cessation of corrosion and

return to passivity of a surface after loss of

passivity caused by localized corrosion or

mechanical damage.

Rolling Reducing or changing the cross-sectional

area of a workpiece by the compressive

forces exerted by rotating rollers.

Rutile A tetragonal polymorph of titanium dioxide.

Semiconductor A solid material whose

electrical conductivity is intermediate

between that of a conductor and insulator,

and is usually strongly temperature-

dependent.

Stress intensity factor Ameasure of the stress at a

point in a structure due to pressure resulting

from combined tensile and compressive

stresses.

Texture The anisotropic ordering of size, shape,

and crystallographic orientation of grains in a

polycrystalline solid.

Toughness A property of a material capable of

absorbing energy by plastic information (see

fracture toughness).

Young’s modulus The ratio of a simple tensile

stress applied to material to the resultant

strain parallel to the tension.

Abbreviations
ASTM American Society for Testing and

Materials

BCC Body-centered cubic

HCP Hexagonal close-packed

HIC Hydrogen-induced cracking

MIC Microbiologically-influenced corrosion

ppm Parts per million (by weight)

SCC Stress corrosion cracking

SCE Saturated calomel electrode

UNS No. Unified Numbering System number

Symbols
Hc Critical hydrogen concentration for hydrogen-

induced cracking [ppm]

pH �log (hydrogen ion activity)

pKa �log (acid dissociation constant)

TixFe Intermetallic compound of titanium and

iron with uncertain stoichiometry

represented by x

TiHx Titanium hydride with uncertain stoichiometry

represented by x

a The hexagonal phase of titanium

b The cubic phase of titanium

3.10.1 Introduction

The key attributes of titanium and its alloys are high
strength-to-density ratios and corrosion resistance,
making these materials attractive choices for aero-
space applications and the chemical process industry,
respectively.1–6 More recently, improvements in the
corrosion resistance of the higher strength alloys by
minor alloying additions have led to their expanded
usage as medical and dental implants.7

3.10.2 General Physical Properties

Titanium has two elemental crystalline structures,
the hexagonal close-packed (HCP) a structure and
the body-centered cubic (BCC) b structure.8–11

While commercially pure Ti has the a structure,
the impurity Fe and added alloying elements can
produce a range of alloy microstructures. Depending
on the predominant phase, Ti and its alloys are
classified as a, near-a, a–b, or b.9 The commercially
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pure materials have the a structure and vary in oxy-
gen content depending on strength requirements.
The already good corrosion resistance of these mate-
rials can be further improved by the addition of small
amounts of Pd and Ru.7 The near-a alloys retain the
HCP structure, but the addition of metals such as Al,
Sn, V, Mo, and Ni may stabilize small amounts of the
b-phase. This leads to increases in strength and
toughness. The addition of very small amounts
(<1wt%) of Mo and Ni, and especially Pd or Ru,
improves their corrosion resistance. Further increases
in alloy content, particularly Vand Al, lead to a range
of higher strength a–b alloys, whose corrosion resis-
tance can again be enhanced by Pd or Ru additions.
The b alloys, predominantly used in aerospace appli-
cations, contain additional alloying elements, such as
Cr, Zr, and Nb.

When corrosion resistance is paramount, a or
near-a alloys are the appropriate choice, while a–b
and b alloys are more appropriately selected for
high-strength applications. Table 1 shows a repre-
sentative selection of materials and properties. More
extensive listings and a general description of
mechanical properties are available elsewhere.2,5–7

Small variations in impurity Fe content (generally
<0.2 wt%) and distribution influence the microstruc-
ture by inhibiting grain growth during fabrication.
This leads to decreased a-grain size and Fe-stabilized
b-phase along grain boundaries. Fe contents
(�0.03 wt%) can lead to the precipitation of TixFe
particles on grain boundaries and at triple points.12–14

The time spent in the temperature range 700–860 �C
(during fabrication, welding, or heat treatments)
enhances b-phase and TixFe formation.

Small microstructural changes also occur on addi-
tion of the slightly soluble Pt group metals.7 Pd can
form intermetallic compounds in the a-matrix with-
out affecting grain growth, while Ru additions stabi-
lize b-phase and inhibit a grain growth. For near-a
Ti containing 0.15 wt% of Ru, b-phase Ru content
can exceed 10wt%.15 In a–b alloys, both Pd and Ru
are accommodated in the b-phase and the micro-
structure is unaffected.7 Since both noble metals
and Fe stabilize b-phase and intermetallics, their
cosegregation can occur. For example, b-phase con-
taining 12wt% Ru and 5wt% Fe is observed in Ti
containing 0.15 wt% Ru,16 and grain boundary
phases containing 2.6–6.9 wt% Fe and 0.3–0.8 wt%
Pd are observed in Grade-7 (0.15 wt% Pd).16

3.10.3 General Corrosion Properties

Titanium is highly reactive with oxygen, and its
corrosion resistance is attributable to the presence
of a chemically inert, adherent, oxide film. This film
forms spontaneously in air and aqueous environ-
ments and can be amorphous or crystalline, depend-
ing on the mode and rate of formation, slow growth
favoring crystallinity.17–19 The crystalline oxide can
be anatase or the more stable rutile.20–22 The pres-
ence of oxygen vacancies and TiIII interstitial ions
makes the oxide an n-type semiconductor.23–25 Its
composition is close to TiIVO2 with TiIII/TiII states
at the metal–oxide interface.26,27 The oxide–solution
interface is commonly hydrated.20

For a and near-a alloys, alloying elements (Pd, Ru,
Ni) do not incorporate into the oxide, but, for a–b

Table 1 Composition and properties of selected ASTM grades of titanium

ASTM grade
(UNS No.)

Alloy type Nominal composition (wt%) Minimum yield
strength (MPa)

Minimum tensile
strength (MPa)

1 a 0.06 O 170 240

2 a 0.12 O 275 345

4 a 0.3 O 483 550
7 a 0.12 O, 0.15 Pd 275 345

16 a 0.12 O, 0.05 Pd 275 345

26 a 0.12 O, 0.1 Ru 275 345
9 Near-a 3 Al, 2.5 V 483 620

18 Near-a 3 Al, 2.5 V, 0.05 Pd 483 620

12 Near-a 0.3 Mo, 0.8 Ni 345 483

28 Near-a 3 Al, 2.5 V, 0.1 Ru 483 620
5 a–b 6 Al, 4 V 828 895

24 a–b 6 Al, 4 V, 0.05 Pd 828 895

25 a–b 6 Al, 4 V, 0.5 Ni, 0.05 Pd 828 895

19 b 3 Al, 8 V, 6 Cr, 4 Zr, 4 Mo 759 793
20 b 3 Al, 8 V, 6 Cr, 4 Mo, 4 Zr, 0.05 Pd 759 793
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alloys the oxide on the b-phase is slightly enriched in
Al and V.28,29 The oxide thickness and crystallinity
may vary spatially.30 The film at grain boundaries
may be less protective than that on the grains when
secondary phases are present.16,31 The durability of
this film is essential for corrosion protection, and the
parameters most likely to influence its properties are
(i) environmental redox conditions (i.e., corrosion
potential), (ii) pH, and (iii) temperature.

3.10.3.1 Influence of pH

For pH < 4, the oxide can dissolve31 and the Ti
become active. An active to passive transition is
observed over the potential range –0.7 to –0.3V
(vs. SCE).32 Active corrosion can be rapid, leading
to surface hydride (TiHx) formation,2 but the rate is
significantly suppressed on Pd- and Ru-containing
alloys,7 which become surface-enriched in Pd/Ru.33–38

Even for hot, strongly reducing acidic conditions,
enrichment can catalyze proton reduction and shift
the corrosion potential into the passive region; this
process is known as cathodic modification,39,40 and is
also observed with the Grade-12 alloy.41

In a sufficiently oxidizing environment, the corro-
sion potential will be >–0.3 V (vs. SCE) and the alloy
passive. Corrosion rates are negligible and insensitive
to environment and to temperature well above
100 �C.2,5 An increase in potential thickens the
oxide and makes it less defective.42 For an applied
potential >1V (vs. SCE), a current for water oxida-
tion to O2 is observed,

43,44 and often mistaken for the
onset of pitting in a and near-a alloys. Pitting only
occurs in Br� solutions, an effect which has been
attributed to Br� adsorption at sites associated with
impurity inclusions containing either Al and Si or
Fe.50–52 In Cl� solutions, polarization to >5V (vs.
SCE) is required to induce pitting,53,54 and tempera-
tures >100 �C are required before pitting potentials
decrease to �2V (vs. SCE). Pitting requires high film
stresses leading to film breakdown/recrystallization
and the introduction of enhanced transport pathways
for Cl� ions.44,55–57

Since potentials >1V (vs. SCE) are unattainable
under natural corrosion conditions, pitting does not
occur in Ti and its alloys, and protection against
active corrosion is ensured at corrosion potentials
>–0.3 V (vs. SCE). Protection can be ensured by
anodic protection58–60 or by the addition of small
concentrations of oxidants (e.g., O2, Fe

3þ).2,5 Anodic
or thermal oxidations are also options,61,62 but an-
odic oxidation produces only short term protection.

In dry environments (e.g., Cl2 gas) and organic pro-
cess streams, only small amounts of moisture or O2

are needed to maintain passivity.2,63

Corrosion rates increase in alkaline solutions as the
protective oxide is more soluble, but, except at high
temperatures, they remain low.2,5,64 In peroxide solu-
tions at pH >12, commonly encountered in the pulp
and paper industry, corrosion rates can be extremely
high.65,66 These high rates are attributed to the aggres-
sive HO2

� anion, the dominant form of peroxide above
pH 10.6 (the pKa for H2O2).

67–69 By contrast, peroxide,
whilemodifying the passive oxide, does not cause rapid
corrosion at lower pH values.70,71

3.10.3.2 Influence of Temperature

For active conditions (reducing acids and alkaline per-
oxide), increasing the temperature increases corrosion
rates, but its influence under passive conditions is mar-
ginal. As the temperature is increased up to �70 �C,
the passive film becomes more crystalline and absorbs
water,17,72,73 and flaws begin to appear.57,74 Although
observable through the fluctuations in corrosion
potential that they cause, these flaws rapidly self-repair
and no significant loss of passivity is observed up to
150 �C in Cl� solutions.75,76 In fact, extensive corro-
sion testing in extremely saline environments to tem-
peratures well above 200 �C shows that corrosion
rates are not significantly enhanced.39,77–84

3.10.3.3 Influence of Fluoride

Fluoride appears to be the only ion in aqueous solution
that is able to destroy passivity. Its influence has been
studied widely for dental applications,85–101 since den-
tal gels and rinses can contain 1000–10 000mgg�1

(ppm) of F� in the pH range 3.5 to neutral, and in
flue gas scrubber environments,102,103 in which the
liquors formed can contain up to �1000mg l�1 of
F�. This aggressiveness is attributed to the solubiliza-
tion of Ti as TiF6

2� and TiF6
3� aqueous complexes. It

is generally recognized that a substantial F� concentra-
tion and a low pH must coexist104,105 for passivity
to be lost. The pH threshold varies with F� concen-
tration and the Pd/Ru content of the alloy; for example,
for a Pd content >0.1wt%, passivity in 900mg l�1

of F� is maintained at pH 4, while at 9000mg l�1 no
general corrosion was observed at pH 6.5 but shallow
(up to � 2mm in cross section) pitting was observed.98

The most likely location of these pits is at Fe impurity
sites in grain boundaries. Their extensive propagation
is unlikely because it will be limited by the cathodic
modification process.98–101
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Despite the much more aggressive environments,
the influence of F� in flue gas scrubbers is muted.
These environments contain Cl� up to 15 700 mg g�1,
SO4

2� in the range 9000–26 000 mg g�1, F� up to
12 000 mg g�1, and the pH can be as low as 1 (at T �
170–180 �C).102,103 For Ti Grades-2 and-12, F� led to
a loss of passivity for pH � 3 and <1.5, respectively.
The relatively minor influence of F�was attributed to
its removal by complexation with cations (e.g., NaF,
Na2F

þ, CaFþ) and its reaction with the silica in fly
ash. The resilience of Pd/Ru-containing alloys in
extreme environments has been demonstrated by
testing of the Ti–6Al–4V–Ru alloy (Grade-29) in
deep gas well environments.106

3.10.3.4 Hydrogen Absorption into Ti

Under active conditions (reducing acid and alkaline
peroxide solutions) corrosion is driven by Hþ reduc-
tion leading to H absorption.24 Since the solubility of
H in a-Ti is low (20–100 mg g�1 at room temperature,
depending on alloy composition107), brittle hydrides
then precipitate in a- and near-a alloys, and embrit-
tlement may be possible. Also, even relatively small
H contents (>70 mg g�1) can cause a loss of impact
toughness.108 However, at room temperature, the dif-
fusion coefficient of H in the a-phase is low,109,110

and H is retained in a surface hydride layer2,5,111–113

and material integrity is not challenged.
The rate and extent of absorption depend on

alloy composition, microstructure, and temperature.
On Pd/Ru alloys, catalysis of Hþ reduction leads to
enhanced absorption,40,114 but this can be limited
by solution aeration.115 In the Grade-12 alloy, Ti2Ni
particles act as galvanically-coupled cathodes in the
a-matrix and form hydride readily.116 Furthermore,
the Ni-stabilized b-phase in the grain boundaries
facilitates H transport into the bulk of the alloy, as the
b-phase diffusion coefficient is �105 times that in the
a-phase.110,117

The passive oxide is generally impermeable to H,
and the absorption efficiency approaches zero for
pH > 3,118 unless the alloy is cathodically polarized
to <–0.6 V (vs. SCE) when redox transformations in
the oxide are accompanied by H absorption (TiO2 þ
Hþ þ e� ! TiOOH).119–124 Although the oxide is
then rendered permeable, significant H transport
through it requires a potential<–1.0V (vs. SCE).119,125

Polarization to these potentials requires either
galvanic coupling to active metals (e.g., Zn or carbon
steel) or the application of cathodic protection. To
avoid significant hydrogen absorption, an operating

threshold of >–0.7 V (vs. SCE) is recommended.2

Although the potentials during galvanic coupling to
carbon steel can be below this value (at temperatures
in the range 18–60 �C126), the H absorption rate
(generally measured at –1.0 V (vs. SCE)) decreases
parabolically with time as H accumulates in a surface
hydride layer127,128 and absorption becomes con-
trolled by diffusion into the alloy. For a-alloys, the
transport is slow and little damage is done. For
Grade-12 Ti, however, b-phase transport accelerates
diffusion and the overall absorption rate is higher.129

Since diffusion coefficients are temperature-depen-
dent, embrittlement below 80 �C is not expected.2

Generally, this is observed to be the case,130 although
high stress levels promote absorption and
hydriding.131

Cathodic protection is common in marine appli-
cations, with relative absorption tendencies in the
order Ti-12 > Ti-2 > Ti-5/Ti-9.132 Noble metal
additions to near-a and a–b alloys increase absorp-
tion only slightly (up to �40%).128 Thermal oxida-
tion prior to exposure suppresses absorption (in 6%
NaCl, up to 120 �C),135 and H absorption in deaer-
ated HCl (2 � pH � 4) up to 250 �C can be pre-
vented by aeration.115

3.10.4 Localized Corrosion
Processes

A major asset of Ti alloys is their apparent immunity
to many localized corrosion processes, especially
pitting and vapor phase corrosion2,5,134,135 and
microbially-influenced corrosion (MIC).134–143 The
two predominant localized corrosion failure modes
are crevice corrosion and hydrogen-induced crack-
ing (HIC).

3.10.4.1 Crevice Corrosion

Crevice corrosion is generally observed in hot oxi-
dizing halide (or, less commonly, sulfate) environ-
ments, under tight gaskets, in metal–metal joints,
and under adherent deposits produced in industrial
process streams. Reviews summarizing industrial
observations and laboratory studies have been pub-
lished.2,5,144 For the most commonly used Ti mate-
rial, Grade-2, it is accepted that crevice corrosion
will not occur for T < 70 �C, regardless of pH and
Cl� concentration, and for pH > 10, regardless of
temperature.

The initiation of crevice corrosion requires a loss
of passivity and the establishment of active corrosion
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conditions within the creviced region. The impor-
tance of temperature shows that initiation is primar-
ily dependent on the film breakdown events, which
commence around 70 �C.57,74–76 The rapid repair
observed on open surfaces does not occur within a
tight crevice, and the acidity developed by dissolved
metal cation (Ti3þ/Ti4þ) hydrolysis leads to the
establishment of active conditions.145 Once initiated,
propagation is rapid and extensive, being supported
both within the crevice by Hþ reduction (70–80%)
and outside the crevice by O2 reduction (30–
20%).12,146

For Grade-2 Ti, the depth of crevice penetration
is dependent on the amount and distribution of the
impurity Fe. When Fe is present in grain boundaries,
but not separated into TixFe precipitates, penetration
(at 95 �C) is rapid (up to 2mm) and limited only by
the ohmic potential drop caused by corrosion prod-
uct accumulated within the crevice.147 When TixFe
precipitates are present, the crevice is polarized to
repassivation (by the cathodic modification mecha-
nism), and penetration is limited to �0.8mm.12,119

For Grade-12, which contains a large number of
Ti2Ni precipitates, repassivation occurs more rap-
idly, and penetration is limited to <0.4mm.148 The
inherent instability of this alloy is clear from the
observation that >95% of the damage is due to pro-
ton reduction within the creviced site.148

The threat of crevice corrosion can be effectively
eliminated by alloying Ti with Pd or Ru.7 Despite the
presence of film fracture events for T > 70 �C,12 no
significant damage occurs up to 200 �C on near-a and
a–b alloys, even in extremely aggressive environ-
ments such as 10% FeCl3 (pH 2) and Cl2-saturated
20% NaCl.81 Other methods of preventing, mitigat-
ing, or at least detecting, crevice corrosion have been
discussed.5,149,150

3.10.4.2 Environmentally-Assisted
Cracking

The primary factors influencing these processes,
which include stress corrosion cracking (SCC), cor-
rosion fatigue cracking, and HIC have recently been
reviewed.5 These processes can often occur simulta-
neously, and a case can be made that H absorption is a
key feature of crack propagation in all three
processes.

3.10.4.2.1 Stress corrosion cracking

Since passivity is difficult to breach, the majority of
Ti alloys do not suffer SCC except in aqueous halide

systems and in a few nonaqueous environments, such
as dry methanol, where the addition of even small
amounts of water is enough to ensure passivity and
avoid cracking.5 In aqueous halides, SCC is more
likely at high concentrations, low pH, and high tem-
perature, and appears to progress via oxide rupture
and local acidification leading to H absorption and
crack tip embrittlement.151,152

The ductility and passivity of Ti alloys means
industrial failures are unusual and generally observed
only for higher strength near-a alloys containing Al
and Sn. When SCC is feared, susceptibility can be
reduced by using alloys with low interstitial ion
(O, C, N) contents. Generally, initiation requires the
presence of stressed surface cracks or flaws. Recently,
extensive testing of Grades-12 and-7 over a 4 year
period in a range of saline environments (pH 2.7 to
>12; 60–90 �C) confirmed the resistance of these
materials to SCC,153 although cracking could be
forced to occur when low-frequency cyclic loading
was applied.154

3.10.4.2.2 Hydrogen-induced cracking

For HIC to occur, a considerable amount of H must
be absorbed by the alloy, which is most likely to occur
when cathodic protection is applied. The tolerance
of an alloy for H will be a function of H solubility,
and the material’s microstructure and texture. The
solubility of H is very different in the a and b phases
(20–100 and >9000 mg g�1, respectively), making
b-alloys generally insensitive to HIC. However, this
difference, and the more rapid transport of H through
the b-phase than through the a-phase, mean that the
microstructure of near-a and a–b alloys has a strong
influence on HIC.

Even H contents as low as 70 mg g�1 can lead to a
decrease in impact toughness,5,155 although the resis-
tance can be improved by increasing the Al content of
the alloy.5 However, under slow straining or sustained
load conditions, tolerance for H is much higher.
Slow strain rate tests on Ti Grades-2 and -12 indicate
no influence on fracture toughness below a critical
level (Hc),

156–158 which is taken to be the concentra-
tion below which fast crack growth will not occur.
The combinations of stress intensity factor and
H concentration leading to either fast crack growth
(brittle failure) or slow crack growth by either sus-
tained load cracking or ductile rupture, or to no
failure have been determined.156–158

The values of Hc were found to be very sensitive to
material microstructure and texture with respect to
the orientation of the crack and the applied stress.159
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For Grade-2 Ti, depending on crack orientation with
respect to the laminations introduced by rolling, Hc

varied between �400 and 1000 mg g�1.157 For Ti
Grade-12, Hc for cracks aligned with the rolling
direction was 500 mg g�1 compared with 2000 mg g�1

for cracks perpendicular to this direction. Values
of Hc rose markedly with temperature, which was
attributed to the prevention of stress concentra-
tion by enhanced creep deformation.157 Similar
measurements for the Grade-5 a–b alloy yielded
Hc¼ 200mg g�1.159 On the basis of these measure-
ments, models to predict HIC failures of Ti nuclear
waste containers have been developed.160–163

3.10.5 Specific Applications

Because titanium is an expensive material, its practi-
cal use is limited to applications that require one
or both of the material’s particular performance
advantages: superior corrosion resistance and high
strength-to-density ratio. Alloying to improve these
properties adds further expense. As a commercial
material, Ti and its alloys have an established history
of reliable long term performance in aggressive
environments, including hot oxidizing acids, hot
saline solutions, chlorine- and sulfur-bearing gases,
and organic solvents. Its industrial and commercial
usage continues to grow, and Ti is now the material of
choice for many chemical, marine, biomedical, and
energy systems applications. Two recent extensive
reviews are available.164,165

3.10.5.1 Aerospace

The emergence of Ti as an industrial material in the
late 1940s and 1950s was driven primarily by the
demands of military, and subsequently commercial,
aircraft production. While corrosion resistance is
important, the primary reasons to use Ti in aircraft
and spacecraft are its high strength-to-density ratio and
high temperature performance.165,166 While maintain-
ing the strength of steel, Ti is 45% lighter, and is twice
as strong as Al, but only 60% heavier.164 Ti is an
effective replacement for Al alloys for temperatures
above 130 �C, the normal limit for conventional Al.
The right choice of alloy permits Ti engine compo-
nents to function at temperatures up to 600 �C.166

The main, general-purpose aerospace alloy is
Grade-5, although many others are adopted for spe-
cific situations. Ti comprises �10 wt% of the
airframe of a modern commercial aircraft167 and up

to 95wt% in military planes. Gas turbine engines
have �30wt% Ti.165 Ti bands are even wrapped
around Al fuselages to prevent propagation of fatigue
cracks.165

Except for hot hydraulic fluids, few media encoun-
tered in the aerospace environment can corrode Ti,
allowing the use of unpainted/uncoatedTi throughout
the aircraft. Paint is only necessary at Ti interfaceswith
Al or low-alloy steels to prevent galvanic corrosion.166

The use of Ti alloys ismandated for lavatory and galley
floors because of the corrosiveness of those environ-
ments to Al and steels.165,166 Even the hydraulic fluid
problem, in which organophosphoric acids produced
by high temperature breakdown can cause severe
etchingofTi alloys andH absorption to embrittlement,
has been managed using the b-alloy Timetal 215. This
alloy is immune to attack by hydraulic fluid, purport-
edly through the synergistic effects of its Nb and Mo
contents.166

3.10.5.2 Seawater and Brine

Ti alloys have supplanted cupronickel alloys, such as
Monel, as the preferred materials for heat exchangers
and condensers in brackish water, seawater, and pol-
luted waters. Unlike the cupronickel alloys, Ti is
immune to general corrosion up to 260 �C, and resis-
tant to localized corrosion processes, sulfide attack,
and flow-accelerated forms of corrosion. Flow rates
over 36m s�1 do not cause erosion corrosion, cavita-
tion corrosion, or impingement attack in the presence
of abrasive particles such as sand.164,165,168 This
allows the use of thin-walled tubing (with good heat
transfer properties), as a zero corrosion allowance can
be specified. This reliability is demonstrated by the
industrial use of millions of meters of tubing over
many decades without corrosion failures.164,165,168

Other seawater and brine applications include sub-
marine hulls, surface ships, oil and gas platforms,
desalination and salt production evaporators, and
water jet propulsion systems.165,166,168 Wet–dry
cycling, water line exposure, and salt spray have
no effect on corrosion.167 Since Ti does not suffer
MIC, it can withstand biofouling. It is not biotoxic,
nor does it suffer corrosion in the presence of
biocides.136,164,165,168 Although it may require the
specification of Pd/Ru-containing alloys, crevice cor-
rosion can be avoided. As discussed earlier, galvanic
corrosion can be an issue for Ti in seawater environ-
ments. Since Ti is normally the cathode in the gal-
vanic couple, it can accelerate attack of the active
anodic material while absorbing H itself. While
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embrittlement andHIC are not issues at low tempera-
tures, they can be at higher temperatures (Sections
3.10.3.4 and 3.10.4.2.2).

3.10.5.3 Biomedical and Dental Implants

The oxygenated, warm (37 �C), neutral (pH � 7.4)
saline conditions encountered in the human body are
not aggressive towards Ti. Its corrosion resistance,
including resistance towards processes involving
stress and fatigue, and biocompatibility make Ti an
ideal implant material.169 Its major uses include cra-
nial plates, orthopedic fracture plates, joint replace-
ments, stents, catheters, pacemaker cases, dental
implants and wires, and maxillofacial and orbit
reconstruction plates.170 The extremely low corro-
sion rates mean Ti dental implants have no taste.164

Nitinol shape-memory materials, often used in
orthodontics and stents, have been known to undergo
pitting and crevice corrosion in vivo if heat treatments
leave a crystalline oxide on the surface. However, this
can be avoided by applying surface treatments to
produce an amorphous oxide.171 Corrosion fatigue,
though rare, has been observed on Ti–6Al–4V
implants.172 Some cases of metallosis involving this
alloy have also been encountered, but these are pri-
marily due to fretting and wear producing fine metal
particulates, rather than to corrosion.173,174 Care
must also be taken to avoid galvanic corrosion, even
between materials as similar as commercially pure Ti
and Ti–6Al–4V implants.170

Although Ti alloys are corrosion resistant in vivo,
and there have been no clinically substantiated reports
of problems stemming from the presence of Al andV in
the implants,174 some concern over the long term
impact of these alloying elements remains.174 Studies
on alternative materials to Ti–6Al–4V to avoid poten-
tially toxic alloying compounds are underway.174–178

In these new materials, V and Al are being replaced
by various amounts of other less toxic elements,
including Fe, Zr, Mo, Ta, and Sn. These materials
possess similar corrosion properties to Ti–6Al–4V
but have improved mechanical properties, such as a
decreased Young’s modulus.

3.10.5.4 Chemical Processing and Power
Generation

The use of Ti and its alloys in the chemical process
industry has been extensively reviewed2,5 and will
not be dealt with here, except to note that their
usage is still expanding. The key corrosion issues, as

discussed earlier, are crevice corrosion and hydrogen
absorption leading to embrittlement and cracking.

Titanium alloys have recently been extensively
studied as candidate materials for the fabrication of
high-level nuclear waste containers and container
dripshields.134,135,153,160,179,180 The critical require-
ment in these applications is the need to maintain
corrosion resistance over tens of thousands of years.
The ability of Ti alloys to maintain extremely low
corrosion rates over extensive time periods and their
lack of susceptibility to localized corrosion pro-
cesses135,160 make them ideal candidates for this
application. A particularly attractive feature is their
insensitivity to g-radiation even at extremely high
dose rates.181
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3.11.1 Introduction

3.11.1.1 History and Production

Lead was one of the metals known in antiquity; there
is evidence of lead production dating back to before
the early Bronze Age, with a lead figurine from Upper
Egypt dated to approximately 3000 BC.1 However, at
that time lead does not appear to have been greatly
prized as it is soft and easily tarnishes. Indeed, early
lead ores seem to have been smelted mainly in order

to obtain the silver, with which it frequently occurs.
However, lead production grew very significantly
during the Roman period, where it was useful in its
own right for a number of purposes, including plumb-
ing (water transport, water tanks, etc.) and kitchen-
ware and drinking vessels (despite the knowledge,
even in antiquity, that lead is generally harmful to
human health).

Lead ores comprise mainly sulfide mineralization
with smaller amounts of carbonate and sulfate.
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Historically, lead was mined on its own (in the United
Kingdom, Derbyshire and Leadhills in Southern
Scotland were historic sources). Modern ores fre-
quently occur along with zinc, and other species
(silver, copper, gold, antimony, bismuth, etc.) in con-
siderably lesser amounts. Lead sulfide (galena) is
easily smelted by roasting in air to produce lead
oxide, then by carbothermic reduction, which tradi-
tionally used charcoal but now uses coke, in a blast
furnace.

Lead is currently produced in Australia, China,
the United States, Canada, Mexico, and Peru. West-
ern Europe produces about 8% of the total world ore
production of around 3 million tonnes (2007), mainly
from Sweden, but also Ireland and Spain. Lead is
amongst the most recyclable of all metals and has
by far the highest recycling rate, primarily from bat-
teries and also from usage in the building trade.
Secondary (i.e., recycled) sources of lead generally
account, in developed economies, for more than 70%
of lead usage.

3.11.1.2 Physical Properties

Lead is characterized by its relatively high density (in
comparison to other engineering materials), its
extremely low hardness and strength, and its favorable
electrochemical properties, including its good resis-
tance to corrosion.1,2 However, it should be noted that
lead is by no means the most dense element; for exam-
ple, tungsten and tantalum are significantly more
dense. Table 1 provides a summary of some physical
properties in comparison with other materials.

The density of lead provides it with useful proper-
ties in respect of the attenuation of phonon vibrations
and electromagnetic waves. Thus, the mass attenua-
tion coefficient for lead is relatively high, and also the
neutron absorption cross-section for lead is small,
which makes lead effective for the radiation shielding

of X-rays, g-rays, and neutrons. In addition, the soft-
ness and high mass of lead effectively damps the
propagation of sound waves.

3.11.1.3 Applications

Traditionally, lead as a metal has a number of uses
driven by its general resistance to corrosion, as well as
its electrochemical properties in rechargeable lead–
acid batteries. The main uses of metallic lead are2

1. Lead–acid batteries : this currently accounts for
over 50% and up to 90% of use in certain
countries; most lead used in this way is recovered
and recycled into the secondary lead market.

2. Construction : the main application in construction
is for waterproofing flashings and roofing of his-
toric buildings, as well as architectural detailing;
the traditional use in water pipes and water stor-
age has now vanished; lead from construction
also has a high recycling rate.

3. Chemical industry : lead lining of vessels was tradi-
tionally used in the chemical industry, particu-
larly in the production of sulfuric acid; however,
these uses have now almost vanished.

4. Metal joining : lead is (with tin) a key component of
solder used to join copper (piping, heat exchan-
gers, etc.) and steels, and for electrical contacts;
however, lead-free solders are nowwidely used in
the water and electronics industry.

5. Munitions : lead is traditionally used in the manu-
facture of ammunition, although depleted ura-
nium and tungsten, which are both significantly
more dense than lead, are used in high perfor-
mance (e.g., armor piercing) rounds; however for
sporting purposes nontoxic alternatives exist and
are increasingly being used.

6. Dense metals : lead is used for radiation shielding,
for sound dampening, and for balancing of
machinery; weights used in sporting applications

Table 1 Physical properties of lead compared with some other common metals

Pb Sn W Cu Fe

Atomic number 82 50 74 29 26
Atomic weight (g) 207.19 118.69 183.84 63.55 55.85

Density (g cm�3) 11.34 7.3 19.3 8.96 7.87

UTS, 99.9% pure (MPa) 12–15 20–30 950–1000 120–170 100–200
Melting point (K) 601 505 3680 1358 1810

Boiling point (K) 2020 2540 5830 2816 3130

Electrical conductivity�106 (O�1 cm�1) 0.048 0.079 0.189 0.596 0.099

Thermal conductivity (Wcm�1 K�1) 0.35 0.73 1.74 4.01 0.238
Linear expansion coefficient�10�6 29.0 23.5 – 16.5 12.2

Crystal structure (room temperature) fcc bct bcc fcc bcc
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(such as fishing weights) are being phased out in
favor of nontoxic alternatives.

7. Cable sheathing : the first electrical cables were
sheathed with lead to protect the cable from
moisture ingress. For undersea cables, especially
high-voltage power transmission lines, there is
still no adequate alternative; thus, properly
applied lead sheathing has zero water and water
vapor transmission.

8. Alloying : lead is used as an addition in a number of
alloys, including solders, pewter, bearing alloys,
etc.; it also may be added to other materials (such
as copper alloys and steels) to improve machin-
ability, although alternatives are now available.

9. Anodes : by virtue of its relative chemical stability
and easy passivation, lead is used as an insoluble
anode in many electroplating processes (e.g., for
chromium); traditionally, it was also used as a
nonconsumable anode in cathodic protection
systems, but this application area is decreasing
as alternatives now exist.

10. Fusible alloys : eutectic alloys containing lead with
bismuth, tin, cadmium, and indium are used as
low melting point fuses and plugs in certain
applications such as sprinkler systems, etc.

3.11.1.4 Alloying

Apart from tin, indium, and bismuth, lead has
extremely limited solid solubility for most ele-
ments at room temperature, although solubility can

increase somewhat at higher temperatures.3 Thus,
most lead alloys consist of primary lead grains either
with second phase particles (which may be interme-
tallic compounds), or with a eutectic mixture, dec-
orating the grain boundaries. Because of the very
poor mechanical properties of high-purity lead, alloy-
ing is almost always essential in order to achieve
acceptable performance. Most commercial lead alloys
contain a few tenths of a percent of alloying elements,
with strengthening caused by precipitation or by the
presence of a eutectic; many alloys are age-hardenable.
The main classes of alloy listed below with composi-
tion ranges presented in Table 2:

1. Lead–antimony (+ tin, arsenic): the traditional alloy
used for batteries, ammunition, sheet, and chemi-
cal plant; still very widely used, but the battery
application is increasingly being replaced with
lead–calcium.

2. Lead–calcium (+ tin, aluminum): increasingly repla-
cing lead–antimony alloys, particularly in battery
applications, as they have very low hydrogen evo-
lution characteristics and can therefore be sealed.
Lead–calcium–tin is used for electrowinning
anodes.

3. Lead–tin (+ silver, antimony): used for jointing alloys
(solders) and bearings.

4. Lead–copper : used generally for sheet products and
linings; also for cable sheathing and in chemical
plant.

5. Lead–silver : used for anode materials and higher
temperature solders.

Table 2 Compositions of typical lead alloys

Alloy type Specification Application Composition

Pb-Sb Battery grids 1–3% Sb+0.5–1% S, Se and Cu

Ammunition 0.5–8% Sb+0.02–3% As

BS EN 12548 Cable sheaths 0.5–1% Sb
Anodes 6–10% Sb+0.5–1% As

BS EN 12659 Chemical lead <0.06% impurities

BS ISO 4381 Bearings 9–15% Sb+1–20% Sn

Pb–Ca Battery grids 0.03–0.07% Ca; +0.03% Al and 0.3% Sn
Cable sheath/splices 0.04% Ca

Anodes 0.03–0.09% Ca; + up to 0.3% Sn

Pb–Sn BS EN ISO 9453 Solders 2–70% Sn; + up to 2% Sb
Pb–Cu BS ISO 4999 Terne plate 15–20% Sn

BS EN 12588 Construction (sheet) 0.03–0.06% Cu

Pb–Ag Battery grids 0.005–0.05% Ag

Solder 1–6% Ag
Anodes 0.25–2% Ag; + up to 1% Sn or up to 6% Sb

Pb–Te BS 3909 Nuclear/radiation 0.06% Te

BS EN 50307 Cable sheaths 0.035–0.1% Te; +0.03–0.08% Cu

Source: Pregaman, D. R. In Ullman’s Encyclopedia of Industrial Chemistry; Wiley: New York, 2005.
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6. Lead–tellurium (+ copper): because of its low alloy
content, used for radiation shielding and, with
copper, is a cable sheathing alloy.

3.11.1.5 Mechanical Properties

3.11.1.5.1 Lead

Unalloyed lead has relatively poor mechanical prop-
erties,2,4 thus, in addition to a low ultimate tensile
strength (<12MPa), it has a very low yield stress
(<4MPa); these are considerably lower than tin, for
example. The low melting point of lead means that,
like tin, it undergoes recrystallization and grain growth
at room temperature and is susceptible to creep at
stresses above �2MPa (�15% of the UTS), which is
very low indeed. Thus, while lead of purity in excess of
99.99% is commercially available (BS EN 12659), it is
not specified unless its superior corrosion resistance is
required. Lead is also susceptible to fatigue, particu-
larly due to thermal cycling, and this is a key failure
mechanism in pure and alloyed lead.Table 3 provides
typical mechanical properties for pure lead as well as a
range of common lead alloys.

3.11.1.5.2 Lead alloys
Of the elements commonly found in lead alloys, zinc
and bismuth aggravate corrosion in most circum-
stances, while additions of copper, tellurium, anti-
mony, nickel, silver, tin, arsenic, and calcium affect
corrosion resistance only slightly, or may even im-
prove it depending on the service conditions. Alloying
elements that are of increasing importance are calcium,
especially in maintenance-free battery alloys and sele-
nium or sulfur, together with copper as grain refiners
(nucleants), in low antimony battery alloys. Other ele-
ments of interest are indium and silver in anodes,5

aluminum in batteries (to control calcium losses),6

and selenium in chemical lead as a grain refiner.7

In Europe, lead alloy designations are specified in
ISO TR 7003, ‘‘Unified format for the designation of
metals,’’ in the format PBnnnA. The designate ‘PB’ is
the chemical symbol for lead, the three digits ‘nnn’
define specific alloy compositions, while the ‘A’ desig-
nates the application: ‘R’ for pure lead, ‘K’ for cable, ‘A’
for battery alloys, and ‘M’ for miscellaneous alloys.

Historically, lead for use in chemical plant was
specified in BS 334, which defines compositions for
five types of lead: A, B1, B2, B3, and C. This stan-
dard has now been superseded by BS EN 12659,
‘‘Lead and lead alloys,’’ which specifies the compo-
sition of effectively pure lead (formally type A).
This is because satisfactory alternative materials
exist such that lead is now rarely, if ever, specified
in chemical plant. Type A lead should only be used
in a vibration-free environment and where the
superior corrosion resistance is of paramount
importance. Historically, for general chemical
plant use, type B1 (copper–lead) is to be preferred
on account of its much greater structural stability,
especially at elevated temperatures. Type B2 (cop-
per–tellurium–lead) has extremely good fatigue
resistance, which is retained to a greater extent at
elevated temperatures, than does type B1. The main
effect of tellurium is to form a fine-grained uniform
grain structure, to enhance work hardening, and
to delay recrystallization. The silver content in
type B3 also delays recrystallization and promotes
a large-grained stable structure, which is creep
resistant. Type C (antimony–lead) is used for
valves, pump bodies, and fatigue-resistant applica-
tions, but is not suitable for use at temperatures
above 60 �C owing to a rapid increase in creep
rate, or in sulfuric acid concentrations above 60%.

BS EN 12548, ‘‘Lead alloy ingots for electric cable
sheathingand for sleeves,’’ gives compositional require-
ments for a range of lead alloys for this application.

Table 3 Mechanical properties of selected lead and lead alloys

Material Yield Stress
(MPa)

UTS
(MPa)

Elongation
(%)

Fatigue limit
(MPa)

Creep failure
at 20MPa (h)

99.99% Pb 3.5 12.2 55 2.7 –

0.06% Cu 9.0 17.5 55 4.9 –
0.06% Ca 24.3 27.9 30 9.0 10

0.5% Sn 27.9 41.8 15 – 30

0.08% Ca+1% Sn 46.0 59.7 15 – 850

1% Sb 19.3 37.9 20
2% Sb 24.1 46.9 15

2.75% Sb 55.2 65.5 10

6% Sb 71.0 73.8 8

Source: Pregaman, D. R. In Ullman’s Encyclopedia of Industrial Chemistry; Wiley: New York, 2005.
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Themain types arePB001K (formally typeB), contain-
ing 0.85% antimony; PB021K (formally type E), con-
taining 0.2% Sb and 0.4% Sn; and PB012K (formally
1/2C), containing 0.2% Sn and 0.07% Cd. Type B is
suitable for use in environmentswhere severe vibration
is expected, while type E is relatively resistant to vibra-
tion compared with type 1/2C. The performance of
these materials is generally adequate in underground
or marine environments.

BS EN 12588, ‘‘Rolled sheet lead for building
purposes,’’ lays down requirements for composition,
structure, thickness, freedom from defects, width and
length, and marking. The specified copper content
stabilizes the structure of the material, conferring
resistance to thermal fatigue cracking caused by
grain growth and thermal cycling.

Other UK, European, or worldwide specification
standards exist for specific applications, for example,
radiation shielding, soft solders, and bearingalloys.How-
ever, there are no standards for battery alloys as many of
these are proprietary to specific battery manufacturers.

3.11.2 Electrochemistry

3.11.2.1 Thermodynamics

Pourbaix et al.8 studied the Pb–H2O and Pb–H2O–X
systems, where X is a nonmetal, and have established

the domains of thermodynamic stability of lead, lead
cations and anions, and insoluble compounds of lead.
Figure 1 shows the Pb–H2O system in the absence of
complexing agents such as acetic acid. Lead can be
seen to be a relatively noble metal from pH> 5, but
dissolves to form Pb2+ species at lower pH and the
plumbite oxyanion at pH> 10.5. This is due to the
amphoteric nature of lead and is a significant factor in
actual environments. Also, passivation at high poten-
tial, due to the formation of PbO2, is evident across
the whole pH domain.

In regions where the dissolution of lead is possible,
according to the thermodynamics, the rate of corro-
sion may be very slow. This is because the overpo-
tential for hydrogen evolution on lead is very high in
1M H2SO4, 10�12 A cm�2 with a Tafel slope of
0.125mV per decade current, indicating that a
1-electron transfer reaction is rate controlling.9 Cor-
rosion in near-neutral environments generally results
in passivation, with the development of insoluble salt
film corrosion products. In strong alkali, the corro-
sion is more rapid with the formation of plumbite
ions.10 Consequently, in acidic or moderately alkaline
solutions, free from complexing agents (particularly
organic acids), the corrosion of lead is generally
negligible.

In contrast with the Pb–H2O system, in the pres-
ence of significant concentration of sulfate ion, the
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Figure 1 Pourbaix diagram for lead at a dissolved total metal ion concentration of 10�5M.
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zone of thermodynamic stability of PbSO4 expands,
and lead now passivates by the formation of a salt film
of lead sulfate, which is the basis of lead’s low corro-
sion rate in sulfuric acid (Figure 2).

In similar way, lead forms a series of relatively
insoluble compounds, many of which are strongly
adherent to the metal surface. Thus, in conditions
where a stable continuous film can form, further
reaction is often prevented or greatly reduced. The
generally good corrosion resistance of lead results,
therefore, from the formation of relatively thick pro-
tective films of corrosion product.

3.11.2.2 Dissolution

The standard electrode potential, E0: Pb2+/Pb¼
�0.126 V,11 shows that lead is thermodynamically
unstable in acid solutions, but stable in neutral solu-
tions. In acid conditions, the exchange current den-
sity for the hydrogen evolution reaction on lead is
very small (�10�12 A cm�2), but, at higher pH, con-
trol of corrosion is usually due to physical blocking of
local anodes (from alloying additions and intermetal-
lic compounds, which generally have higher exchange
current densities) by virtue of insoluble lead salts that
frequently form protective films. At pH> 11, leadwill
corrode freely at low anodic overpotentials dissolving

as the HPbO2
� species. However, at higher potentials,

it will passivate, again forming PbO2. Lead may thus
be used as an insoluble anode effectively throughout
the entire pH range; an extremely useful characteris-
tic. In summary, the corrosion rate of lead in an
environment is frequently not controlled by the elec-
trochemical processes but by the chemical dissolution
rate of the corrosion product film.

Under strong cathodic polarization, disintegration
can occur with lead, observable as a gray cloud of fine
metal particles; this is a significant phenomenon in
the application of lead to electrowinning (metal
plating) anodes. Hydrogen evolved on the surface of
the lead can be absorbed if the current density is
sufficiently high,12 and above this level, the formation
of lead hydride may occur, which leads to severe
disintegration.13

3.11.2.3 Oxidation and Passivation

Lead is characterized by a series of anodic corrosion
products, which give a film or coating that effectively
insulates the metal physically from the electrolyte,
for example: PbSO4, PbCl2, Pb3O4, PbCrO4, PbO,
PbO2, 2PbCO3�Pb(OH)2; of which PbSO4 and PbO2

are the most important, as they play a part in batteries
and anodes. Lead carbonate and lead sulfate are
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Figure 2 Pourbaix diagram for lead–sulfur in 1M sulfate ion concentration and a dissolved total metal ion concentration of

10�5M.
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particularly important also in atmospheric passiv-
ation and chemical industry applications.

In aqueous electrolytes, the anodic behavior of
lead varies greatly, depending on the conditions pre-
vailing. Extensive reviews of the aqueous electro-
chemistry of lead, including its anodic behavior,
have been produced, for example, by Kuhn in
1979,14 and much of this is still valid. The vast major-
ity of historic and current research is concerned with
the behavior of lead in sulfuric acid and this is under-
standable, given that the main application is still in
lead–acid batteries. More recently, research has been
concerned increasingly with environmental con-
cerns, including lead removal from contaminated
locations and the possible application of lead as a
barrier material in nuclear waste disposal; these spe-
cific issues are dealt with in more detail later.

The dry oxidation of lead was studied in oxygen
pressures from 10�2 to 1000 torr and at temperatures
between �90 and 150 �C.15 Over several weeks, the
oxide grew to a limiting thickness of about 10 nm.
Ellipsometry and Auger electron spectroscopy con-
firmed that the oxide was PbO and that the growth
law conformed to the Cabrerra–Mott model (high-
field ion conduction). X-ray diffraction data con-
firmed that the oxide was epitaxial to the lead, but
that it was highly strained and that recrystallization of
the lead substrate promoted oxide growth.

Passivation of lead in sulfuric acid is caused by the
potential-dependent, and generally reversible, forma-
tion of PbO, PbSO4, and PbO2. However, the reactions
and transformations are complex and difficult to char-
acterize.16 At potentials just above the reversible
potential for lead oxidation, a dense layer of PbO can
form together with porous PbSO4;

17,18 the growth of
PbO formed in this way is controlled by the rate of
oxygen anion transport through the oxide. At higher
potentials, PbO and PbSO4 transform to PbO2, which
occurs in one of the two nonstoichiometric poly-
morphs, both with a slight oxygen deficiency. Lead
anodic corrosion proceeds in two stages in sulfuric
acid. Initially, Pb is oxidized to tetragonal PbO, as
mentioned earlier; then, in the second stage, this is
oxidized to PbO2. If this process is performed in solid
state, a-PbO2 forms; however, b-PbO2 can be formed
by a dissolution–precipitation mechanism.19,20 The
oxide species are O2� anionic conductors; additionally,
there is evidence from studies in batteries that PbSO4

is a Pb2+ cationic conductor.21

Passivation of lead also occurs in a range of other
media, the most important of which is carbonate/
bicarbonate as these equilibria are commonly

encountered in natural environments.22 The passiv-
ation sequence on anodic polarization is similar to
that in sulfuric acid except for the formation of lead
carbonate instead of lead sulfate. Thus, Pb may be
directly oxidized to PbO or Pb(OH)2, which then
reacts with CO2 (in the atmosphere) or bicarbon-
ate/carbonate ions (in solution) to form protective
PbCO3; at higher potentials, PbO2 is formed. The
rate of growth of the passive carbonate film is depen-
dant on the concentration of carbonate in solution.
However, unlike in sulfuric acid, the passivation pro-
cess in carbonate media is essentially irreversible.
Although pitting in sulfuric acid is possible (e.g., by
perchlorate ions),23 it is not the common degradation
mechanism. However, in carbonate media, pitting
is observed with a number of species in solution,
including perchlorate24 and nitrate.25

In summary, lead is passive at higher potentials at
all pH, forming lead dioxide, which is a defect anion
conductor. At intermediate potentials and in solu-
tions of near-neutral to acid pH, lead generally pas-
sivates by formation of a salt film characteristic of the
solution, for example, PbSO4 in solutions of sulfuric
acid. In such cases, the corrosion rate of lead tends to
be controlled by the chemical dissolution of the cor-
rosion product (salt film) and not by the potential. At
intermediate potentials and high pH, lead will tend to
dissolve forming the plumbite ion HPbO2

�. In strong
alkali (1M NaOH), formation of Pb(OH)2 occurs at
less positive potentials, which transforms to PbO
according to a nucleation and growth mechanism
under diffusion control.10

3.11.2.4 Corrosion Products

The nature (composition and morphology) of the
corrosion product on lead will very frequently enable
a good interpretation of the environment in which
the material was exposed. However, note that lead
dioxide cannot form under ordinary environmental
conditions and that other metals cannot polarize lead
sufficiently for it to form. Lead dioxide corrosion
products can, therefore, only be produced by external
polarization, either deliberately (as in a battery or
anode) or accidentally (e.g., via stray currents).

From an inspection of the more common com-
pounds of lead, it will be seen that, in many environ-
ments, the corrosion product will be relatively
insoluble (Table 4). Often, however, compact protec-
tive films are prevented from forming on the surface
of the metal. The nature of the film is influenced by
the mode of crystallization, and in the case of the
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lower oxides, for example, frequently little protection
is afforded. Lead dioxide often forms a good adherent
film, especially when it is produced from a sulfate
film or other adherent compounds during anodizing.
Concentrated hydrochloric acid gradually dissolves it
to form hexachloroplumbic acid, and with alkalis,
plumbites are formed. With sparingly soluble salts
of lead, the compactness of the deposits is likely to
be strongly influenced by the concentration of the
relevant anion; with low concentrations tending to
result in imperfect coatings.

3.11.2.5 Galvanic Corrosion

Lead is relatively noble compared with most other
metals in common use, apart from copper, and there-
fore, there is normally little concern about its gal-
vanic corrosion as it will usually be the cathode in a
coupled system. Where it is anodic, it will often not
corrode significantly due to the formation of protec-
tive corrosion product films. However, increases in
temperature may cause changes in the porosity of the
protective film, or a phase change that, consequently,
reduces its protective function. For example, at 75 �C,
lead was found to be anodic to steel in seawater and
groundwater because of a polarity reversal.26 How-
ever, the expected order of potentials was restored if
the water also contained a Bentonite clay suspension.

There are continuing concerns regarding galvanic
corrosion involving lead in drinking water systems,
where lead-containing solders are traditionally used
(but are now being phased out). Particularly, in
plumbo-solvent soft waters, lead is leached out from
solders in measurable quantities that may be harmful
to health.27 Clearly, the best solution to this problem

is not to use lead; however, for the large numbers of
historic properties where lead is still present in pipe-
work, inhibition of this form of attack, for example,
using silicates or phosphonates, is possible.28 How-
ever, the ratio of chloride to sulfate is critical in
controlling the leach rate of lead, and water utilities
need to take note of this also in order to minimize the
lead solubility of the water supply.29

3.11.3 Corrosion

3.11.3.1 Atmospheric Corrosion

Lead has been (and especially in historic and prestige
properties, still is) used for roofing, gutters, flashings,
downspouts, etc. and exhibits excellent resistance to
air (dry or humid) and rain water, producing, after
an initial period of time, an attractive patina. Initially,
an oxide (PbO) is formed, which then converts by
reaction with atmospheric carbon dioxide to plumb-
onacrite (Pb5O(OH)2(CO3)2) and hydrocerrusite
(Pb3(OH)2(CO3)2).

30 In atmospheres containing sul-
fur dioxide from industrial pollution, the general
sequence of corrosion product (patina) formation is:
lead oxide ! basic lead carbonate ! normal lead
carbonate ! normal lead sulfite ! normal lead
sulfate.31 Lead is found to be reactive to common
atmospheric gases, NOx, SO2, CO2, as well as the
vapors of carboxylic acids.32 As noted earlier, outdoor
exposures were found to produce anglesite (PbSO4)
and/or cerussite (PbCO3) while indoor exposures
often produced lead carboxylates, due to higher
levels of organic acid vapors from wood and wood
products. Excluding the carboxylates, these corrosion
products have a low solubility and are protective;
however, they can produce a white flocculant ‘run-
off ’ in wet weather, which can stain surrounding
surfaces in the very early stages of exposure.33

In marine environments, the initial oxide film
reacts with sodium chloride when wet to produce
basic lead chloride, which may result in corrosion of
adjacent materials such as aluminum.34 In such envir-
onments, the patina stabilizes, but takes ap-
proximately twice as long as in other atmospheric
environments. A common treatment for new lead is
a resin-based patination oil, which suppresses the
formation of basic carbonates, allowing the slow con-
trolled growth of a strongly adherent normal carbon-
ate patina from the outset.35

Because of increasing concerns about lead in the
environment, corresponding concerns regarding the
release of lead from buildings are also evident. Thus,

Table 4 Solubility of lead compounds

Compounds of lead Formula Solubility at
25 �C (gdm�3)

Acetate (CH3COO)2Pb 550

Formate (CHOO)2Pb 16
Nitrate Pb(NO3)2 600

Chloride PbCl2 1�10�4

Hydroxide Pb(OH)2 4�10�15

Carbonate PbCO3 3.3�10�14

Basic carbonate 2PbCO3Pb(OH)2 3.3�10�14

Sulfate PbSO4 1�10�8

Sulfide PbS 3.4�10�28

Phosphate Pb3(PO4)2 10�55

Oxide PbO Insoluble

Dioxide PbO2 Insoluble

Source: Weast, R. C., Ed. Handbook of Chemistry and Physics,
57th ed.; CRC Press: Boca Raton, FL, 1989; pp B68–B146.
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lead ions can be introduced into the biosphere via
corrosion and subsequent run-off of Pb2+ species,
primarily from the solubility of cerrusite (lead car-
bonate), hydrocerrusite (lead hydroxy carbonate),
and anglesite (lead sulfate) in rainwater. After an
initial induction period, the measured release rate
for lead ions was found to be 10�5moles of Pb per
liter, or precipitation run-off per square meter of lead
surface (i.e., 2.1mg dm�3) in both marine and rural
locations,35 which corresponds to a corrosion rate of
about 0.3 mmyear�1 in these atmospheres.

It has been known for centuries that certain spe-
cies of wood are ‘more aggressive’ to lead than are
others, and this is now understood to be caused by
the breakdown of cellulose species in the timber to
volatile organic compounds (VOCs), especially ace-
tic acid.36 These can be liberated by new wood,
especially oak, and also by varnishes, glues, urea
formaldehyde, plastics, fabrics, and drying-oil paints,
which can liberate fumes for a considerable time after
application. Acetic acid in the 100–200 ppb range
strongly accelerates the corrosion of lead, giving a
corrosion product containing lead acetate–oxide–
hydrate (Pb3O2(CH3COO)2H2O) as well as cerrusite
and hydrocerrusite.37 The corrosion rate was found
to be independent of relative humidity from 45% to
95% RH. This effect of VOCs on lead corrosion is
significant not only in the context of buildings, but
also in museums for display of historic artifacts.38

However, the use of fatty acid soaps, such as sodium
decanoate, successfully provides 99.9% inhibition to
corrosion, by the formation of lead soaps, which are
well known as corrosion inhibitors.39

3.11.3.2 Water

3.11.3.2.1 Distilled and condensed water

In distilled water free from dissolved gases, corrosion
is slight though significant; however, the rate of cor-
rosion is increased by the presence of oxygen. Small
amounts of dissolved oxygen and carbon dioxide
cause rapid attack because the formation of a contin-
uous protective film of lead carbonate does not occur.
At moderate CO2 concentrations, passivation of the
lead surface occurs because of PbCO3 formation, but
in high-CO2 contents, corrosion is increased because
of the formation of soluble lead bicarbonate.40

Condensation corrosion is a common cause of
failure in lead-work on buildings. Trapped water is
evaporated from and condensed on the underside of
the lead during thermal cycling in the environment.
This repeated condensation causes the production of

lead oxide and lead hydroxide, which migrates away
from the surface, leaving it unpassivated. Subsequent
reaction with CO2 in the atmosphere produces copi-
ous quantities of basic lead carbonate, resulting in
blistering, perforation, and finally, disintegration of
the lead.41 Adequate ventilation and adherence to
codes of practice are essential to prevent this.42

Lead sheet can also crack through thermal fatigue,
and hence, admit water into a building structure. This
is a consequence of over-fixing the lead, using sheets
which are too large, or of using lead containing insuf-
ficient copper, and can be eliminated by correct
installation.

3.11.3.2.2 Natural waters

The European Union directive on the reduction of
hazardous materials43 stipulates that lead is no longer
permitted for use in water supply, either as pipework
or in solders. Where it is encountered in old build-
ings, its replacement is strongly recommended. How-
ever, because of the long life of existing installations,
water may be conveyed through existing lead pipes,
or pipes secured using lead-containing solders, for
years to come. This may not be hazardous if the
waters contain sufficient carbonate, sulfate, or sili-
cate, and are alkaline. The current UK limit for lead
in cold water drawn from a water supply tap is 25 ppb
(the US limit is lower at 15 ppb); anything above
these levels is actionable. Soft waters invariably dis-
solve lead to some extent, and raised levels of organic
acids will render even harder supply waters plumbo-
solvent.44 Thus, water treatments to reduce lead sol-
ubility are required.

Lead corrodes slightly in most supply waters
dependent primarily on the solution pH. The pres-
ence of oxygen and oxidizers in the aqueous medium
affects the corrosion resistance of the metal more in
acidic waters.45 The most common treatments given
to water are to increase the pH (reduce acidity) and
remove organic acids; this is easily carried out by
flocculation (e.g., with aluminum sulfate) and alkali-
zation (e.g., with calcium hydroxide or carbonate),
which will encourage the formation of a protective
carbonate scale.46 Silicate and orthophosphate treat-
ments reduce lead solubility; however, the common
use of zinc orthophosphate to control corrosion of
steel and cast iron water mains may increase lead
corrosion rates.47,48 In more saline waters, including
seawater, lead usually has a good corrosion perfor-
mance owing to the formation of the normal passive
film of hydrocerrusite (Pb3(OH)2(CO3)2) together
with Pb(OH)Cl and PbCl2 carbonate–chloride
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double salts;49 however, corrosion rates are linked to
the activity of Cl� ions, particularly in flowing
solution.50

3.11.3.3 Buried Structures

3.11.3.3.1 Stray-current corrosion

Stray currents are a source of damage to all buried
metal structures, and lead pipes and cable sheaths are
particularly susceptible. Although lead can corrode
under cathodic (alkaline) conditions, it is generally
the anodic sites on the pipe or cable sheath that are
attacked. Lead is considered to be endangered if the
current density is more than 25mAm�2. This is
influenced by the conductivity of the soil, which is
largely determined by the moisture content, but
may be affected by salting of roads in winter. Non-
metallic links in pipework may break electrical con-
tinuity. This will produce more numerous corrosion
sites, but they are frequently less intense.51 The sur-
face will normally be covered with a mostly whitish
corrosion deposit associated with either a smooth
pitted surface or a more general rough etched ap-
pearance.40 The corrosion product may comprise
oxides, carbonates, hydroxides, and PbCl2�Pb(OH)2
and PbCl2�6PbO�2H2O have additionally been iden-
tified. Stray alternating current can also markedly
increase corrosion rates,52 and the use of lead pipes
for electrical grounding has resulted in serious corro-
sion.51 Electrolytic corrosion may also occur on the
inside of cable sheaths by the passage of current from
the cable sheath to the wire.51 No protective coating
is fully effective, but many give good protection with
modern systems using polymers.53

3.11.3.3.2 Underground corrosion

Lead has a long history of use underground in buried
structures; historically for water supply, more
recently for lead sheathed electrical cables. Corro-
sion is promoted by stray currents, local inhomogene-
ities in the lead, galvanic corrosion with another
metal, and the environment of the soil.40 Thus, soils
may differ in water content, degree of aeration, or the
presence of various chemicals or bacteria, and these
can cause local or extensive corrosion of lead. Histor-
ically, extensive long-term tests have been conducted
on lead in soils, and these data are still valid.54,55 The
worst combination of soils is wet clay and cinders
(ashes from coal combustion). The carbon in the
cinder acts as an efficient cathode and severe anodic
corrosion takes place in the clay environment. Mois-
ture held in the clay permits the passage of relatively

high currents. Anodic corrosion can occur when
cables are in contact with dissimilar metals, such as
steel support racks or copper bonding ribbon. A new
(clean) section of cable may also become anodic to an
old (passivated) cable and can then corrode.

Sandy soils and loams of high permeability are less
aggressive because water tends to be mobile, thereby
reducing concentration cells, and frequently drains
readily to allow free movement of oxygen, thus reduc-
ing the effect of differential aeration cells. Where air
circulates freely, a stable patina is often formed. Very
large-grained soils are normally good for the reasons
aforementioned, but under certain conditions, severe
localized pitting can be caused by differential aeration
(e.g., caused by differing degrees of soil density and
compaction). Soils of low permeability, such as clays
and silts, tend to be most corrosive; however, if the soil
becomes deaerated the corrosion rate may fall; under
such environments, microbial effects, due to sulfate
reducing bacteria, often become important and corro-
sion can then become severe. Trenches are often lined
before cable laying and backfilled after laying, with
materials such as sand and crushed chalk, in order to
encourage good drainage and ensure a consistent and
benign local environment.

Sulfates, silicates, carbonates, colloids, and certain
organic compounds in soils act as inhibitors if evenly
distributed.40 Nitrates tend to promote corrosion,
especially in acid soil waters, due to cathodic depo-
larization and to the formation of soluble nitrates.
Alkaline soils can cause serious corrosion with the
formation of the plumbite anion, which decomposes
to give PbO. Organic acids and carbon dioxide from
rotting organic matter also have a strong corrosive
action. Pitting corrosion in most groundwater/soil
environments does not occur in the traditional mean-
ing of the term; however, areas of nonuniform, gen-
eral attack did occur, resulting in pitted surface
morphologies.56

Calcium hydroxide leached from incompletely
cured concrete causes serious corrosion of lead.
This is because carbon dioxide reacts with the lime
solution to form calcium carbonate, which is practi-
cally insoluble. Carbonate ions are therefore not
available to form a passive film on the surface of the
lead.40 Typically, thick layers of PbO are formed,
which may show seasonal rings of litharge (tetragonal
PbO) and massicot (orthorhombic PbO).57

To prevent underground corrosion, lead was tra-
ditionally protected with coatings of tar, bitumen,
resin, etc.; recently, however, polymeric materials
(such as polyvinyl chloride, polypropylene, etc.) are
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preferred. No coating is wholly effective unless they
completely insulate the metal from corrosive agents
and stray currents. The most successful method of
protection for lead cables is cathodic protection. It is
effective at a potential of E � ¼�0.8 V or about
0.1 V more negative than its equilibrium potential in
the soil in question;58 both impressed currents or
sacrificial anodes have been used. Excessively nega-
tive potentials can increase the pH of the environ-
ment, thus causing corrosion.

Sulfate-reducing bacteria in soils can produce
metal sulfides and H2S, which results in the forma-
tion of conductive lead sulfide and increased corro-
sion rates;59 deep pits containing a black mass of lead
sulfide have also been observed. Other microorgan-
isms may also be involved in the corrosion of lead in
soil, including other bacteria and fungi.60

Interest in lead as a possible barrier material for
use in underground repositories for nuclear waste has
prompted a number of studies. Repository environ-
ments with static groundwater would have very low
oxygen contents and high ionic strengths and, under
these conditions, lead would corrode at an unsuitably
high rate. However, if the repository is flooded and
oxygen levels increase, then lead might be accept-
able.61 Mass loss tests, supported by electrochemical
polarization experiments, were carried out in natural
and simulated groundwater, and in a range of specific
salt solutions.62 Corrosion rates in aerated condi-
tions varied between 1–3 mmyear�1 in groundwater
(which is acceptable) to over 600 mmyear�1 in
sodium acetate and over 380 mmyear�1 in sodium
nitrate (which is very high and unacceptable). Corro-
sion rates in bentonite clay suspensions likely to be
used as repository backfill were 10–15 mmyear�1 and
deemed to be acceptable.

3.11.3.4 Acids

3.11.3.4.1 Mineral acids

Traditionally, sulfuric acid was made, stored, and
conveyed in lead; this is because its corrosion resis-
tance at moderate temperatures and over almost all
the concentration range of the acid is excellent,
provided that the protective sulfate film is not dis-
rupted. Rupture of the sulfate film may be caused by
erosion as a result of high-velocity liquids and gases
containing acid spray. In such an environment, acid-
resistant brick is often used with a liner of lead in
between the brick and the (usually steel) vessel.
Thermal cycling may also disrupt the film by thermal
fatigue. The corrosion rate of lead is generally less

than 125 mmyear�1, below about 55% concentration
up to its boiling point (130 �C), while acid concentra-
tions to 80% have similar corrosion rates below
100 �C. Above an acid concentration of 85%, the
corrosion rate of lead increases to unacceptable
values.62 Lead is no longer used for this service in
industry, its place having been taken by passive alloys
such as tantalum, zirconium, specialist stainless steels,
and nickel-based alloys.63

Nitric acid readily attacks lead if dilute, and the
metal should not even be used for handling nitrate
or nitrite species, except at extreme dilutions and
preferably with a passivating reagent such as a sul-
fate, which will confer some protection. Corrosion
decreases to a minimum at 65–70% HNO3, and lead
has been used for storage of nitric acid in the cold at
this concentration.40 Hydrochloric acid should gen-
erally be regarded as aggressive to lead and its use
cannot be recommended, although a satisfactory life
has been obtained with acid of up to 30% concentra-
tion at ambient temperature and 20% concentration
at 100 �C.40 Resistance of lead to corrosion by HCl is
presumably due to the formation of a protective film
of lead chloride, which is only slightly soluble at these
concentrations combined with its high overpotential
for hydrogen evolution. In mixed hydrochloric and
hydrofluoric acids (e.g., used for pickling steel) the
behavior of lead is unreliable unless the lead is
initially passivated in hydrofluoric acid first.

The remaining use of lead in industrial processes
is as an anode in electrowinning and as an inert anode
in electroplating, and for these applications, there are
few economic alternatives. Lead has good resistance
to phosphoric and chromic acids (e.g., in chromium
plating), and at high current densities, will tend to
passivate anyway with the formation of lead dioxide.

3.11.3.4.2 Organic acids

Lead is attacked by most organic acids, which pro-
duce soluble lead salts, particularly in the presence of
air or other organic oxidants. Aqueous acetic acid,
solutions containing acetates, and acetic acid vapor
all rapidly corrode lead and should be avoided if
possible. During corrosion, the protective film is
dissolved yielding lead salts of the organic acid.
These are susceptible to rapid carbonation in the
presence of CO2 and water, forming basic lead car-
bonate, which, in these circumstances, does not form
a passive film.

Studies of the electrochemical behavior of lead at
25 �C in acetic, lactic (0.01–1.0M), oxalic, and tarta-
ric (0.01–0.15M) acid solutions demonstrated that
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lead is readily soluble both in acetic and lactic acid
solutions up to 2000mV.64 In these acids, anodic
dissolution appears to be under charge transfer con-
trol, with lactic acid more aggressive than acetic acid
with lead passivating at higher potentials. However,
in oxalic and tartaric acid solutions a dependence on
the acid concentration is evident. Thus, above a cer-
tain specific concentration, an anodic current peak is
followed by a reduction in current associated with the
formation of a passivation salt film that consisting of
the oxalate or tartrate species, respectively. As noted
above, corrosion by organic acids is important in the
construction sector and also in the conservation of
historic artifacts.

3.11.3.5 Lubrication Oils

White metal (tin–lead) bearings do not normally fail
due to corrosion, but where this has occurred, it has
been associated with the generation of acidity in the
lubricant, the production of peroxides, and the pres-
ence of air. Peroxides appear to be the controlling
factor, but corrosion is also reduced in the absence of
air. The corrosion product generally consists of basic
lead salts of organic acids.65 The presence of residual
organic acids is thought to be the main cause of the
corrosion of terne (lead) plated steel when used as
fuel tanks.

3.11.3.6 Miscellaneous Environments

As can be seen from the Pourbaix diagram, lead has
no stable passive species at pH> 10–11, and hence,
lead is not particularly resistant to dilute alkalis, and
will dissolve freely as the plumbite oxyanion. Where
free access to carbon dioxide is available, a passivat-
ing salt film of lead carbonate may form. However,
lead is susceptible to lime drips from fresh concrete
and cement mortar, which will tend to disrupt the
lead carbonate film formation. Lead can tolerate con-
centrated alkalis such as KOH to 50% and up to
60 �C and NaOH to 30% and 25 �C, although it is
explicitly not used for this purpose.

Lead is not generally attacked rapidly by solutions
that contain anions, where the lead salt is sparingly
soluble, and hence, where lead can passivate by the
formation of a salt film. Thus, only nitrates and, to a
lesser extent chlorides, are corrosive. The presence of
nitrate tends to pit lead, for example, in carbonate
solution.22 In sodium chloride, the corrosion rate
increases with concentration to a maximum in
0.05M solution, then decreases because of the

formation of a relatively porous film PbCl2. Control
of the cyclic voltammetry conditions allowed the
development of a relatively thick and more protective
layer.66 In potassium bromide, adherent deposits are
formed, and the corrosion rate increases with con-
centration. The attack in potassium iodide is slow in
concentrations up to 0.1M, but in concentrated solu-
tions rapid attack occurs, probably owing to the for-
mation of soluble KPbI3. In dilute potassium nitrate
solutions (0.001M and below) the corrosion product
is yellow and is probably a mixture of Pb(OH)2 and
PbO, which is poorly adherent. At higher concentra-
tions, the corrosion product is more adherent and
corrosion is somewhat reduced.67

3.11.4 Specific Applications

3.11.4.1 Lead Anodes

Anodes for electroplating and for electrolysis of brine
are frequently made of lead and lead alloys. This is
because the formation of a passive film of lead diox-
ide at high anodic potentials where conventional
passive alloys, such as chromium containing materi-
als, would be destroyed by transpassive dissolu-
tion. Nevertheless, there is generally a very slow
continued corrosion, which leads to thickening of
the PbO2 film. The resulting stresses caused by
growth of the oxide layer can cause it to crack and
disbond, releasing PbO2 particles into the electrolyte.
Alloying elements are frequently added for strength
and to stabilize the film; rolled or extruded alloys are
generally found to be more resistant to this form of
degradation than are cast alloys.

Lead–silver (1–2% Ag) anodes for cathodic protec-
tion may be used in brine and seawater applications
for cathodic protection of ships and dockside struc-
tures68,69 at current densities of up to 120Am�2,
although in many applications these have now been
superseded with platinum-doped titanium or nio-
bium alloys, which can operate at still higher current
densities.

Lead–silver, lead–tin, lead–calcium–tin, lead–
calcium–silver, and lead–tin–silver are all used for
electrowinning, which is generally carried out
using sulfuric-acid-based electrolytes. These alloys
have replaced the more traditional lead–antimony
compositions due to requirements of higher purity
in the deposits. In all electrowinning applications, it
is essential to keep the potential of the anode well
above the PbO2/PbSO4 equilibrium potential, other-
wise rapid corrosion will occur.69 Electrochemical
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studies of electrowinning anodes have been exten-
sively studied and are focused on (a) reduction of
anode corrosion rate, (b) reduction of (lead and other
metal) contamination in the deposit, and (c) improved
current efficiency.

For example, the efficiency and corrosion resis-
tance of calcium- and silver-containing alloys appears
to depend on the nature of the PbO2 passive layer and
its electronic and ionic conductivity.70 The corrosion
rate and current efficiency of anodes can be improved
significantly by the incorporation of minor amounts of
foreign species in the electrolyte. Thus, precondition-
ing of anodes in a fluoride solution prior to use can
result in a compact and more protective PbF2/PbO2

bilayer that is more corrosion resistant.71

The corrosion rates for lead–silver anode corro-
sion rates in zinc electrowinning solutions were stud-
ied at a range of current densities from 2500 to
10 000 Am�2. Increases in acid concentration and tem-
perature caused increases in corrosion rate, whereas in
the absence of bath additions, the rate was independent
of current density.72 Chloride ions increased the corro-
sion rate, while fluoride preconditioning reduced it,
but only in the presence of manganese. The presence
of small concentrations of cobalt and manganese ions
can reduce the corrosion rate of electrowinning anodes
considerably. The effect appears to be related to an
increase in the oxygen evolution kinetics that reduces
cell overvoltage and causes less disruption of the PbO2

passive layer.73

Traditional chromium plating uses lead–tin or
lead–antimony alloys as the anode material, although
coated passive metal anodes (e.g., platinized Ti, Zr,
Nb, and Ta) have recently been advocated.74 Lead
anodes offer processing advantages in that they can be
formed or cast to conform to the surface to be plated,
and hence give an even current density and uniform
coverage of coating. The electrochemistry of anodes
containing tin, antimony, and silver have been stud-
ied in electrolytes similar to chrome plating baths.
In chromic acid, a passive film of PbCrO4 forms at
very low overpotentials, and the subsequent forma-
tion of PbO2 is masked by oxygen evolution. The
effects of alloying additions were found to be minor,
although antimony raises the passive current substan-
tially and silver reduces the overpotential of oxygen
evolution by about 0.2 V.75 As for electrowinning
anodes, the quiescent (nonpolarized) corrosion rate
can be very high and it is recommended that anodes
are connected at all times. It has been found that
0.5 g l�1 of magnesium fluosilicate suppresses corro-
sion without affecting the plating process.76

3.11.4.2 Lead–Acid Battery

Lead–acid batteries comprise by far the single most
important worldwide application for lead. The tech-
nology of lead–acid batteries is still under constant
improvement and is technically still very much rele-
vant;77 this section briefly discusses very general
aspects of the technology. Lead–acid batteries typi-
cally consist of lead alloy supports, which carry an
electrochemically active mass, the composition of
which differs between positive and negative plates,
and with the state of charge of the battery. Failure
normally occurs in the positive grids of a battery. The
main cause of failure is loss of contact between the
grid and the active mass because of ‘grid growth,’
which is caused by the change in volume of the active
material during the charge/discharge cycle, and by
corrosion of the metal surface, which can be accel-
erated by stress. Batteries for automotive, electric
vehicle, standby services, etc., all have different char-
acteristics and requirements, which are met by bat-
tery grid design and choice of alloy.78,79

Traditionally, battery grids have been made from
lead with 6–14% antimony, with a small amount of
arsenic. High antimony alloys have a significant elec-
trochemical disadvantage, that is, they reduce the
overpotential for hydrogen evolution on the lead,
leading to electrolysis of the electrolyte (to hydrogen
and oxygen). Thus, batteries using traditional materi-
als require regular maintenance (topping-up) via
additions of distilled water. While alloys in the reg-
ion of 5–6% antimony are still used in some indus-
trial, deep discharge, and traction applications, high
antimony contents have been largely replaced in
automotive batteries by complex low antimony or anti-
mony-free lead–calcium–(tin) alloys.Modern automo-
tive batteries now use lead–calcium-based alloys that
do not require topping up (provided they are operated
within their electrical design parameters). This reduc-
tion in antimonycontent has beenmade possible by the
introduction of additions of solidification nucleants,
such as selenium and sulfur, which promote fine-
grain structure. It is also increasingly common to find
different alloys used in the positive and negative grids
and optimized for these applications.

High antimony alloys exhibit high strength, good
castability, and give good deep cycling performance.
The latter requires that the active mass has good
adhesion to the metal, is structurally stable during
cycling, and does not passivate. Antimony reduces
shedding of active material from the cells, produces a
surface film of greater porosity, which becomes more
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porous during cycling, promoting stability of the active
mass. It has also been shown that PbSO4 is more
reluctant to nucleate on antimonial lead.80 Although
corrosion rates may appear quite high, attack is nor-
mally of a general nature, which allows a satisfactory
service life. This is because the eutectic is preferen-
tially corroded, which reduces intergranular corrosion.
Antimony reduces the oxygen overpotential on the
positive grid, while Sb5+ ions migrate from the positive
grid to the negative and be reduced to metallic anti-
mony.81 This reduces the hydrogen overpotential,
leading to excessive gassing, consuming water from
the electrolyte, reducing charge efficiency, and liber-
ating stibine (SbH3). During overcharge, antimony
increases the rate of formation of the inner corrosion
layer on the positive grid.

Low maintenance batteries, which only require
the addition of water infrequently in the second half
of their service life, use low antimony alloys that
typically contain less than 3% antimony, with some
alloys containing as little as 0.6%. The most com-
monly used alloys have 1.3–1.8% Sb. They always
contain As to assist hardening, and a nucleating
agent such as Se or S with Cu. These are necessary
because the coarse dendritic structure is prone to
porosity and hot cracking during casting. The addi-
tion of nucleating agents gives a fine-grained struc-
ture with good corrosion resistance. Tin is often
added to increase fluidity in casting alloys.

Lead–calcium–(tin) alloys are used inmaintenance-
free automotive starting, lighting, ignition (SLI)
batteries, in stationary batteries, and some traction
batteries. It is essential that the correct calcium content
and a suitable calcium–tin ratio is used. In the binary
lead–calcium alloys, a fine-grained structure with ser-
rated grain boundaries is produced by a discontinuous
precipitation reaction.82 The addition of tin changes
the nature of the precipitation reactions to give two
areas of stability. One is with high calcium–low tin and
the other is in the region below 1.8% tin and less than
0.07% calcium. Batteries made from these alloys
have a much reduced rate of self-discharge compared
with antimonial alloys, thus giving a longer shelf-life,
and maintain a high discharge voltage throughout
their life.

3.11.4.3 Reactor Coolants

Lead-based liquid metal coolants (using either liquid
lead or liquid lead–bismuth eutectic) were first used
in a nuclear reactor in the 1960s by the Soviets as an
advanced, high power density, submarine propulsion

plant. Reactors designed using such coolants have
some compelling advantages (e.g., operation at atmo-
spheric pressure, boiling point greatly in excess of the
reactor operating temperature, relative nonreactivity
to water and air compared with liquid sodium) and
comprise a candidate ‘Generation IV’ fast neutron
reactor system as well as a candidate coolant system
for fusion reactors. However, lead alloys are signifi-
cantly more corrosive to constructional materials (e.g.,
steels) than is liquid sodium. This is due to dissolved
oxygen in the lead that reacts with the containing
material, as well as liquid metal embrittlement.83,84

To avoid excessive oxidation of structural alloys, such
as martensitic steels, it is necessary to control the
oxygen activity to below 10�24 atm, and this can be
monitored by the use of electrochemical probes.85
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73. Cachet, C.; Le Pape-Rérolle, C.; Wiart, R. J. Appl.

Electrochem. 1999, 29, 813–820.
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Glossary
Allotropy The existence of two or more different

forms (allotropes) of the same element that

are bonded in a different manner; allotropes

are thus different structural modifications of

an element.

Gray tin The low-temperature allotrope of tin

having a cubic structure that is stable below

�13 �C. Note that the transformation from

white tin to gray tin is sluggish and generally

does not proceed significantly until the

temperature is well below 0 �C.
White tin The high temperature allotrope of tin

having a body centered tetragonal structure

that is stable above �13 �C.

Abbreviations
AES Auger electron spectroscopy

SHE Standard hydrogen electrode

XPS X-ray photoelectron spectroscopy

3.12.1 Introduction

3.12.1.1 Physical Properties

The element tin is located in Group VI of the
periodic table, lying above lead, with which it shares
many properties. Tin, like lead, is one of the metals
known from antiquity and highly prized for its abi-
lity to harden copper, forming bronze. There is evi-
dence that tin was mined in the United Kingdom in
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Cornwall from the early bronze age (2100–1500BC).
Certainly, by Roman times, tin from the western edge
of Europe (mainly Cornwall and Spain) was traded
widely throughout the known world. Tin ore
resources are not widely distributed and production
is mainly from two forms: (1) hard rock, typified by
the Cornish deposits and similar ore bodies in Bolivia
and Queensland; and (2) alluvial (placer) deposits,
typified by the southeast Asian ore field stretching
from Indonesia and Malaysia to Thailand.

Tin is allotropic with the normal, metallic (b)
form being body-centered tetragonal above the
transformation temperature, that is, �13.2 �C.1 The
lower temperature allotrope, a or ‘gray’ tin, is cubic
and forms with a significant volume change that
tends to result in the disintegration of the material.
However, the transformation is kinetically sluggish,
although it can be encouraged by mechanical defor-
mation and delayed, or effectively suppressed to
lower temperatures, by impurities such as antimony,
lead, and bismuth.2 Gray tin normally appears as
nodules of a friable material on the surface of the
metallic form and resembles a corrosion product.
Thus, the transformation is often not readily distin-
guishable from corrosion.3 The transformation mecha-
nism has been studied by high-resolution electron
microscopy in order to obtain the lattice orientation
relationship between the two allotropes.4 Thus, the
(011) plane of gray tin is parallel to the (001) plane
of white tin, and the [211] direction of gray tin is nearly
parallel to the [010] direction of white tin. This evi-
dence supports a model for the a-to-b transformation
that is partly martensitic and partly diffusional.

The use of unalloyed tin is restricted by its low
melting point (232 �C) and by its low tensile strength
(15MPa). On the other hand, its melting point, and
its ability to ‘wet’ other metals (often by the forma-
tion of intermetallic compounds), facilitates its use as
solder (for metal joining) and as a coating (for corro-
sion protection), while its softness and high ductility
make it suitable for cold working and for bearing
applications. Given its relatively low melting point,
tin recrystallizes readily at room temperatures, and
therefore, the effects of mechanical working are slight
and arise from the differences in grain size and not
from the effects of work hardening. The formation of
tin whiskers is also thought to be a consequence of its
low melting point, which results in the growth of fine
threadlike structures, typically �1–2 mm in diameter,
with growth rates of up to millimeters per month
under appropriate conditions.5,6

Given increasing health and safety concerns that
lay severe limits on the use of lead in materials, there
has been, for some time, a legislative driver for the
development of essentially lead-free tin alloys. This
has reintroduced problems relating to the formation of
gray tin (at lower temperatures) and tin whiskers that
were generally absent in lead-containing materials. For
example, in the electronic industry, where tin-based
solders are now widely used, whisker growth, in par-
ticular, can cause problems such as short-circuiting.7

3.12.1.2 Applications

The industrial use of tin is limited by its low strength
and very limited solubility for most elements at room
temperature. However, tin is essential in a number of
alloys where it is a minor constituent (e.g., in copper–
tin bronzes) and also where it is the major component
(e.g., in pewter). The most important forms in which
tin is used are

1. tin of more than 99% purity for specialist
applications;

2. tin hardened by additions of 1–2% Cu or Sb;
3. pewter with 90–95% Sn, 4–8% Sb, and 1–2% Cu;
4. coatings for other metals, which may be pure tin or

tin plus a codeposited species;
5. soft solders with tin and lead in all proportions;
6. lead-free soft solders with >90% Sn and additions

of silver, copper, bismuth, indium, or zinc;
7. bearing metals ‘high tin’ and ‘head lead’ with a

wide range of proportions of tin, antimony, copper,
and lead, or with tin (5–30%) in aluminum;

8. diecasting alloys containing 70–80% Sn with anti-
mony, copper, and lead, either one of them or a
combination.

The corrosion behavior of tin and tin alloys, what-
ever their form, is basically similar, except in the case of
solders and bearingmetalswhere thewide composition
range and special duties of the materials give particular
issues. The impurities likely to be present in nominally
pure tin are unlikely to affect its corrosion resistance,
except for minor effects on the rate of oxidation in air.
Low aluminum contents, however, may result in a
severe intergranular attack by water; the addition of
antimony counteracts this effect. Although 0.1% mag-
nesium appears to be tolerable, larger amounts pro-
duce effects similar to those of aluminum.8

Apart from the special uses in solders and bearings
metal already referred to, and as coatings, tin and its
alloys find employment where we can take advantage
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of their physical properties and their fair resistance to
tarnish and corrosion in near-neutral environments.
Tin has traditionally been used in many food-grade
applications, although such applications nowadays
increasingly use cheaper materials, such as stainless
steels and polymers. Tin pipe can be used to con-
dense steam for high-purity distilled water, as a
conveyor of beer and soft drinks, especially in coils
through cooling media, and, in a larger size, as organ
pipes. Some pharmaceutical and food products are
packed in collapsible tin tubes, and tinfoil coverings
are used on cork wads for jar and bottle closures. The
tin alloy pewter is most valued for the decorative
forms into which it is easily worked or cast, but it is
also used for making drinking vessels and dishes.

3.12.2 Electrochemistry

3.12.2.1 Thermodynamics

The Pourbaix diagram for tin, Figure 1, refers only
to solutions in which the formation of soluble tin
complexes (e.g., with citric acid) does not occur. Tin
is a slightly active metal with its domain of stability
below that of the hydrogen equilibrium; in theory, it
will corrode in acid, evolving hydrogen gas. It is more
noble than iron and nickel, but slightly less noble
than lead, although in practice, passivity will alter
this sequence. Tin shows a wide range of passivity

because of the stability of tin (IV) oxide, SnO2, which
is stable at a lower pH than is PbO. However, tin will
dissolve as Sn2+ ions at pH< 2 and as the cor-
responding (II)- or (IV)-valent oxy-anion species at
pH> 11. Note, however, that in regions where, as
shown in the diagram, the dissolution of tin is possible,
the rate of corrosion may be very low. This is because
the overpotential for hydrogen evolution on tin is
high, particularly in acid solution. Thus, in a range
of concentrations of H2SO4,

9 the exchange current for
the hydrogen evolution reaction was found to
be 10�11 A cm�2 with a Tafel slope of 0.118mV per
decade current, indicating that a one-electron transfer
reaction was rate controlling. In KOH solutions,10 the
exchange current was higher, 3� 10�6 A cm�2, while
the Tafel slope was similar to that in acid, 0.120mV
per decade current. Consequently, in alkaline or
moderately acid solutions free from oxygen or oxidiz-
ing agents, the corrosion of pure tin may be barely
detectable unless the tin is in contact with another
metal that has a lower overpotential (higher exchange
current density) for hydrogen evolution.

The passivity of tin in the middle pH range (i.e.,
between 3 and 10), its solubility in acids or alkalis
(modified by the high hydrogen overpotential), and
the formation of complex ions (especially with
organic acids) are the bases of its general corrosion
behavior. Other properties that have influenced
the selection of tin for particular purposes are the
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Sn(OH)6(–2a)

Sn

SnO2

Sn–H2O system at 25 �C
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Figure 1 Pourbaix (E–pH) diagram for tin in water at a dissolved concentration of 10�5M tin species. Reproduced from

HSC: Chemistry, version 6.12, Outotec Research Oy, Finland, 2007.
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low toxicity of tin salts (that permit the use of tin in
food-grade applications) and the absence of catalytic
promotion of oxidation processes that may cause
changes in oils or other neutral media affecting
their quality or producing corrosive acids.

3.12.2.2 Dissolution

The electrochemistry of tin was extensively reviewed
by Stirrup and Hampson in 1977.11 As can be seen
from the Pourbaix diagram, tin shows passivity by
virtue of the formation of Sn(IV) oxide (SnO2), over
an extended pH range from about 3 to above 10. Also,
as previously indicated, the dissolution kinetics are
slow, especially in acid, by virtue of a low exchange
current density for hydrogen evolution.

At potentials just above its reversible value, tin
dissolves under anodic polarization in acids initially
as stannous ion (Sn2+). In 4–8M sulfuric acid, this
reaction has a Tafel slope of close to 40mV per
decade current, indicating a two-electron transfer
reaction with a probable bisulfate ion intermediate.12

The stannous ion is unstable in water at most values
of pH (except in acid concentrations typically >1M),
and at low concentrations, is hydrolyzed giving
a number of species, depending on pH: SnOH+,
Sn(OH)2, Sn(OH)3

�, etc.; at higher tin concentra-
tions, the complex species Sn2(OH)2

2+ and Sn(OH)4
2+

are prevalent.13 The hydroxide complexes are well
known to react with halides to give a number of
Sn(II) hydroxy–halide complexes; however, these
are only present in solution when the halide con-
centration is >10�3M and at pH values <4. In alka-
line conditions, tin initially dissolves as stannite ion,
Sn(OH)3

�, which is subject to the same speciation as a
function of pH, as indicated earlier.

At higher potentials, Sn(II) is universally oxidized
to Sn(IV) species. There are very little experimental
data on this reaction; however, Sn(II) to Sn(IV) oxi-
dation was studied in strong sulfuric acid and found
to have first-order kinetics with respect to the dis-
solved species; an increase in H+ ion concentration
decreased the reaction rate, while an increase in
SO4

2� had the opposite effect.

3.12.2.3 Passivation

Over the majority of the pH range, the passive film is
generally assumed to consist of Sn(OH)4 or SnO2;
however, in view of its very low solubility, data for
the speciation of tin (IV) oxides and hydroxides
in aqueous environments are very sparse. Indeed,

the formation of SnO2 as a passive film is one of the
reasons for the excellent corrosion resistance of tin in
noncomplexing aqueous environments.

In 4–8M sulfuric acid, passivity is consistent with
thin films of stannous oxide (SnO); SnO2 only formed
at significantly more positive potentials.12 Passive
films on tin corroded at the open circuit potentials
in 6.7M nitric acid, 5.7M hydrochloric acid, and
9M sulfuric acid were analyzed using Mössbauer
spectroscopy and found to consist of hydrated SnO2,
Sn4(OH)6Cl2, and SnSO4, respectively.

14

Passive films on tin were studied using infrared
and surface-enhanced Raman spectroscopy.15 In 0.1M
NaOH solution, Sn(OH)4 was found to dominate, and
further exposure to dry air was found to dehydrate the
film to SnO2, with the evidence of only a small amount
of SnO. The passive film on 0.15M NaCl solution
(near-neutral) was found to consist only of Sn(OH)4.
However, angle-resolved X-ray photoelectron spec-
troscopy (XPS) was used to develop a model for the
passive film on tin in 0.1M KOH, and it was found that
tin hydroxidewas present only in the outer layers of the
film. The inner layer consisted of SnO2, with the evi-
dence of SnO adjacent to the metal–oxide interface.16

This appears to be consistent with results from phos-
phate buffer solutions (pH 4.3) where Sn(OH)4 was
found along with a reduced species, either Sn(OH)2
or SnO, at the metal–oxide interface.15 An electro-
chemical study of the anodic oxidation of tin was per-
formed in carbonate–bicarbonate buffer solution at pH
8.9. From �0.1 to 1.2V (SCE), tin exhibited an essen-
tially potential-independent, steady-state, passive cur-
rent, which was found to be independent of flow
conditions.17 The results indicate that the anodic film
grows according to the Mott–Cabrera model and is an
oxygen ion conductor. Finally, the electrochemical
passivation of tin was studied in citric acid buffer at
pH 6.18 Prepassivation was found to occur along with
Sn(II) and Sn(IV) species, while full passivation was
associated with Sn(IV) species only. The results indi-
cated that, although the initial film formed coincided
mainly with Sn(OH)4, this transformed at longer peri-
ods of time to themore thermodynamically stable SnO2

species.
In summary, tin is found to passivate in aqueous

environments from below pH 1 to above pH 12,
forming an oxide film that consists of Sn(OH)4 or
SnO2. The latter oxide, which is more stable, may
form either initially or transform gradually with
time from the hydroxide. It is likely that a thin layer
of Sn(II) species is stable at the interface between the
passive film and the metal, although films consisting
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predominantly of Sn(II) species are not observed
except in high concentrations of the reducing acid.

3.12.3 Corrosion and Oxidation

3.12.3.1 Atmospheric Corrosion

3.12.3.1.1 Oxidation in dry air

Oxidation of tin in dry air is slow; the metal remains
bright and interference colors are not developed
below �180 �C. On a rolled tin surface heated in
air,19,20 the thickness of the oxide grew according to
the logarithmic law at temperatures of up to�160 �C
and according to the parabolic law at higher tem-
peratures, for which the oxide was identified as SnO.
For electropolished tin heated in oxygen at pressures
of 130Nm�2 and above, three stages of oxidation
were observed at temperatures of up to 220 �C:21–24

1. an initial sigmoid growth curve during nucleation;
2. a logarithmic growth curve when cavities acted as

diffusion barriers;
3. erratic behavior caused by random film rupture.

The oxide formed was identified as SnO at tem-
peratures down to 75 �C. However, a mixture of SnO
and SnO2 is formed in dry air at lower temperatures,
and in humid air, at temperatures of at least 100 �C.25

The electrochemical reduction analysis on tin oxidized
in dry air at 125 and 150 �C confirmed the presence of
SnO with a thin surface layer of SnO2.

26,27 Small addi-
tions, for example, 0.1%, of indium, zinc, or phospho-
rus reduce the rate of oxidation, and the addition of
antimony, thallium, or bismuth accelerates it.24

3.12.3.1.2 Corrosion in humid air
In the absence of polluting gases or dusts, increasing
relative humidity tends to increase the rate of oxida-
tion28 and may cause the development of interference
colors. In an ordinary atmosphere, some corrosion
product may be formed over time. However, tin pro-
ducts are not hygroscopic, and tin is not attacked at
relative humidities of below 100% unless the dust
falling on the surface is hygroscopic, or impurities in
the metal are able to form a hygroscopic product.
Indoors, in an unpolluted laboratory atmosphere, a
gray film, increasing inweight linearly with time (4mg
m�2 day�1), is formed, while in sheltered exposure (no
rain) outdoors, the corrosion rate declined with time.
The reflectivity of the surface is slowly lost if it is left
untouched, but may be preserved by regular washing;
in one experiment, when the surface was washed at
intervals of 3weeks, a water wash was adequate for

6weeks, and although the use of soap was necessary
thereafter, almost a complete preservation of reflectiv-
ity was achieved.

The impurities ordinarily present in the atmo-
sphere do not appreciably affect the character of
corrosion. No tarnishing effect is exerted by hydrogen
sulfide, sulfur dioxide, and other acids in low concen-
trations, including formic, acetic, and other organic
acids, which, when evolved from wood or insulating
materials, are very often destructive to metals other
than tin, in the confined spaces of electrical equipment
or of packages. Chlorides accelerate corrosion and
tend to form a white corrosion product containing
oxychloride. The presence of some impurities, notably
zinc, in the metal may cause tarnishing and a loss
of brightness in atmospheres containing SO2.

29 The
corrosion rate of electroplated tin on nickel in the
presence of sub-ppm amounts of either SO2 or NOx

did not increase. However, a synergetic effect was
found with both pollutants where the corrosion rate
was increased significantly.

The atmospheric pollution prevailing in special
industrial or laboratory locations may induce more
severe corrosion, for example, the vapors from con-
centrated hydrochloric or acetic acid will etch tin,
and moist sulfur dioxide will produce a sulfide tar-
nish, as will hydrogen sulfide at temperatures of
above �100 �C, and halogens attack tin readily.

When tin is fully exposed out of doors, corrosion is
uniform, and the rate falls only slightly with time.
The metal becomes dull and accumulates a compact
layer of pale gray product, mainly stannous oxide.
Rates observed during exposures in the United States
for periods of up to 20 years were 1.3–1.8 mmyear�1

in industrial atmospheres (i.e., mainly polluted with
sulfur dioxide), 1.8–2.8 mmyear�1 in marine atmo-
spheres (i.e., mainly polluted with sea-salt), and less
than 0.5 mmyear�1 in rural atmospheres (i.e., rela-
tively unpolluted).30

3.12.3.1.3 Atmospheric corrosion products

The corrosion of tin in various humid atmospheres
has been examined using a number of surface analyt-
ical techniques, including XPS and Auger electron
spectroscopy (AES).25,31,32 While it is difficult to
resolve the peaks of the oxide from those of the
hydroxide, and hence, to establish their degree of
surface hydration, there is a general agreement that
both SnO and SnO2 may be present depending on the
temperature of exposure.

In atmospheres polluted with >100 ppm nitrogen
dioxide, tin nitrate was reported to form at 30–35%
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RH.33 In a mixed atmosphere containing more rep-
resentative atmospheric conditions (40 ppb H2S,
350 ppb SO2, 500 ppb NO2, and 3 ppb Cl2) at 81%
RH, only tin oxides were found.34 An XPS study on
the films formed in SO2 and NOx found only oxide
species in SO2, but a mixture of oxides and nitrates
with NOx. No synergy was noted between at-ppm
concentrations of SO2 and NOx at 85% RH.35

3.12.3.2 Corrosion in Acid

3.12.3.2.1 Mineral acids

As the high overvoltage restricts hydrogen evolution,
corrosion in organic acids or dilute nonoxidizing
mineral acids is generally controlled by the rate
of supply of oxygen.2,3 In solutions of acid open
to air, with specimens of size 50� 20mm com-
pletely immersed, corrosion rates were, in a range
of 0.1M organic acids, 400–500 gm�2 day�1, and in
0.1M hydrochloric or sulfuric acids, 600 gm�2 day�1.
In the absence of oxygen, the rates in the two mineral
acids were 100–150 gm�2 day�1, while they were neg-
ligible in the organic acids. Phosphoric acid forms a
protective layer, and even in the presence of air, the
corrosion rate is only �20 gm�2 day�1. Nitric acid
corrodes tin freely even in the absence of oxygen;
however, chromic acid forms a protective film. This
film, which contains chromic oxide and tin oxides, will,
after withdrawal from the acid, give some degree of
protection against mildly corrosive conditions. Thus,
hot solutions of chromic acid, alone or mixed with
phosphoric acid, may be used as passivating media.

3.12.3.2.2 Organic acids

Tin forms complex ions with many organic acids,
including those commonly found in fruits (citric,
oxalic, malic). This action has important effects on
the galvanic behavior of tin. The normal electrode
potential of tin is �0.136V, but the reduction of
stannous ion activity resulting from the formation of
complexes may depress the corrosion potential to
make tin anodic to iron.36

The attack of tin by oxalic, citric, and tartaric acids
was found to be under the anodic control of the Sn2+

salts in solution in oxygen-free conditions.37 In a
study of tin contaminated by up to 1200 ppm Sb, it
was demonstrated38 that the modified surface chem-
istry catalyzed the hydrogen evolution reaction in
deaerated citric acid solution. Tin was found to cor-
rode more rapidly in tartaric acid because of the
reduction in the hydrogen overpotential; passivation
was caused by a film of tin hydroxide or oxide.39

3.12.3.3 Corrosion in Near-neutral
Conditions

Pure tin is completely resistant to distilled water, hot
or cold. Local corrosion occurs in salt solutions that do
not form insoluble compounds with stannous ions (e.g.,
chloride, bromide, sulfate, nitrate), but is unlikely in
solutions giving stable precipitates (e.g., borate, mono-
hydrogen phosphate, bicarbonate, iodide).40 In all
solutions, oxide film growth occurs and the potential
of the metal rises. Any local dissolution may not begin
for several days, but once it has begun, it will continue,
its presence being manifested at first by small black
spots and later by small pits. The movement of the
solution tends to prevent pitting; stagnation, especially
in crevices where the tin touches another solid surface,
favors its progress. Contact with a more noble metal
such as copper or nickel increases the number and
intensity of pits; contact with metals such as aluminum
and zinc gives cathodic protection.

As indicated earlier, the bicarbonate ion inhibits
the process, which does not occur, therefore, in many
supply waters; attack is most likely in waters that, by
nature or as a result of treatment, have a low bicar-
bonate content and relatively high chloride, sulfate,
or nitrate content. The number of points of attack
increases with the concentration of aggressive anions,
and ultimately, slow general corrosion may occur.

During the exposure of 99.75% tin to seawater for
4 years, a corrosion rate of 0.0023mmyear�1 was
observed.41 Corrosion in soil usually produces slow
general corrosion with the production of crusts of
oxides and basic salts. For example, the production
of the significant quantities of the metastable corro-
sion product romarchite (SnO) is commonly seen
when studying pewter corrosion products from
marine archaeological sites,42 but is never seen,
except transiently or as a thin interfacial phase, in
passive films and atmospheric corrosion products.

3.12.3.4 Corrosion by Alkalis

The Pourbaix diagram indicates the possibility of
attack by solutions of pH values above �10.5, but
the position of this limit is influenced by tempera-
ture, by the constitution of the solution, and by the
surface condition of the metal. Corrosion will ensue if
the surface oxide is significantly soluble, which will
occur increasingly beyond pH 12.

Once corrosion begins, its rate is governed by the
oxygen supply and temperature and is not greatly
affected by the character of the alkali. Rates of attack
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for specimens completely immersed in still solu-
tions open to air are �600 gm�2 day�1 at 30 �C and
1000 gm�2 day�1 at 70 �C. In intermittent immersion
such as is experienced in the cleaning of tinned ware
by alkaline detergents, however, the rate of corrosion
is affected by the nature and concentration of the
solution, as these affect the time required for the
removal of the oxide film at each fresh immersion.43

Saturated ammonia solutions do not attack tin, possi-
bly because of the negligible oxygen content, but
more dilute solutions behave like those of other alka-
lis of comparable pH. In aerated alkaline conditions,
0.01–1MNaOH, corrosion of tin was confirmed to be
under cathodic control, and additions of other spe-
cies, apart from chromate, were found to make little
difference to the corrosion rate.44

The removal of oxygen from an alkaline solution,
as by the addition of sodium sulfite, can prevent
corrosion unless the tin is in contact with another
metal, such as steel, from which hydrogen can be
evolved. Additions of oxidizing agents in small amounts
stimulate corrosion, but sufficiently large additions
produce passivity. Alkaline chromate solutions in the
passivating range produce a film containing chromium
oxide, which has some protective value.19,45

3.12.3.5 Corrosion in Foodstuffs

Sulfide solutions, sulfurous acid, and some foodstuffs
containing organic sulfur compounds produce stains
of sulfide, but the rate of loss of metal is low.2,3 Milk
and milk products are usually without action,
although local corrosion has been known to occur
in dairy equipment. Beer initially dissolves a trace
of tin and this may be sufficient to cause a haze in the
liquor, but any corrosion usually slows to an insignif-
icant rate after some time.

In general, near-neutral aqueous products are
without action except for possible sulfide staining,
or when there are dissolved salts present, some local
corrosion. The slight acidity, which may develop
in solutions of some organic compounds such as
formaldehyde or alcohols can be tolerated. Many
organic liquids, including oils (essential, animal,
vegetable, or mineral), alcohols, fatty acids, chlori-
nated hydrocarbons, and aliphatic esters, are without
action. The absence of any catalytic action of tin
on oxidative changes is helpful in this respect.
When, however, mineral acidity can arise, as with
the chlorinated hydrocarbons containing water, there
may be some corrosion, especially at elevated
temperature.

3.12.3.6 Galvanic Corrosion

As indicated from the galvanic series, tin is less noble
than copper and stainless steels, but more noble than
most other elements in common use (Table 1). How-
ever, tin is usually ineffective as a sacrificial anode
because of its very low self-corrosion rate, and gen-
erally, may be safely used in contact with most mate-
rials.46 However, in the presence of species such as
citric acid, which can form complex ions, tin will
activate with its equilibrium potential moving to
more negative values. This effect is important in the
corrosion protection of steel cans with tinplate.

3.12.4 Applications

3.12.4.1 Tin Coatings

Interested readers are directed to the dedicated sec-
tion on tin coatings elsewhere in this volume; only
brief comments are provided here. Tin coatings
may be applied either by hot-dipping from molten
metal or by electroplating from either acid or alka-
line solutions2,3 or by metal spraying.47 Also, tin may
be codeposited during electroplating with a range of
other elements such as nickel, cobalt, copper, and
zinc, each of which gives rise to a particular property.
Tin-plated steel is extremely widely used in the
food and beverage canning industry as a container
and relies on both the low corrosion rate of tin (can
exterior) and the common potential reversal to steel
in the presence of natural complexing agents (can
interior). In practice, because of the high cost of tin,
it is essential to use as thin a layer as possible. Thus,
the corrosion protection afforded by the tin is usually
supported by internal and external lacquering
(organic coating) of the can, and it is therefore, the

Table 1 Standard reduction potentials and galvanic

series compared with tin

Standard reduction
potentials (vs. SHE)

Practical galvanic series in
sea water

Cu2+ +2e�=>Cu: +0.34V Graphite
Pb2+ + 2e�=>Pb: �0.12V Passive stainless steels

Sn2+ + 2e�=>Sn: �0.14V Copper alloys

Ni2+ + 2e�=>Ni: �0.25V Tin (and tin-rich solders)
Fe2+ + 2e�=>Fe: �0.44V Lead (and lead–tin solders)

Zn2+ + 2e�=>Zn: �0.76V Steel and cast iron

Al3+ + 3e�=>Al: �1.67V Aluminum

Mg2++2e�=>Mg: �2.37V Zinc
Magnesium
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organically coated tin that provides the full corrosion
protection system for the steel substrate.

The thinnest tin coatings are most efficiently
applied by electroplating; where this is likely to give
pinholes, surface melt reflowing may be used to
improve the performance. Where thicker coatings
are required, usually for specialist applications, for
example, hot dipping or metal spraying can be used.
For example, traditional copper cooking utensils are
frequently internally coated with tin to several tens
of microns in thickness to prevent the interaction of
copper with foods that can lead to the development
of taints. The advantage of this process is that when the
tin wears off, it can be easily replaced by redipping.
Hot-dipped (and sprayed) coatings take advantage of
the formation of tin–iron or tin–copper intermetallic
species for excellent adhesion of the coating.

3.12.4.2 Solders

Alloys of tin with lead and/or a number of other
elements comprise a class of jointing materials
known as solders. Solders are used for cost-effective
and efficient jointing of many materials, most com-
monly for copper alloys (e.g., heat exchangers) and
steels (e.g., cans). Solders are generally characterized
by their ability to flow across or ‘wet’ the metal to be
jointed; such wetting is usually accomplished by the
formation of intermetallic compounds between the
solder and the substrate. Thus, tin forms Cu6Sn5 and
Cu3Sn with copper alloys48 and FeSn, Fe3Sn, and
FeSn2 with steel.49 The mechanical properties of
these intermetallic species are critical; thus, they
provide a metallurgical bonding between the jointed
materials, but must not form brittle phases. Many
types of tin-based solders are available, for example,
Sn–Pb (traditional solders with compositions from
60/40, 50/50, 40/60 depending on use), Sn–Zn (for
jointing aluminum), and Sn–Ag (lead-free solder for
general use). In particular, for health reasons, there is
an increasing use of low-lead, or lead-free solders,
especially for joints in water supply systems and in
food canning. These environmental concerns are now
making the electronics industry also move to lead-
free formulations.

Effective soldering requires a clean surface, free of
contamination such as greases, oils, and water and the
removal of the normal air-formed oxide on the mate-
rial that is to be jointed. Typically, this is carried out
initially by mechanical abrasion or solvent cleaning
with the final removal of the tenacious surface oxide
via a ‘flux’. A flux is, by its nature, corrosive, and

hence, careful selection of the flux material is neces-
sary. Otherwise, corrosion in service will be pro-
moted locally.50 It is, however, possible to select
fluxes that are active when hot, but give noncorrosive
residues when cold, for example, solid organic acids.
If it is necessary to use more vigorous materials, such
as zinc chloride, any residues must be fully removed.
By the nature of their use as a jointing material,
solders are usually presented to a corrosive environ-
ment as a small area within a much larger area of
another metal. Thus, if the solder is anodic to the
metal it joins, and if the corroding medium has good
electrical conductivity, damaging corrosion is possi-
ble due to the unfavorable (small anode versus large
cathode) anode-to-cathode area ratio.

Traditional lead–tin solders are anodic to copper,
but soldered joints in copper pipes have been widely
used without trouble for cold supply waters; possibly,
corrosion is restricted by the deposition of cathodic
carbonate scales and the formation of insoluble lead
compounds. Hot supply waters tend to be more aggres-
sive, but are likely to still give satisfactory service.
However, electrolytes of sufficiently high conductivity,
such as seawater, will cause corrosion of soldered joints
in copper and copper alloys. In automotive radiators,
antifreeze solutions have been alleged to cause corro-
sion, possibly because materials such as ethylene glycol
sometimes detach protective deposits. Sodium nitrite,
valuable as a corrosion inhibitor for other metals in a
radiator, tends to attack solders, but sodium benzoate is
safe, and in addition, protects the soldered joint against
the action of nitrites.51

In environments inwhich tin is less readily corroded
than lead, corrosion resistance of the alloy decreases as
the lead content increases; the decrease may, in some
circumstances, be sharp at a particular composition. In
the more corrosive media, a sharp increase of corrosion
rate is observed as the lead content increases beyond
30%. However, in waters with low contents of dissolved
salts, the corrosion rate increases slowly with lead
content up to �70% and then rises more steeply.
Selective dissolution of tin has been reported to occur
in prolonged contact of solders with solutions of
anionic surface active agents.52

In view of the known tendency for lead to be
released in supply waters from conventional soldered
joints,53 there is an accelerating trend away from the use
of lead-containing solders in contact with potable
water, which is also being driven by legislation.54 The
effects of galvanic corrosion of one of the substitute
alloys (Sn–3Ag) in contact with a number of other
metals, including copper, have therefore been studied.55
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3.12.4.3 Tin Interconnections

Tin-based jointing alloys (solders) are the materials of
choice for connections and interconnections in the
electronics industry. Traditionally, a eutectic tin–lead
(67Sn–33Pb) alloy has been used, but the legislative
driver for the removal of lead has also affected this
sector, which has now effectively moved to encompass
the use of lead-free solders. The performance charac-
teristics of electronic connectors is dominated by
(1) local galvanic corrosion between different metals,
either in contact or as a coating and influenced by
applied direct currents; (2) the corrosion of the solder-
ing alloy, which is controlled largely by the presence of
residues from various manufacturing and assembly
operations; (3) fretting forms of corrosion damage
induced by repeated making and breaking of electrical
contacts; and (4) the formation of metal whiskers of tin
that tend to be produced as a result of applied stress
and voltage. All of these phenomena can lead to either
a reduction of performance or an outright failure via a
variety of mechanisms,55 the most important of which
are increases in the contact resistance with time and
short-circuit current paths between contacts because
of corrosion products, soldering residues (i.e., fluxes),
and whiskers of tin.

Many lead-free solders are based on Sn–Ag–Cu
formulations, with Sn–3.5Ag, Sn–0.7Cu, and Sn–
3.8Ag–0.7Cu widely in use because of their good
mechanical and wetting properties. In 3.5% sodium
chloride solution, lead-free solders show an improved
corrosion resistance compared with Sn–Pb solder
because of lower active currents and lower passive
current densities and that the Sn–Ag material was
the most resistant.56 The contact resistance and fret-
ting corrosion resistance of lead-free solders were
measured as a function of time.57 In this case, the con-
tact resistance of the conventional eutectic solder fell
more quickly than the lead-free solder; however, the
fretting corrosion resistance of Sn–Ag materials was
generally improved. The lead-free solders performed
significantly better than did the lead-containing
solders after steam aging at 93 �C, 100% RH and
after mixed flowing gas testing (in 200 ppb NO2,
10 ppb H2S, 10 ppb Cl2) at 30

�C and 70% RH.
There is, therefore, good evidence that the general

and fretting corrosion behavior, and consequent con-
tact resistance changes with time, of lead-free solders
is at least as good as, and often better than, traditional
tin–lead eutectic solders. However, lead-free solders
have a greatly increased tendency for the formation of
thin filamentary whiskers of tin, which may lead to

failure by short-circuit. Tin whisker formation has
been known for many years andwas originally thought
to be driven primarily by electromigration between
two contacts or conductive tracks.58,59 More recently,
however, it has become clear that most whisker growth
is a process driven by relief of stresses60 (i.e., from
plating or from contact forces), although electromi-
gration may play a role in more extreme conditions.61

3.12.4.4 Bearing Metals

There are several classes of tin-containing bearing
alloys for use in lubricating conditions: high-tin alloys
(substantially lead-free), bearing alloys containing
increasing amounts of lead, and aluminum tin alloys;
each class may have minor elements (e.g., antimony,
indium) added to promote, for example, intermetallic
formation. The corrosion of tin-rich white metal bear-
ings is rare, and consequently, detailed studies of the
phenomenon are not extensive in the literature. High-
tin alloys are relatively resistant to corrosion in the
organic acids that tend to be formed during the deg-
radation of lubricating fluids and the tin salts that
form have antioxidant capability. Where corrosion of
tin-rich bearings has occurred, it is invariably asso-
ciated with water ingress.62 For example, 500 ppm
water has been shown to be sufficient to cause corro-
sion, especially in conjunction with chlorine-based
high-pressure additives in the oil.63

When free access of salt water to a bearing is
possible, the tin–lead ‘Babbitt’ alloys are not suitable,
since they are cathodic to steel shafts. For underwater
bearings, alloys with 70% Sn, 1.5% Cu, and the
balance Zn, are traditionally used; the possible disso-
lution of zinc gives cathodic protection to the shaft,
although the more easily replaced bearing suffers
some corrosion.
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Glossary
White rust A porous layer of zinc

oxide and hydroxide build up on zinc

coatings after storage in poorly ventilated

conditions.

Abbreviations
ASTM American Society for Testing and Materials

BISRA British Iron and Steel Research Association

GOB Good ordinary brand (reference to zinc purity)

HG High grade (reference to zinc purity)

ISO International organization for standardization

ISO CORRAG International organization for

standardization-collaborative atmospheric

exposure program

SHG Special high grade (reference to zinc purity)

ZA Zinc aluminum

3.13.1 Introduction

3.13.1.1 History

Despite its frequent occurrence with lead, zinc (boil-
ing point 907 �C) was not known to the ancient world
as it was generally lost during smelting by evapora-
tion. Thus, the earliest reports of metallic zinc date
only from the fifteenth century in China, while in
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Europe zinc was not recognized as a separate element
until the eighteenth century when small smelting
works were first set up for its production. Its earliest
use was in alloying, especially with copper (to pro-
duce brass), although its compounds were also used
for medicinal purposes (e.g., calamine, ZnCO3) and as
pigments. Significant European production of zinc
commenced from the early eighteenth century.
Prior to the discovery of significant lead–zinc sulfide
mineralization (e.g., at Broken Hill in Australia), the
principal ore source was zinc carbonate (calamine)
found throughout Europe and also in the United
Kingdom. Final stimulus for the mass production of
zinc did not arrive until the dual discoveries of gal-
vanizing for steel and zinc sheet production in the
mid-nineteenth century.

3.13.1.2 Production and Usage

The excellent resistance of zinc to corrosion under
natural conditions is largely responsible for the many
and varied applications of the metal. In fact, half of
the world consumption of zinc is in the form of
coatings for the protection of steel from corrosion.
Zinc is produced and sold according to standard
specifications. Three principal grades are recognized
by international standards organizations such as ISO,
where the zinc specifications are set forth in ISO 752,
and the various national standards organizations such
as ASTM (Standard Specification B6). The great
majority of zinc sold today is made by the electrolytic
process, to a purity of 99.99% zinc, and is commonly
referred to as special high grade (SHG) zinc. A lower
purity grade termed high grade (HG) has a minimum
zinc content of 99.9%; the old standard grade, con-
taining 98.0% minimum zinc, is commonly termed
Prime Western or good ordinary brand (GOB) zinc.
Common impurities in all three grades are lead,
cadmium, and iron. Grades with higher purities
than SHG are available but are not referred to in
the national or international standard specifications.

Zinc in coatings used to protect steel articles coated
after fabrication is generally SHG or GOB zinc,
although coatings with minor additions of nickel and
tin (addedduring the galvanizingprocess) can be used to
control the reactivity of the steel. Zinc coatings used in
continuous coating of sheet and wire are almost always
SHG alloyed with aluminum at various levels around
0.15%, 5%, and 55%Al. Additions of magnesium up to
3% can also be made. Further details on zinc coatings
and their performance are described elsewhere.

Zinc casting alloys account for about 20% of
annual zinc usage. These alloys are commonly
alloyed with 4% aluminum to improve castability
and strength. Smaller quantities of zinc alloys contain-
ing 8, 12, or 27% aluminum, termed ZA alloys, are also
utilized. Die castings can be made readily on account
of the low melting points and the good flow properties
of zinc alloys. Continuous casting is also used, mainly
for production of hollow cylinders for bearing materi-
als but also as stock for machining of zinc shapes.

Another 6% of zinc production is sold in semi-
manufactured form including rolled zinc roofing,
anodes, and dry cell battery cans. Its malleability
and ductility make it possible to produce zinc in
sheet, strip, and plate form by rolling and as rod and
wire by extrusion. Rolled zinc in sheet and strip form
is a well-established roofing material, particularly in
parts of France and northern Europe. A small amount
of copper, up to 1.5%, is added to these alloys to
improve creep strength. Brass (discussed in the sec-
tion on copper alloys) and zinc chemicals (chiefly
oxide) make up the balance of major zinc uses.

3.13.2 Physical and Mechanical
Properties

The bluish-white form of the unalloyed metal is
familiar. It is moderately hard and quite malleable
at normal temperatures. The tensile strength and
impact resistance of the unalloyed metal, although
greater than that of tin or lead, are low, so unalloyed
zinc is not to be regarded as a structural metal. The
main consequence of using unalloyed zinc in applica-
tions subject to prolonged loading is the occurrence
of creep deformation. Although brittle at room tem-
perature, pure zinc can be rolled and otherwise
formed at about 100 �C.

The physical and mechanical properties of pure
zinc are given inTable 1. A detailed description of the
physical and mechanical properties of zinc alloys for
cast and wrought zinc products is given in Table 1.1

Factors influencing the physical and mechanical
properties of zinc pressure diecasting alloys are their
composition and the cooling rate after casting. Mod-
ern zinc pressure diecastings are made with wall
thickness between about 0.75 and 3mm. Such thin
sections, coupled with the high cooling rate of the
metal die, results in very uniform microstructures.
A very fine distribution of zinc-rich and aluminum
rich phases is observed regardless of composition.
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Gravity cast zinc–aluminum alloys cool at slower
rates, allowing coarser microstructures to be pro-
duced. However, the average grain size is still of the
order of 1 mm, meaning that galvanic effects between
the zinc-rich and aluminum-rich constituents of the
microstructure are not observed in practice.

Rolled zinc for architecture and other out-
door uses is generally on the basis of the use of
zinc–copper–titanium alloys, where the maximum
levels of copper and titanium are 1.5% and 0.15%,
respectively. However, the relatively high creep
strength attainable in this family of alloys can be
realized only if the correct mechanical and thermal
treatments have been used. A fine-grained, uniformly
corroding sheet product can be obtained.

3.13.3 Corrosion Properties

Both zinc and zinc alloys have excellent resistance to
corrosion in the atmosphere and in most natural
waters, particularly if the waters are scale-forming.
The property which gives zinc this valuable corro-
sion resistance is its ability to form a protective layer
consisting of zinc oxide and hydroxide, or of various

basic salts, depending on the nature of the environ-
ment. When the protective layers have formed and
completely covered the surface of the metal, the
corrosion proceeds at a greatly reduced rate.

3.13.3.1 Protective Layers on Zinc

In dry air, a film of zinc oxide is initially formed by
the influence of atmospheric oxygen, but this is soon
converted to zinc hydroxide, basic zinc carbonate,
and other basic salts by water, carbon dioxide and
chemical impurities present in the atmosphere. It is
possible to form many zinc compounds during the
process of corrosion of zinc, particularly in tap water.
In atmospheric exposures also, the reactions are com-
plex, but a simplified summary is given in Table 2.

Below about 200 �C, the initially formed thin film
grows very slowly, is invisible and very adherent. This
initially formed layer influences the corrosion resis-
tance of the zinc throughout its life. If the film
becomes too thick, it is liable to break away or become
porous, when, of course, it ceases to provide protec-
tion. Moreover, zinc corrosion products occupy a
larger volume than the zinc from which they origi-
nated and, as the layer thickens, strains are set up
which lead to the production of fissures and cracks.

Factors influencing the formation of protective
layers are the local pH and the presence of acidic
pollutants in the environment. Zinc forms an ampho-
teric oxide and therefore, the formation of protec-
tive layers is slowed by both acidic and alkaline
conditions.

Vernon2 claims that in outdoor atmospheres the
corrosion products consist largely of zinc oxide,
hydroxide and combined water, but they also contain
zinc sulfide, zinc sulfate, and zinc carbonate. The
corrosion products can be complex and the manner
in which they develop into passive films is described
in great detail by Zhang.3 Figure 1 shows how the
corrosion rate of zinc varies with the pH4 and it will
be seen from this that the attack is most severe at pH
values below 6 and above 12.5, while within this range
the corrosion is very slow. The actual rates of corro-
sion shown in Figure 1 are not of direct relevance,
being from aqueous solutions; however the general
shape of the curve has been confirmed for many
environments.5

The electrochemical properties of zinc also have
a large bearing on its corrosion behavior. Zinc is
more active than the hydrogen equilibrium potential
and most other metals commonly encountered, except
magnesium and aluminum, but including those found

Table 1 Mechanical and physical properties of pure

zinc

Property

Tensile strength (cast) 28MNm�2 (4000psi)

(rolled – with grain)
(99.95% zinc soft temper) 126MNm�2

(18 000psi)

(98.0% zinc hard temper) 246MNm�2

(35 000psi)

Elongation (rolled – with grain)

(99.95% zinc soft temper) 6%

(98.0% zinc hard temper) 5%
Modulus of elasticity 7� 104MNm�2

(1� 107 psi)

Brinell hardness, 500kg load for

30 s

30

Impact resistance

(pressed zinc, elongation=30%) 6.5–9 J cm�2

(26–35 ft-lbs in�2)
Surface tension – liquid (450 �C) 0.755Nm�1

Surface tension – liquid (419.5 �C) 0.782Nm�1

Viscosity-liquid (419.5 �C) 0.00385Nm�1

Velocity of sound (20 �C) 3.67 kms�1

Coefficient of friction

(rolled zinc v rolled zinc) 0.21

Hardness 2.5mohs

Source: Porter, F. C. Zinc Handbook; Marcel Dekker: New York,
1991.
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in the less pure forms of zinc. This means that when
zinc is in contact with these metals sacrificial electro-
chemical action (galvanic corrosion) can take place,
with zinc forming the anode. Contact with other metals
and impurities can therefore cause zinc to corrode
rapidly and it is important to avoid intermetallic con-
tacts with metals such as copper, tin, iron or nickel,

under immersion in water. On the other hand, the
overvoltage for hydrogen evolution on zinc is high,
and this can, in some circumstances, lead to
a reduction in the corrosion rate, although under nor-
mal atmospheric conditions oxygen is generally pres-
ent in sufficient concentration to act as a cathode
reactant.

The severity of bimetallic corrosion is dependent
on the ratio of the areas of metals in contact, the
duration of wetness, and the conductivity of the elec-
trolyte. For example, other things being equal, seawa-
ter, a highly conducting solution, gives rise to more
severe bimetallic corrosion than most fresh waters
that are of lower conductivity. A film of moisture
condensed from the air or rainwater can dissolve
contaminants and provide conditions conducive to
bimetallic corrosion. Moreover, contaminants already
present on the metal surface, such as fingerprints or
residues of processing solutions, may absorb moisture
from the atmosphere that, although humid, has not
actually reached the dew point.

3.13.3.2 Atmospheric Corrosion

3.13.3.2.1 General properties

In dry air, the stability of zinc is remarkable and
is conferred by the development of insoluble basic
carbonate films after the initially formed oxide layer
is exposed to the usual carbon dioxide-containing
atmosphere. Once this protective layer of zinc is
complete, further attack is negligible. Even under
normal urban conditions, such as those in London,
zinc sheet, 0.8 mm thick, has been found to have an
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corrosion. Reproduced from Roetheli, B. E., Cox, G. L.;
Littreal, W. B. Metals and Alloys 1932, 3, 73.

Table 2 Zinc corrosion reactions in different atmospheres (schematic)

Corrosion products

Type of
atmosphere

Attacking substances composition Relative solubility in
water

Corrosion
rate

Rural O2þH2OþCO2 ZnO ! Zn(OH)2 Very low Very low

!2ZnCO3�3Zn(OH)2
Marine O2þH2Oþ ZnO ! Zn(OH)2 Moderate Low

CO2þ !2ZnCO3�3Zn(OH)2!

þCl
ZnCl2 � 4ZnðOHÞ2
ZnCl2 � 6ZnðOHÞ2

þ Zn3OCl4
Zn4OCl6

��

Urban and

Industrial

O2þH2Oþ ZnO ! Zn(OH)2 Good High

þCO2þ ! 2ZnCO3�3Zn(OH)2 !
þSO2 ! ZnSþZnSO3þZnSO4

CO2 has been included as an attacking substance because it participates in the formation of corrosion products. However, CO2 is also
necessary to form stable films.
Source: Thomas, R. Rust Prevention by Hot Dip Galvanizing; Nordic Galv. Assoc.: Stockholm, Sweden, 1980; 32 pp.
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effective life of 40 years or more when used as a roof
covering and no repair has been needed except for
mechanical damage.

Two factors accelerate zinc corrosion in the atmo-
sphere: the duration and frequency of moisture con-
tact and the extent of atmospheric pollution. When
moisture is present the initial corrosion product is
zinc hydroxide, which is then converted by the action
of carbon dioxide to a basic zinc carbonate of compo-
sition similar to ZnCO3�3Zn(OH)2.

6 In very damp
conditions, unprotected zinc sometimes forms a
loose and more conspicuous form of corrosion prod-
uct known as ‘wet storage stain’ or ‘white rust.’

Industrial atmospheres usually accelerate the cor-
rosion of zinc. When heavy mists and dews occur in
these atmospheres, they are contaminated with con-
siderable amounts of acidic substances such as sulfur
dioxide and the film of moisture covering the metal
can be quite acidic and can have a pH as low as 3. The
formation of basic protective films is prevented when
zinc is attacked by acidic moisture. Under these con-
ditions the zinc is dissolved but, as the corrosion
proceeds, the pH rises, and when it has reached a
sufficiently high level basic salts are once more
formed and provide further protection for the metal.
These usually contain the basic carbonate but may
sometimes contain a basic sulfate. As soon as the pH
of the moisture film falls again, owing to the dissolu-
tion of acidic gases, the protective film dissolves and
renewed attack on the metal occurs. Hudson and
Stanners7 conducted tests at various locations in
order to determine the effect of atmospheric pollution
on the rate of corrosion of steel and zinc. Their figures
for zinc are given in Table 3 and clearly show the
effect which industrial contamination has on the cor-
rosion rate. The effect can vary with the direction of

the prevailing wind or the ease with which deposits
can remain on the surface. Goodwin8 reported that in
acidic atmospheres the increase in corrosion is prin-
cipally caused by dry deposition of sulfur dioxide and
to a lesser extent by acid rain.

In areas near the sea coast, the rates of corrosion
may be increased somewhat by the sea spraycontaining
soluble chlorides, but the rates are still much lower
than those prevailing in heavily polluted industrial
areas. Thewhite corrosion product which is sometimes
found under these conditions probably consists of the
basic chloride 4Zn(OH)2�ZnCl2.6 Chlorides have far
less effect than sulfur compounds on the corrosion rate
of zinc, but removal of salt deposits bywashing is highly
beneficial. The effect of chlorides is most harmful
when it is combined with sulfurous contamination
such as in coastal industrial areas. The effect of sea
spray is very different in temperate and tropical areas,
in addition to any temperature or humidity effects.
Temperate seawater and spray contain higher portions
of magnesium salts than those in tropical conditions;
these salts help inhibit the corrosion of zinc.

Anderson,9 reporting on a series of 20-year expo-
sure tests carried out by the ASTM, quotes the aver-
age rates of corrosion for various types of environment
which are given in Table 4.

These results clearly demonstrate; (a) the effect of
moisture in increasing the corrosion rate six times
in the rural areas compared with the arid areas, and
(b) the considerable increase of attack in the indus-
trial areas. Anderson considers that the principal
features that control the rate of corrosion of zinc
are; (a) the frequency of rainfall and dew fall, (b) the
acidity of the atmosphere, and (c) the rate of drying.
In situations where the drying of zinc is retarded,
corrosion is found to be most severe, for example,

Table 3 Atmospheric corrosion of zinc in various parts of the United Kingdom

Corrosion rate
(mmyear�1)

Site Degree of pollution Standard pollutiona Zinc Steel

Godalming Slight 0.23 0.00107 0.0425
Teddington 0.82 0.00211 0.0633

Hornchurch Moderate 0.92 0.00324 0.0627

London (Victoria Park) 1.28 0.00445 0.0756

Barking (Greatfield Park) Heavy 1.60 0.00843 0.0750
Salford (Ladywell) 2.31 0.00843 0.105

Sheffield (Hunshelf Bank) Severe 3.58 0.0129 0.107

Billingham (Council

Offices)

5.24 0.0125 0.180

aCalculated on weight (mg) of SO3 absorbed per day by 1dm2 on lead dioxide.
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the bottom strand of a galvanized wire fence, which is
shielded from the sun by grass and weeds.

Ambler10 has attempted to find a relationship
between the corrosion of zinc and iron and atmo-
spheric salinity in the United Kingdom. This followed
previous tests in Nigeria,11 when it was concluded that
the governing factor in the corrosion of steel and zinc
was airborne salt and that there was a relationship
between corrosion and the distance from the sea. In
the United Kingdom, however, no such relationship
was found to exist and the governing factor in the
corrosion of zinc in the atmosphere is confirmed to
be the amount of sulfur dioxide pollution.

Environmental concerns have led to studies that
have measured the release rate of zinc from rolled
zinc sheet during atmospheric exposure. These sheets
were exposed either in new conditions or after prior
outdoor exposure for durations up to 62 years, at
three locations, Stockholm (urban), Olen, Belgium
(industrial), and Hoboken, Belgium (urban-highly
industrial), for 1 year. Figure 2 shows both the corro-
sion rates and the zinc runoff rates as a function of
atmospheric sulfur dioxide concentration. The runoff

rate is observed to be considerably lower than the
corrosion rate, and the corrosion rate was indepen-
dent of the age of the preweathered panel, depending
only upon the sulfur dioxide concentration of the
atmosphere.12 After release from the panel, most dis-
solved zinc quickly combines with the cations in the
soil or water, leaving very little available for interac-
tion with living forms.13

3.13.3.2.2 White rust

When condensation occurs on a fresh zinc surface, as
may easily happen during storage in an environment
with restricted circulation in which the temperature
varies periodically, zinc is generally attacked by the
oxygen dissolved in the water, owing to differential
aeration between the edges and the centers of the
drops. In this form of corrosion, a porous layer of zinc
oxide and zinc hydroxide builds up. If the supply of
air to the surface is restricted, insufficient carbon
dioxide is supplied for the normal formation of a
protective zinc carbonate layer. The resulting corro-
sion product, termed white rust or wet storage stain,
is voluminous and porous, and adheres only loosely
to the zinc surface. Consequently, it does not protect
the zinc against corrosion, which can therefore pro-
ceed so long as there is moisture on the zinc surface.

This type of corrosion can take place on any new
surface of zinc and is best prevented by storing the
metal in a dry, airy place until a protective layer has
been formed. Zinc, which has been properly aged in
this way, is safe against white-rust formation. Various
methods are employed to prevent white rust. Passiv-
ation treatments (e.g., chromate or phosphate) are
widely used for zinc-plated articles and for galvanized
sheet, and occasionally for zinc die castings. Fatty
substances, such as oils or lanolin, are sometimes
used to protect larger items. Light build-up of
white rust can be removed by swabbing with dilute
ammonia solution, for example: 19ml ammonia,
6 g ammonium chloride, 6 g ammonium carbonate,
and 71ml tap water. The area should be well-venti-
lated and protective goggles should be worn by the
operator.

3.13.3.3 Aqueous Corrosion

3.13.3.3.1 Corrosion of zinc in natural waters

Fundamentally, the rate of zinc corrosion depends
upon the type, quantity and mode of corrosion pro-
ducts. When zinc is immersed in distilled water con-
taining dissolved oxygen, a protective film, probably
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Table 4 Further examples of atmospheric corrosion

rates for zinc

Atmosphere Corrosion rate
(mmyear�1)

Industrial 0.0064
Sea Coast 0.0015

Rural 0.0011

Arid 0.00018

Source: Anderson, E. A. Am. Soc. Test. Mater. Special Publication
No. 175, June 1955.
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consisting of zinc hydroxide, is slowly formed and
this extends over nearly the whole surface. At certain
points the metal seems to remain uncovered and local
attack continues, resulting in pitting. This may be
quite serious and can lead to the rapid penetration
of a zinc sheet. The attack does not spread over the
whole surface of the zinc but is confined to these
small local areas, although similar pits are liable to
appear at points in a vertical line directly below the
seat of the original corrosion. It has been suggested
that the areas attacked occur where particles of cor-
rosion product have fallen and are resting on the
surface, shielding it from oxygen. The point thus
shielded becomes anodic and suffers corrosion. If
oxygen replenishment is made uniform over the
whole surface, for example, by ‘whirling’9 a zinc
plate, pitting is avoided and the protective film of
zinc hydroxide is found over the entire surface. How-
ever, too much agitation can sweep away corrosion
products before they can become protective. The
corrosion rate of zinc in distilled water ranges
between 15 and 150 mmyear�1 and depends strongly
on the amount of dissolved oxygen and carbon diox-
ide.3 Corrosion data are shown in Table 5.

The factors affecting zinc corrosion in distilled
water – oxygen, carbon dioxide content, and agitation –
also affect corrosion of zinc by natural waters.

Natural waters all contain dissolved salts to a certain
extent and these tend to form a scale on the surface
of the metal. As such scales have a protective affect it
is to be expected that corrosion will be less severe in
natural, particularly hard, water. This is in fact true
and it is often found that distilled water is more
corrosive than natural waters. Whether the water
is scale forming or not is determined by calculating
the Langlier saturation index, a relationship involv-
ing concentrations of carbon dioxide, calcium bicar-
bonate and calcium carbonate together with pH
described elsewhere in this handbook. The effect
of free carbon dioxide in a hard tap water and in
equal mixtures of hard water and low conductivity
water is shown in Figure 3.

The effect of pH on the corrosion of zinc has
already been mentioned. In the range of pH values
from 5.5 to 12, zinc is quite stable and as most natural
waters come within this range, little difficulty is
encountered in respect of pH. If the pH is below
the value at which the water is in equilibrium with
calcium carbonate, the calcium carbonate will tend to
dissolve rather than form a scale. The same effect is
produced in the presence of considerable amounts of
carbon dioxide, which also favors the dissolution of

Table 5 Effect of oxygen on the corrosion of zinc in

distilled water

Test conditiona Temperature
(�C)

Corrosion
rateb

(mmyear�1)

Boiled distilled water;

specimens immersed in

sealed flasks

Room 25.4

Boiled distilled water;

specimens immersed in

sealed flasks

40 48.3

Boiled distilled water;
specimens immersed in

sealed flasks

65 83.8

Oxygen bubbled slowly

through the water

Room 218.4

Oxygen bubbled slowly

through the water

40 348.0

Oxygen bubbled slowly
through the water

65 315.0

aHigh grade zinc specimens, in duplicate, immersed for 7 days.
bThe corrosion rate was calculated after removal of corrosion
products.
Source: Anderson, E. A.; Reinhard, C. E. In Corrosion Handbook;
Uhlig, H. H., Ed.; Wiley: New York, 1948.
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calcium carbonate. In addition, it is important to note
that small amounts of metallic impurities (particularly
copper) in the water can cause quite severe corrosion
and as little as 0.05 ppm of copper in a domestic water
system can be a source of considerable trouble with
galvanized tanks and pipes. The copper deposits as
small cathodic particles on the zinc surface and
thereby accelerates localized pitting corrosion.

3.13.3.3.2 Corrosion in seawater

Seawater contains considerable amounts of soluble
salts, particularly sodium chloride, which is present
in concentrations from 1 to 25%. The North Sea, for
example, contains about 3% sodium chloride, 0.47%
magnesium sulfate, 0.2% magnesium chloride, and
0.1% calcium chloride. The carbon dioxide content is
about 0.0005–0.01% and the pH is between 7.6 and
8.1. The high chloride content would tend to increase
the rate of corrosion and this usually takes the form of
pitting under these conditions. The corrosive influ-
ence of the chloride ions is, however, inhibited by the
presence of magnesium and calcium ions by virtue of
the formation of a protective layer of magnesium and
calcium salts (calcareous scale). Typical corrosion
rates of zinc range from 25 mmyear�1 in the tropics
to half that in temperate seas such as the North
Atlantic. In tidal areas, where zinc surfaces are
immersed twice daily, or areas washed by waves, the
corrosion rate is typically twice that of completely
immersed zinc.

The effect of the magnesium salts has been clearly
demonstrated by Schikorr.14 Zinc immersed in a
solution containing 30 g dm�3 of sodium chloride
showed a weight loss of 198 gm�2 after 14 days.
When the solution contained in addition 12 g dm�3

of magnesium chloride, the loss in weight was only
4 gm�2 after the same period. Artificial seawater was
also tested and gave a weight loss of 5 gm�2.

Zinc roofs are quite satisfactory at the coast, where
they receive a large amount of saltwater spray, and
many British piers have been covered with sheet zinc,
which has lasted 50 years and more. Most of the
zinc actually immersed in seawater is in the form of
zinc coatings, the behavior of which is discussed
elsewhere. Experience with these coatings has proved
the value of zinc in seawater compared with many
other metals in this environment.15

3.13.3.3.3 The effect of temperature

It is found that temperature has a marked effect on
the rate at which zinc corrodes in water. The

corrosion rate in distilled water reaches a maximum
in the temperature range 65–75 �C, Figure 4.

This variation in the corrosion rate with tempera-
ture is attributed to changes in the nature of the
protective film. At lower temperatures the film is
found to be very adherent and gelatinous, while at
temperatures around 50 �C it becomes distinctly
granular in character and much less adherent. Above
75 �C it again tends to become more adherent and
assumes a very compact and dense form. It is believed
that the granular coating formed at temperatures
around 70 �C is more porous than the others and
permits greater access of the dissolved oxygen to the
metal. Casting alloys are considerably more corrosion
resistant in water than pure zinc because they contain
aluminum. Figure 5 shows the effect of temperature
on corrosion of three casting alloys with 8%, 12%,
and 27% aluminum. The temperature where maxi-
mum corrosion rates are observed is 60 �C.

3.13.3.4 Soil Corrosion

The factors influencing the corrosion of metals in soil
are more numerous than those prevailing in air or water
and the electrochemical effects are more pronounced.
Moreover, soils vary widely in their composition and
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behavior even over very short distances.Manychemical
elements are present in soils, but the ones influencing
zinc corrosion behavior are those which are soluble in
water, notably base-forming elements such as sodium,
potassium, calcium and magnesium. Acid-forming
groups such as carbonate, bicarbonate, chloride, nitrate,
and sulfate are equally important to consider. The
electrical resistivity of soils also strongly influences
zinc corrosion rates and is determined by the nature
and concentration of the ions formed by chemical salts
dissolved in the soil moisture. Moreover, zinc corrosion
rates are influenced by physical properties of soils that
determine their permeability to air and water. Because
of the wide variety of possible soil conditions, it is
difficult to obtain reliable data. It is evident, however,
that zinc has considerable resistance to corrosion when
buried and the severest attack is caused by soils, which
are acidic or contain large amounts of soluble salts.
A general guideline is that a 600 gm�2 galvanized coat-
ing on steel will provide protection for 10–20 years in
inorganic oxidizing soils but half of this time in inor-
ganic reducing soils.

In tests carried out by the National Bureau of
Standards in the United States (now the National
Institute of Standards and Technology)16 specimens
of copper alloys, lead, zinc, and zinc alloys were
buried at a number of different sites for periods
varying from 11 to 14 years. The soils tested covered
a pH range from 2.6 to 9.4 and resistivities ranged

from 60 to 17 800O cm. The weight losses and maxi-
mum depths of pitting were recorded and the results
indicated that the most severe corrosion occurred in
soils of poor aeration having high acid and soluble-salt
contents. Details are shown in Table 6.

Although there was no significant difference
in weight loss between rolled zinc and zinc alloys,
the maximum penetration of the alloys definitely
appeared to be greater than that of rolled zinc.
BISRA tests on galvanized steel pipe buried for five
years at five different sites are described by Hudson
and Acock.17 The galvanized pipes resisted corrosion
rather better than steel at all sites. Galvanized pipes
of small diameter are frequently used to provide
underground water services in farms and similar
establishments, and little trouble is experienced.

3.13.3.5 Corrosion Resistance of Zinc in
Chemical Environments

3.13.3.5.1 Acids and alkalis

Zinc dissolves in liquids whose pH is below about 5
and above 12.5. Many acids have pH levels below 5
and therefore will attack zinc, while only the stronger
solutions of most alkalis would cause any corrosion.
Zinc dissolves in caustic soda solution to form zincate
ions, that is, ZnO2

2�. Many other factors including
agitation, aeration, temperature, polarization, and in
some cases the presence of inhibitors may consider-
ably influence the corrosion rate of zinc.

Owing to the high overpotential for hydrogen
evolution pure zinc is attacked only very slowly by
dilute sulfuric and hydrochloric acids, but impure
zinc dissolves quite readily, evolving hydrogen.
Thus, when ordinary commercial zinc is placed in a
dilute acid it immediately starts to corrode, at first
relatively slowly. As corrosion proceeds the impuri-
ties present are reprecipitated as a black metallic
sponge which may further accelerate the reaction
owing to the increased surface area of low overpo-
tential cathodic sites, for example, copper. Some
metallic impurities, notably aluminum, retard the
corrosion of zinc by acids. This is due to the produc-
tion of highly protective films. Other metals, such as
tin and lead, retard the corrosion initially but after a
few hours they are deposited as a metallic sponge,
resulting in corrosion as rapid as with ordinary zinc.

Zinc is widely used in contact with many milder
chemicals such as detergents and agricultural chemi-
cals. In most cases, zinc or zinc-coated steel comes in
contact with these chemicals during handling, pack-
aging and storage.
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Table 6 Corrosion of rolled zinc in various soils in the United States

Average metal loss (mmyear�1) and maximum pit depth (mm) after burial for years statedb

Soil
type

Metala Loss after
2.1 years

Maximum pit
depth

Loss after
4 years

Maximum pit
depth

Loss after
9 years

Maximum pit
depth

Loss after
12.7 years

Maximum pit
depth

Inorganic oxidizing acid soils
Cecil clay loam P 4 0.25 6 0.25 5 0.33 7 0.43

A 7 0.38 6 0.56 5 0.66 10 0.79

Hagerstown

loam

P 8 0.81 6 0.64 3 0.33 4 0.41

A 9 0.89 7 0.69 4 0.40 5 0.51
Susquehanna

Clay

P 12 0.23 13 0.23 6 0.30 6 0.23

A 9 0.30 7 0.41 4 0.48 6 0.81
Inorganic oxidizing alkaline soils

Chino silt loam P 10 0.76 8 0.91 7 1.42 6 1.42

A 26 0.56 9 0.41 10 0.84 9 1.29

Mojave fine P 34 0.64 28 0.71 4 1.12 18 0.86
– gravelly loam A 79 2.41 54 P 7 0.91 17 P

Inorganic reducing acid soils

Sharkey clay P 10 0.30 11 0.20 5 0.36 7 0.36

A 11 0.36 13 0.71 6 0.91 9 0.94
Acadia Clay P 40 0.76 22 0.71

A 57 0.84 26 1.32

Inorganic reducing alkaline soils
Docas clay P 14 0.41 6 0.46 7 2.01 7 0.53

A 28 0.46 29 0.51 13 1.14 13 1.32
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Table 6 Continued

Average metal loss (mmyear�1) and maximum pit depth (mm) after burial for years statedb

Soil
type

Metala Loss after
2.1 years

Maximum pit
depth

Loss after
4 years

Maximum pit
depth

Loss after
9 years

Maximum pit
depth

Loss after
12.7 years

Maximum pit
depth

Merced silt loam P 34 1.42 17 2.59þ 17 2.13 D P
A 44 0.86 25 2.03þ 9 0.97 D P

Lake Charles

clay

P 22 0.25 36 0.66 21 0.74 30 1.35

A 48 0.64 57 0.76 32 1.42 33 2.21

Organic reducing acid soils
Carlisle muck P 14 <0.15 18 0.25 22 0.56 15 0.46

A 20 0.30 18 0.91 20 2.44 18 2.51

Tidal marsh P 24 0.66 24 0.86 9 0.64 14 1.09

A 20 0.30 16 0.61 16 0.86 15 1.19
Muck P 67 0.97 54 1.68 35 1.47 25 1.27

A 81 2.74þ 72 P 38 P 35 P

Rifle peat P 93 1.35 110 2.54 D P D P
A 164 1.88 172 P D P D P

Cinders

Cinders P 93 2.72þ 130 2.99þ D P D P

A 232 1.48 150 P D P D P

aP=High Grade zinc (58 � 300 � 4mm) sheet; A =Alloy (4.0%Alþ 1.0%Cu) sheet (112 C 170 � 3mm).
bP, perforated; D, specimen destroyed; þ, one specimen perforated. Results are usually averaged of two specimens.
Source
Romanoff, M. Underground Corrosion, U.S. Government Printing Office, for National Bureau of Standards, Washington, DC, Circular 579, 1957; 227 pp.
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3.13.3.5.2 Salt solutions
When a zinc sheet is immersed in a solution of a
salt, such as potassium chloride or potassium sulfate,
corrosion usually starts at a number of points on
the surface of the metal, probably where there are
defects or impurities present. From these it spreads
downwards in streams, if the plate is vertical. Cor-
rosion will start at a scratch or abrasion made on
the surface but it is observed that it does not neces-
sarily occur at all such places. In the case of potassium
chloride (or sodium chloride) the corrosion spreads
downwards and outwards to cover a parabolic area.
Evans18 explains this in terms of the dissolution of
the protective layer of zinc oxide by zinc chloride
to form a basic zinc chloride, which remains in
solution.

Feitknecht19 has examined the corrosion products
of zinc in sodium chloride solutions in detail. The
compound on the inactive areas was found to be
mainly zinc oxide. When the concentration of sodium
chloride was greater than 0.1M, basic zinc chlorides
were found on the corroded parts. At lower concen-
trations a loose powdery form of a crystalline zinc
hydroxide appeared. A close examination of the cor-
roded areas revealed craters, which appeared to con-
tain alternate layers and concentric rings of basic
chlorides and hydroxides. Two basic zinc chlorides
were identified, namely 6Zn(OH)2�ZnCl2 and 4Zn
(OH)2�ZnCl2. These basic salts and the crystalline
zinc hydroxides were found to have layer structures
similar in general to the layer structure attributed
to the basic zinc carbonate which forms dense adher-
ent films and appears to play such an important role in
the corrosion resistance of zinc against the atmo-
sphere. The presence of different reaction products
in the actual corroded areas leads to the view that, in
addition to action between the major anodic and
cathodic areas as a whole, there is also a local interac-
tion between smaller anodic and cathodic elements.

3.13.3.5.3 Organic chemicals

Most organic liquids, other than the stronger acids,
attack zinc only slowly. Zinc is therefore suitable for
storage tanks for liquid hydrocarbons such as motor
fuels, for phenols and for trichlorethylene degreasers.
Particular care must be taken to exclude moisture,
because corrosion at the interface between moisture
and hydrocarbon fuels may be considerable. Zinc or
zinc-coated vessels are not recommended for use in
contact with acid foodstuffs, but are regularly used
for dry foods. Zinc is essential in the human diet; the
typical recommended daily allowance is 15mg.

3.13.3.6 Cathodic Protection by Zinc
Anodes

Zinc should give a potential of –1.05 V versus
Cu/CuSO4 and should have a driving potential of
about �0.25V with respect to cathodically protected
steel. Zinc is therefore sufficiently negative to act as a
sacrificial anode and its first use for such purposes was
on the copper-sheathed hulls of warships more than a
century ago. The first attempts to fit zinc anodes to
steel hulls, however, were a complete failure, for the
sole reason that it had not been realized that the
purity of the zinc was of paramount importance. The
presence of even small amounts of certain impurities
leads to the formation of dense adherent films, which
cause the anodes to become inactive.

The major harmful impurity is iron and by keeping
the iron content to less than 15 ppm it became possible
to produce perfectly satisfactory anodes of zinc.20,21

Alternatively the effect of the iron can be neutralized
by alloying the zinc with certain metals, among which
aluminum and silicon or cadmium have been found to
be particularly effective. However such alloyed anodes
are susceptible to intercrystalline corrosion particu-
larly above 50 �C and for such temperatures the purer
anodes are preferable. The presence of cadmium causes
the corrosion product to fall away evenly, leaving an
active surface.

Zinc alloy anodes are generally very efficient,
owing to their nonpolarizing characteristics and to
the absence of parasitic reactions when buried or
immersed. Therefore, as zinc’s ‘self-corrosion’ is
very small, the anode’s high efficiency of 85–95%
holds throughout the current-density range, whereas
the efficiency of magnesium, about 50–55% at high
current densities, may fall to only 30% at low current
densities. The use of these zinc alloys for reference
electrodes to monitor some hull-protection schemes
or as permanent reference cells located along pipe-
lines, underlines their nonpolarizing characteristics.
The electrochemical equivalent of zinc indicates that
10.5 kg should give 1 Ayear�1, but in practice this
amount of charge is given by about 11–12 kg of zinc
compared with 7.7–9 kg of magnesium. As the cost of
zinc is relatively low, zinc anodes are found to be very
economical. Moreover, as zinc is fairly dense, the
volume consumption is about three times lower
than that for magnesium and the dimensions of the
zinc anode are correspondingly smaller.

The driving potential of zinc to cathodically pro-
tected steel is 200–250mV and this is considerably
lower than the 700mV given by magnesium. While
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this value is ideal in seawater or other electrolytes of
low resistivity, the use of zinc is not always practica-
ble in environments of higher electrical resistance.
For example, it is not likely to be of much use for
protecting large underground systems in a high resis-
tivity soil, but on the other hand it proves to be of
value for smaller underground units, such as storage
tanks, situated in soils of resistivity below about
3000O cm. Olive,22 for instance, in the United States,
discussed the application of zinc anodes for protecting
underground equipment at gasoline filling stations.
Larger installations, which employ a considerable
number of zinc anodes, are the protective schemes
for the steel gas mains in Houston and New Orleans.23

Of a total of some 1200 galvanic anodes in New
Orleans about 1000 are of zinc. This is a good example
of a case where a system of zinc anodes can be used
to protect a large underground installation under
the right soil conditions. Zinc is used quite widely
for the protection of bare service pipes of small diam-
eter and is receiving increased acceptance for the
protection of large-diameter coated pipes in built-up
areas in order to minimize interference on adjacent
mains. It is also used for protecting galvanized cold-
water tanks.

Where the use of zinc anodes is practicable, the
low driving potential is a great advantage as the
resistance of the steel to be cathodically protected is
the controlling resistance and the current output of
the anode varies with the requirements of the cath-
ode. Thus it can be said that zinc anodes are largely
self-governing.

By far the largest use of zinc anodes is in seawater
for the protection of ships’ hulls and of North Sea
pipelines and drilling rigs. The high conductivity of
the seawater and the excellent natural resistance of
zinc to corrosion make it very effective in this appli-
cation. Many examples of trials with zinc anodes on
ships can be quoted and the US Navy has done much
work in this respect. One example is a paper by
Carson,21 describing zinc anodes attached directly
to the hull, which were found to have a life of
8–10 years. This paper also gives the results of tests
carried out at the Pacific Naval Laboratory, showing
the effect of various impurities in the zinc. Carson
looks into the economics of zinc alloy anodes and
concludes that for small and medium hull sizes, for
example, 1400m2 wetted hull area, zinc alloy anodes
are more economical than the most competitive
alternative systems available and have the additional
advantages of more even current distribution, mini-
mum risk of paint-stripping, and maintenance-free

long life. For larger hull areas zinc alloy anodes are
at least as economic as many alternative systems.

Zinc anodes are made in a variety of shapes and
sizes, ranging in weight from 2.25 to 11 kg and in
shape from cylindrical rods to rectangular bars.
When used underground they are usually placed in
a backfill, consisting of gypsum, sodium sulfate and
clay, which may be added loose, shipped in a bag
around the anode, or obtained in cast form.

The use of zinc anodes together with protection of
steel by paint or polymer coatings has been found to
confer great advantages of longevity. Even the best
types of paint or polymer coatings are porous, so
corrosion of the underlying metals must ultimately
occur. This may take several years with the best coat-
ings, but the corrosion ultimately destroys the adhe-
sion between the metal and coating so that rapid
deterioration takes place. The use of zinc anodes in
conjunction with a protective coating greatly
improves service life. The corrosion which under-
mines the coating is prevented and the coating
remains firmly attached to give its maximum life. At
the same time, the consumption of zinc is reduced
dramatically, typically by a factor of 10, because
much less steel is exposed and needs protection; a
zinc consumption of less than 1.2 kg A�1 year�1 (i.e.,
about 0.12 kg year�1m�2 of surface to be protected)
is a reasonable estimate. The combination of coating
and cathodic protection can therefore prove most
economical.

3.13.3.7 Zinc–Aluminum (ZA) Casting Alloy
Corrosion

3.13.3.7.1 Behavior of the ZA alloys in aerated
water from pH 2.0 to 13.0

As part of an International Lead Zinc Research Orga-
nization Programme, the corrosion behavior of the
ZA casting alloys has been studied at the Noranda
Research Center in Canada.24 Air was bubbled con-
tinuously through distilled water flowing through the
corrosion cells, its pH being controlled by additions
of hydrochloric acid or sodium hydroxide. The tem-
perature was 22� 2 �C. Pure zinc sheet was included
for comparison. The results are on the basis of
immersion times of 4–15 days and show that ZA27
undergoes little attack between pH 6 and 11.5, as
does pure zinc. At pH 4.0 there was preferential
attack of the decomposed b-phase, whereas at pH
12.8 there was selective dissolution of the alumi-
num-rich primary dendrites leaving a sponge-like
surface. The samples were gravity cast plates.
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3.13.3.7.2 Behavior of ZA alloys in neutral
salt spray

The ASTM B 117 neutral salt spray test was used
with pure zinc and the 4% aluminum diecasting
alloy. They were observed to be corroded slightly
more than ZA8 and ZA12 during up to 600 h expo-
sure; after longer periods the difference diminished.
ZA27 corroded at about one-third the rate of the
other alloys, probably because attack occurs on the
zinc rich matrix, while ZA27 contains a significantly
larger amount of the aluminum-rich phase and
behaves like the aluminum die-casting alloy 380
also included in the test.24

3.13.3.7.3 Behavior of the ZA alloys at a

waste water plant

Gravity die cast ZA alloy test plates and 99.99% pure
rolled zinc samples were exposed at a waste water
treatment plant in Detroit, MI, USA. The results after
one year are summarized inTable 7.20 High corrosion
rates were observed in these sedimentation tanks; by
contrast steels with a zinc coating thickness of 85mm in
similar locations in the United Kingdomwere found to
have substantial residual zinc after 7 years exposure.20

The Michigan experience showed that the ZA alloys
may be better than pure zinc in, for example, the
secondary sedimentation tank, but additional protec-
tion should be provided unless there is satisfactory
performance in a comparable water sample.

3.13.3.8 Intergranular Corrosion

Zinc of high purity is not susceptible to intergranular
corrosion. However, this type of corrosion has been
observed on zinc alloys in all common environments;
the presence of alloying elements, aluminum in par-
ticular, is required to cause intergranular corrosion.
With aluminum, intergranular corrosion is observed
in the composition range 0.03–50% and is most severe
at 0.2% because of the precipitation of aluminum-
rich precipitates at zinc grain boundaries. The pres-
ence of other impurities, especially lead, cadmium
and tin, greatly accelerates intergranular corrosion
rates in zinc-aluminum alloys; however, maintaining
the limits of these impurities within the SHG zinc
specification prevents this. Heat treatment tends to
increase grain boundary segregation in zinc casting
alloys and therefore increases susceptibility to inter-
granular corrosion. Intergranular corrosion is most
severe at higher temperatures and in moist, alkaline
environments, especially above a pH level of 10.

3.13.4 Recent Developments

The most important recent development is the avail-
ability of computer-based prediction methods for zinc
corrosion rates, particularly in atmospheric exposures.
Traditionally, corrosion rates, and therefore service
lives, have been estimated by using a generalized
value for each type of atmosphere: rural, industrial,
urban and marine. The certainty of prediction has
recently been greatly improved by development of a
prediction technique based on neural network model-
ing and assembly of a database relating zinc corrosion
rate to the most important primary variables: annual
average rainfall, temperature, relative humidity, sulfur
dioxide deposition, sea salt deposition and time of

Table 7 Corrosion results from 1 year at Detroit, USA

Wastewater Treatment Plant

Exposure site Sample Corrosion rate
(gm�2 year�1)

Atmospheric – Indoor

Bar screen (high

H2S concentration and

humidity)

Zinc 1

ZA8 2

ZA12 1
ZA27 1

Atmospheric – Outdoor

Primary sedimentation tank
(relatively high H2S and

humidity)

Zinc 8–12
ZA8 9

ZA12 9

ZA27 4

Secondary sedimentation
tank (relatively high

H2S and humidity)

Zinc 9
ZA8 10

ZA12 10

ZA27 9

Immersed
Primary sedimentation tank

(wastewater with low O2

containing phosphorus
precipitants and

coagulants)

Zinc 1239–1601

ZA8 625

ZA12 2181
ZA27 1209

Secondary sedimentation

tank (oxygenated
wastewater containing

microorganisms)

Zinc 857–1174

ZA8 324
ZA12 352

ZA27 253

A corrosion rate of gm�2 year�1 corresponds to a uniform depth of
penetration between 50 and 60mm for the ZA alloys.
Visual examination of the immersed samples showed that ZA8
suffered moderate, uniform corrosion in both tanks. ZA12 showed
extensive localized corrosion in the primary tank but slight uniform
corrosion with localized corrosion at several spots in the
secondary tank. ZA27 suffered extensive localized corrosion over
most of the surface in the primary tank but only slight uniform
corrosion with several very small pits dispersed all over the surface
in the secondary tank.
Source: Progress reports Nos. 9 and 10, Project ZM-287
International Lead Zinc Research Organization, Durham,
NC 27713-3210, USA.
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exposure25; 47 sets of data, representing different
environments, were used to train the model. The cor-
relation coefficient was greatly improved in compari-
son with past models; the average error of prediction is
(36� 13)% at 95% confidence interval. The major
source of error is believed to be factors other than the
six that contribute to corrosion performance in this
model. Nevertheless, the accuracy is improved in com-
parison to the ISO CORRAG model26,27 and various
published regression models.28–31 The model is avail-
able at the internet site http://www.galvinfo.com

Alloys with higher contents of aluminum continue
to grow in importance, especially for casting using
metal or graphitemoulds. Up to about 15% aluminum,
the materials are non-sparking and can be used in
mines. The corrosion behavior of the zinc–aluminum
casting alloys can, for practical purposes, be considered
as similar to that of pure zinc, even a factor of two in
corrosion rate would be of little significance in a solid
product. This is to be contrastedwith both the behavior
and significance of zinc–aluminum alloys when pro-
duced as coatings. In this latter case, the production
process is designed to give inherently corrosion-resis-
tant structures and only limited corrosion attack can be
tolerated because the coating is thin. With castings, the
only corrosion criterion is that harmful impurities such
as lead, tin and cadmium, which could cause intercrys-
talline corrosion, should be below specified and low
levels; the difference in levels of general corrosion is
unlikely to affect the choice of alloy.

The general corrosion rates of zinc and zinc alloys
in practice often have been shown to be much less
than in simulated conditions; this is because many
naturally occurring substances act as inhibitors.
Figure 1 is a good example of this. The diagram is
valuable for the qualitative relationship among acid,
neutral and alkaline conditions but, in practice, the
corrosion rates are usually very much lower than that
indicated by the pH because of the effect of other
dissolved constituents and the barrier effect of corro-
sion products. Seawater around the British Isles is
much less corrosive to zinc than tropical seawater.

It should be noted that the atmospheric corrosion
data in Table 3 are related to historic environments.
Current use in the industrial areas listed with acidic
pollutionwould showmuch lower corrosion rates as the
corrosion of zinc in the atmosphere is essentially related
to the SO2 content (and the time of wetness) and in
many countries the sulfurous pollution has been greatly
reduced in the past 30 years. Zinc also benefits from
rainwater washing to remove corrosive poultices; there-
fore, although initial corrosion rates are usually not very

different on upper and lower surfaces, the latter tend,
with time, to become encrustedwith corrosion products
and deposits, and these are not always protective.
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3.15.1 Introduction

3.15.1.1 Historical Information

Niobium was the first of this pair of elements to be
discovered in 1801 when an English chemist, Charles
Hatchett, analyzed a specimen of an unknown min-
eral that had been brought back from America to
London.1 He found evidence that it contained a
new element and named it ‘columbium’ in homage
to its original source. A year later, Anders Ekeberg of
the University of Uppsala, analyzed a different min-
eral, this time originating from Ytterby in Sweden
and isolated another previously unknown element.

He called his discovery ‘tantalum’ (after Tantalus,
son of the Greek god Jupiter, who was sentenced to
eternal frustration); isolating the element had obvi-
ously been an extremely difficult task.

Columbium and tantalum were assumed to be the
same element for over 35 years until, in 1844, their
individual valence states were uniquely identified;
columbium had bothþ3 andþ5 states while tantalum
exhibited only a þ5 state. In order to avoid misunder-
standing, columbium was renamed ‘niobium’ (after
Niobe, daughter of Tantalus) inadvertently creating
over 100 years of dispute between metallurgists (who
stuck to the name columbium) and chemists (who
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preferred niobium). However, in 1949, the Interna-
tional Union of Pure and Applied Chemistry ruled
that niobium was the official usage, although it is still
sometimes referred to by its original name, especially
in North America.

3.15.1.2 Occurrence and Production

Current primary sources of tantalum and niobium
occur separately with the largest single source of tan-
talum in the world found in West Australia with addi-
tional resources in Canada, China, Brazil, and central
Africa; it also occurs in small but significant quantities
as a by-product of alluvial tin operations, for example,
from southeast Asia.1 The primary ore ‘tantalite’ is
similar in composition to columbite and is an iron–
manganese tantalum oxide (FeþMnTa2O6). Regard-
ing niobium, the world’s largest deposit is in Brazil with
a pyrochlore mineralization (NaþCaNb2O6); reserves
here are sufficient to last over 400 years at current
production rates. Columbite-tantalite (‘coltan’), a min-
eral with a ratio of Nb2O5:Ta2O5 ranging from 10:1 to
13:1, occurs in Brazil, Nigeria, and Australia as well as
other countries in central Africa.

The extraction and refining of both the metals is
determined by the need to separate the elements from
each other. The final product is generally the oxide
(Ta2O5 or Nb2O5) but the extraction and refining
process involves mineral concentration, dissolution as
complex fluorides and solvent extraction or liquid ion
exchange. Tantalum and niobium industrial chemicals
are generally produced from the oxides, or occasion-
ally from an intermediary fluoride while the metals are
derived from their corresponding precursors by ther-
mal reduction using a reactive metal such as sodium or
aluminum. The metallic powders can then be used
directly for electronic applications (e.g., capacitors),
which, in the case of tantalum, amounts to a significant
volume (>50%) of the market. Metal powders are
processed further under vacuum using electric-arc or

electron-beam melting into ingots for the production
of pure material or alloys. Multiple remelting may be
required to provide the desired level of metallic purity.

3.15.1.3 Physical Properties

Tantalum and niobium are immediately below vana-
dium in the same group of the periodic table and,
hence, share many general properties. They are char-
acterized by their exceptionally high melting points
(respectively the fourth and sixth highest melting
points of all the elements) and extremely high corro-
sion resistance due to very stable passive oxide films.2,3

Like molybdenum and tungsten, they have body-
centered cubic structures but, unlike them, their
ductile to brittle transitions are well below room
temperature (�150 �C for niobium, �200 �C for tan-
talum; both influenced by impurity content) and they
have considerably lower strengths. Consequently, they
have excellent ductility and can be easily formed and
worked. However, both materials start to oxidize at
significant rates above around 200–300 �C and thus
require protection at high temperatures, either by the
use of coatings, or by keeping them in a protective
atmosphere. Niobium has very similar properties, in
general, to tantalum but has the advantage of being
about half the density (i.e., twice the volume for the
same mass) as well as cheaper. The physical properties
of tantalum and niobium are similar to their adjacent
colleagues in the periodic table, tungsten and molyb-
denum, respectively (Table 1).

3.15.1.4 Mechanical Properties and
Alloying

Commercially pure annealed niobium and tantalum
have relatively good mechanical properties with,
depending on the level of impurities, strengths simi-
lar to, or somewhat less than, annealed austenitic
stainless steel (Table 2). However, they have low

Table 1 Selected physical properties of tantalum, niobium, molybdenum, and tantalum3

Tantalum (Ta) Tungsten (W) Niobium (Nb) Molybdenum (Mo)

Atomic number 73 74 41 42

Atomic weight (g) 180.95 183.84 92.91 95.95

Density (g cm�3) 16.6 19.3 8.55 10.2

Melting point (K) 3287 3680 2740 2890
Boiling point (K) 5731 5830 5017 4920

Electrical conductivity (�106O�1 cm�1) 0.0761 0.189 0.0693 0.187

Thermal conductivity (Wcm�1 K�1) 0.575 1.74 0.537 1.38
Crystal structure bcc bcc bcc bcc
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work-hardening rates (so, the yield stress does not
increase to particularly high values after work hard-
ening) and relatively low specific modulus. Despite
being refractory metals, they have somewhat disap-
pointing strengths at high temperatures compared
with, for example, molybdenum and tungsten and,
without alloying, the room temperature values are
not maintained much beyond about 500–600 �C.
This is not a practical constraint for aqueous corro-
sion applications. Both metals (and their alloys) are
increasingly susceptible to oxidation above around
300 �C and must be protected in some way. Alloying
(e.g., with tungsten, zirconium, etc.) increases the
room- and high temperature strengths considerably
but at the expense of ductility.

Both metals form a full range of solid solutions
with each other resulting in properties that are gen-
erally intermediate between the two metals alone. The
main commercial solid solution alloy is Ta–40Nb,
which has mechanical and corrosion properties slightly
lower than unalloyed tantalum but at lower cost. Tan-
talum may also be alloyed with tungsten (‘Tantaloy’);
Ta–2.5W, Ta–7.5W, and Ta–10W being the most
common commercial alloys (Table 3). More comp-
lex systems are based on Ta–8W compositions; for
example, T-111: Ta–8W–2Hf, and ASTAR 811C:
Ta–8W–1Re–0.7Hf–0.025C (which is precipitation
hardened). These alloys are designed principally for
high strength maintained to reasonably high temp-
eratures; oxidation protection is required and they are
not generally used for corrosion applications. Other
alloys include those with molybdenum and titanium
(Ta–10Ti); the latter being useful for anode applica-
tions, as it is less dense (and cheaper) than unalloyed
tantalum.

The mechanical properties and corrosion resis-
tance of niobium are somewhat less than tantalum;
however, the material is considerably cheaper. Many

niobium alloys were developed to optimize their
high temperature properties and these include
Nb–10Hf–1Ti (C103), Nb–10W–2.5Zr (Cb–752),
and Nb–10W–10Hf–0.1Y (C129Y); these alloys also
require protection from high temperature oxidation
when in use. However, unalloyed niobium is often spe-
cified for corrosion-resistant applications; where a
higher strength material is required, Nb–1Zr can be
substituted with little or no loss of corrosion resistance.

3.15.1.5 Fabrication

Owing to the high melting point and reactivity of
tantalum and niobium with oxygen and nitrogen at
high temperatures, which prevents conventional con-
solidation by melting and casting in air, the materials
are normally vacuum-sintered, vacuum-arc melted,
or electron-beam melted from compacted powder.4,5

Vacuum sintering yields metal of fine grain, whereas
electron-beam melting yields softer coarse-grained
metal which requires cold forging prior to rolling.
Metal produced by all three techniques will absorb
considerable cold work (up to 90% reduction in area)
before annealing is necessary; typically 1 h at 1200 �C

Table 2 Room temperature mechanical properties of annealed tantalum and niobium compared with molybdenum and

stainless steel4,5

Property Tantalum Niobium Molybdenum Austenitic steel (321)

Density (g cm�3) 16.6 8.55 10.2 8.0
Ultimate tensile strength (MPa) 280 125 415 620

Yield stress (MPa) 170 75 300 210

Elongation (%) 50 25 35 45

Young’s modulus (GPa) 180 100 330 200
Shear modulus (GPa) 69 37.5 120 86

Poisson’s ratio 0.35 0.38 0.32 0.29

Specific strength (MPag�1 cm�3) 16.9 14.6 40.7 77.5
Specific modulus (GPag�1 cm�3) 10.8 11.7 32.3 25

Table 3 Room temperature mechanical properties of

some tantalum and niobium alloys4,5

Alloy UTS
(MPa)

YS
(MPa)

Elongation
(%)

Ta–2.5W 380 240 30
Ta–10W 620 480 30

Ta–40Nb 310 210 40

Nb–1Zr 195 125 20

Nb–10W–2.5Zr
(Cb-752)

510 380 20

Nb–10Hf–1Ti (C103) 380 260 20

Nb–10Hf–10W–0.1Y

(C129Y)

550 410 20
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(in a vacuum or inert gas shielded furnace) gives full
recrystallization. Both tantalum and niobium are
weldable using tungsten-electrode inert gas (TIG),
resistance, electron-beam (EB) and plasma-arc weld-
ing. However, welding is ideally carried out in an
inert-gas chamber to avoid reaction with the atmo-
sphere. Material thinner than 0.5mm cannot readily
be TIG or plasma-arc welded and resistance welding
may be used, either in air or under water. EB welding
gives the best results and generally produces a con-
tamination-free narrow weld and heat affected zone,
irrespective of material thickness.

Niobium and tantalum possess excellent room-
temperature fabrication characteristics, similar to
copper, and compatible with all conventional produc-
tion practices. Large reductions (up to 90%) in
recrystallized material can be achieved without inter-
mediate process annealing. Secondary fabrication
operations such as stamping, drawing, spinning, or
forming into complex shapes can be performed at
room temperature. Intermediate anneals are depen-
dent on the amount of work involved. In tube draw-
ing or deep drawing, annealed material should be
used initially with reductions of up to 60–80%, and
multiple draws possible, before reannealing.

All conventional machining techniques may be
used with the proviso that niobium and tantalum
have strong tendencies to gall, tear, and adhere
(weld) to the cutting tool. This makes tool design
and selection of machining lubricant very important.
Carbide, coated carbide, and high-speed tools may all
be successfully used with water-soluble cutting oils;
lathe operations can also use soluble oil emulsions.

Tools should be kept sharp with steep rake angles
and fast deep cuts preferred. In practice, most machin-
ing procedures that give a satisfactory result with soft
copper will generally also give good results with tan-
talum and niobium.

3.15.1.6 Applications

The majority of tantalum is used in electronic appli-
cations (capacitors, etc.) with another large percent-
age utilized in fine chemicals for a variety of purposes.
Likewise, the vast majority of niobium is used as
alloying additions to steels. However, although only
a small minority of either element is used as a primary
metal or alloy in its own right, they are generally used
in critical applications in corrosion control where
few other choices exist (Tables 4 and 5).

3.15.1.7 Economics and Availability

There are sufficient worldwide reserves of both tan-
talum and niobium to last several hundred years at
the current consumption rates. The price of these
materials is subject to significant market fluctuation
depending upon market demand and mine supply.
However, tantalum is significantly more costly than
niobium with a traditional spread of about 4–5 times.
For example, at the end of 2008, the consumer price
for recycled niobium was US$ 55–60 kg�1, and for
tantalum US$ 250–260 kg�1 (by contrast, for molyb-
denum it was US$ 35–40 kg�1 and for platinum
$30 000–40 000 kg�1).

Table 4 Applications for tantalum6

Tantalum product Application Technical attributes/benefits

Tantalum carbide and

nitride

Cutting tools and tool coatings Increased high temperature deformation,

control of grain growth, high hardness

Tantalum oxide Optical lenses High index of refraction
Tantalum powder Capacitors High dielectric constant, excellent temperature

stability, small size

Tantalum and tantalum alloy

fabricated products

Sputtering targets Thin coatings of tantalum, tantalum oxide or

nitride coatings to semi-conductors
Chemical process equipment Superior corrosion resistance, passivity at high

anodic potentials

Cathodic protection anodes

Prosthetic devices, hips, plates in the skull Attack by body fluids is non-existent.
Suture clips, fasteners, fixings

High temperature applications Melting point is 2996 �C, but protective
atmosphere or high vacuum required.

Tantalum alloy additions High temperature alloys for air- and land-

based turbines (e.g., jet engines)

High temperature reliability and strength,

resistance to corrosion by hot gases.
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The relatively high cost of tantalum is a significant
limiting factor in its use, especially since much of the
corrosion performance can be obtained from niobium.
Nevertheless, its mechanical properties, which are
typically more than twice that of niobium, can com-
pensate to a large extent for the cost difference and are
critical in some applications. Where thin linings are
used, the long life and high reliability of tantalum
equipment can more than offset its higher initial cost.
In many applications, tantalum and niobium (or their
alloys) are increasingly specified as either complete
replacements for noble metals, or as stable substrates
for noble metal coatings, at considerably lower cost for
essentially equivalent performance.

3.15.2 Electrochemistry

3.15.2.1 Thermodynamics

Tantalum and niobium have remarkably similar elec-
trochemistry that is characterized by their passivity
over almost the entire range of pH and potential.
Thus, although both metals are more active than
zinc, for example, the stability of the passive oxide
film against almost all corrosive agents (except fluo-
ride) is remarkable. The only significant difference
between the elements, which forms the industrial
basis for their separation, is that tantalum displays
generally only one oxidation state (þ5), while nio-
bium has multiple oxidation states (þ2, þ4, and þ5).
This difference is reflected in the E–pH (Pourbaix)

diagrams shown in Figures 1 and 2, which are other-
wise notable for their lack of complexity. Thus, nio-
bium should theoretically passivate at intermediate
potentials with, successively, NbO, NbO2, and Nb2O5

while tantalum forms just Ta2O5.
As mentioned above, the metals are relatively sus-

ceptible to fluoride which destroys oxide passivity and
must therefore be avoided. Also, although not shown
on these diagrams, the þ5 oxyanions, niobate (NbO3

�)
and tantalate (TaO3

�), are stable in strong alkali, which
can lead to dissolution of the passive film and activa-
tion of the metals under these conditions.

3.15.2.2 Hydride Formation

Both tantalum and niobium have high solubility and
diffusivity for hydrogen. Thus, reducing conditions
(i.e., under either a significant partial pressure of
hydrogen gas or electrochemical cathodic polariza-
tion) will inevitably cause hydrogen embrittlement
of Nb/Ta metals and their alloys; predominantly
because of hydride formation.7 Significant amount
of hydrogen can be absorbed into solid solution, up
to several percent8 and two hydride phases are known,
Ta/NbH (b-hydride, generally substoichiometric)
and Ta/NbH2 (g-hydride, close to stoichiometric);
thermochemical phase diagrams have been constructed
to demonstrate their regions of phase stability as a
function of temperature and hydrogen pressure.9

Hydride formation from solid solution is accompanied

Table 5 Applications for niobium6

Niobium product Application Technical attributes/benefits

Ferro-niobium (�60%Nb) Niobium additive to ‘high strength low

alloy’ steel

Imparts a doubling of strength and

toughness because of grain refining
Niobium oxide Optical lenses, non-reflective coatings High index of refraction, high dielectric

constant

Niobium powder Capacitors for electronic circuits High dielectric constant, stability of oxide

dielectric
Niobium carbide and

nitride

Cutting tools and tool coatings High temperature deformation, controls

grain growth, high hardness

Niobium and niobium
alloy fabricated

products

Sputtering targets for coatings Superior corrosion resistance, passivity
at high anodic potentialsCathode protection anodes

Chemical processing equipment

Niobium–1% zirconium

alloy

Sodium vapor lamps

Chemical-processing equipment

Corrosion resistance, gettering of

oxygen, resistance to embrittlement
Ferro-niobium and

nickel–niobium

Additions to turbine blade alloys for

air- and land-based gas turbines

Increase in high temperature resistance

and corrosion resistance, oxidation

resistance, improved creep resistance,

reduced erosion at high temperatures
Niobium–titanium;

Niobium–tin

Superconducting wires for high-field

magnets and resulting applications

Superconductivity at cryogenic

temperatures
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by significant local strain that causes cracking of
the hydride phases and, hence, generation of a popula-
tion of defects thus lowering the fracture toughness;10,11

this comprises the main mechanism for embrittlement.
Despite the rapid diffusion rate of hydrogen in the

bcc metals (�10�9m2 s�1 at 298 K,12) the observed
rate of hydride formation is sluggish. The kinetics of

hydride formation appears to be limited by the pres-
ence of the passive oxide film, which acts as a barrier
to hydrogen entry. Alloying significantly increases
the rate of hydrogen entry (presumably by disrupting
the passive film in some way) and this effect can be
utilized for hydrogen storage or for hydrogen perme-
ation membranes.13 Mechanical deformation of the
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alloy (presumably with local cracking of the passive
film) can also lead to enhanced hydrogen uptake.14

Both tantalum and niobium act as cathodes when in
contact with almost all other metallic conductors and
will, in appropriate environments, become severely
embrittled because of hydrogen generation, a situa-
tion that should definitely be avoided.

3.15.3 Corrosion Processes

3.15.3.1 Anodizing

The formation of oxide films on tantalum and nio-
bium can be accomplished by direct electrochemical
oxidation, generally, either at constant voltage or at
constant current. Thus, tantalum and niobium are
part of the family of ‘valve metals’ (including alumi-
num, tungsten, titanium, zirconium, and hafnium)
that form oxides of increasing thickness under
increasing anodic polarization. This process is possi-
ble because of the thermodynamic stability of the
relevant oxides, Ta2O5 and Nb2O5 (in particular,
their insolubility in the electrolytes used and their
lack of higher oxidation states). Like all other anodic
oxides, they tend to be noncrystalline and incorpo-
rate species from the electrolyte into the films during
their growth. Indeed, the properties of the formed
oxide films can vary considerably as a function of
electrolyte used in the anodizing process.

There is great interest in (and indeed applications
for) the use of tantalum and niobium in electronic
capacitors. This is because the dielectric constants of
tantalum and niobium oxides are, respectively, about
three and six times higher than anodic alumina,
which is the traditional material used for electrolytic
capacitors (Table 6). This implies that capacitors of
equivalent values (in farads) can be made with smal-
ler volumes, a critical factor in miniaturization of
electronic circuitry. Traditionally, it is anodized tan-
talum that has been used for capacitor applications,
predominantly because it has the required electrical
properties (thermal stability and low loss at high
frequencies). Anodized niobium shows considerably
poorer electrical properties despite the favorable fac-
tors of its dielectric constant, greater availability and
lower cost. This is because, during anodizing, as well
as forming the preferred Nb2O5, suboxides of NbO
and NbO2 may also form, and these are, respectively,
conducting and semiconducting.15 In recent years,
however, there has been a greater understanding of
the formation of the anodic film on niobium, as well
as novel methods of forming dielectric materials, for

example, by atomic layer epitaxy.16 Consequently,
reliable niobium-based capacitors are now becoming
available in the market.

The oxide growth ratio as a function of voltage for
anodic film formation is also shown in Table 6. As
can be seen, these values can vary considerably from
metal to metal and depend on anodizing solution and
electrical conditions. The oxide growth ratio derives
from a complex interaction of parameters and is
principally governed by the densities of metal and
oxide, the electric field that is required for the species
in the oxide film to migrate, and the efficiency of the
film-forming process.

In general, for an anodic oxide film to grow, ions
must migrate within the oxide under the influence of
the applied voltage (i.e., at a field strength �100MV
m�1). The current is carried both by anions (e.g., O2�)
that migrate inwards and by cations (e.g., Nb5þ) that
migrate outwards.19 When outwardly migrating
cations reach the oxide–solution interface either
they may react with the electrolyte, forming more
oxide and thus thickening the film, or they may dis-
solve in the electrolyte, contributing to loss of current
efficiency in film formation. Thus, an electrolyte in
which the cations have a high solubility is likely to
result in lowered film-formation efficiency. At the
oxide–solution interface, the electrolytemaygenerate
oxygen gas, further reducing current efficiency.
Finally, the field at the oxide–solution interface
encourages incorporation of anions from the solution
into the film. Thus, anodic films on niobium and
tantalum inevitably incorporate a greater or lesser
quantity of anion species from the electrolyte concen-
trated in the film at the oxide–electrolyte interface.20

Generally, anodic films on tantalum are of the
barrier type, relatively featureless and reminiscent
of barrier films on aluminum.21 The ionic transport

Table 6 Electrical properties of various anodic

oxides17,18

Metal Oxide
growth ratio
(nmV�1)

Dielectric
constant
(at 1 kHz)

Electrolyte

Tantalum 3.65 33 0.26M borate

þ glycol

Niobium 2.33 60 glycol
Tantalum 3.87 29 0.7M sulphuric

acid

Niobium 2.56 65 0.5M boric
acid þ

Aluminium 1.2 9 0.05M sodium

borate
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numbers of tantalum and aluminum have been stud-
ied in mixed oxides spanning the composition range.
Tantalum ions (Ta5þ) are shown to migrate more
slowly than Al3þ ions, which is consistent with the
respective metal–oxygen bond energies, Ta5þ�O
being higher than Al3þ�O. In addition, the cation
transport number for tantalum is lower (0.24)22 than
that for aluminum (0.41).19 The situation of niobium
is complicated by the presence (depending on the
formation conditions) of additional Nb2þ and Nb4þ

species in the oxide,23 which are detrimental to its
performance in capacitor applications. Nevertheless,
the general overview is very similar. Thus, electrolyte
species (including phosphate but not chloride) incor-
porate into the film during anodizing.24 However,
recent work has demonstrated a profound difference
with niobium in alkaline electrolytes. Thus, in phos-
phoric acid at pH 2 the transport number for Nb5þ

ions is 0.26 which is similar to that for tantalum.25

However, when the pH is adjusted with ammonium
hydroxide to pH 10, the transport number falls to 0.02
and the dielectric constant rises to more than 80
(from 44 at pH 2). It is thought that this change is
due to the relative changes in the incorporation of
anionic species into the film, specifically phosphate at
low pH and a nitrogen species at high pH.

3.15.3.2 Passivity, Corrosion, and
Localized Corrosion

As predicted from the Pourbaix diagram, the excel-
lent corrosion resistance of tantalum and niobium is
due to the presence of tenacious passive oxide films
on the respective metals. Indeed, unalloyed tantalum
is indubitably the ‘most passive’ of all metals just
below rhodium and above gold in the Pourbaix prac-
tical nobility table. Compared with tantalum, nio-
bium is significantly less passive; however, this is
merely relative as niobium is still considerably more
corrosion resistant than most other materials. Both
the metals spontaneously passivate in almost all
environments below 100 �C at atmospheric pressure,
except those of low water activity and those contain-
ing fluoride, the latter being the metals’ (almost only)
Achilles heel.

It is extremely difficult to locate literature data on
the electrochemistry of dissolution for tantalum or
niobium other than in extreme conditions; one must
therefore presume that the metals are passive (with
consequently low corrosion rates) in most environ-
ments. Tantalum is spontaneously passive, with an

extremely low corrosion rate in all mineral acids
(except HF), at all concentrations and at all tempera-
tures below 100 �C. It is used to condense and con-
centrate sulfuric acid and exhibits passivity in this
medium at a much higher temperature. The corro-
sion resistance of niobium is generally inferior to that
of tantalum, with alloys of niobium and tantalum
being intermediate in performance.26,27

Recently, the corrosion of niobium has been re-
evaluated in sulfuric (20, 40, and 80%) and hydro-
chloric (20 and 38%) acids at room temperature,
75 and 95 �C.28 The metal was found to remain pas-
sive under all conditions, but with variations in the
passive current density corresponding to changes in
the mass-loss (corrosion) rate. Minor pitting was
observed only in sulfuric acid at concentrations of
20% and 40%. It was suggested that dissolution
of the passive oxide was via a Nb(OH)4

þ species, for
which species thermodynamic data had recently been
obtained.

The pitting (breakdown) potentials of niobium
have been investigated in 0.1M halide solutions.29

In chloride and iodide up to about 150 V, no pitting
or breakdown was observed, and the metal formed an
anodic film. In bromide, the breakdown voltage was
only 42V with some slight pitting observed. Like-
wise, the corrosion behavior of tantalum and niobium
was studied in concentrated HBr solution at 25 and
100 �C and, under oxidizing conditions (with added
bromine) or reducing conditions (with bubbled
hydrogen gas).30 Tantalum was found to passivate
under all conditions studied while niobium corroded
slowly at 100 �C with pits of around 5 mm evident.
Under reducing conditions, niobium gradually began
to corrode actively with hydrogen evolution, while
under oxidizing conditions it passivated. Tantalum is
thus remarkable in its resistance to pitting corrosion
by chloride, bromide and iodide species, and niobium
is scarcely far behind.

In contrast to their corrosion resistance in acids,
niobium and tantalum corrode at significant rates in
strong alkali. Thus, niobium is spontaneously active
in NaOH at concentrations greater than 10% and at
temperatures above 25 �C.31 Corrosion leads to the
formation of the niobate species, NbO3

�, with the
corrosion rate increasing with concentration and
time. Tantalum was found to be significantly more
resistant than niobium and remained passive in 10%
NaOH up to 75 �C and in 15% NaOH up to 50 �C.32

At higher concentrations and temperatures, the pas-
sive film on tantalum dissolved slowly, forming a

2142 Non-Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



polytantalate species. Tantalum–niobium alloys were
found to be intermediate in behavior.33

3.15.3.3 Gaseous Environments

3.15.3.3.1 Oxidation in air

Tantalum and niobium are not resistant to oxidation
at high temperatures in air. Reaction with both oxy-
gen and nitrogen occurs; in air, reaction is increas-
ingly rapid for both materials above about 500 �C,
leading to catastrophic failure. Thus, these metals
and their dilute alloys can only be used in high
temperature conditions either in a protective (or
nonaggressive) environment, or if coated to prevent
reaction with the gaseous environment.

Both metals have significant solubility for oxy-
gen and were found to obey Henry’s Law for oxygen
solubility between 600 and 1100 �C. At 850 �C, oxy-
gen dissolved at up to 2.3 at.% in pure tantalum
and 1.3 at.% in niobium; an alloy of Ta–25% Nb
dissolved up to 3.4 at.%.34 The volumetric expan-
sion on proceeding from metal to oxide (Pilling–
Bedworth ratio) is among the largest of the engineering
alloys: 2.5 and 2.7 for tantalum oxide and niobium
oxide, respectively. This can be compared with 2.1 for
chromium oxide, 1.65 for nickel oxide and 1.3 for
aluminum oxide. This implies that the oxides form
under a considerable compressive stress and, indeed,
the oxide scales are generally poorly adherent and
greatly influenced by specimen geometry.35 Oxida-
tion rates at even modest temperatures are high
and neither alloy is recommended for use in air above
250–300 �C.

For tantalum, initial oxidation is delayed until the
equilibrium solubility for oxygen in the metal has
been achieved (which is usually rapid). Afterwards,
the oxidation process at temperatures below around
400 �C follows a parabolic rate law, thus indicating
diffusion-controlled kinetics across the growing
oxide film. For thin oxides, in this regime the oxide
is relatively protective. Above 500 �C, oxidation pro-
ceeds following a linear rate law; in this regime, the
oxide is clearly not protective and indeed oxidation
will inevitably become catastrophically rapid as the
temperature increases. At temperatures in excess of
1000 �C, the metal will effectively burn in pure oxy-
gen.36 The scale formed in tantalum consists of pure
Ta2O5; as there is no stable lower oxidation state,
there is no other stable oxide. Thicker scales on
tantalum tend to comprise parallel layers interspaced
with lines of small voids. There is strong evidence

that these voids nucleate over metastable suboxide
platelets within a thin, oxygen-saturated layer in the
metal immediately under the scale.37

Niobium, like tantalum, reacts measurably with
oxygen at relatively low temperatures (200 �C) al-
though reaction does not become rapid until above
about 400 �C. Niobium is influenced, like tantalum,
by the dissolution of oxygen in the metal and by the
formation of large compressive stresses in the oxide
during scale growth. Again, like tantalum, the oxida-
tion kinetics below about 350 �C are parabolic with
thinner oxides relatively protective. Above 400 �C,
oxidation is initially linear or paralinear and pro-
ceeds at a relatively slow rate; however, after a period
of time (decreasing with increasing temperature)
breakaway oxidation sets in and the oxidation rate
increases markedly up to about 600 �C, then de-
creases substantially.38 The scale formed mainly com-
prises Nb2O5 with the metastable suboxide also
present in the metal just beneath the metal–scale
interface (as for tantalum). However, unlike tantalum,
Nb2O5 increasingly intrudes into the metal from the
scale disrupting the formation of the suboxides and
causing the rapid breakaway oxidation evident in
niobium (and absent in tantalum).39 The formation
of NbO2 beneath the main scale of Nb2O5 at tem-
peratures above around 600 �C is thought to be the
major mechanism behind the decrease in the oxida-
tion rate at this temperature.

Wider application of both alloys would result from
improving their oxidation resistance. However, owing
to the high cost and density of tantalum, much of
the research and industrial effort in improving high
temperature oxidation resistance focuses on niobium.
There are basically two possible methods for achiev-
ing this goal: alloying and application of a protective
coating. Extensive early work on binary, ternary, and
quaternary alloys of niobium with tantalum, tung-
sten, titanium, and zirconium was performed and it
is indeed possible to reduce considerably the oxida-
tion rate of niobium; for example, in Nb–W–Ti
alloys.40 However, in nonoptimized alloys the oxida-
tion rate is still too rapid to be useful and, further-
more, the alloys are required to have satisfactory high
temperature mechanical properties (strength and
creep resistance).

More recent alloy developments have involved
complex alloys containing titanium, aluminum, chro-
mium, silicon, and hafnium (with other minor ele-
ments).41 Although such alloys have somewhat
poorer oxidation resistance at lower temperatures,
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at temperatures above 1000 �C the oxidation resis-
tance is comparable to or better than nickel-based
superalloys. The requirement of good strength and
creep resistance is obtained by alloying to promote
the formation of intermetallics; either aluminides (up
to 1200 �C) or silicides (up to 1500 �C). Thus, alloys
such as Nb–30Ti–9Cr–11Al–11Si show an oxidation
rate at 1200 �C of 2–3 mmh�1, compared with unal-
loyed Nb (�125 mmh�1) and nickel superalloys
(20 mmh�1), while having acceptable strength and
creep resistance42; room temperature fracture tough-
ness, however, remains low.

The alternative method for improving high
temperature oxidation resistance is to form adherent,
dense and protective coatings on the metal surface.
They also need to have excellent oxidation resistance
as well as providing an effective diffusion barrier for
oxygen (and other species) from the coating into the
alloy. Coatings based on the development of single or
multiple layers of aluminum, molybdenum and nio-
bium silicide have successfully demonstrated oxida-
tion resistance at temperatures of 1300 �C.43–45 Such
coatings may be applied by pack cementation, chemi-
cal or physical vapor deposition and thermal spraying.

3.15.3.3.2 Other gaseous environments

The reaction of tantalum and niobium with hydrogen
to form hydrides has been discussed above and can
occur both electrochemically and from the gas phase.
Both materials can react with hydrogen at significant
rates even at room temperature, for example, by
mechanical action.46 There has, indeed, been consid-
erable interest in the properties of tantalum and,
particularly, niobium for hydrogen storage applica-
tions. Thermodynamic data predicts the formation of
both the mono- and di-hydride phases, which have
been confirmed by observation.47 Hydriding is used
commercially as a method to produce powders of
niobium and tantalum and their alloys.48 Since the
metals are generally cathodic to other metals, gal-
vanic coupling must be avoided to restrict the possi-
bility of hydrogen embrittlement.

Although tantalum and niobium also react to form
nitrides, in air the dominant reaction will be the
formation of the oxide. This is because, first, the
kinetics of oxidation are much more rapid and, sec-
ondly, the nitrides are themselves are thermodynam-
ically unstable with respect to oxidation.49 However,
in a predominantly nitrogen atmospheric, both tanta-
lum and niobium will nitride at temperatures above
about 400 �C with parabolic kinetics forming a scale
of, respectively, TaN or NbN; in some circumstances

the sub-nitride Ta2N or Nb2N may also form.50

Interest in nitriding derives from the extreme hard-
ness of the materials and their potential use as hard
finishes for cutting tools, etc, using physical vapor
deposition.

Neither tantalum nor niobium are attacked to any
great extent by dry or wet chlorine, bromine or iodine
liquids or vapors below about 200–250 �C. Tantalum
is also virtually uncorroded by HBr and HCl below
370 �C, attack starting at about 375 and 410 �C,
respectively. However, as mentioned previously,
neither metal has any significant resistance to fluo-
rine or HF.

3.15.3.4 Aqueous Environments

3.15.3.4.1 Mineral acids

Extensive tests were carried out on the corrosion
rates of tantalum and niobium in various highly
aggressive media by Bishop in the early 1960s51 and
there is no reason to doubt the data today. Tantalum
is essentially resistant to corrosion in nitric acid at all
concentrations and temperatures. The corrosion rate
in 70% acid at 270 �C is only about 100 mmyear�1,
which is lower than zirconium and it does not have
the latter’s sensitivity to halide or metal ion contami-
nation. Niobium is only marginally less resistant to
tantalum in nitric acid. Corrosion in other oxidizing
acids (e.g., chromic, perchloric) is minimal at all
concentrations and temperatures.

Tantalum resists hydrochloric acid at all concen-
trations up to 190 �C. However, above 25% HCl at
190 �C, the corrosion rate of tantalum (and niobium)
rises rapidly (Figure 3) and entry of hydrogen will
cause embrittlement. Tantalum is also resistant to
hydrochloric acid mixtures even in the presence of
sulfuric acid and its salts in all proportions and at
concentrations up to boiling point. It is not corroded
by phosphoric acid at concentrations up to 85% and
temperatures up to 200 �C, provided fluoride ion
contamination often found in commercial acid does
not exceed 5 ppm. It is essentially completely resis-
tant to perchloric acid, chromic acid, hypochlorous
acid, hydrobromic acid, hydriodic acid and most
organic acids provided they do not contain fluorides,
fluorine or free sulfur trioxide.

Tantalum is resistant to 98% sulfuric acid up to at
least 160 �C and even higher temperatures at lower
concentrations. Practically, it may be used up to
200 �C in all concentrations and 225–250 �C at con-
centrations between 80 and 90%. Tantalum is
attacked by sulfur trioxide at ambient conditions at

2144 Non-Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



rates higher than 1mmyear�1 and fuming sulfuric
acid, containing sulfur trioxide, attacks tantalum at
room temperature as do hydrofluoric and fluorosi-
licic acids.

Niobium is resistant to mineral acids at lower
concentrations and temperatures, especially under
oxidizing conditions. Figures 3 and 4 show the corro-
sion behavior of niobium and tantalum in laboratory
tests in various concentrations of sulfuric, hydro-
chloric acids and phosphoric acid. It has excellent

resistance to nitric acid, the rate of attack in 70%
acid at 250 �C being only 250 mmyear�1. In dilute
sulfurous acid at 100 �C, the corrosion rate is below
15 mmyear�1, but in concentrated acid at the same
temperature it is greater than 250 mmyear�1.

In view of the cost of tantalum, and the overall
inferior corrosion resistance for critical applications
offered by niobium, there is interest in exploring the
performance of alloys of tantalum with other ele-
ments. The most commercially developed alloys
are Ta–Nb materials although Ta–W, Ta–Mo as
well as ternary and quaternary alloys of titanium
and zirconium where tantalum or niobium (b-phase
stabilizers) are significant components. Robin and
coworkers have extensively investigated the entire
composition range of Ta–Nb alloys in sulfuric,
hydrochloric and phosphoric acids,52,53 and con-
firmed the earlier results of Bishop while generating
isocorrosion curves for the range of alloys in these
environments.

In sulfuric acid, the corrosion rates increase with
temperature and acid concentration but decrease
with time because of slow oxide growth. The addition
of tantalum improves the corrosion resistance of nio-
bium with corrosion rates of Ta–Nb alloys interme-
diate between niobium and tantalum; the corrosion
mechanism in the alloys included selective dealloy-
ing of niobium. Anodizing of the alloys reduced the
short-term corrosion rates but made no difference to
the long-term rates. Similar comments apply to expo-
sures in hydrochloric and phosphoric acid except that
the alloy with composition Ta–40Nb was confirmed
as extremely corrosion resistant with performance
similar to tantalum and Ta–W alloys show increased
resistance to hydrogen embrittlement.

3.15.3.4.2 Alkalis

Neither tantalum nor niobium has satisfactory corro-
sion resistance in alkaline solution with the passive
oxide films dissolving at varying rates depending
on the concentration and temperature of the envi-
ronment (Table 7). Corrosion thus occurs by contin-
uous reformation of the passive film; no pitting is
seen. Damage to tantalum equipment has been expe-
rienced unexpectedly when strong alkaline solutions
are used during cleaning and maintenance.

Tantalum is attacked, even at room temperature,
by concentrated alkaline solutions. However, tanta-
lum is fairly resistant to dilute alkaline solutions. In
one long-term exposure test in a paper mill, tantalum
suffered no attack in a solution with a pH of 10.
In contrast, niobium is not resistant to alkalis even
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in dilute solution or in weak alkali (e.g., Na2CO3) and
suffers rapid attack with severe hydrogen embrittle-
ment occurring at higher temperatures of exposure.

3.15.3.4.3 Hydrogen embrittlement and

galvanic interactions

As indicated previously, a galvanic couple in which
tantalum or niobium is the cathode can prove disas-
trous because of embrittlement. On the other hand, if
either material is the anode they generally passivate
so readily in most environments that no damage
occurs, and the galvanic current drops to a very low
value. Haissinksky55 studied couples of tantalum with
platinum, silver, copper, bismuth, antimony, molyb-
denum, nickel, lead, tin, zinc, and aluminum in
0.1N H2SO4. Except when tantalum was coupled to
zinc or aluminum, it was the more negative member
(anode) of the couple. However, the galvanic current
rapidly decreased as the tantalum passivated. In
hydrofluoric acid, tantalum was again more positive
than zinc and aluminum, but more negative than
platinum, silver, copper, antimony, nickel, and lead.
However, in this environment high steady-state cur-
rents were observed because tantalum corrodes
rather than passivates in fluoride solutions.

Time is an important factor in determining wheth-
er tantalum will be damaged by galvanic effects56

as illustrated in Table 8. However, such data pro-
vides only guidance. In practice, it would be danger-
ous to depend on laboratory tests only to provide
information as to whether tantalum is negative in a

given galvanic couple situation. Niobium behaves
similarly and if it is cathodic in a galvanic couple
the results can prove disastrous because of hydrogen
embrittlement. If niobium is the anode in such a
couple, it anodizes so readily that no damage occurs
and the galvanic current drops to a very low value
because of the formation of an anodic oxide film.

Hydrogen embrittlement of these materials may be
avoided completely by polarizing the metals anodi-
cally (anodic protection). In such cases, the passive
film will thicken or at least be maintained. An effective
technique is to couple the metal to a material with a
very high exchange current density for hydrogen evo-
lution; essentially, a platinum group metal (e.g., plati-
num, palladium, ruthenium, etc.). This method can
also work by surface ion implantation, for example,
with platinum,57 or by the introduction of some plati-
num species into the environment, where it will
deposit onto the exposed surfaces. Another method is
to use alloying, typically with rhenium, tungsten or
molybdenum.58 These are believed to function either
by doping the passive film and so favorably changing
the charge carrier density (so, it is less conductive), or
by changing the hydrogen solubility and hydride
nucleation mechanism in the alloy.

3.15.3.4.4 Fluorides

Neither tantalum nor niobium has any significant
corrosion resistance to fluorine, hydrofluoric acid or
indeed environments containing even relatively
low concentrations of fluoride. For example, in

Table 7 Corrosion rates of tantalum and niobium in some alkaline media54

Material Alkali Temperature (�C) Corrosion rate (mmyear�1) Embrittlement

Tantalum NaOH (5%) 98 3–4 No

NaOH (10%) 20 0.25 No

NaOH (10%) 98 8–10 No
NaOH (50%) 38–57 >1000 Yes

NaOH (50%) 120 >1000 Yes

NaOH (73%) 113–129 >1000 Yes
Niobium NaOH (1%) 98 >750 Yes

NaOH (5%) 98 >1200 Yes

NaOH (10%) 98 >2000 Yes

Tantalum KOH (5%) 100 <80 Yes
KOH (10%) Boiling <120 Yes

KOH (40%) 27 >1000 Yes

KOH (50%) 100 >1000 Yes

Niobium KOH (1%) 98 600 Slightly
KOH (5%) 98 >2500 Yes

Na2CO3 (10%) 98 >1500 Yes

K2CO3 (10%) 98 >1500 Yes
Na2PO4 (25%) 98 >1300 Yes

Na2S (10%) 98 90 No
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concentrated nitric acid at 50 �C no significant
increase in the corrosion rate for tantalum was
observed.59 However, at 13 ppm fluoride the corro-
sion rate increased 2–3 times, and above this level
increasingly so. Ta–40Nb alloy corroded about 10
times faster than unalloyed tantalum under all con-
ditions studied. Apart from strong alkali, fluoride-
containing environments are the only conditions
where tantalum and niobium would be expected to
corrode at significant rates at ambient temperatures.
This is because the passive oxide films are dissolved
to form fluoro and oxyfluoro complexes. It is perhaps
not surprising that this would occur, since reaction
with fluoride forms the basis of the industrial process
for purification and separation of the elements.

3.15.3.4.5 Aqueous salts

Tantalum and niobium have excellent resistance to
virtually all salt solutions under virtually all conditions
of concentration and temperature, including: chlorides,
sulfates, nitrates and salts of organic acids, provided (a)
they do not contain fluorides, fluorine, and free sulfur
trioxide, or (b) hydrolyze to produce strong alkalis.

3.15.3.5 Liquid Metals

Significant interest lies in the use of refractory metals
for two main applications: as a constructional mate-
rial for molten metal die casting and in applications
(particularly relating to nuclear) where molten metal
coolants might be used. The high cost of niobium and
tantalum precludes their use as die materials and, in
any case, (unlike molybdenum, which is the preferred
die material) they have limited resistance to molten
zinc above 450 �C.60

Molten metals have many advantages as nuclear
reactor coolants. Thus, they have very high heat trans-
fer capability with no change in phase and can operate
at atmospheric pressure (unlike water–steam systems,
for example). Applications that have been considered
(and even implemented in some cases) include: fission
reactor coolants, fusion reactor coolants/deuterium
breeder blankets and spallation neutron targets (where
a high-intensity particle beam from an accelerator
impacts upon a heavy metal target, generating a high-
intensity neutron source. The liquid metal systems that
have been considered include: mercury, gallium, lead,
lead–bismuth eutectic, sodium, sodium–potassium
eutectic, and lithium.

The degradation of a metallic container material
in a liquid metal environment depends upon a num-
ber of factors and can manifest in two main ways:
dissolution of the container material (or its protective
oxide) into the molten environment, embrittlement
(liquid metal embrittlement) of the container mate-
rial with the environment. The mechanisms for liquid
metal embrittlement remain complex and unclear,
and often depend upon the container–environment
combination; however, reaction of the container
material with impurities (e.g., dissolved oxygen) in
the molten metal and formation of destructive or
protective intermetallic compounds between the
container material and the environment appear to
be among the important factors.61

Considerable research was carried out in the
1950s by the then US Atomic Energy Commission62

on the corrosion resistance of materials in liquid
metals, particularly in regard to fast fission reactor
coolants and this work is summarized as follows.
Liquid bismuth was found to have little action on

Table 8 Electrochemical potential of tantalum in the indicated solution with respect to various metals56

Time after immersion
(s)

Coupled metal Potential of tantalum
(mV)

3% NaCl 1% HCl 1% NaOH

30 Hastelloy B �34 �30 �105

3600 Hastelloy B +3 +1 �5

30 Hastelloy C �50 �70 �135
3600 Hastelloy C �3 �3 �5

30 Nickel �65 �35 �180

3600 Nickel �3 0 �5
30 Lead �2 +50 �10

3600 Lead +60 +55 +30

30 Aluminum +130 +275 +620

3600 Aluminum +230 +210 +510
30 304 stainless �50

3600 304 stainless �3
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tantalum at temperatures below 1000 �C but caused
some intergranular attack above this temperature;
with no detrimental effects on stress rupture proper-
ties up to 815 �C. Niobium was also resistant to
bismuth at lower temperatures (up to 560 �C) and it
suffered some degree of embrittlement at 815 �C. In
molten gallium, tantalum was resistant up to 450 �C,
but poor above 600 �C. Niobium was slightly less
resistant than tantalum, showing good resistance at
400 �C but poor resistance above 450 �C. Both tanta-
lum and niobium were resistant to liquid lead at least
up to 815 �C, possessed good resistance to molten
lithium up to 1000 �C and in mercury vapor up to
600 �C. Liquid sodium, potassium or their alloys had
little effect on either tantalum or niobium up to
1000 �C if oxygen free. However, in the presence of
significant dissolved oxygen, the liquid metals could
become corrosive at lower temperatures.

More recent work has shed light on the critical
importance of the dissolved impurity levels (particu-
larly oxygen) in the molten metal and also the pro-
posed containment materials. Tantalum exhibited
essentially no reaction in liquid lead under oxidizing
conditions at 600 �C for 100 h.63 In liquid sodium or
potassium, reaction with the passive oxide layers on
niobium and tantalum form ternary oxides whose
solubility contribute to the overall corrosion rates.
Nitride, carbide and hydride formation is also seen
with the corresponding dissolved species.64 In liquid
lithium, however, the oxides on tantalum and nio-
bium are unstable and are reduced to the metal.
Additionally, liquid metal embrittlement by lithium,
in the form of metal penetration along grain bound-
aries, occurs when the oxygen levels exceed 400 or
100 ppm in niobium or tantalum respectively.65

3.15.3.6 Organic Compounds

In general, tantalum is completely resistant to organic
compounds and may be used in almost all conditions.
However, in environments of low water activity nio-
bium and tantalum show evidence of pitting corro-
sion (in methanol)66 and even dissolution (bromine in
acetone).67

3.15.4 Industrial Applications

3.15.4.1 Chemical Process Equipment

Tantalum and niobium and their alloys find signifi-
cant use in process equipment in very corrosive
duties that arise in metal pickling, chemicals/petro-
chemicals manufacture, oil refining and other

operations or in processes that can tolerate only
limited metal ion contamination such as pharma-
ceuticals manufacture. Typical applications include
reaction and separation equipment, heaters and heat
exchangers, piping and valves, thermowells and rup-
ture discs. The relatively high costs and excellent
corrosion resistances of the alloys dictate/permit
the use of relatively thin, typically 0.5–1.00mm sec-
tions for heat exchange or as clad/loose linings on
cheaper substrates, usually steels, for pressure con-
tainment. A common application is in heat exchan-
gers (evaporators and coolers) for the concentration,
handling and reconcentration of sulfuric, nitric,
hydrohalide and mixed acids. However, the alloys
cannot be used in HF or HF-containing fluids,
which include commercial, pure phosphoric acid.

3.15.4.2 Anodes

Both tantalum and niobium have exceptionally high
positive breakdown potentials for pitting corrosion
and significant oxygen evolution in chloride envi-
ronments (>150V for tantalum and >100V for nio-
bium in seawater). Thus, they are both ideal substrates
either on their own, or as substrates for platinum
group metals as nonconsumable anodes and are used
in all fluoride-free environments, although niobium is
preferred because of its lower cost.

Applications for impressed current anodes include
all those where nonconsumable impressed current
anode might be specified, for example, in sea and
brackish water, brines, concrete and soils. However,
platinized niobium anodes are particularly suitable
(compared with platinized titanium) for use in high-
resistance environments where large positive driving
voltages are required to deliver reasonable currents.
They are often used, therefore, in deep well ground
beds in order to protect long lengths of buried pipe.
Although driving potentials up to about 100 Vmay be
used, crevice corrosion can occur at lower driving
voltages in the range 20–40V especially in the pres-
ence of impurities such as copper and iron, and under
deposits or in mud.68

In similar manner, both tantalum and niobium
have been explored for use as nonconsumable long-
life anodes for electrowinning, electroplating, and
oxygen evolution applications.69,70

3.15.4.3 Medical and In Vivo Applications

Tantalum and niobium are very stable passive metals
and are completely inert to body fluids and tissues.
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In particular, bone and tissue do not recede from
tantalum, which makes it attractive as an implant
material for the human body. Tantalum’s compara-
tively low strength precludes its use as a structural
(i.e., joint) implant although it is, for example, used
for bone-support plates. However, its electrical prop-
erties are such that tantalum (or anodized tantalum)
is used extensively for capacitively coupled electro-
des for muscle or nerve stimulation.71 Its high density
provides radioopacity and it has uses as a marker on
other larger implant components, where tantalum is
usually deposited as a surface layer.
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Glossary
Oxide dispersion strengthened A method of

strengthening or hardening alloys by

dispersing a fine (micron-size) oxide

throughout the structure usually by

processing the material via powder route.

This acts both to pin dislocations (and hence

harden the material) and also to pin grain

boundaries (and hence limit grain growth and

reduce creep at high temperatures).

3.16.1 Occurrence and Production

Tungsten is a relatively rare element in nature with
soil abundance similar to molybdenum. It is mined
predominantly as wolframite (iron manganese tung-
state) or scheelite (calcium tungstate) both contain-
ing above 70% of tungsten. Due to the high melting
point of tungsten, routes to the production of tung-
sten powder are essential. Thus in processing, and
after gravity concentration, most ores are converted
to a form in which they can be reduced to the metal.
This is generally carried out by initial leaching of the

ore to produce tungstic acid followed by conversion
to ammonium paratungstate, calcining to tungsten
oxide (WO3) and then reduction in hydrogen at
800–1000�C to produce commercially pure tungsten
powder.1

3.16.1.1 General Properties

Tungsten is a transition element in the third row of
the periodic table, the elements immediately above
tungsten (in Group 6B) being molybdenum and chro-
mium with which tungsten shares many similarities
in chemistry (oxidation states from 2 to 6) and met-
allurgy (body-centered cubic lattice). Tungsten has
the highest melting point (3410�C) – more than any
metal – while its vaporization point (5550�C) is sec-
ond only to that of rhenium. Excluding actinides, its
density (19.3Mgm�3) is the fifth greatest of the ele-
ments, being equivalent to gold and only slightly less
than the adjacent elements rhenium, osmium, irid-
ium, and platinum.2

Commercially pure tungsten has relatively high
ultimate tensile strength (1000MPa at 25�C drop-
ping to 250MPa at 1500�C) and elastic modulus
(410GPa at 25�C, dropping to 360GPa at 1500�C).
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Thus, a significant fraction of the room temperature
mechanical properties are retained at high tempera-
tures.3 Tungsten also has relatively high thermal and
electrical conductivity (about one-third of copper).2

Tungsten oxidizes relatively easily at elevated tem-
peratures, reacting with both oxygen and nitrogen to
form oxides and nitrides; these are generally nonpro-
tective above 300�C. Thus, the processing of and the
applications for tungsten must take care to avoid
reaction, for example, by use of inert gas or reducing
gas blanketing, or necessarily must remove oxides
that form after processing.1 Electrochemically, tung-
sten is rather similar to molybdenum, dissolving as
tungstate ions at pH greater than about 5. However, it
does have an extended stability regime for WO3

(compared with MoO3) and therefore tungsten has
reasonable stability (is passive) in acidic solutions.
Indeed, tungsten, as one of the so-called ‘valve metals,’
may be anodized (e.g., in sulfuric acid) to form a stable,
relatively protective film of tungsten oxide.4

3.16.1.2 Fabrication

There are no refractory materials that can contain
molten tungsten; consequently powder metallurgical
routes are invariably used in the initial processing of
tungsten. Thus, tungsten (and any alloying compo-
nents) in powder form are generally hydrostatically
pressed into billets to a green density of 55–60%.
Such billets are then sintered by direct resistance elec-
tric arc or electron beam heating to 2500–3000�C in
order to increase the density to above 90% and
preferably above 93%, in order to permit further
mechanical processing.

During processing, care must be taken to avoid
pick-up of oxygen, nitrogen, and carbon from the
environment. These elements will form, respectively,
oxides, nitrides, and carbides generally residing at
grain boundaries, which will cause embrittlement of
the material and importantly, reduce ductility and
limit mechanical working. Typical impurities after
powder processing are: carbon – 0.04%, oxygen –
0.023%, and nitrogen – 0.002%. Vacuum arc remelt-
ing can significantly lower these values to 0.03%,
0.004%, and 0.001%, respectively.3

Tungsten, as a body-centered cubic metal, under-
goes a ductile–brittle transition that is a function of
temperature, sample dimensions and also impurity
levels and alloying content. Generally, this occurs well
above room temperature and for commercially pure
tungsten (99.95%) the transition temperature is 300–
500�C. However, this transition temperature can be

reduced by prior mechanical deformation such that
at small section sizes it is possible to successfully
undertake wire drawing, extrusion, etc. at room or
slightly elevated temperatures. Typically, sintered
tungsten billets are initially forged or swaged above
the recrystallization temperature at 1600–1700�C in a
reducing atmosphere in order to densify them and, by
this way, the ductile-to-brittle transition temperature
can be reduced to below 100�C. The lowered proces-
sing temperature permits easier operation of sheet
rolling and wire drawing, although, due to the high
intrinsic yield stress of tungsten, working forces are
necessarily significantly larger than for other materi-
als. The ductility of tungsten is significant above
its ductile-to-brittle transition temperature with a
reduction of area of about 20% at 100�C and over
60% at 1000�C.1

3.16.1.3 Applications

The greatest use (50–55%) of tungsten is as tung-
sten carbide (WC and W2C) in the form of metal
matrix composite materials such as ‘cemented’ car-
bide machine tools, hard coatings, etc. Corrosion of
cemented carbides, of course, does not involve corro-
sion of the WC particles themselves, but of the cobalt
or cobalt–chromium metallic binder. Other uses are
in alloying of carbon steel (15–20%) for various pur-
poses, in particular for ‘high-speed’ tool steels, also
containing WC. Tungsten is also used as an alloying
addition to stainless steels (e.g., for enhanced resis-
tance to chloride) and in high temperature nickel-
based superalloys. A further quantity is used in the
fine chemicals and electronics industry. Only about
15% of tungsten is used in the metallic form.5

The main uses of tungsten metal invoke its unique
properties of high melting point, high density and
intrinsically high strength, and elastic modulus at
high temperature. The classical high melting point
application is, of course, as incandescent filaments in
lighting with other common uses including electric
arc electrodes (in welding, arc lamps, etc.), electrical
contact materials for relays, etc., and in electron-
emitting (thermionic) materials for vacuum valves,
etc. An unusual application where the high strength
and high melting point of tungsten are both useful is
in rocketry components. Regarding high density
materials, the main civil applications include yacht
keels, moveable ballast in racing cars and aircraft
(where the competitive material in both cases is
depleted uranium), in sports materials for weight
trimming (e.g., professional darts, golf clubs, etc.),
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and for radiation shielding where it can be used in
significantly thinner sections than the traditional lead
materials and is effectively nontoxic in handling.

A new application that is being developed is for
military materiel (i.e., high kinetic energy projectiles)
where the current use of depleted uranium on the
battlefield has, self-evidently, been found to cause
serious, and lingering, toxicological and radiation
hazards. Although the use of tungsten in this applica-
tion is not without its own toxicological problems, the
immediate and long-term health risks are of a signif-
icantly lower order of magnitude compared to ura-
nium. Tungsten also has a generally very low solid
solubility with most metallic elements and it has been
proposed that this property may be exploited in
future (Generation IV) liquid metal fast neutron
reactors for power generation.

3.16.1.4 Alloys

Tungsten is commonly alloyed to reduce the in-
evitable decrease in mechanical properties as the
temperature is raised, to limit grain growth at high
temperatures, and to control thermionic electron
emissivity. Alloying is invariably undertaken by pow-
der metallurgical routes and, by this method, it is also
easy to incorporate ceramic powders, for example, as
oxide dispersion strengthened (ODS) materials.1

Tungsten has significant solid solution miscibility
only with a few other elements, the most important
of which are molybdenum (where a series of alloys up
to 50% Mo are in use) and rhenium, which is totally
miscible with tungsten and where alloys of up to 25%
are useful (Table 1). Interestingly, solid solution
alloying with molybdenum reduces the mechanical
properties while alloying with rhenium increases the
yield stress by up to 15% and significantly increases
the alloy recrystallization temperature; it also lowers
the ductile-to-brittle transition temperature such
that the alloy with 25% Re is fully ductile at room
temperature. Unfortunately, the very high cost and
limited availability of rhenium limits the significant
use of these latter materials.

The high temperature mechanical properties of
tungsten and solid solution tungsten alloys may be
improved by oxide dispersion hardening. Typically,
thoria (especially for electrical applications due to
increased electron emissivity) is preferred as it has
the best high temperature stability. For incandescent
lamp filaments, potassium oxide is frequently used as
a dispersant. On processing, this decomposes to pro-
duce numerous tiny bubbles in the structure that pin

grain boundaries thus restricting grain growth.6 The
final class of alloys essentially comprises tungsten
grains embedded within a binder phase (e.g., W with
Ni/Cu/Fe/Mo as binder).

3.16.2 Corrosion

3.16.2.1 Electrochemistry

3.16.2.1.1 Thermodynamics
Tungsten is a base metal with its domain of thermo-
dynamic stability lying completely below that of
water (Figure 1). However, it is significantly more
noble than molybdenum and particularly chromium,
elements that are above tungsten in the same group
(VI) of the periodic table. Tungsten tends to dissolve
in near neutral to alkaline solutions to tungstate
species in association with an alkali metal cation;
other cations tend to produce insoluble tungstates.
Tungsten has domains of passivity associated with
WO2 and WO3 with the latter material having low
solubility and being stable to further oxidation. This
characteristic allows tungsten to be anodized success-
fully, for example in sulfuric acid, and hence the
metal belongs to the family of ‘valve metals.’ Tung-
sten forms many relatively insoluble complexes,
including chloride ions. Its alloying effects are similar
to that of molybdenum in that it is added to stainless
steels and other alloys to increase the resistance to
chloride-induced localized corrosion.5

Table 1 Chemical composition of selected tungsten

alloys7

Alloy Composition (wt)

Commercial
purity alloys

W – powder

processed

0.04% C, 0.023% O, 0.002% N

W – vacuum arc
remelted

0.03% C, 0.004% O, 0.001% N

Oxide dispersed

alloys
Thoria dispersed

tungsten

As above+1–2% ThO2

Solid solution

alloys
W–Mo 10–50% Mo

W–Re 3–5% and 25% Re

Binder phase

alloys
W–Ni–Cu and

W–Ni–Fe

Usually in grades of 90%, 93%, 95%,

and 97% W, balance of Ni+Cu or

Ni+Fe
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3.16.2.1.2 Anodic dissolution of tungsten

As implied by the Pourbaix diagram, there are no
simple aquo-cations of tungsten; rather tungsten dis-
solves generally as a tungstate (WO4

2�) above about
pH 5, or as tungstic acid (H2WO4) at very low pH. In
alkaline solutions above about pH 12, the dissolution
kinetics have been found to be Tafel in nature with
smooth dissolution to dissolved tungstate anion. The
rate limiting step apparently involves a one-electron
transfer process (Tafel slope�120mV per decade)
and has first order kinetics with respect to hydroxide
ion concentration.8 This no doubt masks a complex,
step-wise, dissolution mechanism. Controlled disso-
lution of tungsten is an important process in the
semiconductor industry where efficient planarization
of tungsten chip layer interconnects is required.9

In contrast, below pH 5, tungsten forms a passive
anodic oxide film of WO2 (at intermediate voltages)
orWO3 (more commonly). Under galvanostatic anod-
ization, voltages can reach up to 120–150Vat currents
between 2 and 16Am�2. However, the resultant
anodic film requires a relatively high (compared
with other valve metals) current density to maintain
it and this is thought to be due to the significantly
higher solubility of the amorphous film compared to
crystalline WO3.

10 The dissolution of anodically-
formed tungsten oxide in 0.1M sulfuric acid occurs

under first-order reaction kinetics via hydration to
tungstic acid and is significantly more soluble if
higher formation currents are used initially.11

3.16.2.2 Corrosion Processes

3.16.2.2.1 Oxide removal/cleaning

As noted above, it is necessary to carry out many
fabrication operations, especially of heavy sectioned
material, at temperatures in excess of 1000�C. Under
these conditions, and unless a protective atmosphere
is used, the surface of the tungsten will become
covered in an oxide scale. The thickness and tenacity
of the oxide depends on the temperature used for the
fabrication operation. Thick oxide scales may be
removed in a molten mixture of 90% sodium hydrox-
ide and 10% sodium nitrite at 400�C for a few
seconds. This attacks tungsten oxide rapidly and
care should be taken during this process, in particular
the material must be dry, otherwise splashing could
occur. On removal the component should be allowed
to cool in air before washing the retained salt in hot
water. Alternatively, thick oxide layers may be
removed by a mechanical abrasion, for example abra-
sive blasting. Thinner tungsten oxide scales may be
removed by immersion in mixed acid etch solutions,
for example: nitric acidþHFþwater at 1:1:1 ratio.
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Figure 1 Pourbaix diagram for tungsten at a metal ion concentration of 10–5 M. Reproduced from HSC: Chemistry,

version 6.12, Outotec Research Oy: Finland, 2007.
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Lightly oxidized tungsten can be cleaned by heating
in 10% caustic soda solution at about 80�C followed
by rinsing in water and then dilute hydrochloric acid
solution (10%) to neutralize the remaining caustic
before finally rinsing in water and drying.1

3.16.2.2.2 Aqueous corrosion of tungsten

and its alloys

Generally, the aqueous corrosion of commercially
pure (and oxide dispersed) tungsten depends upon
the pH, with passivity expected below pH 5 and
active dissolution above pH 5. In practice, the air-
formed film on tungsten oxide provides significant
protection against dissolution to mildly alkaline condi-
tions (pH � 8) while the dissolution kinetics at pH 12
imply a corrosion rate of about 20–30mmyear�1, that is,
about one-tenth of iron.Thus, commercially pure tung-
sten is passive or corrodes relatively slowly in most
aqueous conditions except in strong alkali at pH>12.12

Tungsten is generally more active than most com-
mon alloying additions except iron, against which it is
slightly noble under alkaline conditions. Thus, tung-
sten might be expected to act sacrificially under
immersed aqueous conditions and this has been con-
firmed in the corrosion of alloys containing copper in
the binder phase which suffer from preferential cor-
rosion of the tungsten grains. However, metal bonded
tungsten alloys using a Ni–Fe binder phase are gen-
erally found to be somewhat more active than tung-
sten. This may be due to the solubility of tungsten
into this phase (in contrast tungsten has negligible
miscibility in copper-containing binder phases) and
also due to the protective nature of the air-formed
passive film on tungsten.12

Amorphous alloys of tungsten with niobium, tan-
talum, zirconium, and chromium, at concentrations
from 15 to 50%, have been prepared by DC magne-
tron sputtering and the corrosion of these materials
has been studied in hydrochloric acid at 1–12M.
Under these conditions, the deposited films are non-
equilibrium, amorphous, and spontaneously passive.
Also, generally such alloys have exceptionally low
passive current densities.13

3.16.2.2.3 Electrochemical planarization of

electronic interconnects

Electronic integrated circuits frequently comprise
deposition of electronic components on multiple
layers. Thus, current microprocessors have 7–9 layers
and it seems likely that this figure will increase. Cop-
per is used as the electrical connection strips within

each layer while tungsten plugs are used as the inter-
layer connections. A critical process after tungsten
deposition is ‘planarization,’ which is designed to
reflatten the wafer prior to formation of the next semi-
conductor layer. The process, more properly known as
chemomechanical polishing, is essentially a controlled
erosion–corrosion process. There are many proprie-
tary solution mixtures that are used but their common
feature is that they contain a mild oxidizing agent
designed to dissolve the tungsten while leaving the
silicon wafer untouched.9

3.16.2.2.4 Dissolvable implants

There is a significant application for dissolvable body
implants in certain applications. For example, stents
are often used to secure blood vessels, etc. in the body
from, for example, embolisms. While most of such
stents are permanent, some are temporary and there
is an advantage if they gradually dissolve (i.e., corrode)
in the body. Clearly, such materials need to be nontoxic
and magnesium alloys are a clear material of choice in
such an application. Unfortunately, the corrosion rate
of magnesium alloys is generally rather high, they
corrode with release of hydrogen gas and they are
difficult to locate in X-rays. In view of this, research is
currently underway on the use of tungsten stents which
are thought to be relatively or completely nontoxic.14

3.16.2.2.5 High temperature oxidation and

corrosion

Tungsten begins to oxidize significantly above about
300�C in dry air forming a WO3 scale that grows
under parabolic kinetics. Marker studies demonstrate
that the growth kinetics are by inwards diffusion of
oxygen anions through the anion vacancies in a scale
with distinct oxygen sub-stoichiometry (i.e., WO3�x).
The Pilling–Bedworth ratio for WO3 is 3.3, which
implies that a protective scale is expected but that
the growth stresses are relatively large. In view of this,
oxide spallation might be expected and, indeed, this
occurs rather readily under thermal cycling.15,16

In contrast to its behavior in dry air, the oxidation
of tungsten in steam is characterized by the forma-
tion, above about 800�C, of relatively volatile tungs-
tic acid (H2WO4) – or more accurately hydrated
tungsten oxide (WO3 �H2O). Under these conditions,
oxidation occurs by linear kinetics and the metal
‘evaporates’ at a rate controlled by the mass transport
of water vapor. This process is rapid with rates of up
to 1–2mgcm�2h�1 at 800�C.17

Compared with air, tungsten corrodes more rap-
idly in carburizing and sulfidizing environments at
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high temperature, however, its performance in a
chloridizing environment is considerably better than
most other high temperature materials and signifi-
cantly improved molybdenum.18 In view of this tung-
sten is added to several alloys to improve the resistance
to environments containing chlorine. The chlorina-
tion kinetics are similar to those of molybdenum, but
considerably slower. Mass changes are linear with
time implying that a protective scale does not form.
Also, the reaction rate order with respect to the partial
pressure of chlorine is about one-half, which implies
that the reaction is under chemical rate control with
respect to dissociation of chlorine molecules.19

3.16.2.2.6 Corrosion in liquid metals

Several next generation (Generation IV) nuclear
reactor concepts include fast neutron reactor tech-
nologies based on liquid metal coolants. These
include, for example, the sodium-cooled fast reactor
and the lead–bismuth cooled fast reactor. Further,
fusion reactor concepts include deuterium fuel
breeding using molten lithium or lead–lithium alloys.
Finally, specialist applications in nuclear science
(e.g., spallation neutron targets, liquid metal ion
sources) require the use of molten metals and,
hence, containment of such materials is critical.

In view of the limited or zero miscibility of tung-
sten with many other materials its corrosion perfor-
mance has been studied in most of these applications.
Thus, the corrosion of tungsten in lead and lead–
bismuth eutectic was excellent at 600�C with no
apparent wetting of the metal and no degradation
detected after 100h exposure.20 Likewise, no degra-
dation of tungsten was evident in liquid lead–lithium
eutectic at 800�C. Finally, in liquid sodium minimal
signs of corrosion were evident on polished tungsten
at 600�C after 1500h of exposure.21 These results
indicate that tungsten clearly has excellent resistance
at a wide range of liquid metals and, although it
cannot be used as a structural material due to cost
and resource limitations, it will find application in
critical niche areas.
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3.17.1 Occurrence and Production

Molybdenum, which with tungsten is below chro-
mium in Group VI of the periodic table, was not
discovered as an element until the latter part of the
eighteenth century, around the same time as tung-
sten. Molybdenum and tungsten are relatively rare
elements in nature with similar soil abundances and
many chemical similarities. Molybdenum assumed
industrial significance during the First World War
when a shortage of tungsten caused molybdenum to
be used as a substitute in alloy steels.

Molybdenum occurs as the primary ore molybde-
nite (MoS2) and also in association with other sulfide
mineralizations, particularly copper. The original
resources for the primary ore are in the United States,
China, and in the Russian Federation, while the

majority of molybdenum is now produced as a by-
product of copper mining in Chile, Canada, and
elsewhere. The current (2006) production of molyb-
denum amounts to 195 000 tonnes while the esti-
mated global reserves amount to 19million tonnes
giving about 100 years supply at current consumption
rates.1

Molybdenite is concentrated, from either primary
or by-product sources, by froth floatation and then
roasted to produce technical grades of molybdenum
oxide (MoO3), from which ferro-molybdenum (for
alloying with steel) is produced using an iron ther-
mite reaction. Further purification of MoO3 is car-
ried out in a similar manner to tungsten, that is, by
chemical purification via an ammonium molybdate
intermediate and then reprecipitation of purified
MoO3. Pure molybdenum metal and its alloys are
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produced via powder metallurgy routes and the
metal powder is obtained by direct reduction of pur-
ified MoO3 using hydrogen. MoS2, which is used as a
lubricious additive, is usually obtained directly by
purification of molybdenite.2

3.17.2 General

3.17.2.1 Physical Properties

Molybdenum shares many of its industrially useful
properties with tungsten, but it has the advantage of
being more readily available and can be much more
easily processed due to its lowermelting point.Table 1
compares its physical properties with other selected
materials. It has excellent electrical and thermal con-
ductivity, only slightly less than tungsten, but has
the advantage of being about half the density. Molyb-
denum has also one of the lowest linear expansion
coefficients of any metal from room temperature to
above 1000 �C, which makes its use in glass-to-metal
seals and in electronic components important. In addi-
tion, its thermal conductivity and linear expansion
coefficient are quite close to silicon and also, given its

relatively good electrical conductivity (31% of cop-
per), molybdenum finds use as a chip packaging and
interconnect material.

3.17.2.2 Mechanical Properties

Like tungsten, molybdenum retains significant mec-
hanical properties at high temperatures and, hence, is
useful in a number of specialist applications although it
needs to be protected from significant oxidation above
about 300–400 �C. Like all body centred cubic metals,
molybdenum has a ductile-to-brittle transition which is
usually at or slightly above room temperature. How-
ever, thin sections are generally sufficiently ductile to
be formed at ambient temperatures; thicker sections
require an increased temperature to avoid cracking.
Commercially pure molybdenum has a relatively
high yield and the ultimate tensile strength, the values
of which are affected by the presence of impurities
such as carbon or oxygen. Table 2 compares some
typical mechanical properties for tungsten and molyb-
denum where it is evident that molybdenum has a
further significant advantage in terms of its relatively
high specific modulus (stiffness).

Table 1 Physical properties of molybdenum compared with other elements3

Mo W Re Cu

Atomic number 42 74 75 29

Atomic weight (g) 95.95 183.84 186.21 63.55

Density (g cm�3) 10.2 19.3 21.1 8.96
Melting point (K) 2890 3680 3450 1358

Boiling point (K) 4920 5830 5870 2816

Electrical conductivity (�106 O�1 cm�1) 0.187 0.189 0.054 0.596
Thermal conductivity (W cm�1 K�1) 1.38 1.74 0.479 4.01

Linear expansion coefficient (�10�6) 4.8 – 4.5 16.5

Crystal structure bcc bcc hcp fcc

Table 2 Typical mechanical properties of commercially pure annealed molybdenum compared with other annealed

high temperature materials4–6

Molybdenum
(at 25 �C/1200 �C)

Tungsten
(at 25 �C)

AISI-321
(at 25 �C)

Waspalloy
(at 25 �C)

Density (g cm�3) 10.2/10.1 19.3 8.0 8.2

Elastic modulus (GPa) 330/240 420 200 230

Ultimate tensile strength (MPa) 550/140 980 620 1330

Yield stress (MPa) 350/– 750 210 910
Elongation at failure 35%/– <5% 45% 27%

Specific modulus (GPa g�1 cm�3) 31.4/23.7 21.8 25.0 28.0

Specific strength (MPa g�1 cm�3) 53.9/13.9 51.8 27.5 162.8
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At ambient temperatures the yield strength of
molybdenum is similar to normalized low-alloy
steel and significantly higher than that of austenitic
stainless steel. However, while the low-alloy steels are
limited to use at service temperatures of about
550 �C and stainless steels to about 870 �C, unalloyed
molybdenum retains useful strength up to 1200 �C
(in appropriate protective atmospheres).

3.17.2.3 Applications

Molybdenum has a wide variety of industrial applica-
tions: as an alloying ingredient in lowalloy and stainless
steels, in combined forms as an industrial chemical or
catalyst, and as a functional metal or alloy. In aqueous
environments, molybdenum corrodes at a relatively
low rate, generally considerably slower than iron. It is
also relatively resistant to acid corrosion and has excep-
tional resistance to corrosion in hydrochloric acid.
Although normally it shows passivity, molybdenum is
subject to transpassive oxidation at most pH to a solu-
ble (molybdate) species in aqueous conditions. How-
ever, molybdenum is useful in many specialist industry
applications especially under mildly oxidizing to
reducing conditions. In gaseous atmospheres, molyb-
denum oxidizes at modestly elevated temperatures in
oxidizing environments to form the volatile species
MoO3. Thus, the metal is thermodynamically unstable
under oxidizing conditions, both aqueous and at high
temperature. Without adequate protection, care must
therefore be taken to avoid temperatures above about
400 �C in oxidizing gaseous environments.

About one-half of the demand for metallic molyb-
denum (usually as ferro-molybdenum) is as an alloy-
ing addition to carbon steels where it delays the onset
of the pearlite transformation and forms strengthen-
ing carbide phases in preference to iron.1 Thus,
molybdenum, in concentrations in the range 0.1–1%,
is part of the portfolio of alloying additions to steels
(e.g., including chromium, molybdenum, vanadium,
tungsten, and nickel) that perform this general func-
tion. Compared with plain carbon–manganese steels,
molybdenum-containing steels have increased strength
and creep resistance, at elevated working tempera-
tures.7 At higher concentrations, that is, above 1%
and up to 8%, molybdenum is a critical addition to
many grades of steel tool, steel grades that resist soft-
ening at high temperatures where it functions by pre-
cipitation of alloy carbides ‘high speed steels.’7

However, the presence of molybdenum (in quantities
up to several percent) has relatively minor effects on
the corrosion resistance of the ferrous based alloy.

An important secondary use is that about one-
quarter of the demand1 is used as an alloying addition
to corrosion resistant alloys such as stainless steels
and nickel–chromium alloys. In these applications,
molybdenum strongly influences the localized corro-
sion resistance. Thus, modification of 18Cr–10Ni
austenitic stainless steel (i.e., AISI304L) by the addi-
tion of at least 2% Mo, results in an alloy (AISI316L)
that has substantially improved pitting and crevice
corrosion resistance (and lower critical current den-
sity for passivation). Further additions of molybde-
num (with appropriate metallurgical balancing) give
additional improvements.

Molybdenum is also used in much smaller quanti-
ties as an alloying addition to titanium (as a beta phase
stabilizer) and in high temperature nickel-based super-
alloys. However, the main applications for unalloyed
molybdenum (or molybdenum-based alloys), about
20–25% of the demand, take advantage of its good
retention of strength at elevated temperature (up to
1800 �C), its relatively high thermal and electrical
conductivity, its low thermal expansion coefficient,
its high melting point, its generally good compatibil-
ity with molten glasses and ceramics, and its generally
low wettability for molten metals. Thus, key applica-
tions for molybdenum metal and its alloys include:

� electrical industry (i.e., high current switch con-
tacts, etc.),

� electronic industry (i.e., chip-level interconnects,
etc.),

� hot working tools for metal forming,
� dies for molten metal casting especially of zinc

(Mo–30W),
� corrosion resistant coatings (for specific chemical

processes),
� corrosion resistant equipment for specialist chem-

ical manufacture,
� seals and plugs in glass-lined vessels,
� equipment for glass manufacture: furnaces, cruci-

bles, and stirrers,
� high temperature furnaces and associated

components,
� glass-to-metal seals,
� heat shielding in engine parts and in rocketry,
� halide processes for metal purification (e.g., Van

Aarkel process for Ti and Zr).

3.17.2.4 Fabrication

Due to the high melting point of molybdenum, pow-
der processing methods are normally applied whereby
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the metal powder is sintered after isostatic pressing
typically in the temperature range 1650–1900 �C.
Additional arc or electron-beam remelting may then
be used to further consolidate ingots; however, care
must be taken to avoid excessive grain growth. As
implied above, the fabrication of molybdenum and its
alloys is largely dictated by its ductile–brittle transition
temperature. Although many metal forming operations,
for example, on thin sheet and wire less than about
0.5mm in thickness, can be carried out at room tem-
perature it is cautionary to raise the working tempera-
ture of the work piece and die slightly (e.g., 50–200 �C).
Thicker sections will require commensurately higher
working temperatures; however, above about 550 �C
molybdenum starts to oxidize at a considerable rate
thus protective atmospheres of hydrogen (e.g., cracked
ammonia) are required for significant metal-working of
sections above about 650 �C.2

All normal fabrication routes can be used to pro-
duce molybdenum components, such as metal spinning,
flow turning, deep drawing, and pressing. Specific
fabrication temperatures are given8 for various form-
ing processes, including roll forming. Ingots of
molybdenum produced either by sintering or by
arc-melting are readily forged after heating to about
1500 �C (with appropriate protection against oxida-
tion). Swaging or hot rolling to reduce the ingot size
is performed while it is hot, commencing at about
1300 �C and falling as the ductility of the metal

improves to about 700 �C. As the metal thickness
decreases, the rolling temperature can also be
decreased. Sheet rolling is generally performed at
room temperature (or slightly warm) with interme-
diate anneals at 700–1000 �C. The typical annealing
temperature range for full stress-relief of cold worked
material lies in the range 870–980 �C. Commercially
pure molybdenum may be recrystallised at around
1150–1200 �C; for alloyed molybdenum this temper-
ature generally is increased.

Molybdenum alloys may be machined by any of the
standard methods such as milling, turning, drilling,
boring, grinding, shaping, threading, and tapping
(Table 3). However, the low coefficient of expansion
of molybdenum makes it necessary to keep the tool
cool when drilling in order to prevent seizure or possi-
ble cracking of the metal or tool. Drilling is normally
carried out dry but swarf can be carried out with suit-
able cutting oils. When milling, cutters must be kept
sharp and a copious amount of coolant be provided.

It is possible to weld molybdenum using a TIG
inert gas-shielded arc-welding process although this
is generally more successful on vacuum arc remelted
material. When welding, a heat-affected zone is
unavoidable and grain growth must be anticipated.
These characteristics always give a weld with less
ductility than the parent material and no method of
welding is entirely satisfactory particularly if the joint
is to be stressed. Resistance spot and seam welding is

Table 3 Some commercially produced molybdenum alloys2

Material Composition Recrystallization
temperature

Applications

Commercial purity: Mo 0.01–0.04% C, <0.02Fe,

<0.01% Ni, Si, <0.003% O, N

1100 �C Furnace components, windings,

etc., glass-metal seals

Clad alloys: Electrical switch, contact
materials, electronic

packaging

Mo–Cu 15, 30% Cu –

Mo–Ag 35, 50% Ag –

Substitutional:
Mo–W 20–30% W 1200 �C Molten metal casting

Mo–Re 25–45% Re 1300 �C Cryogenic ductility

Carbide strengthened:

TZM 0.5% Ti, 0.08% Zr, 0.03% C 1400 �C Hot work tooling, dies, glass
manufacture, spinnerets,

heating electrodes, etc.

TZC 1.2% Ti, 0.3% Zr, 0.1% C 1550 �C
MHC 1.2% Zr, 0.05% C 1550 �C
ZHM 0.4% Zr, 1.2% Hf, 0.12% C 1550 �C
HWM-25 25%W, 1.0% Hf, 0.07% C 1650 �C
Oxide dispersed:

PSZ 0.5% ZrO2 1250 �C Furnace components and

elements from 1800 to 2000 �CMH 0.015% K, 0.03% Si 1800 �C
KW 0.02% K, 0.03% Si, 0.1% Al 1800 �C
MLR 0.7% La2O3 1800 �C
MY 0.55% Y2O3 1300 �C
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used to join thin sections particularly for electrical
and electronic applications. Molybdenum may be
brazed using a flame torch and furnace brazing tech-
niques. Small components may also be soldered
although they require preplating, usually with nickel.

3.17.2.5 Alloys

Molybdenum has sufficient strength to be useful in
its commercially pure form. However, as it is not
possible to strengthen molybdenum by heat treat-
ment, work hardening is the only viable method of
increasing strength in commercially pure material.
Like tungsten, molybdenum has poor solubility for
most other elements (which is useful for applications
involving molten metals); however, solid solution
alloys with up to 30% tungsten and 45% rhenium
are successfully used. Carbide precipitate and oxide
dispersion hardened alloys are also effective with the
second phase particles effective in preventing exces-
sive grain growth at very high temperatures.

3.17.3 Aqueous Corrosion

3.17.3.1 Electrochemistry

3.17.3.1.1 Thermodynamics
Molybdenum is a relatively base metal, similar to iron,
with its domain of thermodynamic stability lying

completely below that of water (Figure 1). However,
it is significantly more noble than chromium and
slightly more so than tungsten. Molybdenum has a
partial domain of passivity associated with the forma-
tion of MoO2 across the whole pH range, but is unsta-
ble to oxidation from the Mo(IV) to the Mo(VI) state
(i.e., it is transpassive) at higher potentials. Thus,
molybdenum dissolves at more positive potentials as
an oxyanion of molybdic acid depending upon the pH;
that is, as MoO3�H2O (more properly molybdic acid
H2MoO4) at low pH, as the hydrogen molybdate anion
between pH 3 and 5, and as the molybdate anion above
about pH 5–6. Molybdenum tends to form less soluble
compounds with species such as sulfur and chlorine.
For example, the E–pH diagram containing 0.1M
sulfur species shows a large domain of stability for
MoS2 at more negative potentials (Figure 2).

Generally, in aqueous conditions, molybdenum and
its alloys are effectively passive and show considerably
lower corrosion rates than iron (e.g., see Table 4).

3.17.3.1.2 Anodic behavior and passivation

The main electrochemical interest in molybdenum
arises because of its profound influence on the loca-
lized corrosion of stainless steels. Several theories
exist for this effect. For example, it has been proposed
that the presence of high valency Mo in the chromia
passive film reduces the density of cationic charge
carriers thus increasing the breakdown potential.9
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Figure 1 E–pH diagram at 25 �C and at a molybdenum ion concentration of 10�5 M.3
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Other notable theories include: adsorption of molyb-
date in the outer reaches of the film producing a
cation-selective membrane (i.e., reducing chloride
ion penetration),10 local enrichment at actively dis-
solving sites reducing the local dissolution kinetics,11

and the reduced solubility of molybdenum chloride
and sulphate species affecting pit solution chemis-
try.12 However, no general consensus is evident from
this data and it is possible that a variety of mechan-
isms may operate in synergy.

Regarding the anodic behavior of pure molybde-
nummetal, the Pourbaix diagram implies that molyb-
denum is passive at intermediate potentials, with the
formation of molybdenum dioxide, and that it is
subject to transpassive dissolution at more positive
potentials. It is generally accepted that molybdenum
exhibits passivity over the majority of the pH range;
however, the exact nature of this passivity is still in
some doubt. The most generally accepted model,
consistent with the thermodynamic diagram, is that
the passive film consists of MoO2 which dissolves to a
higher valency species at more positive potentials
with a higher valence oxide, MoO3, present under
alkaline conditions.13 For example, in 0.1M HCl,
X-ray photoelectron spectroscopy (XPS) evidence
shows that a film is present on molybdenum that
consists of an inner MoO2 region and an outer layer
of MoO(OH)2.

8,14 Also, electrochemical impedance
spectroscopy (EIS) evidence is consistent with the
presence of a passive film at all pH between 1 and
13.15–17 However, since the anodic polarization curve,
for example in sulfuric acid, shows no anodic peak
but rather progresses immediately to a potential
independent region, some workers have argued that
at low pH there is no macroscopic passive film but
rather a chemisorbed, strongly-bound oxygen layer.18

There is general agreement, however, that molybde-
num corrodes by transpassive dissolution at all pH at
relatively higher potentials, dissolving, most probably
via a Mo(V) intermediate state.19

Mo

MoS2

MoO2

HMoO4(–a)
MoO3*H2O

MoO4(–2a)

H2O limits

2.0

1.5

1.0

0.5

0.0

–0.5

–1.0

–1.5

–2.0
0 2 4 6 8 10 12 14

pH

E
h 

(v
ol

ts
)

Figure 2 E–pH diagram at 25 �C and at Mo ion and S ion concentrations of 10�5 and 0.1M respectively.3

Table 4 Corrosion rates in selected aqueous solutions –

6day tests 20,21

Environment
(25–35 �C)

Corrosion
rate: aerated
(mm year�1)

Corrosion rate:
deaerated
(mm year�1)

Acids
HCl: 1–35% 0.03–0.06 –

H2SO4: 1–30% 0.5–10 –

H3PO4: 1–30% 0.5–0.3 –

Salts
NaCl (3%) 0.01 0

NH4Cl (20%) 0.005 0

FeCl3 (20%) 41 34
CuCl2 (20%) 19 6.5

Alkalis

NH3 (0.35%) 0.14 0

NH3 (29%) 0.02 0
NaOCl (10%) 11 –

NaOH (1%) 0.4 0

NaOH (10%) 0.1 0.025
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3.17.3.2 Corrosion Processes

3.17.3.2.1 General corrosion

Arc cast (or arc remelted) molybdenum has greater
corrosion resistance than the powder metallurgical
product, especially in large sections, which is proba-
bly due to the decreased porosity of the cast variety.
Components that have been metal sprayed (clad)
with molybdenum have considerably worse corrosion
resistance than the bulk material, again due to the
porosity of the coating. However, where techniques
(such as high velocity oxy fuel (HVOF)) can produce
dense coatings, the corrosion resistance should improve
and cladding of materials such as steel should then
become viable. Table 4 gives corrosion rates in a
selection of environments.

In contrast to most other passive metals, molybde-
num is relatively unaffected by the presence of halide
ions and is consequently relatively resistant to most
localized corrosion processes. Molybdenum thus has
generally excellent performance in nonoxidizing
acid to near-neutral environments (containing ha-
lides or otherwise) and particularly in hydrohalide
acids (e.g., HCl). However, in neutral-to-alkaline
conditions, where molybdenum oxyanions become
more stable, dissolution of molybdenum increases.
Thus, it is only moderately resistant to aerated solu-
tions of ammonium hydroxide and has fair resistance
in 1–10% sodium hydroxide. Molybdenum is signifi-
cantly less resistant to corrosion in organic acids such
as acetic and formic (at 10%, the corrosion rate being
0.2–0.3mm year�1), and in 0.25% benzoic acid
(0.25mm year�1) at 100 �C. Combinations of inor-
ganic and organic acids generally lead to increased
corrosion rates, for example, addition of 5% sulfuric
to 10% acetic acid triples the corrosion rate from 0.33
to about 1mm year�1.20

Oxidizing conditions severely reduce molybde-
num’s corrosion resistance, and aeration causes a
significant increase in corrosion. It is therefore rap-
idly attacked by oxidizing acids such as nitric acid,
and by reducing acids containing oxidizers such as
HNO3, FeCl3, CuCl2, etc. Also, mercuric chloride
causes an intense form of pitting corrosion. It is
severely corroded in sodium hypochlorite solutions.

3.17.3.2.2 Galvanic corrosion
In seawater (and presumablymost other environments)
molybdenum is found to be effectively protected
by coupling to aluminum, steel, and magnesium.19

However, contact with copper is more problematic
and may slightly increase or decrease its corrosion

rate in neutral chloride media, but act protectively in
acid reducing media. In sodium hydroxide solution,
molybdenum acts sacrificially to protect steel and,
hence, Mo coatings on steel or cast iron are not always
effective in alkaline conditions, especially when signif-
icantly porous. Coupling of molybdenum to stainless
steels in most environments has no effect on the corro-
sion rate of either material.

3.17.3.2.3 High temperature water

Refractory and dense materials such as molybdenum,
tungsten, and rhenium, are candidates for use in
nuclear applications. For nuclear fusion reactor con-
cepts in particular, dense refractory alloys that are
resistant to liquid metals and that have good thermal
conductivity are essential for efficient heat transfer.
Similar requirements are evident in nuclear science
applications such as spallation neutron sources. In all
such cases, water cooling is likely to be important. To
this end, a study of the corrosion of various candidate
alloys was undertaken in high temperature pressur-
ized water up to 320 �C.22

In flowing, high temperature water containing
400 ppb dissolved oxygen at pH 6–7, molybdenum
and its alloys were found to have significantly better
corrosion resistance than tungsten and its alloys. Up
to 260 �C, neither material is corroded significantly
(<50 mm year�1 for tungsten and �25 mm year�1 for
molybdenum). However, at 320 �C the corrosion rate
of tungsten increased significantly to over 200mm
year�1 while that of molybdenum was about 4 times
lower (�50 mm year�1). Alloying with rhenium had a
detrimental effect on the high temperature corrosion
resistance for both alloys, resulting in grain boundary
attack with corrosion rates rising to over 1mm year�1

in the case of W–Re alloys.22

3.17.3.2.4 Corrosion of molybdenum alloys

The general and galvanic corrosion behavior of both
the TZM and Mo–30W alloy are generally at least
equal or sometimes superior to that of unalloyed
molybdenum in many aqueous solutions of acids,
bases and salts apart from strongly oxidizing environ-
ments such as in nitric acid.23

Sintered and amorphous molybdenum alloys con-
taining significant amounts of tantalum, titanium,
chromium and niobium have all been found to offer
excellent resistance to strong reducing acids such as
hot concentrated hydrochloric, sulfuric, phosphoric,
oxalic and formic. For example, a sintered Ti–40Mo
alloy corrodes between 1000 and 10 000 times more
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slowly than Ti in boiling 35% hydrochloric acid
although the corrosion rate in neutral conditions
was unaffected.24 Likewise, binary amorphous Mo–Cr,
Mo–Nb, and Mo–Ta alloys all show spontaneous
passivity in 12M HCl with overall corrosion rates,
in all cases, significantly less than the individual alloy
components.25

Ti–15Mo alloys are of interest for prosthetic and
replacement body implants (e.g., joints replacements
and dental implants) because their relatively low
elastic modulus matches better than that of bone.
Further advantages include the excellent corrosion
resistance of the alloy in body fluids, the relatively
low toxicity of molybdenum and, for dental implants,
resistance to fluoride.26,27

3.17.4 High Temperature Corrosion

3.17.4.1 Gaseous Environments

3.17.4.1.1 Oxidation

Molybdenum begins to oxidize significantly in air at
about 300 �C. Oxidation becomes rapid at 500 �C and
the rate of attack is very rapid by 1200 �C.28 Below
about 400 �C an adherent relatively stable MoO2

scale is formed and oxidation proceeds according to
the parabolic law under diffusion controlled trans-
port through the growing scale. However, MoO2 is
unstable to further oxidation to MoO3, which has a
significant vapor pressure. Above 500 �C, the vapor
pressure of MoO3 becomes increasingly significant
and at some higher temperature, depending on the
total partial pressure of oxygen, the rate of evapora-
tion of MoO3 equals its rate of formation. At this
point the volatilization rate becomes extremely
rapid following linear kinetics. This sequence is sum-
marized in Table 5.

The formation of molten MoO3 above 802 �C
results in a sudden increase in the oxidation rate
because the rate of diffusion of oxygen through a
liquid phase is considerably higher than through the
solid phases present at lower temperatures. Also, for
molybdenum-containing alloys where Mo is less than
50wt%, the molten oxide can act as a flux for other
potentially protective oxide species.29 Note that the
sequence of oxidation is consistent with the thermo-
dynamic properties of the oxides. The activation
energy for molybdenum oxidation to MoO3 in the
chemical rate-controlled region was found to be 82 kJ
mol�1 at all temperatures above about 550 �C. At
temperatures above around 1100 �C, samples were
required to be as small as possible in order to provide
enhanced diffusion and, hence, eliminate gas-phase
effects. The reaction rate between molybdenum and
oxygen in this regime is among the highest measured
of all elements and significantly greater than that for
tungsten.27 At exceptionally high temperatures, typi-
cally less than 1900 �C and depending on pressure,
MoO3 dissociates to MoO2, which then immediately
combusts producing a flame.30

Secondary ion mass spectrometry (SIMS) has
been performed on molybdenum oxide scales of
thickness 10–12 mm after oxidation at 500 �C in
order to analyze the distribution of MoO2 and
MoO3, and the thicknesses of these layers, in the
scale.31 The majority of the scale (>90%) was found
to consist of MoO2 with only a comparatively thin
region, less than 0.5 mm in thickness, corresponding
to MoO3 and located at the oxide–gas interface

3.17.4.1.2 Sulphidation

There is considerable interest in the corrosion of
molybdenum in sulfidizing environments containing
H2S or SO2/SO3. This is in part due to the beneficial

Table 5 Oxidation sequence for molybdenum as a function of temperature27

Oxidation
class

Reaction conditions Oxidation phenomena Rate-controlling process

1 Below 450 �C Adherent solid oxide films or

scales form

Diffusion control of metal or

oxygen through oxide
2 450–800 �C Solid oxide scales form but MoO3

volatilizes with lower pressures

favoring evaporation

Oxide scales not protective –

chemical control via

interfacial reaction.

3 802 �C – a transition temperature
governed by gas-phase mass

transport

Liquid MoO3 is stable, but volatilizes as
soon as oxide forms

Chemical reaction at metal
interface with liquid oxide/

gas.

4 Above transition temperature Oxide volatilizes as fast as it forms Gas-phase transport of oxygen

to metal interface.
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effect of molybdenum alloying additions for some
alloys in reducing hot corrosion in these environ-
ments32 and in part due to the manufacture of
MoS2 catalysts, for example by sulfidation of Mo-
containing alloys, which are used in the hydrodesul-
furization of petroleum fuels.33

Below about 600–700 �C, molybdenum undergoes
relatively slow sulfidation, forming MoS2. Apprecia-
ble reaction rates commence only above about 700 �C
where an adherent and generally protective scale of
MoS2 forms by inwards diffusion of sulfur with para-
bolic reaction kinetics.34 A change in the sulfidation
rate after an initial period has been found to be the
result of the formation of an inner layer of Mo2S3.

35

Sulfidation occurs in any environment containing
significant partial pressure of sulfur, such as sulfur
vapor, and also in gas mixtures containing sulfur
species such as H2S or SO2.

The extremely low defect density of MoS2, cou-
pled with its relatively high melting point, is the main
reason why molybdenum is resistant to sulfidation. In
contrast, the sulfides of most other functional metals
are highly defective and have low melting points (e.g.,
Fe1� xS) and thus offer effectively no protective bar-
rier. In view of this, doping of the sulfide scale is
important and controls the sulfidation rate. Thus, in
H2/H2S gas mixtures the sulfidation rate of molyb-
denum is increased with increasing hydrogen partial
pressure and this may be explained by hydride
doping of MoS2.

36 Likewise, doping of lithium into
the scale can increase the sulfidation rate by up to 104

times.37

3.17.4.1.3 Other environments

Carburization of molybdenum proceeds at high tem-
peratures in vacuum when in contact with graphite
components. Reaction only becomes significant
above about 1200 �C when a layer of Mo2C is formed
on the metal surface. This is thought to grow by
diffusion of carbon across the layer and is found to
thicken with parabolic kinetics. This behavior is sim-
ilar to that of tungsten but the molybdenum carbide
layer grows faster than that for tungsten carbide. The
formation of the continuous surface carbide layer in
these materials slows their whole-scale carburization
and embrittlement under these conditions.38

Molybdenum is nitrided in environments contain-
ing nitrogen (such as cracked ammonia) at tempera-
tures 800–1200 �C with the formation of a continuous
Mo2N layer under approximate parabolic growth
kinetics. Below 800 �C, the reaction is too slow to mea-
sure while above 1200 �C Mo2N starts to decompose.

Unlike with carburization, the reaction layer does not
appear to provide protection against nitriding of the
underlying material, which is likely to become exten-
sively embrittled above around 1000 �C.39

In halogenating environments, molybdenum has
significantly worse corrosion performance compared
with tungsten40 and the latter is a preferred alloying
addition to improve the resistance to environments
containing chlorine. The chlorination kinetics are
similar to tungsten but considerably faster and no
protective scale forms.41

3.17.4.2 Fused Materials

3.17.4.2.1 Liquid metals

Like tungsten, molybdenum has a relatively low sol-
ubility in many molten metals and this has inspired
research on the use of molybdenum as a container, or
as a process component, in liquid metal environ-
ments, particularly in molten metal die casting, and
for the nuclear industry (liquid metal cooled fission
reactors and fusion reactor concepts). Thus, like
tungsten, molybdenum has excellent resistance to
molten lead and lead–bismuth alloys.42 In liquid
sodium, molybdenum appears to be unaffected by
the dissolved oxygen content but is dependent on
dissolved carbon resulting in the formation of a
Mo2C corrosion product layer. This compares with
tungsten, which is dependent on the mass transport
of dissolved oxygen in forming ternary layers of
oxide.43 Molybdenum has significant advantages (high
temperature strength, etc) in dies for hot metal working
and for molten metal dies. In particular, the Mo–30W
alloy is extremely resistant to molten zinc and this
material is used extensively for zinc dies and as a
container/crucible for molten zinc.44

3.17.4.2.2 Molten glasses

Molybdenum has good resistance to corrosion/
degradation in most molten glasses except those con-
taining lead oxide, which acts as an effective flux. Of
course, molybdenum is still susceptible to oxidation
above about 400 �C, unless protected by an appropriate
gas atmosphere or by a coating. Further information on
protective coatings is given below, however, tradition-
ally physical cladding with platinum, or electrodeposi-
tion of dense, protective platinum coatings have been
used and are effective. The corrosion resistance of
molybdenum disilicide in molten glass is also of
interest as this material is frequently used as a heat-
ing element for temperatures up to 1800 �C in air
(due to the formation of protective layers of silica).
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Additionally, direct electrical resistance heating of
molten glass using molybdenum electrodes is often
used (molten glass is an ionic conductor).

The corrosion resistance of molybdenum and
molybdenum disilicide in molten soda-glass was
studied at 1565 �C over a period of 48 h.45 Molybde-
num was found to have the best corrosion resistance
forming a film of MoO2 that was about 15 mm thick
with a total recession loss over the testing period
equivalent to about 110 mm. The oxide film on
molybdenum was found to be cracked and this clearly
allowed additional reaction beneath the film and fur-
ther corrosion. On MoSi2, no protective layer was
formed with a loss of recession equivalent to over
315 mm. In all cases the corrosion rate was found to
be related to the amount of dissolved oxygen in the
glass. In contrast, molten borosilicate (E) glass under
similar conditions is a much less aggressive environ-
ment, with no significant corrosion of molybdenum
noted and considerably less attack on MoSi2.

46

3.17.4.3 Protection

The inability of molybdenum to withstand oxidizing
conditions at even moderate temperatures has led to
many investigations of the means of reducing the
oxidation rate. Alloying has not been successful
since the loss of key high temperature mechani-
cal properties are unacceptable. Thus, protective
coatings appear to be the most effective option.
A number of coatings have been developed for molyb-
denum. At intermediate temperatures, up to about
900–1000 �C, molybdenum can effectively be pro-
tected against oxidation by cladding, by thermal
sprayed coatings or by electroplating, for example
with chromium–nickel.47

At higher temperatures, most protective strategies
are based on siliconizing, that is, the formation of a
coating of molybdenum disilicide. Such coatings gen-
erally have similar oxidation resistance to MoSi2
heating elements up to about 1700 �C. Simple silicide
coatings may be formed on molybdenum using a
variety of methods, for example using gas-phase dif-
fusion (i.e., cementation) processes. This predomi-
nantly forms the favored phase MoSi2, however, after
the cementation process is completed and during high
temperature service, silicon can further diffuse into the
molybdenum substrate forming the less protective
Mo5Si3 phase. The service life of the coated alloy
depends on the initial thickness of the MoSi2 layer,
whether it remains uncracked as also the temperature
of operation, as the coating is slowly consumed by

oxidation to silica.48 More sophisticated coatings, used
especially in the glass industry, are based on Si–B–C
formulations and these can give more reliable opera-
tion to about 1450 �C.49
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Glossary
Widmanstätten A metallurgical structure showing

a characteristic cross-hatched appearance

due to the grains is formed along the

preferred crystallographic planes.

Zircaloy One of a group of alloys used as a nuclear

fuel cladding material in light water reactors,

thus taking advantage of the relatively low

neutron capture cross section and relatively

high corrosion resistance of zirconium.

Abbreviations
CPI Chemical process industry

DHC Delayed hydride cracking

HAZ Heat affected zone

NHE Normal hydrogen electrode

SCC Stress corrosion cracking

3.14.1 Introduction

Zirconium belongs to Group IVb of the period table
being in the second row, beneath titanium and above
hafnium. It has similar (but not identical) metallurgi-
cal and chemical properties to titanium and may be
described as refractory (since their melting points are
above the range of iron, cobalt, and nickel), reactive
(since they are highly active and have, consequently,

extremely negative equilibrium potentials), and cor-
rosion resistant (since, by virtue of their passivity,
they resist attack in many highly corrosive environ-
ments). Zirconium and titanium have similar corro-
sion properties; thus, both metals are excellent for
handling seawater, while chromium-containing pas-
sive alloys (i.e., stainless steels) are susceptible to
localized corrosion in seawater.1 Moreover, both
metals are susceptible to environments of low water
activity and are attacked, for example, by halide-
containing methanolic solutions; such attack being
preventable by the addition of small quantities of
water as an inhibitor.2,3

Zirconium and titanium are also sister metals of
distinctive contrast.4 The common perception is that
zirconium is more suitable than titanium in handling
reducing environments (such as hydrochloric and
dilute sulfuric acids) than oxidizing environments
(such as ferric chloride). Although there is some
truth to this perception, it is not always true. Thus,
in chloride-free and highly oxidizing environments
(e.g., nitric acid), zirconium is often more corrosion
resistant than titanium; mistakes can be made when
such differences are ignored.

Historically, while the development of titanium
resulted from the ever-increasing demands of the aero-
space industry, the demand for zirconium arose from
the nuclear industry.5 For this latter application, a suit-
able structural material to clad nuclear fuel must have
good corrosion–oxidation resistance, resistance to irra-
diation damage, adequate mechanical properties, and

Corrosion of Zirconium and its Alloys 2095

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



transparency to thermal neutrons. Properly alloyed zir-
conium meets these requirements. After zirconium
became available outside nuclear submarine programs
in 1958, research on developing additional applica-
tions for zirconium has grown. So, in addition to fuel
cladding material for water-cooled nuclear reactors,
zirconium began to find uses in the chemical process
industry because of its excellent resistance to a broad
range of corrosives. Zirconium is also used in specialist
surgical tools and instruments and is a highly benefi-
cial alloying addition to iron-, copper-, magnesium-,
aluminum-, molybdenum-, and titanium-based alloys.
Zirconium is useful as a getter because of its ability to
combine with gases at elevated temperatures. Along
with niobium, zirconium is superconductive at low
temperatures and is used to make superconductive
magnets.

3.14.1.1 General Characteristics

3.14.1.1.1 Alloy categories

There are two major applications for zirconium and
its alloys: nuclear and nonnuclear. Both of these use
alloys with low levels of alloying additions and
are, thus, based on the alpha microstructure (i.e.,
the hexagonal close packed lattice) with dilute
additions of solid solution strengthening and alpha
stabilizing elements like oxygen and tin. However, in
niobium-containing alloys, there is the presence of
some niobium-rich second phase particles of the
body-centered cubic (beta) lattice.

One of the major differences between nuclear and
nonnuclear zirconium alloys is in hafnium content.
Nuclear grades of zirconium alloys are virtually free
of hafnium (not greater than 100 ppm). Hafnium has
an enormous effect on absorbing thermal neutrons,

which is critical for nuclear applications and is, there-
fore, suitable for nuclear reactor control rods that are
required to absorb excess neutrons in order to control
the uranium fission process. On the other hand, non-
nuclear grades of zirconium may contain up to 4.5%
hafnium. Hafnium has only a minor effect on zirco-
nium’s mechanical and chemical properties.

3.14.1.1.2 Physical andmechanical properties

Zirconium is a lustrous, grayish white, ductile metal
whose typical physical and mechanical properties are
listed inTables 1 and 2, respectively. For engineering
purposes, there are three interesting features of zir-
conium. First, the density of zirconium is lower than
those of iron- and nickel-based stainless alloys. Sec-
ond, zirconium has a low coefficient of thermal
expansion (the coefficient of thermal expansion of zir-
conium is about two-thirds that of titanium, about
one-third that of type 316 stainless steel, and about
one-half that of nickel-copper alloys). Third, zirco-
nium has a thermal conductivity (22Wm�1 K�1),
which is about 30% greater than that of stainless
alloys (16Wm�1 K�1). These features allow zirco-
nium to be fabricated into compact, efficient equip-
ment, for example as heat exchangers in aggressive
environments.

Zircaloy-2, Zircaloy-4, and the niobium-containing
alloys are nuclear grades. Zircaloy-2 and Zircaloy-4
contain about 1.5% tin but are different in iron and
nickel contents. Thus, Zircaloy-4 has more iron but
no nickel in order to minimize hydrogen pick-up.
Both alloys are popular in water-moderated reactors,
such as boiling water and pressurized water reac-
tors. The Zr–2.5Nb alloy is used in heavy water mod-
erated reactors, such as Canada Deuterium Uranium
(CANDU) reactors.

Table 1 Physical properties of zirconium, titanium, hafnium, and iron

Zirconium Titanium Hafnium 304L

Atomic number 40 22 72 26
Relative atomic mass 91.22 47.87 178.49 55.85

Lattice structure hcp< 1140K hcp<1060K hcp<2050K bcc< 1180K

bcc>1140K bcc>1060K bcc>2050K fcc>1180K

Melting point (K) 2125 1943 4876 1809
Density (Mgm�3) 6.49 4.5 13.1 7.86

Young’s modulus (GPa) 68 116 78 211

Electrical conductivity (O cm)�1 0.0236� 10�6 0.0234� 10�6 0.0312� 10�6 0.0993�10�6

Thermal conductivity (Wm�1 K�1) 22.7 21.9 23 80.2

Thermal expansion (K�1) 5.7� 10�6 8.6� 10�6 5.9� 10�6 11.8�10�6

Thermal neutron capture cross-section (m2) 1.8� 10�29 – 1.05�10�26 –

hcp, hexagonal close packed; bcc, body centered cubic; fcc, face centred cubic.
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Table 2 Nuclear and nonnuclear grades of zirconium alloys

Composition (wt%)

Alloy design (UNS #) ZrþHf (min) Hf (max) Sn Nb Fe Cr Ni FeþCr FeþCrþNi O (max)

Nuclear grades
Zircaloy-2 (R60802) – 0.01 1.20–1.70 – 0.07–0.2 0.05–0.15 0.03–0.08 – 0.18–0.38 –

Zircaloy-4 (R60804) – 0.01 1.20–1.70 – 0.18–0.24 0.07–0.13 – 0.28–0.37 – –

Zr-2.5Nb (R60901) – 0.01 – 2.40–2.80 – – – – – –

Nonnuclear wrought grades
Zr700 (R60700) 99.2 4.5 – – – – – 0.2 (max) – 0.10

Zr702 (R60702) 99.2 4.5 – – – – – 0.2 (max) – 0.16

Zr704 (R60704) 97.5 4.5 1.0–2.0 – – – – 0.2–0.4 – 0.18
Zr705 (R60705) 95.5 4.5 – 2.0–3.0 – – – 0.2 (max) – 0.18

Zr706 (R60706) 95.5 4.5 – 2.0–3.0 – – – 0.2 (max) – 0.16

Nonnuclear casting grades

Zr702C 98.8 4.5 – – – – – 0.3 (max) – 0.25
Zr704C 97.1 4.5 1.0–2.0 – – – – 0.3 (max) – 0.3

Zr705C 95.1 4.5 – 2.0–3.0 – – – 0.3 (max) – 0.3
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Zr700, Zr702, Zr704, Zr705, and Zr706 are non-
nuclear grades for wrought materials. Zr702C,
Zr704C, and Zr705C are nonnuclear grades for cast-
ing materials. Zr700 is an alloy with an oxygen con-
tent of less than 1000 ppm which has improved
bondability in explosive cladding applications and
deep drawing applications. Zr702 is commercially
pure zirconium and is most popular for corrosion
resistant applications. Zr705 is preferred when
strength is an important factor.

Moreover, because recyclable material is gener-
ated from fabrication of nuclear fuel cladding, a major
impurity in nonnuclear alloys is tin, which is not
shown in Table 2. The use of recycled materials
lowers the cost of nonnuclear alloys and keeps
mechanical properties consistent. The elevated tin

content may affect zirconium’s corrosion properties
in certain environments. Also, since there is not
enough demand in nonnuclear applications to sup-
port the production of Zr704, in nonnuclear applica-
tions, Zr704 may be effectively Zircaloy-2 or
Zircaloy-4.

Zirconium and hafnium form a solid solution at all
concentrations. However, the presence of small
amounts of hafnium in zirconium does not signifi-
cantly affect mechanical or chemical properties other
than the thermal neutron cross-section. The counter-
parts of nuclear and nonnuclear grades of zirconium
alloys are interchangeable in mechanical properties.
However, specification requirements for nuclear
materials are more extensive than those for nonnu-
clear materials. Mechanical requirements only for
nonnuclear alloys are given in Tables 3 and 4. It
can be seen that Zr705 is the strongest alloy with
improved formability.

Additional typical property data are given in
Table 5 and in Figures 1 and 2. Table 5 shows that
the fatigue limits of zirconium alloys are very notch
sensitive. Figure 1 shows that the tensile strengths of
zirconium alloys decrease quickly with increasing
temperature. Figure 2 indicates that Zr702 and
Zr705 creep at low temperatures and stresses. These
are important factors to consider in the application of
zirconium equipment, particularly at elevated
temperatures.

Table 3 ASTM requirements for the room temperature
mechanical properties of zirconium alloys

Alloy UTS
(MPa)

YS
(MPa)

Elongation
(%)

Bend test
radius

Zr700 380 (max.) 305 (max.) 20 5T

Zr702 380 205 16 5T

Zr704 415 240 14 5T

Zr705 550 380 16 3T
Zr706 510 345 20 2.5T

Bend tests are not applicable to material more than 4.75-mm
thick. T is the thickness of the bend test specimen.

Table 4 ASME mechanical requirements for Zr702 and Zr705 used for unfired pressure vessels

Material
form and
condition

ASME
number

Alloy
grade

UTS
(min)
(MPa)

YS
(min)
(MPa)

Maximum allowable stress in tension for metal temperatures
not exceeding �C (MPa)

�30 to 40 65 125 175 225 275 325 375

Plate, sheet,

strip

SB 551 702 380 205 108 104 84.3 70.1 58.7 47.9 40.3 35.5

705 550 380 158 144 119 105 94.7 86.8 81.2 77.6

Seamless
tubing

SB 523 702 380 205 108 104 84.3 70.1 58.7 47.9 40.3 35.5
705 550 380 158 144 119 105 94.7 86.8 81.2 77.6

Welded

tubinga
SB 523 702 380 205 92.4 122 71.4 59.7 49.4 40.7 34.1 30.9

705 550 380 134 88.4 101 89.5 80.8 73.9 68.9 66

Forgings SB 493 702 380 205 108 104 84.3 70.1 58.7 47.9 40.3 35.5
705 550 380 158 144 119 105 94.7 69.4 81.2 77.6

Bar SB 550 702 380 205 108 104 84.3 70.1 58.7 47.9 40.3 35.5

705 550 380 158 144 119 105 94.7 86.8 81.2 77.6
Seamless

pipe

SB 658 702 380 205 108 104 104 70.1 58.7 47.9 40.3 35.5

705 550 380 158 144 119 105 94.7 86.8 81.2 77.6

Welded

pipea
SB 658 702 380 205 92.4 122 71.4 59.7 49.4 40.7 34.1 30.9

705 550 380 134 88.4 101 89.5 80.8 73.9 68.9 66

a0.85 factor used for welded product.
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3.14.1.1.3 Microstructure
Typical microstructures for the parent metal, heat-
affected zone (HAZ), and weld metal of annealed
zirconium alloys are shown in Figures 3–5. Zr702 is
effectively an unalloyed grade (apart from some oxy-
gen) and exhibits an equiaxed alpha structure as
shown in Figure 3(a). Most elements have very low
solubility in zirconium with oxygen, titanium, haf-
nium, and scandium the few exceptions. Zirconium

Table 5 The 107 fatigue limits for zirconium alloys

Alloy Fatigue limit (MPa)

Smooth Notched

Iodide Zr 145 55

Zircaloys or Zr 705 (annealed 2 h at

732 �C)
283 55

Zr–2.5% Nb

(Aged 4h at 566 �C)
290 55
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tends to react with many elements to form interme-
tallic compounds during the production stage, and
one of these (and also a major impurity) is iron.
Consequently, the most visible second-phase parti-
cles in Figure 3(a) are Zr–Fe compounds. There may

also be fine chromium and nickel particles
incorporated into these compounds that are well
distributed in the alpha structure.

With few grain-boundary pinning precipitates in
Zr702, grains in the HAZ grow to much larger sizes
generally with an acicular structure (Figure 3(b))
while the weld metal itself exhibits a Widmanstätten
structure as shown in Figure 3(c). Welding has a
great effect on the morphology of second-phase par-
ticles, and this affects the corrosion of zirconium in
certain conditions. Like Zr702, Zircaloys or Zr704
exhibit an equiaxed alpha structure in the parent
metal (Figure 4(a)), a pronounced acicular alpha
structure in the HAZ (Figure 4(b)), and a Widman-
stätten structure in the weld metal (Figure 4(c)).

Zr705 exhibits a two-phase structure. It has much
finer grain than that of the alpha alloys as shown in
Figure 5. It contains both the alpha zirconium phase
and the beta niobium phase in the parent metal
(Figure 5(a)). The HAZ has a mild change in struc-
ture as shown in Figure 5(b). The weld metal has a
fine acicular structure of alpha zirconium and beta
niobium (Figure 5(c)).

3.14.1.2 Chemical and Corrosion Properties

Zirconium is a highly reactive metal, as evidenced by
its standard potential of �1.53 V versus the normal
hydrogen electrode (NHE) at 25 �C. For comparison,

0

100
(14)

200
(29)

300
(44)

400
(58)

500
(73)

600
(87)

100 200 300 400 500 600 700 800 900
Temperature (�F)

0 100 200 300 400 500
0

10

20

30

40

50

60

70

80

E
lo

ng
at

io
n 

(%
)

Temperature (�C)

S
tr

es
s 

(M
P

a 
(k

si
))

Yield strength

Elongation

Ultimate tensile strength

(c)

Figure 1 Tensile properties vs. temperature curves for zirconium alloys: (a) Zr702, (b) Zr704, and (c) Zr705.
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the potentials for titanium, chromium, iron, and
nickel are �1.53, �0.74, �0.44, and �0.25 V, respec-
tively. Zirconium owes its high corrosion resistance to
its strong affinity for oxygen. In an oxygen-containing
medium such as air, water, or carbon dioxide, zirco-
nium spontaneously reacts with oxygen at ambient
temperature and below to form an adherent, protective
oxide film on its surface. This film is self-healing and
protects the base metal from chemical and mechanical
attack at temperatures up to about 350 �C. As a result,
zirconium resists attack in most acids, salt solutions,
alkaline solutions, and organic media. Zirconium is
particularly suitable for handling reducing acids in
whichmost passive alloys have great difficulty in form-
ing passive films. However, in more extreme condi-
tions, such as hydrofluoric acid, hot concentrated
sulfuric acid, and certain dry organic halides, a passive

oxide cannot readily form and, hence, zirconium is not
suitable for handling these media.

In addition, zirconium is susceptible to localized
corrosion, such as pitting and SCC in chloride solu-
tions under oxidizing conditions. However, zirco-
nium is not susceptible to crevice corrosion in
chloride solutions since the condition in a crevice is
often reducing. However, zirconium is susceptible to
crevice corrosion in fluoride solutions and sulfuric
acid. Examples of review articles on the corrosion of
zirconium are given.6,7

3.14.1.3 Manufacture

3.14.1.3.1 Fabrication

Corrosion failures of zirconium equipment can often
be prevented by using alternate choices or methods
of design, fabrication (including welding), or by spe-
cific heat treatment processes and techniques. Final

(a) (b)

(c)

Figure 3 Microstructure of Zr702: (a) parent metal of
Zr702, (b) HAZ of Zr702, and (c) weld metal of Zr702.

(a) (b) 

(c)

Figure 4 Microstructure of zircaloy-4 or Zr704: (a) parent

metal of zircaloy-4 or Zr704, (b) HAZ of zircaloy-4 or Zr704,

and (c) weld metal of zircaloy-4 or Zr704.
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surface treatment methods can also be applied to
modify a surface finish or remove impurities from a
surface for improved corrosion resistance. During
standard fabrication processes, the surface of the
material can become embedded with particles that
may affect the corrosion resistance of the zirconium.
Since zirconium is relatively a soft metal, abrasive
grinding stones may embed aluminum oxide or sili-
con carbide particles in the material surface causing
preferred sites for the initiation of localized corro-
sion. Abrasive grinding operations performed on zir-
conium should, therefore, be followed by conditioning
with a clean stainless steel brush, clean draw file, or
rotary carbide burr to remove any abrasive particles
embedded on the surface. If the final part is blasted for a
cosmetic appearance, steel shot blast should not be
used because the shot will embed into the material
surface causing potential localized corrosion failures,
especially if used in an acidic chloride environment.
However, if the use of steel shot cannot be avoided,
then it must be followed by acid pickling or chemical
cleaning to remove embedded iron particles.

If other alloys are fabricated near the zirconium
vessel, potential sources for embedded particles
include grinding and weld spatter of foreign material.
For this reason, it is recommended that the zirconium
equipment not be welded and fabricated in an area
where other materials are being ground, welded, or
torch cut. If a zirconium vessel is fabricated in a bay
where other materials are being fabricated, then the
area should be surrounded by protective barriers and
kept clean. Any weld spatter should be removed by
stainless steel brushing, grit or glass bead blasting, or
light grinding.

It is recommended that hydrostatic expansion be
performed when zirconium tubes are expanded into a
tubesheet prior to welding. This minimizes the
potential for embedded particles on the ID of the
tube surface caused during roller expansion as a
result of improperly cleaned roller expansion tooling.
Corrosion failures in halogen acid environments have
been identified where roller expansion of tubes was
used. Embedded particles may cause localized pitting
attack of the tubes and eventual penetration of the
tube wall. For halogen acid applications, all final
equipment surfaces exposed to the corrosive environ-
ment should be free of iron contamination.

Any tooling used for the fabrication of zirconium
should be thoroughly cleaned to remove any contam-
ination left by previous materials. Tooling used for
welding or conditioning, such as grinding stones, wire
brushes, draw files, etc., should be dedicated for zir-
conium only. If this tooling has been used previously
on other materials, the materials may contaminate
the zirconium surface. It is recommended that color
coding of the ancillary tooling (files, grinding stones,
wire brushes, etc.) be implemented to minimize the
potential for cross contamination.

3.14.1.3.2 Problems arising from handling

When zirconium is handled or moved using a forklift
and/or lifting straps, protective coverings should be
used to prevent the steel from being smeared into the
zirconiummetal surface. Forklift blades and steel straps
will also cause scratches, scrapes, and surface defects
that could be detrimental when it is exposed to subse-
quent forming operations and to certain corrosive
environments. To minimize pickup of steel and other
metal particles, it is recommended whenever possible
to cover the forming dies with a protective covering
such as leather, rubber, or some other types of noncon-
taminatingmaterial. Thiswill alsominimize the poten-
tial for surface damage caused by the steel tooling.

(a) (b)

(c)

Figure 5 Microstructure of the Zr–2.5Nb alloy or Zr705:

(a) parent metal of the Zr–2.5Nb alloy or Zr705, (b) HAZ of
the Zr–2.5Nb alloy or Zr705, and (c) weld metal of the

Zr–2.5Nb alloy or Zr705.
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3.14.1.3.3 Welding
Generally, zirconium welds exhibit similar corrosion
resistance to nonwelded areas except when used at
the higher concentrations of sulfuric acid (see corro-
sion resistance of Zr in Section 3.14.3.3.1). Improper
welding processes, however, can affect the mechani-
cal and corrosion properties of zirconium. Interstitial
element pickup, such as hydrogen, nitrogen, oxygen,
and carbon in welds will generally not increase the
corrosion rate of zirconium. These interstitials may,
however, reduce the ductility of the metal and cause
premature mechanical failures. Nitrogen contamina-
tion caused by plasma cutting with nitrogen gas may
increase the corrosion rate of zirconium in nitric acid
environments. If any type of cutting operation per-
formed (e.g., oxyacetylene, plasma, laser, etc.) is used,
the HAZ should be removed by grinding or machin-
ing prior to welding. Water jet cutting should be used
for the cutting of zirconium, where possible, to avoid
the potential for contamination caused by the heat
input. The water jet cut should also be conditioned
because this process utilizes an abrasive (i.e., garnet,
etc.), which will embed into the zirconium surface.

3.14.1.3.4 Heat treatment

Improper heat treatment can result in damage to
zirconium in a way which could be deleterious to
corrosion resistance. Zirconium can be damaged dur-
ing heat treatment if the material is placed in a
nonoxidizing (i.e., reducing) atmosphere. An atmo-
sphere with excess hydrogen (or with sufficient
cathodic polarization) will cause the zirconium to
absorb hydrogen and may affect the corrosion resis-
tance of the zirconium. Before heat treatment, the
zirconium vessel must be thoroughly cleaned of any
surface impurities to prevent contamination during
elevated temperature annealing.

When zirconium is cold formed and then heated
into the full annealing temperature range, critical
grain growth may occur. The grain structure will
enlarge in the areas where 2–10% strain energy or
cold work has been placed. Cold work of this degree
can occur in some cases where plate has been brake
press formed into pipe or elbows. On many occasions,
formed pipe should be stress relieved at 550 �C for
30min per 25mm of thickness. This heat treatment
will relieve the stresses caused by forming and weld-
ing. If the material is heated to the annealing range of
650–790 �C, the cold worked areas with 2–10% work
will recrystallize forming very large grains sur-
rounded by fine grains (i.e., unworked areas). These
areas can be either on the outer metal surface, which

is in tension, or on the inner surface, which is in
compression and will have large grains with large
grain boundaries. These very large areas of acceler-
ated grain growth may be more susceptible to inter-
granular attack in the higher concentrations of
sulfuric acid and should be avoided.

3.14.1.3.5 Chemical cleaning

If zirconium equipment is to be used in halogen acids,
it is recommended that it has to be cleaned chemically
to remove anyembedded iron during fabrication. This
process should be done by a company experienced in
the cleaning of a reactive metal. Smooth and clean
surfaces will have the optimum corrosion resistance
where rough surfaces are more likely to have surface
imperfections, which could initiate premature corro-
sion attack, especially in the more severe environ-
ments. Before any equipment is placed in any
corrosive media, it should be cleaned thoroughly to
remove oils, grease, paint, and other surface debris.

3.14.2 Corrosion

3.14.2.1 Oxide Films

Zirconium behaves much like other passive metals,
such as titanium, iron, and chromium, relying on
passive oxide films for corrosion resistance. However,
zirconium is unique in several aspects in the forma-
tion and properties of its oxide film. First, the growth
of the zirconium oxide film entirely results from the
migration of the O2� ion.8 That is, a new layer of
oxide film continues to form at the metal–oxide
interface. The first layer will form spontaneously
because of the reactive nature of zirconium and its
strong affinity (reactivity and solubility) for oxygen.
Additional layers will form at much reduced and
decreasing rates resulting from the protective power
of the first and additional layers. This also implies
that zirconium can conveniently heal any damage
done at the metal–oxide interface, provided that the
damage is done in an oxygen-containing environ-
ment. Very often, there is a thin layer of protective
oxide film at the interface even if or when the outer
layer is porous and not so protective.

Second, the oxide film on zirconium is most likely
ZrO2. The existence of oxygen derivatives of zirco-
nium in valence states other than four may be possi-
ble but is doubtful.9 However, the passive films on
most passive metals can be oxides in valency of vari-
ous states. For example, the oxide film on titanium
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can be the most protective TiO2 film formed in oxi-
dizing media, or a much less protective film as TiO,
Ti2O3, and their mixture formed in reducing media.
Third, ZrO2 is a compound that is closer to insulators
than to semiconductors. The chemical bonding
between zirconium and oxygen is very strong and
the transport of current through the film becomes
increasingly difficult as the film grows. However, as
for many passive alloys, the protective film is unreli-
able in the presence of flaws on the surface.

Accepting ZrO2 as the compound for the passive
film on zirconium does not lead to a total agreement
among researchers. After all, ZrO2 has three different
crystalline structures: cubic (c), tetragonal (t), and
monoclinic (m). Normally, c, t, and m ZrO2 are stable
at temperatures between 2680 and 2370 �C, between
2370 and 1240 �C, and below 1240 �C, respectively.
Burgers et al.10 reports the film formed on zirconium
during anodic polarization in a phosphoric solution to
be monoclinic (m) ZrO2, identical to the natural zirco-
nium ore ‘baddeleyite’. However, according to Char-
lesby,11 the anodic film is cubic (c) ZrO2 in the case of
polarization in 0.1N HNO3; in dilute H2SO4 or a
borate solution, the film is primarily amorphous, but
contains some cubic ZrO2. Cox

12 has stated that the
passive film formed on H2SO4 is predominantly the
cubic structure with traces of the monoclinic structure.

The oxide film formed on zirconium alloys in
water and steam is just as complicated. The oxide
scales are known to be predominately monoclinic
ZrO2; however, it has been shown that the oxide
layer is under high compressive stress, which may
stabilize the oxide in its tetragonal form.13,14 Studies
by Raman spectroscopy and X-ray diffraction have
shown that the oxide is a mixture of both (t) and (m)
ZrO2 structures.

15,16 Godlewski et al.,15 using tapered
samples, have shown that in Zircaloy-4 and Zr–1%
Nb alloys, �40% of the oxide film near the oxide–
metal interface has (t) structure and the proportion of
(t) decreases to �15% as the distance from the inter-
face increases beyond �600 nm. Using the reflec-
tion high energy electron diffraction technique on the
Zr–2.5% Nb alloy, Khatamian and Lalonde17 detected
a mixture of nearly (c), (t), and (m) structures for films
of 200-nm thick or less and the (m) structure for the
outer layers of films thicker than 800 nm.

It appears that protective oxide films can, there-
fore, be (m), (t), (c), or their mixtures. It would be
incorrect to assume that zirconium and its alloys
have, for example, (t) ZrO2 to be corrosion and oxi-
dation resistant. After all, to form, for example, (t)
ZrO2 at a temperature between 1240 and 2370 �C

cannot protect zirconium. All three forms of zirco-
nium oxide are about equally inert. Which one forms
on zirconium’s surface depends on temperature,
alloying elements, environmental composition, and
the state of stress in the film. Regardless of its struc-
ture, as long as the film is compact and adherent,
it is protective.

3.14.2.2 Effects of Water

Water is the essential ingredient in aqueous corrosion
of most metals and alloys. The presence of water in
many environments makes them much more corro-
sive to common metals. However, with few excep-
tions, water is zirconium’s best friend. For example, a
major reason for using zirconium in the nuclear
industry (apart from its low neutron capture cross
section) is its excellent resistance to water and steam.
This capability even extends into highly reducing
conditions such as hydrochloric and dilute sulfuric
acids. However, zirconium may become vulnerable
in certain water-free environments, for example,
organic solutions. Without water, zirconium is not
able to repair any damage made to the protective
film. Hence, the reactive nature of zirconium will
be exposed to corrosive attack; the addition of small
amounts of water may stop this.

Exceptions include the presence of water in chlo-
rine and fluorine that makes them corrosive to zirco-
nium. Unlike titanium, zirconium resists attack by
dry chlorine (titanium may even ignite in dry chlo-
rine). However, zirconium is susceptible to local
attack in wet chlorine, which can be regarded as an
oxidizing chloride solution (i.e., containing chloride
and hypochlorite). Water-containing fluorine is cor-
rosive to both titanium and zirconium.

3.14.2.3 Effects of Temperature

Zirconium is regarded as both a reactive and refrac-
tory metal because of its high melting point of
1852 �C. However, zirconium is not suitable for high
temperature applications because of its reactivity.
Zirconium reacts with many metallic and nonmetallic
elements at elevated temperatures, that is why zirco-
nium needs a clean surface and argon shielding in
welding. Heat treatments may be done in air, but only
with a clean surface. For example, to leave a fingerprint
on zirconium’s surface, this may result in local break-
away oxidation as demonstrated in Figure 6.

Zirconium may be used for long-term service gen-
erally only when the temperature is 350 �C or lower.
For example, the corrosion rate of zirconium changes
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little in nitric acid and dilute sulfuric acid as the
temperature increases within zirconium’s limit. With
increasing temperature, the corrosion rate of zirco-
niummay increase but so does the film formation rate.
The net change remains small. Of course, in noncom-
patible media, such as hydrofluoric acid and concen-
trated sulfuric acid, the corrosion rate of zirconium
increases rapidly with increasing temperature.

3.14.2.4 Effects of pH

Thermodynamically, zirconium behaves like most
passive metals in acidic and alkaline solutions as

shown in Figure 7.9 Zirconium dioxide or hydrated
zirconium dioxide dissolves as ZrO2þ when the pH is
less than or equal to 3.5 and as Zr4þ when the pH
is less than about 1. Dissolution as ZrO2þ is expected
to be much slower than as Zr4þ. Zirconium dioxide
retains most of its protective capability until the pH
is less than 1 and above 13. In fact, zirconium is one of
the few metals that exhibit excellent corrosion resis-
tance over such a wide range of pH and, hence,
zirconium equipment can be used in processes
that cycle between strong acids and strong alkalis. In
this aspect, zirconium is better than other high-
performance materials, such as titanium, tantalum,
glass, and polytetrafluoroethylene (PTFE), which
are generally poor in strong alkalis.

The pH has some effect on the solubility of the
oxide film on zirconium, but the effect is not dra-
matic. Practically, the corrosion resistance of zirco-
nium has little dependence on pH over a wide
range.18 Zirconium dioxide is virtually insoluble in
neutral water. It dissolves slightly as the pH increases
or decreases as long as pH is not extreme. Slight
dissolution conditions for zirconium oxides may
have some beneficial effects that are discussed later.

However, pH change may alter the corrosive
nature of impurities in a solution. Two important
impurities to be considered are ferric ion and fluoride
ion. Ferric ion is a common, well-known oxidizing
ion that induces pitting on metals and alloys in halide

Figure 6 Effect of finger print on zirconium after heating at
760 �C for 30min.
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solutions. Fluoride ion has the capability to interfere
with oxide formation even at low temperatures. Nor-
mally, ferric ion exits in solutions when the pH is less
than or equal to 2.5 and when the solution potential
exceeds 0.771 V versus NHE.9 In a nonaerated acid,
iron corrodes to yield ferrous ions that are too reduc-
ing to induce pitting on most metals and alloys.
Ferrous ion tends to become ferric ion in the pres-
ence of oxygen. Zirconium resists pitting in iron-
containing chloride solutions when the pH is 3 or
greater.19 To control the pitting of zirconium in
copper-containing chloride solutions, the pH needs
to be 5 or greater.20

Furthermore, the corrosivity of fluoride solutions
may change dramatically with changing pH. Zirco-
nium is totally defenseless in hydrofluoric acid (HF)
at all concentration and temperature as it forms solu-
ble zirconium complex ions in the acid. Although
zirconium is not suitable for handling HF solutions,
it has some resistance to certain fluoride solutions,
such as calcium and sodium fluorides, provided the
pH is sufficiently high and the temperature is suffi-
ciently low. The corrosion rate of zirconium in
saturated calcium fluoride at pH 5 and 90 �C is
close to zero (<0.025mmyear�1). However, although
the corrosion rate of zirconium in saturated sodium
fluoride (at pH 7.4) is also effectively zero at 28 �C, it
is more than 1270 mmyear�1 at 90 �C. One major
difference between calcium and sodium fluorides is
their solubility in water. At room temperature, the
solubility of calcium and sodium fluorides are 2 and
4300 ppm, respectively. Hot solutions with a lot of
dissolved fluoride ions are potentially corrosive to
zirconium. However, the concentration of dissolved
fluoride ions is not always proportional to the con-
centration of the added fluoride salt.

Thermodynamically, hydrofluoric acid exists
when the pH is less than or equal to about 3.2.9 The
solution then becomes increasingly corrosive to zir-
conium, regardless of temperature, with decreasing
pH. Therefore, zirconium is not recommended for
handling fluoride-containing acids, unless the fluo-
ride ions are effectively removed by complexing.21 It
is important to be aware that there may be overlooked
sources of fluoride in particular processes.22 For
example, technical grade phosphoric acid can contain
over 1000 ppm of fluoride ion (not necessarily indi-
cated in the specification). Food grade phosphoric
acid clearly gives the minimum fluoride content,
typically, <5 ppm. Other overlooked sources include
contaminated waters, recycled acids, fluxes, and
fluorinated compounds.

3.14.2.5 Localized Corrosion

3.14.2.5.1 Pitting corrosion

Like most passive metals and alloys, zirconium is
susceptible to pitting in all halide solutions except
fluoride solutions23 where it is vulnerable to general
corrosion. For zirconium, the susceptibility to pitting
is greatest in chloride solutions and decreases as the
halide ion becomes heavier. This is the reverse order
in the case for titanium, which is highly resistant to
pitting in chloride solution but is vulnerable to
pitting in iodide solutions.

The pitting potentials of zirconium in 1N
solutions of Cl�, Br�, and I� are þ380, þ660, and
þ910mV NHE, respectively. These potentials
decrease gradually with increasing concentration
and decrease rapidly in concentrated halide solu-
tions.24 Other factors, such as pH,24 temperature,24

alloying element,25 and film quality,26 also affect
pitting potential under certain conditions. The
major concern for zirconium is pitting in chloride
solutions. Figure 8 illustrates the electrochemical
behavior of zirconium and stainless steel. In
chloride-free solutions, zirconium is more corrosion
resistant than stainless steel and most other passive
alloys. However, in chloride-containing solutions, zir-
conium’s advantage disappears in oxidizing condi-
tions. Thus, although zirconium may have a slightly
higher pitting potential than stainless steel in chloride
solutions, it pits at a much higher rate than stainless
steel under a constant potential condition.

Zirconium does not pit in most chloride solutions,
such as seawater and underground fluids, because its
corrosion potential is often lower than the pitting
potential.27,28 The presence of oxidizing ions, such
as ferric and cupric ions, in acidic chloride solutions
may increase the corrosion potential to exceed the
pitting potential, therefore, pitting may occur. Pitting
may also occur when there is an applied anodic
potential or when zirconium is coupled with a more
noble material, such as graphite or platinum. Nitrate
and sulfate ion can inhibit the pitting of zirconium
under certain conditions.20,29,30 Corrosion control
measures for pitting and other types of corrosion
will be discussed in a later section.

3.14.2.5.2 Crevice corrosion
In chloride solutions, zirconium is among the most
resistant of metals to crevice corrosion. Zirconium is
not subject to crevice corrosion even in low-pH
chloride solutions or chlorine gas. This can be
rationalized by the common model proposed for
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crevice corrosion. In the initial stage of crevice cor-
rosion, metal dissolution and oxygen reduction occur
uniformly over the entire surface, including the inte-
rior of the crevice. After a short interval, the oxygen
within the crevice is depleted because of its confine-
ment, so oxygen reduction ceases within the crevice
while metal dissolution continues. This tends to pro-
duce an excess of positive charge in the solution,
which is necessarily balanced by the migration of
negative chloride ions into the crevice. At the same
time, positively charged ions, such as Fe3þ, stay out-
side the crevice. Similar to the pitting process, metal
chloride dissociates into an insoluble hydroxide and a
free acid (HþþCl�). In addition, the condition within
crevices is too reducing to have ferric ions. These
changes are actually favorable for zirconium. Conse-
quently, zirconium is not susceptible to crevice cor-
rosion in chloride solutions.

To follow the same model, zirconium would be
susceptible to crevice corrosion in fluoride solutions.
Crevice corrosion at the contact between zirconium
and PTFE would be a special case. PTFE is an inert
material and releases few fluoride ions when it is
produced by the pressurized process for making vir-
gin materials. It can also be produced from recycled
materials by remelting. Recycled PTFE is not as
stable as virgin PTFE and may release large amounts

of fluorides. Crevice corrosion of zirconium under
PTFE gaskets has occurred several times in acids
when recycled PTFE or a less stable type of fluor-
opolymer had been used.

Furthermore, zirconium is susceptible to crevice
corrosion in dilute sulfuric acid when the acid is
allowed to concentrate within the crevice.

3.14.2.5.3 Intergranular corrosion
Zirconium alloys poorly with most elements and is
miscible only with titanium, hafnium, and scandium.
Thus, most elements have very low solubility in
zirconium and form intermetallic compounds as sec-
ond phase precipitates. Iron is the major, most visible
impurity in zirconium, and zirconium–iron com-
pounds are the most important to consider. Depend-
ing on thermomechanical history, zirconium–iron
compounds distribute in zirconium in several ways.31

Mill products typically have the uniform distribution
of fine particles. Grain boundaries also are favorite
sites for these particles to precipitate. More impor-
tantly, these particles tend to be spheroidal under the
annealed condition. These particles can become elon-
gated in the HAZ and the weld metal under the as-
welded condition as shown in Figure 9(a) and 9(b).
When there are sufficient elongated particles, they
tend to form interconnected networks and are,
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therefore, not as corrosion resistant as zirconium in
most environments. Consequently, the HAZ and the
weld metal are susceptible to intergranular corrosion
in media such as concentrated sulfuric and hydro-
chloric acids.

Heat treatment can be used to modify the mor-
phology of the second-phase particles in the HAZ
and the weld metal. Heating at 770 �C is effective as
shown in Figure 10. After heat treatment, elongated
particles become spheroidal similar to those in the
parent metal. The resistance of zirconium to inter-
granular corrosion is, therefore, greatly improved.

3.14.2.5.4 Stress corrosion cracking
Zirconium and its alloys resist stress-corrosion
cracking (SCC) in many environments, such as
NaCl, MgCl2, NaOH, and H2S, which are strong

SCC-inducing agents on common metals and alloys.
Thus, zirconium service failures resulting from SCC
are few in chemical applications. The high SCC resis-
tance of zirconium can be attributed to its high repas-
sivation rate. In the presence of water or oxygen, any
breakdown in the surface oxide film is quickly healed.
The environments known to cause SCC of zirconium
include FeCl3, CuCl2, halogen, or halide-containing
methanol and certain other organics, concentrated
HNO3, liquid mercury or caesium,32 and 64–69%
H2SO4.

33 Control measures for the SCC of zirconium
include:

� avoiding high sustained tensile stresses;
� modifying the environment, for example, changing

pH, concentration, or adding an inhibitor;
� maintaining a high-quality surface film, that is, one

low in impurities, defects, and mechanical damage;

(a)
A.R. H.A.Z,,825X

(b)
A.R. WELD AREA,825X

Figure 9 (a) The HAZ of as-welded Zr702 and (b) the weld

metal of as-welded Zr702.

(a)
770 C,1 HR.,H.A.Z.,825X

(b)
770 C,1 HR., WELD AREA,825X

Figure 10 (a) The HAZ of heat-treated Zr702 and (b) the

weld metal of heat-treated Zr702.
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� applying a small cathodic potential or coupling
with a more active material;

� insulating the contact between zirconium and a
noble material, such as graphite and platinum;

� shot peening.

3.14.2.5.5 Delayed hydride cracking

Hydrogen is well known for its capability to cause
damage in many metals and alloys. In titanium and
zirconium, which form brittle hydrides, failure can
occur by two embrittlement processes. One process
is a reduction in the fracture toughness of the metal
due to the presence of a high concentration of hydride
platelets that have their in-plane dimensions in the
crack growth direction. The second process is delayed
hydrided cracking (DHC), which is the result of a
mechanism of crack initiation and slow propagation.34

In DHC, hydrogen diffusion in the metal is
required. Gradients of concentration, temperature,
and stress are all important factors in controlling
diffusivity as given in the general diffusion equation:

J ¼ DCx

RT
RT

dlnCx

dx
þ Q �

T

dT

dx
� V �

3

ds
dx

� �

where J is the hydrogen flux; D, the diffusivity of
hydrogen at any point x ; Cx, the concentration of
hydrogen at any point x ; R, the gas constant; T, the
temperature; Q*, the heat of transport of hydrogen
in metal; V *, the volume of transport of hydrogen in
metal; and s is the tensile stress (a compressive stress
would have a negative value).

That is, hydrogen is driven by three forces to an
area of lower concentration, colder temperature, and
higher tensile stresses. Since DHC may occur at low
temperatures in a matrix of uniformly distributed
hydrogen, its mechanism is believed to be as follows:
stress gradients at stress concentration sites attract
hydrogen, resulting in local hydride precipitation,
growth, and reorientation. When the growing hydride
reaches some critical size, the hydride either cleaves
or the hydride–matrix interface opens up to nucleate
a crack. Once a crack has nucleated, propagation
occurs by repeating the same process at the crack
tip and, as such, is a discontinuous process. It should
be noted that the formation of hydrides is not a
necessary requirement for this mechanism to operate,
as is the case in delayed hydrogen embrittlement in
high-strength steels.

Stress and stress gradient are two necessary
requirements for DHC to occur and, fortunately,
they are controllable. High stresses without gradients

will not induce DHC. Hydrogen cannot move when
high stresses are uniformly distributed in the struc-
ture. High-stress gradients are needed to move
hydrogen but cannot be created without high stresses.
High stresses are also required in fracturing hydride.

Stress relieving is one of themost effectivemeasures
in preventing DHC. It takes considerable time for
hydrogen to reach the highly stressed area and to
precipitate out as hydride platelets. Furthermore, the
platelets must grow large enough for cracking to occur.
Depending on many factors, it sometimes takes 2 years
for DHC to happen, but 5weeks after welding is the
shortest known period for Zr705 to suffer DHC at
room temperature. This provides a base for the Boiler
and Pressure Vessel Code of the ASME (Section VIII,
Division 1, Subsection C, UNF-56, (d), 1992, p.183) to
add the following guideline:

Within 14 days after welding, all products of

zirconium Grade R60705 shall be heat-treated at

(538–593 �C) for a minimum of 1 h for thicknesses

up to 1 in. (25.4mm) plus ½h for each additional inch

of thickness. Above 800 �F (427 �C), cooling shall be

done in a closed furnace or cooling chamber at a rate

not greater than 500 �Fh�1 (260 �Ch�1) divided by

the maximum metal thickness of the shell or head

plate in inches but in no case more than 500 �Fh�1.

From 800 �F, the vessel may be cooled in still air.

3.14.2.6 Galvanic Corrosion

With the naturally occurring oxide film, zirconium
often assumes a noble potential in most environ-
ments. As an example, the galvanic series in seawater
is close to the nobility of noble materials. Since zir-
conium is more corrosion resistant than most materi-
als in a wide range of corrosives, zirconium is likely
the cathode in most cases. The material in contact
with zirconium could corrode at a much faster rate.
The risk for zirconium is absorption (as cathode) and,
hence, hydrogen embrittlement.

However, in incompatible environments, such as
hydrofluoric acid and concentrated sulfuric acid, zir-
conium may assume an active potential. Moreover,
zirconium may be activated at vulnerable sites when
it is in contact with a noble material in chloride
solutions. Graphite and carbides in the powder form
can be very effective in promoting galvanic corrosion
on zirconium since a small amount of powder may
produce a very large cathodic area. The effect of
coupling with graphite on the corrosion of zirconium
in boiling 20% HCl is shown in Table 6.20 It is
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evident that the effect can be dramatic when the
surface area of graphite is significantly larger than
that of zirconium.

The effect of galvanic coupling to carbon-based
materials is common in chemical equipment due to
their popularity and the availability of various forms.
Carbon-based materials are used as structural mate-
rials, gaskets, additives to lubricants, etc. Galvanic
effects induced by carbon-based materials should be
appraised not just for zirconium but also for other
common metals and alloys.

3.14.2.7 Microbiologically Influenced
Corrosion

Microbiologically induced or influenced corrosion
(MIC) occurs as a result of the presence and metabo-
lism of living organisms in the corrosion environment
or on the corroded material. Regardless of the mech-
anism, MIC can cause large damage to process equip-
ment when natural waters are used in hydrostatic
tests or as cooling fluids. However, results of long-
term tests in natural waters indicate that zirconium is
immune to MIC.

The organisms of greatest concern are sulfate-
reducing bacteria. Metabolic processes may produce
corrosives, such as sulfuric acid, inorganic or organic
sulfides, and organic acids. Common metals and
alloys have a high affinity for sulfur and its com-
pounds. As a result, metabolic products simply
make it too corrosive for common metals and alloys.
Conversely, zirconium has little affinity for sulfur and
its compounds. Zirconium resists attack by most inor-
ganic and organic acids as well. Metabolic products
are not corrosive to zirconium. In addition, changes
in oxygen potential, salt concentration, pH, etc. from
organisms do not degrade zirconium’s corrosion
resistance. Cathodic depolarization associated with
anaerobic growth is unfavorable to certain metals
and alloys but not to zirconium.

3.14.2.8 Erosion–Corrosion

Erosion is defined as accelerated corrosion resulting
from the conjoint action of corrosion and erosion in
the presence of a moving corrosive fluid. This type of
attack is highly dependent on fluid flow-rate and
corrosivity. It is particularly prevalent in areas
where high local turbulence, impingement, or cavita-
tion of the fluid may occur on metal surfaces. Solids
that are suspended in fluid may result in abrasion,
which may also drastically accelerate metal removal.

In compatible environments, zirconium forms a
hard, tenacious ZrO2 surface film that provides an
excellent barrier to erosion–corrosion. Also, zirco-
nium can quickly repair damage done to the film in
environments containing oxygen. Consequently, zir-
conium can withstand many corrosives at high flow
rates. To study this, a corrosion test loop was con-
structed to investigate the effects of flow rate and heat
flux on the corrosion of zirconium tube specimens.35

No effect was detected when the test conditions were
50% sulfuric acid at 166 �C flowing at 2.1 m s�1.

Many passive alloys have the difficulty of forming
protective films on their surfaces in sulfuric acid, and
they are, therefore, vulnerable to erosion–corrosion
in the acid. This is demonstrated in Figure 11.36 In a
sulfuric acid-based mixture, the corrosion of zirco-
nium is insensitive to increasing rotation speed up to
10 000 rpm. On the other hand, corrosion of Alloy
C-276 increases continuously from low speed to
high speed under the same test conditions.

3.14.2.9 Fretting Corrosion

Fretting corrosion results from the combined effects
of wear and corrosion and takes place when vibration
contact is made at the interface of tight-fitting, highly
loaded surfaces, such as between the leaves of a
spring or in rolling contact bearings. Factors affecting
fretting corrosion include contact load, amplitude,
frequency, temperature, and corrosivity of the
environment.

Fretting corrosion is a concern for zirconium,
since zirconium is a soft and reactive metal. It occurs
when zirconium’s protective oxide film is mechani-
cally damaged or removed. Measures should be taken
to control fretting corrosion. Fretting corrosion on
zirconium may be avoided by proper design and
fabrication, or through the addition of a heavy oxide
coating to combat mechanical effects. This coating
drastically reduces friction and prevents the removal
of the protective oxide layer.

Table 6 Effect of graphite-coupling on the corrosion of

zirconium in boiling 20% HCl after 4weeks of exposure

Specimen area (cm2)
Area ratio
graphite/
zirconium

Corrosion rate,
mmyear�1 (mpy)

Graphite Zirconium

– 31.0 0 0.013 (0.51)

5.9 31.0 0.19 0.013 (0.51)
24.8 5.0 4.96 0.0173 (0.68)a

27.0 2.5 10.8 0.239 (9.4)a

aLocalized corrosion.
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3.14.2.10 Surface Condition

Corrosion is a surface phenomenon, so surface condi-
tion is an important factor in the corrosion ofmetals and
alloys. It plays an important role not just in the initiation
but also in the propagation of localized corrosion. The
corrosion resistance of zirconium is not affected by
common surface features such as scratch and heat tint,
but may be degraded by embedded particles such as
iron and silicon carbide in oxidizing chloride solutions.
As indicated in Figure 12, zirconium with different
surface conditions has a wide range of rest potential
in a hydrochloric acid solution.20 The potential of
pickled zirconium is low and stays low. The potential

of zirconium with SiC abraded surface increases
quickly to reach the breakdown potential. In chloride
solutions, it is preferred for zirconium to have a low
potential that is below the breakdown potential. Pitting
is therefore avoided. Zirconium with a clean, smooth
surface is expected to have the optimum resistance to
localized corrosion including pitting, SCC, and DHC.

3.14.2.11 Tin in zirconium

Zircaloy recycling is a major source for zirconium in
making zirconium alloys and it can be noted that there
may be more than 2000 ppm tin in Zr702 without
violating the chemical requirements given in Table 2.
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Advantages of utilizing Zircaloy recycle include con-
sistent mechanical properties, improved corrosion–
oxidation resistance in water and steam, and reduction
in cost and material conservation. Small amounts of tin
may be beneficial or acceptable for Zr702. However,
there are cases to implicate that zirconium with a
sufficiently high tin content has degraded corrosion
resistance in certain environments. Zircaloys have a
mechanical strength advantage over Zr702 and,
hence, have been used in the manufacture of fittings
for corrosive applications. Zircaloy fittings have failed
in hot glacial acetic acid after 3 weeks to 5 months of
service.37 Zr702 and Zr705 are known to be highly
compatible with acetic acid. Thus, the failures of Zir-
coloy can be attributed to the high tin content (�1.4%)
in the alloys.

The zircaloy family of materials was developed for
improved corrosion properties in high pressure water
and steam primarily as a cladding material for nuclear
fuel. Tin additions to zirconium were originally
intended to offset the harmful effects of impurities like
nitrogen where they were often higher than 40 ppm.
However, the nitrogen content of the present zircaloy
materials is much lower, and higher levels of tin can be
more harmful than beneficial in this circumstance.
Thus, the corrosion resistance of zircaloy-4 in 400 �C
steam improveswith decreasing tin content from 1.41 to
0.09%.38 It should be noted that the test temperature
was much higher than the operating temperature of
zirconium equipment in nuclear reactor (pressurized
water) environments (285–350 �C). This effect of tin is
expected to decrease with decreasing temperature.

Results of 28-day tests show that the presence of
greater than 3000 ppm tin is much more critical to
zirconium in boiling sulfuric acid than in boiling
acetic, hydrochloric, and nitric acids. The critical
tin content in zirconium for sulfuric acid service
seems to be between 2000 and 3000 ppm.39 However,
the distribution of tin in zirconium is not uniform. To
take the fluctuation into consideration, the target
point for the tin content in Zr702 should be set at
1500 ppm, if 2000 ppm proves to be the limit for the
alloy in sulfuric acid service.39 Recently generated
data seem to support this recommendation.40

3.14.3 Corrosive Environments

3.14.3.1 Pressurized Water and Steam

Due to its passivity, zirconium is suitable for nuclear
applications since water-cooled reactors operate with
oxygen or hydrogen charged coolant at temperatures

from 286 to 350 �C. The corrosion and oxidation of
unalloyed zirconium in high temperature water and
steam are irregular; that is, oxide growth is not gener-
ally self-limiting. This behavior is related to variations
in the impurity content of the metal with nitrogen and
carbon impurities particularly harmful. The oxidation
rate of unalloyed zirconium increases markedly when
nitrogen and carbon concentrations exceed 40 and
300 ppm, respectively.41,42 The irregular behavior of
unalloyed zirconium has stimulated alloy development
programs. Zircaloy-2, zircaloy-4, Zr–2.5Nb, and Zr–
1Nb (‘Zirlo’) are the most important alloys developed
for nuclear applications because they are more reliable
and predicable for use in hot water and steam, in
addition to being stronger.

During oxidation at elevated temperatures, zirco-
nium alloys initially form a tightly adherent oxide film
at a rate that is at first quasicubic but, after an initial
period, undergoes a transition to linear behavior.
Unlike the white, porous oxide films on unalloyed
zirconium, the oxide film on zircaloy-2 remains dark
and adherent throughout transition and in the post-
transition region. Zircaloy-4 differs in composition
from zircaloy-2 by having a slightly higher iron content
but no nickel. Both variations are intended for reducing
hydrogen pickup during corrosion but with minimal
effect on overall corrosion resistance during reactor
operation. Hydrogen pickup detrimentally influences
fuel cladding performance with regard to hydride for-
mation. For example, in water at 360 �C, the hydrogen
pickup for zircaloy-4 is about 25% of the theoretical
quantity, or less than half of that for zircaloy-2. In
addition, hydrogen pickup for zircaloy-4 is less sensi-
tive to hydrogen overpressure than that for zircaloy-2.
For both alloys, hydrogen pickup is greatly reduced
when dissolved oxygen is present in the medium.41

The Zr–2.5Nb alloy is considered somewhat less
resistant to corrosion than the zircaloys with excep-
tions. Nevertheless, the Zr–2.5Nb alloy is suitable for
many applications, such as pressure tubes in the pri-
mary loops of some reactors. Furthermore, the cor-
rosion resistance of the Zr–2.5Nb alloy can be
substantially improved by heat treatments.42,43 In
addition, the Zr–2.5Nb alloy is superior to Zircaloys
in steam at temperatures above 400 �C.43

3.14.3.2 Other Aqueous Systems

3.14.3.2.1 Cooling waters

Unalloyed zirconium does not seem to have irregular
behavior in cooling waters, such as the towns water,
river water, or potable water, that are used as the
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cooling media in the chemical process industry. Such
waters have much higher levels of impurities than
water used in the nuclear reactors. The highest tem-
perature in such heat exchangers is around 300 �C, and
the longest lifetime is more than 20 years; zirconium
has generally performed well in these waters.

The major difference between pure water in
nuclear reactors and common cooling waters is
their corrosivity. There is also the important factor
of the effect of neutron flux on the oxidation process,
which is likely to accelerate corrosion by increasing
lattice diffusion. However, in the chemical process
industry zirconium heat exchangers can have a long
and satisfactory life. For example, two zirconium heat
exchangers were retired from a urea plant after con-
tinual service for 20 years. The tubes looked like new
and were used to build yet another heat exchanger.
The watersides of the tubes were covered with very
thin oxide films without any sign of breakaway oxi-
dation after 20 year’s use.

3.14.3.2.2 Salt solutions

Zirconium has excellent corrosion resistance to sea-
water, brackish water, and polluted water. Zirconium’s
advantages in salt waters include its insensitivity to
variation in factors like chloride concentration, pH,
temperature, velocity, crevice, and sulfur-containing
organisms. The effects of pH on iron-ions-containing
salt water were discussed earlier. Results of certain
field and laboratory tests are summarized as follows.28

Zr702 specimens with or without a crevice attach-
ment were placed in the Pacific Ocean atNewport, OR,
for up to 129 days. All welded and nonwelded speci-
mens exhibited nil corrosion rates. Marine biofouling
was observed; however, no attack was found beneath the
marine organisms or within the crevices. Laboratory
tests were performed on specimens of Zr702 and
Zr704 in boiling seawater for 275 days and in 200 �C
pressurized seawater for 29 days. Both alloys resisted
general corrosion, pitting, and crevice corrosion.

U-bend specimens, with or without steel coupling,
of Zr702, nickel-containing Zr704 or zircaloy-2, and
nickel-free Zr704 or zircaloy-4, were tested in boiling
seawater for 365 days as shown in Table 7. No crack-
ing was observed during the test period. Overstres-
sing of the tested U-bends indicated that all
specimens, except one, remained ductile. The excep-
tion was the welded nickel-containing Zr704 with
steel coupling which showed some hydrogen and
oxygen absorption. Chemical analyses and metallo-
graphic examinations on other U-bends did not
reveal any evidence of hydrogen absorption and

hydride formation. Results of chemical analyses are
given in. These results support that the presence of
nickel in zirconium promotes hydrogen pick-up.

Zirconium resists most salt solutions, which
include halogen, nitrate, carbonate, and sulfate.59,60

Corrosion rates are typically very low at tempera-
tures at least up the boiling point. Solutions of strong
oxidizing chloride salts, such as ferric and cupric
chlorides, are examples of the few exceptions. Zirco-
nium is considerably more resistant to chloride SCC
than are stainless steels.32 For example, U-bends of
Zr702 do not fail in boiling 42%magnesium chloride.
Another attractive property of zirconium is its high
resistance to crevice corrosion. Zirconium is not sub-
ject to crevice corrosion even in acidic chloride
solutions at elevated temperatures. No attack was
observed on zirconium in a salt spray environment.67

3.14.3.2.3 Sulfur compounds

Sulfur and its compounds are highly corrosive to com-
mon metals. They are often present in underground
fluids, such as oil, natural gas, and geothermal fluids.
Though zirconium is a reactive metal, it has little
affinity for sulfur. Consequently, zirconium has excel-
lent corrosion resistance to sulfur and its compounds. It
requires a high temperature, around 700–900 �C, for
zirconium to react with sulfur vapor or hydrogen
sulfide to yield a number of sulfides. Moreover, there
is no instance of zirconium–sulfur bonds forming in
aqueous systems.44,45 Practically, therefore, zirconium
is immune to sulfide stress cracking (SSC).

3.14.3.3 Inorganic Acids

3.14.3.3.1 Sulfuric acid

Sulfuric acid is the most important acid for use in the
manufacture of many chemicals. For example, the

Table 7 Chemical analyses for hydrogen and oxygen

(ppm) of tested U-bends in boiling seawater for 365days

Metal Hydrogen Oxygen

Nonwelded Zr702 U bend with
steel coupling

6 1350

Nonwelded Zr704 (Ni-containing)

U bend with steel coupling

8 1480

Nonwelded Zr704 (Ni-free) U bend
with steel coupling

9 1440

Welded Zr702 U bend with steel

coupling

8 1250

Welded Zr704 U bend

(Ni-containing) with steel

450 5000

Welded Zr704 (Ni-free) U bend

with steel coupling

5 1480
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acid is used as a dehydrating agent, an oxidizing
agent, an absorbent, a catalyst, a reagent in chemical
syntheses, and much more. These highly versatile
capabilities can be attributed to the complicated
nature of this acid. Sulfuric acid is a corrosive with
a continuously changing character. It changes from
the reducing nature of dilute acid to the oxidizing
nature of concentrated acid. The reactivity of sulfur
compounds and the difficulty of forming protective
oxide films under reducing condition make common
passive metals vulnerable to corrosion in dilute acid.
In fact, hot, dilute acid is a pickling solution for steel
and stainless steel. Solutions become increasingly
oxidizing at or above 65%. The usefulness of passive
metals and alloys depends strongly on acid concen-
tration, temperature, aeration, and other impurities.

Zirconium and its alloys are straightforward in
their corrosion resistance to sulfuric acid as shown
in Figures 13–15.48 Published data for zirconium
before the establishment of Zr702 were collected to
construct Figure 13(a). Corrosion data generated at
the Wah Chang company were used to construct
Figures 13(b), 14, and 15 for ASTM grades. It
should be noted that isocorrosion curves are nor-
mally constructed based on short-term results of
laboratory tests conducted under well-controlled
conditions. The curves should be used to understand
the corrosion behavior of the alloys rather than to
predict the performance of the alloys in actual service.
There are many factors affecting the performance of
the alloys. The factors include impurities in the alloys
and environments, equipment design and fabrication,
operating conditions, and maintenance.

Zirconium and its alloys resist attack by sulfuric
acid at all concentrations up to 70%. The major
difference among these grades is in the near boiling
region when the acid concentration is greater than
60%. In this region, Zr702 outperforms Zr704 and
Zr705. In 70–80% sulfuric acid, the corrosion resis-
tance of zirconium and its alloys depends strongly on
temperature. In higher concentrations, the corrosion
rate of zirconium and its alloys increases rapidly with
concentration due to the formation of nonprotective
zirconium sulfate film.

There are three regions in Figure 13(a) that are
attractive for using zirconium in sulfuric acid services.
The first region is dilute sulfuric acid, �10%, at
elevated temperatures. In this region, the temperature
limit for zirconium is well above 200 �C. The second
region is hot 10–45% sulfuric acid, where zirconium
is highly stable in the passive state. Zirconium can
tolerate lots of oxidizing impurities and some chlor-
ides. The third region is 45–70% sulfuric acid where

zirconium stays corrosion resistant when factors like
acid concentration and impurities are controlled
within zirconium’s limitations.

The corrosion behavior of zirconium can be fur-
ther examined from electrochemical measurements.
The anodic polarization curves of zirconium in
4.9–72.5% sulfuric acid at near-boiling temperatures
are shown in Figure 16. As indicated in Figure 16,
zirconium experiences a passive-to-transpassive tran-
sition in sulfuric acid with an increasing potential.
Zirconium does not have the active region in sulfuric
acid as is the case with common metals and alloys.

As indicated in Figure 16, zirconium has very
high transpassive (breakdown) potentials in dilute
sulfuric acid. This indicates that zirconium can toler-
ate large amounts of oxidizing agents, such as ferric
and nitrate ions in dilute sulfuric acid. For example,
there is no effect on zirconium in steel pickling
application even after a few percent of iron dissolves
in dilute sulfuric acid, provided that chlorides are not
present in significant amounts.

In >20% sulfuric acid, the breakdown potential of
zirconium decreases noticeably with increasing con-
centration. Looking at Figure 16 closely, still there is a
visible passive region for zirconium in 65% sulfuric
acid. This means zirconium can tolerate some amounts
of strong oxidizing agents in �65% sulfuric acid.47 In
>65% sulfuric acid, zirconiumbecomes sensitive to the
presence of oxidizing agents. Figure 17 illustrates the
effect of the presence of 200 ppm of various oxidizing
agents on zirconium in >65% sulfuric acid.

The acid concentration limit is very important
when zirconium is used to process sulfuric acid in
the marginal concentration region, such as 60% or
more. In less than 65% sulfuric acid, although the
vapor is almost entirely water, the concentration
shows little change in a pressurized system. However,
acid concentration can change significantly because,
for example, of the imperfect sealing of a system. Acid
concentration can easily change in a vacuum system
because the water vapor is continuously removed.

When the acid concentration limit is exceeded,
zirconium may corrode rapidly. Under certain con-
ditions, a pyrophoric surface layer may be formed on
zirconium. The pyrophoric surface layer on zirco-
nium formed in 77.5% sulfuric acid þ200 ppm ferric
ion at 80 �C consisted of g-hydride, zirconium sul-
fate, and fine metallic particles. The combination of
g-hydride and metallic particles is suggested to be
responsible for the pyrophoricity.48 Treating in hot
steam can be used to eliminate this tendency.

As shown in Figures 13(b), 14, and 15, the re-
sistance of zirconium in >55% sulfuric acid is
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somewhat degraded resulting from welding. Zirco-
nium weld metal may corrode preferentially and can
be attributed to the morphology of the second-phase
particles as previously discussed. Heat treatment at

775 	 15 �C for 1 h per 25mm of thickness can be
used to restore the corrosion resistance of weld metal.

The presence of chlorides in sulfuric acid does not
degrade zirconium’s resistance unless oxidizing ions
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Figure 13 The isocorrosion diagram of (a) zirconium in sulfuric acid and (b) Zr702 in sulfuric acid.
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are also present. When heavy metal ions and halide
ions coexist in sulfuric acid, the optimum acid con-
centration range for zirconium is 60–65%. Sulfate ion
possesses a mild inhibitive effect on the pitting of
zirconium in chloride solutions. In �1% chloride
solution, a minimum [SO4

2�]/[Cl�] ratio of 
42 is
needed for inhibition.20 The more sulfate ions in the
solution, the more oxidizing ion zirconium can toler-
ate before pitting occurs. Figure 18 can be used as a
guide when chloride ions and oxidizing ions coexist.

3.14.3.3.2 Halogen acids
Zirconium resists attack by most halides, including
halogen acids. Exceptions include hydrofluoric acid
and oxidizing chloride solutions. It has been discussed
that surface condition greatly affects the corrosion of
zirconium in oxidizing chloride solutions. Zirconium
has some corrosion resistance in certain fluorides when
the pH is high enough. For example, small amounts of
fluorides in city or ground water have little effect on
zirconium’s corrosion resistance. However, a few ppm
hydrofluoric acid will noticeably increase the general

corrosion of zirconium. Nevertheless, zirconium and
its alloys have very limited usefulness in fluoride-con-
taining solutions. The concern is general corrosion but
not pitting. Zirconium and its alloys exhibit low corro-
sion rates in fluoride solutions only when the tempera-
ture is low enough, and the pH is high enough. They
are totally defenseless in HF-containing solutions. At
room temperature, hydrofluoric acid exists when the
pH is less than 3.18. The effect of pH on the corrosion
of zirconium in fluoride-containing solutions is shown
in Table 8.49

It should be noted that there are overlooked sources
for fluorides.21,22 Overlooked sources include recycled
chemicals and PTFE. For example, recycled sulfuric
acid may contain more than 100 ppm fluoride ions.21

When zirconium equipment faces fluoride-containing
acids, inhibitors that form strong fluoride complexes
should be added for protection.21 Useful inhibitors
include zirconium sponge, soluble zirconium chemi-
cals, and phosphorous pentoxide.Table 9 gives results
of the effects of certain inhibitors on zirconium’s cor-
rosion in fluoride-containing solutions.
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Unlike titanium and tantalum, the corrosion resis-
tance of zirconium in halides increases in the order of
chloride, bromide, and iodide. Unless the condition is
oxidizing, zirconium is very corrosion resistant in
chloride solutions, including strong hydrochloric
acid. Oxidizing conditions include the presence of
oxidizing agents, coupling with a noble material,

and applied anodic potential. In the absence of oxi-
dizing conditions, zirconium is one of the most cor-
rosion resistant metals to hydrochloric acid. As shown
in Figure 19, zirconium is totally resistant to attack
in all concentrations of hydrochloric acid. Normally,
stainless alloys can be considered only for handling
very dilute and/or low-temperature hydrochloric
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acid. Zirconium would outperform stainless alloys in
hydrochloric acid. Moreover, zirconium is not as sus-
ceptible to hydrogen embrittlement in hydrochloric
acid as tantalum.

Although hydrochloric acid is strongly reducing,
the anodic polarization curves of zirconium still do
not have an active region as exhibited in Figure 20.
However, Figure 20 shows that zirconium may suffer
pitting and/or SCCwhen it is anodically polarized to a
potential at or exceeding the pitting potentials. The
same types of corrosion problems can be developed in
hydrochloric acid when strong oxidizing agents are
present. Figure 21 illustrates the detrimental effect of
ferric ions in 20% HCl at 100 �C. The presence of
ferric ions polarizes the zirconium surface to a poten-
tial exceeding the pitting potential. Thus, local
breakdown of the passive surface at preferred sites
occurs, and a condition develops that favors pitting
and/or SCC. Maintaining zirconium at a potential in

its passive region, which is arbitrarily set at 50–100mV
below the corrosion potential, can counteract the detri-
mental effects resulting from the presence of ferric ions.

3.14.3.3.3 Nitric acid

Because of its passivating power, nitric acid is consid-
ered to be compatible with passive alloys. However,
nitric acid becomes highly corrosive when its tem-
perature is high or when impurities, such as heavy-
metal ions, are present. The passivating power favors
the formation of oxide films but may also cause the
passive films to break down.

Zirconium is considerably more suitable than
most passive alloys for handling nitric acid, particu-
larly when the acid is hot, impure, and/or variable in
concentration. The excellent corrosion resistance of
zirconium in nitric acid has been recognized for more
than 30 years.50–52 Below the boiling point and at
98% nitric acid, and up to 250 �C and at 70% nitric

Table 9 Effect of zirconium sponge or phosphorous pentoxide on the corrosion of Zr702 in fluoride-containing solutions

Medium Inhibitor Temp. (�C) Corrosion rate, mmyear�1 (mpy)

7.2% AlF3 + 0.5% HF None 90 >25.4 (>1000)

7.2% AlF3 + 0.5% HF 16% Zr Sponge 90 <0.025 (<1.0)

0.2%CaCl2 + 0.1%MgCl2 + 620 ppm CaF2; pH=1 None 80 8.89 (350)
0.2%CaCl2 + 0.1%MgCl2 + 620 ppm CaF2; pH=1 1200ppm P2O5 80 0.38 (15)

2%CaCl2 + 1% MgCl2 + 620 ppm CaF2; pH=1 None 80 3.8 (150)

2%CaCl2 + 1% MgCl2 + 620 ppm CaF2; pH=1 1200ppm P2O5 80 <0.025 (<1.0)

6.6%CaCl2 + 3.3%MgCl2 + 620 ppm CaF2; pH=1 None 80 1.0 (40)
6.6%CaCl2 + 3.3%MgCl2 + 620 ppm CaF2; pH=1 1200ppm P2O5 80 <0.025 (<1.0)

90% HNO3+200 ppm HF None 25 >25.4 (>1000)

90% HNO3+200 ppm HF 800ppm Zr sponge 25 0.254 (1.0)

Table 8 Corrosion of Zr702 in fluoride-containing solutions at 80 �C after four 1-day cycles

Solution (ppm)

CaCl2 (%) MgCl2 (%) F (as NaF) F (as CaF2) P2O5 pH Corrosion rate, mmyear�1 (mpy)

0.2 0.1 200 100 – 1 8.79 (346)

0.2 0.1 200 100 – 3 0.17 (6.69)

0.2 0.1 200 100 1200 1 3.54 (139.4)
0.2 0.1 – 300 – 1 8.79 (346)

0.2 0.1 – 300 1200 1 0.39 (15.4)

2.0 1.0 200 2800 – 1 2.87 (113)
2.0 1.0 200 2800 – 3 0.01 (0.39)

2.0 1.0 200 2800 800 1 0.13 (5.1)

2.0 1.0 – 300 – 1 3.71 (146)

2.0 1.0 – 300 1200 1 0.01 (0.39)
6.6 3.3 200 9800 – 1 1.92 (75.6)

6.6 3.3 200 9800 – 3 0.01 (0.39)

6.6 3.3 200 9800 800 1 0 (0)

6.6 3.3 – 300 – 1 1.02 (40)
6.6 3.3 – 300 1200 1 0.02 (0.78)
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Figure 19 The isocorrosion diagram of Zr702 in hydrochloric acid.
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Figure 20 Anodic polarization curves for Zr702 in hydrochloric acid at near boiling temperature.
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acid, the corrosion rate of zirconium is less than
0.13mmyear�1 as shown in Figure 22.

Zirconium is normally susceptible to pitting in
acidic oxidizing chloride solutions. However, nitrate
ion is also an inhibitor for the pitting of zirconium
because of its passivating power. The minimum
[NO3

�]/[Cl�] molar ratio required to inhibit pitting
of zirconium is between 130,51,52 and 5.53 Results of
tests indicate that zirconium’s resistance is not
degraded in up to 70% nitric acid with dissolved
1% ferric chloride, 1% sodium chloride, 1% seawa-
ter, 1% ferric ion, or 1% stainless steel at 204 �C.54

Still, the presence of an appreciable amount of HCl
should be avoided since zirconium is not resistant
to aqua regia.

The polarization curves of zirconium in nitric acid
are shown in Figure 23. Again, zirconium has the
passive-to-transpassive transition similar to that
which occurs in sulfuric acid. However, corrosion
potentials are noble because of the oxidizing nature
of nitric acid. As indicated in the above test results,
common oxidizing agents, such as ferric ions, do not
affect the corrosion resistance of zirconium in nitric
acid. The polarization curves do suggest that, zirco-
nium may be susceptible to SCC in concentrated
nitric acid. This is shown by the low passive-to-
transpassive potential. This is consistent with the
observation of SCC in U-bend specimens in greater
than 70% nitric acid.55 The slow strain-rate tech-
nique reveals zirconium’s susceptibility to SCC in
less than 70% nitric acid.56 Results of C-ring tests
indicate that zirconium specimens will have a long

life when they are stressed below the yield point.55

Avoiding high-sustained tensile stresses is effective in
controlling the SCC of zirconium.57

Additional concerns include the accumulation of
chlorine gas in the vapor phase and the presence of
fluorides. Chlorine gas may be generated by the
oxidation of chlorides by nitric acid. Areas that can
trap chlorine gas should be avoided for zirconium
equipment when chlorides are present in nitric acid.
Fluorinated materials should be carefully applied and
may be overlooked sources for fluorides.

3.14.3.3.4 Phosphoric acid

Phosphoric acid is less corrosive than other mineral
acids. Many materials demonstrate useful resistance
in phosphoric acid at least at low temperatures. Cor-
rosion rates often increase with temperature and
impurities in the acid. Figure 24 shows that zirco-
nium resists attack in phosphoric acid at concentra-
tions up to 55% and temperatures exceeding the
boiling point. Above 55% phosphoric acid, the cor-
rosion rate of zirconium increases with temperature.
The most interesting area for zirconium would be
dilute acid at elevated temperatures. Figure 25 gives
the anodic polarization curves of zirconium in phos-
phoric acid at near-boiling temperatures. As concen-
tration increases, the passive range diminishes
gradually, and the passive current increases progres-
sively. It appears that zirconium passivates more
slowly in phosphoric acid than in other mineral acids.

If phosphoric acid contains more than a trace of
fluoride ions, attack on zirconium may occur. Because
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fluoride compounds are often present in phosphoric
acid, the acid specification is important when zirco-
nium equipment is involved. For example, food grades
contain little fluoride ion, while technical grades may
contain tens to thousands ppm fluoride ions.

3.14.3.3.5 Other inorganic acids

Zirconium resists chromic acid up to 30% at tem-
peratures to 100 �C58 but it is not suitable for
handling certain chrome-plating solutions that con-
tain fluoride catalysts. Zirconium is also resistant to
certain mixed acids that include sulfuric–nitric, sul-
furic–hydrochloric, and phosphoric–nitric mixtures.
The sulfuric acid concentration must be below
70%.51,52,59,60 Zirconium is aggressively attacked in
1:3 volume mixtures of nitric and hydrochloric acids
(aqua regia). In the volume mixture, zirconium is
attacked more slowly than in the aqua regia.51,52 In
mixtures greater than the 3:1 ratio, zirconium
becomes resistant. Data for some mixed acid systems
are given in Table 10.
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3.14.3.4 Other Aqueous Environments

3.14.3.4.1 Hydrogen peroxide

Hydrogen peroxide is a unique and most important
covalent peroxide. Many of its physical properties
resemble those of water. However, chemically, it is
very much different from water. It is not as stable as
water. It decomposes into water and oxygen upon heat-
ing or in the presence of numerous catalysts, particu-
larly salts of such metals as iron, copper, manganese,
nickel, or chromium. Explosion may occur resulting
from catalytic decomposition. Often small amounts of
stabilizers, for example, tin salts and phosphates, are
needed to suppress peroxide decomposition.

Hydrogen peroxide can be corrosive even to
highly corrosion resistant metals and alloys such as
titanium. In fact, titanium is one of the worst materi-
als for handling hydrogen peroxide solutions. One
reason is that hydrogen peroxide has the capability
of forming peroxide complex compounds by attack-
ing metals and alloys. These compounds may be
soluble and are not as protective as oxide films.

Zirconium is regarded as one of the best materials
for hydrogen peroxide service.61,62 Its corrosion resis-
tance in this medium is excellent. It does not produce
active ions to catalytically decompose hydrogen per-
oxide. It has few problems for use in the production
of hydrogen peroxide since it is essential to keep
impurities out of process streams.

Nevertheless, zirconium is susceptible to pitting
in oxidizing chloride solutions, and hydrogen perox-
ide is an oxidizer. Zirconium may pit in hydrogen
peroxide solutions even when drops of hydrochloric
acid are added for acidification.63 It should be noted
that zirconium is fully compatible with other acidic
peroxide solutions when acids such as sulfuric acid
are added.

3.14.3.4.2 Alkaline solutions

Zirconium resists attack in most alkalis, which
include sodium hydroxide, potassium hydroxide, cal-
cium hydroxide, and ammonium hydroxide.58,64,65

This makes zirconium distinctly different from
some other high performance materials, such as tita-
nium, tantalum, glass, graphite, and PTFE, which are
attacked by strong alkaline solutions.

U-bends of Zr702 were tested in boiling 50%
sodium hydroxide. During the test period, the con-
centration changed from 50% to about 85%, and
temperature increased from 150 to 300 �C. The
PTFE washers and tubes used to make the U-bends
dissolved. However, the zirconiumU-bends remained
ductile and did not show any cracks after 20 days.

Coupons of Zr702 were tested in white liquor,
paper-pulping solution, which contains sodium
hydroxide and sodium sulfide, at 125, 175, and
225 �C. All coupons had corrosion rates of less than

Table 10 Corrosion of zirconium in certain mixed acids

Test Solution (wt%) Temperature (�C) Corrosion rate, mmyear�1 (mpy)

1% H2SO4 99% HNO3 RT, 100 0.001 (0.06)

10% H2SO4 90% HNO3 RT, 100 WG

14% H2SO4 14% HNO3 Boiling 0.002 (0.1)
25% H2SO4 75% HNO3 100 3.9 (150)

50% H2SO4 50% HNO3 RT 0.016 (0.63)

68% H2SO4 5% HNO3 Boiling 50.8 (2000)
68% H2SO4 1% HNO3 Boiling 0.28 (11)

75% H2SO4 25% HNO3 RT 6.6 (260)

88% H3PO4 0.5% HNO3 RT 0.0 (0.0)

88% H3PO4 5% HNO3 RT WG
Aqua Regia – RT Dissolved

20% HCl 20% HNO3 RT Dissolved

10% HCl 10% HNO3 RT Dissolved

7.5% H2SO4 19% HCl Boiling 0.012 (0.5)
34% H2SO4 17% HCl Boiling 0.008 (0.3)

40% H2SO4 14% HCl Boiling 0.005 (0.2)

56% H2SO4 10% HCl Boiling 0.05 (2.0)
60% H2SO4 1.5% HCl Boiling 0.025 (1.0)

69% H2SO4 1.5% HCl Boiling 0.12 (5.0)

69% H2SO4 4% HCl Boiling 0.38 (15.0)

72% H2SO4 1.5% HCl Boiling 0.51 (20.0)

WG, weight gain.
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0.025mmyear�1. In the same solution, graphite and
glass both corroded at 100 �C. Zr702 also exhibited
resistance to SCC in simulated white liquor.66

3.14.3.4.3 Urea

Zirconium has been recognized as the most corrosion-
resistant metal for urea-synthesis service.68,69 Stainless
alloys corrode in urea-synthesis conditions at rates
exceeding 2mmyear�1.68 Even silver has a high corro-
sion rate at 0.76mmyear�1. Although titanium does
not corrode much, it exhibits several problems, such as
erosion69 and hydrogen embrittlement.70

One of the earliest applications of zirconiumwas in
the production of urea. Certain zirconium vessels and
heat exchangers have been in service for more than
30 years and show no signs of corrosion. However, the
high corrosion rates of stainless steels are greatly
reduced when oxygen is added to the process stream.
Oxygen or air injection has become popular as the
corrosion control measure in urea plants. The advan-
tage of zirconium has been overlooked for many years.

In recent years, zirconium is making a comeback.
The driving force for the renewed interest in zirco-
nium is the concern about the presence of heavy
metals in fertilizers. Stainless steel equipment still
corrodes somewhat even with the oxygen injection
measure. To protect the environment, permissible
levels for the presence of heavy metal salts in fertili-
zers are being tightened. The corrosion resistance
and nontoxicity of zirconium cannot be ignored in
achieving new environmental standards.

3.14.3.5 Organic Acids

3.14.3.5.1 Acetic acid
The importance of acetic acid in the organic chemis-
try industry is comparable to that of sulfuric acid in
the inorganic chemistry industry. Acetic acid can
effectively acidify aqueous solutions, increasing
their corrosivity. It is not highly corrosive at low
temperatures. Many materials, including wood, rub-
ber, aluminum, copper, stainless steels, and titanium,
have been used in acetic acid service with different
degrees of success. Corrosion problems arise due to
variations in acid concentration, temperature, solu-
tion impurities or catalysts, and heat transfer.71

For over 40 years, zirconium has been recognized
as one of the most versatile materials for acetic acid
service.71–74 Zirconium shows nil corrosion rates
(<0.025mmyear�1) in most acetic acid media at
temperatures up to at least 260 �C. In fact, acetate
ions have a mildly inhibitive effect on the localized

corrosion of zirconium in halide solutions. Condi-
tions that lead to corrosion are few. They include
very dry acid (<650 ppm water) and the presence of
copper ions in the acid.75

Zirconium has become an important material for
the production of acetic acid through the reaction of
methanol and carbon monoxide. This technology has
been studied for more than 40 years. It could be
commercialized in the 1970s only when the corrosion
problems of structural materials were managed. In
this technology, the reaction must proceed at a
high temperature (at or greater than 150 �C) and
a high pressure (3.3–6.6MPa) in the presence of a
halide as the catalyst. Process equipment must be
made of highly corrosion-resistant materials. Zr702
and Zr705 are often used to construct process equip-
ment, such as reactors, columns, heat exchangers,
pumps, valves, piping systems, trays, and packings.

When various alloys were evaluated in acetic acid
environments, zirconium was identified as the most
corrosion resistant.72,73 Nevertheless, in certain tests,
zirconium exhibited pitting and high corrosion rates in
mixtures of acetic acid and acetic anhydride when
copper ions were present. Copper ions seem to play a
catalytic role in the corrosion process. It is undesirable,
therefore, for zirconium equipment to be exposed to
acetic acid contaminatedwith copper ions. Copper ions
may come from corrosion of upstream equipment
made of copper-containing alloys and may also be
added as catalysts in certain processes.

3.14.3.5.2 Formic acid

Formic acid is more easily ionized than acetic acid.
Therefore, formic acid is expected to be more corro-
sive than acetic acid. Indeed, formic acid attacks
many common metals and alloys. Steel corrodes rap-
idly in this acid at all concentrations, even at ambient
temperatures. Stainless alloys have some serious lim-
itations. Type 304 stainless steel resists only 1–2%
formic acid at boiling. Type 316 stainless steel is
attacked by hot formic acid in the intermediate con-
centrations. Nickel-based alloys may corrode at high
rates in the acid with the presence of certain impu-
rities like halides and under heat-transfer conditions.
Titanium and its alloys are not consistent due to
factors such as aeration and water content. Compared
to the mentioned alloys, zirconium is versatile and
corrosion resistant in most formic acid solutions.76

Zirconium has played a key role in the commer-
cialization of the Leonard–Kemira process.77,78 In
this process, CO gas contacts methanol in the pres-
ence of a catalyst to form methyl formate in a reactor.
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The methyl formate is hydrolyzed in the presence of
a catalyst to yield formic acid and methanol, which
are separated by distillation. The methanol is
recycled in the first stage of the process. Factors
such as elevated temperatures and pressures and the
presence of water and catalyst make common materi-
als, including glass lining, resin and plastic coatings,
and stainless alloys inadequate as structural materials
for this process. Zirconium proves to be the most
economical structural material for use in the main
equipment for this process.

3.14.3.6 Other Organic Environments

Zirconium has excellent corrosion resistance in most
organic environments. Exceptions are certain halide-
containing organic solutions (e.g., impure methanol)
and organic halides (e.g., dichloroacetic and trichlor-
oacetic acids). Zirconium has been extensively tested
in organic-cooled reactors where the coolant consists
of mixtures of high-boiling aromatic hydrocarbons,
for example, terphenyls.79 These coolants are non-
corrosive to zirconium. However, early experiments
in the organic coolants indicated that hydriding was a
major concern. It was found that chlorine as an impu-
rity in the coolants was the reason for hydriding.
Elimination of the chlorine and maintenance of a
good surface oxide film by ensuring the presence of
some water (>50 ppm) alleviates the hydriding prob-
lem. Indeed, the combination of a lack of water and
the presence of halogens or halides is the common
reason for zirconium to corrode in organic environ-
ments. For example, addition of some water sup-
presses zirconium’s susceptibility to SCC in alcohol
solutions with halides.80–82

On the one hand, zirconium shows excellent corro-
sion resistance inmanychlorinated carbon compounds,
such as carbon tetrachloride and dichlorobenzene at
temperatures up to 200 �C. On the other hand, zirco-
nium is poor in certain chlorinated organic chemicals,
such as acetyl halides, even at ambient temperatures. It
is well known that certain organic halides are very
corrosive to metals in the absence of water and oxygen.
Metals can directly incorporate into these compounds
to form intermetallic compounds. The reactions were
investigated extensively by Grignard during the early
1900s. Today, organometallic halides are termed
‘Grignard’ reagents. Unsaturated organic compounds
and alkyl, aryl, and vinyl halides are commonly used to
react with metals in the preparation of organome-
tallic compounds. They are potentially corrosive to
metals, including zirconium. From the corrosion

point of view, organic halides can be classified into
three groups, that is, water soluble, water insoluble,
and water incompatible.

Water-soluble halides, such as aniline hydrochlo-
ride, chloroacetic acid, and tetrachloroethane, are not
corrosive to zirconium. More active halides, such as
dichloroacetic and trichloroacetic acids, are corrosive
to zirconium. Corrosion rates of zirconium in these
two acids at boiling are greater than 500 and 1250 mm
year�1 respectively. Water addition and stress reliev-
ing could be effective in controlling the corrosion of
zirconium in water-soluble halides. Water-insoluble
halides, such as trichloroethylene and dichloroben-
zene, are not corrosive to zirconium, which is to
be expected because of their stability. They do not
dissolve in water, and they can be physically mixed
together with water. Water-incompatible halides,
such as acetyl chloride, may be highly corrosive to
zirconium. They are not just unstable, but also react
violently with water. There is no chance for water to
be present in this type of halides, which are the most
undesirable organic compounds for zirconium to
handle.

3.14.4 High Temperature
Degradation

3.14.4.1 Oxidation and Hot Corrosion

Zirconium forms a visible oxide film in air at about
200 �C. The oxidation rate becomes high enough to
produce a loose, white scale on zirconium at tem-
peratures above 540 �C. At temperatures above
700 �C, zirconium can absorb oxygen and become
embrittled after prolonged exposure.

Zirconium reacts more slowly with nitrogen than
with oxygen since it has a higher affinity for oxygen
than for nitrogen. Also, a layer of oxide film normally
protects zirconium from reacting with nitrogen. How-
ever, once nitrogen penetrates through the oxide
layer, it diffuses into the metal faster than oxygen.
Clean zirconium starts the nitriding reaction in ultra-
pure nitrogen at about 900 �C. Temperatures of
1300 �C are needed to fully nitride zirconium. The
nitriding rate can be enhanced by the presence of
oxygen in the nitrogen or on the metal surface.

The oxide film on zirconium provides an effective
barrier to hydrogen absorption up to 760 �C,
provided that small amounts of oxygen are also pres-
ent in hydrogen for healing damaged spots in the
oxide film. In an all-hydrogen atmosphere, hydrogen
absorption will begin at a much lower temperature,
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that is, 310 �C. Zirconium will ultimately become
embrittled by forming zirconium hydrides. Hydrogen
can be removed from zirconium by prolonged vac-
uum annealing at temperatures above 760 �C.

The corrosion and oxidation of zirconium and its
alloys in steam are of special interest to nuclear
power applications. The alloys can be exposed for
prolonged period without pronounced attack at tem-
peratures up to 425 �C. In the 360 �C steam, up to
350 ppm chloride and iodide ions, 100 ppm fluoride
ions, and 10 000 ppm sulfate ions are acceptable for
zirconium in general applications but not in nuclear
power applications.

Zirconium is stable in ammonia up to about
1000 �C, in most gases (carbon monoxide, carbon
dioxide, and sulfur dioxide) up to about 300–400 �C,
and in dry halogens up to about 200 �C. At elevated
temperatures, zirconium forms volatile halides. The
corrosion resistance of zirconium in wet chlorine
depends on surface condition. Zirconium is suscepti-
ble to pitting in wet chlorine unless it has been
properly cleaned.

3.14.4.2 Molten Salts and Metals

Zirconium resists attack in some molten salts. It is
very resistant to corrosion by molten sodium hydrox-
ide to temperatures above 1000 �C and is also fairly
resistant to potassium hydroxide. The oxidation prop-
erties of zirconium in nitrate salts are similar to those
in air. Zirconium also resists some types of molten
metals, but the corrosion resistance is affected by
trace impurities such as oxygen, hydrogen, or nitro-
gen.83 It has a corrosion rate less than 25 mmyear�1 in
liquid lead to 600 �C, lithium to 800 �C, mercury to
100 �C, and sodium to 600 �C. The molten metals
known to attack zirconium include aluminum, zinc,
bismuth, and magnesium.

3.14.5 Corrosion Protection

3.14.5.1 Protective Film Formation

Zirconium oxide, which forms on zirconium’s sur-
face, is among the most insoluble compounds in a
broad range of corrosives. This film, although very
thin, provides excellent protection for zirconium
from corrosion in most media. When the film is
mechanically damaged, it will regenerate itself. For
corrosion resistance, there is no need to thicken the
film before zirconium equipment is placed in a cor-
rosive medium. However, it is desirable to preoxidize

zirconium for meeting heavy mechanical duties.
Properly oxidized zirconium has a much-improved
performance against sliding forces, although it can be
damaged by striking action. Oxidized zirconium
pump shafts are an example of common applications.
Bolts and nuts are often oxidized for the purpose of
preventing galling. Several methods for forming thick
layers of oxide films are available. They include
anodizing, autoclaving in hot water or steam, oxida-
tion in air or oxygen, and formation in molten salts.

Anodizing forms a very thin film (<0.5 mm). The
surface of zirconium with anodized films appears in
different colors that vary through the entire spec-
trum. The thickness of the film is in the range of
the wavelengths of visible light. Consequently,
because of interference of this light, only certain
wavelengths are selectively reflected through the
film from the zirconium metal underneath. Never-
theless, the film is formed at ambient temperatures
and does not adhere to the underlying metal as well
as thermally produced films. Anodized films may
look beautiful but have very limited capability to
protect the metal from mechanical damage.

Autoclaving in hot water or steam is a common
practice for determining ‘corrosion resistance’ in the
nuclear industry. In this method, the uniform film of
high integrity is formed in pressurized (19MPa)
deionized water at 360 �C for 14 days or in high
purity steam (10MPa) at 400 �C for 1–3 days. In
addition to improving corrosion resistance, the rate
of hydrogen absorption is greatly reduced.

Oxidation in air or oxygen under well-controlled
conditions can produce high quality films on zirco-
nium. The formed films serve as an excellent bearing
surface against a variety of materials. For example, a
layer of black film forms on a cleaned zirconium
component in air at 550 �C for 4–6 h84 or in a flui-
dized bed using oxygen during the oxide formation
period but using an inert gas during the heating and
cooling periods.85 The resultant oxide layer is
approximately 5 and 20 mm, respectively. It is equiva-
lent to sapphire in hardness and is diffusion bonded
to the base metal. The oxide layer can be damaged by
a striking force, but it serves as an excellent surface
for sliding contact.

Film formation in molten salts is useful for small
components. In this process, a zirconium subject is
treated in fused sodium cyanide containing 1–3%
sodium carbonate, or in a eutectic mixture of sodium
and potassium chlorides with 5% sodium carbonate.86

Treatment is carried out at a temperature ranging
from 600 to 800 �C for up to 50 h. The thickness of
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oxide film formed by this method is 20–30mm. This
film greatly improves resistance to abrasion and galling
over thick oxide films grown by many other methods.

3.14.5.2 Surface Conditioning

Figure 11 shows the effect of surface condition on the
rest potential of zirconium in 10% HClþ 500 ppm
Fe3þ at 30 �C. Air annealing yields rest potentials
nobler than the pitting potential, Ecrit, due to the
formed thick oxide during annealing. This does not
mean that pitting will occur if the film quality is good.
This does put thick oxide coated materials in a posi-
tion vulnerable to pitting, particularly when there is
an anodically applied potential. Surfaces abradedwith
either 600 grit SiC or Al2O3 cloth reach the pitting
potential quickly and have short pit initiation times.
This can be attributed to the presence of embedded
particles resulting from rough polishing. Pickled
and finely polished surfaces have rest potentials
below the pitting potential. They are very resistant
to pitting even in oxidizing chloride solutions. This
can be attributed to surface homogeneity that favors
general corrosion but not localized corrosion. Results
of immersion tests indicate that pickled zirconium
performs well in boiling 10% FeCl3 and in ClO2.

20,87

It is well known that zirconium with a normal surface
finish is unsuitable for handling these solutions.

3.14.5.3 Electrochemical Protection

Zirconium exhibits a passive-to-transpassive transi-
tion with increasing potential in all mineral acids
except hydrofluoric acid.88 The commonly observed
active node, as shown in Figure 8 for many metal–
acid systems, is not observed for zirconium. Conse-
quently, zirconium performs well in most reducing
media. This can be attributed to zirconium’s ability to
take oxygen from water to form a stable passive film.

Most passive alloys would need some oxidizing agent,
such as the presence of oxygen, for them to form
passive films. In fact, zirconium is one of the best
metals for handling reducing media. On the other
hand, zirconium may experience corrosion problems,
such as pitting and SCC, under oxidizing conditions.
These problems can be controlled by converting the
oxidizing condition to a more reducing condition by
various means.

Potentiostatically, by impressing a potential that is
arbitrarily 50–100mV below its corrosion potential,
zirconium becomes corrosion resistant in oxidizing
chloride solutions.89 Tables 11 and 12 demonstrate
the benefits of electrochemical protection in con-
trolling pitting and SCC. Table 11 shows that the
general corrosion rates of unprotected zirconium in
oxidizing chloride solutions may be low. However, the
penetration rates are much higher than the general
corrosion rate. Electrochemical protection eliminates
this local attack. As indicated inTable 12, unprotected
U bends of welded zirconium cracked in all but one
case shortly after exposure. Protected U bends resisted
cracking for the 32-day test interval in all but one
acid concentration. Thus, electrochemical protection
offers an improvement to the corrosion properties of
zirconium in oxidizing chloride solutions.

This technique is also applicable to control the
SCC of zirconium in concentrated nitric acid.57

Because of the strong oxidizing power of the acid,
zirconium exhibits a noble corrosion potential. Also,
there is a large difference between the corrosion
potential and the critical potential to cause SCC. It
is desirable to control the potential of zirconium a
few hundred millivolts below the corrosion potential
or at 740mV NHE.

3.14.5.4 Other Measures

Ferric and cupric ions are the common oxidizing
agents experienced in the CPI. Cupric ion is more

Table 11 Corrosion rate of zirconium in 500ppm Fe3þ solution after 32days

Environment Acidity Temp. (�C) Penetration rate, mmyear�1 (mpy)

Unprotected Protected

10% HCl 3 N 60 0.18 (7.1) <0.003 (<0.12)
120 1.30 (51.2) <0.003 (<0.12)

Spent acid (15% Cl) 5 N 65 0.91 (35.8) <0.003 (<0.12)

80 0.91 (35.8) <0.003 (<0.12)
20% HCl 6 N 60 0.09 (3.5) <0.003 (<0.12)

107 1.50 (59) <0.003 (<0.12)
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detrimental than ferric ion in promoting the general
corrosion and pitting of zirconium in acidic chloride
solutions.Tables 13 and 14 demonstrate the effect of
pH, welding, and heat treatment on the corrosion of
zirconium in cupric ion-containing solutions. The
corrosion problems of zirconium in these solutions
can be controlled by adjusting the pH to 6 or higher
(Table 13) or by high temperature heat treatment
(Table 14). In ferric ion-containing solutions, it is
sufficient to adjust the pH to 3 or higher.

Various inhibitors, such as nitrate, sulfate, and
stannous ions, can be used to control the pitting of
zirconium in chloride solutions.20 Furthermore, the
solution potential of an oxidizing solution can be
lowered when a small amount of hydrofluoric acid
is added.20,57 Therefore, hydrofluoric acid can be
used to control pitting and SCC of zirconium in

Table 12 Time to failure of welded zirconium U bends in 500ppm Fe3+ solution after 32days

Environment Acidity Temp. (�C) Time to failure (days)

Unprotected Protected

10% HCl 3N 60 <0.1 NFa

120 <0.1 NF

Spent acid (15% Cl) 5N 65 <0.3 NF
20% HCl 6N 60 NF NF

107 <0.1 NF

28% HCl 9N 60 2 NF
94 <0.1 NF

32% HCl 10N 53 1 32

77 <0.1 20

37% HCl 12N 30 <0.3 NF
53 1 NF

aNF: no failure.

Table 13 Test results of zirconium (as-received condi-

tion) in boiling 500ppmCu2þ containing NaCl solutions after

seven 1-day runs

Average corrosion rate, mmyear�1 (mpy)

No. % NaCl pH Nonwelded
coupons

Welded
Coupons

1. 3.5 1 0.05 (1.97)a 0.60 (23.6)a

2. 25 1 0.04 (1.57) 0.55 (21.7)a

3. 3.5 4.8 0.01 (0.39)a 0.60 (23.6)a

4. 25 4.0 0.03 (1.18) 0.56 (22)a

5. 3.5 5.0 0.02 (0.78) 0.64 (25)a

6. 25 5.0 Nil Nil

7. 3.5 6.0 Nil Nil

8. 25 6.0 Nil Nil
9. 3.5 7.5 Nil Nil

10. 25 7.5 Nil Nil

aPitting.

Table 14 Effects of heat treatment on the corrosion of zirconium (sand-blasted and pickled) in boiling NaClþCuCl2
solutions after seven 1-day runs

Average corrosion rate, mmyear�1 (mpy)

No. Metal Condition 35% NaClþ500 ppm Cu2þ 25% NaClþ 500 ppm Cu2þ

1. Nonwelded As conditioned 0.01 (0.39)a 0.025 (0.98)a

2. Welded As conditioned 0.01 (0.39)a 0.033 (1.3)a

3. Welded 760�C/AC <0.003 (0.12)a 0.006 (0.24)a

4. Welded 760�C/WQ <0.003 (0.12)a 0.004 (0.16)a

5. Welded 871�C/AC 0.003 (0.12) 0.006 (0.24)a

6. Welded 871�C/WQ 0.003 (0.12) 0.004 (0.16)a

7. Welded 982�C/AC 0.005 (0.20) 0.007 (0.27)

8. Welded 982�C/WQ 0.005 (0.20) 0.007 (0.27)

aPitting AC, air-cooled; WQ, water-quenched.
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oxidizing solutions, such as concentrated nitric acid
and ferric chloride solutions. Since hydrofluoric acid
is very corrosive to zirconium, the corrosivity of this
acid can be neutralized by adding a complexing agent,
such as zirconium sponge or zirconium compounds.

Tensile stresses provide a driving force for not just
SCC but also for other types of corrosion to occur.
Lowering residual stresses by a stress-relieving treat-
ment is useful in controlling pitting as well.

3.14.6 Industrial Applications

For more than 40 years, many corrosive applications
have been developed for zirconium and its alloys.
Zirconium and its alloys are being used as structural
materials in fabricating columns, reactors, heat
exchangers, vaporizers, pumps, piping systems,
valves, and agitators for the chemical process indus-
try. The chemical process industry recognized the
advantages of zirconium for solving corrosion pro-
blems from zirconium’s inception.

3.14.6.1 Processes Using Sulfuric Acid

Zirconium is used for the manufacture of H2O2 by
the electrolysis of acid sulfates. This production pro-
cess is extremely corrosive and, at one time, graphite
equipment was standard for this process. FMC’s plant
in Vancouver, WA, found that zirconium was superior
to graphite and used zirconium equipment to pro-
duce up to 90% H2O2. The average maintenance-
free life of the heat exchanger was 10 years; graphite
exchangers failed after 12–18months of service.
The graphite equipment failure was attributed to
the leaching of the binder from the graphite by the
35% H2SO4 feed, which created a porous condition
and ultimately caused failure.

The experience of zirconium in peroxide produc-
tion led to the replacement of the graphite heat
exchangers with zirconium shell and tube exchangers
in the manufacturing of acrylic films and fibers.
In this application, the H2SO4 concentration was as
high as 60% at 150 �C. Another major application in
H2SO4 concerns the manufacture of methyl methac-
rylate. The system at Rohm and Haas’ plant in Deer
Park, Texas, includes pressure vessels, columns, heat
exchangers, piping systems, pumps, and valves all
made from zirconium. A zirconium unit, which was
built more than 20 years ago, is still in service.

Zirconium is also widely used for column inter-
nals and reboilers in the manufacture of butyl alco-
hol. The operating conditions are 60–65% H2SO4 at

temperatures to boiling and slightly above. Zirco-
nium may corrode under upset conditions of elevated
concentrations and when such impurities as Fe3þ are
present. Zirconium has been used in H2SO4 recovery
and in recycle systems in which fluorides are not
present, and the acid concentration does not exceed
65%. A major application for zirconium is in iron and
steel pickling, using hot 5–40% H2SO4.

Rayon is a manmade textile fiber, and most of
today’s rayon is made by the viscose process. Equip-
ment made of graphite was popular for use in the
H2SO4-affected areas of this process, yet is vulnerable
to breakdowns. Avtex Fiber, Inc. began experimenting
with zirconium equipment in 1970. Zirconium’s
excellent performance prompted Avtex to convert
more pieces of equipment to zirconium, which
included 10 acid evaporators, 14 shell- and tube heat
exchangers, and 12 bayonet heat exchangers. In addi-
tion to dramatically reducing maintenance costs and
downtime, the zirconium equipment improved
operating efficiency and lowered overall energy costs.

Hydroxyacetic acid (HAA), also known as glycolic
acid, can be produced in a synthetic process
other than being extracted from natural sources.
Under high pressure (30–90MPa) and temperature
(160–200 �C), formaldehyde reacts with carbon mon-
oxide and water in the presence of an acidic catalyst,
such as sulfuric acid, to form HAA. Dupont could not
rely on a silver lining for reliable service in this
process as silver showed poor erosion resistance in
the piping system. There were cases of blowouts in
the piping due to failure of the lining. By the mid-
1980s, zirconium lining was evaluated when other
materials, such as glass, ceramic, stainless alloys, and
titanium were found unsuitable. Zirconium is well
known for its corrosion resistance in weak sulfuric
acid at temperatures up to and above 260 �C. An
8-month field test at Dupont indicated that a zirco-
nium tube would not corrode in the most severe
service section of the process. Zirconium’s excellent
resistance to erosion is also apparent and conse-
quently, Dupont replaced silver lining with zirco-
nium lining in piping sections more than 5 years
ago. It was estimated that zirconium lining would
last at least three times as long as silver lining.

3.14.6.2 Processes Using Halogen Acids

Zirconium has many applications in HCl, such as the
production of concentrated HCl and polymers. Zir-
conium heat exchangers, pumps, and agitators have
been used for more than 15 years in an azo dye
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coupling reaction. In addition to being very corrosion
resistant in this medium, zirconium does not plate
out undesirable salts that would change the color and
stability of the dyes.

Lactic acid is commercially produced either by
fermentation or by synthesis. The synthetic process is
based on lactonitrile, which is prepared by reacting
acetaldehyde with hydrogen cyanide at up to 200 �C.
Lactonitrile is then hydrolyzed in the presence of
HCl to yield lactic acid. In the HCl-affected areas,
suitable materials are limited. Glass-lined materials
are prone to breakdowns. Stainless alloys corrode and
introduce toxic materials to the process stream. Tita-
nium and its alloys are susceptible to crevice corro-
sion in hot chloride solutions. Zirconium is ideal for
this process. Since lactic acid is produced as a fine
chemical, contamination has to be prevented in all
areas. Oxidizing HCl conditions resulting from the
presence of ferric or cupric ions are avoided. More-
over, zirconium is highly resistant to crevice corro-
sion in chloride solutions. Since the 1970s, zirconium
equipment has provided excellent service in lactic
acid production.

Other applications in HCl include the breaking
down of cellulose in the food industry and the poly-
merization of ethylene chloride, which is carried out
in HCl and chlorinated solvents.

Zirconium and its alloys have been identified to
offer the best prospects from a cost standpoint as
materials for an HI decomposer in hydrogen produc-
tion. They resist attack by HI media (gas or liquid)
from room temperature to 300 �C. Most stainless
alloys have adequate corrosion resistance to HI only
at low temperatures.

3.14.6.3 Processes Using Nitric Acid

There is an increasing interest in the use of zirco-
nium for HNO3 service. For example, because of the
high degree of concern over safety, zirconium is
chosen as the major structural material for the critical
equipment used to reprocess spent nuclear fuels.

In most HNO3 service, stainless steel has been the
workhorse for decades. The excellent compatibility
between zirconium and HNO3 was not thought to be
needed. This situation changed when nitric acid pro-
ducers started to modernize their technology in the
late 1970s. Conventionally, HNO3 is manufactured by
oxidation of ammonia with air over platinum cata-
lysts. The resulting nitric oxide is further oxidized
into nitrogen dioxide and then absorbed in water to
form HNO3. Acid of up to 65% concentration is

produced by this process. Higher concentration acid
is produced by distilling the dilute acid with a
dehydrating agent. Before the l970s, dual-pressure
processes were the dominant means of HNO3 pro-
duction. A typical dual-pressure process operates the
converter at about 500 kPa and the absorber at about
1100 kPa. In the late 1970s,Weatherly, Inc. introduced
a high mono-pressure process which operates at
1300–1500 kPa. The advantages of this new process
include:

� greater productivity due to higher operating
pressure;

� smaller equipment resulting in a lower capital cost;
� higher energy recovery capabilities.

The new process was first tried in 1979 when Mis-
sissippi Chemical in Yazoo City, MS, retrofit their
existing plant with a new compressor system to
increase pressure for greater productivity and energy
efficiency. It was at this point that severe corrosion
problems were discovered. Prior to the upgrade, the
cooler condenser was constructed of type 304L stain-
less steel tubesheets and type 329 stainless steel tubes.
Under the previous operating conditions, the cooler
condenser had experienced some corrosion, which
was managed by plugging tubes and replacing the
unit every 3 to 4 years. Shortly after the upgrade,
with an operating temperature and pressure of
200 �C and 1035 kPa, 10% of the type 329 stainless
steel tubes were found to be leaking. This condenser
was replaced with a unit using type 310L stainless
steel, which had to be replaced after 13months of
operation. The original condenser with new tubes of
improved grade 329 stainless steel was replaced by
the 310L unit. Mississippi Chemical began looking
for alternatives.

In an attempt to find a solution to this problem,
autoclave tests were conducted on many newer types
of stainless steels and zirconium in solutions
up to 204 �C and at concentrations up to 65%.
Clearly, zirconium was the only suitable material
for the mono-pressure process. Corrosion rates of
zirconium coupons were consistently below 25 mm
year�1. The next step was to test zirconium tubes in
service. Several tubes were installed into a rebuilt
stainless steel condenser. They were destructively
examined after 13months and showed no signs of
corrosion. Zirconium tubes were then placed in
another condenser for 1 year. Once again, there
were no signs of corrosion.

Consequently, Mississippi Chemical replaced its
stainless steel cooler condenser with one constructed
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from zirconium tubes and zirconium/304L stainless
steel explosion-bonded tubesheets. This unit contains
more than 18 km of zirconium tubing. In service since
1984, the zirconium unit has already outperformed
the stainless steel predecessors. Thereafter, several
zirconium cooler condensers have been built for
other HNO3 producers.

Mono-pressure plants are not the only ones to use
zirconium as a solution to corrosion problems. Cer-
tain plants use a distillation process to increase the
acid concentration. The acid is passed through a
reboiler and enters a distillation column to drive off
water for concentrating the acid. In 1982, Union
Chemicals replaced the bottom portion of each of
two distillation columns and the tube bundles of each
of two reboilers. The lower parts of the columns had
been constructed originally with type 304L stainless
steel that experienced corrosion problems. Titanium
was tried, but also failed. While glass-lined steel did
not have the corrosion problems experienced by type
304L stainless steel and titanium, the maintenance
costs were found to be unacceptable. Zirconium pro-
vides significantly improved corrosion resistance
without adding maintenance costs. Zirconium also
solved corrosion problems in the reboilers. Prior to
the installation of zirconium tube bundles, both 304L
and titanium tube bundles had failed in less than
18months of operation.

With proper design and fabrication, zirconium’s
susceptibility to SCC can be suppressed in highly
concentrated HNO3. For example, an Israeli chemi-
cal plant uses zirconium tubes in a U-tube cooler that
processes bleached HNO3 at concentrations between
98.5 and 99%. The unit cools the acid from 70–75�C
to 35–40 �C. Previously, U-tube coolers were made
from aluminum, which failed in 2–12weeks. The
zirconium unit has been in service for more than
2 years, operating 24 h a day, 6 days a week.

3.14.7 Safety

Zirconium is low in toxicity and is not known to be a
carcinogen. The permissible exposure limit for zirco-
nium set by various health agencies is 5mgm�3. For
comparison, the limit for iron is 1mgm�3. One major
concern is zirconium’s reactivity. Under most condi-
tions, the reactivity works toward zirconium’s advan-
tage. This reactivity allows zirconium to react
spontaneously with oxygen to form a protective
film, which suppresses its reactivity. Consequently,
zirconium can be safely used under most conditions.

Nevertheless, unsafe situations may develop when
this reactive nature is overlooked.

Heat of formation for zirconium dioxide at 25 �C
is 1101.3 kJmol�1. It is potently exothermic. The
generated heat can be easily absorbed by a large
piece of zirconium. After the oxide film is formed,
the oxidation rate will decrease quickly and pose no
problems. However, when the heat is generated at a
very small area, ignition may occur. Care should be
exercised in handling fine materials including pow-
der, sponge, machine chips, and thin foils. Ignition
of fine materials will result in a very rapid, high
temperature fire, which can be extinguished by
using dry salt or sand. Attempts to extinguish a
large zirconium fire with water will only result in
scavenging of the oxygen atoms in the water mole-
cules by the burning zirconium, leaving the hydro-
gen molecules to act as additional fuel or explosion
source. These very large fires should be allowed to
burn out by themselves.

It is normally safe to handle a large piece of
zirconium. Still, ignition may occur when this piece
experiences an enhanced oxidation reaction in a con-
fined space. Under this condition, generated heat
cannot easily dissipate, leading to escalated oxidation
reaction and ignition becomes possible.

Furthermore, when zirconium’s corrosion resis-
tance is grossly exceeded in certain environments,
pyrophoric films may form on its surface.48 These
environments include concentrated sulfuric acid
and ferric chloride-containing solutions that may
induce massive localized corrosion. Consequently,
the solid surface is broken down into tiny pieces
that contain corrosion products and unreacted
zirconium particles. When unreacted particles are
fine enough, ignition may occur. This pyrophoricity
can be neutralized by treating it with steam.48

Unreacted particles will oxidize in steam to become
stable oxide or cover with a thick layer of oxide film.
Treating time is about 20min when the steam tem-
perature is 250 �C. A longer time is needed when a
lower temperature steam is used.

3.14.8 Future Possibilities

Trends in theCPImayoffer some clues for zirconium’s
applications in coming years. They include improving
product quality, developing new technologies, and
assuring safety and environmental protection.

In compatible environments, zirconium yields
few zirconium ions, which are colorless and
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biocompatible. Zirconium becomes attractive for
producers who do not just want to make a product,
but want to make a product of high quality without
undesirable impurities. The presence of undesirable
impurities may affect the product’s performance or
may be harmful to the environment. The use of
zirconium in the urea production is an example.
Another example is the use of zirconium in the pro-
duction of phenolic resins.75 Purely from the view-
point of mechanical integrity, iron-based alloys are
suitable structural materials. However, in order to
make phenolic resins for high-end uses, the products
need to be colorless and very low in impurities. Then,
zirconium becomes the necessary choice. If this trend
continues, zirconium should find more applications
in the food, the electronic, and the pharmaceutical
industries.

There is the increasing demand for energy and the
effort in reducing greenhouse gases. Many technolo-
gies are being developed to produce renewable energy.
As indicated in the section of halide-containing pro-
cesses, zirconium looks promising for the production of
hydrogen from the decomposition of HI. In certain
ethanol processes, the hydrolysis of starch into glucose
is accomplished rapidly by treatment with dilute sulfu-
ric acid at elevated temperature. High performance
alloys like zirconium are needed for this type of
processes.

Moreover, safer, advanced nuclear reactors have
been developed. There is a renewed interest in
nuclear energy. Many new nuclear power plants are
being built and planned. Demand for zirconium in
this arena will certainly rise and with it demand
for optimized alloys that permit longer service and,
consequently, higher utilization of the available ura-
nium fuel.

Finally, developments in nanotechnology create
new materials and corrosion challenges. Certain
nanodevices process small amounts of corrosives
through relatively large areas of corroding surfaces.
Alloys of low corrosion rates may be unsuitable as
structural materials. Zirconium could be a good
match for certain nanodevices.
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3.18.1 Metallurgy

Beryllium is a light metal (1.85 g cm�3) with a hex-
agonal close-packed structure (axial ratio 1.568).
Table 1 displays the composition of S200D Be versus
S200F two common grades of Be (Brush Wellman),
both of which are fabricated from powder materials.
The main difference between these grades of Be is
the concentrations of BeO, iron, and aluminum (Al).
Both grades are manufactured by comminuting vac-
uum cast ingots, followed by grinding or milling to
produce powder.1 In this process, a thin oxide layer
forms around the Be powder particles, resulting in a
high BeO content and resultant BeO inclusions that
form after hot isostatic pressing. The grain sizes of
these two grades of Be are on the order of 10–40 mm,
which is characteristic of powder products as the BeO
particles pin grain boundaries and retard grain
growth.

The most notable of its mechanical properties is
its low ductility at room temperature. Deformation at
room temperature is restricted to slip on the basal
plane, which takes place only to a very limited extent.
Consequently, at room temperature, beryllium is,
by normal standards, a brittle metal, exhibiting only
�2–4% tensile elongation. Mechanical deformation
increases this by the development of preferred orien-
tation, but only in the direction of working and
at the expense of ductility in other directions. Duc-
tility also increases very markedly at temperatures

above �300 �C with alternative slip on the (1010)
prismatic planes. In consequence, all mechanical
working of beryllium is carried out at elevated tem-
peratures. It has not yet been resolved whether the
brittleness of beryllium is intrinsic or results from its
impurities. Solid solubility of other metals in Be is
very low and, to date, it has not been possible to
overcome the brittleness problem by alloying.

3.18.2 Extraction and Fabrication

Beryllium is extracted from the main source mineral,
the aluminosilicate beryl, by conversion to the
hydroxide and then through either the fluoride or
the chloride to the final metal. If the fluoride is
used, it is reduced to beryllium in magnesium by a
Kroll-type reaction. The raw metal takes the form of
‘pebble’ and contains much residual halides and mag-
nesium. With the chloride, on the other hand, the
pure metal is extracted by electrolysis of a mixture of
fused beryllium chloride and sodium chloride. The
raw beryllium that results is dendritic in character
and contains residual chloride.

Before further processing, the raw metal must be
purified. Various methods of leaching have been tried
on a laboratory scale, but in practice, the method
usually adopted is vacuum induction melting. The
ingot so produced is then converted to powder by
reducing it to chips/turnings, followed by grinding.
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On a laboratory scale, the grinding is generally done
by ball milling; while in production, milling is carried
out between beryllium-faced plates.

The particle size of powder most often used for
consolidation is 200 mesh (74 mm sieve aperture),
and the most widely practiced method of consolida-
tion is hot pressing in vacuo.

Setting aside the necessity for hot working and the
toxicity issue, the fabrication of consolidated beryl-
lium generally follows normal lines; rolling, extru-
sion, drawing, forging, etc. have all been successfully
carried out. It is interesting to note that because of
the high chemical activity of beryllium, allied to the
method of consolidation from powder, the usual
grade of metal contains �1–2% of beryllium oxide
as described earlier. It could therefore, be considered
almost a mild cermet rather than a conventional pure
metal. Specifications for typical chemical composi-
tion are detailed in Table 1.

3.18.3 Aqueous Corrosion Behavior

3.18.3.1 Commercial Grades of Be

The initial studies of the breakdown of passivity in
beryllium focused on those environments expected to
be generated in the early ‘development reactors’
where beryllium was used as a neutron reflector,
and are not available in the general literature.2 In
these studies, beryllium was exposed to various con-
centrations of hydrogen peroxide (a water radiolysis
product) as a function of solution pH and tempera-
ture. At the end of exposure periods, coupons were
evaluated for pit density and penetration depth. The
effect of coupling beryllium to aluminum and stain-
less steels on corrosion rate was also investigated.
Although beryllium corrosion rates were high in some
of the simulated environments, service lifetimes
of beryllium reflectors exposed to high-purity,

low-temperature, irradiated water were reported to
be good.3

At this point, it is worth noting that the Be ion
exists only in the Be(II) oxidation state; however, early
literature, sometimes incorrectly, reported a Be(I)
oxidation state.4 These reports were later discredited.
Sheth used weight loss to study the anodic dissolution
of Be in numerous solution, including halides (F�,
Cl�, . . .), sulfates, and phosphates.5 Thus, reports of
the existence of a Be(I) oxidation state can be
explained by Sheth’s observation of metal disintegra-
tion, unoxidized loss of metal that skewed correlations
between charge passed and weight loss data.

In general, early literature on other forms of beryl-
lium corrosion is limited. Although some polarization
studies of beryllium in chloride and sulfate environ-
ments have been conducted,6 other investigations
focused on weight loss7 and visual observation3,8 to
evaluate susceptibility to corrosion. Levy found that
beryllium is susceptible to pitting attack in chloride
at its open circuit potential (OCP) and uniform attack
(i.e., ‘. . .a thick, dark anodic film. . .’) in NaNO3 solu-
tion.6 Similar observations were made by Prochko.8

Additional studies by Stonehouse and Beaver used
humidity cabinet experiments to evaluate the suscepti-
bility of beryllium to corrosion from surface residue
deposited during machining.3

Other investigations have focused on the corro-
sion associated with beryllium carbides. One of the
primary impurities in historic grades of beryllium is
carbon, 0.2 wt% or more, which results in the forma-
tion of second-phase particles (Be2C). In the presence
of water, these carbides react quickly to form BeO
(DG ¼ �581 kJ mol�1)

Be2Cþ 2H2O ! 2BeO þ CH4 ½1�
as discussed by Mueller.9 It may be noted, however,
that the relative surface concentration of carbides is low
and once the carbide has been consumed by this reac-
tion with water, no further role of carbides is expected.

Gulbrandsen et al. studied the passivity of Be in
phosphoric acid, oxalic acid, phosphate, borate, car-
bonate buffer solutions, and sodium hydroxide to
characterize the passive current density over a pH
of 1–15.10 It was shown that a minimum in passive
current density for beryllium occurs near pH 11 and
increases logarithmically in more acidic and alkaline
solutions. Moreover, it was also observed for any one
solution pH that the passive current density is a
function of ionic strength. However, Gulbrandsen
did not address the formation of soluble oxalic and
phosphoric beryllium complexes that form in some of

Table 1 Typical Be S200D and Be S200F chemistries

Constituents S200F S200D

Beryllium �98.5 �98.0

Beryllium oxide (BeO) �1.5 �2.0
Aluminum 0.10 0.16

Carbon 0.15 0.15

Iron 0.13 0.18

Magnesium 0.08 0.08
Silicon 0.06 0.08

Other metallic impurities 0.04 0.04

All values are given in weight percent.
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the solutions used. This may account for their obser-
vation of steady-state passive currents below the
thermodynamic limit of pH 2.

More recently, Hill et al. studied the passi-
vity and break down of 98.5% pure Be.11 The solu-
tions used were sulfuric acid adjusted to a solution
pH of 1 and 2, 0.25 M boric acid (pH¼4.6),
0.05 M sodium borate/0.5 M boric acid (pH¼7.2),
0.025 M sodium borate/0.05 M sodium hydroxide
(pH¼10.7), and sodium hydroxide adjusted to a solu-
tion pH of 12.5. A summary of the corrosion current
densities and passive current densities as a function of
pH is presented in Figure 1. Below pH 2, Be exhibited
active dissolution at all applied anodic potentials. In
solution pH 2–12.5, it was shown that Be exhibits
passive anodic behavior at potentials between the
OCP and 0.6 V versus saturated calomel electrode
(SCE). Anodic polarization above 0.6 V SCE in the
pH range of 2–12.5 led to an abrupt increase in the
passive current density, followed by oxygen evolution.
This abrupt increase was attributed to a change in the
specific resistivity of the passive film, as determined by
electrochemical impedance spectroscopy (EIS). EIS
experiments were also used to show that the oxide
growth rate on Be is 6.4 ÅV�1 over the potential
range of 0–4 V. At higher anodization potentials, the
growth rate appeared to be somewhat lower likely due
to an increase in oxide conductivity.

Breakdown of passivity was studied in chloride
and fluoride solutions. In chloride, the attack was
found to be localized. Typical potentiodynamic
polarization curves for S200D beryllium in deaerated

NaCl solutions ranging in concentration from 10�4 to
1 M Cl� are presented in Figure 2. For Cl� concen-
trations below 1 M, the anodic polarization of the
sample was characterized by a region of passivity
followed by a logarithmic increase in the current
density, which corresponded to the onset of pitting
corrosion. In deaerated 1 M Cl�, pitting at the OCP
was observed. The voltage that corresponded to the
onset of pitting corrosion, Epit, was found to decrease
logarithmically with increasing chloride concentra-
tion according to the relationship

Epit ¼ �0:067log½Cl�� � 1:01 ½2�
where Epit is in volts versus SCE and [Cl�] is the
concentration of chloride in molarity (Figure 3). As
seen in this relationship, a �0.067 V change in the
pitting potential per decade of chloride concentration
was observed. A similar relationship between Epit
and chloride concentration has been noted for pure
aluminum (Al); however, the relationship between
the pitting potential of Al in Cl� concentration is
�0.091 V per decade [Cl�]. For 18Cr–8Ni stainless
steel, the pitting potential has been found to vary
by �0.088 V per decade [Cl�]. Thus, the pitting
potentials of Al and stainless steel are more sensitive
to changes in chloride concentration than are those of
Be. In addition, as defined by the y-intercept in eqn.
[1], for any one chloride concentration, Epit for Be is
more negative than those of Al and stainless steel.

Hill et al. also investigated the breakdown of
passivity in sodium fluoride (NaF) solutions rang-
ing in concentration from 10�1 to 10�4 M F�. At a
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F� concentration of 10�4 M, the anodic polarization
of the sample was characterized by a region of passiv-
ity followed by a logarithmic increase in the current
density which corresponded to the onset of pitt-
ing corrosion. The pitting potential was found to
be �0.742 V SCE. In comparison, for 10�4 M Cl�,
the pitting potential was �0.773 V SCE. Pitting type
corrosion was also observed for 10�3 M F�; however,
no region of passivity was observed upon anodic
polarization. While at the lower fluoride concentra-
tions the breakdown of passivity was localized, at the
higher fluoride concentrations (10�1 to 10�2 M)
beryllium was susceptible to uniform attack.

3.18.3.2 High-Purity Be

Lillard investigated the factors influencing the transi-
tion from metastable to stable pitting high-purity sin-
gle crystal beryllium.12 The goal of that work was to
determine the relationship between physical bulk

metal properties, such as crystallographic orientation
of the surface, and the critical pitting environments in
terms of ohmic and mass transport models on the
breakdown of passivity. To accomplish this, electrodes
were fabricated from one zone-refinedBe single crystal
(99.99% Be via ion coupled plasma (ICP) analysis)
that was sectioned using electrical discharge machin-
ing (EDM). Experiments were conducted on the
following surfaces: (0001) the basal plane, (10–10) a
Type-I prism plane, and (11–20) a Type-II prism
plane. The solutions used in this study were sulfuric
acid adjusted to a pH of 2 and near-neutral
0.01 M sodium chloride.

A summary of the critical parameters from the
potentiodynamic polarization data for the three
orientations investigated is presented in Table 2.
Epit was found to decrease with electrode orientation
in the order (0001) > (10 –10) > (11–20). The scatter
in Epit for each orientation was moderate, and in only
one case did the potential regions overlap; the maxi-
mum Epit for the (11–20) surface was 0.01 V greater
than the minimum Epit for the (10–10) surface. Post-
exposure observation found that the corrosion pits
were not hemispherical, rather, they were highly
crystallographic in nature (Figure 4). Corrosion pits
on the surfaces of prism planes (10–10) and (11–20)
were characterized by interiors that had crystallo-
graphically oriented, parallel plates of unattacked
material. In comparison, the morphology of the cor-
rosion pits in polycrystalline Be are also character-
ized by parallel plates of unattacked Be, separated by
trenches of similar size and shape (Figure 5). Similar
morphologies were also observed by Straumanis in
polycrystaline Be.13 The orientation dependence of
pit propagation in single crystal and polycrystalline
Be was explained within the context of the metal–
metal bond strength as a function of surface orienta-
tion.14 Using the calculations of the electron density
distribution, it was proposed that crystallographic
pits propagate preferentially at ledges/steps that
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Table 2 Critical parameters from potentiodynamic polarization curves for Be single crystals in 0.01 M NaCl as a function

of surface orientation

Surface orientation Ecorr

(V vs SCE)
ipass
(A cm�2)

Epit

(V vs SCE)

S200D polycrystalline �1.15, s ¼ 0.03 6.1�10�7, s ¼ 0.4�10�7 �0.862, s ¼ 0.030

(0001) �1.28, s ¼ 0.20 1.1�10�7, s ¼ 0.16�10�7 �0.644, s ¼ 0.035

(10–10) �1.39, s ¼ 0.12 1.8�10�7, s ¼ 0.23�10�7 �0.732, s ¼ 0.027
(11–20) �1.28, s ¼ 0.08 1.3�10�7, s ¼ 0.34�10�7 �0.800, s ¼ 0.047

The data from polycrystalline S200D grade Be (98.5% Be) from Stonehouse is also presented.

Corrosion of Beryllium and its Alloys 2171

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



expose susceptible lattice positions by removing
atoms of lowest bond strength.

At potentials more positive than the repassivation
potential, Erp, a unique type of current transient
was observed in the current/time data collected dur-
ing potentiostatic experiments. This type of transient

was always associated with a large amount of charge
passed and visible damage on the electrode sur-
face. The average charge passed, peak charge pas-
sed, and total number for damage transients
increased with increasing anodic potential for each
surface orientation are shown in Figure 6. From
these results, it was concluded that the transition
from metastable to stable pitting is governed by
surface damage, and more likely, a bulk property
of the metal such as surface energy/metal bond
strength.

Figure 4 SEM micrograph of typical corrosion pits in the

(11–20) surface of Be after potentiodynamic polarization
above the pitting potential in 0.01 M NaCl. Orientation of the

lamlella (and pit walls) was parallel to the [0001] direction

and normal to the (11–20) surface. Reproduced from Lillard,

R. S. J. Electrochem. Soc. 2001, 148, B1, with permission
from The Electrochemical Society.

Figure 5 SEM micrograph of corrosion pits in S200D

grade (powder pressed) Be showing orientation of pit walls

and parallel plates of unattacked Be lamella (normal to
arrows) left behind after pit propagation. The size of any one

set of parallel plates is consistent with the grain size of this

material (�10–40 mm). Reproduced from Lillard, R. S.

J. Electrochem. Soc. 2001, 148, B1, with permission from
The Electrochemical Society.
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Figure 6 (a) A summary of the damage events; charge
passed per event versus applied anodic potential (vs Epit)

for the (0001) and the (10–10) surfaces in 0.01 M NaCl

solution. (b) A summary of the damage events; total charge

passed during all damage events versus applied anodic
potential (vs Epit) for the same surfaces in shown in (a). Only
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plots. Reproduced from Lillard, R. S. J. Electrochem. Soc.
2001, 148, B1, with permission from The Electrochemical

Society.
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3.18.3.3 Galvanic Effects – The Influence
of Be Inclusions

As discussed in Sections 3.18.1 and 3.18.2, commer-
cially available beryllium is generally a powder-
processed material. In addition to the relatively
high BeO content, most impurity concentrations in
commercial beryllium exceed the solubility limit
and produce precipitates. The precipitates that form
generally are present as both binary and ternary
intermetallic phases with Be. Of the possible inter-
metallics that may form in the commercial grades of
Be, FeBe5, TiBe11, and FeAlBe4 have been observed
on fracture surfaces,15 although the galvanic relation-
ships between these precipitates and the Be matrix
were not defined. These galvanic relationships impact
on environmental fracture models from the stand-
point of crack tip chemistry and potential, as well as
localized corrosion models, from either a cathodic
reduction or anodic site chemistry standpoint. In
addition, they play an important role in the localized
corrosion of Be.11,16

To enhance the understanding of the mechanisms
of localized corrosion and stress corrosion cracking
in commercial grades of beryllium, Hill et al. initiated
a study of the galvanic relationships between Be
and the single phase particles.17 The beryllides stud-
ied were TiBe12, FeAlBe4, and d-phase iron beryllide
FeBe5 (nominal composition FeBe12, crystallographi-
cally FeBe5). They were prepared by arc-melting
and casting high-purity elemental material. The solu-
tions studied were of sulfuric acid adjusted to a pH of
2, 0.05 M sodium borate/0.5 M boric acid (pH¼7.2),
0.025 M sodium borate, and sodium hydroxide ad-
justed to a pH of 10.5 and sodium hydroxide adjusted
to a solution pH of 12.5.

In a pH range of 7.2–12.5, all of the beryllides
exhibited passive behavior. Most notably, a transpas-
sive region was noted in the Fe-containing beryllides
at a solution pH of 7.2. With respect to the pH
2 solution, active dissolution of all beryllides was
observed at this pH. This was confirmed by post-
exposure examinations of the samples, which revealed
a large quantity of damage.

A summary plot of OCP values for each beryllide
along with that of commercially pure Be is shown
in Figure 7 as a function of pH. These data were
collected after 48 h of immersion and represent
steady-state OCP values. This plot is useful in that it
allows one to determine the galvanic relationships
between second phase particles in a Be matrix.
For example, with respect to FeAlBe4, the OCP is

more negative than that of beryllium in the pH
range of 2.0–10.5. Thus, from a mixed potential stand-
point, when coupled in commercial Be under these
conditions, the FeAlBe4 may act as a site for active
dissolution. This finding was confirmed experimen-
tally in galvanic couple tests.

3.18.3.4 Environmental Fracture

Reports on environmental fracture of Be are limited.
The first reportedwork on the stress-corrosion cracking
of beryllium related to its use in water containing
0.005 M hydrogen peroxide at pH 6–6.5 and at
�90�C.18 Although some pitting occurred in these
exposure, there was no evidence of stress corrosion,
even though the tests employed extruded metal stressed
at up to 90% of the yield stress. Later work included
stress corrosion studies of Be tensile bars’ exposure to
synthetic seawater.19 In that environment, time to failure
decreased from�2350 h at an applied stress of 1220 psi
to 40 h at an applied stress of 40000 psi. Further, crack
initiation appeared to be related to localized corrosion
of the sample. Electron microscopy of the fracture sur-
faces found the crack habit to be transgranular in char-
acter. Subsequent work by the same group studied the
influence of applied current, anodic and cathodic, on
time to failure.20 Asmight be anticipated, applied anodic
currents promoted pitting attack and decreased time to
failure. However, applied cathodic currents reduced
pitting attack and eliminated environmental fracture
altogether.
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Figure 7 A summary plot of OCP for FeBe5, FeAlBe4, and

TiBe12 as a function of solution pH. Data were collected

after 48 h of immersion and represent steady-state OCP

values. Reproduced from Hill, M. A.; Hanrahan, R. J.;
Haertling, C. L.; Schulze, R. K.; Lillard, R. S. Corrosion 2003,
59, 424, with permission from NACE International.

Corrosion of Beryllium and its Alloys 2173

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



3.18.3.5 Corrosion Control

From what has already been indicated, it will be
apparent that the use of beryllium inmost commercial
environments involving moisture will require some
form of surface protection to mitigate pitting corro-
sion. Corrosion control measures range from paint-
ing21 to Zn galvanizing.22 In addition to those studies,
Paine and Stonehouse23 used a high temperature sili-
cone-based paint on beryllium heat-sinks for aircraft
brakes. They also studied cathodic protection in fresh-
and saltwater solutions via manganese plating on
the steel parts that were mated to Be. Other work
on cathodic protection includes the stress corro-
sion study in aerated synthetic seawater described in
Section 3.18.3.4. There, an impressed cathodic
potential was used to protect Be from localized attack
by chlorides.20

Booker examined the application of chromate
conversion coatings (CCCs) to mitigate Be corrosion
in chloride environments.24 As the coating bath
composition was not specified in that paper, one can
only presume that these coatings were based on
Alodine® (a nitric acid-based solution containing
NaF/KBF4/K2ZrF6/K3Fe(CN)6). Chromium deposi-
tion (and ultimately corrosion protection) was greatly
dependent on the manner in which the sample was
cleaned and etched. To obtain the best performance,
it was necessary to etch the samples in a nitric acid–
hydrofluoric acid solution just prior to coating. The
need for this F� base etch has been confirmed in
our laboratory. Samples prepared in this manner
were described by Booker as having satisfactory
performance in high humidity and salt spray expo-
sures. A similar investigation of CCCs was reported
by Levy.6

The use of anodization to control Be corrosion has
been somewhat problematic. Kerr reported on the
anodization of Be in an aqueous solution of 10%nitric
acid containing 200 g l�1 CrO3 (chromic acid).25 In
that work, samples were anodized at a constant cur-
rent density of 0.03 A cm�2. Although films as thick as
0.35 mm were grown in this solution, when the limit-
ing voltage was reached, the current remained con-
stant with time. Thus, it was concluded that for Be,
there is no voltage-dependent limiting oxide thick-
ness as is the case for other valve metals such as
aluminum, zirconium, and tantalum. In an attempt
to overcome this difficulty, Kerr explored the use
of an ammoniacal glycol solution (25 g l�1 NH3 in
ethylene glycol), which has been used successfully

to grow compact insulating films on aluminum.
For current densities of 1.9 mA cm�2, limiting thick-
nesses were formed on Be. However, as was the case in
chromic acid, the current remained roughly constant
with time and it was concluded that the films formed
in this solutionwere not insulating. Subsequently, Hill
has shown that the specific resistivity of the oxide on
Be decreases with increasing applied potential and
undergoes a transition at �2 V versus NHE.11 This
was attributed to a change from a compact to a more
porous film though this behavior may owe to other
factors such as the incorporation of unoxidized metal
into the film. Levine has also reported on anodic films
grown in ammoniacal glycol solution and nitric acid
solutions containing chromic acid.26 Similarly, films
grown in nitric acid were always crystalline, while
those grown in ethylene glycol were amorphous.
Levine reported current potential relationships simi-
lar to Kerr, indicating that these films were not insu-
lating. Shetata has reportedly been able to overcome
this problem by growing films on Be in near-neutral
ethylene glycol saturate with sodium phosphate diba-
sic and sodium sulfate.27 For constant current densi-
ties in the order of 2–3 mA cm�2, samples anodized in
this solution quickly reached limiting voltages of
50 V (<30 s) and, correspondingly, decreasing cur-
rent density with time. Films grown on Be in this
manner were insulating and are of the order of 5 mm
thick. Unfortunately, we have not been able to repro-
duce these results in our own laboratory.

3.18.4 High Temperature Oxidation
of Be and the Beryllides

3.18.4.1 Beryllium

Early high temperature oxidation studies of Be
focused on dry and moist oxygen environments. Gul-
bransen examined the reaction of Be (Brush) with dry
oxygen (0.76–7.6 cm O2) over the temperature range
of 350– 950 �C.28 At lower temperatures (below
825 �C) and high O2 pressures (7.6 cm O2), the oxi-
dation rate appeared to fit a logarithmic or inverse
logarithmic law, while at higher temperatures, the
rates appeared to by parabolic (Figure 8). Weight
gain data (W ) as a function of time (t) were fit to a
parabolic rate law, W2¼Kt þ C, where K is the para-
bolic rate constant. Below 650 �C, K increased from
0.93�10�16 cm2 s�1 at 350 �C to 5.4� 10�15 cm2 s�1;
at 950 �C, K was equal to 1.0� 10�12 cm2 s�1.
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Arrhenius plots of log K versus 1/T identified two
activation energies for oxidation; below 750 �C, the
activation energy was equal to 8.5 kcal mol�1, while
above 750 �C, the activation energy was
50.5 kcal mol�1 (Figure 9). Similar activation ener-
gies in the high temperature range were observed in
the later work by Cubicciotti.29 For Pechiney flake Be
(referred to as ‘French-flake’ being produced in
France), Be in 10-cm dry O2 and temperatures
below 650 �C, Alymore found higher oxidation rates
and at temperatures greater than 650 �C with break-
away oxidation observed.30 Similar trends were found
by Ervin, who concluded that the first stage of Be
(Brush/NMC) oxidation is a protective diffusion
controlled process (Be vacancies).31 He further con-
cluded that the formation of pits at accumulation
sites of vacancies at the metal–oxide interface in
this stage lead to a second, catastrophic stage of
oxidation. To date, there is no clear explanation of
discrepancy between the Gulbransen–Cubicciotti
observations of passive behavior and low oxidation
rates in the range of 350–950 �C and the works of
Alymore–Ervin that found breakaway oxidation
above 650 �C. For example, one investigator did not
use powder product as compared with results from
pressed disc or flake nor were there clear distinction
between vendors (Brush versus Pechiney flake).

With respect to the addition of H2O, Aly-
more investigated oxidation rates for Be in moist O2
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(10 cm O2, 1.2 cm H2O) and water vapor.
32 In 1.2-cm

H2O and temperatures below 650 �C, oxidation rates
were logarithmic/parabolic. After 300 h of exposure,
the weight gains were of the order of 20 mg cm�2.
Above 650 �C, breakaway oxidation was observed. In
water vapor below 650 �C, rateswere again logarithmic/
parabolic and relatively low, less than 50 mg cm�2.
Above 650 �C, breakaway oxidation was again observed.

The possible use of beryllium in nuclear engine-
ering and in the aircraft industry encouraged
considerable investigation into its oxidation charac-
teristics in carbon dioxide and carbon monoxide
(dry and moist) at temperatures of up to 1000 �C.
For Pechiney-flake Be, Gregg found that the oxida-
tion of Be in dry CO2 (pressure of 10 cm) was
logarithmic at temperatures equal to and below
550 �C and inverse logarithmic between 600 and
750 �C for exposure times up to 300 h (Figure 10).33

They proposed that film thickening occurs via the
outward diffusion of Be2+ to react with chemisorbed
carbon dioxide at the gas–oxide interface where
the following reactions take place to form oxide and
carbide species.

2Beþ CO2 ) 2BeOþ C ½3�

2Beþ C ) Be2C ½4�
In moist CO2 (total CO2 pressure of 10 cm, with
1.2-cm partial pressure H2O) at temperature equal

to and below 650 �C, results were similar to those
in dry CO2. However, at temperatures greater
than 650 �C, breakaway oxidation was observed
(Figure 11).34 Radiotracer experiments in moist
CO2 found the build up of gas in the exposure vessel,
which led the authors to conclude that water was
reacting with the BeC to form methane:

Be2Cþ 2H2O ) BeOþ CH4 ½5�
Unfortunately, no conclusions concerning the mech-
anism of the breakaway oxidation were reported.
Similar rate constants and threshold temperatures
were found by Menzies for flake as well as Brush
sheet and powder products in 300 psig CO2/
300 ppm H2O for longer exposure periods (up to
8000 h).35 Higgins investigated Be–CO2–H2O systems
at higher temperatures and higher water content and
found similar thresholds.36 Raine and Robinson found
that small additions of calcium greatly improved the
resistance of Be to breakaway oxidation.37 Further, it
was found that the addition of Camodified the pressure
dependence of the corrosion reaction in CO2.

In dry carbon monoxide, Gregg found that the
oxidation rates were greater by at least a factor of 10
than those observed in dry CO2; however, the transi-
tion temperatures from logarithmic to inverse loga-
rithmic behavior that were reported in that study were
similar to those reported by Gulbransen (Figure 8).38

In this environment, the possible reactions are
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Hussey, R. J.; Jepson, W. B. J. Nucl. Mater. 1961, 3, 175, with permission from Elsevier.33
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Beþ CO ) BeOþ C ½6�

3Beþ CO ) BeOþ Be2C ½7�
The higher oxidation rates observed in CO were
attributed to a nonprotective reaction product that
spalls from the sample. It was proposed that the
lower ratio of BeO to C production in CO oxidation
(eqn. [6]), as compared with CO2 oxidation (eqn. [3]),
results in excessive C (or Be2C) incorporation, and
thus, a less protective film. Subsequent selected-area
transmission electron microscope diffraction patterns
by Scott confirmed that BeC2 was in fact incorporated
into the oxide during oxidation in CO.39 Subsequent
work on these alloys by Scott found that calcium acted
to reduce oxidation rates by decreasing the extent of
intergranular oxidation of the metal.40

3.18.4.2 Beryllides

Beryllium intermetallics are currently being consid-
ered as replacement materials for beryllium in demon-
stration fusion reactors. Although beryllium is
commonly used as a neutron multiplier in the fusion
blanket, its melting point is low (1285 �C) and the
ITER demonstration reactor requires temperature in
the 600–900 �C range. Possible replacements include
beryllium–copper such as CuNiBe and TiBe2. These
two intermetallics are representatives of the Laves

phases group C14 and C15. Phases in these groups
include CrBe2, NbBe2, TaBe2, and VBe2 and have
been the subject of limited oxidation studies. Paine
et al. tested the above phases in dry air for 100 h at
temperatures up to 1426 �C.41 Each was shown to have
good oxidation resistance under these test conditions.
However, the study was heavily biased toward the
highest melting point compounds, of which TiBe2 is
one, and therefore, many phases were not examined
because they did not appear promising for service
above 1371�C. In a separate study, Alves et al. investi-
gated Ti beryillides, Be–5% Ti (Be12Ti), and Be–7%
Ti, which was a two-phase system consisting of Be12Ti
surrounded by Be.42 From surface analytical experi-
ment (X-ray emission and RBS) of samples oxidized at
800 �C for 1–4 h, it was found that the oxidation in the
two-phase system was faster than in Be12Ti.

By far, the largest amount of information on any
beryllide relates to ZrBe13 and other zirconium-
based beryllides. In experiments on powders, Ervin
and Nakata found a protective BeO on ZrBe13 and
NbBe12 between 900 and 1500� C.43 The oxidation
rate for ZrBe13 in 0.1-atm oxygen was parabolic and is
presented in Figure 12. In comparison, the rates
reported by Paine were much higher for air. Paine
reported that the oxidation rate for ZrBe13 in dry air
(at 1537 �C) was 10 mg cm�2 after 100 h and
6 mg cm�2 for moist air after the same period.41

The temperature dependence of the rate constants
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from the Ervin data is shown in Figure 13 as an
Arrhenius plot. As seen in this figure, two activation
energies for oxidation (Q) were observed. In the range
of 1100–1400�C, Q was determined to be 5.6�104 J,
while in the range between 1400–1500�C, Q was

determined to be 21.5�104 J. Similar results were
found for NbBe12; however, for NbBe12, Q was con-
stant over the entire temperature range examined
and determined to be equal to 13.0 � 104 J. Ervin
and Nakata reported accelerating oxidation of ZrBe13
at lower temperatures in 0.1 atm oxygen (Figure 14),
while NbBe13 was immune to this phenomenon. This
observation was attributed to ‘‘fracture and disintegra-
tion of the metal phase causing a continual increase
in the exposed metal surface area.’’ This phenomenon
is known as pest and has been reported by several
other authors.44–48 Chou et al. reported that the sus-
ceptibility of ZrBe13 to pest is increased in the pres-
ence of moist air, although this finding is not uniform
amongst other authors investigating Zr-based beryl-
lides. In addition, Chou concluded that the formation
of BeO-rich wiskers is important in the pest mecha-
nism of beryllides, but did not report how they might
form or why they cause disintegration.

The influence of Be additions on the high
temperature oxidation of NiAl and TiAl-based inter-
metallics has been investigated by Hanrahan.49 In
TGA studies conducted from 800 to 1200 �C for
16 h in air, Be-modified NiAl containing 1, 2, or 5
at.% Be exhibited lower weight gain and comparable
or slower oxidation rates than the pure binary mate-
rial. In addition, the reaction kinetics in these
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experiments were equal to or slower than in NiAl.
The surfaces of the Be-modified specimens showed
minimal topography, with no evidence of the usual
transient alumina phases grown on binary NiAl in
this temperature range. From X-ray diffraction and
surface analysis, it was found that oxidation did not
result in formation of BeO at any of the temperatures.
Rather, the presence of layers of Al2O3 and ternary
oxide phases, primarily BeO	Al2O3 (chrysoberyl),
were observed. It was proposed that the formation
of this phase prevents the growth of the transient
alumina phases. Thus, lower weight gains and slower
reaction kinetics were observed due to the rapid
formation of the chrysoberyl phase followed by
nucleation of a-alumina at the scale–metal interface,
rather than the formation of transient alumina phases

often observed to form on NiAl. In other studies,
Be additions to Ti–Al–Cr-based alloys at 800 �C
and 1000 �C in dry air resulted in the formation
of a protective BeAl2O4 spinel phase.

50 In moist air,
only Ti–Al–Cr–Be alloys with a high Cr content
(10–15 at.%) formed the protective Be	Al2O4 scale.
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Abbreviations
DU Depleted uranium

PVD Physical vapor deposition

RH Relative humidity

SCE Standard calomel electrode

UTS Ultimate tensile strength

YS Yield stress

Symbols
Ecorr Corrosion potential

3.19.1 Introduction

3.19.1.1 Background

Uranium is a naturally occurring, and naturally
radioactive, element whose predominant commercial
interest lies in the ability of the 235U isotope to
undergo nuclear fission with consequent release of
large amounts of energy. Uranium metal was first

prepared in 1841 by Peligot using reduction of anhy-
drous UCl4 with potassium. Uranium is an f-block
element and a member of the actinide family that
has similar, but not identical, chemistry with other
elements in its series. Its radioactive nature was not
appreciated until 1891 when Becquerel first detected
it; however, natural uranium is only mildly radioac-
tive, emitting relatively low-energy a and b radiation,
while material that has been depleted in 235U can be
30–40% less radioactive than natural uranium.

The main health and safety concern with uranium
is its chemical toxicity as a heavy metal, rather than
its natural radioactivity, which is relatively easily
contained. Prior to the discovery of its fissionable
nature in 1938 by Hahn and Strassman, it was used
in a number of small-scale applications, predomi-
nantly because it imparts an attractive orange color
to pottery glazes and a characteristic yellow-green
color to glass. Uranium is not a particularly rare ele-
ment and occurs in greater abundance than, for exam-
ple, mercury, silver, cadmium, and tungsten and has a
similar abundance to molybdenum.1
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3.19.1.2 Applications

The fissionable isotope 235U comprises about 0.7% of
natural isotopic abundance with the majority of the
balance consisting of 238U; 234U is also naturally
present, but in tiny amounts. By far, the major use
of uranium is currently as a nuclear fuel in which
the 235U percentage generally requires enrichment
over the natural level, commercial light-water reac-
tors typically being designed to operate with 3–5%
of 235U. The energy released during nuclear fission is
approximately 200MeV per atom or about 80GJ g�1

(235U); this is approximately equivalent to 2.7 tons of
coal or 13.7 barrels of oil. At 33% thermal efficiency,
a 1000MW electrical generating station consumes
about 1 ton of 235U per year (compared with about
3 000 000 tons of coal per year). Interestingly, coal
contains trace quantities of uranium (and thorium,
another radioactive element) at levels from 1 to
10 ppm. Thus, a 1000MW coal-fired power station
typically releases between 3 and 30 tons of uraniumþ
thorium into the environment every year of opera-
tion: comparable in mass (although very considerably
less so in radioactivity) to spent nuclear fuel.

Other applications include those where uranium’s
exceptional density (19.05Mgm�3) is advantageous;
these include ballast and counterweights in aircraft
and yachts, radiation shielding in medicine and indus-
trial radiography, as well as military uses in defensive
armor plating and high-kinetic energy armor-piercing
ammunition. Commonly, depleted uranium (DU; typ-
ically <0.25% 235U, with a radiation level about 40%
less than natural uranium) is used as it is a relatively
cheap and abundant material with no other significant
applications (the world inventory of DU is said to be
over 1 million tons).

3.19.1.3 Metallurgy and Alloying

Uranium, unusually for a metallic element, has a
room-temperature structure that is orthorhombic
(a-U) below about 670 �C, tetragonal (b-U) from
670 to 770 �C, and body-centered cubic (g-U) above
about 770 �C. The orthorhombic structure implies
significant anisotropy in physical properties, and
few alloying elements have significant, if any, room-
temperature solubility. The mechanical properties of
uranium are more akin to those of tungsten than of
gold. Thus, cast commercial-purity uranium has yield
and ultimate tensile strengths of, respectively, 200–250
and 600–700MPa, comparable to austenitic stainless
steels, with a ductility of about 25%. It has a ductile to
brittle transition at about 0 �C, where its impact
strength and fracture toughness fall significantly.

The most common alloys of uranium are titanium
(�0.75% Ti), niobium (�2–7% Nb), and molybde-
num (up to 10% Mo). The alloys are hardenable by
solid-solution heat treatment in the g-phase region,
then by quenching and aging to form second-phase
particles. Room-temperature aged titanium-containing
alloy has a yield stress (YS) of up to 600MPa and
ultimate tensile strength (UTS) of 1200MPa, which
can be increased to over 1200 and 1800MPa respec-
tively, with negligible ductility by aging at 500 �C. The
niobium-containing alloy has lower strength but
improved ductility after aging. Table 1 gives property
data for some of the more common uranium alloys. In
view of these relatively attractive mechanical proper-
ties, it has beenmooted that uraniummight constitute a
valuable structural material for specific applications
although the dual attributes of its mild radioactivity
and relatively poor corrosion resistance are large bar-
riers to any significant adoption.1

Table 1 Properties of some uranium alloys; vacuum-annealed to ensure low hydrogen content

Alloy Processing YS
(MPa)

UTS
(MPa)

Elongation
(%)

Corrosion
resistance

Unalloyed U Cast and b-quenched 295 700 22 Poor

Unalloyed U a-Rolled 270 720 31 Poor
U–0.75Ti g-Quenched 650 1310 31 Fair

U–0.75Ti g-Quenched, aged 450 �C, 6 h 1210 1660 <2 Fair

U–2.0Mo g-Quenched, aged 550 �C, 5 h 675 1110 23 Poor

U–2.3Nb g-Quenched, aged 600 �C, 5 h 545 1060 28 Fair
U–4.5Nb g-Quenched, aged 260 �C, 16h 900 1190 10 Acceptable

U–6.0Nb g-Quenched 160 825 21 Good

U–10Mo g-Quenched 900 930 9 Good

U–7.5Nb–2.5Zr g-Quenched 540 850 23 Good

Argonne National Laboratory, USA: Depleted Uranium and Uranium Alloy Properties, published at: web.ead.anl.gov/uranium/guide/
ucompound/propertiesu/brochure.cfm2
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3.19.2 Aqueous Corrosion

3.19.2.1 Thermodynamics

Uranium is an extremely active element and has a
complex chemistry, showing all oxidation states from
þ2 to þ6. In the absence of hydride formation, the
Pourbaix diagram, Figure 1, shows a significant
domain of passivity due to the formation of UO2 as
well as other, more complex, oxides. Importantly,
thermodynamics predict that the passive oxide UO2

is susceptible to further oxidation (transpassive dis-
solution) at both low and high pH, forming soluble
uranium species of valency 6; it also transforms to
hydrated UO3 at intermediate pH. These reactions
occur at a slow rate in humid air and, consequently,
UO2 is not generally protective and the corrosion
resistance of unalloyed uranium is poor.Where hydride
formation is included in the thermodynamic diagram
(Figure 2), UH3 formation is seen also to be stable,
although in the presence of humid air the hydride
forms only transiently further reacting to UO2 and
water. Thus, in order to handle uranium without
significant degradation, a dry-nitrogen glove-box
atmosphere is required. Hydride formation can give
rise to severe embrittlement and stress corrosion
cracking phenomena, and finely divided uranium
can spontaneously ignite and burn pyrophorically.

3.19.2.2 Water

As predicted from the thermodynamic diagram, ura-
nium reacts with water to form uranium dioxide,
hydrogen, and uranium hydride. However, the hydride
usually has only an ephemeral existence and reacts
itself with water to form uranium dioxide and hydro-
gen. Reaction rates decrease with pH below 2, and it
has been suggested that the solid products form by the
inward diffusion of hydroxyl ions through the oxide.3

The oxide is produced mainly as a nonadherent pow-
der, and a linear rate law is obeyed.

Autoclave tests have demonstrated that the rate
constant increases markedly with temperature up to
at least 300 �C (Figure 3).4 The corrosion rate is
also influenced by dissolved gases in the water.
In particular, the presence of dissolved oxygen
decreases substantially the reaction rate4 but makes
the metal susceptible to crevice corrosion and pitting
attack. The inhibition is most marked at lower tem-
peratures, at which the oxygen solubility is highest
and the hydrogen product is not sufficient to reduce
the oxygen content locally. The oxygen could exert
its influence by being adsorbed preferentially on the
oxide5 or by removing the disruptive influence of the
formation of uranium hydride. An alternative view of
such ‘hydrogen effects’ relates them to changes in the
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electrical properties of the oxide detected by imped-
ance measurements during corrosion.6

Peretrukhin et al. studied the corrosion of uranium
and its dilute alloys (<0.5% of Zr, Nb, and Ru) in
water and bicarbonate aqueous solutions together
with the effect of radiolytically generated hydrogen
peroxide. No significant difference in corrosion rates
for the alloys was found. Regarding the corrosion
mechanism, U(III) was found to be rather unstable
in neutral solutions and significant precipitation of
U(OH)3 occurred; no significant quantities of hydride
or soluble U(III) species were found.7

The atmospheric oxidation kinetics for U(IV)
to U(VI) were also studied,7 where it was shown
that U(IV) oxidation by atmospheric oxygen in the
pH range 1.5–4.0 resulted in first-order kinetics with
respect to uranium. Notably, an induction period
for uranium (IV) accumulation was evident, after
which the reaction accelerated. The reaction mechan-
isms differed in the two media: in weakly acid solu-
tions, after the initial appearance of U(VI), evidence
for disproportionation of the U(V) intermediate was
found. Of mechanistic importance is the formation of a
copolymer of U(IV) and U(VI), which at pH� 4 pre-
vents formation of U(V) and limits the oxidation rate.
In the presence of hydrogen peroxide, the metallic
uranium surface became transpassive and the corro-
sion rate increased by at least an order of magnitude.
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Mechanical failure, which may be associated with
stress corrosion as well as hydrogen pickup, has been
observed for specimens of uranium8 and various
quenched alloys. For at least the alloys, it is enhanced
by chloride ions9 and is inhibited by cathodic polariza-
tion.10 At higher temperatures, the only resistant metal-
lic materials based upon uranium are alloys containing
appreciable amounts of the g-phase stabilizing ele-
ments, molybdenum, niobium, and zirconium,4 the sili-
cide U3Si,

11 and the aluminides. However, the alloys, as
distinct from the intermetallic compounds, tend to fail
suddenly by disintegration after long periods of expo-
sure, possibly because of internal hydride formation.

The corrosion of DU metal in deaerated ground-
water (similar to that at the proposed Yucca mountain
nuclear waste repository in the United States) was
studied at 90 �C with a view to investigate the rate
and products of corrosion: that is, UO2, UO2þx, UH3,
and H2.

12 After exposure over an 81-day period,
X-ray powder diffraction revealed the presence of
UO2 and higher oxides: that is, UO2þx; however,
no hydride was detected. The corrosion rate of the
uranium metal in the water at 90 �C was determined
by measuring the evolution of hydrogen gas, and
this revealed a corrosion rate of 1.42mg cm�2 h�1.
This value agreed extremely well with a published
Arrenhius-type expression for the corrosion rate of
uranium metal in water that had been obtained from
a compilation of experimental data13:

In k ¼ 22:34� 7989

T

where T is the absolute temperature (K) and k is the
corrosion rate (mg cm�2 h�1).

3.19.2.3 Atmospheric Corrosion

Uranium tarnishes readily in the atmosphere at room
temperature. Electropolishing inhibits the process,while
etching in nitric acid activates the surface. Uranium
dioxide and hydrated UO3 are the principal solid pro-
ducts, although uranium hydride may have a transitory
existence. The corrosion is enhanced bywater vapor and
hence is governed by the humidity conditions.14 How-
ever, the presence of oxygen markedly inhibits attack
by water vapor.5 Danon et al. undertook a desorption
study of the surface chemistry of chemisorbed species
on atmospherically oxidized uranium.15 The main
identified species included water (in different binding
forms) and hydrogen. The latter originates from the
water–uranium oxidation reaction, which produces
uranium dioxide and two types of hydrogen: a
near-surface hydride and a surface-chemisorbed form

that desorbs at a lower temperature than the hydride.
Water was found to be bound in four forms: (a) a
reversibly chemisorbed molecule, (b) tightly bound
water molecules, (c) strongly bounded hydroxyl groups
and, the most stable (d) a complex water–carboxylate.
Hydrogen desorption was also studied, with two main
peaks found, one being ascribed to the desorption of
lattice hydrogen and the higher temperature peak
being related to the decomposition of hydrides.

The corrosion of uranium in water vapor was stud-
ied between 50 and 90 �C and from 32% to 86% RH
using thermogravimetry.16 The results show three
stages in the uranium–water oxidation reaction. Thus,
a rapid initial reaction is followed by a reducing rate
and, in the third stage, the corrosion reaction proceeds
linearly with an activation energy of about 43 kJmol�1

at 74.7% RH.

3.19.2.4 Effects of Water Radiolysis

The effect of a-radiolysis of water on the corrosion
potential of UO2 has been measured where the cell
construction allowed the source to be brought within
30mm of the UO2 electrode.

17 Oxidizing conditions
were provided at the UO2 surface, and over a period
of 30 h, the main process occurring appeared to be
the catalytic decomposition of H2O2 to H2O and
‰O2 with some oxidation of the UO2. The oxidation
of uranium by water was studied by Fuller et al.18

using infrared and sorption analysis. Oxidation
occurred in cycles forming laminar layers of oxide
that tend to spall off because of the strain at the
oxide–metal interface. The reaction rate is directly
proportional to the amount of adsorbed water on
the oxide product, and transport was rapid through
the open hydrous product. Dehydration of the hydrous
oxide irreversibly forms a more inert oxide which
cannot be rehydrated to the degree that prevails in
the original hydrous product by uranium oxidation
with water. An anomalous temperature dependence
was observed for the oxidation of oxycarbide layers
on the surface of uranium metal.19 Normally, oxida-
tion or corrosion reactions are expected to proceed
more rapidly as water temperature increases, but the
removal of the outermost atomic layers of carbon
from uranium oxycarbide by oxygen reproducibly
proceeds at a much faster rate at 25 �C than at 280 �C.

The kinetics of UO2 fuel oxidation by the pro-
ducts of g radiolysis of water have been studied by
Sunder et al. as a function of absorbed dose rate.20 The
radical species formed during water radiolysis are
much more effective in promoting UO2 oxidation
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than molecular oxidants, howsoever formed. Thus,
UO2 oxidation during g radiolysis of water occurs in
two stages: (a) the formation of a thin layer of UO2þx
(of composition close to UO2.33); and (b) the
subsequent oxidative dissolution of this surface layer
to produce soluble U(VI) species and secondary
phases, probably hydrated schoepite (UO3�xH2O), on
the UO2 substrate. The first stage occurs in the poten-
tial range �500mV< Ecorr<�100mV (versus SCE).
The second stage starts around Ecorr � �100mV and
eventually achieves steady state at a value of Ecorr
determined by the g dose.

3.19.2.5 Galvanic Corrosion

Galvanic corrosion reports have emerged from two
sources. In the first,21 the chemical compatibility of
uranium carbides and Cr–Fe–Ni alloys was discussed.
Evaluation was by thermodynamic modeling and
experimental phase studies. Two reaction tempera-
tures (700 and 1000 �C) were used to simulate normal
and overtemperature operation of advanced liquid
metal fast-breeder reactor fuel-cladding couples.
In the second, McIntyre et al.22 coupled depleted
U–0.75% Ti to aluminum, magnesium, or mild
steel in synthetic seawater. The galvanic current was
monitored with time. Gravimetric measurements,
polarization resistance measurements, and galvanic
currents were monitored over extended periods of
time in order to detect changes in galvanic corrosion
behavior. Good agreement was obtained for corro-
sion rates determined electrochemically and those
obtained from gravimetric methods.

Galvanic corrosion is also important in metallic
coatings applied as protective barriers in uranium.
For example, electroplated nickel is an excellent
corrosion-resistant barrier; however, when it is sub-
ject to localized attack (i.e., pitting), corrosion of
uranium occurs at the coating–substrate interface.23

Rapid failure of the coating tends to ensue because of
the volume increase caused by development of ura-
nium corrosion products that causes undermining
and cracking of the coating.

3.19.2.6 Stress Corrosion Cracking

Uranium alloys are susceptible to stress corrosion
cracking (SCC) and knowledge of the surface stresses
involved are essential. In an uncoated U–Ti alloy,
these have been found to be relatively large and
compressive at 365MPa, but the presence of nickel or
zinc coatings led to much smaller compressive stress.24

The stress corrosion behavior of U–7.5Nb–2.5Zr

in oxygen and hydrogen gases over a temperature
range of �20 to 100 �C under pressures varying
from 0.3� 10�6 to 0.15MPa has been analyzed
using a fracture mechanics approach.25 SCC mapping
and cracking kinetics were determined as functions of
stress intensity factor, temperature, and pressure.
It was found that the mechanism responsible for
SCC varied with the experimental conditions used.

Powell and his coworkers have explored the
hydrogen embrittlement problem associated with
uranium alloys.26,27 Looking at the internal hydrogen
embrittlement of g-stabilized uranium alloys (i.e.,
containing Mo, Nb), they found that the tensile duc-
tility decreased only slightly with increasing hydro-
gen content up to a critical hydrogen concentration,
above which the tensile ductility dropped to nearly
zero.26 The critical hydrogen content for the ductility
loss increased with increasing hydrogen solubility
in the alloy. The fracture surfaces were not charac-
teristic of those found under conditions of SCC.
Hydrogen embrittlement of U–5.7Nb alloy showed
enhanced microvoid coalescence fracture with loss of
tensile ductility for hydrogen concentrations less
than 23mg hydrogen per gram of metal, the alloy
having been solution-annealed at 800 �C and water-
quenched.27 However, specimens with 36mg hydro-
gen per gram of metal had much lower ductilities and
exhibited a new, possibly hydride, phase which was
associated with brittle transgranular fracture when
this phase has a lenticular morphology extending
well across the parent metal grains.

The interactions between aqueous corrosion and
mechanical deformation in uranium and alloys involve
complex processes of mechanical damage. Various
mechanisms are possible for the observed reduc-
tion in ductility/fracture toughness during corrosion,
including SCC (e.g., via brittle film fracture or film-
induced cleavage), hydrogen embrittlement (e.g., via
classical mechanisms or by hydride formation), as
well as others. Bussiba et al.28 undertook a series of
mechanical tests in order to determine the influence
of specific mechanisms on the performance of
lean uranium alloys (U–0.1Cr and U–0.75Ti) in
water and at controlled levels (30, 40, and 80%) of
RH. Crack growth rates of between 10�5 and
10�9m s�1 were determined at a stress intensity
corresponding to 16MPam1/2. Cracking appeared
to operate discontinuously with trigger events cor-
responding to acoustic noise generation. In all condi-
tions (i.e., humid air or immersion), surface hydride
formation was observed; however, their role in the
fracture process could not be confirmed. However,
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the rather rapid crack growth velocities seem to
imply a triggering mechanism that involves hydrogen
embrittlement.

3.19.3 Gases at High Temperatures

3.19.3.1 Carbon Dioxide and Carbon
Monoxide

The solid corrosion products resulting from reaction
with carbon dioxide and carbon monoxide are ura-
nium dioxide, uranium carbides, and carbon.29 The
major reaction with carbon dioxide results in the
formation of carbon monoxide and UO2:

Uþ CO2
�! �UO2 þ 2CO

Uranium can also form the carbide with an overall
reaction:

2Uþ CO2
�! �UCþ UO2

The formation of uranium carbide must involve carbon
transfer from the gas phase and probably occurs via
reactions of carbon monoxide with the metal through
pores of the oxide scale. This transfer could occur by
direct reaction or via the thermal decomposition of the
gas to produce carbon dioxide, which may then react
subsequently with uranium, thus forming the carbide:

2CO�! �Cþ CO2

Diffusion studies on UO2 demonstrate that oxygen
ions are the major diffusing species in the oxide and,
therefore, that the oxide grows by the inward passage of
oxygen.30 Volume changes associated with the oxida-
tion lead to large stresses in the oxide and subsequently
to the formation of solid products in the form of
powders and/or cracked porous scales.

At the temperatures of interest, a linear rate law is
quickly established, and the rate-determining step is
believed, in general, to be diffusion of oxygen ions
through a thin layer of adherent oxide of constant
average thickness at a given temperature. For carbon
dioxide, the rate constant (Figure 3) increases steadily
with temperature until there is a sudden increase in
rate, together with some selfheating from the high heat
of reaction, at or near the b–g phase transition in the
metal (780 �C); at higher temperatures there is little
or no dependence of reaction rate on temperature
up to 1000 �C.Themajority of the oxide forms as either
a nonadherent powder (the particle size of which
increases with temperature) or, at the highest tempera-
tures, as a cracked adherent scale. The formation of
scale accounts for the lack of temperature dependence

for the rate constant at the highest temperatures and
could result either from sintering of the oxide or, more
probably, from the growth stresses being relieved by
plastic deformation of the oxide and/or the underlying
metal, rather than rupture of the oxide. At the highest
temperatures, the rate-determining step might be gas-
eous diffusion through the porous scale.31 The pres-
ence of small amounts of water vapor (greater than
100 ppm) and oxygen (greater than 10 ppm) enhances
the attack significantly at the lower temperatures of
400–500 �C,29 and under these conditions preferential
attack is frequently observed at carbide inclusions in
the metal.32 Major alloy additions of silicon (greater
than 3.8%) impair oxidation resistance at all tempera-
tures, whereas additions of copper (1%), titanium
(5–10%), and molybdenum (10–15%) decrease the
rates, but only at the higher temperatures.33 The bene-
ficial influence of copper is associated with the enrich-
ment of the element at the metal–oxide interface as the
UCu5 phase.34 The mechanisms responsible for the
effects of the other alloying elements have not been
firmly established, but can be attributed to changes in
the physical defects and thicknesses of the adherent
oxide and, hence, in its protective properties.

The oxidation rates in carbon monoxide (Figure 3)
are less than those for carbon dioxide. They increase
steadily with temperature up to 800 �C but then
decrease markedly by a factor of 100 up to 1000 �C.
The decrease in rate can be attributed to the dissocia-
tion of carbon dioxide at higher temperatures and to
its consequently low partial pressures.

3.19.3.2 Air

Thermal oxidation of uranium dioxide proceeds in
air and results ultimately in the formation of U3O8 at
temperatures above 200–300 �C. The lower oxides
may also be formed as intermediaries and at lower
temperatures. The volume change associated with
formation of U3O8 is greater than for uranium diox-
ide and, as with carbon dioxide, leads to a linear rate
law being established. This gives significantly more
rapid oxidation kinetics35 by comparison with the
behavior in carbon dioxide (Figure 3). The rapid
reaction rate, coupled with the large enthalpy or
reaction, leads to an appreciable selfheating of spe-
cimens and an associated increase in reaction rate.
In this situation, the supply of oxygen from the air can
be rate-determining. The susceptibility of the metal to
selfheating increases with the surface area-to-volume
ratio of components, and powders may spontaneously
ignite at room temperature.36 However, large blocks
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of metal are not normally liable to selfheating until
400–600 �C and then need an external heat source to
maintain the situation. Alloy additions of molybde-
num (5–15%) markedly reduce reaction rates.10,37

Minor additions of other elements may either enhance
or reduce the susceptibility to ignition38 (e.g., alumi-
num or copper, respectively).

3.19.3.3 Steam

The mechanisms of corrosion by steam are similar to
those for water up to 450 �C, but at higher tempera-
tures are more closely related to the behavior in
carbon dioxide. Studies at 100 �C have demonstrated
that uranium hydride is produced during direct reac-
tion of the water vapor with the metal and not by a
secondary reaction with the hydrogen product. Also,
at 100 �C it has been shown that the hydride is more
resistant than the metal.3 Inhibition with oxygen
reduces the evolution of hydrogen and does not
involve reaction of the oxygen with the uranium.6

Above 450 �C, the hydride is not stable and hydrogen
is released directly to the gas phase. Also, the cohe-
sion and protection provided by the uranium dioxide
increase with the formation of a dense scale, at least
for short times at the highest temperatures. As a conse-
quence, the extent of reaction after a period greater
than 100min is at amaximumat 300–400 �Cwith a rate
of weight gain of 103 gm�2 h�1. The reaction rate
increases only slowly with temperature from 500 to
1200 �C, although one piece of work reported a marked
increase in attack near the b–g transition in themetal,39

analogous to that obtained in carbon dioxide. A para-
bolic rate law has been found to apply at temperatures
of 500–1200 �C for periods of 30min to 6 h,40 although
another work indicates that this law is established for
only 1–2h above 880 �C and that a linear law generally
applies.39 It follows that for a period of 1–2 h, the extent
of corrosion in steam straddles that for carbon dioxide,
being greater at temperatures less than 700 �C and
comparable or less at higher temperatures.

The oxidation rates of uranium in steam were
measured between 200 and 550 �C. Arrhenius-type
behavior was observed below 300–350 �C, with acti-
vation energies of 47 kJmol�1 for U foil below 350 �C
and 58 kJmol�1 for U bar below 300 �C.41 However, a
significant rate reduction was observed at higher
temperatures. In all cases, the oxidation products
were uraninite-structured UO2�x compounds. Non-
adherent oxide layers were formed on bar samples
below �300 �C, but became increasingly adherent at
higher temperatures. Similarly, the oxide layers on foil

samples below �350 �C had highly porous cellular
structures, whereas the layers formed at higher tem-
peratures were significantly denser. For both materials,
the fall in oxidation rate above 300–350 �C was attrib-
uted to reduced steam ingress to the underlying metal
caused by the increasingly protective surface oxide.

Oxidation of UO2 by pure steam at pressures of
7 and 70 atm and 500 and 600 �C was measured using
thermogravimetry.42 Linear kinetics were observed,
which varied as the square root of the steam pressure,
and is consistent with initial rates extrapolated from
higher temperature experiments in 1-atm steam.
At temperatures characteristic of normal operation
of defective fuel rods, the rate of hydrogen produc-
tion by thermal oxidation of the fuel in steam is small
compared to that due to cladding corrosion. The
presence of H2 in the steam was found to have
much greater influence on reducing the rate of oxi-
dation UO2 than on oxidation of cladding.

An experimental study of UO2 oxidation in pure
steam and in H2O/Ar/H2 mixtures was conducted
using a thermal balance at 1 atm in the temperature
range 1000–1350 �C.43 Two surface reaction models
were assumed. A phenomenological model assumes
that the reaction rate is proportional to the difference
between the [O] in the solid and the equilibrium pO2

in the ambient gas. The results show that this model is
a poor fit for oxidation in steam, but is good for H2O/
Ar/H2 mixtures. A mechanistic model, based on the
assumption that the rate-controlling step was water
dissociation at the solid surface, provides a very good
fit to all the data. Thus, as long as the pressure is
1 atm, either model can be used to predict nuclear
fuel oxidation in severe loss of coolant accidents
because the ambient gas invariably contains hydrogen
produced by Zircaloy corrosion. However, the kinet-
ics of oxidation in high-pressure steam–hydrogen
mixtures are still uncertain. Evidence of uranium
volatilization and preferential etching at the grain
boundaries at high temperatures were observed.

3.19.4 Corrosion Processes

3.19.4.1 Protective Coatings

Uranium may be anodized in ethylene glycol con-
taining ammonia and this produces oxide films that
are predominantly uranium dioxide in composition44

and which show considerable resistance to atmo-
spheric corrosion. During film formation at constant
current, the voltage rises steeply to a plateau giving
predominantly crystalline films. After reaching a
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second voltage plateau, the films are largely amor-
phous. The rate of oxidation during the initial voltage
rise, assuming maximum current efficiency, is
between 1.6 and 2.0 nmV�1.

Metallic and organic-based coatings have been
developed to protect uranium from oxidation at low
and high temperatures. The work on metallic coat-
ings has covered intermetallic compounds and solid
solutions of uranium with aluminum, zirconium, cop-
per, niobium, nickel, and chromium.45 Aluminum-
and zirconium-based coatings46,47 can be particularly
effective in reducing attack over an extended range of
temperature. Also, nickel plating can provide protec-
tion against atmospheric corrosion.48 Work on organic
coatings has demonstrated that they can enhance resis-
tance to atmospheric corrosion.49,50 This behavior is
attributed to the loss of the inhibiting action of oxygen
due to water vapor permeating the coatings more
readily than oxygen.

Aluminum, zinc, magnesium, Al–Zn, Al–Mg,
nickel, titanium, TiN, and Al/TiN coatings have all
been applied by the arc plasma physical vapor depo-
sition (PVD) technique to a DU alloy for corrosion
protection assessment.51 The as-deposited specimens
were examined by scanning electron microscopy for
surface morphology and tested for adhesion. Electro-
chemical polarization tests and immersion tests were
conducted in aerated 3.5 wt% NaCl solution. Results
of electrochemical polarization in 3.5% NaCl solu-
tion and observations after long-term exposure tests
indicated that both Al–Zn and Al–Mg alloys appear
to be the best sacrificial coating materials for improv-
ing the corrosion resistance of DU–0.75 Ti.

The effect of various oxyanions (MoO2�
4 , PO3�

4 ,
VO3�

4 , MnO�4 , SiO
4�
4 , and WO2�

4 ) on the corrosion
inhibition of U–0.75Ti alloy in nitric acid has
been studied.52 Results indicate that chemical or
electrochemical activation of the uranium in 0.1M
HNO3þ 0.025M molybdate can lead to the forma-
tion of a rudimentary conversion coating. Building on
this finding, molybdenum oxide-based coatings were
formed on U–0.75Ti alloy53 using nitric acid in order
to activate the metal surface. Successful coatings were
produced of the order of 650 nm in thickness. After
aging, the coated samples showed an ennobled poten-
tial of around 400mV and a reduced corrosion cur-
rent density of around 10 times.

3.19.4.2 Irradiation Effects

The behavior of irradiated uranium has been studied
mainly with respect to the release of fission products

during oxidation at high temperatures.54 The fission
products most readily released to the gas phase are
krypton, xenon, iodine, tellurium, and ruthenium.
The release can approach 80–100%. For ruthenium,
it is dependent upon the environment and only sig-
nificant in the presence of oxygen to form volatile
oxides of ruthenium.

Studies of the influence of irradiation on the kinet-
ics of oxidation have been confined to postirradiation
work. In general, prior irradiation increases reactivity,
although there are considerable inconsistencies in
the enhancements obtained.17,54,55 The effects can be
derived from an increased surface area associated with
the swelling voids produced in the metal by the irra-
diation, and can also probably arise to a lesser extent
from chemical effects of the fission products.

The postirradiation examination of two uranium
aluminide fuel plates exposed to aqueous corrosion
showed failure due to pinhole corrosion during irradi-
ation to about 76% of the maximum burn-up limit.56

It was thought that the cladding failed by pitting cor-
rosion initiated at preexisting pits at a hot spot. Fuel
plate material was washed out through these pinholes
due to aqueous corrosion and erosion. Egert57 also
looked at corrosion of coated uranium and found
corrosion occurring at defects present in the coating.
An equation was derived to predict the extent of
substrate corrosion, given the number of defects per
unit area and knowledge of the corrosion kinetics of
the substrate.

3.19.4.3 Corrosion and Dissolution of UO2

As noted earlier, uranium dioxide is susceptible to
transpassive dissolution to soluble uranium species at
low and high pH and at sufficiently high potentials
caused by the presence of oxygen in air, or of strongly
oxidizing peroxide or radical species formed as a
result of water radiolysis. At intermediate potentials,
UO2 may be oxidized to UO2þx or hydrated UO3. In
order to suppress this oxidation, the effects of dissolved
hydrogen on the aqueous corrosion of uranium dioxide
(UO2) under nuclear waste disposal conditions were
studied.58 Measurements of the corrosion potential
(Ecorr) indicate that the oxidation of dissolved hydro-
gen on noble-metal particles polarizes the UO2

nuclear fuel surface to reducing potentials (�300
to �400mV vs. SCE); that is, to Ecorr values more
negative than those observed under anoxic (argon-
purged) conditions (�200mV vs. SCE). Thus, noble-
metal particles incorporated within UO2 act catalyti-
cally to oxidize H2. It is the galvanic coupling of these
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particles to the UO2 matrix that lowers the corrosion
potential, thereby preventing oxidation of the fuel
surface.

3.19.4.4 Uranium in the Environment

Corrosion of anthropogenic uranium in natural
environments is not well understood, but is important
for determining potential health risks and mobility in
the environment. Buck et al. conducted studies of
a site in the southwestern United States containing
DU that has been weathering for approximately
22 years.59 The main products of corrosion were
found to be schoepite ((UO2)4O(OH)6�6(H2O)) and
meta-schoepite (UO3�2(H2O)), and occur on their
own, mixed with clay/silt aggregates, or as coatings
upon soil grains. It appeared from this study that local
soil geomorphology and chemistry at this site limit
uranium mobility and decreases potential health
risks. However, changes in land use and/or climate
could increase uranium mobility.

There is considerable concern over the use of
dense kinetic energy projectiles containing DU in
the battlefield and the consequent spread of uranium
into the environment. The degradation of a DU
penetrator shot in battle in Western Kosovo in 1999
and collected from there in June 2001was studied.60

Corrosion products on the surface were confirmed as
UO2, with the possible presence of other more oxi-
dized uranium forms, such as U3O8 and UO3�2(H2O).
Raman spectra from the surface shows evidence for
mobile UO2þ

2 uranyl ions. It can be concluded, there-
fore, that such projectiles will, in the environment,
progressively release mobile uranium species.

In the United Kingdom, the testing of armor-
piercing DU ‘penetrators’ has resulted in the deposition
of DU in the sediments of the Solway Firth. Handley-
Sidhu et al. undertook an investigation of this material
by simulating Solway Firth sediments under variable
conditions of salinity to study the impact of the corrod-
ing DU on the environment, including the microbial
population.61 Under suboxic conditions, the average
corrosion rates were 0.056 g cm�2 year�1, implying
that complete corrosion of a 120-mm penetrator
would take approximately 540 years. Under sulfate-
reducing conditions, corrosion ceased because of pas-
sivation of the surface. Corroding DU resulted in
more reducing conditions and decreased micro-
bial diversity as indicated by DNA sequencing and
phylogenetic analysis. Since few uranium species
were measured in the sediments adjacent to the DU
projectiles, it must be assumed that U was transported

into the surrounding environment through dissolu-
tion of U(VI), with subsequent interactions resulting
in the formation of secondary uranium species in the
sediment.
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Glossary
Sputter deposition Sputter deposition is a

physical vapor deposition (PVD) method of

depositing thin films by sputtering, that is,

ejecting material from a target or source,

which then deposits onto a substrate – for

example, a silicon wafer.

Amorphous alloy An amorphous alloy is a metallic

material with a disordered atomic-scale

structure. In contrast to most metals, which

are crystalline and therefore have a highly

ordered arrangement of atoms, amorphous

alloys are noncrystalline.

X-ray photoelectron spectroscopy (XPS) XPS is

a quantitative spectroscopic technique that

measures the elemental composition,

empirical formula, chemical state, and

electronic state of the elements that exist

within a material. XPS spectra are obtained

by irradiating a material with a beam of

aluminum or magnesium X-rays while

simultaneously measuring the kinetic energy

(KE) and number of electrons that escape

from the top 1–10 nm of material being

analyzed.

Rutherford backscattering spectroscopy (RBS)

RBS is an analytical technique used in

materials science. Sometimes referred to as

high-energy ion scattering (HEIS)

spectroscopy, RBS is used to determine the

structure and composition of materials by

measuring the backscattering of a beam of

high energy ions impinging on a sample.

Abbreviations
RBS Rutherford backscattering spectroscopy

XPS X-ray photoelectron spectroscopy

3.20.1 Corrosion of AmorphousAlloys

Amorphous alloys have been attracting much atten-
tion as a new class of metallic materials with excellent
physical, mechanical, and chemical properties since
their introduction in the late 1960s. The corrosion
resistance of amorphous alloys is remarkable and some
amorphous alloys are immune even to concentrated
hydrochloric acids. Much interest has also been seen in
amorphous alloy electrode materials due to their supe-
rior electrocatalytic properties as well as high durabil-
ity, originating from high corrosion resistance. The
synergistic effect of various alloying elements homo-
geneously mixed at the atomic level, in addition to the
structurally metastable nature, contributes to the
superior chemical properties.

It was believed until the late 1980s that rapid quench-
ing with a quenching rate of more than �105 K s�1 is
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required to develop amorphous alloys. During this
period, amorphous alloys were produced mostly by
melt-spinning and physical vapor deposition (PVD)
methods, including sputter deposition. Laser treat-
ment of the alloy surface, as well as ion implantation,
was used to develop amorphous alloy surfaces on bulk
metallic substrates. In the late 1980s, amorphous
alloys with extremely high glass-forming ability
were discovered, and bulk amorphous alloys, usually
referred to as bulk metallic glasses, are now available
in many alloy systems by a conventional casting pro-
cess. Extremely high glass-forming ability is attained
in multicomponent alloy systems with large atomic
size ratios of more than 12% and with negative heats
of mixing. The discovery of bulk metallic glasses has
eliminated the size limitation of amorphous alloys,
and their practical importance has been significantly
enhanced. Here, corrosion behavior of a range of
amorphous alloys, including bulk metallic glasses, is
outlined, together with nanocrystalline metallic
materials. Interest has also been shown in nanocrystal-
line alloys due to their enhanced mechanical strength.
The influence of nanocrystalline precipitates in an
amorphous matrix on corrosion behavior of amor-
phous alloys will also be discussed here.

3.20.1.1 Examples of Corrosion-resistant
Amorphous Alloys

Great interest in the corrosion resistance of amorphous
alloyswas initiated by the early workofHashimoto and
coworkers, which revealed the very high corrosion
resistance of iron–metalloid alloys containing chro-
mium even in aggressive hydrochloric acid solutions.1,2

Results of corrosion tests for the amorphous Fe–10
at.% Cr–13 at.% P–7 at.% C alloy (alloy composition
hereafter denoted as Fe–10Cr–13P–7C) and crystal-
line type-304 stainless steel are shown in Figure 1.1

The melt-spun amorphous Fe–10Cr–13P–7C alloy
reveals no measurable corrosion even in 1mol dm�3

HCl solution, while the corrosion rate of type-304
stainless steel increases with the increase in the concen-
tration of HCl, greater than 10mms�1 in 1mol dm�3

HCl solution. The amorphous Fe–10Cr–13P–7C
alloy is spontaneously passive in HCl solution, and
anodic polarization of this alloy does not induce pitting
corrosion. The corrosion resistance of Fe–Cr–metalloid
alloys was further improved by the addition of molyb-
denum.3–6 Amorphous alloys containing sufficient
amounts of both chromium and molybdenum were
spontaneously passive even in concentrated HCl
solution at elevated temperatures.6

In addition to Fe-based amorphous alloys, corrosion-
resistant nickel-based amorphous alloys were discov-
ered in the late 1980s. Amorphous Ni-based alloys
containing 20 at.% or more tantalum were immune to
corrosion in boiling 9mol dm�3 HNO3 solution and
maintained metallic luster.7 Ni–Nb alloys contain-
ing 40–60 at.% niobium were also highly corrosion-
resistant; their corrosion rates were as low as �1 mm
year�1 in boiling 9mol dm�3 HNO3 solution. Amor-
phous Ni–Nb and Ni–Nb–Cr alloys were spontane-
ously passive in 0.1mol dm�3 H2SO4 solution, but
transpassive dissolution occurred at high anodic
potentials.8 The amorphous Nb-valve metal alloys
were also highly corrosion-resistant in hot concen-
trated phosphoric acid solution as well as in boiling
sodium hydroxide solution.9,10 The addition of small
amounts of phosphorus enhances its glass-forming
ability as well as its corrosion resistance.11–16 The
role of phosphorus in improving the corrosion resis-
tance of amorphous alloys will be described later.

Most of these corrosion studies were performed
using melt-spun amorphous alloy ribbons. In the late
1980s PVD methods, including sputter deposition,
were introduced to produce corrosion-resistant
amorphous alloys. One of the successful applications
of this technique is an aluminum alloy system. The
solid solubility of many alloying elements in alumi-
num at equilibrium is very limited, usually less than a
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Figure 1 Example of the greatly enhanced corrosion

resistance in 1 mol dm�3 hydrochloric acid at room

temperature of a Fe-based metallic glass

(Fe–10Cr–13P–7C) compared to a crystalline, type-304
stainless steel alloy (Fe–18Cr–8Ni).1
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few atomic percent. None of the existing commercial
aluminum alloys have good resistance against localized
corrosion. Amorphous Al alloys containing supersa-
turated alloying elements, including molybdenum,
tungsten, chromium, copper, and tantalum, show
markedly improved pitting corrosion resistance.17–27

Some amorphous Al alloys display good corrosion
resistance even in hydrochloric acid solutions.28–30

An example of improved pitting potential by the
addition of molybdenum and tungsten is shown in
Figure 2. The pitting potential of crystalline high-
purity aluminum is ��0.7 V versus SCE in a borate
buffer solution containing 0.1mol dm�3 NaCl. The
addition of molybdenum ennobles pitting potential
by more than one volt, with the addition of tungsten
shifting the potential in a more positive direction.22

Amorphous alloys with ideally high corrosion resis-
tance, consisting only of corrosion-resistant elements,
were developed in the 1990s. Sputter-deposited Cr–X,
Mo–X and W–X alloys, in which X denotes Ti, Zr,
Nb, or Ta, were shown to be spontaneously passive in
concentrated hydrochloric acid.31–44 The extremely
high stability of homogeneous double oxyhydroxides
of Cr3+ and valve metal cations is responsible for the
extraordinary corrosion resistance of Cr-valve metal
alloys.45–48

Intensive studies have recently been conducted on
the corrosion behavior of bulk metallic glasses due to

their wide range of potential applications. Bulk
metallic glasses with extremely high corrosion resis-
tance even in hydrochloric acid solutions have also
been developed in Fe-based and Ni-based alloy sys-
tems. Bulk metallic glasses of Fe–Cr–Mo–C–B with
and without phosphorus were synthesized over a
wide composition range by copper mold casting, and
showed high corrosion resistance in concentrated
hydrochloric acid with corrosion rates in the range of
103 to 102 mm year�1.49 Bulk Ni-based glasses, con-
taining Nb, Ta, Cr, and Mo in addition to phosphorus,
are resistant in concentrated hydrochloric acid.50,51

3.20.1.2 Mechanism of Extremely High
Corrosion Resistance

It was believed that extremely high corrosion re-
sistance of some amorphous alloys is a consequence
of the rapid formation of uniform passive films with-
out weak points and with a high concentration of
corrosion-resistant alloying element species in the
thin passive films. As mentioned above, some amor-
phous alloys are immune even in concentrated hy-
drochloric acid. Such excellent corrosion resistance
is not achieved by practical crystalline metals and
alloys. Single-phase amorphous alloys are structur-
ally and compositionally homogeneous, free from
metallurgical heterogeneities such as grain bound-
aries, second phases, precipitates, inclusions, and seg-
regations. In crystalline alloys, corrosion is often
initiated preferentially at such heterogeneous sites.
The compositionally uniform nature of amorphous
alloys is a key to the coverage of the entire surface of
a metallic substrate by a highly protective thin passive
film to protect the alloy from severe corrosive attack.

The rapid formation of a highly protective passive
film on amorphous alloys was demonstrated in an
iron–chromium alloy system.52 The high corrosion
resistance of chromium-containing crystalline and
amorphous alloys is attributed to the formation of
passive films highly enriched in trivalent chromium
species. For instance, immersion of amorphous Fe–
10Cr–13P–7C alloy in 1 mol dm�3 HCl solution
for 1 week gives rise to the formation of a passive
film consisting exclusively of hydrated chromium
oxyhydroxide, CrOx(OH)3�2x .

53 Although chromium-
enriched passive films are formed on both crystalline
and amorphous chromium-containing alloys, enrich-
ment is more significant for amorphous alloys, contri-
buting to the better corrosion resistance of amorphous
alloys. Table 1 shows the concentrations of Cr3+ ions
in the passive films formed on chromium-containing
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amorphous and crystalline alloys in 1 mol dm�3 HCl
solution.52 Crystalline ferritic stainless steels are pas-
sivated by anodic polarization, and the cationic con-
centrations of chromium species in the passive films
are 75 and 58 at.% for Fe–30 at.% Cr and Fe–19 at.%
Cr, respectively. For amorphous alloys, enrichment of
chromium in passive films is more significant,
although the contents of chromium in the alloys are
lower than those in the crystalline alloys. For the
amorphous Fe–10Cr–13P–7C alloy, which shows
spontaneous passivation in 1 mol dm�3 HCl solution,
the cationic percentage of chromium is 97 at.% in the
passive film and only 3 at.% of cations are Fe2+ and
Fe3+ ions. The concentration of chromium in the
passive film formed on amorphous Fe–3Cr–2Mo–
13P–C alloy is comparable to that in the passive
film formed on crystalline Cr–19Cr steel. Thus,
remarkable enrichment of chromium in the passive
film is possible for amorphous alloys even if the
chromium content in the alloy is as low as a few
atomic percent. Amorphous alloys are metastable
and hence surface reactivity is high. High reactivity
of alloy surface leads to rapid dissolution of unneces-
sary alloying constituents, assisting the fast and sig-
nificant enrichment of chromium species to form a
stable and highly protective passive film.

Amorphous alloys are not always corrosion-
resistant. The presence of a corrosion-resistant element
is essential for improved corrosion resistance. In the
absence of a corrosion-resistant element, amorphiza-
tion increases the reactivity of the metal surface,

resulting in the occurrence of more aggressive corro-
sion. For instance, active dissolution rates of amorphous
Fe–Cr–P–C alloys are larger than those of crystalline
alloyswith similar composition.54 During annealing of
amorphous Co–25 at.% B alloy, the alloy crystallizes
to a Co3B phase. The Co3B phase decomposes to
Co2B and Co by further annealing at higher tempera-
tures. Figure 3 shows the anodic dissolution current
density of the Co–25 at.% B alloy at �0.3 V versus
SCE in 0.5 mol dm�3 Na2SO4 (pH 1.8) after annealing
at various temperatures.55 The dissolution rate of the
amorphous Co–25 at.% B alloy decreases due to
crystallization to Co3B, indicating higher reactivity
of the amorphous surface than that of the crystalline
counterpart. Increased dissolution rate again above
623 K is associated with the chemical heterogeneity
produced by decomposition of Co3B to Co2B and Co.

Another important point for the improved corro-
sion resistance of amorphous alloys is linked to the
fact that amorphous alloys are able to form super-
saturated solid solutions containing one or more
alloying elements. In amorphous alloys, corrosion-
resistant elements can be added uniformly, exceeding
the solubility limit at equilibrium. The solid solubil-
ity of an alloying element in aluminum is usually less
than a few percent. Practical Al alloys consist of an
fcc Al phase and an intermetallic compound phase,
with concentration of alloying element in the fcc
matrix phase remaining low. Thus, the pitting corro-
sion resistance is not highly enhanced by alloying.
However, if the sputter deposition technique is
applied for the preparation of aluminum alloys,
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Figure 3 Anodic dissolution rate of amorphous Co–25B
alloy at�0.3 V versus SCE in a solution of pH 1.8 containing

0.5 mol dm�3 Na2SO4. After heat treatment at several
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Table 1 Cationic fractions of Cr3+ ions in passive films

formed on amorphous chromium-containing alloys and
stainless steels in 1 mol dm�3 HCl solution52

Alloys Cationic
fraction of
Cr3+ ions in
passive
films

Passivation
process

Amorphous alloys

Fe–10Cr–13P–7C 0.97 Spontaneous

passivation
Fe–3Cr–2Mo–13P–7C 0.57 Anodic

polarization

Co–10Cr–20P 0.95 Spontaneous

passivation
Ni–10Cr–20P 0.87 Spontaneous

passivation

Ferric stainless steels

Fe–30Cr(–2Mo) 0.75 Anodic
polarization

Fe–19Cr(–2Mo) 0.58 Anodic

polarization
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a single-phase aluminum alloy supersaturated with
an alloying element can be produced in an almost
entire composition range and amorphous structure is
obtained in a wide composition range.28 The pitting
corrosion resistance of sputter-deposited Al–Mo and
Al–W metastable solid solution alloys in a chloride-
containing neutral solution increases significantly
with an increase in alloying element content, as
shown in Figure 2.22 Corrosion rates of a range of
sputter-deposited Al-early transition metal alloys in
1 mol dm�3 HCl solution also greatly decreases with
an increase in content of the alloying element.28 The
improved corrosion resistance of aluminum alloys
supersaturated with an alloying element is attributed
primarily to the formation of passive films containing
corrosion-resistant elements.28,56–58 Compositions of
passive films formed by anodic polarizationwere exam-
ined by X-ray photoelectron spectroscopy (XPS).
Based on the results of analysis, it has been proposed
that MoO4

2�, CrOOH, Ta2O5, or ZrO2 present in pas-
sive films inhibits the adsorption of chloride ions
and increase resistance to pit initiation in chloride-
containing neutral solutions.

However, there are also some reports that passive
films on solid solution aluminum alloys, including
Al–W alloys, are practically free from alloying ele-
ment species,59–61 although pitting potential greatly
ennobles with increase in content of the alloying ele-
ment. The improved corrosion resistance of aluminum
alloys has also been discussed in terms of local disso-
lution kinetics; alloying improves pitting resistance
through a reduction in the ability of pits to maintain
the critical local environment necessary for growth.62

A systematic study has been undertaken using
transmission electron microscopy and Rutherford
backscattering spectroscopy (RBS) to elucidate the
growth process of anodic films on single-phase alu-
minum alloys. During anodizing of most dilute
aluminum alloys, only aluminum is oxidized initially
at the alloy–film interface, forming an alumina film free
from alloying element species.63 The alloying element
is accumulated in a thin alloy layer, �1–2 nm thick,
immediately beneath the anodic film. Once the aver-
age composition of the enriched alloy layer reaches a
critical level, the alloying element is oxidized and
incorporated into the oxide film, with the average
composition of the enriched layer maintaining the
critical level.64 It has been proposed that in the
enriched alloy layer, clusters of the alloying element
or the alloying element-rich clusters are developed
(Figure 4). The critical level of enrichment is depen-
dent upon the alloying element. There is a good

correlation between the critical amount of alloying
element in the enriched alloy layer and the Gibbs
free energy per equivalent of the formation of alloy-
ing element oxide (Figure 5).63 An element with
larger Gibbs free energy per equivalent for formation
of oxide, that is, a nobler element, has more signifi-
cant enrichment. No enrichment of an alloying ele-
ment occurs when the alloying element has a Gibbs
free energy per equivalent for formation of oxide
similar to or less than that of Al2O3. In addition to
the growth of anodic films at high current efficiency,
preferential oxidation of aluminum and accumula-
tion of an alloying element at the alloy surface also
occur during chemical etching of aluminum alloys in
alkaline solutions, chemical polishing, and electro-
polishing.65,66 In neutral chloride-containing solu-
tions, the dissolution rate of the passive film on
aluminum alloys is considerably low unless localized
attack occurs. Thus passive films free from alloying
element species have been detected by surface anal-
ysis., Dissolution of alloy results in accumulation of
the alloying element at the alloy surface once local
breakdown of passive film occurs. Thus, finally, the
passive film containing corrosion-resistant alloying
element species may be developed, probably inhibit-
ing the growth of pits.

3.20.1.3 Role of Alloying Elements in
Improving Corrosion Resistance

3.20.1.3.1 Phosphorus
Amorphous alloys are classified as metal–metal and
metal–metalloid alloy systems. Metalloid elements,
such as boron, carbon, silicon, and phosphorus, are
added primarily for enhancing glass-forming ability.

Anodic oxide

Al-W alloy

Tungsten-rich oxide finger
Tungsten cluster

Developing clusters

Figure 4 Schematic illustration showing development of
tungsten clusters in the enriched alloy layer, �2 nm thick,

immediately beneath the anodic film, and subsequent

oxidation of the cluster with a critical size on a dilute

Al–W alloy.
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Among such metalloid elements, phosphorus is par-
ticularly beneficial in enhancing corrosion resistance,
although it is known that phosphorus segregates at
the grain boundaries of stainless steels and induces
intergranular corrosion and stress-corrosion cracking
of stainless steels. Amorphous Fe–Cr–13Si–7B and
Fe–Cr–20B alloys in 9 mol dm�3 H2SO4 solution
dissolve actively and their corrosion rates increase
with increasing chromium content. In contrast, the
corrosion rates of amorphous Fe–Cr–13P–7C and
Fe–Cr–13P–7B alloys in the same solution decrease
markedly with the addition of more than 7 at.%
chromium.67 For Ni-based amorphous alloys, the
addition of phosphorus reduces the corrosion rate in
hydrochloric acid even if a passivating element is
absent. The amorphous Ni–20P alloy shows a low
corrosion rate of less than 0.1 mm year�1 even in
concentrated HCl solution, in which nickel metal
dissolves aggressively.68 Marked decrease in the cor-
rosion rate has been found with the addition of only
small amounts of phosphorus to amorphous Ni–Ta
alloys; the addition of 2 at.% phosphorus decreases
the corrosion rate by more than four orders of mag-
nitude in boiling 6 mol dm�3 HCl solution.7

The high corrosion resistance of amorphous Ni–P
alloys in acid solutions is not associated with oxide-
based passivity. The alloys do not reveal a clear

active–passive transition, and the anodic current den-
sity increases gradually with anodic potential.69–71

The corrosion rate of the amorphous Ni–19P alloy
is not dependent upon the concentration of HCl-
unusual behavior for oxide-based passivity.72 Chemi-
cal passivity by adsorption of hypophosphite ions was
proposed on the basis of results of XPS analysis of
Ni–P alloy specimens polarized anodically in deaer-
ated HCl and H2SO4 solutions.

69 In addition to hypo-
phosphite ions, enrichment of elemental phosphorus
as a consequence of preferential dissolution of nickel
was found by XPS analysis. Kinetic analysis of anodic
dissolution of the amorphous Ni–P alloy in HCl
solution revealed that the dissolution current density
follows Fick’s second law (Figure 6), thus being
diffusion-controlled.73 An explanation of these results
is that the elemental phosphorus layer formed by
selective dissolution of nickel acts as a diffusion bar-
rier for dissolution of nickel, reducing the dissolution
rate of the alloy. The elemental phosphorus layer has
high cathodic activity for proton and oxygen reduc-
tion. Thus, the formation of an elemental phosphorus
layer shifts the corrosion potential in the noble direc-
tion as a consequence of the enhancement of cathodic
activity and suppression of anodic dissolution. When
a passivating element, such as chromium, is present,
ennoblement of the corrosion potential promotes
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passivation. This may be the reason why many amor-
phous alloys containing a passivating element and
phosphorus, including amorphous Ni–Cr–P and Fe–
Cr–P–C alloys, are spontaneously passive even in
concentrated acid solutions.

In these studies, the chemical state of phosphorus
species has been analyzed by XPS. Special attention
must be paid to the characterization of passive films
by XPS. Exposure of the specimen surface to air
during transfer of the specimen from the electro-
chemical cell to the spectrometer often changes the
chemical state of species in passive films. For in-
stance, surface elemental phosphorus changes to
phosphate species.74 The chemical state of molyb-
denum in passive films on molybdenum-containing
corrosion-resistant alloys also changes from Mo4+ to
Mo6+ species during exposure to air. For precise
identification of the chemical species in passive
films by XPS, exposure of specimens to air before
introduction into the spectrometer must be avoided.

3.20.1.3.2 Synergy of corrosion-resistant

elements

It is well known that the addition of molybdenum to
stainless steels improves localized corrosion in chlo-
ride-containing solutions. Molybdenum also reduces
active dissolution rates of stainless steels in acid solu-
tions. Even for amorphous alloys, the addition of
molybdenum markedly improves the corrosion resis-
tance of chromium-containing amorphous alloys.5,75,76

In the active dissolution potential region of chromium,
molybdenum is passive, forming stable tetravalent mo-
lybdenum species. Such stable molybdenum species

reduce the active dissolution rates of stainless steels
and chromium-containing amorphous alloys. In addition
to active dissolution rates, the stability of the passivity
of stainless steels and amorphous alloys is enhanced
by the addition of molybdenum. Because molybde-
num dissolves transpassively as molybdate ions in the
passive potential region of the alloys, the composition
of passive films on molybdenum-containing alloys is
often not greatly different from that on molybdenum-
free counterparts. There are several reports on the
role of molybdenum in enhancing the stability of a
passive state.4,77,78 The precise role of molybdenum in
enhancing passivity is still a subject of controversy.

Ideal corrosion-resistant materials should be
alloys consisting only of corrosion-resistant elements.
Such alloys have been prepared by a magnetron sput-
tering method, and, interestingly, it has been revealed
that the alloys show superior corrosion resistance to
that of each alloy-constituting metal. Figure 7 shows
structures of sputter-deposited chromium-valve
metal alloys identified by X-ray diffraction.31–33

The alloys show an amorphous single-phase struc-
ture in a wide composition range. Even crystalline
alloys are single phase. Their corrosion rates in 6 mol
dm�3 HCl and 12 mol dm�3 HCl solution are shown
in Figure 8. In 6 mol dm�3 HCl solution, chromium
and titanium metals dissolve actively, but binary Cr–
Ti alloys are spontaneously passive and show
extremely low corrosion rates, several orders of mag-
nitude lower than those of the alloy-constituting ele-
ments.33 The binary amorphous Cr–Zr alloys also
reveal low corrosion rates in the 6 mol dm�3 HCl
solution, the rates decreasing with increasing chro-
mium content.32 The binary amorphous Cr–Ta alloys
are immune even in 12mol dm�3HCl solution at 303K
in a wide composition range. Corrosion resistance of
binary Cr–Nb alloys is also better than that of
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chromium and niobium metals.31 Again, corrosion
rates decrease with increasing chromium content.

Such excellent corrosion resistance of amorphous
Cr-valve metal alloys was interpreted from XPS ana-
lyses of passive films; passive films consisting of double
oxyhydroxides containing chromium and valve metal
cations are remarkably protective in concentrated
hydrochloric acids.45–48 The formation of uniform
double oxyhydroxides was identified from the shift of
peak binding energies of photoelectrons of each cation.
Similarly, Mo-valve metal alloys and W-valve metal
alloys prepared by magnetron sputtering reveal high
corrosion resistance in concentrated HCl solution.
Their corrosion resistance is better than that of the
corresponding alloy-constituting metals.36–40,42,79

3.20.1.4 Corrosion Behavior of Bulk
Metallic Glasses

The discovery in the late 1980s of amorphous alloys
with extremely high glass-forming ability has elimi-
nated the shape limitation of amorphous alloys, and a
wide variety of applications are now being consid-
ered. As described in the review paper by Inoue,80 a
range of bulk metallic glasses, including Zr-based,
Ti-based, Fe-based, Ni-based, Mg-based, and Ln-
based alloys, have so far been developed by conven-
tional casting and water cooling processes. The high
glass-forming ability of these bulk metallic glasses is

associatedwith the stabilization of supercooled liquids.
In metallic alloys, diffusion rates of alloy-constituting
elements in their liquid phase are generally very fast
at high temperatures just below the melting point.
Due to high diffusivity, phase transformation occurs
from supercooled liquid to a crystalline phase within
a very short time of less than 10�5 s. In multicompo-
nent alloy systems forming bulk metallic glasses,
diffusivity is suppressed, stabilizing the supercooled
liquid state. Bulk metallic glasses are therefore
obtained even with a slow cooling rate of 1 K s�1

from liquids. Such metallic glasses with high glass-
forming ability reveal in reality a wide temperature
range of supercooled liquid region below the crystal-
lization temperature.

Since bulk metallic glasses possess superior
mechanical and physical properties, they have poten-
tial engineering importance. Thus, the corrosion
behavior of bulk metallic glasses in potential service
environments needs to be elucidated. Tailoring of
extremely corrosion-resistant bulk metallic glasses
may allow us to use metallic materials in aggressive
environments, in which crystalline metallic materials
cannot be used because of corrosion.

3.20.1.4.1 Zr-based bulk metallic glasses

Zr-based bulk metallic glasses have been the most
extensively studied glassy alloys. Because of their
excellent mechanical properties of high tensile
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strength, low Young’s modulus, and large elastic elon-
gation limit, Zr–Al–Cu–Ni bulk metallic glasses have
been commercialized as golf clubs and pressure sen-
sors. Good corrosion resistance of Zr–Al–Cu–Ni
alloys was reported in chloride-free solutions in a
wide pH range.81,82 Their corrosion behavior is simi-
lar to that of zirconium metal. Zirconium is one of the
valve metals, showing spontaneous passivation and
high corrosion resistance in chloride-free acid, neu-
tral, and alkaline solutions.83 The passive film formed
on Zr–Al–Cu–Ni alloys consists mainly of zirconium
oxide with a small fraction of aluminum cation.
For the Zr–Ti–Nb–Cu–Ni–Al alloy, it was revealed
that in 0.5mol dm�3 H2SO4 and 1 mol dm�3 HNO3

solutions, the fully amorphous alloy showed better
passivation stability than nanocrystalline, quasi-
crystalline, and crystalline ones with the same
composition.84

In contrast to their high corrosion resistance in
chloride-free solutions, Zr-based metallic glasses suf-
fer pitting corrosion in chloride-containing solutions.
The pitting occurs because of the existence of
micrometer-sized crystalline inclusions.82 Inclusions
develop during casting at a slow cooling rate, being
induced by oxygen in the casting atmosphere; bulk Zr–
Al–Cu–Ni alloys containing higher oxygen content
develop large fractions of crystalline inclusions.81

The shape and size of the crystalline inclusions as
well as their concentration are largely dependent
upon the alloy composition, oxygen content, and cool-
ing rate. The pitting is initiated preferentially at the
interface between the amorphous matrix and a crys-
talline inclusion.

In addition to the reduced fraction of crystal-
line inclusions, modification of alloy composition is
effective in improving pitting corrosion resistance.
The addition of 5 at.% of titanium or niobium to
Zr–30Cu–10Al–5Ni bulk metallic glass greatly
reduces the pitting susceptibility in 0.05mol dm�3

NaCl solution.85 The pitting corrosion resistance
of melt-spun Zr–20Cu–10Al–10Ni alloy is enhanced
by substituting zirconium with niobium up to 20
at.%.86 The corrosion rate of the Zr-based alloy in
1 mol dm�3 HCl solution decreases significantly with
increasing niobium content. In 3% NaCl solution,
the addition of niobium greatly shifts the pitting
potential of the alloy in the positive direction.

Zr-based bulk metallic glasses have also attracted
attention as biomaterials because of suitable mechanical
properties as well as biocompatibility.87 The bulk
metallic glass of Zr–17.9Cu–14.6Ni–10Al–5Ti, com-
monly known as Vitreloy 105, possesses a low modulus

that is close to that of bone, as well as high elastic
limit and superior strength. An unusual collection of
mechanical properties of the bulk metallic glass would
be advantageous in various biomedical applications.

As a part of investigations of the biocompatibility
of Zr-based bulk metallic glasses, their corrosion
behavior has been examined in artificial body
fluids.87–90 It has been found that pitting corrosion
occurs on Zr-based metallic glasses in phosphate-
buffered saline environments by anodic polarization.
However, the susceptibility of pitting is not so high,
particularly at low chloride concentrations. The cor-
rosion behavior of the Vitreloy 105 bulk metallic
glass has been compared with that of common bio-
materials of 316L stainless steel, Ti–6Al–4V, and
CoCrMo alloys in a phosphate-buffered saline solu-
tion.87 The corrosion rate of the Zr-based bulk metal-
lic glass was lower than that of 316L stainless steel,
being comparable with the corrosion rates of Ti–
6Al–4V and CoCrMo alloys. Furthermore, bulk
metallic glass showed better localized corrosion resis-
tance than 316L stainless steel. The combined
mechanical and electrochemical properties of Zr-
based bulk metallic glasses indicate their potential
as a new generation of biomaterials.

3.20.1.4.2 Corrosion-resistant bulk metallic
glasses

It has been demonstrated that bulk forms of iron-
based and nickel-based metallic glasses containing
sufficient amounts of corrosion-resistant elements
show excellent corrosion resistance in aggressive
acid solutions. Corrosion-resistant rod-shaped Ni-
based alloys, including Ni–5Cr–5Ta–3Mo–16P–4B,
Ni–15Cr–10Mo–16P–4B, Ni–(10–15)Cr–5Ta–16P–4B
and Ni–(40� x)Nb–xTa–(3–5)P alloys, of 1–2 mm in
diameter were successfully prepared by copper mold
casting.51,91,92 These alloys are spontaneously passive in
6 mol dm�3 HCl solution, showing very low corrosion
rates. The corrosion resistance of bulk metallic glasses
is comparable to that of metal-spun thin ribbons of
the same composition. Thus, the cooling rate does
not influence the corrosion behavior of metallic
glasses. To obtain sufficient glass-forming ability to
form bulk metallic glasses, large amounts of corro-
sion-resistant elements cannot be added to alloys.
However, the combined addition of two or three
corrosion-resistant elements to nickel-based and
iron-based alloys provides excellent corrosion resis-
tance. The combination of chromium, tantalum, and
molybdenum is effective for enhancing corrosion
resistance.50,92
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A bulk form of corrosion-resistant metallic glasses
was also successfully prepared by sheath-rolling con-
solidation of encased amorphous alloy powders. The
Ni–10Cr–5Nb–16P–4B metallic glass shows a wide
temperature range of supercooled liquid region
(more than 50 K) below crystallization. Alloy pow-
ders prepared by a gas atomization technique were
encased in a stainless steel tube and then heated to
temperature of the supercooled liquid region.
Sheath-rolling at this temperature produced a bulk
metallic glass plate. The potential application of the
sheath-rolled and copper-mold cast Ni–10Cr–5Nb–
16P–4B bulk metallic glass in an exhaust gas chimney
of a waste incinerator has been pointed out.93 In the
environment at 423 K and 463 K, severe corrosion
attack occurred on type-316L stainless steel and
Alloy B due to dew-point corrosion, whereas bulk
metallic glass retained its metallic luster and showed
no detectable corrosion weight change for 20 days.
Superior corrosion resistance of iron-based bulk
metallic glasses containing chromium and molybde-
num has also been reported. The availability of
corrosion-resistant bulk metallic glasses opens up
their applications to very aggressive environments,
in which conventional crystalline metallic materials
cannot be used due to severe corrosion.

3.20.1.5 Corrosion Behavior of
Nanocrystalline Alloys

3.20.1.5.1 Nanocrystalline-precipitated

amorphous alloys

It is likely that precipitation of crystalline phases in
an amorphous alloy matrix containing corrosion-
resistant elements is detrimental to its corrosion
resistance because of the increased chemical hetero-
geneity. It is known that amorphous alloys containing
corrosion-resistant elements show higher corrosion
resistance than fully crystallized alloys with the
same composition. This is, however, not always true
when nanocrystalline phases are precipitated in an
amorphous matrix phase. In certain amorphous Al
alloys and Zr alloys,94–99 it has been demonstrated
that good resistance of fully amorphous alloys to
localized pitting corrosion is not deteriorated or
improved by nanocrystalline precipitation. Nano-
crystalline precipitates can be introduced in an amor-
phous phase by heat treatment of fully amorphous
alloys or by utilizing a slow cooling rate during the
fabrication of amorphous alloys from the liquid state.
The latter condition is required to develop bulk
metallic glasses such that they often contain

nanocrystalline precipitates in an amorphous matrix.
Thus an understanding of the influence of nanocrys-
talline precipitates on corrosion behavior is a crucial
issue for the practical application of bulk metallic
glasses. Furthermore, nanocrystalline-amorphous alloys
have attracted attention since they show improved
mechanical strength.100 The crystallization behavior of
amorphous alloys is dependent upon alloy composition.
For aluminum-rich amorphous alloys, including
Al–5Fe–5Gd, Al–8.7Ni–4.3Y, and Al–3Co–7Ce alloys,
solute-lean fcc-Al phase nanocrystals are primarily
precipitated in an amorphous matrix during heat treat-
ment. Such amorphous–nanocrystalline alloys maintain
high pitting potential in chloride-containing solutions
comparable to that of fully amorphous alloys, though
fully crystallized alloys show considerably low pitting
potential.95–99 For the Al–5Fe–5Gd alloy, even enno-
bled pitting potential in 0.6 mol dm�3 NaCl solution
by precipitation of 10–15 nm sized nanocrystals has
been reported (Figure 9).98 Ennoblement of pitting
potential is also observed for amorphous Zr–Cr
alloys; precipitation of hcp Zr nanocrystals of less
than 20 nm shifts the pitting potential in the positive
direction in 6mol dm�3 HCl solution.94 Ennoblement
of the pitting potential is explained by the enrichment
of the solute in the amorphousmatrix. Precipitation of
nanocrystalline Zr induces enrichment of chromium
in the amorphous phase, making the matrix phase
more pitting-resistant. The presence of a critical size
of nanocrystals, that is, 20 nm, in improving localized
corrosion resistance has also been pointed out.
Below the critical size, a chromium-enriched highly
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protective passive film can cover the entire alloy sur-
face, but preferential dissolution of a less corrosion-
resistant phase occurs when the size of the precipi-
tates exceeds the critical size.

There are also examples of precipitation of nano-
crystals less than 10 nm size in amorphous matrix
being detrimental in terms of corrosion. The copper-
mold cast Ni–10Cr–5Ta–16P–4B bulk metallic glass
contains an fcc nickel phase of 2–3 nm in size in
the amorphous matrix, showing higher anodic disso-
lution current than that of fully amorphous alloy
ribbon in potentiodynamic polarization curves.91

Smaller sizes of the fcc Ni precipitates have lower
detrimental effect. Sputter-deposited Cr–Nb alloys
are spontaneously passive in 6 and 12 mol dm�3 HCl
solutions. The as-deposited alloys crystallize to a
two-phase mixture of bcc Cr and Cr2Nb, Cr2Nb
and niobium-rich amorphous phase, Cr2Nb and bcc
Nb, or chromium-rich amorphous phase and bcc Nb,
depending upon alloy composition and heat treat-
ment conditions. The Cr2Nb phase has high corro-
sion resistance, similar to that of the amorphous
single phase alloy. The formation of nanocrystalline
bcc Cr and bcc Nb phases increases initial passive
current density. However, the steady state passive
current density is as low as that of the as-deposited
alloy, as the amorphous or Cr2Nb matrix phase main-
tains high corrosion resistance. Thus, the formation
of soluble nanocrystals in corrosion-resistant matrix
phases increases the initial dissolution rate but not
always the steady-state anodic dissolution rate.

3.20.1.5.2 Nanocrystallization of conventional

crystalline corrosion-resistant materials
Finally, it may be worth mentioning that nanocrystal-
lization of conventional corrosion-resistant materials
such as stainless steel, markedly improves the suscepti-
bility for localized corrosion without changing the
alloy composition. Using a conventional type-304
stainless steel target, nanocrystalline stainless steel
films have been prepared by sputter deposition.101,102

The pitting potential of nanocrystalline films with
grain size of 25 nm is �850mV more positive than
that of conventional bulk material of the same compo-
sition, even though enrichment of chromium in the air-
formed oxide is lower for nanocrystalline films.101

Sputter-deposited films have a bcc structure. Improved
pitting corrosion resistance may not be related to
structural transformation from the fcc phase of bulk
material to the bcc phase of nanocrystalline films,
because the pitting potential of ferritic bulk stainless

steel containing 18% Cr is even lower than that of
austenitic stainless steel with the same Cr content.

It is well accepted that pitting corrosion of stain-
less steel in chloride-containing environments is usu-
ally initiated at manganese sulfide particles in the
steel. A recent study also suggests the possibility
that pitting is triggered by an attack on chromium-
depleted zones around the manganese sulfide parti-
cles.103 In stainless steel films prepared by sputter
deposition that produces single-phase materials
dissolving most alloying and impurity elements, the
chemical heterogeneity of the steel surface should
be neglected. By using a process that forms nano-
grained metastable materials with reduced chemical
heterogeneity, corrosion resistance can be improved
remarkably without changing chemical compositions,
even if there is a high concentration of impurity
elements that are generally detrimental to
corrosion.102
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Glossary
Noble metal A metal generally characterized by

having relatively positive potentials and low

corrosion rates when immersed in an

aqueous environment by virtue of its relative

thermodynamic stability with respect to its

simple hydrated ions in solution (and not

solely by its passivity).

PGMs The platinum group of metals that

comprises: platinum, palladium, rhodium,

ruthenium, osmium and iridium; or (PGM) a

single element of that group.

Sterling silver An alloy containing at least 92.5%

silver plus other (unspecified) alloying

additions, commonly copper. In the United

Kingdom, this level of purity is the minimum

standard guaranteed by hallmark.

Troy ounce A historic unit of measurement

common in medieval Europe and said to

derive from the city of Troyes, France;

approximately equal to 31.1 g. Currently

used in the weighing, trading, and

description of precious metals and jewels.

3.21.1 Introduction

The group of noble metals comprises adjacent ele-
ments from the second and third row of the transition
metals and from groups 8b (platinum group metals –
PGMs) and 1b (silver and gold) of the periodic table.
They are characterized by their exceptional resis-
tance to corrosive attack by a wide range of liquid
and gaseous substances and their relative stability at
high temperatures, conditions under which base
metals would be rapidly oxidized. This resistance to
chemical and oxidative attack arises principally from
the inherent, high thermodynamic stability of the
noble metals. Apart from gold (which does not form
an oxide in aqueous media), in other noble metals a
thin film of adsorbed oxygen or oxide may form
under oxidizing or anodic conditions, which can
enhance their corrosion resistance via passivity. In
some materials, for example silver in halide solutions,
salt films can accomplish a similar passivation effect.

Their high initial cost, combined with a mechanical
strength which is generally inferior to that of the base
metals, results in only a limited number of corrosion-
related applications for the noble metals, and they are as
used only as sheaths, linings, or coatings, for example,

electrodeposits. However, noble metals have some
critical applications, for example, equipment for fine
chemical and pharmaceutical production, for fiber
drawing, in the glass industry, and for crystal growth.

Silver is produced in a number of countries, gen-
erally as a by-product from mining other materials,
particularly lead, zinc, copper, nickel, and gold,
although some significant primary mines operate in
Australia, Mexico, and Russia. (Basic information
regarding physical and mechanical properties, appli-
cation, and production of the noble metals were
obtained from the references listed.) The largest pro-
ducers are in Latin America (e.g., Peru, Mexico,
Chile), while China, Australia, and Eastern Europe
also produce significant quantities. Gold is mined as a
primary product in a number of countries (e.g., South
Africa, Australia, Ghana), but is also produced as a
secondary product from other mining operations
(e.g., Peru, Indonesia). By far, the majority (>80%)
of the PGMs are produced from primary resources in
South Africa and Russia, with lesser amounts from
secondary resources.Table 1 shows estimated supply
and demand figures for all the noble metals. Note the
relatively small volumes of material recovered. In
years of excess of supply over demand, stocks are
built-up, which are then released when demand
exceeds supply. This is demonstrated for ruthenium
demand in 2006. Noble metals are subject to large
fluctuations in price according to market demands.

3.21.2 Properties

Although in the majority of their applications the
choice of noble metals is determined by their chemical
property rather than by their physical and mechanical
properties, some consideration of the latter is neces-
sary. Therefore, important physical and mechanical
properties are reported in Tables 2 and 3.

3.21.2.1 Silver and Gold

Silver in the fully annealed state is a soft, ductile metal,
which is easily fabricated into the very wide range of
forms employed in industry by the normal metal-
working techniques such as drawing, spinning, rolling,
etc. Silver work-hardens appreciably during fabrication.
The mechanical strength of silver is markedly affected
by an increase in temperature and falls to about 25% of
the initial value of cold, hard-worked silver when the
metal is heated to just over 200 �C. Silver has
the highest electrical and thermal conductivities of all
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the metals, and these properties are sometimes utilized
for specialist applications. Silver is available in several
grades, including fine silver, the normal commercial
product containing a minimum of 99.95% silver, and

chemically pure silver containing a minimum of
99.99% silver, used for catalytic and special purposes
where the presence of certain trace impurities may
adversely affect its resistance to corrosion.

Table 1 Estimated supply/demand and average prices for noble metals in 2006

Metal Supply
(tons)

Demand
(tons)

Volume
(m3)

Average Price
($/oz: $/kg)

$/kg

Silver 26 900 – 2569 11.5 370
Gold 3400 – 176 635 20450

Platinum 218 218 9.18 1140 36650

Palladium 259 213 21.6 320 10290

Rhodium 27.1 27.6 1.98 4550 146300
Ruthenium 26 (est.) 41.5 3.11 195 6200

Iridium – 3.94 0.174 350 11250

Osmium – <0.1 <0.0045 – –

Basic information regarding physical and mechanical properties, application, and production of the noble metals were obtained from the
references listed.
Source: Matthey, J. Platinum Metals Market Review; 2007.

Table 2 Physical properties of the noble metals

Property Ag Au Ru Rh Pd Os Ir Pt

Atomic number 47 79 44 45 46 76 77 78

Relative atomic mass 107.9 196.9 101.1 102.9 106.4 190.2 192.2 195.1

Room temperature structure fcc fcc hcp fcc fcc hcp fcc fcc
Density (mgm�3) 10.49 19.32 12.45 12.41 12.02 22.61 22.65 21.45

Melting point (K) 1234 1337.6 2523 2236 1825 3300 2716 2045

Boiling point (K) 2438 3130 4423 3970 3237 5285 4701 4100

Resistivity (�10�6O cm) 1.59 2.06 6.80 4.33 9.93 8.12 4.71 9.85
Thermal conductivity (Wm�1 K�1) 419 311 105 150 76 87 148 73

Source: The PGM database. Available at: www.platinummetalsreview.com/jmpgm/
HSC 6.1: Thermochemical Database; Outotec, 2007.

Table 3 Room temperature mechanical properties of the noble metals and some alloys

Metal (annealed) Melting
point (K)

Proof stress at
0.2% (MPa)

Ultimate tensile
strength (MPa)

Elongation
(%)

Young’smodulus
(GPa)

Silver 1234 40 180 60 82

Gold 1337.6 30 120 70 72

Ruthenium 2523 370 430 3 420

Rhodium 2236 80 700 15 315
Palladium 1825 50 190 40 115

Osmium 3300 Brittle Brittle Brittle 555

Iridium 2716 235 1100 10 515

Platinum 2045 45 150 40 170
þ5% Rhodium 2098 55 210 35 170

þ10% Rhodium 2123 65 310 35 180

þ20% Rhodium 2173 80 480 30 215
þ30% Rhodium 2193 95 510 30 –

þ40% Rhodium 2213 100 580 30 –

Pt–10Rhþdispersed ZrO2 2123 240 355 30 190

Source: The PGM database. Available at: www.platinummetalsreview.com/jmpgm/
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Silver is available in many standard forms – sheet,
strip, foil of thicknesses down to 0.013mm, rod, wire
down to 0.013mm diameter, gauze, tubes, bimetal as
silver-clad copper or phosphor-bronze, and many
others. It is easily fabricated by the normal techni-
ques of rolling, spinning, drawing, etc., and readily
binds to itself by fusion-welding using argon-arc
welding. Flame welding may be used, but the result-
ing welds are often not as satisfactory, owing to the
possibility of oxygen absorption while the metal is
molten, followed by embrittlement by hydrogen. Fine
silver filler rods may be used, and hammering the
weld fillet down to the contour of the surrounding
metal produces a very strong joint.

Gold is an extremely soft and ductile metal and
exhibits little work hardening during deformation.
Applications of gold are almost entirely restricted to
thin linings or electrodeposits on base-metal equip-
ment. It is available for industrial purposes in a grade
containing a minimum of 99.9% gold in a wide range
of forms – sheet, foil, tube, wire, etc. It is easily fabri-
cated, and when it is being joined to itself, it may be
fusion-weldedwith an oxy-hydrogen flame or hammer-
welded at temperatures well below the melting point.

3.21.2.2 Platinum Group Metals

Pure platinum is soft, ductile, and easily fabricated,
although its mechanical properties are affected by the
degree of cold working and the presence of impurities
or alloying constituents. In its applications, it is fre-
quently alloyed with other PGMs; the melting points
of its alloys with Rh, Ir, Os, and Ru being higher than
the parent metal, those with Pd being lower. In most
cases, the strength, rigidity, hardness, and resistance to
corrosion are improved by alloying. Contamination
with certain base metals (e.g., iron), however, can
lead to embrittlement and failure of platinum and its
alloys and, for example, if steel tongs are used to
handle platinum at high temperatures, then they
should be platinum-tipped to avoid iron pick-up.

The PGMs have a range of often unique properties
that find critical use in a number of key applications,
for example, in automotive catalysts, chemical cata-
lysts, electronics, and jewelry; however, such applica-
tions are outside the scope of this chapter. Apart
from palladium, the other PGMs are seldom used in
isolation for corrosion-resistant applications, mainly
because of their cost and availability. Palladium has
very similar properties to platinum but is less corro-
sion resistant. Its remarkable ability to absorb large
quantities of hydrogen is used in hydrogen permeation

membranes and in similar applications such as solid-
state hydrogen reference electrodes. Iridium and
osmium are characterized by their extreme densities,
their high melting points, and their low ductility
and high hardness, which are sometimes utilized in
specialist corrosion and wear-resistant applications
for hard alloys: for example, the traditional use of
iridium–osmium tipped fountain pens and precision
pivots and bearings. Rhodium, ruthenium, and iridium
are used as alloying additions to platinum in order to
improve the mechanical and physical properties. Irid-
ium is used in specialist equipment for fine crystal
growth (e.g., in electronics), especially from 1600 to
1900 �C. Both iridium and osmium form oxides that
are volatile at modest temperatures, which, in the case
of osmium, forms and volatilizes at room temperature.

Platinum is available as sheet, foil down to
0.0064mm thick, tube, rod, wire down to 0.0064mm
diameter, wire down to 0.001mm diameter, and clad
on thin sections of base metals, for example, copper,
nickel, Inconel, etc. Platinum, palladium, and the
normal alloys of platinum used in industry are easily
workable by the normal techniques of spinning,
drawing, rolling, etc. To present a chemically clean
surface of platinum and its alloys after fabrication,
they may be pickled in hot concentrated hydrochloric
acid to remove traces of iron and other contaminants;
this is important for certain catalytic and high
temperature applications. In rolling or drawing thin
sections of platinum, care must be taken to ensure
that no dirt or other particles are worked into the
metal, as these may later be chemically or electro-
lytically removed, leaving defects in the platinum.

When platinum or its alloys are joined, properties
of the weld or solder must be such that it is no less
corrosion- or oxidation-resistant for the application
in question than the parent metal. Platinum and its
alloys are readily joined to themselves and to certain
base metals, for example, iron, nickel, and copper. The
principal methods for joining platinum are as follows

1. Fusion welding, using a platinum or alloy filler rod
of the same composition as the parent metal and
a shielded electric arc or an oxy-hydrogen flame
(an oxy-acetylene flame may cause carbon pick-up
by the molten metal). The weld fillets are then
cold hammered to the contours of the surrounding
metal to provide a strong joint.

2. Platinum and rhodium–platinum alloys when
cleaned are readily hammer-welded to themselves
and to each other at temperatures in the range
800–1000 �C. The welds so produced are com-
pletely homogeneous.
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3. Fine gold, copper, silver–palladium, or platinum–
palladium–gold–copper alloys may be used to sol-
der platinum to itself and to its alloys, or to steels,
nickel, etc. No fluxes are used, and soft solders
should not be employed.

3.21.2.2.1 Platinum–rhodium

Rhodium alloys readily with platinum in all propor-
tions, although the workability of the resulting alloy
decreases rapidly with increasing rhodium content.
Alloys containing up to about 40% rhodium, however,
are workable and find numerous applications. Alloys
that contain more than 40% rhodium, while very diffi-
cult to fabricate, are almost immune from attack by
oxidizing acids. ThePt–10Rh alloy is particularly resis-
tant to attack by freewet chlorine such as that produced
by the combustion of halogenated organic vapors.

The resistance of rhodium–platinum alloys to cor-
rosion is about the same as, or slightly better than,
that of pure platinum, but they are much more stable
at high temperatures. They have excellent resistance
to creep above 1000 �C, a factor which largely deter-
mines their extensive use in the glass industry,
where continuous temperatures sometimes exceed-
ing 1500 �C are encountered. Rhodium additions to
platinum reduce appreciably the volatilization of
pure platinum at high temperatures.

3.21.2.2.2 Alloys of platinum with other PGMs

Iridium alloys with platinum in all proportions and
alloys containing up to about 40% iridium are work-
able, although considerably harder than pure plati-
num. The creep resistance of iridium–platinum
alloys is better than that of rhodium–platinum alloys
at temperatures below 500 �C. Their stability at high
temperatures, however, is lower, owing to the higher
rate of formation of a volatile iridium oxide. Additions
of ruthenium increase the hardness of platinum sub-
stantially, but the limit of workability is reached at
about 15% ruthenium. Apart from a somewhat greater
tendency to oxide formation at temperatures above
800 �C, the resistance to corrosion of ruthenium–
platinum alloys is comparable with that of iridium–
platinum alloys of similar composition.

3.21.2.2.3 Dispersion strengthened alloys

Platinum–rhodium alloys are used extensively in
high temperature applications for crucibles and
related equipment, especially in the glass industry.
The increasing cost of rhodium and platinum pro-
vides a strong driver to reduce overall costs, and this

has led to the development of a range of oxide dis-
persion strengthened alloys and composite alloys
using, for example, platinum coatings on palladium
cores.1 The most common formulation is of zirconia-
dispersed Pt–10Rh alloy2 with somewhat higher
room temperature strength than Pt–10Rh and
2–3 times the creep rupture properties of Pt–40Rh
at 1400 �C (Table 3).

3.21.3 Thermodynamic Behavior

The behavior of the noble metals (indeed all metals)
in different environments is determined by three
principal factors:

1. their relative thermodynamic stability (nobility);
2. the formation of passive protective films;
3. their tendency to form complex ions in solution.

In the absence of species that form soluble complex
ions, the noble metals are extremely resistant to corro-
sion by aqueous solutions of alkalis, salts, and acids.
However, the resistance of silver to oxidizing acids is
generally lower than that of the other noble metals,
while in halogen acids, it forms a protective film of
insoluble halide. Silver also differs from the other noble
metals in forming a sulfide tarnish film in the presence
of reduced sulfur compounds. Where complexing spe-
cies are present and they stabilize the metal ions in
solution (e.g., cyanide) the noble metals will corrode.

3.21.3.1 Silver

Silver, with a standard electrode potential EAgþ/Ag¼
0.79V, is exceeded in nobility only by gold and the
PGMs. The Pourbaix diagram for silver (Figure 1)
shows that at potentials below about 0.4V and in the
absence of complexing ions, silver is immune to attack
over almost the whole pH range.

The situation is different in the presence of com-
plexing agents, such as cyanide, or with species with
which silver forms an insoluble salt, such as chloride.
Thus, the presence of halides (with the exception of
fluoride) substantially increases the zone of passivity,
because of the formation of halide salt films as pas-
sivation layers;1 at 25 �C, the solubility product of
AgCl is 1.7�10–10, of AgBr is 5.0�10–13, and AgI
is 8.5�10–17; AgF is soluble. Silver will also passivate
in solutions containing sulfate. However, in the pres-
ence of sulfide, silver can form Ag2S tarnish films,
even in the absence of air.

Silver, therefore, is thermodynamically stable in
reducing acids, for example, hydrochloric acid, acetic
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acid, phosphoric acid, provided oxidizing substances
are absent. Oxidizing acids, for example, nitric acid,
hot sulfuric acid at concentrations exceeding 80%,
and reducing acids containing oxidizing agents will
be corrosive to silver, and the diagram shows that an
extensive zone of corrosion occurs at elevated poten-
tials in the acid region. When silver is passivated by a
halide film, as is formed for example in hydrochloric
acid, the film is tenacious, self-healing, and highly
insoluble. However, such films are easily reduced, for
example, by galvanic coupling to a less noble metal
such as zinc, aluminum, and passive stainless steels
and nickel-based alloys. In such instances, silver will
continuously corrode. In highly alkaline solution,
silver corrodes only within a narrow region of poten-
tial, provided complexants and oxidants are absent. It
is thus suitable to handle aqueous solutions of sodium
or potassium hydroxides at all concentrations; it is
also unaffected by fused alkalis.

3.21.3.2 Gold

The high resistance of gold to attack by a very wide
range of corrosive media results from its exceptional
thermodynamic stability in aqueous conditions. The
Pourbaix diagram for gold (Figure 2) shows immunity
from attack over the whole range of pH values and,
uniquely, gold’s zone of thermodynamic stability

includes the entire region of water stability; thus, it is
immune from corrosion in aerated water. Gold, how-
ever, is easily complexed, and its solubility in hydro-
chloric acid containing an oxidizing agent (e.g., nitric
acid) results from a combination of high redox poten-
tial and the formation of chloroauro complex ions
(AuCl�4 ). The unstable Au

þ ion and the easily reduc-
ible Au3þ ion also readily form stable complexes.
Gold is unaffected in alkaline solutions, but in the
presence of cyanides the soluble AuðCNÞ�2 ion is read-
ily formed by air oxidation. This reaction forms the
basis for the extraction of gold from its ores on an
industrial scale.

3.21.3.3 Platinum Group Metals

All the six PGMs are highly resistant to corrosion by
most acids, alkalis, and other chemicals. As may be
seen from the potential–pH diagram (Figure 3), plat-
inum is immune to attack at almost all pH levels,
although it will corrode slowly in aqua regia (con-
centrated hydrochloric acidþ nitric acid). It should
also be noted that platinum is significantly less noble
than gold and is covered by an oxide film in air
(unlike gold, which is oxide free).

Platinum is unaffected by most organic compounds,
although some compounds may catalytically decom-
pose or become oxidized on a platinum surface at
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elevated temperatures, resulting in an etched appear-
ance of the metal.

Comparedwith platinum, palladium is significantly
less noble, as can be seen from its Pourbaix diagram
(Figure 4), where an extended passive oxide region is
notable (PdO) and simple Pd2þ aquo-ions are stable at
low pH and high potential (compare with platinum).
However, palladium is relatively stable in the presence

of aqueous solutions of all pH values with the excep-
tion of strong oxidizing agents and complexing sub-
stances. Nonoxidizing acids, for example, acetic,
oxalic, hydrofluoric, and sulfuric acids, have no effect
on the metal at ordinary temperatures. Strongly oxi-
dizing acids, however, for example, hydrochloric acid
containing nitric acid, rapidly attack palladium. Dilute
nitric acid attacks palladium only slowly, but the metal
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is rapidly corroded by the concentrated acid. Alloys of
palladium with platinum, however, retain most of the
corrosion resistance of platinum. In ordinary atmo-
spheres, palladium is resistant to tarnish, but some
discoloration due to sulfide-film formation may take
place in industrial atmospheres containing sulfur diox-
ide. Alkaline solutions, even in the presence of oxidiz-
ing agents, are without significant effect.

The resistance of rhodium and iridium to chemi-
cal attack is very similar to that of platinum, although
with a wider domain of stability, particularly, at low
pH in oxidizing solution. Additions of rhodium or
iridium to platinum generally raise the overall corro-
sion resistance of the alloy to a very wide range of
reagents. Like the other noble metals, in the absence
of complexing agents both rhodium and iridium are
stable in aqueous solutions at all pH values. Both
metals are unattacked by alkalis, acids or oxidizing
agents in aqueous solution, although oxidizing mol-
ten salts (e.g., potassium nitrate) are more corrosive.
Iridium, in particular, has excellent resistance to
fused lead oxide, silicates, and molten copper and
iron at temperatures up to 1500 �C.

Ruthenium and osmium are decidedly less noble
than the other four elements in the platinum group.
Both exist in numerous valency states and very read-
ily form complexes. Ruthenium is not attacked by
water or noncomplexing acids, but is easily corroded
by oxidizing alkaline solutions, such as peroxides and

alkaline hypochlorites. Osmium forms a volatile (and
toxic) oxide at room temperature in air, and hence,
should be handled with care.

3.21.4 Corrosion and
Electrochemistry

There is great interest in the electrochemistry of the
noble metals; many of them having scientifically
interesting and sometimes unique properties that
can result in commercially useful attributes, for
example, in electrocatalysis. However, it is impossible
to provide a fully comprehensive review in this sec-
tion and it is not even attempted. Thus, the general
electrochemistry of the materials is only superficially
considered here. From the perspective of corrosion,
one of the most interesting and potentially valuable
effects is the substantial reduction in the corrosion
rate of passive alloys (i.e., stainless steels) as a conse-
quence of the addition of small amounts of noble
metal. For further detailed information the reader is
referred to the separate chapter on cathodic modifi-
cation of stainless steels and titanium.

3.21.4.1 Silver

3.21.4.1.1 Anodic processes

Silver generally corrodes anodically below the
reversible oxygen potential, unless an insoluble
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oxide or salt is formed. When silver is used as an
anode in sulfuric acid solutions, its behavior shows an
analogy with that of lead. Silver sulfate, Ag2SO4, is
first formed, and this acts as a passive film.3 When the
potential is raised the sulfate is oxidized to AgO,
which may be cathodically reduced back to Ag2SO4

at a potential lower than that required for its initial
formation. When made anodic in nitrate solutions,
silver generally dissolves quantitatively as Agþ, and
this forms the basis of the electrorefining techniques
widely used in the industry. Similar considerations
apply to the anodic behavior of silver in cyanide
solutions, where silver forms a cyanide complex. In
chloride solutions, silver anodes become covered
with a layer of silver chloride.4 The anodic oxidation
and reduction of silver in alkaline solutions is of
interest in battery applications, and a few percent of
alloying additions of palladium or gold improve the
capacity of silver oxide electrodes.5

Silver is not generally resistant to sulfidizing
environments, as is commonly demonstrated by the
atmospheric tarnishing of silver (see below), generally
the formation of a sulfide film of varying thickness.
The aqueous corrosion of silver in sulfide solution
was studied using electrochemical and analytical meth-
ods in order to elucidate the mechanisms.6 Under
anodic polarization, silver initially forms Ag2S, which
is then further oxidized to Ag2O at higher potentials.
The limiting anodic current density was found to be
proportional to the sulfide concentration in solution,
and this was thought to be due to diffusion of SH� ion
to the silver surface. The reaction rate increased as the
pH increased, which is consistent with the change in
speciation of SH� ion in solution; little effect on cor-
rosion rate was found with dissolved oxygen content.
X-ray diffraction and Raman spectroscopy indicated
the formation of Ag2S as the main reaction product.

3.21.4.1.2 Atmospheric corrosion and

tarnishing

Silver is traditionally used decoratively and function-
ally in fine cutlery and tableware and is valued for its
high luster and long life. It has also been widely used
in electrical contact applications because of its high
conductivity. Although silver is stable to oxidation, it
forms a tarnish film in atmospheres containing inor-
ganic or organic sulfur species and chlorides. This
dulls the surface and detracts from appearance; the
film also increases contact resistances. Atmospheric
levels below 0.1 ppm of H2S, SO2, and HCl are suffi-
cient to tarnish silver at measurable growth rates. Dry
nitrogen atmospheres stops tarnish film growth, which

suggests that the process is electrochemical and occurs
in a thin adsorbed water layer on the metal surface and
requires air as oxidant.7 Long chain organic molecules
containing sulfur were also found to strongly interact
with silver surfaces, giving tarnish films of similar
composition to those found in H2S.

8

The sulfidation of silver was studied in a tubular
reactor, with well-controlled mass transfer character-
istics. In dry air, H2S slowly reacted with silver at a
constant rate, independent of the flow. The mecha-
nism is surface controlled, and was found to involve
atmospheric oxygen; the rate being increased signifi-
cantly in the presence of an alternative oxidant
(NOx). In humid air, corrosion was over 1000 times
faster, with the kinetics now controlled by mass trans-
fer of H2S in the gas phase.9 In a series of compre-
hensive studies, the effect of carbon oxysulfides
(COS) was also investigated and it was concluded
that the sulfidation of silver by COS was at least as
significant as by H2S; the detailed mechanisms of film
growth were also determined.10

Significant research effort has been expended on
preventing (or at least reducing) the kinetics of the
tarnishing process. These apply one of three strate-
gies: coating the silver, alloying the silver, or use of a
tarnish (corrosion) inhibitor. In the electronics sector,
electroplating with gold is commonly used in order
to limit corrosion of contacts and consequent increase
in contact resistance, and is generally a successful
solution. However, if the excellent appearance of
decorative silver is required, gold plating (i.e., a gilt
finish) is not acceptable.

A number of treatments have been considered
for tarnish protection, including palladium or rho-
dium plating (importantly the latter causes very
little color change on silver), tarnish inhibitors
incorporated into commercial polishes (commonly
using organic thiols),11 treatments with lacquers or
plasma-polymerized coatings, and formation of self-
assembled monolayers.12 In a comparative evaluation
of their performance, the commercial tarnish inhibi-
tors were found not to provide significant protection,
while the most effective treatment was an organic
lacquer, followed by rhodium plating and the self-
assembled monolayer treatment.13

The search for a tarnish-resistant silver alloy has
been ongoing for at least 70 years with, until
recently, comparatively little success. Although alloys
of silver that substitute some of the copper content
for palladium, nickel, zinc, or tin do tarnish more
slowly than standard sterling silver,14 they have no
compelling advantage. Novel formulations for deco-
rative silver alloys are constrained by the need to stay
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within the purity level for hallmarked sterling silver
(i.e., more that 92.5% silver content). Until recently,
no novel alloy had significant proven advantages in
this application. However, an alloy containing germa-
nium has been shown to be relatively resistant to
sulfide tarnishing, and is now marketed as ‘Argen-
tium.’15 The improved surface properties are due to
preferential oxidation of germanium, resulting in a
continuous protective oxide layer, and the high diffu-
sivity of germanium, which permits the layer to be
reestablished rapidly if damaged.

3.21.4.2 Gold

3.21.4.2.1 Anodic processes

Gold is thermodynamically stable to corrosion in ordi-
nary aerated noncomplexing environments, and, of
course, it neither tarnishes in the atmosphere nor in
biological fluids. It is, therefore, ideal for applications in
the decorative, medical and dental (in vivo), and elec-
trical (contacts and connectors) areas. It is also used
extensively (as is platinum) as a nonreactive electrode
substrate for laboratory electrochemical studies of
redox reactions of species in solution, however, such
applications are not within the scope of this discussion.

The anodic oxidation of gold itself is of interest
(indeed it is among the most studied of oxidation
processes), as it can elucidate generic mechanisms
for film formation and metal dissolution under
anodic dissolution. In general terms, on anodic polar-
ization in noncomplexing electrolytes, for example,
sulfate, perchlorate, hydroxide, etc., gold will rever-
sibly passivate by forming an oxide/hydroxide film
above about þ1.4 V (SHE) at pH 0. Thus, in sulfuric
acid gold dissolves transiently to the Au(I) species
but rapidly passives forming a film of hydroxide,16

containing Au(III) species consisting generally of
Au(OH)3. Evidence for lower oxides is no longer
convincing. Conway’s extensive and thorough review
describes in detail the adsorption and oxidation on
noble metal surfaces.17 Unlike conventional corro-
sion, anodic oxidation on gold proceeds predomi-
nantly by surface chemical processes, involving
submonolayer adsorption of hydroxide and oxide
species (hydroxide electrolytes) that eventually grow
by coalescence and thickening, eventually forming
a macroscopic multilayer hydrous oxide film, proba-
bly by field assisted ion migration. In the presence
of other anions, a competitive chemisorption with,
for example, HSO4

�, ClO4
�, Cl�, occurs, which inhi-

bits the onset of surface oxidation. Studies using
scanning tunneling microscopy (STM) and atomic

force microscopy (AFM) on single-crystal gold sur-
faces has shown the development of single-atom
dimensioned pits, and have demonstrated that atomic
rearrangement (or dissolution) is more difficult from
atom terraces than from edges.18

In solutions where gold forms a soluble complex
ion, gold may dissolve or may passivate (depending
on the concentration of the complexing ion and the
potential). On anodic polarization in acidic chloride
solutions, gold initially dissolves, due to formation of
the AuCl4

� ion, at potentials greater than about
þ1.3 V (SHE, pH¼ 0), depending on the chloride
ion concentration; no evidence is seen for dissolution
in the Au(I) state. At higher potentials greater than
about þ1.6 V, gold passivates forming an oxide film.19

In alkaline cyanide solutions (pH¼ 13), which are of
obvious interest for gold extraction and in electroplat-
ing, dissolution proceeds above about �0.66V (SHE)
by competitive adsorption of the cyanide ion on gold,
followed stepwise by single-electron transfer and then
adsorption of another cyanide ion, leading to the for-
mation of the Au(CN)2

� ion. No convincing evidence
for formation of the Au(III) state, Au(CN)4

�, is found
at higher potentials, instead passivation terminates
dissolution at potentials above about þ0.38V (SHE,
pH¼ 13) due to formation of an Au(OH)3 film.20

In addition to cyanide and chloride, gold forms
complexes with a number of other common species in
acid or alkaline conditions, including thiosulfate,
thiocyanate, thiourea, sulfite, bromide, and iodide.
The anodic dissolution of gold in these environments
was reviewed by Nicol in 1980.21 In view of the
toxicity of cyanide, there is obvious interest in using
alternative leaching agents for gold recovery, and
thiourea, thiocyanate, and bromide processes have
been considered. Of more academic interest is the
surface chemistry and electrochemistry of gold in the
presence of sulfur-containing species, where many
detailed studies have been carried out; however,
these are beyond the scope of this section.

3.21.4.2.2 Gold extraction

Since the late nineteenth century, most recovery of
gold from crushed ore has been via the MacArthur–
Forrest cyanidation process. This utilizes the stability
of the gold cyanide complex ion (Au(CN)2

�: K¼ 10–38)
to dissolve gold, which may then be recovered by
electrodeposition or via zinc dust (Merrill–Crowe
process).22,23 The principle dissolution reaction is
given by Elsener’s equation:

4Auþ 8CN� þ O2 þ 2H2O ⇆ 4AuðCNÞ�2 þ 4OH�

2214 Non-Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



For the sake of efficient extraction and to minimize
loss of cyanide as volatile HCN, the leaching is done
ideally at pH close to 10.5. The cyanidation process
requires an oxidant to be present (usually dissolved
oxygen), and the efficiency of extraction is reduced if
insufficient oxidant is present. Other factors that
reduce leaching efficiency (present in so-called
‘refractory’ ores) include the presence of sulfides, cop-
per, iron, and zinc. Pretreatment of crushed ores is
often required as is the use of additional oxidants
(chemical or biological – i.e., sulfur oxidizing bacteria).

Once leached, the gold has to be recovered from the
relatively dilute cyanide solution. One of the largest
gains in efficiency of gold recovery from more dilute
cyanide liquors is the absorption of the gold complex
on activated carbon, and a variety of processes are in
use, for example, the carbon-in-pulp process.22 For
cyanide processes, there is also the considerable
problem of cyanide disposal. To counter this, various
other processes have been considered, with some in
active development. These include the use of bromine,
chlorine, thiourea, and thiosulfate. Although these
have advantages, much research needs to be done to
optimize them. Currently, therefore, the cyanide pro-
cess is generally still the most economical.

3.21.4.2.3 Dealloying and nanoporous
materials

Dealloying as a corrosion phenomenon has been
known for over 100 years, the classical case being
dezincification (i.e., selective dissolution of zinc from
brass leaving a copper-rich, mechanically weak, layer).
Dealloying typically occurs in an alloy where at least
two of the components have relatively well-separated
equilibrium potentials in the environment. In such
cases, where the alloy is polarized between these
values, the less noble component of the alloy is selec-
tively dissolved, leaving the remaining more noble
component. This mechanism invariably produces
layers that have profoundly altered mechanical prop-
erties usually of very low fracture toughness (i.e., they
are brittle). These have been found to have profound
influence on many stress-corrosion cracking processes
in alloys.24,25 Although it was not called such, and the
mechanism was not then known, dealloying was first
developed as a process to produce porous nickel (by
selective dissolution of aluminum from a nickel–
aluminum alloy – Raney nickel), which is used a
catalyst in various chemical processes.26

Selective dissolution in, for example, Cu–Au and
Ag–Au alloys has been well studied in order to deter-
mine generic aspects of the dealloying mechanism in

these and other more commercially important alloys.
Increasingly, controlled dealloying is being used in its
own right to produce tailored nanoporous gold sub-
strates for chemical sensing and catalytic applica-
tions. The ordered intermetallic alloy Cu3Au is
an excellent template to study dealloying phenom-
ena. At low overpotentials for copper dissolution,
scanning tunneling microscopy has demonstrated
2-dimensional clustering of gold, while at higher
overpotentials the surface is mostly covered by
gold and effectively passivates in two dimensions,
although small regions of material continue to dis-
solve generating 3-dimensional roughness and poros-
ity.27 Above a threshold potential, global surface
roughening occurs, which is strongly influenced by
adsorption of species such as sulfate, chloride, and
alkyl-thiols on the surface of the gold atoms. This
process has been modeled using a continuum model
such that porosity during dealloying develops on a
length scale that is characteristic of the surface
aggregation (diffusion) of the noble metal atoms.28

The formation of nanoporosity in Ag0.7Au0.3
and Ag0.65Au0.35 alloys during dealloying in perchlo-
ric acid has been studied. Without halide addition,
the pores were of the order of 8 nm, while with
chloride, bromide, and iodide, the pore size changed,
respectively, to 17, 16, and 67 nm. This coarsening
can be interpreted as an increase in surface mobility
of the gold atoms in the presence of halides.29 Gold
substrates with tailored nanostructures can thus be
prepared by controlled electrochemical dealloying.
Although development is still required, in particular,
to resist coarsening of the porosity during applica-
tion, nanoporous gold substrates have many potential
applications, for example, in electrocatalysis,30 fuel
cells,31 and chemical and biochemical sensing.32

3.21.4.3 Platinum Group Metals

3.21.4.3.1 Anodic processes

The PGMs are characterized by their intrinsic ther-
modynamic stability and in this they are similar to
gold. The key difference between them is that gold
remains oxide-free in aerated noncomplexing aque-
ous environments; however, the PGMs are predicted
to retain an oxide film that contributes to their pas-
sivity. The PGMs have many important properties
and applications in catalysis, which are beyond the
scope of this section.

For many years, it was assumed that platinum and
other PGMs were oxide-free in air and in aerated
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solutions; however, the advent of rapid cyclic sweep
voltammetry techniques has allowed the elucidation of
the redox processes between platinum and oxygen,
and this research was reviewed extensively by Conway
in 1995.17 After initial adsorption of oxygen-containing
species, a place exchange mechanism takes place bet-
ween Pt and O to effectively develop a 2-dimensional
and then a 3-dimensional oxide film. Oxygen adsorp-
tion, reduction, and place exchange occur via a variety
of steps, with the rate-determining processes for each
part of the mechanism determined; however, a full
discussion is well beyond the scope of this chapter.
Like gold oxide, formation on, and dissolution of, plat-
inum occurs as a function of crystallography. On low-
index surfaces, oxide formation passivates the surfaces
more easily, resulting in lower dissolution rates at
higher potentials, while nanofaceted surfaces dissolve
more rapidly, which is the evidence that atomic edges
and corners are the main locations of dissolution.33

Perhaps the most interesting finding is that although
like gold, anion adsorption plays a role, it appears to be
much less important, which reflects the increased sta-
bility of PGMs to complexing species such as halides,
cyanides, etc.

PGMs are, therefore, extremely resistant to disso-
lution in almost all aqueous environments under
almost all conditions. For example, and in contrast
to gold and silver, high pressures and temperatures
are required for the dissolution of platinum in cya-
nide to occur at significant rates. Table 4 shows the
corrosion resistance of the PGMs in various environ-
ments; importantly, PGMs are one of the few non-
polymeric materials that can successfully handle
fluorides and HF without significant problems.

3.21.4.3.2 Platinum extraction and
secondary recovery

As noted earlier, ambient temperature and pressure
cyanide leaching is not effective for the recovery of
PGMs from crushed ore bodies. Thus, after mining
and concentration by gravity and/or froth flotation,
the materials are smelted on a copper–nickel matte
(sulfide-rich intermediate), which is further separated
into copper and nickel anode materials and are pur-
ified electrolytically. The PGMs remain within the
(insoluble) anode slime and were traditionally recov-
ered using wet chemical methods, including sequential
precipitation. Current technology uses a liquid–liquid
solvent extraction technique that is more efficient,
offering enhanced recovery and lower cost.34

Efficient secondary recovery of PGMs from, for
example, vehicle exhaust catalysts, and recovery and
separation from other metals from, for example, elec-
tronic circuit boards, is critical for their sustainable
use. In such cases, higher temperatures and pressures,
as well as more corrosive solutions, can be used. Sev-
eral leaching processes have been proposed, the major-
ity using strong hydrochloric acid containing an
oxidant (i.e., aqua regia)35,36 at high temperature and
pressure leaching with cyanide.37,38 The pressure cya-
nide processes are better developed and can, under
ideal conditions, extract over 95% of the platinum and
palladium and about 85–90% of rhodium.

3.21.4.3.3 Cathodic processes: Hydrogen

evolution

The PGMs are well-known for their outstanding
electrocatalytic activity, especially for the evolution
of hydrogen. The exchange current density for the
overall hydrogen evolution reaction

2Hþ þ 2e� ⇆ H2ðgÞ
varies by about 10 orders of magnitude from mercury
and lead to platinum (Table 5).

The large exchange current density of PGMs
implies a correspondingly low overpotential for
hydrogen evolution. This property finds extensive
applications in electrocatalysis in general, and in
hydrogen storage and release, hydride batteries, and
fuel cells, where nanosized PGM particles are used,
to increase surface area and to reduce the quantity
of expensive material used. An important application
is noble metal alloying of passive metals (stainless
steels and titanium), where small amounts (0.2%)
of noble metals (typically Pt, Pd, or Ru) causes
spontaneous passivation in acids by increasing the
cathodic rate of hydrogen evolution.

Table 4 Corrosion resistance of PGMs in various
environments

Environment Ru Rh Pd Os Ir Pt

HF (40%, 20 �C) A A A A A A
HCl (36%, 100 �C) A A B A A B

H2SO4 (96%, 100 �C) A B C A A A

HNO3 (62%, 100 �C) A A D D A A

HClþHNO3 (aqua
regia, 100 �C)

A A D D A D

H3PO4 (100
�C) A A B D A A

HClO4 (100
�C) C A

KCN (100 �C) D C

NaOCl (100 �C) D B C D A

A – No attack; B – Minor attack but can be used; C – Major attack
and cannot be used; D – Rapid attack.
Source: Darling, A. S. In Electronic Design Materials; Waller, W. F.,
Ed.; Macmillan, 1971; Chapter 3.
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The PGMs are somewhat susceptible to a reduc-
tion in their catalytic activity as a consequence of
‘poisoning’ with other surface active species, includ-
ing metallic impurities with lower exchange current
density, which will tend to plate out onto cathodically
polarized surfaces.39 On the other hand, noble metal
oxides, in particular, ruthenium and iridium oxide,
are almost as effective cathodic electrocatalysts as
platinum and palladium; they are almost immune to
poisoning by metal ions in solution.40,41

3.21.5 High temperature Properties

3.21.5.1 Silver and Gold

Owing to their relatively low melting points and
mechanical strengths, silver and gold find very few
applications at elevated temperatures. Silver below
its melting point has considerable resistance to oxide-
film formation, but molten silver dissolves appreci-
able quantities of oxygen, which precipitates as silver
oxide or bubbles dispersed throughout the metal
when the metal solidifies. Gold is not subject to
oxide-film formation at any temperature up to its
melting point, but may be covered by a thin adsorbed
layer of oxygen. The absence of an oxide film enables
gold to be pressure-welded at room temperatures.

3.21.5.2 Platinum Group Metals

The excellent resistance of platinum, rhodium, and
iridium to oxidation at high temperatures finds
numerous applications in technology, in particular,
in the form of platinum-based alloys. Osmium and
ruthenium form volatile oxides and are therefore not
suitable for high temperature use on their own.

Platinum, while it does not form a measurable
oxide film, is covered by thin adsorbed layer of oxy-
gen,42 which volatilizes at an increasing rate as its
temperature rises above 1000 �C, via a volatile meta-
stable oxide.43 In the presence of flowing oxygen or
air, the rate of volatilization is considerably increased.
Rhodium, iridium, and palladium exhibit oxide-film
formation, at a temperature as low as 600 �C.44 How-
ever, palladium oxide dissociates above 870 �C, the
metal then appearing bright up to its melting point.
Absorption of oxygen without film formation occurs,
however, and palladium increases in weight. Platinum
looses more mass via this volatilization mechanism
compared with rhodium and iridium, from 900 to
1200 �C, but their volatilities are about the same
at temperatures around 1300 �C. However, below
1100 �C, alloys of platinum with rhodium and palla-
dium loose less mass than do pure platinum, but
palladium–platinum alloys absorb oxygen detrimen-
tally. Rhodium–platinum alloys at high temperatures
show no preferential loss of either metal, and are
widely used. Iridium–platinum alloys show greater
loss of weight on heating in air, because of the greater
rate of oxidation of iridium and the higher volatility
of the oxide of this metal. Iridium is thus lost prefer-
entially from iridium–platinum alloys. Selected
properties of the PGM oxides are shown in Table 6.

Volatilization of platinum and its alloys at high
operating temperatures may be substantially reduced
by avoiding contact with air or oxygen, especially if the
environment is flowing, for example, due to convection
currents. This may be achieved by completely embed-
ding the metal in high-purity alumina refractory;
flame-sprayed coatings, for example, are effective in
preventing free circulation of air over the metal. Only
alumina that is largely free from silica and other oxides
that are more easily reduced can be used, otherwise
contamination and embrittlement of the platinummay
result from partial reduction of such oxides.

Grain growth of platinum and its alloys when
operating continuously at high temperatures is often
responsible for failure of the metal, resulting from
weaknesses developed by large intercrystal boundaries.
This defect may be largely eliminated by the use of

Table 5 Exchange current densities for the evolution

of hydrogen on various metals in various environments

Environment Metal Exchange current
density, io
(A cm�2)

1M H2SO4 at 20
�C Palladium 103.0

Platinum 103.1

Rhodium 103.6

Iridium 103.7

Nickel 105.2

Gold 105.4

Titanium 108.2

Aluminium 10–10.0

Lead 1012.0

Mercury 1012.3

0.1M HCl at 20 �C Platinum 10–2.6

Palladium 10–3.2

Silver 10–5.6

Gold 10–5.6

Iron 10–6.0

Nickel 10–6.0

Copper 10–6.8

Lead 10–13.2

Source: Parsons, R. Handbook of Electrochemical Constants;
Butterworths, 1959.
Bockris, J. O. M.; Reddy, A. K. N. Modern Electrochemistry,
2nd ed.; Springer, 1998.
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sintered metal produced by powder-metallurgical
techniques, or by the incorporation of a small amount
of a refractory oxide, carbide, or nitride in powder
form in the body of the metal, such as zirconia-
dispersed platinum–rhodium alloys.44

3.21.6 Selected Applications

3.21.6.1 Chemical Process Equipment

3.21.6.1.1 Linings

Traditionally, noble metal linings were used in chem-
ical and pharmaceutical production as linings for
steel and copper equipment and occasionally as ves-
sels, condensers, and other equipment. However, such
uses have generally been superseded either by more
cost-effective coating materials (e.g., tantalum, glass
lining), or alternative construction materials (e.g.,
stainless steel, graphite).

Linings may be of two types: either loose or
bonded. Loose linings provide good contact between
vessel and lining – adequate for good heat transfer –
but are not suitable to be used in reduced pressure as
the gap between vessel and lining will expand causing
the lining to fail. Traditionally, silver linings for
chemical plant were used particularly for highly
alkaline environments in which silver has excellent
performance; where used, silver linings are generally
0.5–1mm thick. Solid silver construction, 1–2.5mm
thick, may be employed for condenser coils, distilla-
tion heads, etc. Traditional bonded silver linings for
mild steel or copper vessels are generally soldered
in situ onto the walls of the vessel using a tin–silver
solder. Such soft-soldered linings should not exceed
200 �C for their maximum continuous operating
temperature. However, bonded linings are suitable

for operation under vacuum conditions, and provide
excellent heat-transfer characteristics.

Platinum, rhodium–platinum, and iridium–
platinum alloys are employed in line and sheath
autoclaves,45 reaction vessels and tubes, calorimeters,46

and a range of other laboratory and commercial equip-
ment.47 Linings are generally 0.13–0.38mm thick, and
for certain applications coextruded platinum-lined
nickel-based alloys (Inconel 625), or other metal reac-
tor or cooling tubes are fabricated. In such cases, the
platinum is bonded to the base metal, but in all other
instances platinum linings are of the ‘loose’ type.

3.21.6.1.2 Bursting discs

Bursting discs are a simple and effective (fail-safe)
protection against overpressurization in a closed sys-
tem. The protection of pressure vessels containing
corrosive materials presents a special problem for
the selection of bursting discs as bursting discs should
not corrode (and hence weaken) until they are
required to fracture under an overpressure. For this
reason, corrosion resistant, high reliability bursting
discs have been traditionally fabricated from noble
metals,48 although other cost-effective alternatives
now exist (e.g., tantalum or niobium). The recom-
mended maximum temperatures for continuous use
are 80 �C for gold, 150 �C for silver, 300 �C for palla-
dium, and 450 �C for platinum.

3.21.6.1.3 Spinnerets
The spinning of viscose rayon for the production of
yarn, tire cord, and staple fiber involves the extrusion
of an alkaline solution of cellulose into an acid bath.
The orifices through which individual fibers are
extruded are often extremely small – down to

Table 6 Selected properties of PGM oxides

Oxide Molar Mass Density Pilling–Bedworth ratio Properties at high temperature

RuO2 133.1 6.97 2.31 Dissociates at 930–950 �C
RuO4 165.1 – Sublimes at 40 �C
RhO 118.9 Dissociates above 1000 �C
Rh2O3 253.8 8.2 1.87 Dissociates above 1100 �C
PdO 122.7 8.31 1.66 Dissociates above 870 �C
OsO2 222.2 11.29 2.33 Dissociates at 650 �C
OsO4 254.2 4.95 6.09 Boils without decomposition at 131 �C
IrO2 224.2 11.69 2.24 Decomposes at 400 �C
PtO 211.1 14.9 1.56 Dissociates above 1100 �C
Pt3O4 649.3 8.89 2.68 Decomposes when heated
PtO2 227.3 10 2.63 Thermally unstable

Source: Savitskii, E. M. Physical Metallurgy of Platinum Group Metals; Elsevier, 1979.
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30 mm or less in diameter – and their dimensional
accuracy must be maintained to a very high degree
for long periods, while operating in two highly corro-
sive media simultaneously. Platinum–gold alloys are
the traditional material of construction for rayon
spinnerets, in particular, Au–30Ptþ 0.5Rh as a
grain-refining additive. This alloy has greater hard-
ness, which permits a high polish to be produced in
a scratch-resistant exit face, while the small grain
size ensures that the holes produced have a high
grade of uniform circularity. Other noble metal
alloys for spinneret construction include rhodium–
platinum, iridium–platinum, iridium–rhodium–plat-
inum, ruthenium–platinum, ruthenium–palladium,
and platinum–palladium. The use of these alloys in
this application is being superseded by the introduc-
tion of tantalum, which has comparable corrosion
resistance at lower cost.49

3.21.6.2 High temperature Materials

3.21.6.2.1 Molten glasses and salts

A principal application of PGM metals is in the
production of fine, optical glasses and glass fibers;
platinum-alloy crucibles and spinnerets are generally
resistant to molten glasses at temperatures from 1200
to 1500 �C, with continuous operation at 1400 �C.
Traditionally, Pt–Rh alloys were used for this
purpose with typically 10% Rh added to improve
high temperature creep-rupture performance and to
reduce evaporation loss. Useful gains in creep-
rupture properties can be made using zirconia-
dispersed materials, either of pure platinum or of
Pt–10Rh alloy.2 Materials may be used as sheet for
fabricated metal crucibles, as thin foil liners for cov-
ering ceramic (i.e., alumina) crucibles, and as flame-
sprayed coatings50 on a ceramic substrate. Also,
flame-sprayed or plasma-evaporated alumina coat-
ings can be used to protect PGM materials from
evaporation losses at high operation temperatures.51

Platinum is generally highly resistant to air-
saturated oxide glasses because of the formation of a
thin stable layer of oxide that passivates the metal.52

Stressing during immersion in molten glass (and hence
cracking the passive oxide) greatly increases the disso-
lution rate of the metal in the glass.53 Under reducing
conditions, for example, nonoxide glasses and/or with
an inert gas atmosphere, platinum ismuch less resistant
to molten glass, with increased dissolution and addi-
tional reaction to form embrittling intermetallic com-
pounds.54 Where platinum cannot be used, or where

even higher temperatures are required (1500–
2000 �C), iridium crucibles can be used.55

Platinum crucible materials are also generally
suitable for containing molten salts over similar tem-
perature ranges as for molten glass. However, salts
that can easily form complex ions with platinum will
cause its corrosion; also, coupling to other metals can
result in enhanced dissolution if it encourages the
formation of the complex ionic species in the
melt.56 Platinum and iridium crucibles and equip-
ment are extensively used in single crystal growth
production from molten precursors.

3.21.6.2.2 Metal joining

Solders and brazes (although the distinction is not
clear, solders are useful for ‘lower’ temperatures,
while brazes are suitable for ‘higher’ temperatures)
are widely used materials for metal joining. Their key
characteristics are that

1. their melting point is lower than the parent mate-
rial to be joined;

2. a metallurgical bond, usually by intermetallic
development or interdiffusion, is formed between
the solder and the parent material.

One common formulation of a tin-based lead-free
solder contains several percent silver and is more
corrosion resistant than the material it replaces. For
use in higher temperature, silver-based brazing alloys
are widely used. In both cases, galvanic corrosion of
the parent (joined) material should be considered as
the joining alloy is commonly significantly more
noble. Thus, where silver brazing alloys are used to
join stainless steel, a narrow zone of corrosion on the
stainless steel often occurs on subsequent exposure in
tap water.57

PGM brazing alloys, commonly containing palla-
dium with alloying additions, including gold, silver,
nickel, copper, are also utilized. They have significant
advantages, including high temperature strength and
stability as well as corrosion resistance, and have been
used to join stainless steels,58 nickel-based superal-
loys,59 and other refractory materials, with minimal
corrosion problems. Their low vapor pressure gives
them advantages in high vacuum systems, and their
low toxicity (if nickel-free) gives them advantages as a
dental brazing alloy.60

3.21.6.2.3 Furnace windings

Rhodium–platinum alloys containing up to 40% Rh
have been traditionally used in the form of wire or
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ribbon in electrical resistance windings for furnaces
to operate continuously at temperatures up to
1750 �C. Such windings are usually completely
embedded in a layer of high-grade alumina cement
or flame-sprayed alumina to prevent volatilization
losses from the metal due to the free circulation of
air over its surface. However, these types of furnace
windings have been largely superseded by molybde-
num disilicide materials, which are resistant in air at a
similar temperature. For reducing (hydrogen) atmo-
spheres, Pt–Rh alloy windings are still useful,
although molybdenum metal windings may also be
used at considerably lower cost.

3.21.6.2.4 Temperature measurement

Until 1968, platinum–rhodium thermocouples (type S)
were used as the standard interpolating thermometer
in IPTS-68 (International Practical Temperature
Scale of 1968) because of their good thermal stability.
However, the present temperature scale ITS-90
(International Temperature Scale of 1990) now uses
a Standard Platinum Resistance Thermometer.61 The
particular advantages of PGM materials in tempera-
ture measurement are, of course, their excellent sta-
bility to oxidation and corrosion. Thus, platinum
resistance thermometers offer a more reliable temper-
ature measurement than the traditional thermocouples
up to around 600–650 �C and are unaffected by the
environment. At higher temperatures, Pt/Pt–10Rh
(type S) or Pt/Pt–13Rh (type R) thermocouples may
be used for accurate temperature measurement in
essentially all atmospheres up to 1450 �C. Both types
of thermocouple have a short-term stability, typically
better than 0.5 �C, with a long-term reproducibility of
better than 2.0 �C. For higher temperatures up to
1800 �C, Pt–6Rh/Pt–30Rh (type B) thermocouples
can be used.

3.21.6.2.5 Gas turbine applications

Improvements to gas turbine operating efficiency
require an increase in the gas temperature of the
turbine and combustion chamber. Since most gas
turbine materials are now optimized more for their
high temperature strength and creep resistance, their
hot corrosion and oxidation resistance has become
relatively poorer. Platinum aluminide coatings have
been developed, which, in combination with other
coating types, offer improved performance for
nickel-based superalloys.62 Platinum, by substituting
for nickel in the aluminide, eliminates chromium-
rich precipitates from the outer coating layer and

limits the diffusion of refractory transition elements
such as molybdenum, vanadium, and tungsten into
the outer coating layer.63

3.21.6.3 Dental and Medical Applications

3.21.6.3.1 Dental restorations

Generally, the noble metals, particularly gold, have
excellent biocompatibility, and the use of gold and
gold–palladium alloys in dental restorations is very
common. However, they are too soft to be used on
their own and require alloying (typically with copper,
silver, and palladium, plus other minor components),
and this increases corrosion susceptibility. There are
a number of classification schemes for these alloys:
First, based on their strength, and second, on their
metal content. There are numerous alloys, many
proprietary and many designed for specific aspects
of the dental restoration task; the main classes are
listed in Table 7.

The oral environment is corrosive and materials
for use must be correspondingly corrosion resistant;
thus, the general corrosion of dental alloys is of
interest partly with a view to increase the service
life of implants and partly for biocompatibility. The
main issues are

1. tarnishing and discoloration, usually caused by
foods and drinks that contain sulfur;64

2. galvanic corrosion between adjoining oral alloys of
differing composition;65

3. galvanic corrosion caused by microsegregation of
alloy components at grain boundaries or in the
interdendritic regions in cast materials.

Failure modes exhibited include generation of expan-
sive corrosion products causing disbonding of the
implant, general thinning of the material, and
cracking.

Table 7 Classification for dental alloys

Yield stress
(MPa)

Elongation
(%)

Type I <140 18

Type II 140–200 18
Type III 200–340 12

Type IV >340 10

Typical composition

High
noble

Au> 40%þ total noble
metals> 60%

Noble Total noble metals>25%

Base Total noble metals<25%

Source: Wataha, J. C. J. Prosth. Dent. 2002, 87, 351–363.
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Conventional mercury amalgam restorations are
typically anodic to noble and more noble alloys and
will corrode preferentially66 and can lead to cracking.
Therefore, care has to be taken in mixing restorative
alloy materials. For example, cracking of gold crowns
has been observed as a consequence of intergranular–
interdendritic corrosion in association with corrosion
of an underlying mercury-based amalgam alloy.67

Electrochemical and corrosion tests in ammonium
and sodium sulfide solutions, as a simulation of the
oral environment, has demonstrated that the tarnish-
ing is particularly related to the silver and copper
contents of the alloys.68 Generally, as might be
expected, the higher the noble metal content of the
alloy used, the more the corrosion resistant;69 hence,
selection of the correct restorative alloy is a balance
between mechanical and other required properties
and corrosion resistance.70

3.21.6.3.2 Medical sensing and electrodes

Unalloyed noble metal (or high noble metal content)
body implants are used for a number of purposes, with
generally few or no corrosion issues arising. Reference
above has been made to the production of nanoporous
gold electrodes of exceptionally high surface area.
These have a number of potential applications in
medical sensing; for example, insulin determination.

Noble metals, particularly platinum and platinum
alloys, find use as electrode materials for in vivo nerve
stimulation (e.g., heart, neural, auditory electrode
implants, etc.). The applied potentials used are gen-
erally transient in nature (i.e., a pulse waveform), and
significant corrosion of electrode materials can be
observed. For example, Pt, Au, Rh, Ir, Pt–10Ir, and
Pt–10Rh electrodes were severely corroded under a
bipolar current pulse of 1 A cm�2, while Rh was
moderately attacked. At 0.1 A cm�2, Au, Rh, and Ir
were resistant to corrosion.71 However, although
examination of heart pacemaker electrodes has
shown evidence of corrosion in all cases, in no case
had this resulted in the failure of the implant.72

3.21.6.4 Electrical Contact Materials

High reliability electrical contacts are frequently
plated with noble metals (Ag, Au, Pd, etc.) in order to
limit any corrosion and consequent increase in contact
resistance with time. This is because uncoated copper
contact materials are particularly susceptible to
corrosion and contact failure mechanisms involving
vibration (e.g., in motor vehicles), giving rise to wear-
fretting effects in addition to corrosion.

Silver coatings are liable to grow intrusive whis-
kers in sulfidizing, and to a lesser extent in chloridiz-
ing environments, although much less than copper or
tin. The main environmental driver is the presence of
hydrogen sulfide at or above 200 ppb, which can be
reached, for example, in pulp and paper processing,73

where significant failures have occurred.
Gold alloys and gold coatings are also extensively

used for electrical contacts, especially in the elec-
tronics industry. Corrosion failure mechanisms are
associated with the growth of gold shorts from
cathodic conductors, especially where chloride ions
are present. On anodically biased conductors, a volu-
minous reaction product of Au(OH)3 is produced by
anodizing.74,75

3.21.6.5 Anodes

3.21.6.5.1 Dimensionally stable anodes
Nonconsumable anode materials are used extensively
in electroplating, electrowinning, chlorine produc-
tion, and water electrolysis (oxygen evolution) and
have traditionally variously utilized silver, lead, mag-
netite, graphite, and noble metals. Of these, chlorine
production by electrolysis of brine is among the most
energy intensive and industrially important.

For chlorine evolution, platinum generally shows
very low rates of attack, and platinum anodes can be
used for both cathodic protection in seawater and for
chlorine production at low overvoltage.76 This attri-
bute takes advantage of using platinum-coated tita-
nium or niobium substrate materials; the substrates
are stable to the conditions of electrolysis, while the
electrode reaction (e.g., chlorine evolution) occurs on
the platinum surface. At low current densities, the
platinum can be corroded, especially at low pH;
however, at high current densities, passivation of the
platinum occurs and corrosion reduces considerably.
However, the corrosion rate of platinum can be much
higher if an alternating current component is present,
as this tends to thicken the passive film. Rhodium and
iridium are as resistant to anodic corrosion as plati-
num, but are more resistant to the influence of alter-
nating currents.

The single most important advance in anodes for
chlorine evolution is in the replacement of noble
metal coatings on stable substrates with oxide coat-
ings using ruthenium modified by iridium (‘mixed
metal oxides’).77 These provide efficient production
of chlorine at low overvoltage, with no corrosion,
provided the overpotential is kept below a critical
value.78 Such anodes are called ‘dimensionally stable’
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because, in principle, they do not need replacement
throughout the life of the plant, provided they are
operated within the correct parameters.79 They are
also responsible for a reduction of about 20% in the
energy usage per unit of chlorine production.

Given the success of noble metal oxide-doped
anodes in chlorine evolution, they are being trialed
in a number of other applications that would benefit
from improved electrocatalysis.

3.21.6.5.2 Cathodic protection
Although there are a wide range of possible anode
systems for impressed current cathodic protection,
noble metal-coated titanium mesh anodes have
been used for many years in a wide variety of appli-
cations, including protection of reinforcement steel
in concrete and cathodic protection systems in sea-
water (e.g., for vessels, etc.). In severe environments,
or where the system requires a high driving voltage,
platinum-coated niobium anodes are used because of
the increased stability of niobium (compared with
titanium) to chlorides. More recently, the use of
noble metal oxide-coated electrodes has also become
increasingly important, with their advantages of
higher current density and increased lifetime under
polarization.80
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Abbreviations
SCE Saturated calomel electrode

SHE Standard hydrogen electrode

Symbols
ip passive current density

icr critical current density

ico corrosion current density

icath current density of cathodic process

itr transpassive current density

Eco corrosion potential

Ep passivation potential

EA
O anodic potential of base metal or alloy

EC
O potential of cathodic component

Etr transpassive potential

3.22.1 Introduction

Pt-group metals (PGMs), together with silver and
gold, constitute the group known as noble metals.
These metals find wide application in a number of
different fields, such as catalysts, fuel cells and metal
winning electrodes, dental alloys, and even semicon-
ductors. The focus of this chapter will be limited to
the addition of PGMs, and in some cases silver and
gold, to Cr-based stainless steel alloys used in process
industries where prevailing reducing acid conditions
create major challenges for the corrosion resistance of
equipment construction materials, and failures as a
result of corrosion can create serious safety hazards
and cause substantial maintenance and production
losses. It will also not consider PGM-based alloys in
which the majority of alloying elements consist of the
PGM, although these alloys are becoming increas-
ingly important for high temperature corrosion resis-
tant applications. Two excellent reviews appeared
recently1,2 describing the manufacturing of such
alloys, as well as their physical, mechanical, and cor-
rosion properties.

Owing to the very specialized nature of the topic
under discussion, it is not surprising that research on
the addition of noble metals to alloys for the improve-
ment of corrosion resistance, or cathodic alloying of
materials, has not beenwidely investigated or described
in literature. Another reason might be that the major
producers of the PGMs used in the enhancement of
corrosion resistance, namely Pd (Pd) and Ru (Ru),
have traditionally been South Africa and Russia (old

USSR), and they are the obvious beneficiaries of an
increased demand for their produce should this
approach of adding PGMs to stainless steels mark-
edly increase the demand for the elements in ques-
tion. It seems that research work on this was mainly
done by the Tomashov’s group (in Russia), Higginson
and others at Mintek (Council for Mineral Technol-
ogy, South Africa), theUniversity of theWitwatersrand
in collaboration with Mintek, and Tjong and cowor-
kers in Hong Kong. As a result, there has been little
discussion of the topic in the literature, and no com-
prehensive review paper on the subject appeared to
date. The present review, therefore, covers previous
work carried out by various groups from different
laboratories and, in addition, discusses some more
recent results from the past two decades. Furthermore,
this review will be restricted to aqueous corrosion in
reducing acid media, and will not specifically consider
high temperature corrosion resistance of cathodically
modified stainless steels. Conclusions are drawn from
earlier results, and possible areas for future research
are outlined.

3.22.2 Cathodic Modification and
Passivation

During the course of the past 50 years, a number of
papers concerning the application of cathodic modi-
fication and the corrosion behavior of cathodically
modified alloys have been published, especially by
the Tomashov group in Russia. However, none of
these provides a comprehensive description of the
electrochemistry of the cathodic modification phe-
nomenon and of the mechanisms involved. One of
the purposes of this review, therefore, is to present in
detail all aspects concerning the electrochemistry of
cathodic modification. The practical applications
of cathodic modification in different alloy systems,
and the corrosion behavior of cathodically modified
alloys in different acidic media, will be dealt with later
in the review.

An examination of the mechanisms of corrosion
processes by Tomashov3 indicates that there are four
possible ways in which corrosion-resistant alloys can
be produced and the resistance of alloys against elec-
trochemical attack increased, namely:

� an increase in the degree of thermodynamic stability;
� retardation of the kinetics of the cathodic processes;
� retardation of the kinetics of the anodic processes; and
� the production of stable passivating oxide layers.
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The thermodynamic stability of commercial steels
can be increased in only a limited number of cases,
for example, Cr-containing steel can be alloyed with
a nickel or molybdenum.3,4 Cathodic reactions can be
retarded in two ways: by the elimination of active
cathodic impurities, such as iron or copper in zinc,
from alloys and by the increase of overvoltage of the
cathodic process, for example, by the alloying of man-
ganese or zinc to magnesium alloys, and of arsenic or
antimony to steel. Stable passivating oxide layers can
be obtained by adding Cr, which is thermodynami-
cally less stable than iron, to iron to produce stainless
steel which owes its corrosion resistance to the forma-
tion of passivating oxide layers on the surface of the
steel. Retarded cathodic reactions can change the
polarization curves as shown in Figure 1.

The anodic reaction can be retarded as a result of
an increase in the ability of the alloy to be passivated.
This can be done in various ways, including the
alloying of iron, nickel and ferronickel steels with
Cr, or the introduction of active cathodes into the
alloy, for example, the alloying of stainless steels and
titanium with PGMs. The latter technique is known
as cathodic modification.

3.22.3 Origin of Cathodic
Modification

Cathodic modification is not widely known and
practiced outside USSR, but it is by no means a new

discovery or concept. As early as 1911, Monnartz5

reported that the rapid corrosion of Fe–Cr alloys in
certain acids can be prevented either by the winding
of a Pt wire around the sample used in the corrosion
test, or by the alloying of the steel with Pt. Nobody
seems to have shown much interest in this discovery
until Tomashov et al.6 first confirmed it in 1948, and
then further developed the concept of ‘cathodic alloy-
ing’ in their work on stainless steels and titanium and
its alloys. Other contributions have been made mainly
by Stern and coworkers7–11 and Cotton.12–15

In principle, passivity can be induced in a base
metal or an alloy by the addition of a noble metal
(one of the PGMs, gold, or silver) having a high
cathodic exchange current density, provided that
the passive region of the base alloy extends to poten-
tials that are more negative than the redox potential
of the environment. This is schematically repre-
sented in Figure 2, in which line A represents the
cathodic polarization curve for the metal and B, the
cathodically modified alloy. Hence, for metals and
alloys that exhibit stable passivity at potentials suffi-
ciently more negative than the existing hydrogen
potential in the system, spontaneous passivation will
be possible in the absence of any substance or com-
pound more oxidizing than hydrogen ions. The effect
of cathodic modification should therefore be most
pronounced in nonoxidizing acid environments, for
example, deaerated hydrochloric and sulfuric acids.

This conclusion has been confirmed by Greene
et al.11 who found that, while addition of PGMs to Cr

Normal cathodic process

Cathodic process with inceased
overvoltage (assuming no change in

exchange current density)

With active cathodic impurity

Without active cathodic impurity

E
 (V

)
E

 (V
)

Log i (Am–2)

Log i (Am–2)

Figure 1 Schematic representation of ways in which cathodic reactions can be retarded.
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in nonoxidizing acids (hydrochloric and sulfuric
acids) improved its corrosion resistance, they had a
detrimental effect in oxidizing acid (nitric acid)
because the oxidizing acid increased the potential to
a value in the transpassive range.

3.22.4 Requirements for Cathodic
Modification

The basic conditions required for successful cathodic
alloying can be summarized as follows3:

� The base alloy must have a small critical current
density (icr) that will be easily exceeded by the cur-
rent of the hydrogen cathodic reaction on the added
noble metal at the given passivation potential (Ep).

� The passivation potential (Ep) of the base metal
must be sufficiently negative to allow the cathodic
component that has been introduced to change the
corrosion potential (Eco) of the alloy to a value in
the passive range that is more positive than (Ep) but
less positive than the potential associated with the
onset of tranpassive processes (Etr).

� The transpassive potential (Etr) of the base alloy
should be sufficiently electropositive to allow a
wide passive range.

Furthermore, the cathodic alloying component
should itself satisfy certain basic conditions3: it should
have a higher exchange current density i0 (and lower
overvoltage) for the cathodic process of hydrogen
evolution than the base metal or the alloy, and
it should be corrosion resistant under the given

conditions. In nonoxidizing acids (such as sulfuric
and hydrochloric acids), the conditions requiring a
sufficiently negative passivation potential are satis-
fied by stainless steels, Cr-based alloys and titanium-
based alloys, while the PGMs have the necessary
high exchange current density, i0 (and low overvolt-
age), for hydrogen evolution.

3.22.5 Principle of Cathodic
Modification

Figure 3 presents schematic diagrams of the four
distinct states that can be displayed by a system
with an active–passive transition. The different states
depend upon the relative efficiency of the cathodic
process (or processes) in each case.

3.22.5.1 Active State

When the rate of the cathodic process is relatively
low (as shown by the solid line in Figure 3(a)), the
system will be in the active state. The metal or alloy
undergoes stable active dissolution at a potential of
Eco with a current density of ico, and the following
conditions prevail:

EA
O < Eco < Ep and icathðEpÞ< icr

The active state is established spontaneously. Hence,
if an external perturbation causes the system to move
momentarily into the passive potential range, the
active state will be spontaneously reestablished.

3.22.5.2 Active–Passive State

For a higher, intermediate rate of the cathodic pro-
cess (as shown by the solid line in Figure 3(b)), there
are three possible conditions for the system. These
conditions are given at the three points A, B, and C at
which the cathodic line and anodic curve intersect.

At potential C (Ep), anodic dissolution of the metal
or alloy occurs at a relatively high corrosion rate. At
potential B (�Ep), the system is in an unstable state
rarely observed in practice. At potential A (>Ep), the
system is in the passive state, and the corrosion rate is
very low. If the system is perturbed, the different
conditions of the active-passive state will not be
spontaneously reestablished.

3.22.5.3 Passive State

For a high rate of the cathodic process (as shown by
the solid line in Figure 3(c)), the anodic and cathodic

B

A

Log i

E
 (V

)

Figure 2 Schematic illustration of the effect of cathodic
modification. A is the cathodic polarization curve for the

parent metal, while B is the cathodic polarization curve for

the cathodically modified alloy.
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curves intersect at only one point. The system is in a
stable, passive state. The following conditions prevail:

EC
O > Ep and icathðEpÞ< icr

The rate of metal or alloy dissolution is very low and
is equal to the passive current density ip. The passive
state is also spontaneously stable, which means if the
passivity is momentarily disturbed, the passive state
will be spontaneously reestablished.

This kind of system is typical of cathodically mod-
ified Cr, stainless steel, and titanium alloys in nonoxi-
dizing acid environments. The Cr, stainless steel, and
titanium alloys all have passivation potentials more
negative than the evolution potential of hydrogen in
acidic media. When a PGM is added to any of these
alloys, a large increase in the rate of hydrogen evolu-
tion will occur, which is large enough to move the
corrosion potential of the cathodically modified alloy
in the region of stable passivity. Spontaneous passiv-
ation of the alloy will therefore be the result.

3.22.5.4 Transpassive State

For a very high rate of the cathodic process (as shownby
the solid line in Figure 3(d)), or in highly oxidizing
environments, it is possible that EO

C> Etr. At this
high potential, the metal or alloy will have a higher
rate of dissolution than it will at potentials in the passive
range, and considerable corrosion can take place.

A comprehensive study by Stern and Wissenberg8

on the effect of various PGMs and other noble metals
in causing the spontaneous passivation of titanium in
boiling dilute sulfuric and hydrochloric acids showed
that the increase in corrosion resistance of the titanium
depends on the concentration of the PGMs added and
also that alloying additions of as little as 0.1% (bymass)
resulted in a pronounced improvement in corrosion
resistance. They found that the effect of the various
alloying elements in improving the corrosion resis-
tance of an alloy generally decreased in the order:

Ir > Rh > Ru > Pt > Pd > Os > Au > Re

According to the available comparable data, there seems
to be a reasonable parallel between the hydrogen
exchange current densities and the extent towhich addi-
tions of the various PGMs improve corrosion resistance,
although a close examination shows that exceptions do
occur, and that this agreement is not conclusive.16

The relatively high exchange current density of Pd
indicates that it should be an effective alloying ele-
ment in conferring stable passivity. Although equiva-
lent data under these conditions are not available for
Ru, it is widely considered to be a more effective
cathode for hydrogen evolution than is Pd. It should
therefore be a fairly effective cathodic modifying
agent. Streicher17 tested Pd, Pt, iridium, osmium,
rhodium, and Ru as cathodic additives to ferritic
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Figure 3 Different active–passive status in an alloy system.
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stainless steels, and showed that Ru additions (0.2%)
indeed produced better corrosion resistance than
did Pd additions (0.2%). Higginson18 also confirmed
that Ru confers better corrosion resistance on fer-
ritic stainless steels than does Pd. The commercial
titanium alloy Ti–0.2% Pd containing 0.2% Pd
which was developed by the Tomashov group proves
that cathodically modified alloys can be economically
viable corrosion resistant materials for severe reduc-
ing conditions.

3.22.6 Mechanism of Cathodic
Modification

Upon formation of the alloy, it is conceivable that the
atoms of each alloying component maintain their
electrochemical individuality. Consequently, although
it is a solid solution, the surface of the alloy is electro-
chemically heterogeneous at an atomic level, and the
atoms of the solid solution do not possess identical
corrosion resistance. It seems that the PGMs can
inhibit corrosion in two ways, namely;

� by acting as a catalyst for hydrogen evolution (and
thus increasing the efficiency of the cathodic pro-
cess); and

� by inhibiting the anodic dissolutions of the metal
or alloy to which they are added.

As a result of the initial interaction of the different
atoms of the alloy with the corrosive media, there is a
rearrangement of atoms at the alloy surface resulting
in a redistribution of the PGM on the surface of the
alloy, before passivity is established.19,20 Three sepa-
rate mechanisms have been proposed18 to account for
the distribution process, namely:

� dissolution of the PGMs followed by diffusion
through the electrolyte and, secondarily, electro-
chemical deposition of the noble metal on the alloy
surface;

� volume diffusion (from the bulk alloy) of the PGM
atoms; and

� surface diffusion of the PGM atoms.

The dissolution–deposition model was proposed in
some early research into the cathodic modifications
of titanium alloys.15 Diffusion of the PGM ions (or
complexes) through the electrolyte to the surface of
the alloy could easily occur at a sufficient rate to
account for the observed redistribution. However, it
is impossible for the PGMs to be oxidized in the
potential range associated with the dissolution of the

cathodically modified alloy, and this fact is a major
obstacle, providing a fundamental objection to this
mechanism.

The volume-diffusion and surface-diffusion mech-
anisms do not involve dissolution of the PGM,
although the latter model does not preclude the possi-
bility of partial solvation of PGM atoms. However, the
difficulty initially associated with these mechanisms
was that the diffusion rates associated with similar
processes were not high enough to account for the
redistribution of PGM atoms at relatively low tem-
peratures. This objection remains valid for the volume-
diffusion mechanism.

The important feature of the surface-diffusion
mechanism concerns the nature of the surface under-
going anodic dissolution. In recent years, an increas-
ing amount of evidence has emerged which favors the
surface-diffusion mechanism in alloying systems that
undergo selective dissolution. Forty and Durkin21

showed that, for silver alloys containing 10 at.%
gold, the surface diffusion of the more noble compo-
nent of the alloy (gold) is responsible for substantial
reordering of the surface during anodic dissolution in
nitric acid. Pickering22 classified the polarization
curves of alloys in terms of their tendency towards
selective dissolution and the surface enrichment of
the more noble metal. He also pointed out that the
morphology of cathodically modified alloys should
be that of a solid planar surface enriched in the noble
metal. Work by Tomashov et al.23,24 on cathodically
modified alloys has also provided evidence in favor of
a surface-diffusion mechanism.

A surface undergoing anodic dissolution is an ex-
tremely disturbed surface because selective dissolution
causes a high concentration of defects in the surface.
This, in turn, can cause rapid diffusion of the atoms of
the noble-metal component to the surface of the alloy.
Normally, diffusion coefficients associated with sur-
face diffusion are considerably higher than those
for volume diffusion, particularly at ambient temper-
ature. A diffusion coefficient of 10�2 cm2 s�1(25)

which is estimated for Cr atoms from a surface anal-
ysis of a ferro-Cr alloy undergoing dissolution in a
0.1 M solution of hydrochloric acid, is several orders
of magnitude higher than the diffusion coefficients
required for volume–bulk diffusion, and proves that
the observed redistribution rates in cathodically mod-
ified alloys can be accounted for by a surface-diffusion
mechanism.

It therefore seems that the most important results
of noble metal additions to Cr, stainless steel, and
other alloys are:
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a. Cathodic modification can increase the corrosion
resistance of materials in nonoxidizing acids by
increasing the potential to a value that is in the
passive potential range.

b. During anodic dissolution, noble-metal atoms are
redistributed on the surface of the alloy, probably
by a surface-diffusion mechanism.

3.22.7 Cathodic Modification of Cr
and Cr-Based Alloys

Since 1948, both Tomashov et al.6 and Stern et al.8

have proved that the tendency to passivation and the
corrosion resistance of Cr in a nonoxidizing acid
environment can be increased by the addition of
small amounts of PGMs to these alloys.6,8,11,26–30

Alloying with these cathodic additives causes dramatic
improvements in corrosion resistance, and does not
reduce the low-temperature plasticity of the Cr. It
therefore opens up extensive possibilities for the use
of these alloys in new industrial applications.

3.22.7.1 Effect of the Addition of Noble
Metals

3.22.7.1.1 Cathodic modification

Greene et al.11 conducted a comprehensive investiga-
tion into the influence of small additions of various
PGMs, as well as some other noble metals, on the
corrosion resistance of Cr in both nonoxidizing acids
(hydrochloric, sulfuric) and an oxidizing acid (nitric).
The tests carried out for the determination of the loss
in mass in boiling sulfuric acid (5–98%), in hydro-
chloric acid (5–15%), and in nitric acid (65%)
showed that an addition of as little as 0.1% PGMs
to Cr (Cr–0.1% Pt) could cause a decrease in the
corrosion rate of the Cr by a factor 105 or more. Each
of the alloying additions improved the corrosion
resistance in nonoxidizing environments, whereas
several of the PGMs, particularly Pt and Ru, actually
accelerated corrosion in nitric acid, which is a highly
oxidizing environment. This phenomenon can be
explained by the fact that the corrosion potential of
Cr in a boiling solution of 65% nitric acid is very
noble, and is very close to the beginning of its trans-
passive region. Alloying with an inert element having
a large exchange-current density for the reduction
of nitric acid can shift the existing high positive
potential of the alloy into the transpassive region,
resulting in an increased dissolution of the metal.

In electrochemical tests carried out at room temper-
ature, a decrease in the critical anodic current density
for passivation was found in all the Cr alloys contain-
ing noble elements, except those containing rhenium,
silver and gold. The decreasing order of effectiveness
of the various alloying additions in causing corrosion
resistance in sulfuric and hydrochloric acids is as
follows:

Ir>Rh>Ru>Pt>Pd>Os>Au>Re>Cu>Ag

This can be correlated with the hydrogen-overvoltage
behavior of these elements.

The corrosion of ductile Cr alloyed with Ru,
osmium, iridium, Pt, Pd, and rhenium in solutions of
5–60% sulfuric acid at various temperatures has been
described by Tomashov et al. in various papers.27–30

Tomashov3 found that Cr that has no cathodic addi-
tives (PGMs) corrodes at a high rate, while cathodi-
cally modified alloys self-passivate easily, and their
corrosion resistance is several orders of magnitude
higher than that of pure Cr. An increase in the con-
centration of the alloying component also increases
the stability of the passive state.

A detailed study of Cr–Pd (0.1–0.4%) and Cr–Pt
(0.1–0.4%) alloys in a 50% solution of sulfuric acid
at 98�C30 revealed that the addition of small amounts
of nitrate ions (0.02% NO3

� or 0.2 g dm�3 NO3
�),

which serve as an oxidizing agent, considerably in-
creased the stability of the passive state in this aggres-
sive condition. On the other hand, concentrations
of up to 10mg dm�3 of chloride ions in solutions of
40% sulfuric acid at 65 �C delayed the onset of self-
passivation, and also narrowed the range of the passiv-
ation region for ductile Cr–0.3% Ru, and Cr–0.4% Ru
alloys.6 Work by Kato and Sakaki31 on Cr with Pd and
Ru additions, confirmed the beneficial effect of both on
the increased corrosion resistance of the Cr in sulfuric
acid, as well as the fact that Ru is more effective than
Pd in this regard.

3.22.7.1.2 Kinetic effect

Tomashov et al.27,29,32,33 investigated the effect of
PGMs on the active dissolution of ductile Cr in sul-
furic acid. Results of the dissolution kinetics of ductile
Cr alloyed with Ru, iridium, Pd, and Pt (0.1–0.4%) in
a solution of 40% sulfuric acid at 65 �C and at a fixed
potential of –175mV (SHE) show that the PGM
alloying elements decrease the anodic dissolution
rate of Cr, and also that the corrosion resistance of
the alloy depends on the concentration and nature
of the alloying addition.
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Investigations of the Cr–PGM alloys by electron
microscopy after active corrosion had taken place
showed that the accumulating PGMs formed sepa-
rate islets rather than a homogeneous layer on the
surface of the alloy. It is presumed that the dissolution
of Cr from the Cr–PGM alloy occurs by means of
successive transfer into the solution of the atoms that
are at the corners and edges of the crystal lattice and
those that have an enhanced activity. If these sectors
of the crystal lattice are blocked by more corrosion-
resistant PGM atoms, anodic dissolution of the Cr
atoms that lie on the flat steps of the alloy lattice and
that bind more firmly to it will take place less readily.
The PGM atoms gradually lose their bonding with
the neighboring Cr atoms, and remain on the surface
in the form of adsorbed atoms are adatoms.32–34 The
further surface diffusion of such adatoms results in
the formation of microcrystals of pure PGMs, which
are metals that preserve the electric contact with the
substrate alloy.32,33 Thus, with an increase in the
PGM content of the alloy, more active surface cen-
ters are blocked by the added PGM atoms, and the
rate of Cr solution from the alloy in the active state
decreases. While Tomashov et al.32–34 do not preclude
the possibility of the partial solvation of the PGM
atoms, they conclude that the changing distribution
of the PGM metal occurs mainly as a result of a
surface diffusion mechanism.

The retardation of the anodic dissolution of Cr by
all the PGM additives seems to occur as a result of the
operation of two mechanisms. The dominant mecha-
nism is a blocking mechanism, in which the PGMs
(as adatoms) block the active sites in the crystal lattice
of Cr, thus preventing corrosion as described earlier.
A lesser effect was also observed to occur as a result
of a ‘screening’ mechanism, in which a layer of the
PGM adatoms and trapped hydrogen in the pores
between the cathodic component particles partly
screen the surface of the alloy, causing a decrease in
the active anodic surface and in corrosion.

3.22.8 Cathodic Modification of
Stainless Steels

3.22.8.1 Addition of Noble Metals to Fe–Cr
Stainless Steels

The Tomashov group has made the main contribu-
tion to the knowledge of corrosion resistance of
Fe–Cr alloys cathodically modified with noble metals
in various acid media at different concentrations and
temperatures.

In the 1960s, Tomashov35 demonstrated the bene-
ficial effect of the addition of Pt, Pd, rhenium, and
copper to Fe–27% Cr alloys in 20–30% sulfuric acid
at between 10 and 25 �C. Even small additions (less
than 0.5%) of Pt, Pd, and rhenium reduced the cor-
rosion in the Fe–27% Cr alloy by as much as
99.85%.17 With its higher hydrogen overvoltage, cop-
per is less effective as a cathodic additive. The addi-
tion of 0.2% Pd to Fe–18%Cr in 20% sulfuric acid of
20 �C resulted in a large increase in the corrosion
resistance of the Fe–Cr alloy. Under these conditions,
the corrosion resistance of Fe–18% Cr–0.2% Pd is
comparable with that of an Fe–18%Cr–3%Mo alloy.
When 0.2% Pd was added to Fe–25% Cr in 30%
sulfuric acid at 20 �C, the alloy became even more
corrosion resistant than Fe–25% Cr steels with addi-
tions of either 3% molybdenum or 6% nickel. The
higher corrosion resistance of an Fe–18% Cr–3%
Mo–0.2% Pd steel when compared to that of
Fe–18% Cr–0.2% Pd and Fe–18% Cr–3%Mo steels
illustrated, for the first time, the synergistic beneficial
effect of the simultaneous additions of molybdenum
and Pd to an alloy. This effect was later confirmed by
Biefer36 and Higginson.18

After demonstrating the cathodic modification
effect in Fe–Cr stainless steels, the Tomashov group
discovered that the effect of cathodic additions was
enhanced with an increasing Cr content (above 25%)
in an alloy.37 Investigations carried out on Fe–Cr alloys
with varying Cr contents (25–100%) to which 0.2%
Pdwas added indicated that Fe–40%Cr–0.2% Pd had
the optimum passivation characteristics in 10–50%
sulfuric acid and 1% hydrochloric acid at 100 �C.
Under these conditions, the Fe–40% Cr–0.2% Pd
alloy required the minimum time for self-passivation
and displayed the minimum corrosion in the passive
range, as well as a small critical current density and a
highly negative passivation potential. The addition of
0.2% Pd to the Fe–40% Cr steel caused a dramatic
decrease of a factor of 2� 105 in the corrosion rate in a
boiling solution of 40% sulfuric acid. The remarkable
corrosion resistance of the Fe–40% Cr–0.2% Pd alloy
when compared to that of other alloys can be clearly
seen from Table 1.

Although the effect of the addition of Pd in
improving the corrosion resistance is much less in
hydrochloric acid, the corrosion rate in the passive
state is still reduced by a factor of �100. The alloy
was found to have high corrosion rates in a solution of
hydrochloric acid at concentrations of more than 1%.

This extraordinary corrosion resistance in sulfuric
acid was confirmed by Higginson,18 who found that
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an improvement was obtained in the corrosion rate
of a factor of (1–5)� 104 for Fe–40% Cr–0.2% Pd
and Fe–40% Cr–0.2% Ru alloys compared to that of
Fe–40% Cr in a boiling solution of 10% sulfuric acid.
The alloy containing Ru was more resistant than the
alloy containing Pd. The greater effect of the Ru was
explained on the basis that it is a more effective
cathode for the evolution of hydrogen than is Pd.
A similar investigation conducted by Howarth40 indi-
cated that no improvement in corrosion resistance is
gained by the use of Pt rather than Ru for purposes of
cathodic modification. Higginson18 also observed that
the critical time and charge density for spontaneous
passivation of Fe–40% Cr–Ru alloys depends on the
concentration of Ru in the alloy, and the kind of acid
(hydrochloric or sulfuric) in which the corrosion
takes place.

Work by Potgieter and van Bennekom41 indicated
that although the optimum Cr concentration for
maximum corrosion resistance in Fe–Cr–0.2% Pd
alloys was 40% Cr, there was no difference in the
corrosion resistance of an Fe–40% Cr–0.2% Ru and
an Fe–30% Cr–0.2% Ru alloy. This implies that in
Ru containing alloys, the maximum Cr content can
be restricted to 30% by mass, which means that it can
be produced commercially in the same way as the
patented Fe–28Cr–4% Mo superferritic stainless
steel. It also means huge gains in the physical and
mechanical properties of the alloy, as Fe–40% Cr
alloys are very brittle and difficult to form. A later
work by Wolff et al.42 indicated that further additions
of 5% Al to Fe–35/40% Cr–0.2% Ru not only
improved the high temperature hot corrosion resis-
tance at elevated temperatures, but also aqueous cor-
rosion resistance against sulfuric acid solutions of
10% at room temperature. The Fe–40% Cr and

Fe–35% Cr–5% Al alloys corroded actively in 10%
sulfuric acid, while the alloys containing 0.2% Ru
additions passivate spontaneously, with the one con-
taining the Al having the lowest corrosion rate. How-
ever, this latter alloy of Fe–35% Cr–5% Al had
inferior pitting corrosion resistance compared to the
Fe–40% Cr one in a 3.5% NaCl solution. Once again
it was observed that the addition of 0.2% Ru to both
the alloys increased their pitting resistance in the salt
solution.

Detailed investigations were carried out by
Tomashov43 on Fe–25% Cr steels alloyed with
0.3% and 2.0% Pd and Ru in 5–50% sulfuric acid
and 1 and 5% hydrochloric acid at 50–100 �C. It was
found that the general and pitting corrosion resis-
tance was higher in the alloys containing Ru than in
the alloys containing Pd.

These results were attributed to several factors:

� Ru reduces the overvoltage of cathodic hydrogen
generation more effectively than does Pd, thereby
increasing the efficiency of the cathodic process.

� Ru, unlike Pd, reduces the rate of anodic dissolu-
tion by reducing the critical current density
required for passivation, especially in media con-
taining chloride ions. This observation was con-
firmed by both Biefer36 and Higginson.18

� Ru is susceptible to the adsorption of oxygen and
the formation of phase oxides, and thus enters the
composition of the hydroxide and oxide layers
formed on the surface of the steel, while Pd
remains as a separate metallic phase in the surface
layer.

� Because the passivating oxide layers on the steel
contain Ru as well as Cr, the resistance of the steel
to the activating effect of chloride ions increases.
Thus, Ru does not impair the resistance to pitting
corrosion, but Pd does impair this resistance.

An electron microscopy investigation23 into the accu-
mulation of Pd on the surface of Fe–25% Cr–(0.1–
0.5%) Pd in 10% sulfuric acid at 25–100 �C revealed
that the size and amount of accumulated particles on
the surface of the alloy depend not only on the initial
concentration of the Pd in the alloy, but also on the
temperature at which active dissolution takes place.
The size and distribution of the accumulated Pd
particles are explained on the basis of the theory of
Erdey-Gruz and Volmer, which states that nuclei
of crystallization arise at a definite supersaturation
of adsorbed atoms on the surface of the alloy. An
increase in the concentration of the Pd should there-
fore result in both an increase in the number of nuclei

Table 1 Corrosion rate (CR) of some acid-resistant

alloys in 40% sulfuric acid at 100 �C

Alloy CR
(mm year�1)

Fe–40% Cr �10 00037; �5 00038

(10% acid)

Fe–23% Cr–28% Ni–3% Mo 337

Hastelloy A, B 0.237

C 0.337

Ti–30% Mo 0.1837

Fe–40% Cr–0.2% Pd 0.0537

Fe–40% Cr–0.2% Ru 0.0338

Fe–29% Cr–4% Mo–2% Ni � 800039

Fe–29% Cr–4% Mo–2%

Ni–0.2% Ru

12.9339
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and decrease in the particle size. Higginson18 con-
firmed this in a study of the accumulation of Ru on
Fe–40% Cr–(0.1–0.2%) Ru alloys corroding in 0.5 M
sulfuric acid (4.9%) and 0.5 M hydrochloric acid
(1.8%). He also found that a greater amount of accu-
mulation occurred in a solution of hydrochloric acid
than in sulfuric acid, apparently as a result of the
adsorption of chloride ions, which increases the sur-
face diffusion rate of Ru atoms during anodic
dissolution.

Tjong44 investigated the corrosion behavior of an
Fe–24% Cr alloy with sputter-deposited Pd thin
films on the surface in 0.5 M HCl solutions at room
temperature, and found that prolonged corrosion
protection against active dissolution in the hydro-
chloric acid medium is due to the formation of a
sufficiently thick Pd-enriched surface layer contain-
ing Fe–Cr. Auger analysis of the passive surface
revealed that a thick Cr oxide layer form with and
on the Pd-enriched surface, thus confirming the ear-
lier work by Tomashov described above.3,23 Recent
work by Tjong and Chu45 investigated the same
parent alloy, but this time with Ru ion implanted on
the surface, and in sulfuric acid. They found that
the basic alloy with Ru does not passivate in the
0.5-M sulfuric acid solution, whereas the one con-
taining ion-implanted Ru atoms does. Furthermore,
XPS analysis of the passivated surface showed that Ru
is incorporated as Ru4þ species in the hydrated Cr
oxyhydroxide passive film formed on the Ru-
implanted Fe–24% Cr alloy, which is once again in
agreement with the results from Tomashov3 dis-
cussed above.

Biefer36 assessed the influence of several transition
metals, as well as additions of Pd and rhenium in
different concentrations to type 430 ferritic stainless
steel (17% Cr) in 0.5-M sulfuric acid at ambient
temperature (24 �C). The results indicate that the
addition of 0.46% Pd to 430 stainless steel resulted
in spontaneous passivation, but insufficient levels of
Pd (0.06–0.26%) increased the active corrosion rate
by a factor of as high as 10.

It was found that in 1-M hydrochloric acid (3.6%),
the additions of Pd to steel 430 were strongly delete-
rious, and increased the corrosion rate from a factor
of 10 to a factor of 30. Further, it was observed that
Pd was deleterious to the pitting corrosion of fer-
ritic stainless steels. However, at levels of 0.99%
Pd, 430 stainless steel appears to have a superior
corrosion resistance even to that of highly alloyed
austenitic stainless steels in concentrated sulfuric
acid at high temperatures.

Although Tomashov35 concluded that the addition
of 0.2% Pd to Fe–18% Cr steel was sufficient to result
in spontaneous passivation in 20% sulfuric acid at
20 �C, Biefer36 found that type 430 stainless steel with
an addition of 0.26% Pd did not passivate spontane-
ously in 0.5M sulfuric acid at 24 �C. A probable reason
for this discrepancy is the presence of relatively high
amounts of carbon and impurities in the 430 stainless
steel. Lizlovs and Bond46 showed, in measurements of
anodic polarization, that the performance of a standard
type-430 steel was surpassed by that of a 17% Cr steel
of high purity.

3.22.8.2 Addition of Noble Metals to
Fe–Cr–Mo Stainless Steels

Tomashov et al.47–49 investigated the corrosion char-
acteristics of several Fe–Cr stainless steels containing
molybdenum (2–3%) and Pd (0.1–0.5%) in sulfuric
acid (1–80%) at temperatures varying from 10 �C to
boiling point (about 100 �C). The results indicated
that, when molybdenum is added to an Fe–25% Cr
steel containing 0.3% Pd, the concentration and tem-
perature ranges in which the steels self-passivate in
sulfuric acid are narrowed.

According to them, the simultaneous alloying of
Fe–24% Cr with molybdenum and Pd leads to a
marked increase in the stability of the passive film in
sulfuric acid, because molybdenum is incorporated in
the passivating film on the steel, resulting in a more
protective surface layer.48 The shrinkage of the region
of passive behavior was also confirmed by Agarwala
and Biefer50 in their investigation of type-430 stain-
less steel, especially at high concentrations of sulfuric
acid. They found that type-430 steels with additions
of 3% Mo–0.5% Pd and 2% Mo–1% Pd had com-
paratively large regions of spontaneous passivity in
sulfuric acid up to concentrations of 25% at tempera-
tures near boiling point. They even passivated in the
presence of 2–3% sodium chloride in sulfuric acid
solutions at 24 �C, thus showing much more resis-
tance to chlorides than steels that contain only Pd.

The Tomashov group49 showed further that Fe–
18% Cr–2%Mo alloyed with 0.3% Pd self-passivates,
is corrosion resistant in 1–40% sulfuric acid at between
10 and 100 �C and has a lower corrosion rate than
commercial Fe–18% Cr–10% Ni stainless steel
under the same conditions.

Streicher17,51 also investigated the effect of addi-
tions of PGMs to an Fe–Cr–Mo alloy. Without these
additions, the rate of attack on an Fe–28.5%Cr–4%
Mo alloy in a 10% solution of boiling sulfuric acid
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was found to be �52 000mm year�1. Each of the six
added PGMs, when present in excess of a certain
minimum amount that varied from 0.005 to 0.2%,
passivated the Fe–28.5% Cr–4% Mo alloy in 10%
boiling sulfuric acid. The minimum concentration of
PGMs required to passivate the base alloy decreased
with an increase in the Cr content. Additions of a
PGM at a concentration lower than the required to
produce passivity actually increased the corrosion
rate as compared to that of Fe–28.5% Cr–4% Mo.
This was also observed by Biefer36 for Fe–17% Cr
(type 430 steel). Scheers et al.52 and McEwan et al.53

found that Fe–29% Cr–4% Mo–2% Ni with small
amounts of Ru also performed excellently in phos-
phoric acid solutions, and that Ru greatly enhances
the corrosion resistance of the base alloy. Further
work by Potgieter et al.39 on these Fe–29% Cr–4%
Mo–2%Ni alloys with various levels of Ru and silver
additions, as well as a partial copper substitution for
Ni, confirmed that excellent corrosion resistance can
be achieved against sulfuric acid solutions as concen-
trated as 30–40% at boiling point with decreases in
corrosion rates by a factor of 102 to 103. A level of at
least 0.2% Ru is required for a worthwhile and sig-
nificant corrosion resistance improvement, and silver
additions, even in much larger concentrations than
Ru, are not as effective as Ru to improve corrosion
resistance of the base alloy. Substitution of half of the
Ni with a similar amount of Cu does not seem to have
a major beneficial or detrimental effect, except in
severely aggressive conditions (40%H2SO4 at boiling
point), where the effect is decidedly detrimental.
This is shown in Table 2, which also includes a
value of a duplex stainless steel discussed further on
in this report.

The observation made by both Tomashov et al.48

and Agarwala and Biefer50 that the simultaneous

presence of Pd and molybdenum in Fe–Cr steels
promotes more stable passivity than the presence of
each individual element alone was confirmed by both
Streicher17,51 and Higginson.18 Higginson found that
Fe–40% Cr that had been alloyed with both 1.8%
molybdenum and 0.1% Ru passivated far more
quickly in sulfuric acid (0.5 M) than did an Fe–40%
Cr–0.1% Ru alloy. According to Tomashov et al.48

this is true not only for solutions of sulfuric acid,
but also for solutions of dilute hydrochloric acid
(1–3%). However, Higginson18 showed that the addi-
tion of 0.1% Ru to an Fe–40% Cr–1.8% Mo steel
could not cause the spontaneous passivation of the
alloy to occur in a solution of 0.5M hydrochloric
acid. The fact that Tomashov et al.48 could achieve
spontaneous passivation while Higginson could not,
can be attributed to different conditions in their
respective investigations.

The addition of molybdenum has different effects
on the corrosion resistance of Cr steels in the active
state in solutions of sulfuric and hydrochloric acid. In
solutions of sulfuric acid, the presence of molybde-
num reduces the corrosion rate, but in solutions of
hydrochloric acid, it increases the rate. The corrosion
potential in both acids of steel containing molybde-
num is more positive than that of steel without
molybdenum. This fact can be explained if it is
assumed that molybdenum not only retards anodic
dissolution, but also increases the effectiveness of
the cathode process owing to the reduced overvoltage
of hydrogen onmolybdenum. The predominant action
of molybdenum on the anodic process appears in solu-
tions of sulfuric acid but, in hydrochloric acid, where
passivation is hindered by the presence of chloride
ions, it is mainly the cathodic influence of molybde-
num that prevails. This leads to a marked increase
in the rate of dissolution of steel, because the

Table 2 Corrosion roles of a superferritic SS with various Ru and Ag additives in boiling sulfuric acid solutions

Alloy [H2SO4] %

10 20 30 40
Fe–29% Cr–4% Mo–2% Ni–0% Ru 0.0083 1.733 1.884 –

Fe–29% Cr–4% Mo–2% Ni–0.05% Ru 0.0012 0.0205 1.004 4 4687

Fe–29% Cr–4% Mo–2% Ni–0.10% Ru 0.0008 0.0031 0.421 9 4099

Fe–29% Cr–4% Mo–2% Ni–0.20% Ru 0.0006 0.0027 0.064 5 12.93
Fe–29% Cr–4% Mo–1% Ni–1% Cu–0.20% Ru 0.0152 0.0518 0.089 2 3550

Fe–29% Cr–4% Mo–0.20% Ru 0.2300

Fe–29% Cr–3% Mo–14% Ni–0.20% Ru 0.000

Fe–29% Cr–4% Mo–2% Ni–0.1% Ag 0.0227 3.719
Fe–29% Cr–4% Mo–2% Ni–0.5% Ag 0.0333 1.560

Fe–29% Cr–4% Mo–2% Ni–1.0% Ag 0.1183 0.4726
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effectiveness of the cathodic process on molybdenum
in hydrochloric acid is insufficient to bring the steel
into the passivated state. The simultaneous presence of
Pd andmolybdenum in steel produces a more effective
cathodic process48 and could possibly lead to passiv-
ation. Thus, in sulfuric acid molybdenum affects not
only the cathodic process (together with PGMs), but
also retards the anodic process. The combined influ-
ence of molybdenum and PGMs on the anodic and
cathodic processes of Fe–Cr stainless steel in sulfuric
acid is summarized schematically in Figure 4.

Streicher51 also carried out investigations into
the pitting corrosion of Fe–28% Cr–4% Mo alloys
to which PGMs in several halide media had been
added.

The results show clearly that Pd destroys the
pitting resistance in all of the three pitting solutions
tests, while rhodium impairs the resistance in ferric
chloride and the bromine–bromide solution. None of
the other four PGMs had any influence on the pitting
resistance in these media, except for Pt, which caused
failure in the bromine-bromide solution. No mecha-
nism was suggested as an explanation for these obser-
vations. Streicher concluded that, of the six PGMs
only iridium, osmium, and Ru can be used to produce
the passivity of stainless steels in sulfuric acid without
impairing their resistance to pitting corrosion in oxi-
dizing chloride and bromide environments. Recent

investigations by Sherif El-Sayed et al.54 on the
behavior of Fe–Cr–Ni–Mo–(0–0.3% Ru) in chloride
media confirmed the beneficial effect of Ru on the
pitting corrosion resistance of stainless steels.

As far as organic media are concerned, it was
found35 that the addition of 0.1% Pd to Fe–25% Cr
in a solution of 50% formic acid at 100 �C decreased
the corrosion rate of steel by a factor of approxi-
mately 60. An Fe–25% Cr–3% Mo steel is stable
under these conditions, both with and without Pd.

3.22.9 Cathodic Modification of
Fe–Cr–Ni Stainless Steels

Although the effect of cathodic alloying additives on
Fe–Cr–Ni stainless steels is not as dramatic as for
Fe–Cr steels, it can nevertheless bring about marked
improvement in the corrosion resistance of Fe–Cr–
Ni alloys, especially in fairly aggressive conditions.55

3.22.9.1 Addition of Noble Metals to
Fe–Cr–Ni Stainless Steels

The addition of 0.1–0.5% Pt, 0.1–0.9% Pd and 1.2%
Cu to Fe–18% Cr–9% Ni (an austenitic stainless
steel) in 20–40% sulfuric acid at 20 �C reduced the
corrosion of the Fe–Cr–Ni alloy by as much as
99.85%.17,56 The results also indicated that the effec-
tiveness of the alloying additions increased in the
order Cu < Pd < Pt.

An electrochemical investigation into the alloying
of Fe–25% Cr–6% Ni steel with Pd57 (0.1%, 0.2%,
and 0.5%) showed that the corrosion rate is reduced
by more than an order of magnitude in 20% sulfuric
acid at 100 �C over that for steel without Pd. How-
ever, steels containing Pd (0.1–0.5%) do not reach the
stable passive region, and continue to dissolve at a
considerable rate. The corrosion rate of Fe–25%
Cr–6% Ni–0.5% Pd in a solution of 10% sulfuric
acid at 100 �C is lower by a factor of 4 compared with
the steel without any Pd.

Tomashov35 also demonstrated that the addition
of 0.2% Pd to an Fe–18% Cr–10% Ni alloy greatly
reduced the corrosion of this austenitic stainless steel.
The substitution of part of the nickel by manganese
(Fe–18% Cr–2% Ni–8% Mn) produced an austen-
itic stainless steel with a corrosion performance that
was not nearly as good as that of a steel with 10%
nickel. The alloying of this manganese substituted
steel with 0.2% Pd rectified this impaired corrosion
resistance, and resulted in a steel with similar
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corrosion characteristics to that of an Fe–18% Cr–
10% Ni–0.2% Pd alloy.

A recent study by Peled and Itzhak58 into the
effect of silver, Pd, and gold on the corrosion behav-
ior of hot-pressed and sintered type 316 stainless
steel in 0.5-M sulfuric acid at 25 �C indicated that
the corrosion resistance of the base alloy could be
dramatically improved by additions of noble metals
Silver concentrations of less than or equal to 1%
improved the corrosion resistance of the sintered
stainless steel only for limited periods of exposure.
Pt additions of about 2% were found to be sufficient
to preserve the sintered stainless steel in the passive
state. However, high Pt contents (about 5%) resulted
in a tendency for the passive layer to break down.
Samples containing additions of gold at various con-
centrations (1–5%) exhibited clear anodic active-
passive transitions with a wide range of passivation.
The addition of 5% gold to the sintered stainless steel
caused the alloy to remain passive.

An interesting beneficial synergistic effect between
nickel and Ru was noticed by Streicher.51 Lower con-
centrations of Ru (0.1%) and nickel (0.1%) were
needed to passivated Fe–28% Cr–4% Mo in a 10%
solution of boiling sulfuric acid than the concentrations
of either Ru (0.2%) or nickel (0.25%) that were needed
when they were used alone. Although it seemed that
Higginson18 was unaware of that since he neither con-
firmed nor disproved it; he nonetheless found that
the addition of 1% nickel to a Fe–40% Cr–0.1% Ru
alloy resulted in an increase in the time needed for
the occurrence of spontaneous passivation in 0.5
M sulfuric acid. He also concluded that the inhibition
of the anodic dissolution reaction in sulfuric acid
was much greater for the alloy containing both nickel
and Ru than for that containing only 0.1% Ru. The
alloying of Fe–40% Cr–0.1% Ru with 1% nickel also
caused spontaneous passivation to occur approxi-
mately seven times faster in 0.5 M hydrochloric acid
than for the Fe–40%Cr–0.1%Ru alloy. Thus, while an
addition of 1% nickel to Fe–40% Cr–0.1% Ru was
advantageous and lowered the passivation time in
hydrochloric acid, the same did not apply when sulfu-
ric acid was used since the passivation time increased.
This synergistic effect between Ni and Ru was also
confirmed by Potgieter andKincer38 in sulfuric acid, in
their work on Fe–40% Cr–Ni–Ru alloys in 0.5
M hydrochloric and sulfuric acids. Their results indi-
cated that less expensive Ni can be substituted for Ru
to improve corrosion resistance effectively in sulfuric
acid, but not in hydrochloric acid.

As far as organic acid media are concerned, work
by theTomashov group35,55 indicated that an Fe–25%
Cr–6%Ni–0.1% Pd alloy in a solution of 50% formic
acid at 100 �C had a significantly reduced rate of
corrosion when compared with the alloy without Pd.
An alloy of 26% Cr–0.5% Ni to which noble metals
had been added (0.5% Pt and 0.5–1.0% Pd) could
withstand solutions of 50% formic acid and 10%
oxalic acid at 100 �C for better than a similar alloy
without the additions of any noble metals.

3.22.9.2 Addition of Noble Metals to
Fe–Cr–Ni–Mo and Fe–Cr–Mn–Ni
Stainless Steels

Investigations by Tomashov et al.35,55,59,60 into the
corrosion resistance of nitrided stainless steels
revealed than an addition of 3% molybdenum to
Fe–25% Cr–6% Ni steel in a solution of 30% sulfu-
ric acid at 20 �C produced a sufficiently stable alloy
in which the further addition of Pd (0.1%) did not
result in any significant improvement in the corro-
sion resistance.55 This occurs as a result of the fact
that molybdenum not only retards the anodic disso-
lution of steel, but also promotes the cathodic evolu-
tion of hydrogen. Passivation is thus caused by the
increased effectiveness of the cathodic process as well
as the inhibition of the anodic process.

The work of the Tomashov group also showed that
highly nitrided (0.7–0.9%) Fe–25% Cr–3% Ni–2%
Mo–Mn stainless steels to which 0.1–0.5% Pd had
been added had a very high corrosion resistance in
mildly aggressive conditions, such as in solutions of
20–40% sulfuric acid at 20–100 �C, as well as in solu-
tions of 1–3% hydrochloric acid at 20–50 �C.59 How-
ever, at least 0.2% Pd is needed for self-passivation
and high corrosion resistance to occur under more
aggressive conditions (2% or higher hydrochloric acid
at 50 �C or higher and 30% or more sulfuric acid at
50 �C or higher).55 In mildly aggressive media, the
corrosion resistance of the steel depends on the ability
of the molybdenum to cause self-passivation as a
result of the increased effectiveness of the cathodic
process and inhibition of the anodic process. The
simultaneous addition of Pd and molybdenum in a
stainless steel broadens the region of self-passivation
of the steel. The favorable influence of Pd on the
corrosion resistance of stainless steel is due primarily
to the cathodic modification of the steel and, in the
presence of molybdenum, to its beneficial effect on
the stability of the passive state.
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Results also indicated that Fe–25%Cr–6%Ni–3%
Mo–0.2% Pd that does not contain nitrogen could not
be passivated in a solution of hydrochloric acid. Only a
high nitrogen content (0.5% or more) leads to an
increase in the corrosion resistance and self-passivation
of these alloys in solutions of dilute hydrochloric acid
(2–5% hydrochloric acid at 50 �C).60 The positive
influence of nitrogen occurs as a result of its influ-
ence on the structure of steel. A high nitrogen
content creates a more homogeneous austenitic struc-
ture, and thus prevents the partitioning of Cr, molyb-
denum, and nickel in a two-phase austenitic–ferritic
structure. Steel containing Pd but no nitrogen cannot
be passivated in solutions of hydrochloric acid, appar-
ently owing to the heterogeneity of the structure,
which contains �40% ferrite. The presence of appre-
ciable amounts of both austenite and ferrite phases in
the alloy, which cause a galvanic interaction between
the two electrochemically different phases, is possibly
responsible for this observed corrosion behavior.

Work carried out by Tjong61 on Fe–24Cr–6V–Ru
(0–0.2%) and Potgieter62 on Fe–22% Cr–5%Ni–3%
Mo–(0–0.3%)Ru and having a very low nitrogen con-
tent, showed that in these ferritic steels Ru has a major
beneficial effect in increasing the corrosion resis-
tance of the base alloy towards attack by 1 M H2SO4

solutions. The effect increases by increasing the Ru
contents, and the Ru in all cases caused a shift in the
open-circuit corrosion potential towards more noble
values. Under conditions of active–passive transition
behavior, Ru additions also lowered the critical current
density required for passivation and lowered the
cathodic Tafel slope.

Tomashov et al.59 proved that Fe–Cr–Ni–Mn and
Fe–Cr–Mn alloys containing 0.5% Pd self-passivated,
and had a high corrosion resistance in solutions of 20%
sulfuric acid at 100 �C. However the steels containing
only 0.2% Pd did not self-passivate in solutions of
2 and 3% hydrochloric acid at 25 �C, and had a low
resistance to corrosion. Manganese shifts the complete
passivation potential of Fe–Cr steel to values that are
more positive, but to be a lesser degree than nickel. The
beneficial effect obtained when Cr steels are alloyed
with nickel and manganese can be ascribed to the fact
that they cause a smaller shift in potential to the posi-
tive direction upon complete passivation than occurs
when they are alloyed with nickel alone. The further
addition of nickel to Cr–Mn steels also lowers the
critical current density at the onset of passivation.
This permits better self-passivation, and a higher cor-
rosion resistance upon cathodic alloying.

3.22.9.3 Galvanic Coupling in Fe–Cr–Ni
Stainless Steels

Bianchi et al.63 investigated the galvanic coupling of
different stainless steels with sheet Pt in various non-
oxidizing acid solutions at various concentrations and
temperatures. For example, it was found that, in an
aerated solution of 38% sulfuric acid at 25 �C, types
316, 304, and 430 (a ferritic alloy) stainless steel
resisted corrosion when the ratio of the area of Pt to
that of the stainless steel was 1, 10, and 100, respec-
tively. This acquired corrosion resistance was attrib-
uted to the anodic protection of the stainless steels by
Pt, which is a more efficient cathode for the reduc-
tion of oxygen. This greater efficiency of Pt for the
reduction of oxygen shifted the potential of the stain-
less steel to a value in the passive range, thereby
enhancing the resistance to corrosion. The same
effect is observed when Pt is alloyed with steel, and
is known as a cathodic modification of the stainless
steel by the PGM. The galvanic coupling of two
austenitic stainless steels, AISI 304 (18% Cr–8%
Ni) and AISI 316 (18% Cr–8% Ni–2% Mo) with
Pt, was studied electrochemically by Kabi et al.64 in
solutions of 2 and 5 M sulfuric acid at 28 �C. They
confirmed that galvanic coupling with Pt enhanced
the corrosion resistance of both steels, since the criti-
cal current density was lowered at the onset of pas-
sivation, as was the passivating current density. The
corrosion potential of both alloys also shifted to a
more positive value.

3.22.10 Cathodic Modification of
Duplex Stainless Steels

The development of the duplex stainless steels (steels
containinga ferrite–austenitemixture)was first reported
by Bain and Griffiths65 as early as 1927. Duplex stain-
less steels combine the advantages of ferritic and aus-
tenitic stainless steels and, although a large amount of
data has been collected and published about duplex
stainless steels, very little work has been reported in
the literature about the addition of noble metals to
these steels.

It appears that Tomashov’s is the only group that
has carried out any work on the influence of the addi-
tion of noble metals on duplex stainless steels. Further-
more, it appears that their work on the addition of Pd
to duplex stainless steels was purely incidental, their
main thrust having been focused on the investigation of
the effect of Pd on the corrosion characteristics of
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highly nitrided austenitic stainless steel (some contain-
ing molybdenum as well) in non-oxidizing acid solu-
tions. The occurrence of two phases (ferrite and
austenite) in some highly nitrided austenitic stainless
steels also led to investigations of duplex stainless steels
that were alloyed with Pd.59

In one of the investigations by the Tomashov
group60 into the corrosion resistance of Fe–Cr–Ni
stainless steels in hydrochloric acid, two duplex stain-
less steels were produced with low levels of nitrogen
(0.03% or more). The Fe–25% Cr–6% Ni–3% Mo
alloy contained 30% ferritic phase, while the Fe–25%
Cr–6% Ni–3% Mo–0.2% Pd alloy contained 40%
ferrite phase. Both steels were found to corrode
actively in a solution of 3% hydrochloric acid
at 50 �C.

A higher corrosion rate was found in the duplex
steel containing Pd because, in conditions in which
the steel does not self-passivate and inwhich it corrodes
with the evolution of hydrogen, the presence of an
effective cathodic additive with a low hydrogen over-
voltage enhances the cathodic reaction and increases
the corrosion rate.

This investigation showed that duplex stainless
steels containing Pd cannot be passivated in a solution
of up to 3% hydrochloric acid at 50 �C because of the
heterogeneity of its structure. Both Cr and molybde-
num are powerful ferrite stabilizers, while nickel is
primarily an austenite stabilizer. Therefore, the distri-
bution of the different components in the two phases
differs by several percentage points as a result of
partitioning. The austenitic phase, being depleted of
Cr and molybdenum and enriched with nickel, expe-
rienced difficulty in achieving passivation.

In another paper on the corrosion resistance of
highly nitrided austenitic stainless steels alloyed with
Pd, Tomashov et al.59 produced some duplex stainless
steels that typically consisted of 18–25% Cr, 7–11%
Mn, �2% Mo, and nearly 1% N, with a varying
ferrite content of 36–50%. These steels were addi-
tionally alloyed with 0.1–0.5% Pd. No nickel was
present in any of theses alloys.

Corrosion tests conducted in solutions of 20–50%
sulfuric acid at 20–100 �C indicated that all the
duplex alloys containing Pd initially corroded inten-
sively after immersion and activation before they
became self-passivated. The time required for self-
passivation decreased with an increase in both the Pd
content of the steel and an increase in temperature,
but increased with an increase in the concentration of
acid (20–40% sulfuric acid). In a solution of 20%
sulfuric acid at 100 �C, only the steels containing

0.4% and 0.5% Pd self-passivated. This investigation
also showed that duplex stainless steels containing Pd
had a greater corrosion resistance in 2–3% hydro-
chloric acid at 20–50 �C than did similar cathodically
modified austenitic stainless steels.

Potgieter66 carried out an extensive investigation
into the corrosion behavior of different stainless steel
groups cathodically modified with Ru in sulfuric acid
solutions at various temperatures. Three groups of
low nitrogen duplex stainless steels were investigated,
namely Fe–22% Cr–3% Mo, Fe–29% Cr–3% Mo,
and Fe–35% Cr–3% Mo, with sufficient amounts of
Ni added to each group (9.14% and 18% respec-
tively) to ensure a fully duplex structure containing
approximately equal amounts of austenite and ferrite
in each case after suitable heat treatment. Varying
amounts of Ru, namely 0.1–0.3%, were added to each
of the base alloys in each group, yielding a total of
twelve alloys. One of the reasons for the selection of
the three groups was to determine whether the effect
of the Ru in inhibiting corrosion would become more
enhanced with an increasing Cr content in the alloy,
as was the case with the ferritic and superferritic
stainless steel. The choice of Ru was motivated by
two factors, that is, the fact that is was more effective
than Pd, and the huge excess being produced in
South Africa for which there is currently no alterna-
tive applications. The compositions of the various
alloys are given in Table 3.

The results obtained from mass loss tests indi-
cated that significant decreases in the corrosion
rates of duplex alloys could be obtained by the addi-
tion of small amounts of Ru to the base alloys. The
increase in the corrosion resistance was the most

Table 3 Chemical composition (%m/m) of the duplex

stainless steels investigated

Alloy Cr Ni Mo Ru

377 22.0 9.07 2.81 –

378 22.1 9.20 2.89 0.14
379 22.4 9.14 2.82 0.22

380 22.4 9.24 2.92 0.28

413 28.5 14.4 2.70 –

414 28.4 14.0 2.70 0.06
398 29.6 14.3 2.73 0.17

399 30.1 14.8 2.88 0.28

400 34.7 18.6 2.72 –
416 33.9 17.4 2.60 0.15

448 35.0 18.8 2.50 0.23

446 34.5 18.5 2.80 0.28

For each alloy the balance of the composition is made up of Fe.
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pronounced in the alloy group with the lowest Cr and
nickel content. Electrochemical measurements indi-
cated that the corrosion potentials of all the alloys
containing Ru were raised to more noble values in
sulfuric acid solutions. Under conditions where the
alloys passivated spontaneously, a decrease in cathodic
Tafel slopes occurred. When the alloys were actively
corroding, Ru additions decreased the critical aswell as
the passive current densities of all three groups of
alloys. Increasing acid concentrations and tempera-
tureswere found to increase the corrosion rates, critical
current densities and passive current densities of all the
alloys investigated. At the same time a lowering in the
corrosion potential occurred for each individual alloy
with increasing severity of the corrosive environment.
In contrast to commercial duplex stainless steel, where
the potential of the specimen with respect to the envi-
ronment determines the phase thatwould preferentially
corrode, only the ferrite phase corroded preferentially
in these low nitrogen duplex alloys through a range of
active to passive potentials investigated.

The effect of the various acid concentrations and
temperatures used in the investigation on the different
duplex stainless steel group can best be described
by the compiled isocorrosion curves presented in
Figure 5. Areas to the left and below each curve
indicate the conditions where stable (spontaneous)
passivation occurs, while areas to the right and above
each curve indicate active corroding conditions. The
beneficial effects of increased Cr and nickel additions
in improving the corrosion resistance between each of
the groups of duplex stainless steels are clearly visible,
while the beneficial effect of increasing Ru additions in
each group can also be easily distinguished.

3.22.11 Surface Alloying with PGMs

Unlike bulk alloying, which requires the introduction
of a considerable amount of a noble-metal compo-
nent to obtain a protective effect, surface alloying
seems to be a more economical way to achieve the
same purpose. It is therefore not surprising that a fair
amount of research has been conducted to establish
the corrosion resistance of various alloys with PGM
surface coatings.

3.22.11.1 Cathodically Modified Cr
Coatings

Tomashov et al.67 showed that the corrosion resis-
tance of electrolytic Cr plating could be substantially

increased in solutions of nonoxidizing acids when
Cr and Pd were deposited layer by layer. Small
additions of Pd (1–3%) significantly increased the
corrosion resistance of Cr coatings in solutions of
20% sulfuric acid and 5–10% hydrochloric acid.
The sequence of alternating Cr and Pd layers, as
well as subsequent heat treatment (annealing) after
plating, also influenced the corrosion characteristics.
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Figure 5 Isocorrosion curves of different duplex stainless
steel group with varying Ru concentrations (i) 22% Cr–9%

Ni–3% Mo (a¼0% Ru; b = 0.1% Ru; c¼0.2% Ru;

d¼¼0.3% Ru); (ii) 29% Cr–13% Ni–3% Mo (a¼ 0% Ru;

b¼0.1% Ru; c¼0.2% Ru; d¼0.3% Ru); and (iii) 35%
Cr–17% Ni–3% Mo (a¼ 0% Ru; b¼ 0.1% Ru; c¼0.2% Ru;

d¼0.3% Ru).
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3.22.11.2 Surface Alloying in Fe–Cr Alloys

When Fe–27% Cr is surface alloyed with Pd (0.1–
0.5 mm) by an electroplated coating followed by
annealing, it acquires a high resistance to corrosion
in solutions of 20% sulfuric acid at 100 �C.68–70

While steel that does not contain Pdwas nonresistant,
the corrosion rate in the coated steel decreased by
several orders of magnitude. The annealing of the
samples did not hinder the corrosion resistance, despite
the diffusion of a considerable amount of Pd into the
base metal. In milder conditions, the introduction of
less Pd into the surface layer is even sufficient to
prevent corrosion. It was calculated69 that the minimum
amount of Pd that is necessary per unit surface area to
impart corrosion resistance is about 0.1 g m�2, which
corresponds to mean Pd layer thickness of �10 nm.

The electrospark method of coating68–70 yields
similar results for corrosion resistance in Fe–27%
Cr, and may offer a convenient method for increasing
the corrosion resistance of large structures that can-
not be electroplated with Pd in baths.

Agarwala and Biefer50 agree with the Tomashov
group that the surface deposition of Pd appears to be
a relatively inexpensive way of obtaining good corro-
sion resistance in stainless steels. They found that the
deposition of Pd from a Pd chloride solution onto type
430 stainless steel and type 430 stainless steel plus 2%
molybdenum cause the specimens to passivate sponta-
neously when exposed to 0.5-M sulfuric acid. The
molybdenum-bearing steel was more readily passivated
than the molybdenum-free steel. They concluded that
this behavior supports statements that Pd enriched the
surface of an alloy during the initial period of corrosion.

3.22.11.3 Surface Alloying Fe–Cr–Ni
Stainless Steel

Work on the cathodic alloying of Fe–Cr–Ni stainless
steel surfaces was first carried out by Bianchi et al.71

who electroplated a Fe–19% Cr–11% Ni alloy with
Pt. They concluded that, even with a Pt coverage of
as low as 20mg m�2, the Pt provides efficient protec-
tion of the stainless steel in solutions of concentration
up to 75% H2SO4 at 25 �C. They attributed this
greater corrosion resistance of the stainless steel to
two factors. First, Pt is a more efficient cathode for
the reduction of oxygen than is stainless steel and,
second, the selective deposition of Pt in the form of
small round particles (�0.01mm in diameter) blocked
the most active sites of the stainless steel surface.
Electron microscopy was carried out on thin-film
samples, and provided evidence for the selective

electrodeposition of Pt at emerging dislocations and
grain boundaries.

Tomashov et al.68,72 investigated this possibility
using two different methods of applying Pd to the
surface of an Fe–18% Cr–10% Ni alloy, namely
electrolytic plating, and electrospark alloying. The
Fe–18%Cr–10%Ni alloy with electrolytically depos-
ited coatings of Pd (0.1–5mm) acquire high corrosion
resistance in a solution of 20% sulfuric acid at 100 �C.
Under less aggressive conditions, even less Pd is
required in the surface layer to protect the steel
from corrosion. When the Fe–18% Cr–10% Ni
stainless steel was modified by electrospark alloying,
stable passivity was once again obtained. When an
Fe–40% Cr–0.2% Pd alloy was used for the coating,
the concentration of Pd on the surface of the Fe–18%
Cr–10% Ni steel was �1%, which increased to
between 12 and 18% as self-passivation was estab-
lished. It was found that spark alloying with this
combined Cr and Pd alloying addition produced
better resistance against corrosion than that obtained
when alloying was carried out with Pd alone. How-
ever, electrolytic deposition produced a smoother
more continuous coating than was produced by
spark alloying.

In acid solutions (20% H2SO4 at 100 �C), the
simultaneous presence of a specimen of carbon
steel, which dissolves with the evolution of hydrogen,
causes the potential of the specimen coated with Pd
(1 mm) to shift towards a more negative value, and
causes the stainless steel to dissolve actively. This
situation arises irrespective of whether or not there
is contact between the carbon steel and the stainless
steel coated with Pd.

Potgieter and van Bennekom73 investigated the
corrosion behavior of 316 austenitic stainless steel
electrolytically plated with silver and heat treated
to diffuse the silver into the material in various sul-
furic acid solutions at temperatures of 25, 45, and
75 �C.Table 4 gives an indication of the performance
of the base and plated alloys in the various H2SO4

solutions. As can be expected, the best corrosion
resistance was observed in the solutions at 25 �C,
while the most severe corrosion occurred in the solu-
tions at 75 �C. The silver plated alloy by far out-
performed the unplated base alloy under all test
conditions, and caused a marked improvement in
corrosion resistance. Furthermore, silver has the
advantage that it is substantially cheaper than Ru,
almost by a factor of 10.

Potgieter et al.74 investigated the effect of Ru eva-
porated by an electron beam onto an Fe–22% Cr–9%
Ni–3% Mo duplex stainless steel on the corrosion

2240 Non-Ferrous Metals and Alloys

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



resistance of the alloy in 10%H2SO4, and compared it
with that of a bulk alloyed sample containing 0.2% Ru.
It was found that the two alloys performed similarly
and that both had improved corrosion resistance com-
pared to the base alloy without any Ru addition to it.

The main features of the influence of noble-metal
additions on the corrosion resistance of the various
alloy systems are summarized in Table 5.

3.22.12 Summary of the Effect of
PGMs and other Noble Metals on the
CorrosionResistanceofCr-BasedAlloys

From the above discussion, it can be concluded that
cathodic alloying additives (PGMs) greatly increase
the corrosion resistance of Cr in nonoxidizing acid
environments. The processes of active dissolution

and passivation of cathodically modified Cr can be
satisfactorily interpreted from a comparison of the
different electrochemical processes; the anodic pro-
cess on Cr, and the process on the cathodic compo-
nent. It is also evident that the corrosion resistance of
Fe–Cr stainless steels can be significantly increased
in nonoxidizing media over a large range of concen-
trations and temperatures by small additions (0.5% or
less) of PGMs. The amount of PGMs needed to
produce passivity in Fe–Cr alloys can be decreased
by an increase in the Cr content. When molybdenum
is also present in the base alloy, a further beneficial
synergistic effect between molybdenum and the
PGMs can decrease the concentration of the PGMs
needed for stable passivity even further. The pitting
corrosion resistance of Fe–Cr–Mo steels can be
impaired by some of the PGMs. The use of various
methods for surface alloying has also proved

Table 4 Electrochemical parameters of surface alloyed and nonsurface alloyed 316 SS at 25 �C

H2SO4

(%)
Nonalloyed with Ag Surface alloyed with Ag

icrit
(A cm�2)

icorr
(A cm�2)

Ecorr

(mV)
icrit
(A cm�2)

icorr
(A cm�2)

Ecorr

(mV)

1 37.1 12.84 21.1 6.18

10 28.48 102 11.15 264
20 87.4 37.41 �310 42.6 13.43 285

30 99.6 90.91 �120 63.3 24.30 280

Table 5 Main features of the influence of noble metal additions on the corrosion resistance of various alloy systems

Alloy system H2SO4 HCl

Ductile chromium 5–98% at boiling point 5–15% at boiling point

0.1% PGM additions cause a decrease in the corrosion rate by a factor of 105 or more

Decreasing order of effectiveness of PGMs: Ir > Rh > Ru > Pt > Pd > Os.
Ferritic stainless

steels

20–30% at 25 �C. Additions of <0.5%

PGMs decrease the corrosion rate by

as much as 99.85%
Synergistic beneficial effect on corrosion rate if both a PGM and Mo are present in an alloy.

Effect of PGM on corrosion rate increase with increasing chromium content (above 25% in an alloy).

Fe–40% Cr–0.2% Pd even more resistant than Hastelloy alloys in

10–50% at boiling point 1% at boiling point
Ru a better cathodic additive than Pd. Insufficient cathodic additive accelerates corrosion

Behaviour of PGM alloyed ferritic SSs different in HsSO4 and HCl media.

Austenitic

stainless steels

Effect of PGM additions not as dramatic as for ferritic stainless steels, but increase corrosion resistance

nonetheless, especially in fairly aggressive conditions. Synergistic beneficial effect on corrosion rate
if both a PGM and nickel are present in an alloy.

Also possible to enhance corrosion resistance by galvanic coupling with Pt.

Duplex stainless

steel

3% at 50�C.
Alloys with low nitrogen content corrode actively even with
PGM additions.

20–50% at 20–100 �C 2–3% at 20–50�C
PGM additions (0.5%) cause self-
passivation

Highly nitrided manganese substituted duplex SSs with
PGM additives more resistant than similar cathodically

modified austenitic SS
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successful in reducing high corrosion rates, and simi-
lar results to those achieved by use of bulk alloying
can be achieved in increasing the resistance to corro-
sion. However, long-term assessment has to be car-
ried out on surface alloying before any conclusive
judgment can be reached.

Similarly, the alloying of multicomponent stain-
less steels with Pd can also lead to a significant
increase in the corrosion resistance of such steels
especially in more aggressive environments. How-
ever, the corrosion resistance of these steels also
depends, to a large extent, on the presence and com-
bination of other components, for example, molybde-
num, manganese, and nitrogen.

The work carried out by Tomashov et al.59,60

provides some insight into the corrosion behavior of
cathodically modified duplex stainless steels. The
effect of the addition of Ru on the corrosion mecha-
nism and the corrosion of each phase in duplex stain-
less steels were further investigated by Potgieter,66 who
found that the increase in corrosion resistance was the
most pronounced in the alloy groupwith the lowest Cr
andNi content. Furthermore, it was shown that the Ru
additions lowered the cathodic Tafel slopes, the critical
current densities required for passivation and only
the ferritic phases underwent preferential dissolution
under conditions of active corrosion.

Evidence indicates that, for all cathodically mod-
ified alloys of titanium, stainless steel, and Cr, there is
an enrichment of the PGMs on the surface of the
alloy at the onset of passivation. It seems that, in all
cases, the enrichment of the surface of the alloy
during the corrosion process can be explained as
being due to a diffusion mechanism.

3.22.13 The Nature of the Passive
Film on Cathodically Modified Alloys

There are various ways in which the corrosion resis-
tance of an alloy can be improved. The formation of
stable oxide layers constitutes one such method.
Stainless steels owe their corrosion resistance largely
to the formation of passivating oxide layers on the
surface of the alloys. However, the effect of PGMs
and/or their incorporation in stainless steels on the
composition of the passive surface layer has not yet
received much attention.

Initially, there is an atmospheric oxide film present
on the surface of the cathodically modified alloy.75

Auger analyses have indicated that the composition
and structure of the passive film on some cathodically

modified alloys are similar to those on other stainless
steels.76 It is accepted that the less noble components
of stainless steel, for example Cr and iron, oxidize the
fastest during the initial stage of active dissolution,
thus leaving the noble metal atoms originally present
in solid solution as adatoms on the surface of the alloy.
Since the noble metal atoms do not oxidize at the low
potentials normally encountered during active disso-
lution, they accumulate on the surface of the alloy.
Once a sufficient quantity has accumulated, it can
cause spontaneous passivation of the alloy to occur.
Although there is ample evidence from various
sources11,23,32,55,75–77 that there is an accumulation of
the cathodic component, present in solid solution in
the alloy, on the surface of the alloy during the first
few minutes of active dissolution, before the passive
state is established, very little is known about the
nature of the passive film itself, and only a few inves-
tigations have been carried out.

3.22.14 Russian Studies

Tomashov et al.60 concluded that, in the absence of
preliminary etching, Pd which is originally present in
solid solution in the alloy, is incorporated into the
passive film formed on a Fe–25% Cr–6% Ni–3%
Mo–N–0.2% Pd alloy after exposure in HCl, but
that in the case of preliminary etching in the active
region, Pd accumulates on the surface of the alloy in
the form of an independent phase. Furthermore, it
seems that Pd increases the stability of the passive
film. It was also found that the simultaneous presence
of Pd and molybdenum in an Fe–25% Cr–2% Mo–
0.3% Pd alloy in nonoxidizing acids promotes more
stable passivity than do either Pd or molybdenum
alone.48 This is attributed to the direct influence of
molybdenum on the anodic process, as well as the
assumption that molybdenum was incorporated in
the passivating film on the steel.

Tomashov et al.77 also determined that an Fe–25%
Cr alloy to which Ru is added, passivated easier in
5–50% H2SO4 and 1–5% HCl at 50–100 �C than did
a similar alloy with an equal Pd content.

Electron microscopy indicated that the surface
layer on the Fe–25% Cr–2% Pd alloy consisted
mainly of a chromic oxide (Cr2O2) film with metal-
lic Pd precipitates, while no metallic Ru particles
were detected in the chromic oxide film on the
surface of the Fe–25% Cr–2% Ru alloy. On this
basis it was concluded that one of the reasons for
the better resistance of the Ru-containing alloy as
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compared to the Pd-containing one, was due to the
fact that a large fraction of the accumulated Ru was
not present in the form of an independent phase,
but was included in the composition of hydroxide
and oxide layers that had formed on the surface of
the alloy, thereby increasing the resistance of these
layers.

A detailed electronmicroscopy study, by Tomashov
et al.23 of the accumulation of Pd on the surface of an
Fe–25% Cr steel during active corrosion in H2SO4

revealed that the particle size of the accumulated Pd
depends on the temperature at which dissolution took
place, as well as on the Pd concentration in the steel.
This was confirmed by Higginson et al.,76 who also
found that the concentrations of Ru were higher on
the passive surfaces of Fe–40% Cr–0.1% Ru alloys
than on the passive surfaces of Fe–40% Cr–0.2% Ru.
He furthermore established that the accumulation
of Ru on the surfaces of Fe–40% Cr–(0.1–0.2%) Ru
also depended on the kind of acid in which corrosion
took place.

The composition and morphology of the passive
surfaces of the cathodically modified alloys studied
by Higginson et al.76 are those predicted by Picker-
ing22 in his review of selective dissolution for alloys
containing low concentrations of the noble metal.
These results in addition confirm that the chloride
ion tends to produce a coarser distribution, thus sup-
porting the suggestion that the chloride ion increases
the rate of surface diffusion of Ru during selective
dissolution.

3.22.15 The Fe–40%Cr–PGM System

Although Higginson et al.76 detected Ru with Auger
analysis in the Fe–40% Cr–(0.1–0.2%) Ru alloy after
spontaneous passivation in 0.5 M HCl and in the Fe–
40% Cr–0.1% Ru alloy after spontaneous passivation
in 0.5 M H2SO4, they only concluded that the enrich-
ment in Ru occurred at the metal oxide film interface,
without elaborating on the possible inclusion of the
Ru in the passive film. Finer detail about the precise
nature of the passive film on Fe–40% Cr–Ru alloys
was obtained in a study by Tjong.61 Tjong confirmed
observations by Higginson et al.76 that more Ru is
present on the surface of the Fe–40% Cr–0.1% Ru
alloy after spontaneous passivation in 0.5 M HCl than
in the case of the alloy containing 0.2% Ru and
ascribes this to the fact that active dissolution preced-
ing passivation of the 0.1% Ru alloy in 0.5 M HCl is

faster than that of the Fe–40% Cr–0.2% Ru alloy. As
a result, larger amounts of Ru adatoms are accumu-
lated on the surface of the alloy containing 0.1% Ru
than on that of the alloy containing 0.2% Ru. In both
alloys passivating spontaneously in 0.5 M HCl, con-
siderable enrichment of Cr as well as Ru occurs in the
passive films. Tjong61 estimated that the thickness of
the passive film on the Fe–40% Cr–0.2% Ru alloy,
after spontaneous passivation in 0.5 M HCl,
was �3.2 nm.

Tjong61 also agrees with Higginson et al. 76 that
Ru is only incorporated in the passive film of the
Fe–40% Cr–0.1% Ru alloy after spontaneous passiv-
ation in 0.5 M H2SO4 and could not be detected for
the Fe–40% Cr–0.2% Ru under similar conditions.
However, when X-ray photoelectron spectroscopy
(XPS) was used, the presence of Ru in the passive
film on Fe–40% Cr–0.2% Ru after passivation in
0.5 M H2SO4 was detected in the form of Ru4þ.
Tjong61 concluded that it is likely that both Ru
hydroxide as well as RuO2 may be present in the
passive film. It was pointed out earlier by Tomashov
et al. 77 that in Cr steel containingRu, that theRu tends
to be incorporated into the hydroxide or oxide layers
formed on the Cr steel. The presence of Ru4þ was also
detected in the passive films formed on Fe–40%
Cr–0.1% Ru after exposure to 0.5 M H2SO4 and both
Fe–40% Cr–0.1% Ru and 0.2Ru after spontaneous
passivation in 0.5 M HCl. Tjong61 thus proved that
Cr and Ru are both incorporated in the passive films
formed spontaneously on the Fe–40% Cr–0.1% Ru
and Fe–40% Cr–0.2% Ru alloys in both hydrochloric
and sulfuric acid solutions as Ru4þ and Cr3þ species.
Further evidence for the incorporation of Ru into the
passive film as Ru2þ species, comes from the work of
Kato and Sakaki31 who investigated the passivation of
Cr–Ru materials in sulfuric acid with AES and XPS.

In another study of the Fe–40% Cr alloy system,
Tjong78 found a remarkable difference in the nature of
the passive films formed on an Fe–40% Cr–0.2% Pd
alloy that passivated spontaneously and under poten-
tiostatic control in 0.5 M HCl at 25 �C. A comparison
of the AES composition depth profiles as well as in the
[Cr]/[Cr] + [Fe] concentration ratios with sputtering
time reveals that there is a marked difference in the
composition of the passive films formed under dif-
ferent conditions. The passive film on the Fe–40%
Cr–0.2% Pd alloy that underwent spontaneous passiv-
ation in 0.5 M HCl was estimated to be 2.4 nm thick
and was enriched in Pd relative to Cr. The enrichment
of Pd was responsible for the occurrence of spontane-
ous passivation. In the passive film formed on this same
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alloy under potentiostatic control at 220mV for 40min,
strong enrichment in Cr was found. No Pd was
incorporated into this passive film. XPS measurements
on both passive surfaces indicated that the Pd is present
in the spontaneously passivated film as Pd2þ, whereas
Cr is present as Cr3þ. This is a significant finding
which indicates that there is a difference in the type
of oxide formed by different PGMs when spontaneous
passivation of Fe–40% Cr–0.2%PGM alloys occur in
0.5 M HCl.

In another investigation79 of the passivation of Fe–
40% Cr–(0.1–0.2)% Pt alloy in 0.5 M HCl at 25 �C,
Tjong79 found that the passive film that formed on
these alloys is extremely thin, that is, �1.6 nm.
Although Auger spectra did not detect the presence
of Pt in the passive surfaces of the Fe–40Cr–Pt sys-
tem, XPS measurements revealed the existence of the
Pt-passivating species and the fact that the surface
film contains two Pt species, that is, Pt2þ and Pt0

(metallic Pt).

3.22.16 Other Quaternary and
Ternary Fe–Cr Alloys with PGMs

Tjong80 also investigated the passivation characteris-
tics of an FeCrNiMoRu ferritic stainless steel con-
taining 22% Cr, 5% Ni, 3% Mo, and 0–0.3% Ru in
0.5 M HCl at 25 �C. XPS analysis of the passive film
on the FeCrNiMo alloy containing 0.3% Ru after
spontaneous passivation in 0.5 M HCl showed the
presence of three molybdenum species, namely Mo0,
Mo4þ, and Mo6þ, in the passive film. The presence of
molybdenum in the spontaneously formed passive
film indicated that the film is thin enough to allow
escape of photoelectrons ejected from the substrate
alloy through the film. It was also found that nickel
and Ru were absent and did not accumulate in the
passive film.

Auger and XPS analyses on passivated films on
Fe–24% Cr containing sputter-deposited Pd and
exposed to 0.5-M HCl, revealed that a thick Cr
oxide layer formed on the Pd enriched surface of
the alloy.44 XPS analysis of a similar base alloy con-
taining ion implanted Ru after exposure to 0.5 M
H2SO4 showed that Ru is incorporated as Ru4þ in
the passive film formed on the alloy.

Studies by Potgieter et al.81 and Baradlai et al.82 on
Fe–22% Cr–9% Ni–3% Mo–(0–0.3%) Ru alloys
spontaneously passivated in 1–20% sulfuric and 1–2%
hydrochloric acidwith in situ radiotracer methods, AES
andXPS analyses, indicate a strong bisulphate/sulphate

accumulation on the alloys’ surfaces that is related to
the redistribution of themain alloying elements (Cr,Ni,
Mo), as well as Ru, in the surface oxide films formed on
the steels. The steel containing 0.3% Ru which passi-
vated spontaneously in the HCl showed a significant
enrichment of Mo. Cr seems to be mostly present as
Cr2O3 (deeper region) or Cr(OH)3 (outermost range).
Various types of iron oxides (Fe3O4, Fe2O3 and FeO
(OH)) were also observed. The Fe3O4 and Cr2O3 con-
tents were higher in the samples containing Ru than in
those without it. Another investigation by the same
group83 using ordinary type-316 stainless steel and a
316 alloy containing 0.5%Ru, shows that after exposing
it to HCl and H2SO4, selective dissolution of the less
noble components occur first, while the majority of the
surface defect sites are occupied by Cr, Ni, Mo, and Ru
species. The enhanced protection and stability of the
passive layers on the 316þ 0.5% Ru are most likely
related to the changes in the chemical state and redistri-
bution of these alloying elements on the surface.
Myburg et al.84 compared the surface composition of
passive layers of an Fe–22% Cr–9% Ni–3% Mo with
andwithout 0.3%Ru after passivation in 0.1MHCl and
1 M H2SO4 with each other after AES and XPS ana-
lyses, and concluded that the passive film of the alloy
having a Ru addition contained more Cr2O3 and Fe2þ

than Cr(OH)3 and Fe3þ, than was found for the alloy
without Ru. Their observations correlated with the fact
that Ru and Ni act as blocking agents and therefore
increase the probability to form a stable passive layer.

Olefjord and Elstrom85 have reported that the
beneficial effect of nickel is not connected with the
occurrence of this metal in the passive film. Instead
the accumulation of nickel in the underlying alloy
surface decreases the dissolution rate in the active
condition and thereby enhances the formation of
the anodic passive film.86 It has been pointed out
previously by Tomashov et al.87 that Ru blocks lattice
point defects during active dissolution and thereby
decreases the dissolution rate of Cr from the active
sites. It is believed that molybdenum exhibits similar
blocking characteristics. It is therefore clear that Mo,
Ni, and Ru are competing species in promoting self-
passivation. The absence of Ru from the XPS spectra
can be explained by taking into account the fact that
the molybdenum concentration is �10 times higher
than that of the Ru. Therefore, the molybdenum
adatoms presumably blocked the majority of the
active surface sites prior to passivation, while only a
small number of defect sites are blocked by Ru ada-
toms. After spontaneous passivation the molybdenum
adatoms were incorporated into the film as Mo4þ and
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Mo6þ species. The XPS measurements also showed
that the outermost zone of the passive film that
formed on the spontaneously passivated FeCrNiMo
alloy with 0.3% Ru consists of Cr and molybdenum
hydroxides.

In another investigation on the corrosion behavior
of a Fe–24% Cr–6% V alloy containing various
amounts of Ru (0.12–0.35%), Tjong88 concluded
from the Auger spectrum that Ru was absent in the
passive film on the alloy that passivated spontane-
ously in 5% HCl solution at 25 �C. This was in
contrast to what was found for a spontaneously passi-
vated Fe–40% Cr–0.2% Ru alloy in 0.5 M HCl,
where Ru was detected in the passive film. However,
the Auger spectrum does show the presence of both
Cr and vanadium in the spontaneously formed pas-
sive film. It therefore seems that the presence of Ru in
the passive film not only depends on experimental
conditions, but also on the alloy composition and the
presence of other alloying elements.

According to Tjong,88 the absence of Ru in the
spontaneously formed passive film on the Fe–25%
Cr–6% V–0.35% Ru alloy can be explained in terms
of the competition between vanadium andRu in block-
ing the surface-defect sites of the lattice. Because the
concentration of vanadium is about 20 times greater
than that of Ru, most of the surface defect sites are
blocked by vanadium rather than Ru. It was also found
that both Cr and vanadium were enriched in the pas-
sive film formed on this alloy. The thickness of the
passive film was estimated to be approximately 1.8 nm.

Peled and Itzhak89 investigated the nature of the
passive films on hot pressed and sintered 316 stainless
steel containing Cu, Au, Pd, and Pt additions of
various concentrations after spontaneous passivation
occurred in 0.5 M H2SO4. Auger spectroscopy indi-
cated a maximum in the molybdenum concentrations
at a depth of about 0.6 nm in all the passive steel
samples, regardless of the composition. These obser-
vations mean that molybdenum is accumulated in
the passive film. Furthermore, it was found that the
oxide-film thickness of passive samples containing
Au, Pd, and Pt was about 12–15 nm as compared to
about 2–3 nm for passive sintered 316 stainless steel.
This was ascribed to the low cathodic overpotential
of Au, Pd, and Pt which enhance hydrogen evolution
in the cathodic areas and promote the creation of a
passive oxide layer in the anodic areas, thus result-
ing in a thicker oxide film. However, marked enrich-
ment of copper was found on the surface of the
passive, Cu-containing, sintered stainless steel sam-
ples after exposure to H2SO4, while only a slight

surface enrichment of the noble alloying elements
was observed in the passive samples containing Au,
Pd, and Pt.

3.22.17 Summary of the Current
Observations about the State of Passive
Film Compositions on Cathodically
Modified Alloys

The following statements can be made to summarize
the current state of knowledge regarding passive films
formed in reducing acid media:

i. Accumulation of PGMS originally present in
solid solution in the alloy occurs on the surface
of the alloy during the initial dissolution period.

ii. Alloying elements such as Mo, V, and Ni can
compete with the PGMs in blocking active sur-
face sites during the initial stage of the corrosion
process. This might result in the PGMs not
being detected in the formed passive film, espe-
cially if the concentration of the other alloying
elements is significantly higher (>10�) than
that of the PGMs.

iii. The amount, particle size, and morphology of the
accumulated PGM on the surface alloy depend
on the temperature at which the dissolution
occurs as well as the medium in which it is taking
place. Greater amounts of PGMs are found on
surfaces of alloys that corroded in HCl than on
those that were placed in H2SO4. This is attrib-
uted to increased surface-diffusion rates of the
PGM adatoms in the presence of Cl� ions.
Another factor that influences the accumulation
of PGMs on the alloy surface is its initial concen-
tration in the alloy. In alloys with lower PGM
concentrations, active dissolution occurs faster
and results in more adatoms accumulated on the
final passive surface.

iv. There is a difference in the passive films formed
spontaneously and those formed under potentio-
static control. In the former case the PGM is
incorporated in the passive film as an oxide,
while in the latter case it is not, and is only
present in an accumulated metallic form.

v. Different PGMs form different types of oxides on
passivated surfaces. Ru occurs as Ru4þ in the
passive film after spontaneous passivation in
HsSO4 and HCl, while Pd is incorporated into
the passive film as Pd2þ after spontaneous passiv-
ation of the same base alloy in HCl, or occurs in
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the Pd0 form on the surface. Pt can occur in both
the Pt2þ and Pt0 states in the passive film.

vi. Determinations of the thicknesses of the passive
films formed on cathodically modified stainless
steels were carried out on a limited number of
ferritic stainless steels that passivated spontane-
ously in HCl. Vast opportunities exist to extend
this kind of investigations to other stainless steels
in the same or different media (e.g., in H2SO4)
under a variety of conditions. Such an endeavor
would shed more light on the role of PGMs and
other alloying elements in enhancing the corro-
sion resistance of cathodically modified alloys.

3.22.18 Noble Metal Corrosion
Resistance in Reducing Acids

Before closing this chapter, it is necessary to briefly
take cognizance of the corrosion resistance of pure
PGMs and other noble metals under reducing con-
ditions (typically in hydrochloric and sulfuric acid
solutions) to complete the description and under-
standing of their effects in various alloying systems
exposed to such reducing acid conditions. The inter-
est in recent times and the latest information is a
result of renewed interest in the use of PGMs and
their respective alloy or oxides combinations in vari-
ous anode configurations for the chlorine–alkali
industry for the electrolytic manufacture of chlorine,
as well as the use of PGMs in fuel cell applications.

3.22.18.1 Hydrochloric Acid

Kuhn and Wright90 quoted evidence that the electro-
chemical behavior of platinum (Pt) in strong hydro-
chloric acid solutions can be ascribed to a PtCl6
corrosion product that changes to PtCl4 after passiv-
ation. Other sources quoted by Kodera et al.91 con-
firmed that in the presence of Cl� ions, Pt dissolves
as the PtCl2�4 or PtCl2�6 complex. Apparently the
specific adsorption of chloride ions on the electrode
surface begins immediately after hydrogen desorp-
tion. In the same report it is mentioned that iridium
(Ir) resist corrosion more than Pt and that it dissolved
as IrCl3�6 and IrCl2�6 if the HCl concentration in
solution is stronger than 3 M. Ru corrodes more
readily than Pt and Ir, and Llopis and coworkers92,93

have found that RuO4 was formed on ruthenium (Ru)
electrodes which partially dissolved, presumably as
H2RuO5, during anodic CV sweeps in hydrochloric
acid solutions.

Sandenbergh and van der Lingen94 calculated
Pourbaix diagrams for Pd–Cl–H2O and Ru–Cl–
H2O systemswith 250 g l�1HCl using Stabcal software
with the NBS and Uncritical databases and found that
Ru should only oxidize (corrode) at potentials more
positive than 0.347 V (vs. SHE) or 0.106 V (vs. SCE),
while for Pd the values should be more positive than
0.180 V (vs. SHE) or �0.061 V (vs. SCE). Their exp-
erimental results were in excellent agreement with
these theoretical predictions, thus lending credibility
to their reported values of 3.6� 10�6 and 2.8� 10�3

A cm�2 for the exchange current densities of Ru andPd
in 25% (m/m) HCl, respectively. These authors cau-
tioned though that the values that were obtained are
dependent on prior exposure time and surface enrich-
ment of the alloying elements and should not be inter-
preted as steady state data.

3.22.18.2 Sulfuric Acid

Pourbaix’s diagram predicts that Pt metal will dis-
solve as Pt2þ during anodic polarization in strong
acid solutions. In sulfuric or nitric acid solution the
electrolyte enhances the passivation of Pt, especially
in 0.5–5 M solutions, and the extent of corrosion
seems to be dependent on the formed platinum
oxide,91 which is presumably PtO.90 In more concen-
trated sulfuric acid solutions of 14–18 M, sulfur
deposition seems to occur on the Pt electrode surface
by cathodic polarization, which induces Pt corrosion
under anodic polarization. The corrosion mechanism
is thus different in dilute and concentrated sulfuric
acid solutions, something which has also been
observed in terms of nickel’s behavior as an alloying
element in stainless steels.95 In an effort to under-
stand and improve the dissolution behavior of Pt in
polymer electrolyte fuel cells (PEFCs), Mitsushima
et al.96 reported a solubility of Pt of 3� 10�6 M at
25 �C in 1 M H2SO4 which increases with higher
temperatures and increasing acid concentration. They
postulated that platinum solubility in an oxygen-
containing atmosphere would occur according to the
dissolution reaction:

PtO2 þHþ þH2O ¼ PtðOHÞþ
3

Ota et al.97 reported a dissolution rate of 5mg A�1 h�1

for Pt in 1 M H2SO4 at 40 �C and the formation
of a monolayer of platinum oxide, probably PtO,
when Pt is anodized under mild conditions. It was
found that the corrosion of Pt is always lower in
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sulfuric acid solutions than in hydrochloric acid solu-
tions of similar concentration, because the sulphate
anions do not coordinate with the dissolved Pt ions
in the way the chloride ions form chlorocomplexes
referred to earlier.

In sulfuric acid solution Ru can passivate due
to the formation of RuO4.

92 Lezna et al.98 reported
electrochemical evidence which indicated that the
O-layer formation and reduction of Ru in sulfuric
acid depend on the range over which the potential
is cycled. The anodic reaction initiated when the
potential exceeds the equilibrium potential of 0.455
V for the reaction:

Ru ¼ Ru2þ þ 2e�

yields the equivalent of a monolayer of probably a
mixture of oxygen-containing species such as Ru2O,
Ru(OH), or RuO�H2O during the first stage of the
electrooxidation process. This can change to Ru2O3

and RuO2 as the potential is increased to 1.4–1.5 V
(vs. SCE). Although no specific formula is given for it,
a formal oxide of Ir begins to form at about the
potential of oxygen evolution in 0.5 M H2SO4, and
this oxide is only reduced in the hydrogen adsorption
and evolution region.92,93

According to Pourbaix99 the standard potentials for
several noble metals dissolving are 0.80 V for Rh/Rh3þ,
0.99 V for Pd/Pd2þ, 1.19 V for Pt/Pt2þ and 1.50 V for
Au/Au3þ versus RHE. Rand and Woods100 reported
similar values in their investigating on the dissolution
of Pt, Pd, Rh, and Au electrodes in 1-M sulfuric acid
solutions at 25 �C and emphasized that the amount of
metal dissolved during a potential sweep (e.g., as in
CV) will depend both on the nature and pretreatment
of the electrode, on the experimental conditions, any
stirring of the solution and the surface’s structure.
Their work supported a direct anodic dissolution
mechanism of the noble metals according to the gen-
eral reaction:

M ¼ Mnþ þ ne�

and the amounts of dissolved metals analyzed in solu-
tion correlated well with their electrochemical mea-
surements and other reported values in the literature.
It should be kept in mind that all the postulated oxide
species formed on the surfaces of PGMs and noble
metals during oxidation/corrosion were based on
electrochemical data and little evidence could be
found of surface analytical measurements to support
the electrochemical data.

3.22.19 Final Conclusions

Despite the work during the last 50–60 years in this
field, there are still a number of unanswered ques-
tions, and matters to be resolved. It is clear that the
effects of cathodic modification in enhancing corro-
sion resistance are definitely more dramatic in fer-
ritic stainless steels than in austenitic or duplex
stainless steels. If Pd is replaced by Ru, then the
maximum Cr content at which the largest decrease
in the corrosion rate in superferritic (Fe–40% Cr)
alloys is observed, can be lowered by at least 10%,
which can have enormous cost and workability
advantages. Because surface alloying seem to be
equally efficient to bulk alloying in increasing the
corrosion resistance of various stainless steels, it is
definitely a more cost effective option to exploit in
terms of practical applications of cathodically mod-
ified stainless steels for process equipment manufac-
ture. However, it is not clear if cathodically modified
stainless steels will always remain too expensive for
uses other than those where safety hazards are the
overriding concern and everything else is therefore of
secondary importance.
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Glossary
Exfoliation The process of separation or shedding

of layers of a structure, caused by

mechanical abrasion, or particularly

intercalation within a structure, resulting in

the disruption of the bonding forces between

2-dimensional sheets of a material, such as

graphite.

Fullerene A generic molecular structure for carbon,

comprising linked polygonal sheets that

build into a 3-dimensional structure such as

a tube or ball and which resembles the

geodesic dome structures originally

designed by the architect Buckminster

Fuller, after whom such structures are

named.

Intercalation An ionic or molecular process that

comprises the entry, or exchange, of species

into a 2- or 3-dimensional lattice structure,

for example, between the 2-D-layered

sheets that constitute graphite. Such entry

often results in significant changes in

physical or chemical properties of the

structure.

3.24.1 Technical Carbon and
Graphite

3.24.1.1 Introduction

Natural flake graphite was known in ancient times as
a mineral with well described properties, albeit in
small volumes. However, the material became of
technical interest only when an electric resistance
furnace, capable of graphitization of carbonaceous
materials and production of materials in large dimen-
sions, was developed by Acheson in 1895.1 Currently,
only a few mines supply natural graphite, the main
producing countries being China, Ukraine, Brazil,
Russia, and Canada, although many mines produce

2271
www.iran-mavad.com 
 مرجع علمى مهندسى مواد



the less-valuable amorphous material in small volumes
and not themore-valuable flake graphite. In theUnited
Kingdom, a small graphite mine near Kendal was the
basis of the Lakeland pencil manufacturing industry.

Baked carbon and industrial graphite can be man-
ufactured from almost any form of carbonaceous
precursor that leaves a carbon-rich material when
heated in the absence of air. The main difference
between the two substances is that graphitization
requires furnace baking for much longer periods at
higher temperatures and is therefore considerably
more costly. However, its properties, for example,
electrical conductivity, high temperature strength,
etc., are greatly superior to baked carbon. In view
of the limited natural resources, the main carbon
precursors for carbon and graphite manufacture are
generally cokes derived either from petroleum or
coal, the former giving the highest purity and lowest
ash content.

Carbon atoms can coordinate in several different
ways with adjacent atoms. Thus, in the sp3 form,
carbon is tetragonally coordinated in 3 dimensions,
while in the sp2 form, carbon is trigonal planar.2

Although carbon is obviously most abundant in
nature in the form of various coals (largely, amor-
phous carbon containing various amounts of volatile
materials and ash), this key difference in bonding is
well exhibited in carbon’s naturally occurring allo-
tropes: graphite (sp2 bonding in 2-D macromolecular
sheets), and most appealingly, diamond (sp3 bonding
in 3-D macromolecules). In recent years, however,
it has also been recognized that carbon can form a
multitude of polymeric-like structures and macro-
molecules based particularly on sp2 bonding, for
example, fullerenes.

3.24.1.2 Baked Carbon

At atmospheric pressure, carbon does not melt, but
sublimes at very high temperatures (above 4000 �C).
It can, therefore, only be manufactured using con-
ventional ceramic processing routes. Thus, the pre-
cursor material (e.g., coal-derived coke) is initially
ground to a desired particle size range, and then a
clay-like green compact is formed with petroleum
pitch or coal tar as binder. This is then formed into
a final or near-net shape compact typically by extru-
sion, die-molding, or isostatic pressing. Significant
anisotropy may be developed during such compact
formation, especially with extruded materials. Also,
the considerable shrinkage that will take place during
heating has to be taken into account in the initial

dimensions of the green compact. After formation,
the green compact is then baked in a pyrolysis fur-
nace (i.e., with the exclusion of air) in order to elimi-
nate oxidation and to ensure the carbonization of the
pitch binder and the removal of volatile species by
diffusion. During this process, it is important to limit
the initial heating rate and temperature in order to
ensure dimensional stability of the material. Depend-
ing on the application and the precursor, the initial
pyrolysis temperatures are typically from 200 to
500 �C, with a final baking temperature of 650–
900 �C. To avoid excessive cracking and porosity,
large dimensioned samples require slow heating and
cooling with furnace cycles of tens of days possible.

Carbon products from a single baking cycle are
usually relatively porous (15–25% porosity). Thus,
although there are some uses for porous carbons (e.g.,
for the infiltration of copper for carbon brushes in
electric motors, etc.), such products are, more gener-
ally, subjected to repeated cycles of pitch infiltration
and baking in order to reduce porosity to desired
levels (Figure 1).

3.24.1.3 Industrial Graphite

Baked carbon precursors may be graphitized by fur-
ther heat treatment, using direct resistance heating
with water-cooled electrodes. This further improves
the mechanical and electrical properties of the mate-
rial and also reduces the ash and volatile content.
However, additional shrinkage takes place during
the graphitization process. Initially, the temperature
is raised to between 900 and 1200 �C where any
residual pitch filler is fully carbonized. Thereafter,
the temperature is raised in stages: from 1500 to
2000 �C, residual impurities such as hydrogen and
sulfur are volatilized; above 2200 �C, a significant
graphite crystallization commences; above 2600 �C,
the graphite crystallite growth predominates; finally,
at�3000 �C, the electrical and mechanical properties
become optimal. At this point, the residual impurity
content (mostly as nonvolatile metal-containing
ashes) should be below 1000 ppm, which is sufficient
for the majority of purposes. Prolonged treatment at
higher temperatures can further reduce this value to
200–300 ppm. The total cycle time of heating and
cooling may take several tens of days.

Normally, the levels of residual impurity after
high temperature graphitization are adequate for
most purposes. However, very high-purity grades
such as nuclear graphite require further lower-
temperature thermal treatment using halogens, or
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more commonly, halogen-containing compounds
(e.g., carbon tetrachloride) in order to convert resid-
ual metal species to volatile halides. In this way, the
residual impurity level can be reduced to below
1 ppm.

3.24.1.4 Glassy Carbon

Vitreous or glassy carbon is important because of its
low reactivity (high corrosion resistance). These are
generally produced by the pyrolytic decomposition
of thermoset polymer resins (e.g., phenolic resins),
with or without fiber reinforcement (e.g., by cellulose
or rayon).4 Carbonization occurs in the solid phase,
and there is no significant crystallite growth or poro-
sity development even at graphitizing temperatures.
The production of this type of carbon requires mod-
erate and carefully controlled baking rates, because
large volumetric contractions occur (�50%) and
considerable volumes of volatiles are emitted.

3.24.1.5 Pyrolytic Graphite

Carbon may be directly deposited on a heated sub-
strate by the decomposition of hydrocarbons such as
methane, benzene, or acetylene. The reaction condi-
tions determine how the deposition occurs (i.e., sur-
face or gas phase polymerization), but it is essential

to avoid soot formation in the gas. The structure
of pyrolytic graphite can be varied from randomly
oriented (i.e., essentially isotropic and nanocrystal-
line) to highly oriented material of near theoretical
density. The high anisotropy of this latter material
leads to markedly different properties in directions
parallel and perpendicular to the graphite planes.
This feature is an advantage particularly in heat
transfer applications where high conductivity in one
or two directions is desired to be combined with poor
conductivity in a third direction.

3.24.1.6 Carbon Fiber and Carbon
Composites

Carbon fibers essentially comprise long bundles of
linked graphite plates in a highly oriented crystal
structure layered parallel to the fiber axis. This results
in extreme anisotropy, with elastic moduli of up to
200–400GPa on-axis versus only 35GPa off-axis. Car-
bon fibers can be manufactured from several different
precursor fibers, such as polyacrylonitrile, rayon, etc.,
and by high temperature pyrolysis with or without
pretensioning, usually in a two-stage process with ini-
tial carbonization at�1500 �C followed by graphitiza-
tion at �3000 �C. In such ways, the properties of the
resulting fibers can be varied somewhat to emphasize

1100 K

1500 K

1700 K

2000 K

Figure 1 Schematic diagram showing the progressive graphitization of carbon. Reproduced from Marsh, H. Carbon 1991,

29, 703–704, with permission from Elsevier Publications.3
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either high strength (2000–5000MPa) or high stiffness
(200–400GPa). Given the range of densities for carbon
fibers (1.7–1.85 g cm�3), they have outstanding specific
strength and stiffness characteristics.

Carbon fibers may be used with a variety of
matrix phases, including polymer composites (e.g.,
epoxy–carbon) and carbon–carbon composites (fiber-
reinforced graphite). The latter can be made via
vapor deposition routes; however, these are generally
slow and costly. Alternatively, methods involving
fibers can be impregnated into a thermoset resin
(e.g., phenolic) or petroleum pitch, followed by fur-
ther pyrolysis steps.

3.24.1.7 Other Forms of Carbon: Fullerenes
and Carbon Nanostructures

Until 1985, carbon was thought to exist only in two
allotropes: diamond and graphite. This changed
when, using mass spectroscopy, an entirely new
form of carbon was found in which the atoms are
arranged in closed structures. The original discovery,
for which the Nobel Prize for Chemistry was
awarded in 1996, was for the isolation and the identi-
fication of the C60 molecule, which is shaped like a
soccer ball (i.e., consisting of alternating pentagons
and hexagons). Such closed-shaped molecules are
named fullerenes because of their resemblance to
the geodesic domes first constructed by the architect
R. Buckminster Fuller. Since 1985, many additional
fullerene molecules have been identified, and fur-
thermore, several additional molecular shapes, often
based on rolled up sheets of graphite, have been
identified, for example, carbon nanotubes. Many of
these materials have interesting electrical and other
characteristics, and there is hope that they will even-
tually outgrow the laboratory and become industri-
ally useful.

3.24.1.8 Final Manufacture and Surface
Finishing

Baked carbon and industrial graphite are both fully
machinable with the use of conventional tools,
although carbide or diamond-tipped tools are pre-
ferable especially when cutting lower-porosity glassy
carbon because of its higher hardness. Additional
treatments that seal the surface and/or internal
porosity are also often used. These include, for exam-
ple, sealing/impregnation with organic materials
such as phenolic resins or Polytetrafluoroethene

(PTFE) (although this will limit the application tem-
perature to below �200 �C) and a final impregnation
with pitch followed by a low-temperature pyrolysis
process. High temperature degradation (usually by
oxidation) may be reduced by impregnation with
inorganic salts, such as borates and phosphates,
which melt at operating temperatures, sealing the
pores. All forms of carbon may be coated with, for
example, silicon carbide, silicon nitride, or high-den-
sity pyrolytic graphite by chemical vapor deposition.
Such treatments can provide greatly improved oxida-
tion and chemical (wet corrosion) resistance.

3.24.2 General Characteristics

Carbon and graphite have a number of useful and
even unique properties that may be summarized as
follows:

� retention of modulus, strength, and erosion resis-
tance to very high temperatures (up to 3200 �C in
nonoxidizing atmospheres);

� low coefficient of thermal expansion and high
thermal conductivity (25% of copper), giving rise
to excellent thermal shock resistance;

� high corrosion resistance and a wide resistance to
chemical attack except to strongly oxidizing
species;

� significant electrical conductivity especially in
fully graphitized materials;

� low friction and self-lubrication in graphitized
grades;

� controllable porosity, giving a spectrum of struc-
tures from dense, hard materials to nanoporous
materials with very high surface area;

� efficient moderation of fast neutrons and scattering
of thermal (i.e., slow) neutrons, coupled with a low-
absorption cross section for both thermal and fast
neutrons in high-purity grades

The physical properties of a number of grades
of carbon are summarized in Table 1. It should be
noted, however, that the material properties will vary
over a wide range depending upon the original
source of carbon (e.g., natural graphite, petroleum
coke, or coked coal), the original powder size prior
to sintering, the binder used (e.g., petroleum pitch,
coal tar, etc.), and the temperature and time of heat
treatment, including the number of cycles of pitch
infiltration and recarbonization. Also, depending on
the initial morphology of the input carbon source
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(e.g., natural flake graphite), materials produced by
extrusion and related processes may retain significant
anisotropy in the final manufactured product. Thus,
one purpose in using the increasing grinding of the
input carbon source is to produce small particle sizes
that reduce or eliminate this anisotropy.

Carbon and graphite are unusual in that (in the
absence of oxidative degradation) their strength and
Young’s modulus generally increase with tempera-
ture. Thus, the tensile strength of industrial graphite
is about twice the room temperature value at
2500 �C, while its modulus is �40% higher. Fully
dense (pyrolytic) graphite generally has outstanding
high temperature properties, especially if isotropic
(i.e., essentially containing randomly oriented nano-
crystallites). More normally, however, its properties
are highly directional and vary within the graphite
basal plane (ab-direction) and across the planes
(c-direction). This variation is due to the large differ-
ence in interatomic distance between in-plane atoms
and out-of-plane atoms. This directionality of prop-
erties can be utilized for advantage in certain appli-
cations, for example, where good heat transfer in one
direction is required to be coupled with poor heat
transfer in another direction (Figure 2).

The oxidation of carbon and graphite materials
leads to the formation of gaseous products (i.e., CO
and/or CO2) and results in a rapid decrease in prop-
erties, especially strength. These reactions begin to
become significant above �350 �C, but can be con-
trolled by reducing or eliminating the porosity of the
materials, in which case slow reaction will occur only
on the surface of the material, leading to a steady loss
of thickness. In the absence of oxidation, the dimen-
sional stability of carbon and graphite materials is

excellent, provided their final heat treatment temper-
ature is not exceeded. If this occurs, then additional
graphitization may take place, leading to shrinkage.

3.24.3 Applications

Carbon is relatively inert chemically and thus may be
used in all its forms under a variety of corrosive
conditions. Many applications depend upon the
acceptable electrical and excellent heat conductivity

a = 0.142 nm

c
=

0.
33

5
nm

Figure 2 Schematic diagram showing the atomic
structure of graphite. Reproduced from European Carbon

and Graphite Association, Avenue de Broqueville 12,

B-1150 Bruxelles, with permission from Elsevier

Publications.

Table 1 Typical properties of carbon and graphite materials5

Property Baked carbon Industrial graphite Glassy carbon Pyrolytic graphite

Bulk density (mgm�3) 1.65–1.8 1.7–1.9 1.3–1.5 2.1–2.2

Nominal porosity (%) 15–20% 9–18% 25–30% <1%
Compressive strength (MPa) –

Modulus of elasticity (GPa) 8–14 10–15 12–20 28–31

Tensile strength (MPa) 0.007–0.016 8–12 //c

110 //ab
Coefficient of thermal expansion (K�1) 3.5–5.5� 10�6 15–25 //c

�1–1 //ab

Thermal conductivity (Wm�1 K�1) 30–100 100–200 4–10 1–3 //c
190–390 //ab

Electrical conductivity (O�1m�1) 200–1000 300–1000 //c

20000–25000 //ab

Ash content <0.2% <0.1% 1–2% <1ppm
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of carbon and graphite and upon the unique retention
of significant strength at very high temperatures.
Thus, current major uses include

� carbon anodes in the Hall–Heroult aluminum cell
and in electric arc furnaces such as for steel pro-
duction and remelting; this is by far the greatest
tonnage usage;

� heat exchangers, gaskets, seals, etc. for use in the
chemical industry;

� furnace linings (e.g., in the iron blast furnace) as
well as other high temperature furnace compo-
nents, including crucibles;

� resistive and inductive susceptor elements in fur-
nace and related specialist activities (e.g., graphite
tube furnaces for atomic absorption spectroscopy);

� dies for optical glass fiber drawing and related
operations;

� reaction vessels, crucibles, and supports in the
electronics industry for Si wafer and especially
for III–V semiconductor manufacture;

� heat transfer in brake blocks and other friction
components, as well as low friction bearing mate-
rials, seals, etc. in the automotive and aerospace
industries;

� conductive brushes for slip rings and commutator
components in electric motors, etc;

� neutron moderator and reflector materials in the
nuclear industry;

� heat-resisting components in aerospace and
rocketry;

� biomedical applications (carbon is fully
biocompatible);

� Electrodes for conventional batteries and ultra-
high surface area electrodes for lithium ion cells
and supercapacitors.

� electrodes in electrolysis cells (e.g., chloralkali pro-
duction) and cathodic protection anodes, etc.

3.24.4 Degradation of Carbon and
Graphite

3.24.4.1 Aqueous Corrosion

In aqueous conditions and at room temperature, car-
bon is thermodynamically unstable to direct oxidiza-
tion to carbon dioxide, the bicarbonate ion, or the
carbonate ion, depending upon the pH, and to direct
reduction to methane at all pH. In practice, these
reactions are severely kinetically hindered, and apart
from oxidation at pH below �1, occur at negligible
rates at all pH up to 100 �C. The only significant

aqueous oxidation processes occur in strongly oxidiz-
ing environments such as concentrated nitric acid,
perchloric acid, chromic acid, and chromates, or at
highly oxidizing (positive) potentials. Thus, at pH
0 and under appropriate conditions, carbon will
slowly form carbon dioxide at potentials more posi-
tive than �0.45V on the hydrogen electrode scale
(SHE). This implies that carbon/graphite is a relatively
noble element – indeed, it is slightly more noble than
copper. Therefore, while coupling graphite compo-
nents to other metals, this important factor should be
taken into account.

Most degradation of industrial graphite under
aqueous conditions occurs not as a result of oxida-
tion, but as a consequence of the reaction within
pores of the material, for example, with residual
impurities or binder phases, causing initially loca-
lized mechanical damage, but ultimately macroscopic
mechanical failure of the component. Alternatively,
where chemical species (e.g., chloride ion) can inter-
calate between the graphite layers, thus causing exfo-
liation, degradation is greatly increased.

3.24.4.2 Aqueous Environments

The performance of glassy carbon electrodes in sul-
furic acid under anodic polarization has been exa-
mined at room temperature as a function of acid
concentration and anodic current density.6 It was
found that the dominant process of mass removal
was via a mechanical mechanism with initial selective
oxidative attack in regions of apparent lower density.
This appeared to result in a mechanical stress, thus
giving rise to local spallation. The formation of CO2

as the oxidative product was also confirmed. Degra-
dation did not occur below the potential for oxygen
evolution, but above this value was approximately
linear with applied anodic current density and with
acid concentration up to 4M H2SO4. A degraded
surface film, �2–4 mm in thickness, formed after pas-
sage of �80 000Cm�2.

The corrosion of industrial graphite was exami-
ned in 30% (5.5M) phosphoric acid at 25 and 80 �C.7

Under free corrosion conditions in air, the electro-
chemical potential fell in the range 0.59–0.62 V
(SHE), which is somewhat greater than the theoreti-
cal value of 0.45 V. Potentiodynamic polarization
implied the presence of a surface film, most likely
of adsorbed oxygen and hydroxide species. Second-
ary ion mass spectrometry confirmed this hypothe-
sis and also demonstrated significant penetration
of phosphorus within the graphite, either as an
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intercalated species, or more likely, adsorbed onto
internal porosity (Figure 3).

The mass-loss rates for carbon electrolysis anodes
used in brines for chlorine production were examined
as a function of temperature, current density, and
NaCl concentration.8 The mass-loss rate was found
to decrease with increase in chloride concentration
and increase with temperature. The maximum deg-
radation rate was at approximately neutral pH, the
rate falling off by a factor of 2–3 under acid (pH 1)
and alkaline (pH 11) conditions; at neutral pH, the
degradation rate was found to be a function of current
density. The degradation mechanism occurred via
the reaction of an adsorbed chloride–graphite inter-
mediate. Significant reductions in degradation rate
were achieved as the overall porosity of the anodes
decreased, and particularly, when the average pore
size decreased below �5mm.

The oxidation of high-purity (nuclear) graph-
ite was studied in nitric acid at temperatures
between 275 and 300 �C and at 100–120 bar pres-
sure.9 Under these extreme conditions, graphite is
smoothly oxidized to carbon dioxide, while the
nitric acid is reduced to nitrogen. Average reaction
rates from 0.4 to 1mol h�1 were obtained under
these conditions.

The corrosion of small graphite tube furnaces,
used in atomic adsorption spectroscopy, was studied
primarily in order to ascertain the effect of their
degradation on the accuracy of analysis.10 However,

it was found that the order of acid reactivity followed
the trend: HNO3<HF<HCl<HClO4. This was
explained by two tendencies: first, the ability of the
aggressive species to intercalate between the graphite
sheets, and second, the ability of the species to oxi-
dize the graphite. Thus, hydrochloric acid, which is
nonoxidizing but which can intercalate easily because
of the small size of the chloride ion, is more aggres-
sive than nitric acid, resulting in mechanical damage
(exfoliation) to the graphite.

The electrochemical degradation of glass-like
carbon (GC), diamond-like carbon (DLC), and highly
ordered pyrolytic graphite (HOPG) were studied
in nitric–hydrofluoric acid mixtures at 50 �C.11

Under repeated potential cycling within the range
for water stability, small pits became apparent on the
GC electrode and the HOPG electrode became
severely roughened. However, a few, if any, morpho-
logical changes were evident on the DLC electrode.
The heavy degradation of the HOPG electrode was
ascribed to the oxidation of intercalated species and
the consequent exfoliation of the graphite sheets.

The stability of graphite-reinforced epoxy-
composite materials was studied under both galvanic
coupling (i.e., where the graphite was a net cathode)
and anodic polarization in order to understand elec-
trochemically induced degradation processes. When
the composite was connected to sacrificial anode
materials in seawater, it suffered a significant (30%)
reduction in strength over 140 days’ exposure.12

This was found to be due to the degradation of the
graphite–epoxy bond probably via a similar mecha-
nism to cathodic disbondment of organic coatings.
Under anodic polarization, significant damage was
apparent even at comparatively low current densities
of 1 mA cm�2. This was ascribed to direct oxidation of
the graphite fibers at local potentials above the oxy-
gen evolution reaction.13 Consequently, care has to
be taken when using carbon fiber reinforcement com-
posite materials where they may become electro-
chemically polarized.

In summary, all forms of technically important
carbon may be degraded in aqueous conditions by
two main mechanisms: electrochemical oxidation
under anodic polarization (or chemical oxidation
using a strong oxidizing agent) and the intercalation
of small species between the graphite sheets with
consequent swelling leading to the exfoliation of
the sheets. Both of these processes may be greatly
reduced in extent by use of dense materials of
low overall porosity and/or with pore sizes in the
micron range.
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Figure 3 Potentiodynamic polarization of graphite in
phosphoric acid.Reproduced fromGuenbour,A.; Kebkab,N.;

Bellaouchou, A.; Iken, H.; Boulif, R.; BenBachir, A. Appl.

Surf. Sci. 2006, 252, 8710–8715, with permission from the
European Carbon and Graphite Association (page 4 on

presentation: ‘‘The element C’’.
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3.24.4.3 Galvanic Corrosion

Since carbon/graphite is relatively noble, care has to
be taken to ensure its galvanic compatibility with
metals in which it is in contact. Thus, graphite is
cathodic to most common metals such as steels, and
particularly, the light metals aluminum and magne-
sium. Indeed, early aluminum airframes, which were
commonly marked out for cutting using graphite
pencils, suffered from corrosion along the residual
pencil marks.14 Also, a cathodic residue of carbon,
deposited from lubrication oils during tube drawing,
is responsible for the pitting of copper tubing in some
natural drinking supply waters. Thus, the general
assumption should be that electrical contact between
carbon/graphite and other metals under aqueous cor-
rosion conditions should generally be avoided.

As an example, the galvanic corrosion behavior
of graphite fiber-reinforced epoxy composites
coupled to a series of materials (aluminum alloys
AA2024, 7075, and 5052, stainless steels AISI301,
302, 321, 15-5PH, and 17-7PH, carbon steel
AISI4340, nickel–aluminum–bronze, and titanium
Ti–6Al–4V) was studied.15 The graphite composite
was found to be cathodic in 3.5% NaCl to all of the
alloys studied. Relatively high galvanic currents were
evident when coupled to all aluminum alloys and to
the carbon steel: the corrosion in these cases was
effectively limited by cathodic oxygen reduction at
the graphite cathode. Dealloying was evident for the
nickel–aluminum–bronze material, and hence, cou-
pling this material to graphite is also not recom-
mended. Of the passive alloys, minor pitting was
observed for the lower grades of stainless steel,
while only titanium was deemed to be wholly safe.

Although graphitic materials are not generally
recommended where oxygen reduction is the domi-
nant cathodic process, they are relatively widely used
as gasket materials in a crevice situation: where oxy-
gen depletion would be expected. Under these con-
ditions, the electrochemical potential of the graphite
will become significantly depressed tending to that
of the hydrogen evolution reaction. The likelihood of
crevice attack with graphite gaskets was explored by
experiment and modeling16 where it was predicted
that, in nonchlorinated seawater, graphite is likely to
become anodic to duplex stainless steels, and hence
protective, in a tight crevice because of oxygen deple-
tion. However, for lower grades such as AISI316,
where initiation is due to micropitting, such protec-
tion would not be effective.

3.24.4.4 High Temperature Oxidation

Carbon is largely nonreactive in air or oxygen at
temperatures below �350 �C. However, above
400 �C the rate of reaction increases significantly.
The principle oxidants are air (i.e., O2), steam
(H2O), and carbon dioxide (CO2), the main reaction
equilibria being:

Cþ O2⇄CO2 ½1�
Cþ CO2⇄2CO ½2�

CþH2O⇄COþH2 ½3�
The CO2 shift reaction [2] and the water gas reaction
[3] are both thermodynamically unfavorable below
�700 �C, but start to become kinetically significant
above �750 �C. The kinetic reactivity17 differs
greatly as a function of the material’s porosity, its
residual ash content (i.e., on the presence of oxidative
catalysts, such as metallic impurities), and interest-
ingly, also on the form of carbon. Studies of the
thermal stability of diamond, graphite, carbon black,
C60 and C70 fullerenes, and carbon nanotubes were
carried out by thermal gravimetric analysis in nitro-
gen and air.18 In nitrogen, the low molecular weight
materials (i.e., the fullerenes and the carbon black)
started to sublime above �300–400 �C; however,
graphite and diamond showed mass losses of less
than 3% up to 900 �C. In flowing air, the onset
temperatures for the reaction of C70 and C60 full-
erenes were �430 �C and 530 �C, respectively. Car-
bon black commenced reaction at �505 �C, graphite
showing significant mass losses above �610 �C. The
carbon nanotube structures were most resistant, with
an onset temperature of 820 �C, while diamond
had an onset temperature of 800 �C. However, once
reaction commenced, oxidation was found to prog-
ress rapidly (Figure 4).

Thus, the kinetics of oxidation of different forms
of carbon are clearly very different at lower tempera-
tures. However, as the oxidation temperature
increases, the surface reactivity becomes less rate-
limiting, and above 800 �C, the oxidation rate is
determined by mass transfer in the gas phase.19 For
example, the reaction of nuclear graphite with air was
found to follow three regimes as a function of tem-
perature.20 In the lowest temperature range from 400
to 600 �C, the reaction exhibited the highest acti-
vation energy (�160 kJmol�1) and was chemical
reaction rate controlled. In the intermediate range
from 600 to 800 �C, the activation energy fell to
72 kJmol�1, with the reaction kinetics controlled by
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the diffusion of reactant and products within the
pores in the material. Above 800 �C, the activation
energy was low-to-negligible, the rate-controlling
step in the oxidation process being boundary diffu-
sion in the bulk gas phase.

3.24.4.5 High Temperature Environments

Carbon will react directly at high temperatures with
many nonmetallic elements such as sulfur and halo-
gens and with metallic elements that can dissolve
significant quantities of carbon (e.g., iron). The lay-
ered structure of graphite is also susceptible to inter-
calation with a range of species both ionic and
molecular (e.g., from molten salts), leading to the
disruption and the exfoliation of the graphite layers.21

This phenomenon is critical in the use of graphite
intercalation electrodes in Li-ion rechargeable cells
in room temperature molten salts.22

Many molten metals will dissolve significant
quantities of carbon, iron being the most obvious
example of this. Notwithstanding this factor, carbon
refractory materials are a critical component of many
smelting and purification processes particularly for
their outstanding resistance to thermal shock. For
example, the hot-air zone of the iron blast furnace
(i.e., close to the tuyeres or hot air nozzles) is an
extreme environment requiring high temperature
stability with resistance to hot gas erosion and large

temperature fluctuations. In view of this, carbon
refractories, often impregnated with oxide materials
such as zirconia to improve abrasion and erosion
resistance, are the materials of choice.23

3.24.4.6 Protection against Degradation

For high temperature use, it is normal to protect
carbon from oxidation, as relatively small mass losses
(e.g., 5–10%) have been found to result in losses of
mechanical properties of up to 50%.19 Alternative gas
atmospheres such as H2 or N2 are most easily used;
however, at temperatures above �1500–1600 �C,
hydrogen will react to form methane, while nitrogen
will react at temperatures above �1700 �C to form
cyanogen. Thus, at very high temperatures, inert gas
atmospheres, such as argon or helium, are essential.
Careful matching of the grade of carbon or graphite
to the application, for example by the selection of low
porosity (high density) grades, will also help to limit
degradation rates both at high temperature and in
aqueous conditions.

There has long been a search for coating methods
to protect carbon from high temperature degrada-
tion, which is predominantly an oxidation problem.
Such coatings should match the thermal expansion
properties of carbon (to avoid spallation on thermal
cycling), should adhere well, should have a low per-
meability to oxygen, and clearly, should not
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Figure 4 Thermal gravimetric analysis on carbon materials in flowing air at 20 �Cmin�1. Reproduced from Cataldo, F.

Fullerenes, Nanotubes and Carbon Nanostruct. 2002, 10, 293–311, with permission from Taylor and Francis.
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themselves degrade/oxidize under the conditions of
operation. Coatings that are molten at the operating
temperature (i.e., glazes) are obviously resistant to
cracking and are self-healing.24 The most successful
of such glazes are based on boron oxide (B2O3), which
melts at �500 �C and starts to volatilize significantly
above 1200 �C, although their upper limit of operation
is�900 �Cwhen their permeability to oxygen starts to
become significant.25 Phosphorus-type glazes may
also be used successfully in a similar manner.26

Above �900 �C, single layer coatings become
increasingly ineffective and multilayer coatings are
required. Many types of oxide, carbide, and nitride
coatings have been applied with a view to limiting
oxidation. The most successful are those based on
silicon carbide either in conjunction with boron
oxide (i.e., as self-healing agent)24 or in functional
coatings with graded thermal expansion coefficients
matched to the substrate.27 Coatings can be formed
using a variety of methods, including sol–gel, pack
cementation, and chemical or physical vapor deposi-
tion. Silicon carbide is successful, partly because it
oxidizes to silicon oxide; however, the upper temper-
ature limit for SiO2 is�1700–1800 �C when its vapor
pressure starts to become significant; thus, in practice,
the practical temperature limit is �1650 �C. Above
1800–2000 �C, nonoxide ceramics become increa-
singly susceptible to oxidation and many oxide cera-
mics are not stable to carbothermic reduction.
However, for specialist uses, such as rocketry compo-
nents, which require only a few minutes’ or hours’
operation at maximum temperature, coatings such as
hafnium and zirconium carbides and borides have been
implemented successfully.

3.24.5 Nuclear Graphite

3.24.5.1 Radiation Damage

The main purpose of graphite in a fission reactor is to
slow (‘thermalize’) fast neutrons, which are emitted
during fission, so that they can be recaptured by
heavy nuclei in order to maintain the fission chain
reaction. Graphite can also act to reflect slow neu-
trons back into the reactor core, thus improving
neutron usage and may find use in a similar role in
future fusion reactor systems. To accomplish this
goal satisfactorily, nuclear graphite has exceptionally
low impurity levels, that is, below a few parts per
million. This is because elemental impurities will
unacceptably increase the neutron capture cross-sec-
tion of the graphite. Apart from this difference in

purity, the microstructures of nuclear grades of
graphite are essentially similar to other graphite
grades except that they generally have lower porosity
resulting in improved mechanical properties.

Fast neutrons typically emerge from a fission
event with a mean energy of �2MeV (a velocity of
15 000 km s�1). This needs to be reduced to�1 km s�1

(�50–100 eV), which is approximately in equilibrium
with the surrounding temperature, and hence, these
neutrons are known as ‘thermal.’28 Radiation damage
in graphite thus occurs as a result of inelastic scatter-
ing between the neutrons and carbon atoms that
result in the displacement of the carbon from their
preferred lattice positions. An incoming neutron will
typically require between 500 and 1000 of such scat-
tering events, and travel �500 nm (i.e., significant in
terms of the lattice spacing), before it is in thermal
equilibrium; this results in a significant displacement
of the carbon atoms, and consequently, a significant
storage of energy (Wigner energy) in the form of an
unstable lattice. For room temperature irradiation of
graphite, this energy can reach over 20MJ kg�1. This is
easily more than sufficient, when released in an uncon-
trolledmanner, to raise the temperature of the material
spontaneously by several hundred degrees. Graphite-
moderated power reactors, however, generally operate
at temperatures that are sufficiently high to result in a
continuous thermal annealing of the graphite such that
the storage of Wigner energy is insignificant.

Neutron irradiation of graphite also results in
significant dimensional changes as a consequence
of the difference between inelastic scattering within
(ab-direction) and between (c-direction) the graph-
ite layers.28 Thus, in single crystal graphite, there is
a significant expansion in the between-plane direc-
tion and a slight contraction in the in-plane direction.
In macroscopic graphite, this results in an initial
shrinkage of components, but an ultimate expansion
of component sizes giving rise to a significant stress
generation.29 Both these factors have to be taken into
account in reactor designs. The physical properties of
graphite also change as a result of irradiation.30 In
particular, irradiation induces creep within the
graphite and also reduces the elastic modulus of the
material in the c-direction by �6%. Also produced
are many radiation-induced dislocation structures
with the graphite, which disrupts normal lattice
vibrations, and hence, the thermal conductivity of
irradiated graphite is reduced substantially (by up
to two orders of magnitude).
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3.24.5.2 Enhanced Radiolytic Oxidation

In graphite-moderated, carbon dioxide-cooled nuclear
power reactors, g-irradiation modifies the chemistry
of the reaction between graphite and CO2. This takes
the form of a radiolytic decomposition31 of carbon
dioxide to carbon monoxide and an oxygen radical as
follows:

CO2⇄COþO�

Although this decomposition is only transient because
of the back reaction, the generation of gas-phase oxy-
gen radicals (and related oxidizing species) is sig-
nificant enough to comprise the major in-reactor
oxidative degradation process for nuclear graphite.
As the oxidation of small amounts of graphite can
lead to relatively large reductions in mechanical prop-
erties, it is important to limit this process as much as
possible. In practice, this is achieved in a number of
ways. First, the addition of 1–1.5% of carbon monox-
ide into the coolant tends to scavenge the oxygen
radicals produced in the gas-phase, although this pro-
cess becomes less efficient above 1.5% CO. Thus, in
order to maintain long-term integrity of the graphite
moderator core, smaller amounts of methane and
hydrogen are also added. The former decomposes
within the graphite structure to form a sacrificial car-
bon layer, while the addition of hydrogen limits signif-
icant carbon deposition on the fuel rods (which would
reduce the reactor efficiency).
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Abbreviations
B MF Boron monofilament

BMF
E BMF electrode with MF ends exposed

BMF
S BMF electrode with MF circumferential

surface exposed

CD Current density

HP Hot-pressed

MMC Metal–matrix composite

SC Semiconductor

SiC MF Silicon carbide monofilament

SiCMF
E SiCMF electrode with MF ends exposed

SiCMF
S SiCMF electrode with MF circumferential

surface exposed

Symbols
E Electrode with fiber or MF ends exposed

(e.g., SiCMF
E)

EAPPLIED Applied potential

Epit Pitting potential
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EGALV Galvanic couple potential

g Gaseous state

Gr Graphite

GrE Gr electrode with fiber ends exposed

i Current density

ia Anodic current density

ic Cathodic current density

iCORR Corrosion current density

iGALV Galvanic current density

l Liquid state

s Solid state
S Electrode with fiber or MF circumferential surface

exposed (e.g., SiCMF
S)

t Thickness

VSCE Volts versus a calomel electrode

xC or XC Cathodic area fraction

r resistivity

3.23.1 Introduction

Metal–matrix composites (MMCs) are metals that are
reinforced with either continuous or discontinuous
constituents usually in the form of fibers (F), monofila-
ments (MF), particles (P), whiskers (W), or short fibers
(SF). The reinforcements can be metals (e.g., tungsten),
nonmetals (e.g., carbon, silicon), or ceramics (e.g., silicon
carbide, boron carbide, or alumina). The selection of the
matrix metal and reinforcement constituent is usually
based on how well the combination interacts to achieve
the desired properties. MMCs are usually stiff, strong,
and lightweight, but they are also engineered for other
properties. Reinforcements have been used inMMCs to
increase stiffness,1 strength,1 thermal conductivity,2

neutron shielding, and vibration damping capacity;
and to reduce weight,1 thermal expansion,3 friction,4

and wear.5 Some, but not all, MMC properties are
governed by the rule of mixtures.6 Although MMCs

have properties more useful than those of their indi-
vidual constituents, resistance to corrosion is usually
sacrificed. The corrosion behavior of MMCs is often
significantly different from that of their monolithic
matrix alloys because of the presence of the reinforce-
ments that alter the microstructure, electrochemical
properties, and corrosion morphology.

The different types, typical applications, corro-
sion characteristics, and corrosion protection of
MMCs will be summarized below.

3.23.2 Types of MMCs

Avariety of MMCs have been developed with matri-
ces such as aluminum, magnesium, lead, depleted
uranium, stainless steel, titanium, copper, and zinc.
Only MMCs with aluminum matrices, however, are
extensively available.3 Reinforcement constituents for
MMCs include boron (B), graphite (Gr), silicon (Si),
silicon carbide (SiC), boron carbide (B4C), titanium
diboride (TiB2), alumina (Al2O3), mica, quartz, tung-
sten, yttria, and zircon. The reinforcement constitu-
ents usually range from 10 to 60 vol.%.

In this chapter, the MMC types will be denoted as
matrix type/reinforcement composition/vol.% rein-
forcement type. Hence, aluminum/Al2O3/50 PMMC
denotes an aluminum matrix MMC reinforced with
50 vol.% of Al2O3 particles.

3.23.2.1 Continuous-Reinforced MMCs

Continuous-reinforced (CR) MMCs are reinforced
with continuous fibers or MF generally resulting in
anisotropic properties, with substantial enhancements
in the longitudinal direction of the reinforcement. The
reinforcement diameter generally varies from 10mm for
fibers (Figure 1(a)) to 150mm for MF (Figure 1(b)).
Continuous reinforcements are usually much more

20 μm 100 μm(b)(a)

Figure 1 Micrographs of (a) pure Al/Al2O3/50 F MMC (courtesy of J. Zhu) and (b) Ti–6Al–4V/SiC/MF MMC (courtesy

of R. Srinivasan).
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expensive than their discontinuous counterparts. Fabri-
cation costs of CR MMCs are also higher than that of
discontinuous-reinforced (DR) MMCs.

3.23.2.2 Discontinuous-Reinforced MMCs

DRMMCs are reinforced with particles, whiskers, or
SF, and generally have isotropic properties and lower
material and fabrication costs as compared to CR
MMCs. Enhancements in properties of DR MMCs,
however, are usually modest in comparison to CR
MMCs. Reinforcement volume percents range from
�15 to 25% for structural MMCs (Figure 2(a)), and
greater than 30% for MMCs used in electronic pack-
aging (Figure 2(b)). Uniform particle and particle-
size distribution are preferred in structural MMCs
for optimal mechanical properties. In electronic-
grade MMCs, the particle and particle-size distribu-
tion may not be uniform in order to maximize the
reinforcement volume fraction. The high reinforce-
ment loading in electronic-grade MMCs is necessary
to reduce the coefficient of thermal expansion (CTE)
to levels closer to that of electronic materials such as
silicon and gallium arsenide.

3.23.3 MMC Applications

MMCs are being used in the aerospace, automotive,
electronics, utilities, sports, and defence industries.

3.23.3.1 Examples of Applications for CF
MMCs

Aluminum/B/MF MMCs have been used for struc-
tural tubes in the space shuttle, resulting in 44%
reduction in weight over aluminum alloys in the

original design.7 Aluminum/Gr/F MMCs, which
have unique properties such as negative to near-
zero CTE, have been used as antenna booms in the
Hubble Space Telescope.3 In the automotive indus-
try, Al/Al2O3/F MMCs have been used to replace
cast iron components. Al/Al2O3/F MMCs with
low weight, high temperature tensile and fatigue
strengths, low thermal conductivity and expansion,
and superior wear resistance are used in engine
blocks, pistons, and cylinder heads.8 Other types of
Al/Al2O3/F MMCs with low weight, high strength,
and high damping capacity are used for automo-
tive push rods, resulting in increased horsepower
generation.9 These Al/Al2O3/F MMCs are also
used as load-carrying core wires in high-current
capacity and low-sag aluminum conductor cables
(Figure 3). The Al/Al2O3/F MMCs core wires
impart desirable properties to the cable such as high
strength at ambient and elevated temperatures, low
CTE, and lightweight.

3.23.3.2 Examples of Applications for DR
MMCs

Aluminum/SiC/20 P MMCs were used to replace
aluminum tubes in the catamaran ‘Stars and
Stripes ’88,’ resulting in 20wt% savings in compar-
ison with monolithic aluminum.3 Aluminum/Si/43
P MMCs, which are machinable, lightweight, and
possess a low CTE, are used for electronic packaging
(Figure 4(a)). For thermal management applications,
copper-matrix MMCs are reinforced with milled
graphite fibers that have negative CTEs and thermal
conductivities exceeding that of copper. Accordingly,
the resulting Cu/Gr MMCs have lower CTEs and
higher thermal conductivity than copper.10 In the
automotive sector, DR MMCs are used for engine

20 μm20 μm (b)(a)

Figure 2 Micrographs of (a) Al 6092/SiC/10 P-T6 MMC and (b) Al 6092 /SiC/50 P-T6 MMC. Courtesy of G. Hawthorn.
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pistons, piston connection rods, rear wheel driveshafts,
break calipers, cylinder liners, push rods, rocker arms,
and valve guides.11 DR MMCs are also used in the
sports industry for high-performance bicycle frames
and components, golf clubs, and baseball bats.11 In the
aircraft industry, examples of DRMMCs’ used are fan
exit guide vanes in turbine engines, ventral fins, heli-
copter blade sleeves (Figure 4(b)), and fuel access
covers.12 Other potential emerging applications for
DR MMCs are shoes for tracked vehicles and light-
weight armor.

3.23.4 Corrosion Characteristics

The presence of the reinforcements and the proces-
sing associated with MMC fabrication can lead to
accelerated corrosion of the metal matrix. Special
concerns regarding corrosion become important in
MMCs as compared to the corrosion of the mono-
lithic matrix alloys. Accelerated corrosion in MMCs

may originate from electrochemical, chemical, and
physical interaction between MMC constituents
because of their intrinsic properties or those induced
by processing. Galvanic interaction between the rein-
forcement, matrix, and interphases can accelerate
corrosion. Interphases and reinforcements may und-
ergo chemical degradation, which is not electro-
chemical in nature. The microstructure of MMCs
can influence corrosion by inducing segregation,
intermetallic formation, and dislocation generation.
Processing deficiencies may result in unexpected
forms of corrosion.

The parameters affecting MMC corrosion that
will be discussed are (1) electrochemical effects
related to the primary MMC constituents; (2) elec-
trochemical effects of the interphases; (3) chemical
degradation in MMCs; and (4) secondary effects
caused by the microstructure and processing. Corro-
sion in selected environments and corrosion protec-
tion will also be covered.

3.23.4.1 Electrochemical Effects Related
to the Primary MMC Constituents

Galvanic corrosion between the matrix and reinforce-
ments is one of the primary concerns regarding
the corrosion behavior of MMCs. Depending on the
electrochemical properties of the MMC constituents,
the galvanic corrosion rate can be controlled by either
the anodic or cathodic reaction, or by both. Anodic
control prevails when the cathodic reaction is depo-
larized (Figure 5(a)); cathodic control prevails when
the anodic reaction is depolarized (Figure 5(b)); and
there is mixed control when both the anodic and
cathodic reactions polarize (Figure 5(c)).13 For
a galvanic couplewith equal matrix and reinforcement

(b)(a)

1 cm

Figure 4 (a) Pure Al/Si/43 P MMC electronic package, and (b) 2009 Al/SiC/15 P-T4 helicopter blade sleeves (courtesy

of DWA Aluminum Composites).

3 mm

Conductor
wires MMC wires

Figure 3 Aluminum conductor composite reinforced

cable specimen. Notice the seven inner Al/Al2O3/F MMC

core wires.
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area fractions, the intersection of the anodic polariza-
tion curve of the matrix metal and the cathodic polar-
ization curve of the reinforcement indicates the
magnitude of the galvanic corrosion current density
(iGALV) (Figure 6). Hence, the degree of galvanic
corrosion depends on the environment, matrix alloy,
reinforcement electrochemistry, resistivity, and area
fraction.

3.23.4.1.1 Environment

The environment has a significant effect on galvanic
corrosion rates. The two most primary factors are

usually dissolved-oxygen content and electrolyte
composition (e.g., presence of aggressive ions).

In deaerated environments, the governing
cathodic reaction for corrosion is hydrogen evolution:

2H2Oþ 2e� ¼ H2 þ 2OH� ½1�
In aerated solutions, oxygen reduction can also

operate, and generally results in higher corrosion rates:

O2 þ 2H2Oþ 4e� ¼ 4OH� ½2�
For example, if pure magnesium is coupled to an

equal area of SiCMFwith the ends exposed (SiCMF
E),

the galvanic corrosion rate between Mg and SiCMF
E

would increase by �4 times if the solution is oxyge-
nated (Figure 6). Interestingly, the normal corrosion
rate of uncoupled pure magnesium does not signifi-
cantly change in the presence of dissolved oxygen14

since hydrogen evolution is the governing cathodic
reaction for magnesium, as exemplified in Figure 6.
Hence, it is important to recognize that the corrosion
behavior and trends of theMMC could be significantly
different than that of the monolithic matrix alloy.

The presence of aggressive ions can greatly
increase the corrosion rate, especially for alloys to
lose passivity. For example, the galvanic corrosion
rate between a passive metal matrix and conductive
reinforcements would be limited to the passive cur-
rent density (CD), as demonstrated with the polari-
zation diagram Al 6061-T6 plotted with those of
various reinforcements in aerated chloride-free
0.5M Na2SO4 (Figure 7). In the presence of aggres-
sive ions that breakdown passivity, the galvanic cor-
rosion rates can dramatically increase (Figure 7).
Using Al 6061-T6 coupled to an equal area of P100
graphite fibers with the ends exposed (P100 GrE) as
an example, the galvanic corrosion rate increases
�300 times in aerated 3.15 wt% NaCl as compared
to that in aerated 0.5M Na2SO4 (Figure 7).

3.23.4.1.2 Matrix metal

Galvanic corrosion in MMCs reinforced with conduc-
tive, noble reinforcements is a concern in environ-
ments in which the matrix metal corrodes actively.
For example, for MMCs reinforced with an equal
area fraction of graphite fibers, iGALV in aerated
3.15wt% NaCl (Figure 8) would be only 5� 10�7 A
cm�2 for Ti–15V–3Cr–3Sn–3Al (Ti-15-3), 1.5 orders
of magnitude larger for pure copper (10�5 A cm�2),
and 3 orders of magnitude larger for Al 6061-T6
(3� 10�4 A cm�2). The passivity of Ti-15-3 prevents
iGALV from exceeding the passive-CD (Figure 8).

E
 (V

)

log i (CD)

EGALV

Anodic current

Cathodic current

log iGALV

E
 (V

)

log i (CD)

Anodic current

Cathodic current

log iGALV

EGALV

E
 (V

)

log i (CD)

Anodic
current

Cathodic current

log iGALV

EGALV

(b)

(a)

(c)

Figure 5 Polarization diagrams showing (a) anodic

control, (b) cathodic control, and (c) mixed control

in galvanic corrosion.
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In the case of pure copper, iGALV is about 1 order of
magnitude less than the normal copper corrosion CD
(10�4 A cm�2) in the aerated 3.15wt% NaCl; hence,
galvanic actionwould increase corrosion of copper, but
not significantly.

3.23.4.1.3 Reinforcement electrochemistry

In cases where galvanic corrosion is under cathodic
control, the type of reinforcementmay have a significant
effect on the rate of galvanic corrosion. For example, in
aluminumMMCs, the galvanic corrosion rates between
Al 6061-T6 and various reinforcements ranked from
the highest to lowest in aerated 3.15wt% NaCl is
as follows (Figure 9): P100 Gr>carbon-cored SiCMF

E

with ends exposed> tungsten-cored BMF
E with ends

exposed>hot-pressed (HP) SiC>Si. It should also be
noted that ceramic reinforcements may vary in purity
and structure, and some reinforcements are in themsel-
ves composites. This leads to interesting electrochemi-
cal behavior. For example, SiC MFs have carbon-rich
outer layers and carbon cores, and their polarization
diagrams have a stronger resemblance to P100 GrE

than to HP SiC. The orientation of reinforcements
may also affect electrochemical behavior. SiC MFs
have carbon cores and B MFs have tungsten cores.
The polarization behavior of the circumferential sur-
face of theMFs are different comparedwith the behav-
ior of the ends of the MFs that expose the carbon and
tungsten cores (Figure 9 compares cathodic curves for
SiC MFS versus SiC MFE, and B MFS versus B MFE).

Therefore, the composition of the reinforcement
is important to the extent that it affects the kinet-
ics of hydrogen evolution and oxygen reduction.
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For reinforcements of very high resistivity, galvanic
corrosion can also be limited by a large ohmic drop
through reinforcement.

3.23.4.1.4 Reinforcement

photoelectrochemistry

If the MMC reinforcements or constituents are semi-
conductors (SCs), galvanic currents between the
matrix metal and SC could be suppressed or accel-
erated depending on whether the SC is n-type or
p-type, respectively.22

n-Type SCs

An n-type semiconductor is photoanodic, and under
illumination promotes photooxidation reactions. One
such reaction is the oxidation of water. In the presence
of moisture and illumination on MMCs that contain
n-type SCs, photogenerated electrons could polarize
the MMC to more negative potentials inducing
cathodic protection (Figure 10).22 While the MMC

is under illumination, Ecorr shifts from Ecorr (dark)
to Ecorr (illum), and the dissolution from the matrix
decreases from imatrix (dark) to imatrix (illum). Accord-
ingly, during anodic polarization of Al 6092/Al2O3/
20 P-T6 MMCs that were immersed in air-exposed
0.5M Na2SO4 solutions, anodic current densities
increased sharply during illumination which were
attributed to photoanodic currents generated by
water oxidation on TiO2 particles that were likely
introduced with the Al2O3 reinforcements.23 The
open-circuit potentials also decreased upon illumina-
tion. In these MMCs exposed to outdoors, corrosion
films were also thinner on the topside of specimens
exposed to sunlight as compared with the backside of
the specimens not exposed to sunlight.24 Interestingly,
MMCs containing p-type SCs had thicker corrosion
films on the sunlit surfaces as opposed to the shaded
surfaces.24

p-Type SCs

A p-type SC is photocathodic and under illumination
promotes photoreduction reactions. Depending on
the electrolyte conditions, proton or oxygen reduc-
tion may be enhanced at the p-type semiconductor.
In the presence of moisture and illumination on
MMCs that contain p-type SCs, photoreduction
causes cathodic current to increase, raising the cor-
rosion potential and corrosion rates (Figure 11).22

While the MMC is under illumination, Ecorr shifts
positive from Ecorr (dark) to Ecorr (illum), and the
dissolution from the matrix increases from imatrix

(dark) to imatrix (illum). Accordingly, during cathodic
polarization of pure Al/Si/43 P MMCs25 and various
Al 6092/SiC/P-T6 MMCs22 that were immersed
in air-exposed 0.5M Na2SO4 solutions, cathodic cur-
rent densities increased sharply during illumination,
which were attributed to photocathodic currents on
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Figure 10 Polarization diagrams showing the effect of an
illuminated n-type semiconductor (SC) on the corrosion

current density (CD) of the MMC matrix.
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an illuminated p-type SC on the corrosion CD of the MMC
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the Si or SiC particles. The open-circuit potentials
also increased upon illumination.22 In these MMCs
exposed to outdoors, corrosion films were also
thicker on the sunlit surfaces as opposed to the
shaded surfaces.24

3.23.4.1.5 Reinforcement resistivity

Reinforcement materials generally fall into the cate-
gories: insulators, SCs, or conductors (Table 1). For
reinforcements that are insulators, galvanic corrosion
is not possible. For SCs, the degree of galvanic corro-
sion will be restricted by the magnitude of ohmic
losses through the reinforcements. This is demon-
strated21 by plotting (Figure 12) the cathodic curve
derived from the hydrogen evolution on P100 Gr26

exposed to aerated 3.15 wt% NaCl at 30 �C and
incorporating a term for hypothetical ohmic losses
through the electrode (eqn [3]).

EAPPLIEDðVSCEÞ ¼ �0:67� 0:081� logi þ irt ½3�
The ohmic loss term irt corresponds to a planar

electrode having a thickness t and resistivity r, and
one-dimensional current flow through the thickness.
Equation [3] was plotted for various resistivity values
and an electrode thickness of 5 mmwith that of anodic
polarization diagrams of copper, Al 6061-T6, ZE 41A
Mg, and pure magnesium in 3.15 wt% NaCl. Notice
the effect of ohmic losses on the cathodic polarization
diagrams and decreasing galvanic current densities as
the reinforcement resistivities increase (Figure 12).
For example, iGALV of Al 6061-T6 is �10�4 A cm�2

for an ohmic loss IR1 resulting from a reinforcement
resistivity of 107O cm. The value of iGALV reduces

to �10�7 A cm�2 when the ohmic loss is increased
to IR2 by a reinforcement resistivity of 1010O cm. The
effect of reinforcement resistivity on the galvanic
corrosion rate is also dependent on the type of matrix
metal. The limiting effect on galvanic corrosion rates
on copper only manifests at very high reinforcement
resistivities (e.g., >107O cm in Figure 12); whereas,
effects are seen on Al 6061-T6, ZE 41A Mg, and
magnesium at lower resistivities. Note that the iGALV

values correspond to galvanic couples having equal
anode and cathode areas.

Figure 12 is based on a fixed electrode thickness,
but note that the critical resistivity to limit the gal-
vanic corrosion rate below a particular level is also
dependent on the thickness of the reinforcement
since the ohmic loss is equal to irt. Hence, if ohmic
losses are to limit galvanic corrosion, reinforcements
having higher resistivity are needed as the thickness
or particle size of the reinforcement decreases. For
example, to maintain an ohmic drop of 0.5 V at a
galvanic CD of 10�4 A cm�2, a 50-mm particle
would need a resistivity of 106O cm; whereas, a 5-m
m particle would need a resistivity of 107O cm to
achieve the same ohmic loss. If the reinforcements
that are used in MMCs are not of high purity, resis-
tivities may drop significantly allowing galvanic cor-
rosion to ensue. For example, Al/SiC MMCs are
fabricated from both high-purity green SiC and
lower-purity black SiC, depending on the applica-
tion. The resistivity of SiC may vary by�18 orders of
magnitude depending on its purity.27 Boron MFs are
more conductive than pure boron due to tungsten
and tungsten borides in the core.28 In fact, many

Table 1 Resistivities of reinforcement materials

Material Resistivity
(V cm)

Temperature (�C) Notes Ref.

Al2O3 >1014 30 99.7% Al2O3 29
Mica 1013– 1017 – Muscovite KAl3Si3O10(OH)2 30

SiC 10�5– 1013 – Function of purity 27

B 6.7�105 25 Pure 31

B4C 100 32
Si 10�2– 105 – Function of purity 29

P100 Gr

fiber

2.5�10�4 – Thornel 33

P55S Gr
fiber

7.5�10�4 – Thornel 33

SiCMF
E 4�10�2 25 The superscript ‘E’ indicates that electrical contact was made with

the end of the MF exposing the core; the ‘S’ indicates that electrical
contact was made with only the MF circumferential surface

(excluding the core). SiC MFs have carbon cores and B MFs have

tungsten cores.

21

SiCMF
S 2�10�2 25

BMF
E 2�10�1 25

BMF
S 5�10�1 25
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reinforcement materials have resistivities that are not
high enough to stifle galvanic corrosion. The resistiv-
ities of some reinforcement materials are shown in
Table 1. The treatment above for the ohmic losses
through reinforcement particles should only be con-
sidered as an approximation since one-dimensional
current flow was assumed. In the actual case, the
ohmic drop through the edges of the particle could
be much less than through the thickness. The gal-
vanic corrosion rate can also significantly increase as
the area fraction of the reinforcements increases.

3.23.4.1.6 Reinforcement area fraction

The galvanic corrosion rate generally increases with
the area fraction of the reinforcement. This is demon-
strated (Figure 13) using the anodic polarization
diagrams of copper, Al 1100, Al 6061-T6, pure

magnesium (99.95% metallic purity), and ZE 41A
Mg, and the cathodic polarization diagram of P100
Gr.16 The cathodic curve for P100 GrE shifts to higher
currents as its area fraction is increased, causing the
galvanic current with the various metals and alloys to
increase. Since the galvanic couples are predominately
under cathodic control, the catchment area principle34

can be used to determine iGALV as a function of the
area fraction of the cathodic reinforcement.16

iGALV ¼ iCðXC=1� XCÞ ½4�

The parameter iGALV is the dissolution CD of
the matrix (i.e., iGALV/anode area); iC is the CD
of the cathode; XC is the area fraction of the cathode;
and (1 –XC) is the area fraction of the anode. The
value of iC can be set equal to the CD of the cathodic
constituents at the galvanic couple potential. For
example, the galvanic couple potentials of ultrapure
aluminum, Al 1100, and Al 6061-T6 couple to vari-
ous reinforcements are coincident with the pitting
potentials of the aluminum alloys (i.e.,��0.75VSCE).
Hence, the values of iC for a variety of reinforcements
were read at��0.75 VSCE from Figure 7. By plotting
eqn [4], a graph (Figure 14) was generated from
which iGALV of ultrapure aluminum, Al 1100, or Al
6061-T6 can be obtained as a function of the area
fraction of P100 GrE, SiC MFE, B MFE, HP SiC,
and Si with exposure to aerated 3.15 wt% NaCl
at 30 �C.21 Figure 14 shows that to sustain a galvanic
corrosion rate equal to the normal corrosion rate of
Al 6061-T6, it would take less than 0.05 area frac-
tion of P100 GrE or SiC MFE, between 0.2 and
0.3 area fraction of B MFE and HP SiC, and more
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than 0.9 area fraction of Si. It should be noted that
for those reinforcements for which iC was read in the
diffusion-limited regime for oxygen reduction, gal-
vanic corrosion rates could increase with additional
convection. A similar figure was developed for pure
magnesium and ZE 41A Mg (Figure 15).

The above discussion did not take into consider-
ation the distribution of the anodic and cathodic
current densities over the MMC microstructure. In
some cases, for very low levels of conductive parti-
cles, localized corrosion can be induced by solution
alkalinization, as will be discussed below.

3.23.4.1.7 Microstructure

The physical presence of the reinforcements also
greatly affects MMC corrosion. The reinforcements,
which are usually inert in comparison to the matrix,
are often left in relief as the matrix corrodes leaving
behind a network of fissures that trap corrosion pro-
ducts and exacerbate corrosion (Figure 16). The
initiation and propagation of corrosion sites are
generally influenced by the electrical resistivity
and volume fraction of the MMC constituents,
including the reinforcements, interphases, and inter-
metallics. The corrosion behavior of MMCs in the
open-circuit condition can be quite different from
what might be expected based on anodic polarization
diagrams of the MMCs. For example, in near-neutral
0.5M Na2SO4 solutions, various aluminum MMCs
passivate (Figure 17)35,36 during anodic polarization,
but in the open-circuit condition, the same MMCs
are susceptible to localized corrosion. The localized
corrosion in the open-circuit condition is caused by
the development of localized anodic and cathodic

sites. The alkalinity in cathodic regions and acidity
in anodic regions are accentuated by the formation of
microcrevices in the network of reinforcement parti-
cles in relief. In the case of Al MMCs, aluminum
loses its passivity in both the acidic and alkaline
environments because of the amphoteric nature of
aluminum oxide.
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24h in aerated 0.5M Na2SO4 at 30
�C in the open-circuit

condition. Micrograph courtesy of H. Ding.
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When an MMC is exposed to an electrolyte in the
open-circuit condition, the sum of anodic current Ia
is equal to the sum of cathodic current Ic:

Ia ¼ Ic ½5�
Hence, the anodic and cathodic current densities

are related by eqn [6],35

ic ¼ ia
ð1� xcÞ

xc
½6�

where ic and ia are the cathodic and anodic current
densities, respectively, and xc is the area fraction of
cathodic constituents, here assumed to be conductive
reinforcement, interphase, or intermetallic particles.

From eqn [6], the cathodic CD over cathodic con-
stituents in the MMC microstructure can be approxi-
mated if the anodic CD of the matrix ia, and the area
fraction of cathodic constituents xc are known. Exper-
imental results on Al MMCs have indicated that the
corrosion initiation sites depended on the amount of
electrically conductive cathodic constituents that are
present in the MMC microstructure. If the area frac-
tion of cathodic constituents were low, corrosion
initiated around the cathodic constituents because of
solution alkalinization; if the area fraction of cathodic
constituents were high, corrosion initiation appeared
more random around the reinforcement constituents.

Equation [6] was used to calculate the cathodic
CD (Table 2) emanating from cathodic sites based
on the area fraction xc, and the assumption that
the passive CD of the aluminum matrix was �4�
10�6 A cm�2, based on the passive CD of various Al
6092-T6 MMCs (Figure 17). This passive CD
should also be approximately equal to the initial
anodic CD ia of the Al matrix in the MMC at the
open-circuit potential, prior to the development of
significant pH gradients.

Low content of cathodic constituents

When the amount of cathodic sites is relatively low,
cathodic current densities become concentrated over

the few cathodic sites resulting in hydroxide ion
buildup. If the matrix material is not stable at high
pH levels, localized corrosion can result. Table 2
shows the values of ic as a function of xc, assuming
a value for ia to be equal to 4� 10�6 A cm�2, which
is an estimate of the passive CD of an Al 6092-T6
matrix.

When values of xc become less than �0.04
(Table 2), the cathodic current densities begin to
exceed 10�4 A cm�2, which can lead to solution
alkalinization by oxygen reduction and hydrogen
evolution. Cathodic current densities of the order
of 10�4 A cm�2 causes phenolphthalein dye in
0.5M Na2SO4 solutions to transform from clear to
red for electrodes in quiescent solutions. The color
change of phenolphthalein occurs in a pH range from
8.3 to 9.8. Aluminum corrosion rates increase expo-
nentially when the pH exceeds �8.37 Hence, corro-
sion can be expected around cathodic constituents if
their area fractions are low.

Accordingly, corrosion was observed on an Al
6092/Al2O3/20 P-T6 MMCs around intermetallic
particles (Figure 18) in 0.5M Na2SO4, in which Al
passivates during anodic polarization.

In these MMCs, the Al2O3 particles are insulators
and cannot serve as cathodes; however, several types
of particles, including titanium suboxides with com-
positions close to that of Ti6O, Ti3O, Ti2O, and TiO;
TiO2 (likely doped); Ti–Zr–Al containing oxides;
and Fe–Si–Al intermetallics23 were found. Of these
particles, the titanium suboxides, TiO2, and the
Fe–Si–Al intermetallics supported significant catho-
dic activity.23 The area fraction of the non-Al2O3

particles in the MMCs was estimated to be of the
order of 0.01 using image analysis.35 Hence, if the
area fraction of the cathodic constituents was less
than 0.01, cathodic current densities in excess of 10�4

A cm�2 could result in significant solution alkaliniza-
tion and corrosion.

The scanning vibrating electrode technique
(SVET) and scanning ion-selective electrode tech-
nique (SIET) revealed that localized corrosion over
Al 6092/Al2O3/20 P-T6 MMCs immersed in
0.5M Na2SO4 was coinciding with that in alkaline,
cathodic regions.38

The type of corrosion discussed above was sup-
pressed in pH 7 buffered solutions. Only staining was
observed around the intermetallics (Figure 19).

High content of cathodic constituents

MMCs that contain relatively high levels of cathodic
sites should generally be more immune to corrosion

Table 2 Valuesa of ic as a function of xc

ic (A cm�2) xc

4� 10�3 0.001

4� 10�4 0.01

1� 10�4 0.04

4� 10�5 0.1
2� 10�5 0.2

9� 10�6 0.3

4� 10�6 0.5

aic values correspond to ia = 4� 10�6 A cm�2.
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initiation caused by extensive hydroxide ion buildup
around the cathodic constituents, since the cathodic
current is dispersed over more sites.

For example, in Al MMCs that are exposed to
Na2SO4 solutions in which the Al matrix passivates,
the cathodic current densities are estimated to be
relatively low (i.e., � 4� 10�5 A cm�2) (Table 2) for
xc greater than�0.1. Accordingly, corrosion initiation

sites on Al 6092-T6 MMCs reinforced with semicon-
ductive SiC (Figure 20) and B4C (greater than 10 vol.
%) were different in appearance from the alkali-
induced corrosion around intermetallics (Figure 18)
in the Al 6092/Al2O3/20 P-T6 MMC.35

One possible source of the corrosion initiation
sites on the Al 6092-T6 MMCs reinforced with SiC
or B4C could be the formation of crevices at SiC–Al

20 μm 20 μm(b)(a)

Figure 18 Virgin Al 6092/Al2O3/20 P-T6 MMC (a) and after 2 days of immersion (b) in air-exposed 0.5M Na2SO4 at 30
�C.

Intermetallic particles appear as light gray, and Al2O3 appears as near black.

20 μm 20 μm(b)(a)

Figure 19 Al 6092/Al2O3/20 P-T6 MMC in the virgin state (a) and after immersion for 17 days in air-exposed pH 7 buffered

solution at 30 �C (b). Notice staining of the matrix around the intermetallic particle, but lack of localized corrosion.

20 μm 20 μm(b)(a)

Figure 20 Al 6092/SiC/40 P-T6 MMC in the virgin state (a) and after immersion for 2 days (b) in air-exposed 0.5M Na2SO4

at 30 �C.
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or B4C–Al interfaces by the hydrolysis of Al4C3,
which is a reaction product of SiC and Al39,
and B4C and Al.40 Al4C3 readily hydrolyses upon
contact with moisture and could leave fissures in
the SiC–aluminum and B4C–aluminum interface
(see Section 3.23.4.3).

Once a crevice is formed at the particle-matrix
interface, crevice corrosion can ensue. If the rein-
forcement particles are electrically conductive, they
can serve as cathodic sites for hydrogen and/or oxy-
gen reduction. As a result, for Al MMCs, the envi-
ronment in the crevice will become acidic:

Al ! Al3þ þ 3e� ½7�
Al3þ þ 3

2
H2O ! 1

2
Al2O3 þ 3Hþ ½8�

The acidified solution in the crevice can break-
down passivity because of the amphoteric nature of
Al2O3 and exacerbate corrosion. Eventually, corro-
sion spreads and encompasses adjacent particles
forming a network of microcrevices caused by rein-
forcement particles in relief (Figures 21). The solu-
tion above the network of microcrevices has been
measured to be acidic in the initial stages of growth.38

The region around the centralized anodic region
becomes alkaline because of the reduction of oxygen
in surrounding regions.38

3.23.4.2 Electrochemical Effects of the
Interphases

During the fabrication processing of MMCs, reactions
between the reinforcement andmatrix may lead to the
formation of an interphase at the reinforcement–
matrix interface. The presence of the interphase may
lead to corrosion behavior different from what might

be expected based on virgin MMC constituents. For
example, Pohlman41 could not measure galvanic cur-
rents between virgin B MFs and Al 2024 or Al 6061 in
3.5% NaCl solutions, indicating that galvanic corro-
sion between aluminum matrices and B MFs should
be negligible. In actual Al/B/MF MMCs, however,
galvanic corrosion takes place between the aluminum
matrix and the aluminum boride interphase on the
surface layers of the B MFs.41 Pohlman measured
galvanic currents between the aluminum alloys and
B MFs that were extracted from the matrix. A 4-mm-
thick layer of aluminum boride enveloped the
extracted B MFs. Galvanic currents measured
between the aluminum alloys and aluminum boride
were similar to those between the alloys and the
extracted B MFs. When the layer of aluminum boride
was removed from the extracted B MFs, the galvanic
current ceased, which indicated that the aluminum
boride interphasewas necessary for galvanic corrosion.

3.23.4.3 Chemical Degradation in MMCs

MMCs may also degrade by chemical reactions that
cannot be directly assessed by electrochemical mea-
surements. Interphases and reinforcement phases
may undergo chemical degradation which cannot be
detected, for example, with the aid of anodic polariza-
tion. In aluminumMMCs, the hydrolysis of the Al4C3

interphase is one such example. Aluminum carbide
degradation can affect Al/Gr, Al/SiC, and Al/
B4C MMCs. Reinforcement phases may also experi-
ence degradation. For example, mica particles have
been reported to undergo exfoliation in Al/mica
MMCs.
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Figure 21 Al 6092/SiC/20 P–T6 MMC in air-exposed 0.5M Na2SO4 (a), and pH profile over the specimen (b). Notice

acidification of localized corrosion sites, and the alkalinization of surrounding cathodic sites.
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3.23.4.3.1 Aluminum carbide hydrolysis
Aluminum carbide forms by the reaction of alumi-
num and carbon,42

4AlðlÞ þ 3CðsÞ ¼ Al4C3ðsÞ ½9�
and its formation is substantial in Al/Gr MMCs
during processing if temperatures are significantly
higher than the liquidus temperature. At lower tem-
peratures, Al4C3 formation can be controlled.43

Aluminum carbide also forms by the reaction of
aluminum and SiC,

4AlðlÞ þ 3SiCðsÞ ¼ Al4C3ðsÞ þ 3SiðsÞ ½10�
and has been found at SiC–Al interfaces if the
Si activity in liquid aluminum is low.39

The formation of Al4C3 by the reaction of Al and
B4C is reported to occur rapidly at 900 �C. In addi-
tion, many other Al–B–C compounds are known to
form.40

In the presence of moisture, Al4C3 hydrolyzes to
liberate methane gas by the reaction

Al4C3ðsÞþ12H2OðlÞ¼ 4AlðOHÞ3ðsÞþ3CH4ðgÞ ½11�
Methane evolution has been detected from Al/Gr

MMCs containing Al4C3.
44,45 The rate of Al4C3

hydrolysis was measured to be �1% per hour for HP
Al4C3 (78% of theoretical density and porous)
exposed to pure water at 30 �C.26 Buonanno45

reported that Al4C3 hydrolysis in Al/GrMMCs leaves
fissures at fiber–matrix interfaces. The hydrolysis of
Al4C3, therefore, could result in rapid penetration into
the MMC microstructures through fiber–matrix
interfaces, and lead to the formation of microcrevices
at reinforcement–matrix interfaces.

3.23.4.3.2 Mica degradation
Muscovite mica KAl3Si3O10(OH)2 particles of
�70 mm in size46 have been used in Al MMCs devel-
oped for potential use in applications where good
antifriction, seizure resistance, and high-damping
capacity are required.47 During exposure to nondea-
erated 3.5 wt% NaCl solutions, the mica particles
appeared to have absorbed moisture, swelled, and
then exfoliated.48

3.23.4.4 Secondary Effects

The presence of the reinforcement phases in theMMCs
may alter the microstructural features in the matrix
material in ways that are nonexistent in the monolithic
matrix alloys. Two examples that are discussed here are

the formation of intermetallic phases around reinforce-
ments by solute rejection during solidification,49 and the
mismatch in the CTE between reinforcements and
matrices that can lead to dislocation generation,50

which potentially could lead to higher corrosion in
some metals.51

3.23.4.4.1 Intermetallics

Intermetallics may have potentials and corrosion
resistance different from that of the matrix. Table 3
shows corrosion potentials, pitting potentials, and
normal corrosion current densities of various metals
and intermetallics.52 Noble and inert intermetallics
may induce galvanic corrosion of the matrix; whereas,
active intermetallics may go into dissolution and
leave fissures or crevices.

In Al/Al2O3 MMCs, Al8Mg5 and Mg2Si, interme-
tallics provided corrosion paths along fiber–matrix
interfaces.53 Pits in Al/Al2O3 MMCs exposed to
NaCl solutions containing H2O2 were attributed to
the dissolution of MgAl3, which is rapidly attacked
at low potentials.54 In Al/mica MMCs, a dendritic

Table 3 Corrosion dataa of intermetallics

Constituent Ecorr

(mVSCE)
Epit

(mVSCE)
icorr
(A cm�2)

Cu (99.9) �232 �30 1.8� 10–6

Si (99.9995) �441 – –

Cr (99.0) �506 297 –

Al3Fe �539 106 2.1� 10�6

Al7Cu2Fe �551 �448 6.3� 10�6

Al20Cu2Mn3 �565 �428 3.4� 10�7

Al–4%Cu �602 �406 2.3� 10�6

Al3Ti �603 �225 5.6� 10�7

Al2Cu �665 �544 7.3� 10�6

Al–2% Cu �672 �471 1.3� 10�6

Al3Zr �776 �275 2.5� 10�6

Al6Mn �779 �755 6.3� 10�6

Al12Mn3Si �810 �621 1.7� 10�6

Al (99.9999) �823 �610 3.9� 10�6

Al2CuMg �883 80 2.0� 10�6

Mg (AlCu) �943 �2 2.3� 10�5

7075-T651 Al �965 �739 1.1� 10�6

Zn (99.99) �1000 – 1.2� 10�6

Al32Zn49 �1004 – 1.4� 10�5

Mg2Al3 �1013 �846 4.8� 10�6

MgZn2 �1029 – 8.4� 10�5

Mn (99.9) �1323 – –
Mg2Si �1538 – 7.7� 10�6

Mg (99.9) �1586 �1391 5.5� 10–6

aAerated, pH 6, 0.1 M NaCl.
Source: Data from Birbilis, N.; Buchheit, R. G. J. Electrochem.
Soc. 2005, 152(4), B140–B151.
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phase, which was probably Mg2Al3 or Al8Mg5, and
spheroidized CuMgAl2 were preferentially attacked
in nondeaerated 3.5 wt% NaCl.55

3.23.4.4.2 Dislocation density

The high strengths of particulate MMCs in compari-
son to their monolithic alloys are generated by high
dislocation densities caused by a mismatch in the
CTE between reinforcement and matrix, and heating
and cooling histories.50 Since cold working, which is
the result of generating high dislocation densities,
is known to change the corrosion behavior of metals
such as steel51 and aluminum,56 the corrosion behav-
ior of MMCs may also be affected by high dislocation
densities.21 It has been suggested that corrosion near
the SiC–Al interface in Al/SiC MMCs could be
caused by high dislocation density because of a mis-
match of the CTE between SiC and Al.57,58

3.23.4.4.3 MMC processing

Processing-induced corrosion is not inherently
caused by the primary components of the MMC
system, but results from processing deficiencies.
The corrosion of diffusion bonds in Al/B MMCs
and corrosion due to microstructural chlorides in
some Al/Gr MMCs are two examples.

Low-integrity diffusion bonds

The open-circuit potentials of Al MMCs reinforced
with B MFs were active as that of their monolithic
matrix alloys in aerated NaCl solutions,59,60 which
were not expected since B MFs had open-circuit
potentials that were noble to that of the monolithic
matrix alloy. On the basis of the mixed-potential
theory, it was expected that the MMCs would equili-
brate at potentials between that of the noble B MF
and the monolithic matrix alloy. To investigate the
origin of this discrepancy, Bakulin et al.,60 measured
the open-circuit potentials of HP stacks of aluminum
foil processed in the same way as the MMC (but
without the B MFs), and found that the HP alumi-
num stacks were active as that of the monolithic alloy
as well as the MMCs. The only difference between
the HP stacks of aluminum foil and the monolithic
aluminum was crevices in the diffusion bonds
between adjacent foils which served as additional
anodic sites.

Microstructural chlorides

Some types of Al 6061/Gr/50 F-T6 MMCs were
found to have been contaminated with microstruc-
tural chlorides during processing61 by the Ti–B vapor

deposit method62 that utilizes TiCl4 and BCl3 gases.
The presence of microstructural chlorides in the
Al/Gr MMCs was confirmed during microstructural
analyses, and the effect of the chlorides was evident in
anodic polarization diagrams.63 These MMCs are
pitted at ��0.6 VSCE in 0.5M Na2SO4

63; whereas,
both the matrix alloy and other types of Al/Gr
MMCs are processed by pressure infiltration without
the use of chlorides passivate in 0.5M Na2SO4.

45 The
residual microstructural chlorides also make these
MMCs inherently unstable, and as a result, some
specimens have suffered from corrosion initiating
subcutaneously beneath monolithic Al skins after
long storage in laboratory air (Figure 22). This type
of subcutaneous corrosion has also been observed in a
similar type of Mg/Gr MMC (Figure 23).

3.23.4.5 Corrosion in Environments

A comprehensive study of Al 6092-T6 MMCs rein-
forced with black SiC (5, 10, 20, 40, and 50 vol%),
green (high purity) SiC (50 vol%), B4C (20 vol%),
and Al2O3 (20 vol%) has been examined in a battery
of immersion, humidity-chamber exposure, and out-
door exposure tests.64 The wide range of reinforce-
ment types and testing conditions allows trends
in corrosion behavior to be made and will be

1 cm

Figure 22 Subcutaneous corrosion in Al/Gr MMC with

over 10 years exposure in laboratory air.

1 cm

Figure 23 Mg/Gr MMC showing subcutaneous corrosion

after more than 15 years in storage.
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highlighted here. Since galvanic corrosion between
the Al 6092-T6 matrix and reinforcement particles
depends on the ability of the particle to conduct
electricity, the electronic resistivities of the particle
should have an effect on the corrosion behavior. The
resistivity of B4C is �100O cm,32 that of SiC ranges
from �10�5 to 1013O cm depending on its purity,27

and that of Al2O3 is 1014O cm.29 The green SiC
possessing high electrical resistivity should be less
likely to promote galvanic corrosion of the aluminum
matrix as compared to black SiC, which is of lower
purity and resistivity.

3.23.4.5.1 Immersion exposure

Immersion studies were conducted for 90 days in
3.15wt% NaCl, ASTM seawater, real seawater,
0.5M Na2SO4, and ultrapure 18O cm water exposed
to air at 30 �C. The dimensions of the specimens were
�2.54 cm� 2.54 cm� 0.25 cm. Specimens in triplicate
were examined, but data correspond to results from
two specimens for each testing condition (Figure 24).
The third specimen was reserved for further surface
analyses.

Corrosion rates were generally highest for the
MMCs immersed in 3.15 wt% NaCl. The rates
were much lower in ASTM seawater because of the
formation of a film on the MMC surfaces, which was
likely composed of Al–Mg hydrotalcite-like com-
pounds.65 The film may have impeded the diffusion
of dissloved oxygen to cathodic regions limiting
the corrosion rate. For most of the specimens, the

corrosion rates in Na2SO4 were similar to those
in NaCl. Although Al MMCs generally passivate in
Na2SO4 solutions during anodic polarization, they
corrode in the open-circuit condition because of the
formation of localized acidic and alkaline regions (see
Section 3.23.4.1.7).

Most of the trends observed in the corrosion rate
versus the reinforcement composition and type indi-
cated that the level of galvanic corrosion between the
matrix and reinforcements increases as the reinforce-
ment electrical resistivity decreases, and as the rein-
forcement content increases. For the MMCs with
20 vol% of particulates, the corrosion rates were gen-
erally highest for that reinforced with B4C, followed
by that with black SiC, and least for that with Al2O3.
Of the three types of reinforcements, the B4C has the
lowest electrical resistivity, and Al2O3 has the highest.
For the MMCs reinforced with 5, 10, 20, 40, and
50 vol% black SiC, the corrosion rates also generally
increased as the volume fraction increased. For the
MMCs reinforced with 50% black or green SiC,
corrosion rates were higher for those that were rein-
forced with the lower purity, more conductive, black
SiC in ASTM seawater and 0.5M Na2SO4. It was
expected that this trend would also be observed for
the 3.15 wt% NaCl solution, but the results in this
solution were skewed because of crevice and localized
corrosion on one of the MMCs reinforced with the
higher-purity, less-conductive, green SiC. A crevice
formed on the specimen because of contact with
the specimen holder, and a highly localized corrosion

Average corrosion rates of MMCs immersed for 90 days
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Figure 24 Corrosion rates of Al 6092-T6 MMCs under immersion conditions in air-exposed solutions for 90days at 30 �C.
Reproduced from Hawthorn G. A. MS Thesis, University of Hawaii at Manoa, Honolulu, 2004.
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site formed in a region of high plastic deformation
where the specimen was stamped for identification.

3.23.4.5.2 Humidity chamber exposure

Humidity chamber studies were conducted for 90 days
at 85% RH (relative humidity) and 30 �C. The dimen-
sions of specimens were�2.54 cm� 2.54 cm� 0.25 cm.
The specimens were treated in 3.15wt%NaCl, ASTM
seawater, actual seawater, and 0.5MNa2SO4 by immer-
sion in the electrolyte for 1min, air-dried, and then
placed in the humidity chamber. Specimens in triplicate
were examined, but data correspond to results from two
specimens for each testing condition (Figure 25). The
third specimen was reserved for further surface
analyses.

The corrosion rates of specimens treated with
ASTM seawater were generally comparable to or
exceed those treated with NaCl, as the hydrotalcite-
like films cannot form in the absence of an electro-
lyte. The specimens treated with Na2SO4 generally
had the lowest corrosion rates. Corrosion rates also
generally increased for the MMCs reinforced with
black SiC as the SiC content increased. For the
MMCs reinforced with 50 vol% SiC, corrosion rates
were lower for those having the high-purity, higher
resistivity, and green SiC.

3.23.4.5.3 Outdoor exposure

The MMC specimens were exposed to six outdoor
sites. The specimens were �9 cm in diameter and

2.5mm in thickness. Specimens in triplicate were
examined, but data correspond to results from two
specimens for each testing condition (Figure 26).
The third specimen was reserved for further surface
analyses.

The test sites were industrial (Campbell Industrial
Park), agricultural (Ewa Nui), arid (Waipahu), marine
(Kahuku and Coconut Island sites), and rain forest
(Lyon Arboretum). Weather and environmental data
are provided for the 180-day exposure period
(Table 4).

Some trends are clearly visible in the corro-
sion data (Figure 26). The corrosion rates of
the MMCs reinforced with black SiC generally
increased with an increase in volume fraction of
the reinforcement. This would be expected due to
galvanic action between the black SiC and alumi-
num matrix. For the MMC reinforced with 50 vol%
SiC, those having the black SiC corroded at higher
rates than those reinforced with the high-purity,
higher-resistivity, and green SiC. For the three
types of MMCs with 20 vol% particulates, those
reinforced with B4C generally corroded at a higher
rate than those reinforced with less-conductive SiC
or Al2O3.

The highest corrosion rates were generally
observed at the Manoa (very wet), Coconut Island
(marine), and Kahuku (marine) test sites. The high
corrosion rate at Manoa is likely due to persistent
rain since chloride levels are negligible at that site.

Average corrosion rates of MMCs exposed in
humidity chamber for 90 days 
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Figure 25 Corrosion rates of Al 6092-T6 MMCs treated with various salts and exposed to 85% RH for 90 days at 30 �C.
Reproduced from Hawthorn G. A. MS Thesis, University of Hawaii at Manoa, Honolulu, 2004.
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3.23.5 Corrosion Protection of MMCs

Corrosion of metals can be prevented with the use
of protective coatings and inhibitors. The type of
coating (e.g., impervious, inhibitive, or cathodically
protective) will depend on the application; for exam-
ple, immersion or atmospheric exposure. For MMCs,
however, a proven coating system for the matrix alloy
may not be suitable. Poor adhesion and wettability
between the coating and reinforcement or differences
in the electrochemical properties of the alloy and
the MMC may render a good coating system for the
ineffectiveness of alloy for the MMC. Other coating
techniques such as anodization could also be ineffec-
tive or even deleterious to the MMC. Various studies
on the corrosion protection of MMCs utilizing

organic coatings, inorganic coatings, anodization,
chemical conversion coatings, and inhibitors have
been summarized elsewhere.66

3.23.6 Conclusions

The corrosion of MMCs is significantly more com-
plicated and less predictable than that of their mono-
lithic alloys.MMC systems that consist of activemetal
matrices and noble reinforcements have inherent
galvanic corrosion problems. Some systems, such as
those containing aluminum and carbon, may also be
susceptible to interphase formation of the deleterious
Al4C3, which hydrolyses in the presence of moisture.
Other complications arise when reinforcements are

Average corrosion rates of MMCs and Al6061-T6 after 180
days exposure  
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Figure 26 Corrosion rates of Al 6092-T6 MMCs exposed to outdoor test sites for 180days. Reproduced from

Hawthorn G. A. MS Thesis, University of Hawaii at Manoa, Honolulu, 2004.

Table 4 Weather and atmospheric data for 180-day exposure at test sites

Test site Avg.
temp (�C)

Rain
(cm)

% of exposure time
when TOW=0a

% of exposure time
when TOW=15a

Avg. Cl� deposition
rate (mgm�2 day�1)

Avg.
humidity
(%RH)

Manoa 22.9 357.9 60.6 26.4 –b 83.1
Coconut Is. 25.8 65.0 54.8 9.2 58.3 74.9

Campbell 27.2 45.5 66.5 4.6 24.4 63.2

Kahuku 25.6 132.1 59.6 15.1 89.9 73.4

Waipahu 26.3 79.0 80.3 7.1 10.7 66.9
Ewa Nui 25.9 82.6 77.6 6.5 9.4 67.4

aA TOW sensor value of zero indicates that the specimens are dry and a value of 15 indicates that the specimens are wet.
bBelow detectable level of 7.0.
Source: Hawthorn, G. A. MS Thesis, University of Hawaii at Manoa, Honolulu, 2004.
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SCs, which have electrical resitivities that can span
orders of magnitude and are sensitive to impurity
levels. In addition, impurities in semiconducting rein-
forcements may cause them to become n-type or
p-type which can lead to photo-induced corrosion
or even beneficial photoinduced cathodic protection.
The presence of the reinforcements may also influ-
ence the formation of intermetallics and the gen-
eration of dislocations, which also affect corrosion
behavior. These additional concerns make design-
ing and utilizing MMCs a significant, but worthy,
engineering challenge. Many of the extraordinary
mechanical and physical properties of MMCs cannot
be achieved with conventional metal alloys. Standar-
dization of MMC constituents (e.g., purity levels in
reinforcements) and the stringent control of proces-
sing temperatures and histories could help develop
MMCs with more predictable corrosion behavior.
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Glossary
Advanced (advanced technical, fine) ceramic

A highly engineered, high-performance,

predominantly nonmetallic, inorganic,

ceramic material having specific functional

attributes (Note: US – advanced ceramic;

Europe – advanced technical ceramic; Japan

(English term) – fine ceramic; Germany –

Hochleistungskeramik).

Ceramic An inorganic, nonmetallic

material consolidated by the action

of heat.
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Chemical porcelain A ceramic material

manufactured principally from clays,

feldspars and quartz, and/or alumina, and

generally of low iron content.

Chemical stoneware A ceramic material

manufactured principally from clays,

feldspars and quartz, and/or alumina,

designed to retain dimensions during firing,

and manufactured in large pieces.

Chemical vapor deposition (CVD) Method of

producing a coating on a body (and more

rarely a solid object on amandrel) by reaction

between gases at high temperature, for

example, SiCl4 þ CH4, producing SiC.

Corrodant Substance causing corrosion.

Delayed failure The sudden failure of a ceramic

component without detectable creep as a

result of subcritical crack growth under

stress.

Flexural strength The fracture stress of a defined

beam test-piece loaded in flexure and

computed as the nominal tensile surface

stress; usually applied to ceramic and other

brittle materials.

Glass-ceramic A material fabricated as a glass

which is then subjected to a controlled

crystallization (devitrification) process to give

a fine-grained microstructure with desired

properties.

Hardmetal A metal/ceramic composite material

comprising typically a hard ceramic phase

with a metallic binder phase. Examples: WC/

Co, WC/Ni, TiC/Fe.

High-alumina ceramic An advanced ceramic

material comprising principally a compound

of aluminium and oxygen with or without

other minor components to aid densification

or control properties.

Hydration The formation of a hydroxide material,

especially at the corrosion interface of a

material, especially a ceramic.

Mullite A ceramic phase comprising a compound

of alumina and silica.

Nonoxide ceramic An advanced ceramic material

comprising principally borides, carbides,

nitrides, or silicides, for example, silicon

nitride, molybdenum disilicide.

Reaction bonding A process for ceramic

manufacture in which a ceramic bond

between grains is produced in situ by

chemical reaction between relevant species,

for example, between silicon and nitrogen to

produce silicon nitride.

Subcritical crack growth The process

of crack extension over time without

complete failure.

TZP (tetragonal zirconia polycrystals) A zirconia

ceramic, typically, but not exclusively,

partially stabilized with yttria (hence Y-TZP)

and with submicrometer grain size to retain

principally the tetragonal phase of zirconia,

resulting in high strength.

Zirconia ceramic An advanced technical ceramic

material comprising principally a compound

of zirconium and oxygen with or without

other minor components to provide phase

stabilization, to aid densification or to control

properties.

Abbreviations
CBN Cubic boron nitride

CVD Chemical vapor deposition

HBN Hexagonal born nitride

PTFE Polytetrafluoroethylene

TZP Tetragonal zirconia polycrystal

3.25.1 Ceramic Materials as
Engineering Products

3.25.1.1 Ceramic Materials and
Applications

For many years, ceramic materials have formed a vital
part of the palette of materials available for engineers,
but with the principal disadvantage that they are brittle
and may not be available in particularly large sizes. In
former times, the choice was limited to porcelain-like
products, which could be made for items such as
pestles, mortars, mills, and chemical plant tower pack-
ings. Such materials generally have good resistance to
being attacked by aqueous solutions up to 100 �C.
Their principal advantage is that they produce no
corrosion scale layers and no obvious metallic contam-
ination of the process for which they are used. How-
ever, such materials are not particularly strong and/or
wear resistant. Over the last half-century, the develop-
ment of a wider range of harder and stronger mate-
rials for general engineering applications has greatly
widened the field of applications from a corrosion
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perspective. Such newer products have improved
the performance of a wide range of existing devices
compared with the use of metallic components,
and have enabled new applications and processes
to be developed, upon which the entire world now
relies.

3.25.1.2 Mechanical and Thermal
Limitations

The main disadvantage of ceramic materials is that
they are, in engineers’ terms, brittle. They generally
show linear elastic behavior to fracture, which occurs at
strains of less than 0.5%, usually less than 0.1%. They
therefore have to be treated with care from the design
and application point of view. There must be an avoid-
ance of stress concentrations that initiate fracture,
which means that the designer should change his/her
mindset, throw away his/her metallic designs with all
their in-built assumptions, and start from scratch with
chunkydesigns, whichminimize stresses and thusmax-
imize reliability. Failures in trials often result from poor
or inappropriate design and a failure to understand
stress concentrations and thermal gradients, as much
as from attempting to use an inappropriate material.

A further consequence of brittleness is a limita-
tion to thermal stress and thermal shock resistance.
Steep temperature gradients or sudden changes of
surface temperature, particularlydownshock, can result
in internal stresses, which are not relaxed by plastic
deformation processes, but which can cause rapid
failure. The larger the item, the more it is prone to
thermal stress failure. Care is needed in the choice
of material to withstand thermal shock. In general,
for dense, fine-grained materials, thermal stress is
reduced and thermal shock resistance is improved
with reductions in thermal expansion coefficient and
elastic modulus, and with increases in thermal con-
ductivity and strength. Materials that have larger
grain sizes, perhaps some open porosity, and lower
elastic modulus, such as many refractory products,
may show better thermal shock resistance than do
finer-grained, denser, stronger materials, because the
elastic energy developed is less, and damage takes the
form of microcracking rather than macrocracking.
Changing the material to maximize thermal shock
resistance may have limitations in terms of resistance
to corrosive attack. Therefore, care in material selec-
tion has to be taken. Unless parts are of thin sections,
where concerns about thermal stress are less, it may be
better to design the whole function to restrict thermal

stressing occurring while retaining the corrosion
resistance of the material of choice.

3.25.2 Microstructure and Corrosion
Processes

3.25.2.1 Role of Microstructure

Ceramic materials are typically made by a powder
route, with a high temperature consolidation process
to form the final microstructure. This process may be
via solid state diffusion or sintering, or via a liquid
phase mechanism, or via a combination of the two. In
many cases, it leaves a continuous second phase, often
of a glassy or partially crystallized nature, running
between the grains. This is a key aspect of ceramic
microstructures that needs to be considered from the
point of view of corrosion. It means that not only the
base crystalline phase or phases, but also the secondary,
often unspecified, continuous phase, has to be resistant
to corrosion in the medium under consideration.

An example of this is the series of materials known
as high-alumina ceramics. By itself, high-purity alu-
mina powder requires a high sintering temperature,
and particularly expensive raw materials. Usually, a
small amount of MgO is added to control grain
growth during sintering, and this tends to segregate
to grain boundaries along with any residual impuri-
ties such as sodium. For control of electrical pro-
perties such as dielectric loss, small additions of
silica are made to create a glassy phase. Reductions
in firing temperature can be achieved by adding addi-
tional components such as CaO. Although the alu-
mina grains themselves are corrosion resistant, the
resulting continuous grain boundary phase may not
be, especially in acid media where the material can be
penetrated through this phase without necessarily any
change in dimensions or appearance. Such penetration
can be disastrous for strength, wear, and erosion resis-
tance, as well as for any process containment. Thus,
although there may be claims that might seem to indi-
cate that high-alumina ceramics have generically good
corrosion resistance, which would be borne out for
high-purity materials, it is not generally the case.Mate-
rials have to be chosen for their individual fitness for
purpose, balanced against the ability to make the size
and shape required. Often, it is necessary to undertake a
test under the specific conditions of anticipated use to
prove that they have the required corrosion resistance.

The majority of ceramic materials contain some
residual porosity as a result of the process route
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used in their fabrication. For engineering purposes,
selected materials should be specified as being
‘impervious,’ in which case the pores are individual,
and mostly not connected to each other. Liquids
cannot penetrate the material except by dissolving a
continuous phase. In some cases, this porosity is
‘open,’ that is, it is accessible from the exterior of
the body, and there is a large accessible internal
surface area that is subject to corrosive attack. With
some materials, notably with chemical porcelains and
stonewares, the integrity of the item may rely on an
intact, impervious skin, which, if broken, permits
corrodants to access the more-porous bulk.

Further details concerning individual material
types are found in later sections.

3.25.2.2 Corrosion Processes

While corrosion of metallic alloys involves the disso-
lution or oxidation/hydroxylation of metal atoms at
the surface, usually with electrolytic drivers, oxide
ceramics are already oxides, and are usually quite
stable against further hydration except under hydro-
thermal conditions (temperatures of 300–500 �C and
pressures of 10s or 100s of atmospheres). They may
possess a surface monolayer of hydroxide, but typi-
cally, this is stable. Removal of material from such a
surface by aqueous environments requires chemical
dissolution of the ceramic structure itself. In materials
such as high-purity, single-phase alumina or silicon
carbide, this is difficult; hence the corrosion resistance.

Some single-phase products have only moderate
corrosion resistance in acidic or alkaline environ-
ments, notably those that are based primarily on
alkaline or acidic oxides. Thus, magnesium and cal-
cium silicates and some aluminosilicates tend not to
be acid resistant, while silica and highly siliceous
glasses tend to be relatively resistant to acids, but
are attacked by strongly alkaline environments.

In structures with corrosion-resistant primary
grains and secondary phases such as glasses, attack
may be much more rapid, especially if the glassy
network is highly disrupted by locally high levels of
alkaline and alkaline earth ions. Acidic environments
can much more readily attack this glassy phase.
It is quickly leached of its alkaline ions, leaving a
porous siliceous gel acting as a diffusion medium
for the corroding species. Another example is of
the free silicon phase in some versions of silicon
carbide ceramics. The result is that the material can
be penetrated down the grain boundaries without the

generation of any surface layers and without loss of
dimensions.

In nonoxide ceramics, which are free from oxide
phases, the first step to dissolution is oxidation or
hydration. In silicon carbide and silicon nitride, the
surface comprises a protective layer of silica. To
progressively remove material, not only does this
layer have to be removed, requiring a strongly alka-
line condition, but also the underlying material then
has to be oxidized. Only certain corrodant conditions
will achieve this, hence the corrosion resistance of
such materials. In some cases, the material oxidizes or
hydrates readily. An example is the soft, crystallo-
graphically hexagonal form (HBN) of boron nitride.
The oxide product is boric oxide, which readily
reacts with water. Once hydration occurs at a signifi-
cant rate, dissolution is continuous, and there is no
protective skin.

The majority of commonly available ceramics for
structural purposes are not electrically conducting to
any significant extent at temperatures up to 500 �C.
Consequently, they do not suffer from electrolytic
effects, and hence from corrosion processes that in-
volve this type of process. Only in materials that
are electronically or ionically conducting, one might
see such effects. With a few exceptions (e.g., silicon-
ized silicon carbide), such materials are generally not
employed for corrosion-resisting functions. However,
an interesting example of a study of electrolytic cor-
rosion of titanium-based ceramics and ceramic com-
posites (TiN, Ti(C,N), TiB2) in seawater has been
made by Lavrenko et al.1 They showed that the rate of
corrosion was three or four orders of magnitude less
than in the majority of metallic materials, and that the
process was dominated by the formation of a TiO2-
based layer, which was analyzed in detail.

3.25.2.3 Subcritical Crack Growth

It is well established that the strength of many types
of ceramic materials is determined by small defects or
‘flaws,’ which can be located in the bulk or at the
surface. The combination of the largest flaw and the
most highly stressed location determines the short-
term strength. If such flaws are accessible to the
external environment, the strength may be controlled
by that environment through its effect on the process
of breaking atomic bonds at the tips of stressed flaws.
The net effect of this ‘subcritical crack growth’ is that
both the short-term strength and the lifetime under
steady applied stress are reduced.
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The key element in this process is the presence of
water, or more exactly, OH� ions at the crack tip. The
effect is accelerated by high temperature, and is
influenced by pH. Glasses are the most susceptible
of materials, followed by oxide-based ceramics and
nonoxide-based materials with oxidic continuous
secondary phases. Nonoxides that are inert to water,
such as some silicon carbides, show very little effect.

The susceptibility of materials to this effect can be
determined either by conducting strength tests at a
wide range of stressing rates (four or more orders of
magnitude), or by undertaking crack growth experi-
ments on long-crack fracture toughness test-pieces.
The information derived may be of importance for
applications in which the actual bulk corrosion rates
are very low or negligible, but the material is highly
stressed.

3.25.2.4 Corrosion/Erosion

There is a strong synergistic effect of corrosion and
wear or erosion. There are two principal processes:

� The enhanced reaction between the medium and
the ceramic surface, brought about by raised local
temperature and the simultaneous removal of the
reaction product;

� The undercutting of surface grains by the corro-
dant penetrating grain boundaries, followed by the
mechanical removal of grains.

The first mechanism occurs in dense materials in
which the grain boundaries are not preferentially
penetrated. An example is in silicon carbide or silicon
nitride subjected to sliding wear against a similar
counterface. In these cases, the wear process enhances
hydration of the surface to silica, which is progres-
sively removed through the sliding process. The rate
may be low, but is the principal damage mechanism
in sliding seal wear. The second mechanism is when
the rate-determining factors are chemical penetra-
tion and grain loosening.

3.25.3 Testing Procedures and
Standards

3.25.3.1 Standards

Testing standards for aqueous-based corrosion per-
formance are generally flexible in corrodant condi-
tions and duration to allow for a very wide range of
potential applications in which particular conditions

may arise. For example, ASTM C 650 for ceramic tile
permits any corroding substance of application rele-
vance, advises against the use of HF because of its
obvious rapid attack on any silicate-based material,
and suggests that a general indication of respectively
acid or alkali resistance can be obtained by the use of
10% HCl or 10% KOH at room temperature for
24 h. This standard uses visual color and texture
change as the main indicator of attack, preferred to
the measurement of change of gloss or mass change.
A similar test is available as EN ISO 10545-13 (super-
seding EN 106 and EN 122) for both unglazed and
glazed tiles, using visual assessment of changes in
surface appearance, and for glazed tiles, a ‘pencil’
test for the roughening of a glazed surface. The test
duration is rather more extended than in ASTM
C 650.

A test with a specific purpose in mind is described
in BS4789 for alumina and beryllia ceramics for vac-
uum envelopes. It involves boiling in concentrated
nitric acid (sp. gr. 1.42), followed by washing in water,
then dilute ammonia, and again in water. The test-
pieces are then conditioned by heating to 1200 �C for
30 min before weighing and calculation of mass loss.
There is also a requirement to inspect for local
cracking and spalling. The original intention behind
this test was to determine whether the ceramic mate-
rials could withstand the removal of metallizing by
acid digestion, followed by reprocessing at high tem-
perature, and still maintain integrity and vacuum-
tightness. This test originated from work reported
by Binns.2 Experience has shown that it is indeed
very effective in identifying those materials that can
be rapidly penetrated by acids.

A more general procedure is listed in CEN EN
12923-1. This provides guidance on the use of various
criteria in deciding the extent of corrosive attack
under any aqueous-based conditions. It provides
options for characterization microstructurally, by
mass change, dimension change, hardness change,
flexural strength change, and by analysis of species
dissolved into the reactant.

ISO 17092 provides methods for acid and alkali
attack based on standardized HCl and NaOH solu-
tions that are similar in principle to ASTM C 650,
but intended for engineering type materials.

ISO 6474 (alumina) and ISO 13356 (zirconia)
specifying ceramics for human body implantation
such as in orthopedics require evidence that there is
no change in strength after immersion in a simulated
body fluid (saline, bovine serum, or the like) as one of
the criteria for acceptability.
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ASTMC 1368 and EN 843-3 provide methods for
studying subcritical crack growth in an optional
medium, which can include corrosive liquids. It is
based on flexural strength testing at a series of rates
over at least four orders of magnitude in loading or
straining rate. The variation of mean strength with
stressing or straining rate is used to compute the
subcritical crack growth exponent n. This method is
typically limited to tests of a few hours’ duration,
and therefore, if longer durations of exposure (and
slower rates of attack) are relevant, the alternative
method is dead-load ‘delayed failure’ testing, but
this method has only been standardized so far in
ASTM C 1576.

3.25.3.2 Procedures

3.25.3.2.1 Equipment

In conducting corrosion tests in highly corroding
media, it is necessary to consider carefully the con-
tainment vessels, and whether they themselves will be
corroded to an extent that may affect the outcome of
the test. Borosilicate glass vessels are usually per-
fectly adequate for acid tests at ambient pressure,
but may have limited life under alkali tests. Test-
pieces can be suspended in baskets or from wires,
but should be separate from each other and should
not rest on the bottom of the vessel to avoid erosion
or damage, notably during boiling tests.

In the modern era, the safest way of undertaking
aggressive corrosion tests is to use polytetrafluor-
oethylene (PTFE)-lined digestion bombs placed in
an oven at the relevant temperature. Tests at tem-
peratures of up to 200 �C can usually be undertaken
without damaging the PTFE, giving pressures of up
to 10 atm dictated by the certified maximum for the
vessel. The advantage is the small volume of corro-
dant being handled, especially if it is subsequently
being analyzed for dissolved species. The disadvan-
tage is the limited volume of corrodant that can be
employed, which might lead to exhaustion, and the
fact that it is static within the vessel, which can lead to
some areas of corrosion shielding.

It is sometimes necessary to understand the per-
formance of materials in the presence of combined
corrosion and erosion or abrasion. Such tests are
certainly relevant to plant operation where fluids
and possibly abrasive debris are being circulated,
but are more difficult to set up in a meaningful way
and to control in the laboratory. Cox and Morrell3

describe a method of acidic and alkaline slurry ero-
sion based on a spinning disc, applied to alumina

ceramics for chemical plant pipeline use. Wear of
baffles intended to induce turbulence to avoid lami-
nar flow films, coupled with changes in dimensions of
the test discs led to some nonlinearity of conditions.
Nevertheless, differences between different materials
and corrodants were adequately demonstrated.

Standardized abrasive wear testing of hard materi-
als is typically undertaken in rotating wheel experi-
ments using loose abrasive, which becomes trapped
between the wheel and the test-piece. Examples are
ASTM B 611 (hard metals, steel wheel, brown alu-
mina grit in water), ASTM G 65 (general applica-
tions, rubber edged wheel, sand, dry), and the light
wear ball-cratering test (CEN EN 1071-6 intended
for ceramic coatings). With suitable precautions,
these tests can also be used with acidic or alkaline
environments, which can be fed along with the
abrasive. This approach can be used to study the
synergistic effect of simultaneous corrosion and
abrasion.

3.25.3.2.2 Assessment techniques

Mass change

Measurements of mass change following corrosion
can be misleading with ceramics. This type of test
works well for materials that are uniformly dissolved,
but if there is grain boundary penetration, corrosion
products can be variably trapped in the developed
porosity. Washing and drying, even refiring to high
temperature, does not necessarily remove them all. It
is even possible to obtain a mass gain despite clear
penetration, which is clearly misleading if candidate
materials are ranked solely using mass change. It is
recommended that mass change tests are always used
in conjunction with a test that is not influenced by
residual corrosion products.

Change of cross-section

This test has the same limitations and problems as
with testing metallic materials. It may not provide a
particularly relevant result on ceramics under aque-
ous corrosion conditions, because generally size
changes are very small if the primary phases are not
attacked, and of course, penetration is not character-
ized. In some cases, the method may have value,
where there is clear loss in section, for example,
when corrosion is combined with erosion or wear.

The most reliable method is usually the prepara-
tion of a cross-section and its dimensioning using a
measuring microscope.
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Dye penetration

This is an extremely useful test. Test-pieces are sim-
ply immersed for an hour or two in a suitable dye
solution after corrosion and washing. After washing in
solvent, the greater retention of dye compared with
uncorroded material is an initial indicator of some
penetration, which can be confirmed by sectioning or
fracturing the test item. If the corrosion tests have
been conducted on flexural strength test bars (see the
following section), the depth of penetration is easily
seen after fracture.

Flexural strength

For smaller-sized parts, which may suffer a risk of
fracture in the intended application, knowledge of
any reduction in strength as a result of corrosion can
be important. Such tests are normally performed on
standardized flexural strength test-pieces, typically
>45 mm � 4 mm � 3 mm tested in four-point flex-
ure (ASTM C 1161, CEN EN 843-1, ISO 14704) for
advanced technical ceramics. It is recommended that
at least 10 test-pieces are used for any one corrosive
condition, as well as for the uncorroded reference
state, in order to allow for the typical spread of
strengths typically obtained with brittle materials.

Change of surface texture

The roughening or pitting of a ceramic surface can
occur in corrosion, and this can be characterized
using conventional roughness measurement techni-
ques. Caution is needed with the texture characteri-
zation of ceramic surfaces in general, and the
guidance given in EN 623-4 is intended to encourage
good and relevant practice.

Hardness

Surfaces that suffer penetration lose apparent hard-
ness. They may even become soft enough to be
scratched or chipped using a knife, while micro- or
macrohardness tests can be used to quantify such an
effect (see EN 843-4, ISO 14706). The method is
appropriate for small penetration depths, up to say
20–50 mm, which might not reveal themselves as
changes in strength, but not for larger depths where
the test may become meaningless.

Chemical changes to the corrodant

Chemical analysis of the corrodant after the test can
offer an insight into which species in a multicompo-
nent material are being preferentially removed. Very
sensitive techniques are available.

General comments

Care should be taken to ensure that any loose or
precipitated material is fully accounted for. Material
can be dissolved and reprecipitated elsewhere,
including the vessel walls and sample suspension
system. An example of what can be achieved and
some of the pitfalls are given by Öhman et al.,4 who
studied the leaching of high-purity alumina by
sodium bicarbonate buffered water. They deter-
mined that in this case, gravimetric methods of
determining material loss give significantly greater
values than determined by using a fluoroscopic
method of analyzing the corrodant solution. An
analysis of solution equilibrium calculations showed
that precipitation was unlikely, but far more likely
was the development of a surface skin by a hydra-
tion/reprecipitation mechanism, which when dried
out for test-piece weighing gave a friable surface,
which was readily lost.

3.25.3.3 Testing Standards

Following are the standards providing testing meth-
ods relevant to various varieties of ceramics:

EN 12923-1:2006 Advanced technical ceramics –
Monolithic ceramics – Part 1: General practice for
undertaking corrosion tests (Generic standard for
technical and engineering materials providing
procedures for determining attack, appropriate
for any reagent.)
ISO 17092:2005 Fine ceramics (advanced cera-
mics, advanced technical ceramics) – Determina-
tion of corrosion resistance of monolithic ceramics
in acid and alkaline solution. (Testing in
6 N H2SO4 and NaOH boiling solutions for 24 h
with attack criteria being mass loss, dimension
changes, and loss of mechanical strength.)
EN ISO 10545-13:1997 Ceramic tiles – Part 13:
Determination of chemical resistance. (A variety
of test solutions permitted, including ammonium
chloride (representing household cleaning pro-
ducts), sodium hypochlorite (swimming pools),
HCl, citric acid, KOH, and lactic acid (foodstuffs),
used for 24 h on glazed surfaces. Criteria based on
visual inspection, reflectivity, and ‘pencil’ test.)
EN 993-16:1995 Methods of test for dense shaped
refractory products. Determination of resistance
to sulfuric acid
ISO 28706-4 Vitreous and porcelain enamels.
Determination of resistance to chemical corrosion.
Part 1: Determination of resistance to chemical
corrosion by acids at room temperature.
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Part 2: Determination of resistance to chemical
corrosion by boiling acids, neutral liquids, and/or
their vapors.
Part 3: Determination of resistance to chemical
corrosion by alkaline liquids, using a hexagonal
vessel
Part 4: Determination of resistance to chemical
corrosion by alkaline liquids, using a cylindrical
vessel

3.25.4 Performance of Specific
Material Types

3.25.4.1 Oxide-Based Materials

3.25.4.1.1 Porcelains and aluminosilicates

The longevity of many silica-based materials, includ-
ing earthenware, porcelains, and even some glasses,
in wet environments is eminently demonstrated
by archaeological evidence. Most clay-based materi-
als comprise crystalline phases such as quartz, cristo-
balite, and mullite embedded in a glassy matrix
produced by melting mineral phases containing
alkalis and alkaline earth species. The solubility of
such glasses in water is limited, and while the attack
does slowly occurs by a leaching/hydration process,
it does not restrict their use in many applications.
In fact, they will also withstand some aggressive,
aqueous environments, such as strong acid and alka-
line solutions.

For applications in the kitchen and the laboratory,
so-called ‘chemical porcelains’ with very low or zero
open porosity without glazes have been in use for
many years, particularly in the pharmaceutical indus-
try, and are not radically different in structure from
materials used for electrical insulators. They have
been employed in a range of applications, the most
commonly known one being pestles and mortars, up
to some moderate-sized items for use as one-piece
corrosion and abrasion-resistant linings. However,
one of the limitations of such materials is their manu-
facture in large pieces. The shrinkage obtained on
firing makes shape and dimension control difficult.
One long-standing route around this problem is to
restrict the shrinkage by adding prefired refractory
particulates to the clay mix. However, this allows
porosity to be developed, and often a product will
only remain impervious if the surface skin, which
effectively seals the bulk microstructure, remains
intact. Such materials, often called ‘chemical stone-
ware,’ can be made in the large pieces required for
chemical tower packing, and still remain the preferred

option for large-sale use. Similar materials are used
for corrosion-resistant hygienic tiling of surfaces.

In addition, similar materials are available in brick
form for building structural chemical plant linings.
Varieties are available with microstructures appropri-
ate for acid or alkali resistance. These would be
grouted with appropriate acid- or alkaline-resistant
cements, which although not as corrosion resistant as
the bricks, survive sufficiently for the vessel to sur-
vive and prevent corrosion of external steelwork. The
scientific literature on such materials is very limited,
but Charlebois5 has described a number of such
applications, including sulfite digesters in the paper
industry, sodium chlorate tanks, and tanks for HCl
leaching of TiO2 ore.

Bennett6 reports on sulfuric acid testing of four
aluminosilicate brick materials made from different
sources of red shale or fireclay, but all show rather
higher rates of attack than SiC, silica, carbon, or
alumina, minimum rates being obtained with carbon
and alumina.

Marcus and Ahrens7 show that highly siliceous
materials (fused silica glass, sintered mullite, and sin-
tered clay/zircon) have rather lower corrosion rates in
concentrated phosphoric acid at 204 �C than many
nonsiliceous oxides (alumina, beryllia, spinel), cordi-
erite (2MgO�2Al2O3�5SiO2) showing intermediate
behavior.

3.25.4.1.2 Alumina

The ceramic family most commonly employed for
engineering components is that based on aluminum
oxide (alumina, Al2O3), being generally stronger,
harder, and more abrasion resistant than porcelains.
There is a huge spectrum of types of alumina ceramic
depending on their intended engineering func-
tion. Containing more than 80% by mass of Al2O3,
but more typically in excess of 95%, they usually
have additional components added to control the sin-
tering process, to reduce the sintering temperature, or
to modify the final properties. It is probably true to say
that no two alumina ceramics from different sources
are the same in all respects, but some generalizations
may be helpful (more details can be found inMorrell8):

1. High-purity alumina without additions does not
sinter well and tends to suffer from exaggerated
grain growth. Such materials tend to be used only
for crucibles.

2. High-purity alumina with small controlled amounts
of MgO or Y2O3 when in ultrafine powder form
can be sintered to full density with control of grain
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size. Such products include biomedical implants
(fine-grained) or translucent lamp envelopes
(medium-coarse grained).

3. Aluminas of lesser purity (sometimes called ‘debased’
alumina) used for lower value-added products, for
example, in electronics, usually have deliberate addi-
tions of MgO, SiO2, and CaO. This produces a dis-
tinct secondary glassy phase, which can act as a sink
for impurities such as alkalis, and thereby control
dielectric properties, especially loss tangent.

4. Alumina ceramics for general engineering may
be similar to those for electrical purposes in terms
of compositions; indeed often, a given product is
treated as multifunctional. Others, such as those
sintered using MnO and TiO2, which produce a
low-temperature eutectic liquid during firing, tend
to have applications restricted to mechanical ones.
More generally, if strength and wear/erosion resis-
tance is an important feature, products tend to be of
finer grain size than used for many electrical
applications.

5. While themajorityof aluminas are highly resistant to
corrosion in high pH or neutral solutions, only a few
products are designed for resistance to aqueous cor-
rosion at low pH. This requires control of the nature
of the secondary phase composition.

There is an extensive literature on corrosion resis-
tance. Thermodynamically, Al2O3 is not stable in
water, but is attacked only very slowly. Öhman et al.4

evaluated the rate of attack of simulated groundwater
on a high-purity alumina hot-pressed material sub-
stantially free from secondary phases. The buffered
sodium bicarbonate solution used gave pH 8.5. In
tests of up to 90 days’ duration and at temperatures
in the range 40 �C–100 �C, depths of corrosion
determined by mass loss and fluoroscopic analysis
for aluminum in the corrodant solution were of the
order of only a few nanometers. As mentioned earlier,
the factor of 5 discrepancy between the two analysis
methods was ascribed to the development of a
hydrated surface skin, which was readily lost when
dried. A similar very thin deposited layer was found
by Real et al.9 in tests on a similar sintered material
boiled for 2 weeks in 5% salt solution. This treatment
did not significantly affect the strength or the appar-
ent hardness of the material.

One of the first systematic studies of corrosion
resistance was made on a fairly high-purity crucible
material, conducted by Jaeger and Kraseman.10

Attack by various acidic and alkaline solutions at
95 �C for 3 days was very significant for HF and

HF/H2SO4 and for strong (1:2) NaOH solution. For
many other acids, attack was slow.

Richards11 reported the corrosion resistance of
experimental ‘debased’ alumina ceramics in HNO3

as a function of secondary phase composition. From
the data provided (Table 1), it can be seen that the
mass loss rate can vary by more than a factor of 100,
depending on the ratio of MgO:CaO:SiO2. It can be
concluded that the best resistance is achieved when
the ratio of alkaline earths to silica in the secondary
phase is small, and when the amount of CaO is mini-
mized. Commercial products are available that are
free from CaO for maximized resistance to acidic
corrosion, but have a disadvantage that they tend to
have lower toughness because of an increased ther-
mal expansion mismatch between the alumina grains
and the secondary phase.

These findings are supported by the work under-
taken at NPL during the 1970s.12, 13 A variety of alu-
mina ceramics of between 95% and 99.8% were tested
in H2SO4 (10%, v/v, boiling, 72 h), HCl (20%, w/v,
boiling, 72 h), HNO3 (35%, w/v, boiling, 72 h), HF
(40% solution, 20 �C, 72 h), and KOH (10%, w/v,
boiling, 72 h). The criteria used were weight loss and
spalling tendency on reheating to 1000 �C (Figure 1),
dye penetration (Figure 2), strength loss, and hardness
loss. The principal results are shown in Table 2.

A summary of some of the conclusions is as
follows:

1. A translucent high-purity alumina was found to be
resistant to all acids with no detectable weight loss,
dye penetration, or tendency to spall.

2. A number of refractory or electrical aluminas (up
to 99.7% Al2O3) were badly attacked in all acids,
and some pitted badly or disintegrated when
reheated indicating the presence of trapped cor-
rosion products. There were significant losses in
strength and hardness, indicating the development

Table 1 Corrosion resistance of alumina ceramics11

Body
no.

Composition (wt%) Mass loss, 50%
HNO3, RT, 18 h
(mg cm�2)Al2O3 CaO MgO SiO2

1 94.1 1.8 0.7 3.4 7.0

2 94.7 1.7 1.2 2.4 5.0
3 95.2 1.0 0.7 3.1 3.5

4 95.8 0.6 0.7 3.0 0.6

5 94.7 0.6 0.7 3.4 0.2

6 94.7 0.6 1.1 3.7 0.1
7 96.6 – 1.3 2.2 0.04
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of a porous layer, but without any significant loss
in dimensions.

3. A 95% material claimed to be acid resistant was
found to be so compared with most others, except
in HF, which attacks the siliceous phase. In this

material, most of the CaO is replaced byMgO, and
the SiO2 content raised to provide a relatively
corrosion-resistant intergranular glassy phase.

4. Alumina itself is slowly dissolved by strong alkalis,
but there is much less preferential penetration

Figure 1 The entrapment of corrosion products within the surface of corroded alumina ceramics produces spalling on

reheating to 1000 �C. Exposure to HF for 72 h at room temperature; left to right: Materials C, G, and K (see Table 2, Ref. 14).
Reproduced with permission of HMSO through National Physical Laboratory.

Figure 2 Fracture surfaces of test-bars after 72 h immersion in boiling H2SO4 followed by dye impregnation, showing a

range of degrees of attack.13,14 Reproduced with permission of HMSO through National Physical Laboratory.

Table 2 Corrosion tests on high-alumina ceramics12–14

Material Al2O3 (%)a Mass loss (mg cm�2) Flexural strength after exposure (% of original)

HCl HNO3 H2SO4 HF KOH HCl HNO3 H2SO4 HF KOH

Ac 99.8 0 0 – 0 0

Bc (96) 6.4 2.5 3.6 – <0.1

Cb 99.8 1.5 1.0 1.0 0.05 �1.0 34 48
Db 99.4 D PP D D <0.1

Eb 99.2 D D 0.65 0.76 0

Fb 99.6 D 0.3 D P 0

Gb 99.6 P S S SS 0
Hd 94.6 0.07 0.06 0.08 15 0.77 91 95 92 45 58

Ic 97.5 SS PP 2.5 D <0.1 44 51 58 25 97

Jc 99.1 0.25 P 0.35 0.66 <0.1 65 73 76 21 86

Kc 99.5 P D S D <0.1 26 27 27 34 84

aBy XRF analysis except (�);
bRefractory grades;
cEngineering grades;
d‘Acid-resisting’ grade.
Appearances after heating to 1000 �C: P = surface pits, PP = bad pitting, S = surface spalling, SS = severe spalling, D = disintegrated.
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through any intergranular phase, resulting in a
progressive removal of the surface rather than
the penetration seen with acids. Strength as
measured in a flexural test on small test-pieces,
which preferentially stresses the corroded surface,
tends to be better maintained than in acids.

Later work at NPL3 evaluated the effects of com-
bined corrosion and erosion in acids and alkalis on a
small range of alumina ceramics. Three alumina
ceramics were employed, two fine-grained, of nomi-
nal 99.5%, and one coarse-grained, of nominal 97.5%
alumina. Tests were made on discs spinning in a
heated corrosive liquid, with and without SiC as a
hard particle erodant, as well as on test-bars sus-
pended in the liquid. All the three materials were
significantly penetrated by acidic solutions, HCl
being the most aggressive. The 97.5% alumina was
attacked much faster than were the 99.5% materials,
but these showed significant differences in behavior.
Figure 3 shows the change in flexural strength
measured at room temperature for different corro-
dant types. Immersion in KOH solution produced the
least effect. There were very minor changes in both
mass and strength as a result of immersion in water.

The addition of 5% (v/v) SiC grit to acidic cor-
rodants in these tests resulted in an acceleration in
the rate of mass loss by a factor of between 2 and 4

compared with tests in liquid only. This is explained
by the fact that the removal of the secondary
phase renders the remaining material rather weaker
and more readily eroded. By comparison, the ero-
sion rate in KOH solution was only slightly faster
than that in water at the same temperature, indicating
that the microstructure is not weakened in the
same way.

Engell and Jakobsen15 have reviewed corrosion
mechanisms in alumina ceramics used for liquid pump
parts, including brown-colored versions incorporating
MnO and TiO2 as low-temperature liquid phase for-
mers. Testswere run for up to 5000 h at 90 �Cat pH5.5,
9, and 12 buffered by NaOH. Figure 4 summarizes
some of their results. The rates of attack increase with
increasing pH over this range, but there are significant
variations between the materials.

Genthe and Hausner16 studied single-crystal sap-
phire and ruby, and high-purity hot-pressed aluminas
with and without MgO and Cr2O3 dopants. The
dissolution rates in HCl and H2SO4 (180

�C, 168 h)
were minimal for single-crystal materials, but greater
for polycrystalline ones, which was attributed to the
preferential removal of the grain boundary phase. In
H2SO4/H3PO4 mixtures, attack rates were signifi-
cantly higher owing to the dissolution of alumina
itself, although increasing amounts of Cr2O3 tended
to suppress this process.
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Mikeska et al.17 report that all alumina ceramics,
including those of nominally very high purity, other
than single-crystal sapphire are very significantly
attacked by HF at 90 �C as a result of grain boundary
phases, the effect being worst with high levels of silica
in the secondary phase. Fang et al.18 show that an 85%
alumina is rapidly penetrated by a 1% HF þ 5%
HCl solution at room temperature, to leave a porous
layer that was readily eroded in a subsequent wet
sand erosion test.

Tests on 94% and 99% aluminas in concentrated
(96%) phosphoric acid have been reported by Marcus
and Ahrens.7 At room temperature, the dissolution
rate was minimal over a period of a month, but at
204 �C, the higher-purity material was attacked faster
with a dissolution rate equivalent to 450 mm year�1,
compared with 35 mm year�1 for the 94% material.
This is likely to be a result of a slower reaction with the
continuous glassy phase than with alumina itself.

Sato et al.19 tested two aluminas at 150–200 �C in
0.1 M to 25 M NaOH. A 93% alumina material was
attacked several times faster than was a 99.5% alu-
mina, primarily by dissolution of the secondary
phase. Small test-pieces (3 � 4 � 20 mm) were
essentially consumed by the 25 M solution within a
day at 200 �C and within 5 days at 160 �C.

This wide range of performance implies that
although alumina ceramics generally show good
resistance to weak and neutral solutions, great care
must be taken to select the most appropriate product
if aggressively acidic service conditions are intended.

Materials not designed for acid resistance may be
penetrated much faster than might be expected.

Dailly et al.20 evaluated the stress-corrosion
behavior of several types of electrical substrate alu-
mina ceramic in air and in Ringer’s solution (saline,
appropriate for biomedical environments), using the
double torsion plate method. In this method, the test-
piece is rapidly loaded, and then the machine cross-
head is stopped and the stress relaxation monitored as
the crack progresses along the length of the plate.
The crack velocity was determined from the relaxa-
tion rate. In all the cases, the crack velocity exponent
(n in the relationship v ¼ AK n

I where v is the crack
velocity, KI is the stress intensity factor, and A is a
constant) was in the range 17–30, indicating the clear
existence of subcritical crack growth. This value was
lower in saline than in moist air, that is, the material
becomes more susceptible to crack growth. The results
given do not provide a clear indication of what features
of the composition, especially the relative proportions
of the secondary components, control the behavior, but
the authors suggest that the presence of MgO is disad-
vantageous. Byrne et al.21 used the same technique on a
variety of materials and found significant differences in
crack growth in strong acids and alkalis. Barinov et al.22

report similar large changes in n with different pH
values for one alumina, but not another, using the
method of flexural strength testing over a very wide
range of testing rates.

Circumstantial evidence from in vitro and in vivo

failures of highly loaded alumina femoral
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components suggests that high-purity materials are
not immune to the phenomenon, although Ferber
and Brown23 have found that the values of n are
higher.

3.25.4.1.3 Zirconia

Material types

Zirconia in its pure form undergoes two solid-state
phase transformations on cooling from the melt
(cubic–tetragonal–monoclinic), making the produc-
tion of useful ceramic materials impossible. Struc-
tural stabilization is required. To stabilize the cubic
form, MgO, CaO, or Y2O3 can be used in sufficient
quantity; such products are known as stabilized zirco-
nia. Such materials find uses as crucibles and oxygen
sensors, but are not particularly strong or tough.

Developments in the 1970s were made with par-
tially stabilized materials that enabled much stronger
tougher products to be made. With MgO additions, a
ceramic shape sintered in the cubic phase field is
subjected to a programmed cooling schedule in
which a fine-scale tetragonal phase precipitate is
developed inside the large cubic grains (�30 mm).
The destructive martensitic-like conversion of the
tetragonal phase to the monoclinic phase with signif-
icantly lower density is avoided by constraint of the
cubic phase and by retaining a small precipitate size.
Such products are known as transformation toughened

partially stabilized zirconia, but often just ‘partially
stabilized zirconia.’ Mixed stabilizers are sometimes
used instead of just MgO.

An alternative approach is with yttria additions,
most commonly with 3 mol%. In this case, a very fine
powder (<100 nm) is prepared at which size scale
tetragonal zirconia is stable to below room tempera-
ture. This is sintered to a dense ceramic at a relatively
low temperature (�1450 �C) in order to avoid exces-
sive grain growth. Such materials typically have a
grain size of �0.5 mm, which is mostly the tetragonal
phase, although the surface layer may contain some
monoclinic phase. Such products are known as tetrag-
onal zirconia polycrystals or more commonly as ‘TZP.’
When the stabilizer is yttria (‘Y-TZP’), this product
has a high strength, and a wide range of applications,
including biomedical devices such as hip joints, but
has a limited performance at raised temperature
because of an increased risk of progressive transfor-
mation from the surface. To circumvent this problem,
alternative or mixed stabilizers have been proposed.24

Research has been conducted on the use of other
lanthanides, such as scandia, but such materials are

primarily intended for oxygen ion conduction and
are not generally commercially available.

The principle of transformation suppression in
tetragonal ZrO2 is also used to improve the strength
of other ceramic materials, notably alumina.

Stabilized zirconia

Compared with TZP materials (see the later sec-
tions), cubic stabilized zirconia (CSZ) has been
considered to be more stable to hydrothermal degra-
dation. However, as shown by Guo and He,25 an
8Y–ZrO2 material typical of that used for oxygen
ion sensors showed precipitation of the monoclinic
phase after exposure to 0.026 atm. water vapor pres-
sure at 250 �C, and some tendency to cracking, but
with an increase in electrical conductivity.

Lay14 reports significant rates of attack by boiling
acid solutions on a CaO-stabilized material, espe-
cially H2SO4, but no attack by 80 �C solution of
KOH. 6Y-CSZ and 8Y-CSZ are reported to be highly
corrosion resistant, especially in neutral or alkaline
solutions.26

Transformation toughened partially stabilized

materials

Sato et al.27 report that an MgO partially stabilized
material does not undergo tetragonal-to-monoclinic
transformation in 1 M HCl and 1 M sodium acetate–
acetic acid pH 3 solution at up to 140 �C for up to
40 days, but some transformation and a loss of
strength occurred when exposed to water at above
200 �C, Mg2+ ions being detected in solution.

Fang et al.18 report on corrosion testing of a UK
origin material, partially stabilized with MgO and
Y2O3 and containing some SiO2, in an HF/HCl
solution, simulating an oil pipeline cleaning solution.
They noted that HF tended to attack the grain-
boundary silica, while HCl attack tended to leach
the yttrium and to destabilize and dissolve the zirco-
nia grains. The process was thought to be such that
the surface of the material was progressively removed
with no significant influence on strength or erosion
rate in a subsequent sand jet wet erosion test.

Mikeska et al.17 report a corrosion penetration
rate >100 mm year�1 in HF at 90 �C.

Y-TZP, Ce-TZP, and Ce–Y-TZP

There is extensive literature on the problem of desta-
bilization of Y-TZP in water or steam in the temper-
ature range 150–400 �C, but there is no conclusive
explanation. The most likely process is the diffusion
of water into the ceramic, annihilating oxygen vacan-
cies, releasing yttrium ions, and leaving the zirconia

2294 Ceramic Materials

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



grains with insufficient stabilization.28–31 It has
been suggested that the impurity content of the
material affects this process, changing the level of
stability,32–37 but the exact mechanisms have not
been conclusively determined. The net result is the
expansile growth of groups of monoclinic zirconia
grains on the surface, giving small raised regions
that can be plucked out leaving a pit.31 In the short
term, such pits do not necessarily affect the strength
of the material, but eventually macrocracking can
occur.

Researchers usually characterize the process using
X-ray diffraction and report the percentage of mono-
clinic phase at the surface. Using this approach, it has
been shown that there is a nucleation delay for the
process, of length determined by temperature, which
has allowed prediction of rates at temperatures as low
as 37 �C (orthopedic applications at human body
temperature32). The process has also been found to
be surface preparation dependent. Grinding the sur-
face of this material caused some transformation to
occur, often considered to be beneficial by creating
high surface residual compressive stresses. Subsequent
rates of transformation of such surfaces are different
from those of as-fired surfaces, as illustrated inFigure 5.
Other recent literature on this problem includes
Refs. 29, 31, 39, and 40.

Bastide et al.24 determined that the material con-
taining 1 mol% Y2O3 and 7 mol% CeO2 was stable at
well below room temperature, was not quite as strong
as 3 mol% Y-TZP, but possessed a good strength
retention after exposure to steam at up to 300 �C up
to 2000 h. Similar results have been reported.41,42

However, this product is not yet commercially avail-
able. Another route to improving the stability has
been shown to be carbonitriding the surface in a
ZrN þ C bed at high temperature.43 In contrast,
Sc2O3 stabilization has been found not to be effective
in restricting hydrothermal transformation.44

In more severe chemical environments, Shojai and
Mantyla45 report that 3Y-TZP zirconia ceramic
membranes lost weight in both acid and alkaline
solutions at room temperature, but suggest that the
material did not transform at a significantly enhanced
rate compared with exposure to water.

For 3Y-TZP, Mikeska et al.17 report a corrosion
penetration rate >100 mm year�1 in HF at 90 �C.

Kritzer et al.46 report on corrosion tests on a
Ce-TZP, using HF and HBr at 24 MPa pressure at
500 �C. Some intergranular attack was noted, HF
being less corrosive than HBr, but no weight loss or
phase transformation was found.

Kalin et al.47 describe Y-TZP ball on alumina disc
wear test experiments, in which the rate of wear of the
balls in the severe wear condition is pH-controlled.
A low pH of 0.9 resulted in much lower friction and
milder wear than did high pH values where the for-
mation of distinct tribolayers led to grain fracture,
rough surfaces, and high friction coefficients.

Composites with ZrO2

Hisamori and Mimura48 studied the role of Y–ZrO2

additions to alumina, and found that with optimized
amounts of the addition, there were some small
improvements in average strength after exposure to
deionized water at 200 �C and 1.59 MPa pressure,
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although it was unclear why this should be the case.
Microstructural analysis of the surface of the test-
pieces showed that the presence of zirconia induced
pitting with associated microcracks that might be
associated with the transformation of surface-
connected or near-surface zirconia grains. Herrmann
et al.49 demonstrate similar microstructural effects,
and show that the corrosion rate under such condi-
tions is higher than in pure alumina. Material made
by Hirano and Inada50 and by Nakanishi et al.51

showed no change in monoclinic content after high
temperature aging in water.

Thompson and Rawlings52 identified structural
changes in such a material when subjected to HCl
attack. In medium- to long-term tests at room tem-
perature, microcracking was associated with the
leaching of yttria from the zirconia phase, and this
eventually led to macrocracking. There was increased
transformation of near-surface zirconia from the
tetragonal to the monoclinic form. There was also a
progressive loss in strength, compared with an initial
drop and then a plateauing of the strength of the same
alumina without reinforcement.

3.25.4.1.4 Other oxide ceramics

Mullite – Yoshio et al.53 studied water attack at 300 �C
and 8.6 MPa pressure on various synthetic mullite
materials, and found that the mechanism of attack
was dissolution of silica and the formation of a
hydrated layer of boehmite (AlOOH). The composi-
tion of the mullite and the processing route adopted
affect the results.

3.25.4.1.5 Glasses and glass-ceramics

Glasses

The majority of technical glasses are based on a
network-forming oxide (such as silica, boric oxide,
phosphoric oxide, etc.) modified with a range of
other oxides. Of these, the silicate glasses are the
more corrosion resistant, while the others tend to be
readily attacked by water. In general, the greater the
proportion of the network-modifying components
in glasses, the less resistant they are to corrosion,
because the remaining silicate network is more readily
broken up, and the modifiers are more easily removed.
Thus, many specialized glasses that are designed with
specific control on expansion coefficients and glass
transformation temperatures, for example, for sealing
applications, tend to have a lesser ability to resist
corrosion than does even window or bottle glass.

The ability of corrosive solutions to attack glasses
thus depends primarily on glass composition and
corrodant pH. Under near-neutral conditions, silicate
glasses are very slowly hydrated at the surface, the
surface being depleted of network modifying ions,
such as Ca and Na by ion exchange. Silica itself is
almost insoluble in water, except at elevated tem-
perature and pressure. Good corrosion resistance
is reported for high-silica, some borosilicate (e.g.,
Pyrex®), aluminosilicate, and high-lead compositions.
Soda–lime, alkali–lead, lead borosilicate, and low-
melting borosilicate sealing glasses have less good
properties, while high-alkali, calcium aluminate, phos-
phate, and borate glasses have poor properties.

Under strongly acid conditions, network-modifying
species are removed more readily, but the adequate
stability of glass at room temperature is well demon-
strated by the use of ordinary soda–lime glass con-
tainers for the long-term storage of mineral acids.
Similarly, sodium borosilicate glasses are widely
used for chemical processing in the laboratory and
in chemical plant, but have the advantage of
improved thermal shock resistance because of their
lower expansion coefficients. High-silica glasses have
the best acid resistance, while softer sealing glasses
can be very rapidly attacked in mineral acids. An
exception to this behavior is with HF, which attacks
the silicate network, producing SiF4, so that many
glass etchants and cleaning solutions contain HF as a
primary component.54 Glasses with a high CaO con-
tent are the most resistant to HF because of the
formation of insoluble CaF2, which impedes the cor-
rosion process.

Attack by strongly alkaline solutions is often more
rapid than attack by mineral acids, because these
actually dissolve the silicate network. Many dish-
washer detergents are mildly alkaline, and over time
can destroy the surface of glassware or glazed china-
ware. The rate of corrosion is less composition
dependent than with acid corrosion, aluminosilicate
and special alkali-resistant compositions faring
the best.

At higher temperatures, glasses become much less
stable toward water-based corrodants. The surface
layer can become like a sponge as the network modi-
fiers are leached out. This has been exploited in the
Vycor® process55 for making high-silica glass; a
sodium borosilicate glass is heat treated to cause
two-phase separation to give interpenetrating silica-
rich and silica-poor phases, the latter being readily
removed by acids. A second heat treatment is used to
densify the porous body.
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Glass-ceramics

Glass-ceramics are produced by the homogeneous
nucleation and crystallization (sometimes known as
‘devitrification’) of special glass compositions.56 This
process allows the exploitation of glass-making to
form ceramic and ceramic-glass shapes that have
special characteristics not readily achievable by con-
ventional ceramic sintering routes. There is a huge
variety of compositional types for different purposes.
Some examples include

Lithium
aluminosilicates:

Low and near-zero expansion
coefficients, for thermally shock-

resistant cookware and cooker

hobs (e.g., Pyroceram®), and for

optical components such as
telescope mirrors (e.g., Zerodur®)

Photosensitive glasses, which after

heat treatment can be selectively
etched

Magnesium

aluminosilicates:

Medium-to-low expansion

coefficients, for electronic

substrates, heat exchangers, high
temperature uses

Lithium zinc

silicates:

Medium-to-high expansion

coefficients, for glass-metal sealing,

lead throughs, etc.
Fluorine–silicates: These devitrify to fluorine-based

micas to give machinability, for

example, Macor®, for prototype
work, including dental ceramics.

The first two types listed have also been used for the
fabrication of fiber-reinforced ceramic composites,
using silicon carbide fibers and a hot-pressing route
to manufacture.

In general, glass-ceramics are seldom optimized
for aqueous-based corrosion resistance, and tend to
be attacked faster than the parent glass. The baseline
glass composition is devised to permit processing as a
glass, while permitting control over the devitrifica-
tion. Therefore, the microstructure generally com-
prises intended crystalline silicate phase assemblage
plus a residual glassy phase. Like glasses, all will be
rapidly attacked by HF, but in other common chemi-
cal species behavior will be very much composition
dependent. Some examples of recent studies of cor-
rosion behavior are given in Refs. 57–59.

Data on the corrosion resistance of Macor®

machinable glass-ceramic are shown in Figure 6,
taken from the manufacturer’s brochure.60 Compared
with other oxide ceramics and glasses, the material
appears to be significantly attacked by water. It is
possible that the leaching of fluorine ions from the
fluorine-based mica phase creates HF in solution. This

results in accelerating attack on the silicate phases if
the HF is not removed by solvent replacement.

Some examples of stress-corrosion effects in water
are given in Refs. 61–65.

3.25.4.2 Nonoxide-Based Materials

3.25.4.2.1 Silicon carbides

Material types

Silicon carbides are among the most acid resistant of
ceramics at up to 100 �C, but the behavior differs
among the different types available for use in engi-
neering and chemical applications:

1. Reaction-bonded silicon carbide is made by infil-
tration of silicon into a SiC/Cmass, a process which
forms bonding SiC and leaves a generally interpe-
netrating, continuous silicon phase filling the pore
space. The principal advantage of this process route
is the minimal size change that occurs.

2. Sintered silicon carbide is made by a high
temperature sintering process, producing either a
dense or a porous, nominally single-phase mate-
rial. The material can be either a-SiC (hexagonal
structure) or b-SiC (cubic structure). There is
usually some residual porosity.

3. Liquid-phase sintered silicon carbide is made by
employing additions of typically yttria and alu-
mina to form a liquid phase at the sintering tem-
perature. This phase solidifies to a continuous
second phase.

In addition, for special purposes, other microstructural
modifications can be employed, including the addition
of graphite flakes for the reduction of friction in sliding
seals, and the deliberate generation of closed porosity
to act as a liquid reservoir, also for seals.

Reaction-bonded silicon carbides

Tests at NPL have shown no significant mass loss or
penetration of several types of reaction-bonded SiC
for a range of acids. The most aggressive was boiling
orthophosphoric acid, in which a mass loss of
0.3 mg cm�2 was obtained in 30 min.12 Similar results
are cited by Marcus and Ahrens.7 The only acid
combination to produce much more rapid attack is
HF/HNO3, which attacks the residual silicon phase
by the dual process of oxidizing the surface to silica
and the latter’s immediate removal by HF. This com-
bination can be used to remove completely any resid-
ual silicon, but it leaves a weakened, open-porous
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material. In contrast, Fang et al.18 show that an HF/
HCl mixture at room temperature produces only a
very slow attack rate. Strong alkalis, as exemplified by
tests using 10% KOH at 80 �C for 168 h, also attack
the material by direct rapid dissolution of the silicon
phase, 30 mg cm�2 mass loss being obtained.

At higher temperatures, hydrothermal conditions
result in oxidation and the removal of the oxide. Thus
in steam at 220 �C (20 bar) for 24 h, a mass loss
of 1.9 mg cm�2 was obtained. More recently, more
extreme conditions have been evaluated on three mate-
rialswith different free Si contents inwater at 360 �C for
7 days.66 The rate of mass loss increasedwith increasing
Si content, the Si phase being leached away by water
oxidation and by dissolution as silicic acid. The rate
increased further when an initially alkaline solution
(pH 9) was used, rather than pH 6 of deionized water.

Mikeska et al.17 used 20 M HF at 90 �C and found
a significant rate of penetration by the removal of the
silicon phase through the formation of H2SiF6.

Sintered silicon carbides

In this form, silicon carbide is one of the most resistant
of all ceramics to both acidic and basic aqueous-based

corrosion, and finds a wide range of applications,
including components in paper-making plant, cement
plants, and heat exchangers.

In water, sintered silicon carbide is quite stable up
to �400 �C, but at higher temperatures, hydrother-
mal decomposition can take place at the surface by
the following reactions (Yoshimura et al.67 working
with powders):

SiCþ 2H2O ! SiO2 þ CH4 or

SiCþ 4H2O ! SiO2 þ CO2 þ 4H2

The authors suggest that water diffuses faster than
oxygen through the thin protective surface layer of
amorphous silica that is always present, accelerating
the reaction compared with the oxidation rate in dry
air. The silica is progressively dissolved allowing
further oxidation to occur. At lower temperatures,
the removal of the silica by abrasive or sliding wear
processes exposes fresh surface, which oxidizes, and
this defines the rate of surface removal.

Acid attack on a sintered material (B and
C sintering acids) has been shown by Genthe et al.68

to be minimal at 240 �C, 168 h for HCl, HNO3, and
HF, but significant in an HNO3/HF mixture

0.001

Water, pH7.6, 95 °C, 1 d

Water, pH7.6, 95 °C, 3 d

Water, pH7.6, 95 °C, changed daily, 3 d

Water, pH7.6, 95 °C, 7 d

Water, pH7.6, 95 °C, changed daily, 6 d

HCl, 5%, pH 0.1, 24 h, 95 ºC

HNO3, 0.002N, pH2.8, 24 h, 95 ºC

NaHCO3 0.1N, pH8.4, 24 h, 95 ºC 

Na2CO3 0.02N, pH10.9, 6 h, 95 ºC

NaOH, 5%, pH13.2, 6 h, 95 ºC

Mass loss (mg cm—2)
0.01 0.1 1 10 100 1000

Figure 6 Corrosion test results on MacorW machinable glass-ceramic.60
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(�270 mg cm�2) as a result of a combined oxidation
and dissolution effect.

Marcus and Ahrens17 have evaluated two forms of
porous sintered SiC in 96% H3PO4 at 204 �C, and
found minimal rates of attack.

The alkaline corrosion resistance of two forms of
sintered silicon carbide has been examined by Sato
et al.69 They found that there was sensibly no attack
by up to 25 MNaOH held at up to�200 �C for 3 days.
Above this temperature and up to 300 �C, there was
still no attack, provided that there was no free oxygen,
but in the presence of oxygen, attack became signifi-
cant, the surface layer of the material becoming pene-
trated and minor grain boundary phases being
removed, leading to a significant loss in strength. This
process greatly increases the exposed surface area of
silicon carbide, which is then attacked via a hydrolysis
type reaction given earlier, the silica being dissolved by
the alkaline solution. The authors fitted a shrinking
core model to the depth of penetration observed.

Liquid phase sintered silicon carbides

Liquid phase sintering is a recent development for
SiC compared with the other process methods, and
has been exploited in an attempt to improve strength
and toughness of a SiC-based material. Like the
situation with silicon nitride (explained later), it
involves the use of additives such as alumina and
yttria to promote densification at high temperature,
and leaves these components as a grain boundary
phase on completion of the process. The corrosion
resistance of this type of product has not been widely
studied, but it is likely to be poorer than the solid-
state sintered version with some penetration likely in
strong acids and strong alkalis.

Chemical vapor deposited (CVD) SiC

Generally, one would expect CVD SiC to behave
similar to the sintered versions. Kim et al.70 have
studied the behavior of CVD SiC in water at 360 �C
in comparison with sintered material, and found that
the former performed better. Under these conditions,
slow grain-boundary attack occurred, leading to an
initially parabolic weight loss with time, but after
some days resulting in the loosening of surface grains
with a step increase in mass loss.

Mikeska et al.17 showed that this material has
excellent resistance to HF at 90 �C, and recom-
mended its use as a coating to protect other forms
of SiC that corrode down grain boundaries.

Other SiC composites

The corrosion properties of particulate composite
materials based on SiC/TiC mixtures with alumina
as a sintering aid have been studied68 using a range of
acids. It was established that the attack rates were
very low in concentrated HCl (�4 mg cm�2 after
168 h at 210 or 240 �C), most of the attack being
surface removal of TiC. An HF and HNO3 mixture
proved to attack an order of magnitude faster, proba-
bly because the SiC phase was also removed, while an
HF/HNO3 mixture attacked yet another order of
magnitude faster at only 100 �C in 24 h because of
the synergistic effects oxidizing the SiC and remov-
ing the SiO2 formed.

3.25.4.2.2 Silicon nitrides

Material types

Like SiC, there are several routes by which silicon
nitride materials can be produced. The first materials
were produced by hot-pressing with, typically, MgO,
and although this method has been extensively used
and data on test materials have been widely reported
in the literature, this method is nowadays rarely used
for technical products because of the cost and a lack
of shaping flexibility. The other widely researched
early method was reaction bonding, in which a preform
of powdered silicon was converted to silicon nitride
by heating in nitrogen. This material has open poros-
ity, and therefore, is seldom employed for its corrosion
resistance except as a crucible material for high
temperature melts. In recent decades, the focus has
switched to sintering the material using additions such
as alumina and yttria, although a whole range of more
exotic sintering aids has been explored with the aim of
maximizing high temperature performance, particu-
larly oxidation and creep resistance. The sintering
process is relatively complex, and usually requires an
overpressure of nitrogen in order to suppress high
temperature dissociation, known as gas-pressure sinter-
ing. An alternative process is to first use the reaction
bonding process at �1350–1400 �C on a silicon-based
shape containing sintering aids, and then to raise the
temperature to 	1750 �C to induce the sintering pro-
cess. Such products are usually termed sintered reaction-
bonded silicon nitride. The lowest closed porosity levels
in any sintered products, and hence the highest den-
sities, often require hot isostatic pressing. Sometimes this
is done as part of the primary fabrication route, and
sometimes as a second operation. Some versions of
sintered silicon nitride have optimized fracture
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toughness through the development of elongated sili-
con nitride grains; products of this type are typically
used for corrosion-resistant rolling bearings.

The term ‘sialon’ is used for materials in which the
composition is adjusted such that a solid solution
between alumina and silicon nitride is produced as
the primary phase. The secondary phases contain
sintering aids, and thus such products can be consid-
ered as rather similar to sintered silicon nitrides in
most respects, including corrosion resistance. There
is no defined boundary between the two types.

Silicon nitride in its purest state can be prepared
by chemical vapor deposition, but is not widely avail-
able. Because of the absence of secondary phases, this
material has better corrosion resistance than do mate-
rials containing secondary phases to aid sintering.

Composites between silicon nitride and other
nonoxides have been developed, with additions of
BN, TiB2, TiN, MoSi2, but these are outside the
scope of this chapter.

Sintered silicon nitrides

Perhaps the most detailed published ambient pressure
study is that of Okada and Yoshimura,71 who evaluated
a dense gas-pressure sintered silicon nitride in boiling
sulfuric acid. This material contained secondary com-
ponents alumina and yttria, which form a grain-
boundary phase that is, for the most part, continuous.
Flexural strength and mass loss were determined as a
function of time at a range of boiling acid concentra-
tions. It was found that in a 1 h test, pH 3 solution
boiling at 103 �C created the biggest loss in strength
and mass, with higher concentrations have a lesser
effect. In prolonged exposure, there was a progressive
loss of mass and of nominal flexural strength, the latter
attributable to the development of a weakened porous
surface skin. After 72 h exposure to 6 N sulfuric acid at
105 �C, the strength had dropped from an initial level
of 888 
 57 MPa to 445 
 45 MPa. Some of this drop
may be attributable to the removal of residual stresses
due to machining the original test-pieces. The surface
layer thickness, as a measure of penetration rate,
increased from 100 mm after 24 h to more than
250 mm after 72 h, approximating to a rate of
�3 mm h�1 after an initial transient, but without loss
of physical cross-section. The mechanism of corrosion
is not discussed, but is likely to be a simple dissolution
process of the yttria part of the secondary phase, while
the silicon nitride itself is not significantly attacked.
This type of attack has also been reported by Lin
et al.72 and is likely to be found in most commercial

products with alumina and yttria as the sintering aids.
Similar attack processes have been found for a material
with yttria and lanthana as the sintering aids.73 Pro-
ducts with alternative rare-earth additions rather than
yttria are likely to be more corrosion resistant. Fang
et al.18 show that a sintered sialon material with a glassy
second phase is reasonably resistant to corrosion by a
1% HF þ 5% HCl solution.

Sato et al.74 tested a series of hot isostatically
pressed silicon nitrides containing Y2O3 and Al2O3

sintering aids in 1 M HCl at 70 �C for 50–240 h.
Analysis of the test solution showed that Al and Y
dissolved preferentially from the grain boundary
phase, and that retained strength progressively red-
uced with ageing time. It was further found that when
the solution concentration was less than 1 M, the
corrosion rate was controlled by the reaction at the
surface, and when greater than 5 M, the rate was
determined by diffusion through the corrosion prod-
uct layer. In a material containing no additives, no
attack occurred.

Sato et al.75 have compared the rates of attack of a
25 M NaOH solution at 150–200 �C for 3 days on
hot-pressed and sintered silicon nitrides of similar
composition, both containing Al2O3 and Y2O3 as
densification aids. It was found that the rate of attack
in terms of mass loss was low at 150 �C, but at higher
temperatures, the sintered material with 5.2 wt%
additions was attacked more rapidly than was the
hot-pressed material with 4.7 wt% additions. This
was ascribed to the preferential dissolution of silica.
However, the hot-pressed material lost strength in a
more catastrophic way with a total weight loss greater
than in the sintered material, although the reasons for
this are not entirely clear.

Sato et al.76 have reported experiments on three
materials with differing grain boundary phase com-
positions, conducted under neutral hydrothermal
conditions (200–300 �C) for 3 days. A white deposit
developed on the surface of the material, which was
found to contain hydrated silica and grain boundary
phases of alumina and yttria. The material in which
this phase remained glassy appeared to perform bet-
ter than those in which it is partially crystallized.
Strength was found to drop from an initial 630 MPa
toward 400 MPa.

Reaction-bonded silicon nitride

Being open-porous, this material is not widely used
for liquid environments at low temperature, and
therefore, few data are reported, but if substantially
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free from impurities, it will, like hot-pressed and
some sintered versions, show good corrosion resis-
tance to acids. Marcus and Ahrens7 report minimal
rates of attack in H3PO4 at 204

�C.

3.25.4.2.3 Boron nitrides

Material types

Boron nitride exists in two forms: the crystallograph-
ically cubic form (CBN) is akin to diamond in prop-
erties, while the hexagonal form (HBN) is akin to
graphite. CBN is difficult to densify, but is made in
monolithic form as a cutting tool and die material. In
contrast, HBN is available as a hot-pressed, machin-
able form for general applications, and via a vapor
phase route, when it is usually termed ‘pyrolytic.’

CBN

CBN is widely claimed to be corrosion resistant, but
no specific information is available at this time. The
binder phase employed to aid the compaction process
is likely to control performance.

HBN

Corrosion performance is limited by a hydration
process that converts BN to boric acid with the
release of nitrogen. Oda and Yoshio77,78 have shown
that the rate of attack on a solid material under
hydrothermal conditions (150–300 �C, 1–10 days) is
related to crystal orientation, because the oriented
grains in pyrolytic material are attacked more slowly
than the more randomly orientated hot-pressed mate-
rial, as shown by micrographic evidence. Figure 7
shows their results for the linear portions of the trends
of mass loss as function of time, ignoring an initial

transient. The activation energy for the hydrolysis
process was computed as 60 kJ mol�1, based on equiv-
alent tests on powdered material.

Moderate rates of attack by both acids and alkalis
were found in NPL tests at 140 �C/23 h. Marcus
and Ahrens7 report moderate rates of attack at
204 �C in H3PO4.

3.25.4.2.4 Specialist materials

AlN – Young and Duh79 report that corrosion rates at
room temperature in alkaline solutions are much
faster than in neutral or acid solutions as a result of
a catalyzed hydration process with the formation of
aluminates as intermediaries. Marcus and Ahrens7

report rapid dissolution in H3PO4 at 204
�C.

TiC – Genthe et al.68 have tested hot-pressed
material, and shown some slow acid attack in HCl
and HF, but rapid attack in HNO3 and HF–HNO3

mixture.
TiB2 – Monticelli et al.80 demonstrate that hot-

pressed material with 1.5% Ni behaves like a passive
metal in 3.5% salt solution at 25–65 �C, with the
formation of a corrosion-resistant TiO2 layer on the
surface. However, tests at NPL have shown that hot-
pressed material is rapidly attacked by acids at
140 �C/23 h, especially HCl, but is very resistant to
KOH solutions. Marcus and Ahrens7 showed that a
hot-pressed material was attacked faster than a sin-
tered material in H3PO4 at 204

�C.
MoSi2 –Marcus and Ahrens7 report slow attack by

H3PO4 at 204
�C.

B4C – NPL tests have shown negligible attack by
acids and alkalis at 140 �C/23 h on a hot-pressed
material, except an HNO3 + H3PO4 mixture, which
gave slight attack. Mikeska et al.17 report minimal

Hydrolysis of boron nitride
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Figure 7 Hydrolysis of dense boron nitride as a function of temperature.77,78
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attack by HF at 90 �C. Marcus and Ahrens7 report
negligible attack rates by H3PO4 at 204

�C.
Pure WC, CaF2, MgF2 show excellent resistance

to HF at 90 �C.17

3.25.4.3 Comparative Attack Rates

From the foregoing, it will be appreciated that the
performance of any one material is highly dependent
not only on its composition and microstructure, but
also on the conditions to which it is subjected and how
the effects of corrosion are measured. It is therefore
particularly difficult to give a clear appreciation of the
comparative performance of the huge range of materi-
als now available. There are relatively few sources of
directly comparative numerical data over a wide range
of products. Some appreciation can be obtained from
unpublished NPL work13 given in Figure 8.

3.25.5 Some Specific Applications
Requiring Corrosion Resistance

3.25.5.1 Chemical Process Vessels

There has been a long history of the use of technical
ceramics for chemical process vessels, both as the
lining and as furniture inside them. If the vessels are
limited in dimensions to typically 500 mm or less,

they can be made from monolithic shells of dense,
chemically resistant porcelain, which provide a long
life except perhaps with the most aggressive of
reagents. Examples include digesters and ball mills.
If the vessels are larger, a lining of chemically resis-
tant brickwork is required, usually bedded into a
chemically resistant mortar. The mortar may be the
life-limiting factor, but despite this, successful appli-
cations have been achieved for many years. A review
of such applications may be found in Charlebois.5

Furniture, such as so-called ‘tower packing,’ is
often made from a chemically resistant stoneware, a
product much coarser in texture than porcelain, but
with similar properties, provided that the as-fired
surface skin remains intact. This skin acts as a glaze,
which seals access to internal porosity. In some
aggressive environments, their successful application
may be reliant on preservation of the skin. More
expensive options rely on alumina ceramics, but
these tend to be available only in rather smaller
pieces. Other applications reliant on alumina include
filter plates, filters, nozzles, pipe linings, etc.

In the laboratory, chemical porcelains continue to
be used for pestles, mortars, and other corrosion-
resistant parts for chemical handling. Low thermal
expansion glass-ceramics are used for hot-plate and
stirrer plate units, minimizing the risks of corrosion
from common chemicals. Similar materials are used
in the kitchen for cookware and for cooker hobs.
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3.25.5.2 Rotating Seals

Rotating seal faces for pumps are usually made from a
hard material such as a ceramic and an abradable
material, often carbon or graphite based. Alumina
ceramics are the most commonly employed hard
faces for water and organic liquid-based media, and
have demonstrably long lives in the absence of exces-
sive abrasion or very high or very low pH. Examples
include central heating pumps, light-duty chemical
process pumps, and food processing pumps. Where
there is additional loading, such as abrasive particles,
a harder material is usually employed, such as silicon
carbide. For vehicular water cooling pumps, silicon
nitride has been widely used because of its better
strength and thermal shock resistance compared
with alumina.

For highly acidic conditions, secondary phases in
alumina limit corrosion/abrasion performance and
silicon carbide-based materials are often employed.

Silicon carbide is also often the material of choice
in gas bearings and gas pump seals.

3.25.5.3 Flow-meter Bodies

Flow-meters for highly corrosive chemical plant cir-
cuits based on electroconduction are typically made
from alumina ceramics. Insulated electrodes can be
sealed through the wall to provide the sensing circuit,
and provided that the right choice of material is
made, the life can be much longer than that of the
attached pipework.

3.25.5.4 Food Processing

The linings of food processing equipment can often,
with advantage, be made from alumina ceramics,
which resist corrosion from food acids as well as
abrasion. Food is not contaminated in the same way
as it might be with metallic linings such as stainless
steel. The key requirement is that the materials with-
stand typical chlorinated steam cleaning processes,
which can be more aggressive than the food itself.
Materials with good resistance to hydrochloric acid at
elevated temperatures are required.

3.25.5.5 Valves

Seal faces for valves, including shower mixers,
quarter-turn faucets, gas valves, etc., are typically
made from pairs of alumina ceramics plates with
flat lapped faces. These resist corrosion from normal

water supplies to elevated temperature, and have a
long, corrosion-free life that is usually limited only
by risks of mechanical damage from the metallic
components used to operate them, or from the depo-
sition of lime-scale, which can jam them, or lead to
excessive wear.

Corrosion-resistant ball valves used for chemical
plant are also made typically up to 150 mm diameter.
The choice of material for this application is critical,
as in the case of flow-meters.

3.25.5.6 Medical

The human body places unusually corrosive condi-
tions on materials used for implants, but because of
their corrosion resistance, ceramics are successfully
being employed for both dentistry and orthopedics.
In the mouth, glassy porcelains are used for individual
tooth crowns, and the literature contains increasing
number of reports of the use of machinable glass–
ceramics for forming tooth shapes, and of zirconia
(Y-TZP type) for prosthetic bridges. For orthopedics,
the combination of strength and corrosion resistance
of, particularly, alumina is exploited for balls and cups
for hip replacement. Zirconia (Y-TZP type) has also
been used, and offers higher mechanical strength,
but as described earlier, there are some potential
limitations of phase stability at body temperature.
Increasingly, alumina–zirconia composite materials
are being employed to overcome the instability prob-
lem, and silicon nitride is on the horizon, already
widely employed for rolling bearing balls.

Other corrosion-resistant ceramics used in the
body include glassy carbons for heart valves, and
hydroxyapatite as a fully biocompatible ceramic,
which can be used as a coating on metallic components
to enhance oseointegration, or as a free-standing mate-
rial to assist in bone reconstruction. Bioglasses and
bioglass-ceramics also have specialized applications
in which reaction with the body is deliberately
exploited in their function.

3.25.6 Selecting the Right Material

It is hard to predict performance, and, therefore, it is
important when selecting ceramic materials for
corrosion-resisting applications to undertake some
relevant testing to check potential performance,
unless there is direct previous experience with a
particular type of product. Often, ceramic materials
are not specifically optimized for applications
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requiring corrosion resistance, and may contain spe-
cies that are readily removed. Simple ranking tests
will provide a guide, as in Figure 8.

In addition, there are other factors which may
dictate material choice, including price, availability
in the shape and dimensions required, aspects of
mechanical performance, and aspects of joining to
other components. For those not experienced with
the use for ceramic components, specialist advice
should be sought.
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Glossary
Glass A solid material that is characterized by lack

of crystallinity; that is, with short-range but

not long-range order.

Glass-ceramic An initially glassy material that,

when heat-treated, forms a crystalline phase

such that the material, on cooling, comprises

a composite containing the crystalline phase

surrounded by the remaining glassy material;

such materials generally have enhanced

mechanical properties compared to either a

typical glass or a typical ceramic of similar

composition.

Network former A compound such as silica (SiO2)

that, when cooled at a sufficient rate, will on

its own form a glass.

Network modifier A compound such as soda

(NaO) or calcia (CaO) that will not form a

glass on cooling and, when combined with a

network former, will disrupt network bonds.

Static fatigue The process of delayed fracture

below the normal facture stress of a glass

that results from cracks growing from flaws

on the glass surface, usually exacerbated by

the presence of moisture or humidity.

Vitreous The glass-like state of a material that

might otherwise crystallize (e.g., vitreous

silica is the glassy state of the compound

SiO2, while quartz is one of the crystalline

phases of the same compound).

3.26.1 Introduction

One of the most important properties of commercial
glasses is their great resistance to corrosion; any
chemical laboratory apparatus, window, or wind-
screen provides an excellent illustration. Windows
remain virtually unchanged for centuries, resisting
the influences of atmosphere and radiation. A vast
range of products may be safely stored in glass for
decades at ordinary temperatures, and the fact that
glass can be used with alkaline, neutral, and acid
environments allows the same equipment to be used
for a variety of processes.

The principal difficulty associated with the use of
glass equipment is the fact that glass fractures rather
than deforms on severe impact. Thus, although it may
be toughened by thermal treatment or ion exchange,

glass remains a material that has intrinsically a rela-
tively low value of facture toughness and small criti-
cal flaw size. Glass is also more prone than metals to
damage by thermal shock, although this difficulty can
be largely avoided by the use of low-expansion glass
formulations. Finally, the size of glassware that can
readily be fabricated is sometimes below the needs of
a particular process.

3.26.2 Commercial Glasses

The term glass defines a family ofmaterials that exhibit
as wide a range of differences among themselves as
exists among metals and alloys. The great variety of
physical and chemical properties available arises from
the possibility of including almost all the stable oxides,
sulfides, halides, etc. throughout the periodic table in
different glass formulations. Many branches of the
family, for example, those borates, silicates, and phos-
phates which are water-soluble, are of little interest in
the present context. It is, however, worth bearing in
mind that glasses can be designed to combine particu-
lar physical properties with good chemical resistance.

For most of the commercial oxide glass families,
silica (SiO2) is the main ingredient. However, lower
melting points and greater flexibility of properties are
achieved with the addition of other oxides and modi-
fiers. Depending upon the choice of these additional
constituents, glasses are classified into groups, includ-
ing fused silica, soda–lime glasses, leaded glasses, alu-
minosilicate glasses, borosilicate glasses, etc. A cross
section of some commercial glass compositions is
given in Table 1.1

Fused silica is a general classification within which
is a range of varieties and types of material with
differences in purity, transmission, and grade. This
type of glass may be used up to 900 �C in continuous
service; it resists attack by a great many chemical
reagents, rapid attack occurring only in hydrofluoric
acid and concentrated alkali solutions.

Container glass is suitable for the storage of bev-
erages, medicines, cosmetics, household products,
and a wide range of laboratory reagents.

Tubing glass is suitable for general laboratory use
and chemical apparatus construction, though neutral
or hard borosilicate are preferred for more severe
conditions, these representing the most resistant
glasses available in bulk form.

Neutral glasses are generally less resistant than the
hard borosilicate type, but are more easily melted
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and shaped. They are formulated so that the pH of
aqueous solutions is unaffected by contact with the
glass, making it particularly suitable in pharmaceuti-
cal use for the storage of pH-sensitive drugs.

Borosilicate glasses are, in terms of different types
available, the most versatile types of glass produced.
In general, borosilicate glasses are grouped into five
types: low-expansion glass, low electrical-loss glass,
materials for seals to metals, glasses for laboratory
apparatus, and optical-grade glasses, including those
with enhanced transmission beyond the visible spec-
trum. The example given, that is, hard borosilicate
glass, is typically used for ovenware, laboratory appa-
ratus, etc., and combines low expansion and high
chemical resistivity with chemical stability. These
types of glasses generally require high fabrication
temperatures compared with soft soda glasses.

Electronic grade glasses are used in cathode ray tube
screens and similar applications, and contain higher
quantities of heavy elements (e.g., lead, barium, etc.)
in order to absorb radiation. These glasses do not
operate under severe corrosion conditions, but sur-
faces must not leach excessive alkali under damp
conditions or electrical breakdown can occur.

Glass fibers present particular problems in corrosive
environments because of their very high surface/volume
ratios. Glasses for electrical insulation are generally
formulated from alkali-free aluminoborosilicate glasses
(generally known as E-glass) and are frequently speci-
fied as containing less than 1% alkali (Na2O and K2O).
This type of glass is also used extensively for the
reinforcement of plastics where its high resistance to
moisture attack ensures a durable product.

Glass wools are used for less demanding applica-
tions and generally contain some alkali to aid in
processing. Superfine wool contains zirconia and tita-
nia to enhance the chemical resistance while retain-
ing the properties necessary for economic fine fiber
formation.

3.26.3 Physical Properties

3.26.3.1 Structure

Glass has been defined as ‘an inorganic product of
fusion which has cooled to a rigid condition without
crystallizing.’ The atomic structure of glasses is more
closely related to liquids than to crystals. The proper-
ties of glasses are manifestations of this structure, being
governed in particular by the random liquid-like dis-
position of the network-forming ions (commonly Si4+

and B3+); the presence ofmobile, interstitial alkali ions;
and the ‘single-molecule’ nature of the lattice. The
bonding within the atomic network is partly covalent
and partly ionic. Thus, the network bonds are highly
directional with a range of interbond angles, bond
lengths, and bond energies; the bonding electrons are
restricted to particular energy levels within the bonds.
The network-modifying ions (commonly alkali and
alkaline-earth ions) are ionically bound to the net-
work although the field strength and diameter of the
alkali ions allow them some mobility as a function of
temperature.

The random nature of the glass structure imparts a
range of bond energies in the network, and hence
a characteristic feature of glasses is a continuous

Table 1 Typical glass compositions

1 2 3 4 5 6 7 8 9 10 11

SiO2 100% 72.7% 72.8% 71.4% 71.5% 80.3% 57.2% 67.5% 54.2% 63.6% 57.1%

Al2O3 – 1.1% 1.7% 2.2% 5.5% 2.8% 1.0% 4.8% 14.3% 2.9% 4.6%

B2O3 – – – – 10.0% 12.3% – – 8.3% 5.0% 11.8%
MgO – 3.8% – 3.9% – – – – 4.5% 3.2% –

CaO – 8.4% 10.5% 4.6% 0.2% – – 0.1% 17.7% 7.3% 0.4%

BaO – – – 0.8% 3.0% – – 12.0% – 2.6% –
Na2O – 13.1% 14.5% 15.0% 8.0% 4.0% 4.0% 7.2% 0.6% 14.5% 14.2%

K2O – 0.5% – 1.7% 1.2% 0.4% 8.5% 6.9% 0.1% 0.6% 0.8%

ZrO2 – – – – – – – – – – 3.8%

TiO2 – – – – – – – – – – 7.5%
PbO – – – – – – 29.0% – – – –

Li2O – – – – – – – 0.5% – – –

Others – 0.4% 0.5% 0.4% 0.6% 0.2% 0.3% 0.3% 0.3% 0.3% 0.4%

1, fused silica; 2, window glass; 3, container glass; 4, fluorescent tubing; 5, neutral glass; 6, hard borosilicate; 7, lead glass; 8, TV tube and
screen; 9, textile glass fiber; 10, glass wool insulation; 11, superfine glass wool.
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softening over a range of temperature, a continuous
viscosity/temperature curve, and the absence of a
true melting point. For convenience in comparing
the viscosity behavior of different glasses, arbitrary
temperatures at which the glass has specific viscosities
are often quoted.2 The Littleton softening point3 is
most commonly used. At this temperature, the glass
has a viscosity of 106.6 Pa s.

The glass transition temperature Tg corresponds to
a viscosity between 1012 and 1013 Pa s depending on the
definition and on the method of measurement. Glass
behaves as a Newtonian liquid at temperatures well
above the glass transition. It is this behavior that prevents
the necking generally observed during plastic deforma-
tion of metals andwhich allows glass to be easily formed
into such a large number of useful configurations.

In practice, an important range of viscosities are
those from 1011 to 1013.5 Pa s, known as the annealing
range. The annealing point and the strain point are
generally taken as the temperatures at which the glass
has a viscosity of 1012.4 and 1013.6 Pa s, respectively.
Within this range, the glass is effectively a solid, but
internal stresses can be relieved within a practical
time scale. Rapid cooling of glass articles through
the annealing range eventually results in permanent
and sometimes catastrophic thermal stresses. How-
ever, it is possible to cool the glass relatively quickly
from the lower end of the annealing range.

The structural features are reflected in the char-
acteristic properties of inorganic glasses and bring
about a broad overall similarity in behavior as sum-
marized below. Values for the physical properties of
the glasses listed in Table 1 are given in Table 2.

3.26.3.2 The Nature of the Glass Surface

It is widely accepted that the composition of the
surface of a glass is different from that of its interior.

Alkali loss during forming, grinding, polishing, and
surface treatments affects the structure of the surface,
but a more basic difference is brought about by the
effect of the unbalanced force fields at the surface on
the ions within the glass.

Glass is composed of glass-forming cations (e.g.,
B3+, Si4+, P5+) surrounded by polyhedra of oxygen
ions in the form of triangles or tetrahedra. Two types
of oxygen ions exist: bridging and nonbridging. The
former, bonded to two network-forming ions, link
polyhedra, and the latter, bonded to one network-
forming ion only, carry an excess negative charge. To
compensate for this, charged cations of low positive
charge and large size (e.g., Na+, K+, Ca2+) are located
within the structure. Silicon may be substituted by
other cations of large positive charge and small size;
these are collectively known as network formers.

The difference in size and field strength between
ions is reflected in the polarizabilities of each ion and
their final position relative to the glass surface. Since
the force field is unbalanced, ions of low polarizabil-
ity will remain near the surface and ions of higher
polarizability will move towards the interior of the
glass. A strong feature of chemical reactions asso-
ciated with the surface is the need to screen ade-
quately (and not merely to neutralize) those cations
that have strong electric fields. If the unbalanced field
is removed by the presence of materials, liquid,
adsorbed vapor, or solid in contact with the glass,
there is sufficient mobility within the glass surface
zone for it to revert to a more normal structure by the
diffusion of ions towards the surface.

3.26.3.3 Thermal Expansion

Glasses having coefficients of linear thermal expan-
sion of from 5 � 10�7 to over 10�5 K�1 are available.
However, high-expansion glass compositions do not

Table 2 Physical property data for the glasses of compositions listed in Table 11

1 2 3 4 5 6 7 8 9 10 11

Density (mgm�3) 2.2 2.49 2.46 2.49 2.42 2.24 3.03 2.62 2.58 2.57 2.54

Strain point (�C) 987 520 490 495 518 515 – 448 616 – –
Annealing point (�C) 1082 545 540 524 565 565 – 470 657 – –

Littleton softening point (�C) 1594 735 720 705 780 820 631 670 843 688 710

Resistivity (Om at 20 �C) 1015 1013 – 1015 1015 – – – – – –

Dielectric constant (at 1 kHz) 3.8 7.4 – 7.8 – 5.1 7 – – – –
tan d (at 1MHz) small – – 0.008 – 0.02 0.001 – – – –

Refractive index 1.48 1.52 – 1.51 1.49 1.47 1.56 1.51 1.55 – –

Thermal conductivity (W m�2 K�1) 1.38 1.05 1.02 1.04 1.04 1.13 0.84 1.01 0.97 – –

Thermal expansion (�107 K�1) 5.4 79.3 87 85.5 50 33 84 85.5 49 83 –
Specific heat (J kg�1) 775 987 821 833 819 794 – 733 796 – –

Young’s modulus (GPa) 7.3 7.4 – – – 6.3 5.75 7.4 7.2 – –
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generally have long-term chemical durability. Glass-
ceramic materials, on the other hand, are remarkable
for the very wide range of thermal expansion coeffi-
cients that can be obtained. At one extreme, materials
having negative coefficients are available, while for
other compositions very high positive coefficients
can be obtained. Between these two extremes, there
exist glass-ceramics having thermal expansion coeffi-
cients practically equal to zero and others whose
expansion coefficients are similar to those of ordinary
glasses or ceramics or to those of certain metals and
alloys and, hence, allow thermal compatibility. This
range of expansion coefficients is allied with good
chemical durability.

3.26.4 Mechanical Properties

Characteristically, glasses are susceptible to brittle
fracture under tension but tend to have significantly
higher compressive strengths. The ionic and direc-
tional nature of the bonds and the localization of bond-
ing electrons to pairs of atoms preclude bond exchange.
This, coupled with the random nature of the atomic
lattice, that is, the absence of close-packed planes,
makes gross slip or plastic flow extremely difficult.

3.26.4.1 Strength

If flaws and stress concentrators, which emphasize
the brittle nature of glass, can be avoided, then a
glass article behaves as though its strength is gov-
erned by the high interatomic bond strength. Glasses
are therefore inherently very strong materials, theo-
retically capable of exhibiting a tensile strength of
about 7GPa. In practice however, surface flaws act as
stress concentrators under tensile loading, and com-
mercial glasses in bulk show a mean strength in
tension of only about 40MPa. The statistical varia-
tion of strength about this figure makes it desirable to
allow a substantial safety margin and to design using a
figure of about 7MPa.4

The strength of glass can be increased to about
200MPa by commercial (generally thermal) toughen-
ing processes. The use of such glasses is not possible,
however, at elevated temperatures since resoftening
will occur. Undamaged commercial glass fibers display
strengths of about 2GPa, which is dependent upon
surface protection, given usually by organic coatings.
Removal of the coating results in a marked decrease in
strength due to the introduction of small surface flaws.

3.26.4.2 Elastic Modulus

Up to the fracture stress, glass behaves, for most
practical purposes, as an elastic solid at ordinary
temperatures. Most silicate-based commercial glasses
display an elastic modulus of about 70GPa, that is,
about one-third the value for steel. If stress is applied
at temperatures near the annealing range, then
delayed elastic effects will be observed and viscous
flow may lead to permanent deformation.

The brittle nature of glasses at normal tempera-
tures makes them inappropriate for use in locations
where severe impacts are likely to be encountered. In
the design of pipelines or other equipment, it is
possible to use normal engineering assembly techni-
ques provided that suitable gaskets or cushioning are
provided at joints and supports and that care is taken
in tightening bolts to avoid unequal or localized
stresses.

3.26.4.3 Thermal Shock Resistance

The ability of a glass article to withstand sudden
changes of temperature depends primarily on its ther-
mal expansion coefficient, its thickness, and its design.
For articles of identical shape, a low-expansion glass
(such as a commercial borosilicate) will withstand
appreciably greater temperature shocks than will
glass of a higher expansion coefficient. Thermal
shock-resistance testing is usually carried out by trans-
ferring the articles from a hot environment to a cold
vessel containing water at a predetermined tempera-
ture.5 In general, transitions from a hot to a cold
environment are more likely to produce failure than
those in the opposite direction since they tend to
induce tensile stresses at the surface.

3.26.5 Chemical Properties

3.26.5.1 Degradation

Technical glasses are now used so extensively and in
such widely varying circumstances that it is necessary
to be as accurate as possible in describing their chemi-
cal properties. The deterioration of individual glasses
is dependent on composition, manufacture, and use
and, unless the degradation processes are accelerated,
may be observable only after very long periods of time.
A typical figure for the corrosion rate of an ordinary
soda–lime–silica glass would be less than 10mmyear�1.
The effect is accelerated when the exposure takes
place at higher temperatures, for example, in boiling
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water or in an autoclave. Table 3 compares the corro-
sion resistance of some commercial glasses.

One of the most commonly used measures of
durability, that is, loss of sodium from the glass, is
important to the pharmaceutical and chemical indus-
tries, but other changes such as loss of surface quality,
are of equal importance for optical and window
glasses. The properties of a wide range of technical
glasses are well catalogued,5–7 but the data are often
inadequate when considering a particular application
and where possible nonstandard ‘whole article’ tests
are advisable.

3.26.5.2 Glass Durability Tests

In selecting a glass for chemical durability, regard
must be paid to the temperature and concentration
of the corrosive agent, length of exposure, ratio of
reagent volume to surface exposed, and mechanical
operating conditions. Guidelines on the durability of
many commercial glasses in some attacking media
are available from standard durability tests. There
are two types of durability tests for glassware: ‘grain’
or ‘powder’ tests and ‘whole article’ tests.

3.26.5.2.1 Grain tests

In these tests, samples of glass crushed and graded to a
specified sieve size are exposed under standard condi-
tions of time and temperature to the attackingmedium.
The temperatures commonly used are 98 �C (water
bath) and 121 �C (autoclave) and the attacking media
are water, acid, and alkali. The amounts of a particu-
lar glass constituent (usually soda or total alkali)
removed from a standard weight in a given time are
determined. Various standard test methods have been
established.8–11 However, variability is found between
different laboratories, and using a particular grain test
has shown considerable divergence, and it appears that

to obtain consistent results very close adherence to the
details of the standard procedures is necessary.12

3.26.5.2.2 Whole-article tests

Grain tests are open to the criticism that they do not
necessarily reflect the behavior of the finished prod-
uct in service, and hence various tests on complete
glass articles have been developed. These are nor-
mally carried out under accelerated conditions, and
on completion various relevant factors are deter-
mined, such as loss in weight, alkali or other consti-
tuents extracted, the weight of soluble and insoluble
materials in the extract, and an assessment of surface
condition. Analytical microscopy and other surface
analytical tools can be of great assistance in deter-
mining mechanisms.

Whole-article tests are particularly useful in the
evaluation of window and optical glasses. Various
tests have been proposed for window glass, but no
standards exist. The usual procedure is to subject
the glass to an accelerated humidity/temperature
weathering cycle and to assess the surface conditions
after a given period of treatment. The degree of haze
formation has been suggested as a method of measur-
ing surface damage, but generally visual comparison
with a standard is used. Figure 1 illustrates the appli-
cation of such a test to various optical glasses.

Many optical glasses are much less resistant to
attack than are container and window glasses, and
less severe tests are necessary. A commonly used
method is to immerse specimens in either dilute
nitric acid or standard acetate solution (pH 4.6) for
specified periods at room temperature, and then to
examine the surfaces.

Glass fibers present a particular problem in that
the resistance of the base glass is unlikely to be
representative of the performance of the final prod-
uct. Generally, empirical methods are used to test the
glass fibers in situ in a composite material: for exam-
ple, the fibers are made up into rods or rings with the
appropriate partly polymerized plastic; the compo-
sites are then cured under specified conditions; and
the breaking strength is determined after various
exposures to water or steam.

3.26.6 Mechanisms of Glass
Corrosion

3.26.6.1 General Properties

Glass surfaces may react with corrosive agents in one
or a combination of the following ways:

Table 3 The corrosion resistance for commercial

glasses listed in Table 1

Glass

1 2 3 6 7

Water A B B A-B B-C

Acid A B B A-B B-C
Weathering A C C A-B B-C

A, essentially resistant; B, possibility of degradation; C, certain
degradation.1
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a. by forming new compounds on the surface;
b. by selectively losing material from a leached

porous layer;
c. by continuous dissolution leaving a freshly

exposed surface.

Important effects on glass durability in aqueous con-
ditions, due to the interrelation between glass com-
position and environmental pH, have been reviewed
by Doremus14 and Adams.15 To some extent, dura-
bility can be predicted on thermodynamic
grounds.16,17 In general, additions of CaO (calcia)
and Al2O3 (alumina) to a basic alkali silicate glass
confer water resistance; additions of zirconium, lan-
thanum, tin, and chromium oxides improve alkali
resistance; and reducing the levels of boron, alumi-
num, or lead oxides, in glasses where they are present,
improves acid resistance. Predictions of the effects of
added oxides on glass durability should, however, be
treated with caution. Structural factors, such as

occurrence of phase separation, coordination state,
mixed alkali effect, and/or kinetic effects resulting
from the presence or absence of insoluble reaction
product layers on the glass surface, can influence
durability to a significant extent.

More generally, Valez et al.18 have reviewed the
corrosion behavior of silicate and borate glasses in
contact with alkali metals and molten salts, as well as
in aqueous conditions.

Another important aspect of glass corrosion behav-
ior that should be emphasized is the effect of applied
stresses. Glass is subject to stress-enhanced corrosion,
which is often described as static fatigue. Under a
continuously applied stress, and in the presence of
normal environmental moisture (or other more aggres-
sive corrosion conditions), cracks may grow from flaws
on the glass surface and this can lead to delayed failure
at stresses below the strength level that is measured in a
short-term loading test.17,19 As a consequence, com-
mon silicate glasses are usually expected to have a
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load-bearing capacity at one-quarter to one-third the
short-term strength when continuously loaded over
some 50 years in the normal atmosphere.

3.26.6.2 Corrosion Mechanisms

There is no serious challenge to the view that the
alkali or alkaline-earth ions are removed from glass in
water by an ion exchange process in which H+ ions
diffuse into the glass to preserve the electrical neu-
trality of the system. However, only under certain
circumstances can the rate-controlling process be
directly related to the diffusion of sodium in the
glass. Most glass/corrosive agent systems are treated
as unique cases, since in addition to the concentration
of the attacking agent, temperature, rate of flow, and
reaction time contribute to what is observed. General
chemical principles of electrophilic and nucleophilic
types of general attack can be applied to glasses.20

The first is considered as an attack on nonbridging
oxygen atoms by reagents with an electron deficiency
and the second as an attack on bridging oxygens by
reagents with an electron excess.

For the most common series of corrosive agents –
water, steam, acids, alkalis, and salts – the hydrolytic
processes peculiar to each determine the mechanism
of attack. Thus, under the right circumstances, hydro-
lytic attack on bridging oxygen atoms can occur, which
is an irreversible reaction resulting in permanent dam-
age to the glass network. The corrosion process is
modified by the physical state of the surface. Grinding
and polishing processes, in particular, leave the struc-
ture with a degree of roughness and residual stress; all
can contribute to accelerated corrosion.

3.26.6.3 The Action of Water and Acids

During attack, the alkali and alkaline-earth network-
modifying ions are exchanged byH+ orH3O

+ from an
acid solution. In some glasses the exchange process
can go to completion causing only a small degree of
network damage. In water, the exchange process pro-
ceeds at a very much slower rate relative to the acid
conditions, and some attack of the network is possible
as a result of the presence of alkali ions from the glass
moving into solution. This is most pronounced when
glass is attacked by steam at high temperature and
where there is no mechanism for the removal of alkali
from the hydrolyzed zone. Acid solutions mitigate this
form of attack by neutralizing the alkali as it is formed.

The attack of most glasses in water and acid is
diffusion controlled, and the thickness of the porous

layer formed on the glass surface consequentlydepends
on the square root of the time. There is ample evidence
that the diffusion of alkali ions and basic oxides is
thermally activated, suggesting that diffusion occurs
either through small pores or through a compact
body. The reacted zone is porous and can be further
modified by attack and dissolution, if alkali is still
present, or by further polymerization. Consolidation
of the structure generally requires thermal treatment.

3.26.6.4 Attack by Alkali Solution,
Hydrofluoric Acid, and Phosphoric Acid

A common feature of these corrosive agents is their
ability to disrupt the network. This process is not
encumbered by the formation of porous layers, and
the amount of leached matter is linearly dependent
on time. Consequently, the extent of attack by strong
alkali is usually far greater than either acid or water
attack. Both HF and H3PO4 form compounds of
silicon as a result of attack on the network: silicon
fluoride from hydrofluoric acid and silicyl phosphate
from phosphoric acid.

3.26.6.5 Chemical Attack by Other Agents

If the hydrogen ion concentration is sufficiently high,
the glass loses a substantial amount of weight by
leaching, but these reactions are dependent on the
nature of the ions in solution. Certain salts, especially
those of Zn, Al, and Be, if present as trace amounts,
can have a beneficial effect by poisoning the process
and limiting the occurrence of leaching.

3.26.6.6 Cleaning of Glass

There is no universally ideal technique for either
cleaning glass or avoiding contamination of the sur-
face. In the most severe circumstances of corrosion,
the only methods capable of restoring an acceptable
surface finish consist of grinding and polishing or
removing the contamination and corroded layers by
strong etching agents such as hydrofluoric acid. Less
severe conditions may respond to treatment by vari-
ous detergent solutions or organic solvents, these
being considerably aided by ultrasonic vibration.
Manual washing or ultrasonic cleaning can be used
to remove massive dirt accumulations. Vapor solvent
degreasing processes, for example using isopropyl
alcohol, has minimal corrosive action on the glass.

To restore old stocks of corroded glass, treatment
in hot 1% sodium hydroxide solution followed by
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rinsing in 5% hydrochloric acid and a final rinse in
pure water at room temperature is recommended.21

3.26.6.7 Applications

Over recent years, a number of new applications of
glasses have grown out of increased understanding
and control of glass corrosion behavior. Conventional
silicate and borosilicate glasses are subject to severe
corrosive attack in highly alkaline solutions (pH 12–
13.5), such as those found in Portland cement, and
there is rapid and drastic loss of strength in fibers
formed from soda or borosilicate compositions. To
counter this, alkali-resistant glass fibers have been
developed from silicate glass compositions and con-
taining about 16wt% of zirconia22,23 and these have
formed the basis for development of a range of glass-
fiber reinforced cement (GRC) materials, analogous
to glass-fiber reinforced plastics (GRP). In the GRP
field, it has been shown that E-glass borosilicate
fibers are prone to strength loss and stress corrosion
in acidic environments24,25 – this in turn led to the
development of an acid-resistant version of E-glass
for use in such conditions.

3.26.7 Vitreous Silica

Vitreous silica, also referred to as quartz glass, fused
quartz, or fused silica, is a material of considerable
importance, possessing a unique combination of high
softening temperature, excellent resistance to chemi-
cal attack, and high transparency. Its general, physi-
cal, and mechanical characteristics are common to all
glasses, the difference being that the high purity
(>98.7% SiO2) maximizes the durability, fusion tem-
perature, and volume stability. The general superior-
ity of the properties of fused silica over conventional
glasses is well illustrated in Table 1. It has excellent
high temperature properties in excess of 1000 �C,
high resistivity, high chemical stability, and excellent
thermal shock resistance due to its low coefficient of
expansion. However, the high softening point makes
it much more difficult to fabricate than conventional
glasses.

3.26.7.1 Manufacturing

The raw materials for the production of vitreous
silica are either high-purity rock crystal from which
the transparent form is produced, or vein quartz
(high-grade glass sand) from which impurities have

been removed by acid leaching. The persistence of
liquid and gaseous inclusions is partly responsible for
the translucency of cheaper forms of vitreous silica.
Ground quartz is melted at around 2000 �C by induc-
tion heating in a graphite crucible. Even at this tem-
perature, the melt viscosity is so high (105–106 Pa s)
that trapped gas bubbles do not float to the melt
surface and can only be removed by vacuum treat-
ment. At high temperature, the SiO2 partly dissoci-
ates to the monoxide SiO, which is volatile.

Vitreous silica produced by this route contains
small amounts of impurities such as Fe, Cr, Al, and
Ca. These may be removed by reaction to form
volatile metal chlorides, whereupon the remaining
SiCl4 can be hydrolyzed in a flame to produce fine
molten droplets of SiO2 which then deposit on a cold
base; impurity levels below 10�7% can be reached in
this process and are essential in applications such as
optical fibers.

3.26.7.2 Structure and Physical Properties

3.26.7.2.1 Polymorphism of silica

Although vitreous silica is nominally a homogeneous
isotropic amorphous material, and should normally
remain so during its service life, it is in fact in a
metastable condition. The tendency to revert to crys-
talline forms with attendant deterioration in mechan-
ical durability places severe limitations on the range
of applications. Figure 2 illustrates the polymorphic
forms of silica, and the dimensional changes accom-
panying each transition.

Changes from one polymorphic form of crystalline
SiO2 to another, as from tridymite to quartz at tem-
peratures below 870 �C and to cristoballite above
1470 �C, involve the breaking of Si–O bonds. High
energies are required for these ‘reconstructive’ changes,
and changes from one form to another require very long
periods for completion. On the other hand, inversions
from high- to low-temperature forms of quartz or cris-
toballite involve only changes in the angles between
adjoining SiO4 tetrahedra, and these ‘displacive’ trans-
formations are accomplished almost instantaneously.
The accompanying volume changes lead to disruption
of ware containing significant amounts of quartz or
cristoballite.

3.26.7.2.2 Thermal expansion

The coefficient of thermal expansion of vitreous silica
is very small (5.4�10�7 over the range 0–1000 �C),
about one-sixth that of porcelain. It is thus highly
resistant to thermal shock.

2314 Ceramic Materials

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



3.26.7.2.3 Heat resistance

Being a glass, vitreous silica softens progressively as it
approaches its melting point of 1713 �C. The maxi-
mum recommended working temperature is 1050 �C
in an oxidizing atmosphere, though it may be taken to
1350 �C for short periods. Surface devitrification
to cristoballite occurs above this temperature. This
causes some loss of transparency, but chemical and
mechanical durability are unaffected provided the
temperature does not fall below the b–a inversion
temperature (275 �C), which would lead to the initi-
ation of cracks. It should be noted that devitrification
is accelerated by traces of alkali–metal compounds,
particularly potassium and lithium salts, sodium
tungstate, and ammonium fluoride. Devitrification is
also enhanced by water vapor and oxygen, but inhib-
ited by neutral or reducing atmospheres.

3.26.7.2.4 Thermal conductivity

The thermal conductivity of fused silica is low
(1.38Wm�2 K�1). The transparent form passes infra-
red radiationwith little loss up towavelengths of 3.5mm.

3.26.7.2.5 Electrical characteristics

The insulating properties of glass are excellent. At
ordinary temperatures, the resistivity of the translu-
cent form is 1015 Om, and it is capable of withstand-
ing high-frequency discharges at high voltages. See
alsoTable 1 for data on other physical properties and
for comparison with other glasses.

3.26.7.3 Resistance to Chemical Attack

Most glasses suffer chemical attack and deterioration
due to ion exchange of sodium ions to form a highly
alkaline solution, which subsequently attacks the net-
work. As network-modifying oxides are absent from
fused silica, this mode of attack does not occur.
Hence fused silica is highly resistant to most aqueous
solutions, even aqua regia at elevated temperatures
having no effect. Reagents that attack the network
silica directly, such as strong alkalis and fluorides,
cause serious damage and are therefore to be avoided.

3.26.7.3.1 Boiling water and steam

There is limited reaction with water and steam at
moderate temperatures and pressures. However,
silica is slightly soluble up to around 6 ppm. How-
ever, at temperatures in the range 400–500 �C and
pressures of the order of 3.5MPa the solubility rises
to 0.14% for the translucent form and 0.035% for the
transparent.

3.26.7.3.2 Fluorine, hydrofluoric acid, and

alkaline solutions

Silica is susceptible to attack by all three reagents, the
rate of corrosion increasing with temperature and
concentration. Although 5% caustic soda solution
can be contained in fused silica at room temperature,
attack becomes significant at pH values greater than 9,
as shown in Figure 3.
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Figure 2 Polymorphism and dimensional changes in silica as a function of temperature.
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The essential step in the dissolution reaction of
silica is the breaking of a siloxane bond Si–O–Si. This
bond, although strong, is polar, and may be repre-
sented as (Sid+–Od�). The excess positive charge
associated with the silicon atom makes it susceptible
to attack by nucleophilic reagents such as the hydrox-
ide ion, which attaches itself to the silicon, rupturing
the network at that point. The attack by HF on silica
is thought to proceed by a similar mechanism in
which there is simultaneous nucleophilic and elec-
trophilic attack on the network silicon and oxygen
atoms, respectively. It should be pointed out the H+

ion cannot effect disruption of the siloxane bond
without the simultaneous action of the F� ion. Con-
sequently, sulfuric and nitric acids do not initiate
attack even at temperatures up to 1000 �C.

Sodium fluoride also attacks silica, as do sodium
metaphosphate and sodium polyphosphate, and to a
lesser extent sodium carbonate and sodium cyanide.
Attack is particularly vigorous for fused alkalis, alkali
halides, and phosphates.

3.26.7.3.3 Basic oxides
As an acidic oxide, SiO2 is resistant to attack by other
acidic oxides, but has a tendency towards fluxing by
basic oxides. An indication of the likelihood of reac-
tion can be obtained by reference to the appropriate
binary phase equilibrium diagram. The lowest tem-
perature for liquid formation in silica oxide binary
systems is shown below:

3.26.7.3.4 Metals
Silica is decomposed only by those metals that have a
high thermodynamic affinity for oxygen. On this basis,
molten sodium should be compatible with silica:

2Nað1Þþ1=2SiO2ðsÞ¼Na2Oþ1=2SiðsÞDG¼ 73kJmol�1

Although the equilibrium levels of the reaction pro-
ducts are very small, both can dissolve in liquid
sodium; also sodium oxide can form compounds
with silica. As a consequence, the reaction moves
to the right, leading to further reduction of silica.
Nevertheless, vitreous silica crucibles have been
used successfully for containing molten antimony
(850 �C), copper (1210 �C), gallium (1100 �C), germa-
nium (1100 �C), lead (500 �C), and tin (900 �C).

In accordance with the free energy predictions,
silica is readily attacked by molten aluminum,
lithium, magnesium, and calcium.

3.26.7.4 Applications of Vitreous Silica

The high thermal and electrical resistance of vitreous
silica, and its imperviousness to chemical attack, make
it suitable for a wide range of applications. These
include chemical and physical laboratory apparatus,
tubes and muffles for gas and electric furnaces (includ-
ing vacuum furnaces), pyrometers, insulators for high-
frequency and high-tension electrical work, mercury-
vapor and hydrogen-discharge lamps, high-vacuum
apparatus, plants (complete or partial) for chemical
and related industries, equipment for the manufacture
of pure chemicals, tubes, chimneys and radiants for the
gas- and electric-heating industries, component mate-
rial in refractory and ceramic mixtures, etc.

It is used for pipes to carry hot gases and acids and
in acid distillation units, condensing coils, S-bend
coolers, hydrochloric acid cooling and absorption
systems, nitrating pots, and cascade basin concentra-
tors for sulfuric acid. The resistance of vitreous silica
to most acids is also utilized in the manufacture of
electric immersion heaters and plate heaters for
acidic liquors in chemical processes and electroplat-
ing baths. Vitreous silica wool is used for filtration of
acidic liquids and filtering hot gases. The resistance
of vitreous silica to water and steam at normal tem-
peratures and pressures makes it applicable in the
production of pure water for the manufacture of
highly purified chemicals. Because of its thermal
properties, it is used for the construction of muffles
of oval cross section used for the bright-annealing
of metal strip and wires. Special products include
transparent vitreosil components, which are ideal
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for continuous measurement in corrosive atmo-
spheres, and quick-immersion thermocouple protec-
tion sheaths for rapid temperature measurement.

3.26.8 Glass Ceramics

3.26.8.1 Definition and Properties

Glass-ceramics are a family of materials that are
polycrystalline in nature and are formed from the
liquid or glassy state. A glass-ceramic article is made
by the heat treatment of a vitreous body in two stages:

1. Nucleation: The glass is held at a temperature
below its softening point for a period of minutes
or hours to allow nuclei to develop.

2. Crystallization: The temperature of the nucleated
glass is raised to just below the softening point
when crystals form and grow around the nuclei.

Ideally the product is a fine-grained ceramic contain-
ing interlocking crystal grains of sizes ranging from less
than 10 nm in transparent glass-ceramics to several
micrometers, with a residual, usually small, glass con-
tent. The behavior of the material is largely determined
by the choice of the crystalline phase; by suitable
choice, a range of useful properties has been obtained.

As a class of materials, glass-ceramics have the
following general characteristics:

1. Impervious, with moderate densities similar to
those of glasses.

2. Improved facture toughness compared with glass
or ceramic materials.

3. Relatively high tensile strengths (a consequence of
item 2).

4. Stiff, elastic (Hookean) limited-to-zero plasticity.
5. Considerable hardness and resistance to abrasion.

6. Chemical stability and resistance to corrosion.
7. Resistance to medium-high temperatures (higher

temperatures than most glasses but lower than the
refractory oxides) and low thermal conductivity.

8. Resistance to the passage of electrical current.

Special characteristics can be developed in individual
materials depending on the cations present and their
arrangement relative to each other and to the oxygen
anions. The most important of these characteristics is
low, medium, or high reversible thermal expansion.
The properties of some commercially available glass-
ceramics are summarized in Table 4.

3.26.8.2 Chemical Durability of
Glass-Ceramics

While the chemical behavior of a glass-ceramic is
strongly influenced by the chemical composition of
the parent glass, several different crystalline com-
pounds together with a residual glass phase are likely
to be present. The relative resistances of these phases to
attack by water or other reagents will determine the
chemical stability. In general, a glass that exhibits
poor chemical stability is unlikely to give rise to a
glass-ceramic of high stability. To this extent, the factors
that govern the stabilityof glass-ceramics can be equated
to those that determine the chemical stability of glasses.

In most cases, glass-ceramics possess good chemi-
cal stability and certainly compare favorably in
this respect with other ceramic materials. Table 5
summarizes manufacturers’ data for chemical attack
on the materials listed in Table 4.

Certain types of glass-ceramic have good resis-
tance to attack by corrosive chemical reagents.
Low-expansion glass-ceramics derived from lithium
aluminosilicate glasses are only slightly inferior to

Table 4 Property data for some glass-ceramics

A B C D E

Compositional type Lithium

aluminosilicate

Lithium

aluminosilicate

Potassium

magnesiasilicate

Lithium

aluminosilicate

Lithium

aluminosilicate
Density (mgm�3) 2.55 2.5 2.53 2.5 2.5

Thermal expansion

coefficient

(� 10�7 K�1)

6 12.7 97 4.2 –3

Transition point (�C) 820 – – – –

Softening point (�C) 950 – – 1250 –

Service limit (�C) 800 1000 1500 – 810
Bend strength

(MPa)

120 180 88 110 130

A: ‘Heatron-T’, B: ‘Neoceram-15’, C: ‘Corning 9650’ (machinable), D: ‘Pyroceram 9608’, E: ‘Hercuvit’.
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borosilicate chemically resistant glass with regard
to attack by strong acids and are somewhat more
resistant to attack by alkaline solutions. Materials
derived from magnesium aluminosilicate glass com-
positions are slightly less resistant to attack by strong
acids and alkalis than are chemically resistant borosil-
icate glasses. Even at high temperatures, these types of
glass-ceramic retain resistance to attack by corrosive
gases. For certain applications, it is important that the
glass-ceramic should be unaffected by contact with
reducing gases at high temperatures. In such cases,
the composition must not include any oxides such as
lead, which are easily reduced to the metal.
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Table 5 Chemical resistance data for the glass-ceramics

listed in Table 4

A B C D E

Powder method

Water solubility
(mg Na2O/mg

sample)

0.29 0.8 128 0.1–0.3 0.12

Acid solubility
(mass loss

in %)

0.06 3.5 5 0.02–0.1 0.2

Alkali solubility

(mass loss
in %)

0.13 4

Surface method 0

H2O (90 �C,
24h) (mass
loss in

mgcm�2)

0.13

5% HCl (90 �C,
24h) (mass

loss in

mgcm�2)

0.04

5% NaOH
(90 �C, 24h)
(mass loss in

mg cm�2)
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Glossary
Adhesion (enamel-basis metal) Amount of the

force required to separate a coating from its

basis metal and the area of the

corresponding surface.

Blister Defect that appears as a localized bubble

under the surface of the fired vitreous

enamel.

CIP Cleaning in place – standard procedure in

chemical plants to avoid or remove surface

contaminations or settlements. Normally

carried out after several production batches.

pH and temperature are often just the

opposite of the regular production

conditions.

Cover coat Vitreous enamel with specific chemical

and/or esthetic properties as the final coat.

Crazing Defect resembling a network of fine

hairline cracks in a coating.

Fishscaling Small half-moon shaped defects

occurring in the vitreous enamelled surface.

Can occur immediately on cooling or after

some time has elapsed following firing. This

defect originates from supersaturation of the

substrate with hydrogen (acquired during

firing), which explosively fractures the
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enamel coating because of the pressure

that has accumulated with time at the

enamel–steel interface.

Ground coat Vitreous enamel, containing

adherence-promoting agents and applied

directly to the substrate to function as an

intermediate bonding layer between the

substrate and the cover coat.

Scale Oxide formed on the surface of a

metal during heating at elevated

temperatures.

Spark test High-voltage electrical test in which a

spark is used to detect discontinuity in

coating. Applied voltages can be as high as

20 kV.

Technical enamel/vitreous enamel Product

formed by the heating of an inorganic

mixture, to a temperature just high enough

for fritting, or uniform fusion to occur. It is

designed for application to metallic surfaces

for protective, functional, and/or aesthetic

purposes, and specifically will exhibit cubic

thermal expansion of between 150 and

450� 10�7 K�1, in the temperature range

20–100� C, the actual value varying

specifically with the type of substrate and the

field of application.

Abbreviations
ORP Oxidation/reduction potential

APAVE Association des propriétaires d’appareils à

vapeur et électriquest

ASME American Society of Mechanical Engineers

ISO International Organization for Standardization

WWG World Wide Glass: Pfaudler trademark for a

high chemically inert vitreous enamel

PPG Pfaudler Pharma Glass: Trademark for a

specially designed glass with both very high

acidic and alkaline resisitivity

PTFE Polytetrafluorethylene

3.27.1 Introduction

While glass can provide many of the desirable fea-
tures of an almost ideal inert material, manufacturing
difficulties and safety considerations prevent its use
in large-scale dimensions for chemical process equip-
ment, and mechanical considerations would, in any

case, make it necessary to treat any such equipment
with great care.

The high chemical resistance, and the nontoxic,
nonflammable, nonflavorable, and thermal resistant
properties of glass, can, however, be combined with
the mechanical strength of metals by covering metal
surfaces exposed to corrosive media with a layer
of suitable glass. It thus becomes feasible to produce
large-scale storage or transport tanks or to run large-
scale reactors under high overpressures and extended
temperature profiles. Reaction vessels, storage tanks,
all-glass-lined pump smoke stacks, distillation col-
umns, etc. can all be made of glass-lined equipment.

The principal advantage of glass linings is the
increased size as well as the mechanical and thermal
strength that are possible compared with all-glass
equipment and the flexibility of operation with dif-
ferent chemicals compared with all-metal equipment.
The increased heat transmission, in comparison with
glass equipment, can also be an advantage.

The principal disadvantages are the loss of trans-
parency and the potential vulnerability of the lining
to mechanical damage unless sensible precautions are
taken in handling, installation, and service. A variety
of metals can be protected in this way, including
copper, gold, stainless steel, titanium, and aluminum,
but by far the most extensive use is for carbon steel
based equipment.

The actual size of glass-lined equipment varies
from 4 l autoclaves up to storage tanks that exceed a
size of 120 000 l. The pressure regime under service
can range from vacuum up to 25 bars in standard
operation processes. Because of the often severe
application properties run in glass-lined equipment,
the sensor probes used to monitor production pro-
cesses have to be made of glass or of glass-lined parts.
These include acidity (pH) and potential (ORP-redox)
probes, temperature sensors, conductivity measure-
ments, and also glass-lined radar probes as well as
oscillating sensing forks for fluid level measurement.

3.27.2 Manufacturing of Glass-Lined
Steel Equipment

3.27.2.1 Glass Formulations

Glass frits used in vitreous enamels may contain as
many as 20 components, though these may be classi-
fied in three functional categories: glass formers
(SiO2 and B2O3, which constitute the random net-
work of the glass), the dioxides (ZrO2, CeO2, and
TiO2, which all enhance alkali resistance and are
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also opacifiers), and the alkali and alkaline earths
(which lower fusion temperature and increase the
expansion coefficient). While high alkali (e.g., sodium,
potassium) content lowers resistance to acid attack,
adequate amounts are required to dissolve the oxides
on the surface of the steel. Alkaline earth elements
(e.g., calcium, barium), on the contrary, increases the
chemical resistivity up to a certain extent. A kind of
‘mixed alkali effect’ additionally enhances the proper-
ties of the enamel by creating nanosized local stress
inside the glass matrix thereby reducing the amount
of easily dissolvable species. A relatively infusible
ground-coat frit becomes supersaturated in iron
oxide, which eventually crystallizes in the enamel, a
defect known as ‘copper heading.’ Compromise is
necessary, as too fluid a ground-coat results in over-
rapid reaction and ‘burning off,’ precipitating the
chipping of the enamel coating later on. Ground-
coat frits contain much more boron oxide than the
enamels used for the cover coat. Additions of alumina
can be used to control viscosity, surface smoothness,
and mechanical hardness of the glass.

Depending on the field of application, specific
chemical, surface, and manufacturing properties of
the enamel are required, resulting in compositions
most appropriate for the area of the specific subject.
This results in two different composition schemes ‘A’
and ‘B’ for technical enamels and enamels for domes-
tic appliances respectively, which are schematically
shown in the composition triangle in Figure 1.
Table 1 lists the oxides most often used for glass
making. A high silica-to-boric oxide ratio composi-
tion is used for industrial enamels in reaction vessels
and in hot water tanks where the higher firing tem-
perature is required for improved chemical and ther-
mal resistance.

3.27.2.2 Glass Preparation

Most of the manufacturers of glass-lined equipment
have their own glass formulations, although frit man-
ufacturers also sell appropriate frits. In most cases,
the chemical constitution has not been disclosed, but
the more successful types are borosilicates containing
high amounts of silicate (>55wt%), aluminum, and
alkaline earth oxides than do the typical heat-
resistant borosilicates.

In formulations for ground coating the steel, the
glass composition contains more cobalt and manga-
nese oxide than do ordinary glasses to enable a better
adhesion to the plain steel surface and to form a
chemical bond between the metal and the glass. The
thermal expansion coefficients of the glasses are of
the order of (8–9)� 10�6 K�1 for this application, but
vary for other metallic substrates. The disparity
between these figures and the higher expansion coef-
ficient of the steel, which is in the order of
14� 10�6 K�1, is quite deliberate and results in the
development of compressive stresses in the glass layer
after processing (i.e., after cooling from the sintering
temperature). The stress developed gives more resis-
tance to thermal shock or external stresses than if the
expansion coefficient of the glass and steel were
accurately matched.

The raw materials required to produce the partic-
ular glass composition are thoroughly mixed and
melted at temperatures above 1300 �C. The melt is
normally quenched directly into cold water, but often
quenching is carried out using cooled copper-based
rolling blades. While the directly quenched melts
produce irregularly shaped, cracked particles, the
rollers form disc-like shapes.

Both types of frits are ground in the same way,
either dry to form powders or wet-milled with clay
and quartz added to form a viscous slip. It can be
applied to steel by spraying or dipping, depending on
the shape, size, and design of the structure.

Table 1 Oxides used in glass manufacture

Glass
former

Glass
modifier
R2O

Glass
modifier
RO

Glass
former
RO2, R2O3

Adhesion
promoter

SiO2 Li2O MgO TiO2 CaF2
B2O3 Na2O CaO ZrO2 MnO2

K2O SrO SnO2 CoO

BaO Fe2O3 NiO
ZnO Al2O3

A

B

R2O + RO

SiO2+ B2O3

RO2+ R2O3

Figure 1 Area ‘A’ represents the chemical composition of

technical enamels, ‘B’ shows themuchwider area of enamels
used for domestic appliances, such as cookware, burner

cups, fridges, ovens, bath tubs, architectural panels, etc.
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3.27.2.3 Metal Preparation

A low-carbon (<0.2% C) steel is usually used in the
manufacturing of chemical process reactors or stor-
age tanks, distillation columns, and the like; the steel
quality is defined in several standards,1–3 which
include also the minimum and maximum content of
other constituents than that of iron, and stipulate
surface standards prior to the lining process. For
other parts of the reactor, such as nozzle parts,
pipes, etc., specific requirements are defined in vari-
ous EN standards.4,5

These requirements contain the maximum con-
tent and diffusivity of hydrogen, amount of slacks,
and define test methods for estimating the propensity
for defects such as fishscaling, blistering, crazing,
scaling, and poor adhesion. Cast iron is frequently
used in equipment such as valve bodies and pipe
unions. It should be of good quality, close-grained
gray iron, free from blow-holes, cavities, and porosity.
Repair of such defects by filling is not permissible in
the reactor field.

Conventional welding techniques are used in pro-
duction and assembly of the steel body, but special
precautions must be taken to ensure that the weld
metal is of a similar composition to the base metal.
Moisture-free electrodes must be used.6–8 According
to the assigned production place, the equipment has
to fulfill different local requirements, which are all
specified in technical rules.2

3.27.2.4 Certifications

This knowledge about industrial enamel and the
glass lining process is the basis of the European glass
lining industry. It is used to manufacture highly
sophisticated products according to ISO 9001,
APAVE, ASME, Druckgeräterichtlinie, China Code,
etc., which are certified regularly by external audits of
the manufacturers.

The design and dimensioning of a specific vessel
results from customer requests and should be in
accordance to the local laws and standards. Table 2
lists some of them.

All these regulations define how a vessel has to be
designed and also how the required quality has to be
controlled. They assess criteria for welding and lay
down instructions that define accompanying material
tests to ascertain the overall quality of a vessel. All
these instructions increase the amount of testing
enormously, and make the production more costly,

but ensure a safe running of a chemical plant where
they are applied to. In the end, they lead to the
international reputation of equipment manufactured
in Europe (Table 3).

Typically, a completed steel assembly is examined
in detail by ultrasonic and X-ray detection to check for
defects likely to impair serviceability. It is then often
normalized above 860 �C to relieve stresses arising
from fabrication and to reduce hydrogen content.
The heat treatment also has the advantage of burning
off organic contamination and carbon residues loca-
lized near the steel surface. After cooling, the vessel is
sand-blasted either with silica grit or steel shot to
remove the scale formed during the normalization
procedure and promote mechanical keying of the
glass ground-layer to be applied (by roughening the
surface). Degreasing and chemical descaling is no lon-
ger used for large-scale equipment because of the risk
of hydrogen uptake and consequent fishscaling and
also for environmental restrictions.

Important points in vessel design are

1. The metal thickness should be as uniform as pos-
sible throughout, avoiding heavy bosses, lucks, or
brackets.

2. Sharp edges must be avoided under all circum-
stances, the minimum radius recommended for all
curved surfaces is �8mm, at complex-shaped
parts, and with smaller dimensions, radii can be
as small as 3mm. The risk of sudden shaling
increases as the radius decreased. Therefore, for
such parts, thickness limitations are defined.

3. The risk of distortion on firing is greater if the
design includes numerous apertures in the vessel
or its cover.

4. The minimum metal thickness must take into
consideration that the mechanical strength of
steel decreases sharply during heating. Several
standards9 define maximum tolerances for devia-
tions from the original design.

Table 2 List of technical rules to define good manu-

facturing procedures used for manufactured products related
to chemical industry

AD 2000 Merkblatt
HP-0

ATEX 94/9/EG DIN EN 729-2

DGRL97/23/EG ASME R TRD 201

SVTI ASME NB CODAP

UIC ASME U DIN 6700-2
AQSIQ DIN ISO

9001:2000
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3.27.2.5 Lining Process

The first coat consists of a ground-coat, which is
sprayed as the first layer in the form of a wet slip.
After drying, it is normally fired at temperatures
above 900 �C. The alternative, directly dusting hot
parts with dry powder, has diminished completely.
After inspection, either a second ground-coat or sev-
eral cover coats are applied directly. Each coating
allows a buildup of �0.3–0.5 mm of glass, which
means that an average of 4–6 coats are required to
build up a desired glass thickness of 1.5–2mm.

Each coat is dried thoroughly and is fired according
to a firing program, especially designed for each part.
Cover coats are fired between 780 and 850 �C, depend-
ing on the size of the part, glass type, and coat number.
To avoid thermal-induced stresses within the glass lin-
ing, slowcooling is most appropriate for a high standard
of quality. Inadequate cooling rates lead to a number of
severe defects,10 which are not accepted by customers.

To avoid any kind of defect, for example, blisters,
bubbles, scale, etc., visual inspection and spark testing
at 20 kV after each coat reveals the integrity of
the coating. To ensure pore-free quality, small defects
are ground and refilledwith cover coat slip, blisters are
ground down to the steel, and, by using special patch
grounds in combination with cover coats slips locally,
a homogeneous and sound layer of glass can be built
up again.

3.27.3 Properties of Glass on Steel

3.27.3.1 Mechanical Properties

With a properly formulated glass and correct firing,
the lining withstands stresses up to the elastic limit of
steel without breaking. Impacts sufficiently severe to
dent steel will probably cause fractures in the
lining. The hardness and abrasion-resistance of the lin-
ing exceeds the properties of all-glass equipment,
and a smooth and easily cleaned surface is

produced during firing. The combined effect ofmech-
anical keying of the glass to the metal and the
chemical bonding developed between glass and steel
results in very high adhesive strength.11 Thus, at room
temperature, the typical bond strength of glass to
steel can be greater than 100MPa, the fracture tough-
ness is �70MPam�1/2 and compressive strength
reaches 800MPa.

3.27.3.2 Thermal Properties

The thermal shock resistance of glass-lined equip-
ment, that is, the safe limit of the temperature differ-
ence between the glass surface of the vessel and any
charge introduced varies to some extent according to
general operation conditions. Minimum values are
defined in the EN standard 15159-2. To fulfill the
requirements of chemically inert industrial enamel, a
value of at least 190 �C is required. Modern industrial
vitreous enamels are much better and can withstand
even sudden temperature changes of 220 �C, on
defined standardized test plates.

For reactors, a maximum temperature difference
of 140 �C, according to EN 15159-3, is allowed. This
value is very close to the thermal shock borderline of
steel, where a sudden temperature difference leads to
plastic deformation of the steel substrate, causing
severe cracking in the glass.

Plant operation temperatures vary nowadays
from �150 up to 280 �C, with the maximum
operating temperature limited by the corrosivity of
the liquid in contact with the enamel. The heat
transfer coefficient for heating in glass-lined equip-
ment is of the order of 400Wm�2 K�1 but can be
increased by agitation. For cooling, corresponding
figures would be12 280Wm�2 K�1. The numerical
values depend on the thickness of the glass coating,
increasing with decreasing glass thickness, and the
figures quoted represent the behavior of an average
coating of 1.4 mm in thickness.

Table 3 List of technical standards which define technical requirements and material flow and documentation proce-

dures for manufactured products related to chemical industry

EN 14483-1 to 5 Defines physical and chemical properties of glass coatings. Describes testing devices and procedures

EN 14430 Defines spark testing devices and technical spec for glass linings

EN 15159-1 to 2 Technical delivery conditions, min spec of glass linings and vessels defined
CODAP French standards, include welding procedures, heat treatment and material flow until delivery of

glass-lined devices

Swiss standard Swiss standards, include welding procedures, heat treatment and material flow until delivery of

glass-lined devices
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3.27.3.3 Chemical Properties

The general pattern of chemical durability of glass
linings is higher than for all-glass equipment. Water
absorption is negligible, chemical resistance is very
high to all acids except hydrofluoric acid and at high
temperatures and concentrations of phosphoric acid.
Attack by water is measurable only with great diffi-
culty, leading to deviations caused largely by quality
of the used water. Almost all organic solvents produce
no measurable effect, and strong alkaline solutions
(e.g., 20 wt% NaOH) are satisfactorily handled up to
at least 60 �C; above that temperature, there might be
appreciable reaction. For most types of chemicals,
corrosion of the enamel can be assessed by measuring
the loss in thickness either in weight per unit area and
time or by directly calculating thickness loss when
exposed to the liquid.13

Conditions in service vary widely. Many cold
liquids (milk, ketchup, and beverages) have little cor-
rosive action, and the chosen glass lining need not be
very acid-resistant. By contrast, very often base che-
micals are produced, which need high temperatures
and strong inorganic acids often under high pressure
for processing; glasses, therefore, have to be extremely
chemically resistant. Further needs are high durabil-
ity against leaching effects. Thus, the modern semi-
conductor industry asks for impurity concentrations
of their products (pigments, LCD crystals) at the ppb
level. Only a few of the modern industrial enamels
fulfill these exacting requirements. In the life-science
industry, normally acid-based reactions are carried

out, but cleaning in place (CIP) often requires the
use of strong alkaline solutions at high temperatures,
so the resistance to caustic attack needs to be much
higher than in the past.

3.27.3.4 Testing Methods

Investigations recently carried out on the leaching
effects during corrosion tests showed that the time
used for running the tests has a significant influence
on the achieved results. Excessive time periods lead
to an increase in dissolved glass constituents, which
then again further hinder corrosion of the glass. This
inhibition effect, described by the mass balance equa-
tion, is an ongoing process of glass corrosion. New EN
standards with drastically increased concentrations of
corrosive media and reduced reaction times especially
for alkaline testing have overcome these effects and
now lead to better and reproducible data.14 The values
hold for both immersion and vapor-phased conditions,
depending on the media used (Table 4).

The effect of temperature on alkaline corrosion is
illustrated by data from Pfaudler.11 There are various
glass compositions in service, and it is important to
ensure that the lining is appropriate for the particular
process to be carried out. An example of the behavior
of two different technical enamels compared with
borosilicate and lime glass is shown in Table 5.
This table gives some resistance data with regard to
typical acids and alkalis, all data measured according
to EN 14483-1–5.13,14

Table 4 The durability of several materials against chemical attack

Material Acidic solutions Alkaline solutions

HCl
(20%)

H2SO4

(60%)
HNO3

(25%)
NaOH
(5%)

Na2CO3

(10%)
NH3

(1%)

WWG 0.039 (108 �C) 0.1 (160 �C) 0.1 (135 �C) 0.51 (80 �C) 0.10 (56 �C) 0.1 (82 �C)
PPG 0.046 (108 �C) 0.1 (160 �C) 0.1 (135 �C) 0.32 (80 �C) 0.10 (63 �C) 0.1 (92 �C)
Borosilicate

glass

0.056 (108 �C) No data

available

No data

available

1.2–4.1 (80 �C) No data

available

0.29 (80 �C)

Soda lime glass 0.245 (108 �C) No data

available

No data

available

1.57 (80 �C) No data

available

No data

available
Hastelloy C4

2.4610

0.51 (62 �C) 0.1 (50 �C) 0.125 (60 �C) No data available 0.05 (135 �C) No data

available

Stainless steel

1.4571

Dissolves fast �10 (100 �C) 0.1 (124 �C) Stress corrosion

cracking

No data

available

No data

available
Carbon steel

1.0488

Dissolves fast Dissolves fast 1 (20 �C) Stress corrosion

cracking

2.2 (20 �C) No data

available

The numbers indicate thickness loss in (mmyear�1).
Data for WWG, PPG, borosilicate, and soda lime glass are from Schäfer,15 hastelloy from Dechema-Werkstoff Tabelle,16 stainless and
carbon steel from ‘‘Key to Steel’’ Handbook.17
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3.27.3.5 Surface Properties

For several applications, the smoothness of the glass
surface is the most important factor, making glass
more attractive than stainless steel vessels, for exam-
ple. Polymer producers ask for very smooth surfaces
with nonstick behavior, thereby improving the clean-
ability of the enameled reactor walls compared with
stainless steel ones. Even if the thermal properties of
a glass-lined reactor are worse than those of stainless
steel, because of higher sticking rates of polymer par-
ticles on stainless steel, glass-lined reactors achieve at
least similar performance rates during service.

3.27.3.6 Enamel Behavior in Service

Enamels, although resistant to many alkalis, are not
necessarily completely resistant. Thus, weight loss
from enameled iron test pieces has been related to
resistance to detergent attacks, but field assessment of
the effect of alkaline materials upon enamel does not
always agreewith accelerated laboratory tests. In such a
case, the fitting of a glass-lined test piece into the vessel
is required. The production test can last for several
weeks, allowing a realistic calculation of the durability
of the glass. Often, large differences between enamels
occur dependingon their chemical composition.Often,
also minor changes in the production process have a
drastic influence and increase on the performance of
a glass lining. As an example, addition of caustic soda
above 80 �C is often used to neutralize a product.

If the addition is done solely through a nozzle at
the upper bottom, no fast mixing between the two
liquids occurs, which would corrode the glass within
a distinct zone near the edge of the liquid level. By
using a dip pipe for the addition of the caustic soda,

complete mixing and dilution occurs immediately,
drastically reducing the chemical attack and also
improving the performance of the process.

3.27.3.7 General Aspects of Glass Enamel
Corrosion

Evidence (about the interaction of liquids with glass
surfaces) has come from the results of research work
in developing corrosion-resistant glass compositions
and there is now better understanding of the mode of
chemical attack on glass. Reaction on the surface
occurs through ion exchange, dissolution, and absorp-
tion. Signs of these reactions are a dimming of gloss,
thin film interference colors, and surface-roughening
on general degradation. In the beginning, the corrosion
becomes apparent as a loss of gloss, but there is no
direct correlation between gloss and chemical deg-
radation by ongoing attack. Continued penetration of
the glass structure by some ions could lead to its
decomposition. The thickness of the ion-exchanged
surface layer is related to the durability of the glass
and initial reactions are rapid.18,19 An intermediate
phase is formed whose structure, thickness, and dura-
bility depends on the glass composition as well as the
temperature and pH of the attacking/reacting liquid.20

The borosilicate glasses on coated steel contain
silica and alkali metal oxides and the reactions can be
considered as involving silicate networks. Attacks
begin as an interaction between silicate lattice ions
and protons from the liquid with the consequent
leaching of monovalent and divalent ions.

3.27.3.8 Attack by Water

No enamel or glass is thermodynamically stable
against attack by water. The durability is caused by

Table 5 Comparative corrosion tests between borosilicate glass, soda lime glass, and technical enamels

Material
(glass or
enamel)

Chemical corrosion tests – comparison of technical enamel and glass

Acid resistivity
EN 14483-1
(mmyear�1)

Acid resistivity
EN 51174
(mmyear�1)

Alkaline resistivity
DIN 2743
(mmyear�1)

Alkaline resistivity
EN 14483-5
(mmyear�1)

20% HCl, 108 �C, 168h 20% HCl, 140 �C,
24h

0.1M NaOH (0.4%), 80 �C,
24h

1N NaOH (4%), 80 �C,
48h

WWGa 0.038–0.043 0.20–0.24 0.27–0.3 0.48

PPGa 0.046–0 05 0.22 0.13–0.2 0.32–035
Duran 8330 From 0.245 (1 d) to 0.06

(5d)

0.385 0.848–1.615 1.23–4.13

AR glassb 0.056 0.313 1.18 1.57

aWWG and PPG are trademarks of technical enamels produced by Robbins and Myers Inc.
bAR Glass: Sodium–calcium silicate glass (soda lime glass).
Source: Lorentz, R. Werkst. Korr. 1982, 33, 247.
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the diffusivity of alkali ions inside the silica network.
This can generally be described by a diffusion kinet-
ics and thus follows a pt-relationship. Initially, there
is the replacement of an alkali ion in the glass by a
proton (H) from the water,

�Si�ONaþHOH¼�Si�OHþNaþþOH� ½1�

The released hydroxyl ion shifts the pH of the solu-
tion and interacts with the siloxane bond in the
vitreous network

�Si�O�Si�þOH� ¼�Si�OHþ�Si�O� ½2�

This open oxygen interacts with a water molecule to
form dissolved silicic acid

�Si�O�þ2HOH¼H2SiO3þ2OH� ½3�

The resulting hydroxyl ion is available for
further reaction in reaction [2]. As the hydrogen ions
replace alkali (R) ions, a surface film forms, which has
properties different from the solid glass. This film
swells, acting as a barrier to further diffusion of ions
into and out of the bulk material, thus inhibiting
further attack. If this layer dries out, the thin films
produce characteristic, iridescent interference colors.
Depending on the chemical durability of the glass, the
mechanism of attack varies. Highly chemical-resistant
enamels withstand the OH� attack, and corrosion is
mainly caused by ion exchange and proton interaction.
This leads to the general equation

� Si�ONaþHOH ¼ H2SiO4 þNaþ þOH� ½4�

3.27.3.9 Attack by Alkaline Solutions

With the migration of alkali ions (R+) into the lea-
chant, attack is no longer solely by water. If R+ is
sodium, the attack on the glass is

� Si�O� Si�þNaþOH�

¼ �Si� OHþ�Si� O�Na
½5�

Alkaline ions in solution increase the pH with two
consequences. The rate of silica extraction increases
with rise in pH value above 8–9 and the rate of alkali
exchange is reduced. However, as the higher alkalin-
ity favors dissolution of silica, further alkali is
released by the lattice. The quantity of alkali
extracted can be used as a measure of the resistance
of the glass to attack.

3.27.3.10 Attack by Acid

3.27.3.10.1 Mineral acids

The mode of attack with mineral acids is similar to
that by water, namely at the site of siloxane bond
–Si–O–Si–. Hydrochloric, sulfuric, and nitric acids
all attack through similar mechanisms. Phosphoric
acid, when almost water-free, is no more corrosive
than the other mineral acids. However, diluted phos-
phoric acid forms polyanionic networks that are good
complexing agents and increase the leaching of
monovalent and divalent cations from the vitreous
network (via the formation of alkaline and alkaline
earth silicyl phosphates).

3.27.3.10.2 Organic acids

Some glasses are more prone to attack by organic
acids than by other acids with a lower pH value.
These acids form complex ions in solution, which
increase the glass solubility. Many vitreous enamels
contain larger divalent cations in their network, spe-
cifically Ca, Sr, and Ba ions reduce ion diffusivity in
the lining.

3.27.3.11 Further Possibilities of Corrosive
Attack on Glass

3.27.3.11.1 Attack by complex formation

Chelating agents sequester polyvalent cations and, if
present in a corrosive liquid, can increase the rate of
attack on the glass. The cations Mg2+, Ca2+, Al3+, Zr4+,
and Ti4+ are known to stabilize the siliceous surface
film and so aid corrosion resistance, but in the pres-
ence of say, ethylenediaminetetraacetic acid (EDTA),
with which these ions interact, this protective action
is increasingly nullified as the ions are removed from
the silicate surface. Complexes are formed between
Si4+ and some organic acids, notably gallic acid and
tannic acid.

3.27.3.11.2 Attack by fluorides

All silicates are severely attacked by hydrofluoric acid
and its constituents with F� ion acting as a catalyst.
Only the form of the silica network influences to
some extent the reaction rate.

ðSiO2Þglass lining þ 6HF ¼ H2SiF6 þH2O ½6�

H2SiF6 þH2O ¼ ðSiO2Þdissolved þ 6HF ½7�

Although neutralization reduces the rate of fluo-
ride attack, no inhibition of this process is so far
known.
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3.27.3.12 Inhibition of Corrosion Attack

The reaction routes of chemical attack aforemen-
tioned also open the possibility for inhibiting the
attack on glass by altering the chemical equilibrium
to favor the reactant (glass) side of the equations.
Thus, appropriate chemical additions can reduce
the glass dissolution rate considerably. This holds
especially for attack of protons on glass where the
addition of dissolved SiO2 into the process fluid
shifts the equilibrium constant towards a higher
stability of the vitreous glass matrix. Formally, reac-
tion [8] is used to calculate the amount of dissolved
SiO2 necessary to stabilize the lining.

Na� O� Si� ONaþ 2HOH

¼ H2SiO3 þ 2ðNaþ þ OH�Þ
½8�

Equilibrium is achieved when the dissolution con-
centration of the main constituent SiO2 reaches
saturation level. [H2SiO3]diss describes the amount
of dissolved SiO2, [Na2SiO3]glass stands for the glass
matrix containing alkaline ions.

K ¼ ½H2SiO4�diss½NaOH�2
½Na2SiO4�glass½H2O

2� ½9�

The addition of a small amount (normally 100–
300 ppm) of SiO2, according to eqn [9], shifts the
equilibrium towards the reactant side and therefore
hinders glass corrosion.

3.27.3.13 Effect of Leaching – Temperature
Dependence

The quantity of alkali extracted from a glass matrix in
a fixed time increases with increasing temperature.
Depending on the composition of the glass coating
and the alkali present (ions of different size behave
differently) the amount leached approximately dou-
bles for each 10 �C rise in temperature. This temper-
ature dependence can be expressed by the equation
(Arrhenius):

A ¼ B expð�DE=RT Þ ½10�
where A is the specific reaction rate changing with
temperature, B is a constant, R is the gas constant, T is

the absolute temperature, and DE the activation
energy for the process of alkali removal from the
glass. Alkali extraction is always associated with
changes in pH and such changes depend on the
quantities of alkali and silica released. For details,
see the mechanism of water attack. Where glass lin-
ings are exposed to water or steam at temperatures
above 160 �C and/or at extreme pH values, the plant
manufacturers should be consulted.

3.27.4 Damage Monitoring and
Analysis

3.27.4.1 In Situ Sensing Technology

Glass damage or corrosion may be monitored by
applying a low voltage to the coated metallic sub-
strate and recording the resulting current, which
must necessarily flow from any damaged parts of
the coating that significantly expose the metallic sub-
strate. Provided that a history of the plant process and
the type of insulating material used on the equipment
installed is known, this can provide a record of the
percentage of damaged (or unharmed) coating. Three
methods are used to monitor glass defects, which have
no need of additional installed test samples: Low DC
voltage method that measures the overall ohmic resis-
tance of a vessel21; electrochemical noise analysis that
records and analyses the frequency-dependant noise
spectrum of a vessel22; potentiometric decomposition
analysis that measures the electrochemical potential of
steel in a conductive solution.23,24

All three methods require at least some electrical
conductivity of the solution, and all use the vessel
(i.e., metallic substrate) as one of the working
electrodes.

1. Simple voltage–current measurements are restricted
by the specific conductivity of the liquid (must be
high enough – works normally in all water-based
liquids) and all installed parts demonstrate insulating
behavior. A defect is recorded if the current exceeds
a previously defined level. The method can lead to a
large number of false alarms and, as such, is often not
so useful (with the monitoring equipment being
shut down).

Rb, K, Ca, Na, Mg, Al, Ti, Mn, Zn, Cr, Fe, Cd, Co, Ni, Sn, Pb, H, Cu, Ta, Hg, Ag, Au, Pt, Rh, Ir. 

negative voltage in V                 approximately -0.5 V               0.0 V       positive voltage in V 
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2. Electrochemical noise analysis records the fre-
quency spectrum (from mHz up to a few kHz)
on the sample and looks for deviations from his-
toric records that can indicate ongoing corrosion.
However, the noise spectrum can often change
drastically depending on the process conditions
where this does not imply defect formation. Inter-
pretation is thus quite difficult and automatic
computation does not work well. Often the onset
of corrosion is unseen or misinterpreted.

3. The potentiometric decomposition analysis over-
comes these limitations. Recent developments
allow the monitoring of glass defects also if metal
parts such as nickel-based inlet tubes or graphite-
filled polytetrafluorethylene (PTFE) linings or
metal-based distillation columns are used. The
method is based on the EMF build-up by an
electrochemical cell. It makes use of the specific
electrochemical potential of each element which is
unique among all types of solutions and composi-
tions, pH values, or temperatures.

The potentiometric method is based on the defi-
nition of electrochemical potentials, where the zero
point is defined as the standard hydrogen electrode of
potential equal to 0 V at 25 �C at 1 bar pressure of
hydrogen and a solution that is 1molar in proton
concentration. Noble metals produce positive poten-
tials, base metals negative ones.

Advantages of the method include ease of adjust-
ment to a computer-based monitoring system, short
time cycles (within minutes), and relative lack of
dependence on changes in pH, temperature, or com-
position of the solutions.

3.27.4.2 Repairs to Enamel Damage

Repair cements are quite satisfactory and economical
for mild chemical service over lengthy periods. For
severe chemical service, enameled areas up to 120mm
in diameter can be repaired by specialists with tanta-
lum plugs, discs, and PTFE gaskets. These materials
have a similar chemical resistance to that of glass. Larger
areas of damage or corrosion need special glass-lined
plates (covers) fixed with several studs and cement.

Complete reenameling of equipment is feasible, but
is often accompanied by a microstructural changes in
the metal, and for this reason, it is limited to 4–5 times.
With each reenameling distortion becomes larger and
the process may consequently be uneconomical. For
this reason, a complete inspection of a vessel is required
to allow a decision as to whether reenameling or a new
vessel is the more economical alternative.

3.27.4.3 Recent Developments

The traditional method of producing glass-lined ves-
sels involves stages of annealing, degreasing, shot
blasting, acid pickling, followed by application of up
to two ground coats and five cover coats, each with a
separate firing. Tighter legislation and higher energy
costs have lead to the development of processes in
which one or more of these stages may be omitted.
These advances are achieved through greater under-
standing and control of glass composition, and by
adopting more sophisticated powder-handling tech-
niques. This includes statistical methods of running a
vessel mixture of various shapes, dimensions, and
different coats-to-finish in one furnace run.

The more demanding the requirements of custo-
mers using enameled vessels for their production, the
finer the resolution of analytical instruments being
developed and the lower the permitted amounts of
dissolved glass constituents in the products. These
implications are requested especially by life-science
companies and the semiconductor industry, as they
call for decreases in the allowed level of leached
impurities to almost 1 ppb. Mainly, impurity levels
of transition metal oxides reduce the yield of
product drastically, making it impossible to produce
them in the qualities demanded. Typical examples
are enantioselective oxidation reactions of proteins,
manufacturing of LCD crystals, and photoresistant
chemicals for the chip industry. This has led to the
development of new enamels that consists only of
biologically nontoxic metal oxides and that therefore
remove CoO, NiO, MnO, Fe2O3, SnO2, ZnO, Cr2O3,
SrO, and BaO from the glass compositions.
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Glossary
Frit A complex of oxides of boron and silicon with

alkali and transition metals forming a glass

that is suitable for fusing onto a metal, thus

forming a vitreous enamel coating.

3.28.1 Nature of Vitreous Enamels

A vitreous enamel coating is, as the name implies,
a coating of a glassy substance which has been
fused onto the basis metal to give a tightly adher-
ent hard finish, resistant to many abrasive and
corrosive materials. The purpose of modern vitre-
ous enamels is twofold, that is, to confer corrosion
protection to the metal substrate and at the same
time provide permanent color, gloss, and other
aesthetic values.

Most of the corrosion resistance, and indeed other
properties of the finish, are determined by the com-
position of the vitreous enameller’s raw material frit,
although other factors can influence them to a minor
degree. Frit, for application to sheet and cast iron, is
essentially a complex alkali-metal alumino borosili-
cate and is prepared by smelting together an intimate

mixture of refractory materials such as silica, titania,
felspar, china clay, etc. at temperatures between 1100
and 1450�C with fluxes exemplified by borax,
sodium silicofluoride and nitrates and carbonates of
lithium, sodium and potassium. Smelting continues
until all the solid matter has inter-reacted to form a
molten mass; but unlike true glass, this liquid does
contain a degree of bubbles. At this stage the melt
is quenched rapidly by either pouring it into water or
between water-cooled steel rollers to form ‘frit’
or ‘flake.’

Frit may be milled dry or wet. The long established
dry process is used for cast iron baths and for chemical
plants.Where possible the preferred process for vitreous
enamel application today is dry electrostatic. The frit is
milled with low level additions of refractory and/or
inorganic pigments together with typically 0.3–0.4%
of a silicone. The silicone imparts the required electrical
characteristics to the ground frit to enable efficient
application of the powder to the metal substrate. This
is achieved in cylinders using balls of porcelain, steatite
or denser alumina, or with pebbles of flint, to produce a
fine powder of predetermined size.

In the more common wet process, frit is milled
with water, colloidal clay, opacifier, coloring oxide,
refractory and various electrolytes in a ball mill to a
closely controlled fineness or coarseness.
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Typical frit and mill formulae are given in
Table 1. Frits are tailor-made for each application
so that the most desired properties are at their maxi-
mum in each case and the formulae thus presented
must be regarded as examples of general composition.

3.28.2 Metal and Metal Preparation

To obtain a defect-free finish, it is essential that the
basis metal is of the correct composition and suitably
cleaned.

3.28.2.1 Cast Iron

For cast iron enameling the so-called grey iron is
preferred. Its composition varies somewhat, depend-
ing upon type and thickness of casting, but falls
within the following limits: 3.25–3.60% total C,
2.80–3.20% graphitic C, 2.25–3.00% Si, 0.45–0.65%
Mn, 0.60–0.95% P, and 0.05–0.10% S.

The standard method of cleaning cast iron for
enameling is by grit or shot blasting, which may be
preceded by an annealing operation.

3.28.2.2 Steel

Two general types of sheet steel are in current use,
viz. cold-rolled mild steel and decarburized steel.
A typical analysis for cold-rolled steel is 0.1% C,
0.5% Mn, and 0.04% S. It can be obtained in regular,
deep drawing or extra-deep drawing grades. This
type of steel is normally used with a ground coat
including cobalt and nickel, as shown in Table 1.

Decarburized steel is mild steel that has under-
gone heat treatment in a controlled atmosphere to
reduce carbon content to about 0.005%. White or
coloured enamel can then be applied directly to
this type of steel without the need for a ground coat
layer.

Sheet steel is normally prepared for application of
enamel by a sequence of operations including thorough
degreasing, acid pickling, and neutralization. A nickel

Table 1 Typical enamel frit compositions (%) and a mill addition

Chemical
plant

Sheet-iron
(ground coats)

Sheet iron
(white)

Sheet iron
(acid resistant
black)

Cast iron
(semi-opaque)

Na2O 15.8 17.5 21.8 16.0 7.0 16.0 17.5

K2O – – – – 5.0 – 3.0

Li2O – – – – 1.0 1.0 –

CaO 1.2 – – – – 3.0 –
BaO – – – 5.5 – 6.0 –

CaF2 3.4 6.0 5.5 4.0 – 2.0 2.0

Na2SiF6 – – – – 5.5 2.0 –

Al2O3 2.9 5.0 9.0 1.0 2.5 1.0 4.5
B2O3 0.9 20.0 18.2 25.0 15.0 7.0 7.5

SiO2 60.0 50.0 44.0 47.0 46.0 53.0 43.5

TiO2 15.8 – – – 18.0 8.0 13.5

CoO – 0.4 0.3 0.5 – 0.4 –
NiO – 0.5 0.6 0.5 – 0.6 –

MnO – 0.6 0.6 0.5 – – –

Sb2O5 – – – – – – 8.5
100.0 100.0 100.0 100.0 100.0 100.0 100.0

Sheet iron white mill addition

Frit 100

Grind to fineness of 1g residue on 200 mesh

sieve (50ml sample)

Water 35–40

Titania 1
Clay 2.5

Bentonite 0.3

Sodium nitrite 0.05

Potassium
carbonate

0.1

Degradation of Vitreous Enamel Coatings 2331

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



dip stage is often included to deposit a thin, porous
layer of nickel applied at about 1gm�2, especially
when the conventional ground coat is not used.

3.28.2.3 Enamel Bonding

For effective performance, the enamel must be firmly
bonded to the underlying metal and this bond must
persist during use. The bond is formed by the molten
enamel flowing into ‘pits’ in the metal, that is,
mechanical adhesion, and by solution of the metal in
the glass, that is, chemical adhesion. The coefficient of
thermal expansion of the enamel in relation to the cast
iron or sheet steel and enamel setting temperature
determines the stress set up in the coating. As enamel,
like glass, is strongest under compression, its thermal
expansion should be slightly less than the metal.

3.28.2.4 Enamel Application and Fusion

Vitreous enamel is normally applied to the prepared
metal or over a ground coat by spraying or dipping.
Alternative wet techniques are used, of which the
most common has been electrostatic wet spraying.
Electrophoretic deposition from slurry has been
found to be highly suitable for some components.

On sheet iron, a ground coat including cobalt and
nickel, is generally used, but for mass production
(e.g., cookers) use of decarbonized steel and direct
application of colors is more common. This involves
more complex steel pretreatment.

After drying the applied slurry, the enamel is
fused onto sheet steel at about 800–850�C for about
4–5min. For cast iron, a longer time and lower tem-
perature are normal.

The old dry process enameling of cast iron (baths
etc.) is no longer widely used. The method consisted
of sieving finely powdered frit onto preheated casting
and inserting it back into a furnace at about 900�C to
produce the smooth finish.

In recent years increasing use has been made of
the electrostatic application of a dry powder spray by
many manufacturers, who require a limited range of
colors. Dry electrostatic finishes are fused at tem-
peratures in the same range as conventional ones.

3.28.3 Properties of Enamel
Coatings Affecting Corrosion

3.28.3.1 Mechanical Properties

This group includes surface hardness, that is, scratch
and abrasion resistance, adhesion and resistance to
chipping, crazing, and impact. All these and other

properties depend upon adhesion between the vitre-
ous enamel layer and the metal being good and
remaining so.

There is no single test that will give a quantitative
assessment of adhesion; all those which have been
proposed cause destruction of the test plan. It has
already been stated that this property is dependent
upon mechanical and chemical bonds between
enamel and metal. One must, however, also consider
stresses set up at the interface and within the glass
itself during cooling after fusion or after a delay.

The coefficient of thermal expansion is primarily
determined by frit composition, although mill addi-
tions can have a minor influence. As a general rule,
superior acid and thermal shock resistance are
obtained with low expansion enamel, and the skill
of the frit manufacturer is in obtaining good resis-
tance and maintaining a sufficiently high expansion
to prevent distortion of the component (pressing or
casting). Several workers have produced a set of
factors for expansion in relation to the enamel oxides
that constitute the frit, which provides a guide to the
frit producer. However, as these factors are derived
from a study of relatively simple glasses smelted to
homogeneity, it must be emphasized that they are
only a guide. The effect of substituting certain oxides
for others in standard titanium superopaque enamel
is given in Table 2. The use of a nickel dip improves
adhesion by minimizing iron oxide formation, but it
should be noted that some iron oxide formation is
necessary to produce enamel/metal adhesion. In the
most common methods of testing for adherence to
sheet iron, the coated metal is distorted by bending,
twisting, or impacting under a falling weight. In the
worst cases the enamel is removed leaving the metal
bright and shiny, but in all others a dark-colored
coating remains with slivers of fractured enamel
adhering to a greater or lesser degree. With cast

Table 2 Effect of frit ingredients on enamel expansion

Constituent varied Expansion change

Increase alkali metal Increase
Replace Na2O by Li2O Increase

Replace Na2O by K2O Decrease

Increase fluorine Decrease
Increase B2O3 Decrease

Replace SiO2 by TiO2 Increase

Increase TiO2 Slight increase

Replace SiO2 by Al2O3 Slight increase
Introduce P2O5 Slight increase

Introduce BaO Increase

Increase SiO2 Decrease
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iron enameling it is not possible to distort the metal
and in this case an assessment of adhesion is obtained
by dropping a weight on to the enamel surface and
examining for fractures. Erroneous results can be
obtained in that often thicker enamel coatings appear
to be better bonded and resistant to impact, whereas
in fact the converse is true. Provided the bond is
adequate, this test really gives an indication of the
strength of the enamel itself.

According to Andrews1 a typical sheet iron
ground coat has a tensile strength of about 10kg
mm�2. In small cross-sections, however, the tensile
strength of glass is improved and fine threads, for
example, as in glass fiber, are quite strong. Enamels
under compression are 15–20 times stronger than an
equal thickness under tension.

The hardness of an enamel surface is an important
property for such items as enameled sink units, domes-
tic appliances, andwashing machine tubs which have to
withstand abrasive action of buttons, etc. On Moh’s
scale, most enamels have a hardness of up to 6 (ortho-
clase). There are two types of hardness of importance
to users of enamel, viz. surface and subsurface. The
former is more important for domestic uses when one
considers the scratching action of cutlery, pans, etc.
whereas subsurface hardness is the prime factor in
prolonging the life of enameled scoops, buckets, etc.
in such applications as elevators or conveyors of coal
and other minerals.

Of the several methods of measuring this property,
those specified by the Porcelain Enamel Institute and
the Institute of Vitreous Enamellers are the best
known and most reliable. Both consist of abrading a
weighed enamel panel with standard silica or other
abrasive suspended in water and kept moving on an
oscillating table with stainless steel balls. The loss in
weight is measured periodically and a graph of time
versus weight loss indicates both the surface and
subsurface abrasion resistance. Pedder2 has quoted
relative weight loss figures for different types of
enamel. They are shown in Table 3.

Fine bubbles uniformly distributed throughout
the coat improve elasticity and thus mill additions
and under and over firing influence this property.
The greatest effect on elasticity is enamel thickness
and most developments are aimed at obtaining a
satisfactory finish with minimum thickness.

3.28.3.2 Thermal Properties

These properties are made use of in many applica-
tions ranging from domestic cookers to linings which

must withstand heat from jet engines. There is simple
heat resistance, that is, the ability of the enamel to
protect the underlying metal from prolonged heat
and also thermal shock resistance, which is the ability
to resist sudden changes in temperature without fail-
ure occurring in the coating. These thermal proper-
ties depend upon the relative coefficient of thermal
expansion of enamel and metal, enamel setting point,
adhesion, enamel thickness, and geometry of the shape
to which the finish is applied.

It is obvious that adhesion must be good in order
to prevent rupture at the enamel/metal interface
during heating and cooling. Thick coatings are liable
to spall when subjected to thermal change due to the
differential strain set up within the enamel layer
itself, caused by poor heat conductivity of the glass.
Thus again thin coatings are desirable.

Compressive forces on enamel applied to a convex
surface are less than when a concave surface is coated,
and it is therefore apparent that the sharper the radius
of the metal, the weaker the enamel applied to it will
be. This fact is also relevant to mechanical damage.

Thermal shock resistance is important for gas
cookers, pan supports and hotplates where spillage
is liable to occur; but in oven interiors heat resistance
is more relevant.

The softening point of conventional cast and sheet
iron enamels is about 500�C, but special composi-
tions are obtainable, which operate successfully at
600�C. Other more specialized enamels withstand
service conditions ranging from being in excess
of dull red heat, for example, as obtained in fire
backs, to those capable of enduring short exposure
to temperatures of around 1000�C, for example, in jet
tubes, after burners, etc.

3.28.3.3 Chemical Resistance

That examples of glass and glazes manufactured
many centuries ago still exist is an indication of the

Table 3 Comparison of abrasion resistance of different

enamelsa

Types of enamel Average loss in weight (g)b

Acid resisting titania based 56�10–4

Acid resisting non-titania 342�10–4

Antimony white cover coat 582�10–4

High refractory enamel 129�10–4

Plate glass 70�10–4

aData from Pedder.2
bOverall figure for tests under standardized conditions for each
grade of enamel.
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good resistance of such ceramics to abrasion, acids,
alkalis, atmosphere, etc.

In this section, chemical resistance will be divided
into three parts, viz. acid, alkali (including deter-
gents), and water (including atmosphere). Normally
enamel is formulated to withstand one of the corro-
sive agents more specifically than another, although
vitreous enamel as a general finish has good ‘all
round’ resistance, with few exceptions such as hydro-
fluoric acid and fused or hot concentrated solutions
of caustic soda or potash.

3.28.3.3.1 Acid resistance

This property is best appreciated when the glass
structure is understood. Most enamel frits are com-
plex alkali metal borosilicates and can be visualized
as a network of SiO4 tetrahedra and BO3 triangular
configurations containing alkali metals such as lith-
ium, sodium and potassium or alkaline earth metals,
especially calcium and barium, in the network
interstices.

Fused silica may be regarded as the ultimate from
the acid resistance aspect but because of its high
softening point and low thermal expansion, it cannot
be applied to a metal in the usual manner. Rupturing
or distorting this almost regular SiO4 lattice makes
the structure more fluid. Thus to reduce its softening
point B2O3 is introduced whereby some of the Si–O
bonds are broken and an irregular network is formed.
Further distortion of the network is obtained by intro-
ducing alkali and alkaline earth metals into the lattice.
If fluorine is included in the frit, more bonds are
broken; in this case an oxygen atom (–O–) linking
two silicon or boron atoms is replaced by a fluorine
atom (F–) – which, being monovalent, cannot join two
Si or B atoms and hence causes bond rupture. A study
of relevant phase diagrams and eutectics proves useful
in formulating low firing enamels.

Si

O O

O O

B and

O

O O

Thus all frit ingredients act as either network
formers or modifiers andwith the principal exception
of silica, titania, and zirconia, all cause diminution in
acid resistance. The reacting acid causes an exchange
between metal ions in the network modifier of the
glass and hydrogen ions from the acid. This naturally
occurs at the enamel surface, but as the etching or

leaching reaction proceeds, a resulting thin layer of
silica-rich material inhibits further reaction. Thus
acid attack is dependent upon enamel composition
and pH, with time and temperature playing a part.
Sodium oxide and boric acid are both leached out by
acid attack, and it has been found that the Na2O/
B2O3 ratio is constant for any enamel and is depen-
dent upon enamel composition.

An increase in titania content of the frit acts in a
similar way to increasing silica in enhancing acid resis-
tance with the added advantage that the coefficient of
expansion is also raised slightly and the glass viscosity
is not increased as much as by the equivalent SiO2

increment. This only applies to the titania remaining
in solution in the glass and does not necessarily hold
when the frit is supersaturatedwithTiO2, which occurs
with the modern opaque sheet iron covercoats when
some of the pigment recrystallizes and causes opacifi-
cation on cooling from the firing process.

In formulating holloware enamels, the degree of
acid resistance required is less than for chemical
plant, for example, reaction vessels. Consequently
the RO2 (SiO2 and TiO2) is lower, thus permitting
increased quantities of fluxes to be fired at lower
temperatures and having superior chip resistance.
Conversely, chemical plant enamels are higher in
silica and dissolved titania and require harder firing.
An example of such an enamel is shown in Table 1.

The acid resistance required for domestic appli-
ances varies with the particular component, for
example, the oven interior of a gas cooker necessi-
tates higher resistance than the outer sides – the
former being at least Class A using 2% sulfuric acid
while the latter can have a lower grading based on
less aggressive citric acid tests. These tests are
detailed in EN 14483-1:2004.

The enamel mill addition, degree of firing, and
furnace atmosphere all affect acid resistance. An inc-
rease in clay and alkaline electrolyte detracts from
this property and underfiring also has an adverse
effect. The use of organic suspending agents is thus
preferable to clays, from this aspect, but other factors
must also be considered. Similarly replacement of
1% milling clay by 0.25% of the more colloidal
bentonite is beneficial. Large additions of quartz at
the mill improve heat resistance, and, provided the
firing temperature is increased to dissolve a sufficient
quantity of this silica in the glass, acid resistance is
also enhanced.

In the glass-bottle industry bottles can be cooled
in a dilute SO2/SO3 atmosphere to increase chemical
resistance. A similar effect has been noted with

2334 Ceramic Materials

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



vitreous enamel. It has been postulated that a thin
layer of –OH groups or –OH–H2O (hydronium) ions
is adsorbed on the surface of fired enamel. These ions
are transformed into –OSO2 or –OSO3 in the pres-
ence of oxides of sulfur which are more resistant to
further acid attack. It is known that the acid resis-
tance of a recently fired enamel improves with age-
ing, probably due to enamel reaction with SO2/SO3

in the atmosphere and it is quite common for the
grading to improve from Class A to Class AA (EN
14483-1:2004).

In enamels for chemical plant such as autoclaves,
it is not only the degree of acid resistance which is
important but also the freedom of the finish from
minute flaws detectable by high frequency spark
testing or chemical methods. Chemical methods
depend upon a color change when the reagent such
as ammonium thiocyanate reacts with the iron
exposed at the bottom of the pinhole or flaw in the
finish. Alternatively, an electric cell can be formed via
the exposed iron in the flaw and detected chemically.

In general, strong mineral acids are more severe in
their attack on enamel than weak organic acids. Var-
gin3 has stated that the severity of action of organic
acids on enamel increases with the increase in the
dissociation constant of the acid. Temperature plays a
major part in acid resistance – the nearer the boiling
point the greater the rate of attack. It is more signifi-
cant than acid concentration.

It is recognized that vitreous enamel possesses good
acid resistance, but an exception is hydrofluoric acid.
This is due to the relative ease of reaction between this
acid and the silica (which is the largest constituent in
the frit) to form silicon tetrafluoride. This reaction is
made use of in some ‘de-enameling’ plants.

3.28.3.3.2 Alkali and detergent resistance

The usual method of de-enameling sheet iron is by
immersion in fused or hot strong aqueous solutions of
caustic soda where the silica network is broken down
to form sodium silicate. However, in spite of this fact,
enamels are capable of withstanding detergents and
mild alkalis and this finish is often used very success-
fully in washing machines, baths, sink units, etc.
where alkaline conditions prevail. Such enamels are
usually higher in alumina than acid-resisting enamel
and often contains zirconia in the frit. Other elements
which aid alkali resistance are barium, calcium, lead,
and zinc, and their function in this context is to
increase the bond with the essentially silica network
and form insoluble silicates which act as a protective
coating slowing down the formation of soluble

sodium silicate. The necessity for alkali resistance is
relatively limited when compared with detergent
resistance and it has been shown that while these
two properties are similar, a finish resistant to one is
not necessarily a resistant to the other.

The Institute of Vitreous Enamellers produced a
report on detergent resistance in 19595 and the fol-
lowing facts are brought out:

1. Semi-opaque acid-resistant titania enamel and
alkali-resistant frit generally have good detergent
resistance whereas non-acid-resistant sign enamel
and Al2O3/B2O3/P2O5-based finishes have poor
resistance.

2. Initially, detergent attack is accompanied by a
deposit on the enamel surface which can be
abraded off resulting in an apparently unaffected
glossy appearance. This contrasts with acid attack
when a progressive weight loss occurs and original
gloss cannot be restored once it has been lost or
diminished. After more prolonged detergent
attack it is not possible to restore the original
high gloss.

3. The rate of attack is very dependent upon
temperature. At boiling temperature it is several
times greater than that at room temperature.

4. An increase in milling clay has a marked effect on
improving this property.

5. Increased detergent concentration, coarser grind-
ing of the frit, and nonstandard firing all cause
minor deterioration in resistance.

In the design of an enamel for a washing machine
tub, detergent resistance alone is not sufficient and
the enamel must also be capable of withstanding
the possible abrasive action of buttons, zip fasteners, etc.

3.28.3.3.3 Resistance to water and

atmosphere

These properties are of particular importance in
enameled signs, architectural panels, cooking uten-
sils, and hospital ware subjected to repeated steriliza-
tion. That such enameled signs as ‘Stephen’s Inks’,
etc. are still in existence and in good condition after
many years of outside exposure coupled with the fact
that the use of vitreous enamel as a finish for archi-
tectural panels is growing, are ready pointers to the
good water and atmospheric resistance of enamel.
Enameled hospital utensils such as kidney bowls
score over organic finishes because of ease of sterili-
zation and also because they are less accommodating
to germs, bacteria, etc. on account of their lower
electrostatic type attraction for such microbes.
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Action of water on enamel is in many ways similar
to that of acids in that the network modifier is the
weak link and through hydrolysis can be removed
from the glass system resulting in loss of gloss and
porous surface. As with acids and alkalis, attack on the
glass by water can be continued in extreme cases, by
an attack on the inorganic coloring matter initially
liberated or made more active. In an enclosed system
the soluble salts first leached out from the enamel
by water become in turn the corrosive element and
further attack is dependent upon the pH of such a
salt, or, for example, on the Na2O/B2O3 ratio.

Introduction of divalent calcium and barium oxi-
des into frits in preference to monovalent sodium
and potassium generally increases water resistance.
Further, oxides of tetravalent and pentavalent
metals have a favorable effect on the resistance of
glasses and enamel to water. The influence of B2O3

and fluorine in the frit on chemical resistance is vari-
able and is dependent upon the content and balance of
the frit constituents, but they usually cause diminu-
tion in resistance. In general, mill-added clay, silica,
and opacifier increase water resistance provided the
firing or fusing of the enamel is at the optimum.

As is expected, atmospheric resistance is related to
water and the acid formed from CO2, SO2, SO3, etc.
The action of ultraviolet light has no apparent effect
on vitreous enamel unlike the case with organic
finishes.

There is good correlation between atmospheric and
acid resistance, and this fact is helpful tomanufacturers
of architectural panels as they can easily and quickly
determine the latter property and do not have to carry

out lengthy exposures to relatively unpolluted air.
An exception, however, occurs with reds and yellows
where strict correlation is not always true, and in these
cases a test based upon exposure to a saturated copper
sulfate solution under illumination by a white fluo-
rescent light has been advocated.

In the main the comments recorded in this section
apply to enamel fused onto sheet and cast iron.
Enamel is, however, applied to aluminum, stainless
steel, copper, and noble metals on account of its
aesthetic value and also to confer durability to the
base metal. With low melting point metals such as
aluminum it is obvious that superb resistance to
chemicals is not as feasible as in the case of iron as
the base. Nevertheless, such metals are vitreous
enameled in growing quantities and sold, indicating
that the range of color and durability obtained is
superior to that possible with alternative finishes.

It can justly be claimed that vitreous enamel coat-
ing applied to sheet or cast iron (or indeed any other
metal) will confer to the basic shape color, gloss,
texture, and high degree of resistance to corrosive
influences.
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3.29.1 Introduction

Ceramic materials have been used for many years as
linings to process equipments, chimneys, and chemi-
cal resistant flooring. The materials utilized have
been both man-made and naturally occurring. By
using ceramics, the engineer is employing a material
which offers excellent corrosion resistance, abrasion
and impact resistance, as well as (generally) an excel-
lent thermal barrier.

Chemical resistant masonry is generally emplaced
to act as a barrier to prevent corrosion of a substrate,
which is most commonly steel but may also be any
suitable structural material such as concrete or glass
reinforced plastic. The protection system, therefore,
acts effectively as a lining that generally comprises
multiple layers supported by a shell (i.e., the substrate)
that provides strength and rigidity. The lining system
that prevents corrosive chemicals from reaching the
shell generally consists of a membrane and one or
more layers of chemical resistant bricks, bonded
with a chemical resistant mortar. The three products
used in chemical resistant construction are therefore:

1. chemically inert ceramic products such as brick,
stone or blocks,

2. chemically resistant mortars,
3. chemically resistant membranes

Traditional ceramic materials are usually derived
from clays and are thus based on silicate/silica chem-
istry. They can be classified into structural ceramics,
such as pottery, porcelain, refractories, glasses, etc.;
and inorganic binders such as cements, gypsum, etc.
Most of these materials consist of crystallographic
grains of one or more phases that are bound together
by another phase that is commonly glassy and melts
at the sintering temperature for the material.

That corrosion/degradation of ceramics and
glasses does occur is incontrovertible. However, it is
important to remember that, unlike in metals, it is a
chemical dissolution process and not an electrochem-
ical process. Thus, the dominant controlling mechan-
isms for the degradation of ceramic materials are the

rate of the surface chemical reactions and the rate of
diffusion of reacting species to and from the surface.

3.29.2 Ceramic Masonry Linings

3.29.2.1 Chemically Resistant Bricks

3.29.2.1.1 Acid-resistant brick

The man-made chemical resistant ceramic products
generally offered are of two types, categorized by the
raw materials from which they were manufactured:

� red shale acid-resistant products
� fireclay acid-resistant products

These products, often referred to as ‘acid brick,’
are visually identified by their respective colors of
red and off-white. Historically the red shale products
have been favored by British and North American
manufacturers. The fire clay products are manufac-
tured often as a refractory by-product. Their proper-
ties are dependant upon the structure of the raw
material and the manufacturing methods. Both pro-
ducts are manufactured from clays containing low
levels of acid soluble components. By firing at rela-
tively high temperatures and by prolonging the firing
time these products become partially vitrified
throughout the entire body of the brick. This pro-
duces a strong brick with low water absorption, which
is practically chemically inert (Table 1).

The performance of these ceramic products is
very similar although differences exist due to their
relative density and porosity. The red shale product
being a highly vitrified dense bodied ceramic is
excellent in applications covering a wide range of
acid concentrations and temperatures. Red shale bricks
have a surface porosity of practically zero percent,
preventing penetration of chemicals into the body of
the ceramic avoiding chemical spalling. The fireclay
materials that have lower levels of flux within the
clay generally fire to lower degrees of vitrification
and hence exhibit higher porosity. As a result fireclay
bricks unfortunately are susceptible to chemical spal-
ling, as their relatively high porosity extends through-
out the body of the brick. Chemical spalling is the

Table 1 Typical physical properties of red shale and fireclay bricks

Property Test method Red shale Fireclay

Density (Mgcm�3) ASTM C 20 2.45 2.15

Water absorption (%) ASTM C 20 2 5
Apparent porosity (%) ASTM C 20 5 11

Cold crushing strength (MPa) ASTM C 133 >150 >80

Acid solubility (%) ASTM C 279 7 6

Thermal spalling (no. of cycles at 450 �C) DIN 51068 5 10
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result of crystallization of salts that have penetrated
the brick. The crystal growth weakens the structure
of the brick causing it to fracture. The thermal spalling
resistance of red shale is lower than that of the fireclay
product. The fireclay products being more open
bodied give improved thermal spalling resistance.
They are often used in ‘refractory’ applications. Ther-
mal spalling is not a problem normally encountered in
liquid phases, where temperatures are generally below
150 �C. Due to its low porosity the red shale product
usually conforms to the standard Type III in ASTM
C 279. The fireclay product is described as meeting
Type II in ASTM C 279.

Both products are manufactured in a variety of
different shapes. The shapes can be specifically
manufactured to suit the complex arrangements
often found in chemical reaction vessels. The two
products are used in similar applications; the choice
between them generally made purely on economic
considerations.

3.29.2.1.2 High-density fireclay

This material is similar to the low density fireclay,
however, the density is increased to 2.3Mgm�3 and
the porosity lowered to 5%. As a result the cold
crushing strength is improved as is the acid solubility.
The somewhat improved performance over the two
previously mentioned products is offset by a consid-
erable increase in cost.

3.29.2.1.3 Carbon/graphite

Carbon brick is used in conditions where shock resis-
tance is of prime importance. Due to their much higher
porosity and lower coefficients of expansion these
materials are capable of withstanding thermal and
pressure shock to a much higher degree than those
products previously mentioned. Carbon brick can be
used to absorb surface stresses in brick linings which
would otherwise cause compressive failure of red shale
or fireclay bricks. Carbon brick also exhibits resistance
to attack by both strong alkali and hydrofluoric acid.

Carbon brick is generally derived either from cok-
ing coal or from petroleum coke. The petroleum
cokes offer a higher purity containing very low levels
of ash. Often clays are used as binding agents during
brick manufacture. The nature of the ash and binding
agent must be considered when specifying carbon
brick types as they will alter the chemical resistance
of the brick. In particular the resistance to strong
alkali and hydrofluoric acid can be adversely affected
by the composition of the ash or binding agent. Carbon
brick is generally stable to very high temperatures in
the absence of an oxidizing atmosphere. However, in
air the temperature limit for carbon brick is 350 �C,
above which the carbon brick will be destroyed by
oxidation to carbon dioxide (Table 2).

3.29.2.1.4 Silicon carbide
Silicon carbide brick is made from SiC (80–90%) nor-
mally nitride bonded with Si3N4. This relatively high
porositymaterial gives good thermal spalling resistance
along with a general high chemical resistance. The
bricks and special shapes made from this product can
be used at high temperatures where high abrasion
resistance is required (although alumina brick can
offer a slightly higher abrasion resistance) (Table 3).

3.29.2.1.5 Foamed glass

Foamed borosilicate glass or aluminosilicate glass is
formed into blocks which have zero percent water
absorption. This is a highly efficient impermeable
insulating material with good chemical resistance
to all acids, except hydrofluoric acid. This product
cannot be used in the presence of alkali solutions.
Foamed glass offers a very good thermal barrier hav-
ing a particularly low thermal conductivity. Foamed
glass blocks are available in a variety of different
shapes and grades. The grading of the product is
related to its density. Foamed glass blocks can be
easily cut with a ‘wood’ saw. The application of this
material is limited by its extremely low crushing
strength and abrasion resistance (Table 4).

Table 2 Typical physical properties of carbon bricks

Property Petroleum-derived coke Coal-derived coke

Bulk density (Mgm�3) 1.50 1.60
Apparent porosity (%) 25 19

Cold crushing strength (MPa) 40 80

Modulus of elasticity (GPa) 12 10
Tensile strength (MPa) 6 7

Coefficient of linear thermal expansion (K�1) 3.5� 10�6 5.4�10�6

Thermal conductivity (25 �C–400 �C) (Wm�1 K�1) 4–6 4–4.5

Upper temperature limit (in air) (�C) 350 350
Ash content (%) <1.0 6.6
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3.29.2.1.6 Alumina

Fine grain, high grade alumina shapes are manufac-
tured from an exceptionally pure, uniformly controlled
alpha aluminum oxide and are engineered to be one of
the best wear resistant materials available to counteract
fine particle abrasion. Preengineering and advanced
processing techniques enable the manufacture of alu-
mina products in a variety of geometries from simple to
complex shapes. Grid support beams and packing
internals for sulfuric acid towers are normally manu-
factured from high alumina clays (Table 5).

3.29.2.1.7 Porcelain

Similar to high alumina brick, porcelain is an extremely
dense material manufactured from high alumina con-
tent materials (85%). Its zero water absorption and
excellent chemical resistance can be put to use where
it is important to maintain product purity. The density
of this product generally exceeds 2.45Mgm�3.

3.29.2.1.8 Silica

High silica content bricks (>98%) can be used for a
wide range of very high concentration acids. Their

use must be avoided in the presence of hydrofluoric
acid and strong alkali. They are available as both a
high density product and also as a low density silica
product. The low density product combines excellent
chemical resistance with good thermal insulating
properties (Table 6).

3.29.2.1.9 Cast basalt
Basalt rock is quarried, crushed, and then melted and
poured into moulds. Extremely complex shapes can
be manufactured. This product offers excellent
chemical resistance and abrasion resistance. It is
used for lining bunkers, hoppers, and chutes carrying
abrasive chemicals (Table 7).

3.29.2.1.10 Granite

Granite has been used for centuries as a chemical
resistant block. Simply cut to shape from deposits of
granite rock this product can be used in a variety of
different chemical and abrasion resistant applica-
tions. The properties of granite can vary immensely
from one source to another. Large shaped granite
blocks have found use throughout the steel industry
as ‘skid blocks’ in steel pickling tanks (Table 8).

3.29.2.1.11 Refractory bricks

A large range of refractory bricks are manufactured
throughout the world. They are occasionally used
in chemical resistant linings acting normally as an

Table 3 Typical physical properties of nitride-bonded

silicon carbide bricks

Property Value

Bulk density (Mgm�3) 2.63

Apparent porosity (%) 16
Modulus of rupture (MPa) 38

Cold crushing strength (MPa) 165

Abrasion resistance – BS1902 (cm3) 30
Thermal conductivity at 200 �C (Wm�1 K�1) 20

Table 4 Typical physical properties of foamed glass

Property Test
method

Value

Specific weight

(� 10% tolerance)

C165 0.12Mgm�3

Thermal conductivity
(� 10%)

C203 0.038Wm�1 K�1

At 0 �C 0.040 Wm�1 K�1

At 10 �C
Compressive strength
(average at break

point)

C 240-85 700 kPa

Flexural strength C 303 400 kPa
Flexural modulus of

elasticity

C 518 800MPa

Coefficient of thermal

expansion

E 96 9�10�6 K�1

Specific heat E 136 0.84 kJ kg�1 K�1

Thermal diffusivity ISO8302 4.2�10�7 cm2 s�1

Table 5 Typical physical properties of sintered alumina

Property Value

Bulk density (Mgm�3) 2.52

Alumina content (wt%) >90

Water absorption (%) 0
Gas permeability (%) 0

Compressive strength (GPa) 1.77

Young’s modulus (GPa) 270
Thermal conductivity (Wm�1 K�1) 18

Thermal expansion (K�1) 8.30�10�6

Vickers hardness (GPa) 9.00

Table 6 Typical physical properties of silica bricks

Product Low density High density

Bulk density (Mgm�3) 0.80 1.90

Crushing strength (MPa) 4 51

Modulus of rupture (MPa) 1 15

Thermal conductivity
(Wm�1 K�1)

At 100 �C 0.175 0.645

At 250 �C 0.195 0.700

At 400 �C 0.215 0.725
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insulating brick behind the ‘true’ chemical resistant
brick. The manufacturers do not list chemical resis-
tance amongst the properties of these products. Their
physical properties vary greatly from one product to
the other. When designing chemical resistant linings
using these products their selection should consider
the following points: (1) the type of chemicals likely
to contact the product should not damage the prod-
uct. Higher temperatures can increase the chemical
solubility of the product. (2) The compressive stress
that the brick will experience must be below the
compressive strength of the brick. (3) The thermal
conductivity and brick thickness should be as much
as needed to give the required temperature drop. The
products used most commonly in chemical resistant
construction include the following:

Insulating firebricks are manufactured from low
iron silica/alumina clays. They have properties
of low density and high porosity. Having high
porosity makes them unsuitable in applications
where total immersion in liquid chemicals is a
probable condition. Their temperature range can
extend to 1000 �C.
Mullite bricks are manufactured from clays having
a preponderance of alumina over silica. Hence, the
fired bricks contain little free alumina. The partial
vitrification produces a brick offering good chemi-
cal resistance and high compressive strength. These
bricks can be used in low duty chemical resistant
applications when ‘acid brick’ is not available.

3.29.2.2 Mortars

3.29.2.2.1 Silicate-based mortars

In chemical resistant masonry construction the
choice of mortar is determined by the chemical and
thermal conditions of the process. Care must be taken
when using these mortars, as deviation from the
manufacturers mixing instructions and recommenda-
tions regarding their use can result in a mortar with
poor strength and chemical resistance.

These mortars consist of sodium or potassium
silicate liquid mixed with a silica filler. The harden-
ing process is accelerated by the use of a catalyst,
for example, polyphosphate, silicofluoride, amines,
and lead oxide. The advantage of polyphosphate
hardened mortars is a low fluid absorption (2% for
sodium polyphosphate). Potassium silicate mortars,
utilizing silicofluorides must be washed with weak
acid as part of the curing process. This also assists
in lowering the fluid absorption.

These mortars have excellent chemical resistance to
low and high concentration acids. Their temperature
limit is 800 �C. A disadvantage of these mortars is their
high porosity >12%. They are not suitable for contact
with hydrofluoric acid and alkali solutions. Potassium
silicate mortar is the most widely used. The use of
sodium silicate mortar has declined due to its relatively
high water solubility. With the addition of suitably
graded fillers the potassium silicate mortar can be mod-
ified to produce a potassium silicate concrete that can be
cast in a similar manner to Portland cement (Table 9).

3.29.2.2.2 Synthetic and natural resins

Furane resin

Furane resin mortars have found wide popularity in
the United Kingdom and North America due to their
excellent chemical resistance and ease of use. This is
the standard mortar for low sulfuric acid concentra-
tion (<70%) applications in vessel linings and floor-
ing. They consist of furane resin liquid mixed with
filler. The fillers available are silica, graphite or
carbon. The normal filler is silica. For hydrofluoric
acid and hot concentrated alkaline conditions carbon
filled grades of furane mortar should be used. The
carbon filled variety of this mortar is the mortar of
choice when bonding carbon brick. The cheaper sil-
ica filled furane resin mortar should always be used
when bonding acid brick. Furane mortars offer good
erosion resistance and a service temperature of up to
200 �C. Some specialist furane mortars can withstand
temperatures up to 300 �C (Table 10).

Table 7 Typical physical properties of cast basalt rock

Property Value

Density (Mgm�3) 2.9

Mohs hardness >8
Compressive strength (MPa) >450

Water absorption (%) 0

Table 8 Typical physical properties of granite block

Property Value

Nominal composition (%)

SiO2 >70.0

Al2O3 <18.0

K2O, Na2O <10.0
TiO2 <1.0

Fe2O3 <2.0

CaO, MgO <2.5

Bulk density BS1902 (Mgm�3) >2.40
Water absorption BS3921 (%) <1

Cold crushing strength ISO 179.3:N12 (MPa) >200

Modulus of rupture (MPa) >25
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Modified phenolic resin

Phenolic mortars offer chemical resistance over a wide
range of both acid and alkali conditions. A choice of
either carbon or silica based fillers are available. Being
phenol based, care must be taken when using these
mortars. In recent years the safety precautions
required when using this mortar have resulted in a
reduction in its use. Graphite filler and a double
hardener system permit this mortar to be utilized in
prestressing brickwork which places the brick lining in
permanent compression. The porosity of these mortars
is extremely low. They exhibit a good degree of ero-
sion resistance and have a maximum service tempera-
ture of 190 �C (Table 11).

Epoxy resin

Epoxy resin mortars are supplied as a two- or multi-
component system. The chemical resistance of these
mortars is good. They can be used to withstand
medium strength acid and alkali. They exhibit
extremely high bond strength between brick and
steel. Epoxy mortars are limited by a maximum tem-
perature of 90 �C. Epoxy resins have found extensive
use as monolithic screed coatings for concrete in
flooring applications (Table 12).

Polyester resin

This family of mortars includes bisphenols, chlori-
nated polyester and vinylester based products. These
mortars offer good resistance to acid, especially oxi-
dizing acids. They have poor resistance to organic
solvents with the exception of acetic acid. Epoxy
mortars have better resistance to organic solvents.
The bond strength is equivalent to epoxy. The com-
pressive strength of polyester mortar is the highest of
all resin based mortars (65MPa).

3.29.3 Chemically Resistant
Membranes

The membrane is the final line in defense for the
shell and the first material in the system to be applied
during installation. The membrane should, where
possible, be impervious. Its selection, however, is
often determined by temperature and chemical resis-
tance considerations.

3.29.3.1 Asphalt/epoxy Mastic

A nonrigid material is applied directly to the vessel
shell. The degree of flexibility is generally governed
by the amount of epoxy and hardener that is used in
the mix. Asphalt and bitumen are often used on their
own as a membrane for chemical resistant floors.

Table 9 Typical physical properties of potassium sili-

cate mortar

Property Value

Density (Mgm�3) >1.85

Tensile strength (MPa) 3.5
Compressive strength (MPa) >21

Modulus of rupture (MPa) 10

Coefficient of expansion (K�1) 15� 10�6

Water absorption (%) 15

Temperature limit (�C) 800

Conformance ASTM C 466

Table 10 Typical physical properties of silica filled

furane mortar

Property Value

Tensile strength (MPa) 4

Compressive strength (MPa) 38

Flexural strength (MPa) 17.5
Bond strength (MPa) 1.5

Density (Mgm�3) 1.985

Water absorption (%) 0.2

Temperature limit (�C) 200
Conformance ASTM C 395

Table 11 Typical physical properties of phenolic resin

mortar

Property Value

Tensile strength (MPa) 3

Compressive strength (MPa) 44
Bond strength (MPa) 1.2

Density (Mgm�3) 2

Water absorption (%) 0.3
Temperature limit (�C) 190

Conformance ASTM C 395

Table 12 Typical physical properties of epoxy resin
mortar

Property Value

Tensile strength (MPa) 7
Compressive strength (MPa) 52

Bond strength (MPa) 2.0

Density (Mgcm�3) 2

Water absorption (%) 0.3
Temperature limit (�C) 90

Conformance ASTM C 395
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3.29.3.2 Ceramic Paper/Potassium Silicate

The ceramic paper (high purity chemical resistant
paper made from aluminosilicate refractory fibres)
is soaked in sodium silicate and pasted onto the
substrate in sheets (similar to applying wallpaper),
forming an impervious membrane. This membrane
is often used in high strength acid applications. Tem-
perature resistance is excellent.

3.29.3.3 Fluorocarbons

Fluorocarbons, such as PTFE and PVDF, offer excel-
lent chemical resistance and thermal resistance up to
250 �C and are applied usually in sheet form. Given
their intrinsic ‘nonstick’ surfaces, their use is limited by
the performance of the bonding agent either epoxy or
asphaltic mastic. Often the surface of the sheet is
‘etched,’ to improve bonding. The sheet thickness is
often very thin: 0.125 or 0.25mm (Table 13).

3.29.3.4 Lead

For best performance, this excellent membrane should
be homogeneously applied. In service, temperatures
must be kept below 70 �C to avoid creep. A lack of
personnel with the necessary installation skills has led
to a reduction in the use of lead as a membrane.

3.29.3.5 Thermoplastic

Sheets of a thermoplastic material such as Hypalon
(chlorosulfonated polyethylene) may be applied to
the shell with adhesive. Being a thermoplastic mate-
rial the joints may be welded and the sheets are often
reinforced with a polyester scrim. This membrane is
nonrigid and has an upper limit of sulfuric acid

concentration of 70%. It may be used as a membrane
for both vessel and flooring applications (Table 14).

3.29.3.6 Glass Fiber Reinforced Resins

These are rigid membranes. The glass fiber reinforces
furane, phenolic, or epoxy based compounds to
reduce the susceptibility to hairline cracks.

3.29.3.7 Rubber

Either hard or soft rubbers, both natural and syn-
thetic can be used as membranes behind acid bricks.
They are not suitable for high acid concentrations
and have temperature limitations of 90 �C. Petroleum
products can damage butyl rubber. PVC can be used
in the presence of oxidizing chemicals. There are
numerous types of rubber available; the most popular
being bromobutyl, chlorobutyl, and neoprene. These
products are often combined to produce calendered
sheets which are frequently used to protect steel sub-
strates. A bromobutyl/neoprene rubber sheet mem-
brane (neoprene as the backing sheet to give improved
bond strength) has found great success in lining vessels
for the metallurgical industry (Table 15).

3.29.4 Design and Construction of
Ceramic Masonry Linings

Ceramic masonry lining systems are utilized exten-
sively to prevent corrosion of vessel shell materials,
chimney shell materials and concrete floors. This is
an extremely complex subject which cannot be effec-
tively dealt with in this publication. The following
guidelines will be of use to the engineer involved in
the design of ceramic masonry corrosion resistant
linings. The engineer is recommended to approach

Table 13 Typical physical properties of PTFE sheet

Property Value

Density ASTM D 792 (Mgm�3) 2.1–2.2

Water absorption ASTM D 570 (%) <0.01
Tensile strength ASTM

D 638–D 1708 (MPa)

25–30

Elongation ASTM D 638–D 1708 (%) 250–400

Tensile modulus ASTM
D 638–D 1708 (MPa)

750

Flexural modulus ASTM

D 638–D 1708 (MPa)

44–52

Coefficient of linear expansion ASTM

D 696 (K�1)

10–15�10�5

Thermal conductivity ASTM C177

(Wm�1 K�1)

0.2–0.45

Table 14 Typical physical properties of Hypalon sheet

Property Value

Breaking strength ASTM D751 (N) 500

Tongue tear ASTM D751 (N) 250
Temperature resistance (high)

ASTM D2136 (�C)
160

Water absorption (%) 3.0

Density (for black unreinforced)
BS903 (Mgm�3)

1.6

Thermal expansion coefficient

ASTM C864 (K�1)

20�10�5

Thermal conductivity (Wm�1 K�1) 0.11

DC electrical resistivity at 125 �C (O cm) 2.3�1011
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the ceramic product manufacturer, the membrane
manufacturer, the mortar manufacturer and the spe-
cialist installer for advice regarding ceramic lining
design.

3.29.4.1 Vessel Linings

Amultitude of different structures may require lining
after specification. The most important fact to be
remembered when designing ceramic lined struc-
tures is that the most likely form of failure is tension
or shear. Ceramic lined units must, therefore, be
designed to make the most of the excellent properties
of compressive strength shown in ceramics and avoid
possible tensile failure of the lining.

General process parameters will determine the
type of mortar, membrane and ceramic material to
be utilized. Once these have been specified the thick-
ness and number of layers of brick must be deter-
mined. Temperature gradients must be calculated in
order to check the membrane and substrate tempera-
tures thus avoiding excursions beyond material per-
formance limits. Stress–strain calculations can be
performed to determine the structural integrity of
the lining system.

Vessels are generally cylindrical, offering curved
surfaces to be brick lined. This is an ideal situation,
provided the thermal expansion of the shell is kept
under control when the brickwork will be placed into
compression during operation. Circular bricks should
be used against curved surfaces. The use of thin tiles
as backing courses and square bricks on tapered joints
is not recommended due to the difficulty of transfer-
ring the stress evenly. This ‘cheap’ design which
has been adopted recently by some manufacturers/
installers is prone to movement resulting in shear
which causes cracking of the mortar joints and tiles.

The bases of vessels are often flat. A superior base
design is a dished base lined with at least two layers of
brick, generally radial end arch bricks installed in
concentric circles or radial stretchers installed in a
cruciform arrangement. If a flat base is a necessity
then multiple layers of bricks must be utilized if
lifting of the lining is to be avoided.

Great care must be taken in designing the ceramic
brick elements used in forming nozzles and manholes.
The use of special shaped ceramic units for this
application is highly recommended. Forming nozzles
by cutting standard bricks during installation can
only be successful provided an extremely skilled
craftsman performs the work.

A number of specialist vessels may require sup-
ports for packed beds. Due to their excellent corro-
sion resistance ceramic products are utilized to form
support structures for tower packing in sulfuric acid
plant drying and absorption towers. Two designs are
currently available:

(i) support wall and beams
(ii) self supporting dome

The first method has an extremely successful track
record. The use of the self supporting dome, however,
has led to gas channeling at a number of installations,
especially on larger diameter towers. The ceramic
product is a most effective product for this structure.
The design choice is left with the engineer.

To optimize the corrosion resistance of the lining
it is essential that the ceramic masonry lining is
installed by experts following strict guidelines issued
by the manufacturers of the lining components. The
guides will cover a number of important areas,
including vessel shell construction and preparation,
material storage, mixing of products, installation
technique for the membrane, mortar and brick, the
curing process and inspection. The following general
guide is the basis for all ceramic masonry lining
systems.

3.29.4.1.1 Fabrication of suitable steel

vessels
All welded joints shall be continuous and ground
smooth to a minimum of 3mm radius for convex
corners and to a minimum of 6mm radius for con-
cave corners. All surfaces shall be free of weld splatter
of foreign material. Voids, gaps, holes, pockets, or
undercut welds are not permitted. Vessels should be
fabricated to an appropriate constructional code, for
example: PD5500 (UK), GOST (Russia), ASME VIII
(USA), AD2000 (Germany), ODAP2000 (France).

Table 15 Typical physical properties of BIIR/CR rubber

sheet

Property Value

Tensile strength (MPa) �7

Elongation at break (%) �350
Hardness (Shore A) 50� 5

Rebound resilience (%) �10

Abrasion (mm3) <225
Density (Mgcm�3) 1.26�0.02

Bonding strength on steel (Nmm�1) >4

Electrical resistance (O) >108

Test voltage >10
Max. continuous operating temperature (�C) <90

Thermal conductivity (Wm�1 K�1) 0.28
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3.29.4.1.2 Storage of materials
Where possible, all materials to be used in the brick
lining shall be stored in such areas and under such
cover as to prevent water from entering any of the
packages or from soaking the brick. In addition, for
16–24 h before use, all materials shall be maintained
at temperatures not below 16 �C (in cold weather)
or above 32 �C (in hot weather). If the materials
have become damp (e.g., during transportation) then
they must be thoroughly dried with blown dry air
before use.

3.29.4.1.3 Surface preparation

Prior to applying the membrane, the contractor shall
prepare the surface to be lined in accordance with
SSPC-SP10 or SA 2½; blast cleaning should be car-
ried out using silica grit to ensure that the surface is
free of all rust and foreign matter. Following cleaning,
all dust and silica shall be removed. The surfaces to
be lined shall be fully dry and, if necessary, dried to
achieve this.

3.29.4.1.4 Application of a membrane

The membrane must be applied before the steel
surface develops a visible rust film. Any rusted sur-
face must be cleaned again. Spot cleaning may be
done by wire brushing followed by solvent cleaning.
The membrane is installed in accordance with the
manufacturer’s recommendations. For sheet rubber
membranes, this operation may require specialist
rubber lining labor.

3.29.4.1.5 Mortar
The mortar shall be mechanically mixed in the ratio
quoted on the manufacturer’s specification sheet. No
water or other foreign matter or unauthorized fillers,
extenders or fluids shall be added to the mix. Mixing
equipment shall be clean at the start of mixing and all
surplus or unused mortar shall be removed between
batches to prevent excessive inter-batch contamina-
tion and retempering of spent mortar.

In general, the mortar shall be completely free of
lumps, dried mortar particles and foreign material.
The mortar shall be capable of being spread uni-
formly over a brick surface without dragging. When
the set of the mortar has advanced to the point that it
will no longer wet the brick properly, no more of that
batch shall be used and the balance shall be discarded.

3.29.4.1.6 Brick laying

All cutting of brick shall be done with a brick
saw outside the vessels to prevent chips and small

particles from falling on the membrane backing.
After cutting, all brick shall be fully air dried, wiped
with an absorbent cloth and mortared into position
when dry.

All joints shall be full and tight, the brick double
buttered (i.e., all brick surfaces in mortar joints or
against vessel membrane shall be buttered on both
surfaces) and pressed firmly in place. All bricks shall
be laid with a sliding motion to eliminate the possi-
bility of air pockets and shall be firmly pressed into
place and tapped until all surplus mortar is forced out
of joints. Any excess mortar must be cut off cleanly
with a trowel before initial set takes place. This
mortar may be used to butter brick surfaces. Exces-
sive waste of mortar must be avoided.

Large joints are unacceptable. The mason should
aim for 3–4mm joints. The width of mortar will be
checked by an inspector. The top surface of brick
shall not be coated with mortar until the next course
of brick is placed. At the start of brickwork each day,
all surplus mortar projecting from end joints of brick-
work laid on the previous day shall be struck off the
area on which the new brickwork is to be applied.
Joints between courses and layers shall be staggered
for maximum strength and to eliminate the possibil-
ity of straight line penetration from the interior
directly to the vessel wall.

The brick lining subcontractor shall maintain
proper material and internal air temperatures, and
provide for full cure time as required by the mortar
manufacturer. No bricks shall be laid when the tem-
perature is less than 3 �C above the dewpoint and
during winter time, all work areas shall be kept
at a minimum temperature of 21 �C day and night
until the mortar has set. No excessive moisture is
acceptable (such as condensation on the steel plate
in the vessel) where bricks are being installed. Con-
densation may be prevented by portable heaters
(preferably electric) inside the vessels. Any brickwork
less than 5 days old which has been wetted shall be
replaced. Care should be taken to prevent condensa-
tion on or behind the brickwork from blowers or
other devices used for heating.

The following is a guide to hardening time for
potassium silicate mortar:

Temperature (�C) Time (days)

10 10
16 8

21 6

27 4
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In order to develop the optimum mortar strength,
the curing shall be a minimum of 6 days or the above
guide time, whichever is longer. After the completion
of curing, the joints (when using potassium silicate
mortar) shall be washed with 10% sulfuric acid to
protect the surface against moisture or high humidity
damage, unless the equipment is being placed imme-
diately into acid service. Please note that acid wash-
ing of potassium silicate mortar is a vital part of the
curing process and must not be omitted. Furane
based mortars do not require acid washing.

All waste materials, spoiled and unused brick and
mortar, water and cleaning materials shall be kept
away from all acid proof masonry until it is cured.

3.29.4.1.7 Inspection and quality control

Work areas (mixing, brick cutting and installation
areas) shall be maintained sufficiently clean so that
foreign matter is not introduced into the lining sys-
tem. Adequate lighting shall be maintained in the
vessel during installation work to enable a sound
lining to be obtained in accordance with this stan-
dard. The work will be inspected by the client’s
inspector at the following stages:

1. before the application of membrane, to ensure that
all metal surfaces are clean and dry;

2. after the application of membrane, to ensure that
complete coverage has been achieved;

3. during the laying of brick, to ensure that the
specified conditions are followed.

Lining installations which are not in accordance
with the specification or in which injurious defects,
improper application, or excessive repairs are indi-
cated shall be subject to rejection. A full inspection
report shall be submitted to the manufacturer prior
to the equipment being placed in service.

3.29.4.2 Linings to Flooring, Pits, and
Trenches

Ceramic masonry lining systems have been success-
fully utilized to protect floors, pits, and trenches from
the action of corrosive chemicals for many decades.
Just as with vessel lining systems the total package
consists of the three main components – membrane,
brick, and mortar. The specification of the three
component is entirely dependant upon the process
conditions; taking careful consideration of the chemi-
cal types, temperatures and exposure times. Correct
product specification, design and installation technique
will produce a corrosion resistant lining which will

maintain many years of trouble free service. The
lining offers not only corrosion resistance but also
thermal resistance, abrasion resistance and impact
resistance. The use of an acid brick system will permit
heavy loading such as those experienced in chemical
tanker loading bays.

For the majority of applications an asphalt/epoxy
membrane, acid brick and furane mortar are used for
the lining system. The membrane and mortar can be
altered to suit specific process conditions. For high
concentration acids Hypalon sheet membrane is
often specified. In the presence of hot alkali or hydro-
fluoric acid carbon bricks may substitute acid bricks.

Both acid brick and acid tile are used for masonry
lining systems. A tile is recognized internationally as a
masonry unit with a thickness of 30mm or less. Tiles
are available in most of the materials mentioned previ-
ously for brick products. Their corrosion resistance is
material and manufacturing method dependant. The
choice between brick or tile is primarily one of deter-
mining the appropriate thickness of the masonry unit
for the application. The thickness of the masonry unit
must be sufficient to offer structural stability, mechani-
cal protection and thermal protection.

It is worth stating, again, that ceramic masonry
lining systems offer excellent performance provided
they are placed in compression. Tensile and shear stres-
ses are unacceptable. It is therefore essential that the
substrate to which the ceramic masonry lining is to be
applied has sufficient strength and rigidity to support
the lining under all anticipated loads. In order to
achieve sufficient rigidity it is recommended that the
floor, pit or trench be constructed from reinforced
concrete. The use of sheet steel, wood or concrete
blocks as a substrate is unadvisable.

Concrete floors generally contain expansion and
construction joints to permit movement. These joints
must be mated to similar joints in the ceramic
masonry lining. The joints are a potential source of
leakage and therefore serious corrosion to the under-
lying substrate. The positioning of the joints, the
material used for the joints and the design of joints
is important if the integrity of the floor is to be
maintained. The manufacturers should be consulted
over the design of chemical resistant expansion joints.

There a number of corrosion resistant expansion
joint materials available. The type of compression/
expansion must be considered when specifying the
joint material. Many joint materials deform under
compression and then protrude from the joint. This
would be totally unacceptable in enclosed joints,
which may be employed in multi layer brickwork
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systems. In a single layer brickwork system the pro-
truding joint may be cut off. A brief list of the corro-
sion resistant expansion joint material, currently
available, is as follows:

Plasticized PVC Polyurethane foam Natural rubber

Ceramic blanket Silicone sealants Teflon felt

Polyester foam Flexible epoxy Carbon sponge

Flexible epoxy has the best overall chemical resis-
tance combined with a temperature resistance of
75 �C. For precise details of expansion joint corrosion
and temperature resistance the manufacturer should
be consulted.

3.29.4.3 Linings to Chimneys

Combustion processes invariably produce acid gases.
In order to reduce energy wastage in power stations
the flue gas temperatures have been steadily reduced
over the last four decades. Flue gas desulfurization
has also led to a reduction in flue gas temperatures.
It is now commonplace to have flue gas temperatures
below 90 �C, which is below the sulfuric acid and
water dewpoints. As a result, acid condenses on the
inside of the chimney causing corrosion of the flue
liner and, hence, precautions against this occurrence
have to be taken.

Ceramic masonry chimney linings serve as a
chemical and abrasion resistant barrier against gases,
liquids, and solids thereby protecting the chimney
shell (windshield). There are generally three distinct
lining systems for concrete or steel windshields:

� full height, free standing flues;
� multilevel flues (as single or multiflue systems);
� full height linings as an integral component of the

windshield.

Lining materials are carefully chosen to suit
the flue gas conditions. Nonmetallic lining materials
include acid brick, foamed glass block, synthetic rub-
ber and glass fiber reinforced resins.

Flues constructed entirely of acid brick and chemi-
cal resistant mortars (normally potassium silicate)
have an excellent proven track record. They are the
only nonmetallic material capable of withstanding
high temperature gases and a wide variety of corrosive

chemicals. As free standing brickwork elements,
unconstrained by an outer shell, the brick flues have
a tendency to exhibit tensile failure, when operated at
elevated temperatures. Large cracks in the brick flues
are evidence of this type of failure. The use of inter-
locking bricks and high bond strength mortars has
reduced the incidence of stress cracks in brick flues.
With the advent of chimneys operating with low tem-
perature flue gases, tensile failure is no longer a prob-
lem and the brick flues can give an extremely long
trouble free service.

The key benefits of acid brick flues are:

� durability,
� suitability for use in FGD and non-FGD systems,
� cost effective,
� long service life,
� excellent track record.

A large number of chimneys, throughout the
world, have been built either entirely of steel or a
concrete windshield with steel flues. The production
of acid condensates in the flue gases, due to lower flue
gas temperatures causing serious corrosion problems
in these chimneys. Most of these chimneys now
require the installation of a corrosion protective lin-
ing. Due to loading limitations on the foundations,
the large weight of acid brick and mortar precludes
this product as a viable solution. Foamed glass blocks
bedded and jointed in chemical resistant mortars
offer a suitable answer to the problem of corrosion
prevention. The foamed glass block combines light
weight with excellent acid resistance and thermal
insulation properties. The choice of chemical resis-
tant mortar is dependant upon the flue gas condi-
tions. The mortar can also be used as the membrane
applied to the steel shell, behind the foamed glass
blocks.

Further Readings

McCauley, R. A. Ed. Corrosion of Ceramic and Composite
Materials, 2nd ed.; CRC Press, 2004.
Sheppard, W. L. Ed.Corrosion and Chemical Resistant Masonry
Materials Handbook; William Andrew, 1986.
Bennet, J. P. In Corrosion of Glass, Ceramics and Ceramic
Superconductors; Clark, D. E., Zoitos, B. K., Eds.; Noyes
Publications, 1992; Chapter 15.
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Symbols
A Aluminum oxide

C Calcium oxide

C(x) Concentration

Co Surface concentration

c Number of ions per unit volume

Dc Diffusion coefficient (m2 s�1)

e Electron charge

F Iron oxide

F(x) Flux

fck,cyl Minimum characteristic cylinder strength

(N mm�2)

fck,cu Minimum characteristic cube strength

(N mm�2)

k Boltzmann constant
�N NaO2-equivalent

S Silicon oxide

T Absolute temperature (K)

t Time (s)

w/c Water–cement ratio

x Distance from the exposed face (m)

Xd Depth of chloride penetration (m)

Z Valency

s Conductivity (O�1 m�1)

Abbreviations
AFm Tricalcium-aluminate-ferrite-monosulfate

AFt Tricalcium-aluminate-ferrite-trisulfate

ASR Alkali silica reaction

BRE Building Research Establishment

C–A–H Calcium aluminate hydrate

C–S–H Calcium silicate hydrate

DEF Delayed ettringite formation

GGBS Ground granulated blast furnace slag

HAC High alumina cement

IStructE Institute of Structural Engineers

OPC Ordinary Portland cement

PFA Pulverized fuel ash

pH Potentio hydrogenii

SRPC Sulfate resisting Portland cement

TEG Thaumasite Expert Group

TF Thaumasite formation

TSA Thaumasite form of sulfate attack

3.30.1 The Chemistry of Cement

3.30.1.1 Cement Types

EN 197-1:2000 defines cement as ‘‘a hydraulic binder,
i.e., a finely ground inorganic material which, when
mixed with water, forms a paste which sets and hard-
ens by means of hydration reactions and processes
and which, after hardening, retains its strength and
stability even under water.’’ The hardening of cement
is mainly a result of the hydration of calcium silicates
and, to a lesser extent, of aluminates.

Portland cement consists of cement clinker and
various other constituents, which determine its classifi-
cation. These additional constituents can be granulated
blast furnace slag, natural and industrial pozzolanic
materials, burnt shale, limestone, silica fume, and
calcium sulfate, which are added during the manu-
facture to control setting. EN 197-1:2000 covers 27
common cement products, which are grouped into
five main cement types as follows:

CEM I – Portland cement
CEM II – Portland–composite cement
CEM III – Blast furnace cement
CEM IV – Pozzolanic cement
CEM V – Composite cement

3.30.1.2 Compounds Present in Portland
Cement

Ordinary Portland cement (OPC) is made up of the
compounds listed inTable 1. The abbreviations are in
the standard cement chemist’s notation: C¼ calcium
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oxide, S¼ silicon oxide, A¼ aluminum oxide, and
F¼ iron oxide.

It is, however, more customary to express the
composition of cements in terms of oxide analysis,
that is, CaO, SiO2, Al2O3, Fe2O3, NaO2, and so on.
From this it is possible to calculate the so-called
‘Bogue compositions’ shown in Table 1. The fol-
lowing equations are based on solving certain
simultaneous equations and were first derived by
Bogue.

For the system C3S–C2S–C3A–C4AF:

C3S ¼ 4:01710CaO� 7:6024SiO2 � 1:4297Fe2O3

� 6:7187Al2O3 �2:852SO3ð Þ
C2S ¼ 8:6024SiO2 þ 1:0785Fe2O3

þ 5:0683Al2O3 � 3:0710CaO

C3A ¼ 2:6504Al2O3 � 1:6920Fe2O3

C4AF ¼ 3:0432Fe2O3

The equations were produced by assuming that all the
Fe2O3 reacts with Al2O3 and CaO to form the C4AF,
the remaining Al2O3 reacts with CaO to form the C3A.
The CaO then reacts with the SiO2 to form C2S and
any CaO left reacts with the C2S to form C3S.

It should be recognized that in commercial man-
ufacture, equilibrium conditions are unlikely to be
achieved. Coarse particles may not be completely
converted because some of the reactions occurring
in manufacture are between liquid and solid phases
and also resolution during cooling of previously
crystallized phases may not be complete. Compo-
nent parts may be embedded in each other where
the liquid may not be able to act upon them or the
liquid may crystallize independently without the
formation of equilibrium products. The minor com-
ponents of cements such as sodium, potassium, and
magnesium oxides will also have an effect. Despite
the aforementioned problems, the ability to produce
a simplified equation for the composition of the

cement from its constituent parts has obvious bene-
fits for the cement industry and also for scientific
research.

3.30.2 The Hydration of OPC

3.30.2.1 The Silicates

There is an empirical character to the information
available with respect to the hydrolysis of the cal-
cium silicates because of a wide variation in water
contents and lime–silica ratios between component
parts of the system. Also, products of the same
composition can be represented by several phases,
and it is difficult to prepare large crystals represen-
tative of those produced during cement hydration
because the hydrates are in the form of gels.1 In
general, the reactions are considered to be as
follows:

3CaO � SiO2 þ 3H2O ! 2CaO � SiO2 � 2H2O

þ CaðOHÞ2
2ð3CaO � SiO2Þ þ 6H2O ! 3CaO � 2SiO2 � 3H2O

þ 3CaðOHÞ2
2CaO � SiO2 þ 2H2O ! 2CaO � SiO2 �H2O

2ð2CaO � SiO2Þ þ 4H2O ! 3CaO � 2SiO2 � 3H2O

þ CaðOHÞ2
It is worth noting that Joisel2 reports that there is no
stoichiometrically defined hydrate of calcium sili-
cate, and as a consequence, during hydration, inter-
mediate compositions may exist locally between
C2SH2 and CH. Taylor3 states that the composition
of calcium, silica, and water varies between CS(aq.)
and C3S2(aq.) without significant change in the
X-ray diffraction pattern. It is the C–S–H that
imparts the cementing action in concrete, derived
from surface forces interacting over the large surface
area of the C–S–H.

The rate of early hydration of silicates is con-
trolled by the rate of dissolution of calcium and
hydroxide ions into a liquid phase from the C–S–H
layer produced around the cement grains.4

There is some debate whether or not the calcium
silicate hydrate binds chlorides. Ramachandran5

investigated the hydration of tricalcium silicate sup-
plied by the Portland Cement Association in the
presence of calcium chloride, using various tech-
niques and concluded that there is evidence for the
presence of various states of chloride. Ramachandran
attributed this to two mechanisms: one due to the
positively charged surface of the C–S–H adsorbing

Table 1 Compounds present in anhydrous cement

Cement
component

Abbreviation % in
OPC

Hardening
rate

Tricalcium silicate C3S >50 Rapid

Dicalcium silicate C2S <20 Slow
Tricalcium

aluminate

C3A <10 Rapid

Tetracalcium
aluminoferrite

C4AF <10 Extremely
slow
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negatively charged chloride ions and the second
being the formation of some interlayer chloride,
which was irremovable by leaching with ethyl alcohol
but could be removed by leaching with water. Water
molecules are more readily able to access the finer
pores than does ethyl alcohol because of their smaller
size. He added that the chloride ions incorporated
into the C–S–H are not mobile enough in water to
cause corrosion in reinforced systems.

Lambert et al.6 used tricalcium silicate produced
by firing a mixture of calcium oxalate, alumina, and
magnesia to produce Jeffrey’s Alite7 (C54S16AM),
which is reported to be a reasonable approximation
of C3S. They reported, using pore water extraction to
monitor the pore solution, that when the chlorides
are added as sodium chloride no binding takes place.
This is supported by the fact that the pH remained at
�12.5, which is the pH of saturated calcium hydrox-
ide, which agreed with work done on microsilica
binding using sodium chloride.8

3.30.2.2 Tricalcium Aluminate

Tricalcium aluminate is reported to preferentially
react with calcium sulfate as follows:9

3CaO � Al2O3 þ 3CaSO4 � 2H2Oþ 30H2O !
Tricalciumaluminate

3CaO � Al2O3 � 3CaSO4 � 32H2O

Ettringite

The term ‘ettringite’ has come into use in a generic
sense to represent the calcium aluminate or ferrite
trisubstituted hydrates (AFt) formed as a result of the
reaction of tricalcium aluminate hydrating with gyp-
sum and water.

If chlorides are present, the tricalcium aluminate
mainly reacts with the sulfates present first to
form the chloroaluminate, 3CaO�Al2O3�CaCl2�10H2O,
more commonly known as Friedel’s salt.10 It is worth
noting that the formation of Friedel’s salt will only
take place if anhydrous tricalcium aluminate is pres-
ent, and therefore, it would be expected that diffused
chlorides will only be bound to a small extent. When
tricalcium aluminate is hydrated in the presence of
both gypsum and calcium chloride, a small amount of
chloroaluminate is formed immediately, but the main
consumption of chlorides begins only after the supply
of sulfate ions is exhausted.

3.30.2.3 Tetracalcium Aluminoferrite

Tetracalcium aluminoferrite hydration is not well
understood,11 but is generally regarded as similar
to the hydration of tricalcium aluminate under com-
parable conditions. Fe(OH)3 gel, AFt, C2(A,F)H8,
C4(A,F)H13, and Al(OH)3 gel have also been observed.
C4AF has a general formula of 2CaO�(Al2O3)x
(Fe2O3)(1�x) where x is between 0 and 0.7. In most
Portland cements x is usually 0.5.12

Ettringite is also produced and will undergo the
same series of subsequent reactions as that formed
during the tricalcium aluminate hydration. A chloro-
ferroaluminate phase produced by the hydration of
tetracalcium aluminoferrite in the presence of cal-
cium chloride and analogous to Friedel’s salt has also
been identified.13

3.30.3 Stages in Cement Hydration

There are three main stages in the hydration of OPC.

3.30.3.1 The First Stage

When OPC is mixed with water, a rapid reaction
takes place, which forms a supersaturated solution.
After this rapid period of initial hydration lasting less
than 15min, a period of very slow hydration lasting
for several hours called the dormant or induction
period occurs. There are four main theories for the
cause of this period.

The first is that a layer of hydration products
precipitate over the surface of the cement grains.
After a period of time this splits, either by pressure
caused by the formation of hydration products under
this protective layer14 or by osmotic pressure building
up under the surface of the grain15 and hydration
commences again. The second theory states that
hydration only starts when an initial hydrate of low
permeability converts into one of a higher perme-
ability16 and therefore is similar to the first. The third
proposes that the induction period ends because of
calcium hydroxide crystallizing into solution, and
thus forming nuclei that act as seed crystals for fur-
ther calcium hydroxide, thereby allowing hydration
of the silicates to proceed.17

The final theory reports that the induction period
exists due to a potential barrier corresponding to a
critical size of calcium silicate hydrate (C–S–H)
nuclei.18According to this theory, C–S–H is initially
only formed on imperfect preferential sites on the
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surface of calcium silicates. Only after the hydrate
nuclei reach a critical size does hydration extend to
other parts of the surface and hence hydration
accelerates.

The first theory is the simplest and has some evi-
dence for its validity. Jennings and Pratt19 concluded
that, as hydration at the end of the dormant period is
characterized by hollow spines growing out of the
grains, this suggests that a membrane has ruptured
and the interior of the grains flows out through these
spines and hydrates on contact with the exterior solu-
tion. However, they also state that the environment of
the experiment was artificial because it was at a water
solids ratio of 20, and therefore, the procedure may be
flawed although fibers such as those that were created
in the experiment have been found in cement in
practical situations. They suggest that when cement
comes into contact with water, the calcium quickly
passes into solution and a silica-rich layer forms a
gelatinous coating containing alumina. This coating
allows the passage of ions such as sulfates, potassium,
and calcium along with water but not aluminum and
silicon ions.

Odler and Dörr20 studied the hydration of trical-
cium silicate and concluded that the fourth theory
was more accurate in this application. Addition of
‘seed crystals’ of calcium hydroxide did not affect
the induction period, but the addition of prehydrated
tricalcium silicate had a marked effect, thus discount-
ing the third theory. They also stated that the pre-
induction period was controlled by the concentration
of calcium hydroxide in the solution, and hence dis-
counted the precipitation theory.

The time of inception and the duration of the
dormant period depend mainly on the water–cement
ratio, fineness of the cement, and its composition.
The cement paste at this stage appears to be a sus-
pension of fine powder in water. Odler and Dörr21

state that the amount of tricalcium silicate that
hydrates in the preinduction period can be altered
by experimental procedure and the presence of
defects in the crystalline lattice. The tricalcium sili-
cate anneals with time, resulting in a lower number of
lattice defects, resulting in an extension of the dor-
mant period, thus further discounting the precipita-
tion theory and supporting the final one.

During the dormant period a certain amount of
sedimentation takes place, known as bleeding. This is
undesirable because the water rises to the surface
carrying fine cement particles with it, resulting in
the formation of a high water–cement ratio slurry
on the surface, called laitance, which has a low

strength. This causes problems when trying to con-
tinue construction up a column or wall and should be
removed before casting continues. Also, flow channels
of low cement content, and therefore low strength,
can occur in the body of concrete structures. In
reinforced concrete structures, this bleeding can
cause voids beneath the reinforcement, which are
reported to be sites for potential corrosion attack.22

3.30.3.2 The Second Stage

The growth of plastic strength begins after the end of
the dormant phase and can be divided into two stages.
At the end of the dormant phase a period of hydration
takes place, known as ‘setting,’ which lasts to about
30% of the total hydration. During this stage, the
cement loses its plasticity and the cement paste
becomes hard. Coagulation of the structure takes
place and is characterized by the presence of a
three-dimensional network formed by disordered
coupling of the finest particles in the disperse phase
through thin layers of the dispersion medium, result-
ing in a network low in strength. In this stage, crys-
tallization only occurs in the form of individual
crystallites, mainly in the form of calcium hydroxide
and sulfoaluminate.

The onset of this phase is known as the initial set,
and the end of the set, marked by the total loss of
plasticity, is known as the final set.

3.30.3.3 The Third Stage

After the final set, the hydration process slows down
and the ‘hardening period’ begins, during which the
cement gains most of its mechanical strength. In this
stage, more intense crystal formation is accompanied
by crystal bonding, forming a strong crystalline net-
work. Subsequent strength development comes from
the growth of hydrated calcium silicate crystalline
structure as crystals are formed from the supersatu-
rated solution. The rate of this stage is controlled by
diffusion through the cement matrix. If mechanical
deformation is applied at the onset of this stage, it is
usually detrimental to its ultimate strength.

3.30.3.4 Admixed Chlorides and the
Rate of Hydration

Calcium chloride falls into the category of accelerat-
ing admixtures and, being a low-priced industrial by-
product, was extensively used. In 1977, however, due
to the increased risk of corrosion of reinforcement
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steel, the use of chloride-based accelerators was pro-
hibited in all reinforced or prestressed concrete in the
United Kingdom.

Accelerators increase the initial rate of chemical
reaction between the cement and the water so that
the concrete stiffens, hardens, and develops strength
more rapidly. This is a benefit because it allows the
earlier striking (i.e., removal) of formwork. They have
a negligible effect onworkability and 28-day strengths
are rarely affected. The addition of small amounts
(<1mass%) of calcium chloride sometimes retards
the set; however, this effect is very variable. Larger
amounts produce an acceleration, and amounts over
3% have been known to cause a flash set. Sodium
chloride produces a less pronounced change in the
rate of hydration and the effect is more erratic, some-
times accelerating, sometimes retarding.

3.30.3.5 Summary of the Hydration
of Cement

The hydration products of the silicates are basically a
calcium silicate hydrate gel of varying morphology
and composition between 1 < C/S < 2 and calcium
hydroxide. Contained within this gel are areas where
iron, sulfate, and aluminum ions have been adsorbed
into the lattice. It is probable that some chlorides can
also be absorbed in this way. Chlorides may also form
complexes with hydrating calcium silicates. Specific
information about the calcium silicate hydrates is
hard to obtain because they are poorly crystalline,
which leads to difficulty in analysis. Also, variations
occur throughout the cement matrix, which are time
dependant because of the nature of the solid solutions
formed.

Aluminate hydrates also form solid solutions,
leading to time-dependant variations as compounds
migrate through the matrix. Chlorides are predomi-
nantly bound to the aluminate compounds by the
formation of Friedel’s salt. The hydration products
of the aluminoferrites are similar to those of the
aluminates with iron substituting for aluminum in
varying quantities.

The hydration of cement takes place in three
stages. A period of rapid hydration occurs as water
is added to the anhydrous cement. After about 15min
this stops and a period of little activity takes place,
known as the dormant period. This lasts for about
3–4 h, after which hydration recommences. The end
of the dormant period is thought to be caused by the
break down of some protective membrane of hydra-
tion products covering the surface of the cement

grains or by the transformation of a hydrate to a
more porous form or by the volume of hydrates on
the surface of the grain reaching a critical mass. The
post dormant phase of hydration is known as the
setting period, when crystallites of calcium hydroxide
and sulfoaluminate are known to form. Eventually,
the hydration products build up and this causes the
process to become diffusion controlled. It is during
this hardening period that the cement gains its
mechanical strength.

3.30.4 High Alumina Cement

High alumina cement (HAC), as the name suggests,
contains a large proportion of alumina; typically
about 40% each of alumina and lime with around
15% of ferrous and ferric oxides, plus 5% silica.

HAC was developed as an alternative to OPC
because of its increased resistance to sulfate attack,
and in this respect, it performs well. This resistance to
sulfate attack is due to the absence of Ca(OH)2 in
hydrated HAC and also due to the protective influ-
ence of the relatively inert alumina gel formed during
hydration. HAC is not attacked by CO2 dissolved in
pure water, and while it is not acid resisting, it can
tolerate very dilute solutions of acids (pH > �4)
found in industrial effluents but not hydrochloric,
hydrofluoric, or nitric acids.

Another positive feature of HAC is its very high
rate of strength development. About 80% of its ulti-
mate strength is reached in 24 h, and even at 6–8 h the
concrete is strong enough for the side formwork to be
struck and for the preparation for further concreting
to take place. It is for this attribute that it became
popular for the production of precast beams used in
floor and roofing systems in the late 1960s and early
1970s.

Because a number of high profile catastrophic
failures occurred in the early 1970s, the suitability
of HAC concrete for use in structural components
has been of concern. The Building Research Estab-
lishment (BRE) subsequently carried out a major
investigation23 and identified that HAC is subject to
a process known as conversion.

Conversion occurs due to the primary hydrates
present in the material being chemically unstable.
The conversion process involves a change in the
mineralogy of the cement, which becomes increas-
ingly porous and friable with age and also loses
alkalinity. Under conditions where the overall dimen-
sions of the body are constant, as is the case in set
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cement paste, conversion results in an increase of
porosity of the paste.

The strength of hydrated cement paste or of con-
crete is very strongly affected by its porosity; a poros-
ity of just 5% can reduce the strength by more than
30%. As a result, conversion markedly reduces the
strength of HAC. Also, the increased porosity means
the concrete is more susceptible to other forms of
attack such as alkali, sulfate attack, or carbonation.

As the concrete becomes more porous, it allows
easier movement of oxygen andwater as well as aggres-
sive species like chloride ions. This, combinedwith the
loss of alkalinity, can result in the increased possibility
of reinforcement corrosion, which can also cause dete-
rioration of the concrete. This deterioration is acceler-
ated by the presence of excess water, for example, from
leakages, condensation, or groundwater.

The effects of conversion on the strength of beams
depend on the original strength and quality of con-
crete used. In some cases, the increase in porosity has
been reported to allow moisture to react with unhy-
drated cement particles and produce an increase in
strength. In other cases, significant strength reduction
can take place.

3.30.5 Pozzolanic Materials

A number of materials are available that can be used
to partly replace the cement content of a concrete
mix, saving cement and usually providing additional
benefits in terms of performance and durability; these
include blast furnace slag, fly ash, metakaolin, and
natural volcanic ashes. Such materials, whether natu-
ral or human-made, have been thermally modified to
produce potentially reactive compounds of silica and
alumina.

The first hydraulic cements based on pozzolanic
materials date back to Roman times. These were
materials that reacted with lime water to produce a
hardened mass and employed the volcanic ash
obtained from the slopes of Mount Vesuvius, in the
vicinity of the Italian town of Pozzuoli from which
the term Pozzolanic originates. The term is now
commonly used to represent any material that reacts
with alkaline water to harden. There are a number of
industrial by-products that are used in this way to
replace a proportion of the cement used in concrete.

There are typically two main benefits. The first is
a reduction in cost, as the by-products are typically
cheaper than the cement they replace. The second

is a perceived enhancement in the properties of
the concrete produced. This can take the form of
increased resistance to aggressive materials, enhanced
strength, or slower curing (which for large concrete
pours is a benefit as the heat generated is reduced and
consequently the risk of thermal-induced cracking
when the concrete cools). There is a further potential
benefit with regards to sustainability, as there is less
cement used and it consumes what would otherwise be
an industrial by-product.

3.30.5.1 Ground Granulated Blast
Furnace Slag

Typically up to 70% of the cement used in a mix can
be replaced with ground granulated blast furnace slag
(GGBS). This means that a relatively standard con-
crete mix containing 300 kg of cement per cubic
meter of concrete would contain 90 kg of OPC and
210 kg of GGBS. The benefits of GGBS are typically
a reduced heat of hydration for large pours, and an
increase in the overall durability of the concrete. This
is both due to an increased resistance to the effects of
aggressive chemicals on the concrete and due to a
reduced rate of passage for aggressive species such as
chlorides into the concrete.

The reduced heat of hydration produces a slower
strength gain and a longer setting time. This means that
the concrete may require more careful placement and
curing techniques to minimize the risk of plastic crack-
ing problems. The slower hydration may also produce
substandard strength gain, resulting in a difficulty in
achieving a target strength (the common method used
to assess the quality control of concrete on a construc-
tion site). Some cases have been found where a portion
the GGBS did not hydrate, but this is rare.

3.30.5.2 Pulverized Fuel Ash

Pulverized fuel ash or fly ash (PFA) is a by-product of
coal-fired power stations and can achieve similar
effects to GGBS, that is, an increase in durability
and a reduction in heat of hydration, with a risk of
plastic cracking problems because of difficult curing.
The replacement quantities are lower than GGBS
(typically up to 35%).

3.30.5.3 Silica Fume

Silica fume, also known as microsilica and nanosilica,
is a highly reactive pozzolanic filler, which is used
to achieve high strength and dense concrete. Silica
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fume is a by-product of the manufacture of silicon
and ferrosilicon alloys from high-purity quartz and
coal in a submerged-arc electric furnace. The SiO2

content is generally in the range between 80 and
98mass%. The process produces a very fine material,
which has a high pozzolanic reactivity. The silica
particles react with the calcium hydroxide of the
cement paste and form calcium silicate hydrates.
The hydrates fill the space between the cement
hydration products, and in particular, the weaker
calcium hydroxide interface around aggregate parti-
cles increases the strength and density of the con-
crete. Contrary to the other cement replacements,
the use of silica fume leads to a more rapid hydration
and typically higher strengths.

3.30.5.4 Inert Fillers

Fillers are very finely ground materials, which have
a similar particle size to Portland cement. Fillers,
such as limestone or quartz powder, are inert or
quasiinert materials, which mainly improve the den-
sity and stability of the cement paste. The workabil-
ity, permeability, bleeding, or cracking tendency are
also improved. Inert fillers do not contribute to the
hydration; however, limestone powder can be benefi-
cial for the hydration. It is able to form monoalumi-
nate carbonate hydrates and supports the formation
of ettringite.24

Modern UK and European Portland cements
(CEM I), BS EN 197-1:2004, are permitted to contain
up to 5% limestone filler as a minor addition. This
can lead to a higher susceptibility to thaumasite
formation because of a considerable internal source
of carbonate ions.25

3.30.6 Concrete

Concrete has been an important construction material
for more than the last 100 years. Concrete is a three-
phase system consisting of cement, aggregate, and
water. Nowadays, concrete is usually a five-phase sys-
tembecause of the addition of additives and admixtures
for property improvements and cost reduction. The
binder compounds cement and additives are discussed
in Sections 3.30.1.1 and 3.30.5, respectively.

3.30.6.1 Aggregate

Aggregates occupy more than 75% of the volume
of concrete and hence form one main indicator of

the strength. The properties of aggregate charac-
terize the performance of concrete. According to
the density of aggregate, concrete is divided into
three groups of lightweight (400–<2000 kgm�3),
normal (2000–2800 kgm�3), and heavyweight con-
crete (�2800 kgm�3).

Aggregate is a cheap compound in relation to
cement. Hence, it is desired to use as much aggregate
as possible, but with the restriction to achieve a
durable concrete. Aggregate influences physical,
chemical, and thermal characteristics and may affect
the durability. Beside the economic factors, aggregate
is used to increase the concrete’s stability, that is,
reduction of shrinkage, to decrease the susceptibility
to chemical attack due to the reduction of susceptible
cement paste, and to decrease thermal effects.
Cement paste is susceptible to shrinkage-induced
cracking, carbonation, sulfate attack, and mechanical
attack such as erosion and fire. However, aggregate
can cause concrete deterioration such as alkali–silica
reaction, frost attack, and in the case of salt contami-
nation, corrosion may be initiated. Organic impuri-
ties may affect the hydration, and coating of fine
particles such clay may reduce the bond.

To obtain good quality concrete, the compactness
of the aggregate bulk has to be high, that is, to follow
certain particle size distributions. This is mainly
achieved using at least two size groups: fine (0–5mm)
and coarse (>5mm) particles. The fine particles are
also referred to as sand.

Another point of division of aggregate is based on
their source. There are natural and industrial manu-
factured aggregates. Industrial products are mainly
light- and heavyweight aggregates. Examples of nat-
ural aggregates are basalt, granite, limestone, quartz,
and gabbro.

The strength of natural occurring aggregates
is mostly higher than the cement paste; there-
fore, the weakest part within the concrete system is
the cement paste, and in particular, the interface
between cement paste and aggregate. The strength
of cement correlates well with the concrete strength
of a three-phase system. On the other hand, light-
weight aggregates have a lower strength than do the
cement paste. There are three different crack pat-
terns that relate to the strength relation between
aggregate and cement paste in concrete. Concrete
under stress may crack either within the cement
paste or along the aggregate–paste interface or
through the cement paste and aggregate particle or
within the aggregate materials.
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3.30.6.2 Water

Water is the third main phase within the concrete
system, beside cement and aggregates. Water is essen-
tial for the formation of the strength giving hydrates
within the cement paste such as the C–S–H phases.
Hydration of cement is discussed in Section 3.30.3.
The effects of the quantity of water, the water–
cement ratio, on the strength are discussed in Section
3.30.6.5.

Natural occurring water and recycled water from
concrete production can be used. The suitability
depends on secondary substances in the water. Impu-
rities may affect the hydration and consequently the
strength of concrete. Organic substances should not
be present. Seawater should not be used in reinforced
concrete. The use of recycled water is specified in EN
1008. The usable amount of recycled water depends
on the actual density showing the percentage of fine
particles. Recycled water should not be used in con-
crete with air entrainment.

3.30.6.3 Admixtures

Admixtures are an additional ingredient of concrete.
They are used to improve fresh concrete properties,
such as workability and bleeding behavior, combined
with an increase in strength and durability.

BS EN 934-2:2001 defines admixtures as ‘‘materi-
als which are added during the mixing process of
concrete in a quantity not more than 5% by mass of
the cement content of the concrete, to modify the
properties of the mix in the fresh and/or hardened
state.’’ They are mainly based on chemicals. Admix-
tures can be classified according to their function in

� water reducing/plasticizing,
� high range water reducing/superplasticizing,
� water retaining,
� air entraining,
� set accelerating,
� hardening accelerating,
� set retarding,
� water resisting,
� set retarding/water reducing/plasticizing,
� set retarding/high range water reducing/super-

plasticizing, and
� set accelerating/water reducing/plasticizing ad-

mixture.

The application of admixtures should always be in
accordance to the manufacturers’ guidance. The
dosages should be within the recommended range

because of the high sensitivity of concrete to the
admixture.

Plasticizers are used to reduce the water–cement
ratio in order to gain early and high-strength con-
crete with increased durability. Air entraining admix-
tures are used to increase the freeze–thaw resistance.
Accelerating admixtures are commonly used in the
precast sector and for cold weather concreting,
whereas retarding admixtures are used to counteract
the effects of hot weather on hydration.

Admixtures are a relative expensive component of
concrete, however, the positive effects, such as
increased workability and durability, can reduce
total costs.

3.30.6.4 Concreting

Concrete should be mixed so that a homogenous mix
is ready for transport and placement. The time
between first contact of cement and water and final
placing is limited to 90min. The temperature of the
concrete when placed is also limited so that the con-
crete temperature should be in the range of 5–30 �C.
Concreting should be suspended when the air temper-
ature is 3 �C and falling. The temperature of concrete
placed in hot weather conditions can be reduced using
cooled aggregates, ice as water replacement, or special
curing methods to prevent excessive core and surface
temperatures.

The placed concrete should be properly vibrated
so that the reinforcement is enclosed and air voids
(<1mm) are reduced to less than 2%. However,
over-vibration may cause loss of homogeneity
because of segregation. The following curing process
mainly determines the durability of the concrete.
This is of special importance during cold and hot
weather concreting. Concrete placed in cold weather
should be cured longer to allow for the retardation of
the hydration. The temperature gradient between
core and surface should be minimized and the con-
crete should be prevented from freezing during its
early stages of hydration. All surfaces should be pro-
tected against any weather effects. The rate of hydra-
tion increases with increasing temperatures so that
special curing measures have to be taken into account
in hot weather conditions. These may be cooling
systems within the core of the concrete to prevent
temperature above 60 �C, protection of the surface
against sun, wind, and evaporation, and continuous
humidification to achieve high grades of hydration
within the surface layer.
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Improper curing in cold weather may cause
excessive bleeding, increased pore volume due to freez-
ing, plastic cracking and thermal cracking caused by
high temperature gradients. Wind and sun may cause
extensive surface evaporation, causing a highly porous,
less durable surface. Excessive core temperature can
cause cracking and thermodynamical changes within
the hydration products, causing delayed ettringite
formation (DEF).

3.30.6.5 Strength of Concrete

The compressive strength of concrete is the most
expressive property to describe the quality, and
therefore, the long-term performance of concrete.
This characteristic mainly determines the durability
and permeability and can primarily be described
with the water–cement ratio (w/c ratio). Secondary
parameters affecting the concrete strength are aggre-
gate–cement ratio, the properties of the aggregate,
including the maximum aggregate size and the
degree of compaction. In addition to the strength of
concrete, the curing regime is of significant impor-
tance to achieve a durable and long-performing con-
crete structure.

The water–cement ratio is inversely proportional
to the strength under the condition that the concrete
is well compacted, allowing an air void content of less
than 2%. The inverse proportionality is not valid
below a w/c ratio of 0.38. The amount of water
required for the total theoretical hydration of cement
is in the range of 0.26–0.28; however, water is also
physically bound within the cement matrix, that is,
water is absorbed. A w/c ratio of 0.38 is required for
the total hydration, including chemical and physical
bond. Below this value, the degree of hydration and
compaction decrease causing loss of strength. The
increase of the w/c ratio above 0.38 causes the for-
mation of capillarity pores, and hence, a reduction in
strength. Water–cement ratios commonly used in the
field are in the range of 0.45–0.60 or admixtures are
added to achieve workability by low w/c ratios.

The effective water–cement ratio available for the
hydration varies to the amount of water added to the
mix. Additional water may be supplied by surface
moisture of aggregate or water may be withdrawn
from the mix because of absorption from the not
saturated aggregates.

Various types of pores are present in the hydrated
cement matrix, which may affect strength and dura-
bility. Gel and shrinkage pores formed during the
hydration of cement are a usual compound within

the matrix. Capillary pores form above w/c¼ 0.38 by
total hydration; however, these pores may form below
this value by reduced degree of hydration. The capil-
lary pores are responsible for all transport processes
within the concrete. Continuity between the capil-
lary pores should be prevented until a w/c ratio of
�0.45, providing a durable concrete. Air voids
formed during the mixing process can have a diame-
ter up to 1mm. To improve the freeze–thaw resis-
tance artificial air pores can be introduced by using
an air entrainment admixture. These pores are round
and not connected and have a maximum diameter of
300 mm to allow the freezing water to expand. The
last type of porosity is due to compaction voids,
which mainly arise from variable workmanship.

The amount of cement within the mix can affect
the strength. Very low cement contents and cement
contents exceeding about 530 kgm�3 decrease the
performance. High cement contents may cause
extensive hydration shrinkage leading to large cracks
in the paste. The properties of the aggregates are
another secondary parameter, as partly discussed in
Section 3.30.6.1. Beside the type of aggregate, the
moisture, surface texture, grading, and strength influ-
ence the strength of concrete.

Concretes are classified in EN 206-1:2000 accord-
ing to their compressive strength after 28 days, see
Table 2. The classification for lightweight concrete is
similar and can be found in EN 206-1:2000.

Table 2 Standard concrete strengths according to EN

206-1:2000

Concrete
compressive
strength class

Minimum
characteristic
cylinder strength
fck,cyl (Nmm�2)

Minimum
characteristic
cube strength
fck,cube (Nmm�2)

C8/10 8 10

C12/15 12 15
C16/20 16 20

C20/25 20 25

C25/30 25 30
C30/37 30 37

C35/45 35 45

C40/50 40 50

C45/55 45 55
C50/60 50 60

C55/67 55 67

C60/75 60 75

C70/85 70 85
C80/95 80 95

C90/105 90 105

C100/115 100 115
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3.30.7 Degradation

3.30.7.1 Cracking

There are many different types of crack that can occur
in concrete. The consequences of these can range from
purely aesthetic to structurally significant, and care
should be taken when assessing them. It should always
be borne in mind that concrete will always typically
crack, but that cracks may or may not be structurally
significant. Cracks may be as a result of the manner
in which it performs structurally, as concrete has a low
tensile strength. These are discussed in the order they
occur, in the following sections.

3.30.7.1.1 Plastic settlement cracking

During concrete hydration, there is a period where it
is a solid suspended in a liquid phase. This is known
as the plastic stage. If this stage lasts too long, or the
mix contains a significant amount of water, the solid
particles can settle, see Figure 1. Mixes that hydrate
slowly, such as those placed in cold weather, or with a
high proportion of cement replacements are typically
more vulnerable to this type of cracking. This typi-
cally manifests itself in the form of cracks immedi-
ately over the reinforcement steel, which provides
a shorter path for the ingress of potentially aggressive
species. If plastic settlement cracks are visible on a
new structure, there is a significant possibility that
extensive cracking has occurred and the surface should
be grit blasted to identify the true extent of the problem
before remedial measures are considered.

3.30.7.1.2 Plastic shrinkage cracking

If during hydration water is lost to the atmosphere
quicker than it can be replenished from the hydrating

concrete, the surface undergoes plastic shrinkage
cracking. This typically takes the form of many
small cracks over the surface of the structure and
can be minimized with careful curing. As with plastic
settlement cracking, if this is visible on the surface
of concrete, the true extent needs to be identified
before embarking on remedial measures. This can be
achieved by a light grit blast.

3.30.7.1.3 Early age thermal cracking

As concrete hydrates, it generates heat. If this heat is
not adequately controlled, then the concrete will cool
after hydration, and as a result, will shrink. This may
result in visible cracks forming. For water retaining
structures, the basic approach is to limit the width of
cracks by having a higher number of smaller cracks.

3.30.7.1.4 Long-term drying shrinkage

Over a significant period of time, concrete tends to
shrink as shown in Figure 2. This will produce cracks
and can be the basis or the allowable movement at
structural joints. If the movement does not occur at
the joints, there is additional restraint or the joints are
incapable of movement, shrinkage cracks may occur.
These are typically uniformly spaced across a structure
as the concrete tends to shrink in a uniform manner.

3.30.7.2 Corrosion of Steel in Concrete

The single commonest cause of degradation of rein-
forced concrete is corrosion of the reinforcement. The
pore water in concrete is highly alkaline and in a
strongly alkaline environment steel is passivated, and
does not corrode, by the formation of a stable and
adherent oxide coating, thought to be Fe2O3. However,

Figure 1 Plastic settlement cracking. Figure 2 Shrinkage.

2358 Ceramic Materials

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



this passive film can become unstable due to two
mechanisms: those of chloride ion attack and carbon-
ation. This is instigated by either carbon dioxide pen-
etration reducing the pH, or by the presence of
chlorides. Once corrosion has initiated, the rust pro-
duced is typically insoluble and has a greater volume
than the original steel. As a result, tensile stresses
develop in the concrete and the cover delaminates.
This typically occurs with section losses below that,
which are structurally sensitive; however, the falling
concrete can pose a significant hazard. In addition, the
corrosion may be taking place in an unobservable area,
and hence the damage may go unnoticed until signifi-
cant corrosion has taken place. In addition, the original
design may have a limited factor of safety by current
standards, and hence any corrosion may be intolerable.

3.30.7.2.1 Chloride attack

Chloride ions are considered to be the major cause of
corrosion of reinforcement, see Figure 3. The level at
which chlorides are generally considered to represent
a risk of corrosion is typically greater than 0.4mass%
of cement.

3.30.7.2.2 Sources of chloride ions

The main source of chloride ions is typically from
external sources such as deicing salts on roads or
from the marine environments, the sea. However,
there are situations whereby chlorides can end up in
the concrete mix prior to casting of the concrete.
Chlorides from this source are known as internal
chlorides, and during the hydration of cement, a
quantity of these are bound to the cement hydrates.
For any particular cement, the relationship is thought
to be primarily governed by the ratio of chloride
to cement by mass. Internal sources can be from
aggregate contamination by using marine-dredged

aggregates that have not been washed properly, or
by using contaminated water in the mix. Note that
in some parts of the world, it is difficult to obtain
chloride-free aggregates and chloride-free water.
Chlorides have been deliberately added to the mix
to control the hydration rate, although this practice
has been discouraged.

3.30.7.2.3 Carbonation

Carbonation occurs where carbon dioxide in the
atmosphere dissolves in water to form carbonic acid.
This reacts with the alkaline concrete and reduces
the pH to a value below 10, see Figure 4. It has been
reported26 that carbonation also increases the con-
centration of free chloride in the pore solution by
releasing bound chlorides.

As the above processes require some diffusion
through the concrete to the steel any factor that
influences the rate of these processes also affects the
corrosion rate, thus dense well compacted concrete
with adequate cover can provide excellent protection
to embedded steel and there are oil platforms in the
North Sea that have survived 17 years27 with no
observable corrosion of the reinforcement bars taking
place. Cement replacements are often used to pro-
vide an enhanced durability and resistance to passage
of aggressive ions but do require more care in place-
ment or these benefits may not be realized.

3.30.7.2.4 Chloride ion diffusion

As stated above, chloride ion ingress is the major
cause of deterioration of reinforced concrete struc-
tures. Therefore, knowledge of the nature of diffusion
of chloride ions through concrete would be necessary
for any structure to have a designed lifetime. Ideally,

Figure 3 Chloride-induced corrosion.

Figure 4 Carbonated concrete sample treated with

phenolphthalein indicator (magenta color represents

uncarbonated concrete).
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it would be possible to calculate a figure for the time
taken for chlorides to reach the steel in sufficient
quantities to cause depassivation from the mix design
and cover. This has led to certain experimental pro-
cedures being developed that attempt to model chlo-
ride diffusion on a laboratory scale and these
methods are outlined below.

Generally, current investigations into this topic
can be divided into three types: those using the dif-
fusion cell method, those using immersion into solu-
tion, and those using electrical properties of concrete
to monitor diffusion, usually resistivity. The first
two methods apply laws developed by Adolf Fick in
1858, which govern diffusion on a quantitative basis,
to obtain diffusion coefficients for the materials
under test; the third infers a diffusion coefficient
from the change in the total quantity of ions in the
pore solution with time, which manifests itself by an
increase in ionic conductivity.

3.30.7.2.5 The diffusion cell

In this type of experiment, slices of cement mortar
are taken and inserted into a diffusion cell.28 Both
sides of the cell are filled with either deionized water,
saturated calcium hydroxide, or dilute sodium hydrox-
ide, with one side containing chloride ions added in
the form of sodium chloride. This method applies
Fick’s first law after the rate of change of chloride
ion concentration in compartment one becomes
constant:

� J ðxÞ ¼ dC

dt
¼ Dc

dC xð Þ
dx

where J(x) is the flux of x, Dc is the diffusion coeffi-
cient (m2 s�1), and C is the concentration.

Tests such as this can take a significant length of
time to achieve steady state. To avoid this, a direct
current voltage can be applied to accelerate the test
and calculate the flux of ions from the total current
flowing. The problems with this method are that
current is used in transporting all ions, not just the
chlorides, and also a certain amount of heat is
developed.

A modified version of this test was used by Luping
and Nilsson,29 who applied the test to both cement
paste and mortar samples of varying water–cement
ratios and applied a voltage of 30 V across a 70-mm-
long cured samples with solutions of saturated
calcium hydroxide and 3% sodium chloride. They
compared the results obtained in this manner with
conventional diffusion cell data and recorded current
and temperature (a rise of only a few degrees after 8 h

of testing) and obtained chloride profiles by section-
ing the samples after 2months of testing. The follow-
ing equation was produced as a method of calculating
the diffusion coefficient from the depth of chloride
penetration, derived from a combination of electro-
chemical and ionic diffusion equations.

Dc ¼ 1:189� 10�11
Xd � 1:061X 0:589

d

t

where Dc is the diffusion coefficient (m2 s�1), Xd is
the depth of chloride penetration (m), and t is the
time (s).

This suggests a clearly defined depth of chloride
penetration, which is not necessarily the case. As an
alternative, Fick’s second law can be applied to cal-
culate the diffusion coefficient under non-steady-
state conditions.

dC
dt

¼ Dc
d2C
dx2

where Dc is the effective diffusion coefficient
(m2 s�1).

3.30.7.2.6 Immersion testing

As the name suggests, in this type of diffusion, testing
blocks of concrete are taken, all but one of their
surfaces are sealed, and the blocks are immersed in
a solution. After a time, the blocks are removed and
chloride ion profiles are obtained. Sections of the
block are taken using either dry drilling or cutting
with a diamond saw. The solutions in which the
samples are immersed vary considerably from
sodium chloride to seawater. For unidirectional dif-
fusion into a semiinfinite medium, an accepted solu-
tion to Fick’s second law is:

Cðx;tÞ ¼ Co 1� erf
x

2
ffiffiffiffiffiffiffi
Dct

p
� �

Where erf ðzÞ ¼ 2ffiffiffiffi
pz0

p e�y2dy, x is the distance from

the exposed face (m), Co is the surface concentration,
and t is the time (s).

3.30.7.2.7 Resistivity measurements

Although not a direct method of measuring diffusivity
of ions into concrete, this technique has been applied
to infer variations in ionic concentrations in the pore
solution. The use of conductivity in concrete as a
measure of diffusivity was first suggested by Brace30

for use in analyzing the properties of rocks. If a mate-
rial is made up of a solid, insulating phase, with a
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liquid phase distributed through it, then diffusion and
conductivity are controlled by the same process and
are related using the Einstein relationship.

s ¼ e2

kT

X
j

cj Zj Dj

where s is the conductivity ð��1 m�1Þ, e is the elec-
tron charge, k is the Boltzmann constant, T is the
absolute temperature (K), cj is the number of ions
per unit volume of j, Zj is the valency of j, and Dj is
the diffusion coefficient of j.

Buenfeld and Newman 31 continued this work, on
the basis that the conductivity of concrete when wet
is 5� 108 times more than that of the dry material,
and therefore electrical conductance takes place
through the pore water. They point out, however,
that the conductance depends entirely on the compo-
sition of the pore water solution, and therefore, varia-
tions in conductivity could be due to any increase in
any ions in the pore solution, or the variations could
be due to surface changes in the concrete itself.

3.30.7.2.8 Errors in diffusion experiments

The fundamental purpose of the above experiments
is to obtain a value characteristic of the rate of ionic
movement of chlorides through concrete. Ideally, it
would be then possible to take this figure and apply
it in the design stages of a structure to provide an
accurate life expectancy.

This approach is flawed for concrete structures
as design lives are very long, 120 years for bridges,
and over this period of time, the environment
can change considerably; for example, consider
how much the world has developed over the past
120 years. With design lives of this scale the problem
becomes one of adequate maintenance and repair
rather than an initial design and build problem,
although, of course, the ability to maintain the
structure must be designed for.

Accelerated testing for diffusion involves either
using thin sections or applying a voltage across the
samples to accelerate the ionic flux. The first method
must be questioned, because if used as an accelerated
test, it may miss important effects that occur later in
the life of the sample, as the morphology of the pore
structure changes on contact with the solution. The
second is additionally unsafe, because in concrete,
charge balance is maintained as chloride ions diffuse
in by the migration of hydroxide ions (see later). This
would not be the case if using an applied voltage, and

therefore, too much emphasis may be placed on the
diffusion of cations in the process.

Chatterji32 states that the assumption of constant
diffusivity is seldom satisfied, with results suggesting
that an increasing or decreasing depth of penetration
could be observed depending on history. He adds that
the use of a measured diffusion coefficient by any
method to calculate the long-term chloride penetra-
tion depth is uncalled for and may be misleading.

Theoretically, Fick’s second law cannot be used to
analyze the chloride ion migration data through
cementitious materials, as no account is made for
any chemical reactions that take place during the
process. Saetta et al.33 reported that temperature,
relative humidity, and degree of hydration all have
an effect on the effective diffusion coefficients.

3.30.7.2.9 Corrosion ladder

This is a proprietary corrosion sensor developed by
Raupach et al.34 to allow monitoring of the indication
of potential corrosion problems in new structures.
Steel bars are cast parallel to the reinforcement at
varying depths from the concrete surface up to and
beyond the depth of rebar at strategic places in the
structure. The potentials of these are recorded and
when they change from a passive state to an active
one, it is an indication that the steel has depassivated
either due to the presence of chlorides or by carbon-
ation. The occurrence of corrosion can be checked by
connecting the mild steel electrodes to the stainless
steel. If the mild steel has depassivated, then a current
will flow, which can be measured using a zero resis-
tance ammeter.

One possible problem with this method of moni-
toring is that when the chlorides reach the steel, it
starts to corrode, producing voluminous corrosion
products, and hence causes the concrete to spall. It
is possible that only a small area of the steel has
enough chlorides to cause activation and this test
may therefore be unrepresentative of the overall
state of the structure. In addition to this, very accu-
rate positioning of the steel would be required in a
small distance of concrete not greater than 150mm.
The size of the probe may also cause difficulties in
areas of high stress, where the presence of the probe
may reduce the load-bearing capacity of the section.

3.30.7.2.10 Tests on retrieved samples

The following testing methods all involve taking a
sample of concrete. This is done by collecting the
dust from a drilled hole and treating this with nitric
acid to extract the free and bound chlorides into

Degradation of Cement and Concrete 2361

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



solution. This solution is then usually neutralized and
a known quantity is taken for testing by an external
laboratory. The locations for testing are invariably
limited by available time and access, and therefore,
care must be taken in assessing the results.

3.30.7.2.11 Chloride ion selective electrodes

As the potential of the silver–silver chloride electrode
depends on the chloride ion activity, the temperature,
and the standard electrode potential of both the ion
selective electrode and the reference electrode (it is
compared with), in laboratory tests, the chloride-
sensitive electrode is first calibrated in a set of solu-
tions of known concentration. When a plot of potential
against the log of chloride concentration is made, a
straight line is obtained, and therefore, when the ion-
selective electrode is submerged into an unknown
solution, the chloride concentration of the solution
can easily be calculated from the calibration plot.
The potential obtained can be affected by the presence
of bromide ions from a marine environment as there is
some bromide in seawater. This approach has been
used to produce a commercially available probe that
has been installed in a number of structures.

3.30.7.3 Alkali-Silica Reaction

Alkali silica reaction (ASR) is a type of the more
known ‘Alkali-aggregate reaction’ and was first
reported in the United States by T.A. Stanton in
1940.35 The reaction between alkali and aggregate
as the cause of concrete degradation has been inves-
tigated since the early 1920s due to the occurrence of
ASR in a dam in California, where opal was used as
aggregate. Europe and the United Kingdom generally
assumed that ASR was a degradation process which
only occurred in North America until first cases were
discovered in the early 1970s. Nowadays, ASR is
present and recognized throughout the world. The
causes of ASR and the protective measures to mini-
mize the risk are well documented.

ASR is a chemical reaction between various forms
of silica from the aggregate and alkali hydroxides
(NaOH, KOH) from the pore solution in presence
of moisture. The alkalis mainly derive from the
cement. The reaction product, the alkali–silica gel,
is more voluminous than the concrete and, after
exceeding the tensile strength of the concrete, forms
a distinctive crack pattern, see Figure 5. The cracks
formed have the appearance of a spider web; how-
ever, affected prestressed elements tend to show
cracks parallel to the stress direction.

The reaction affects the appearance and service-
ability of a structure, although generally its structural
integrity, particularly the compressive strength, is not
affected. However, the formation of cracks can
enhance the penetration of various aggressive com-
pounds, leading to acceleration of other types of
degradation. ASR is often observed in combination
with corrosion and sulfate attack and can be their
predecessor.

The reaction can be described in accordance to
Wieker et al.36 as follows.

Formation of alkali hydroxides (NaOH, KOH)
during cement hydration

K2SO4 þ CaðOHÞ2 ! CaSO4 þ 2KOH
NaSO4 þ CaðOHÞ2 ! CaSO4 þ 2NaOH

Water intake and expansion

2NaOHþ SiO2 þ nH2O ! Na2SiO3 � nH2O

The reaction can proceed when further water ingress
takes place. The gel, an alkali–silica hydrate, is able to
react with water and calcium hydroxide to form
calcium silicate hydrates and alkali hydroxides,
which can form more gel and degrade concrete over
a long term.

Na2SiO3H2Oþ CaðOHÞ2 þ nH2O !
CaSiO3 � nH2Oþ 2NaOH

This reaction is a definite process because the major-
ity of the alkalis remain in the gel.

The formation of the alkali–silica gel causes
swelling37 and the expansion pressure developed dur-
ing this process can reach up to 20Nmm�2, exceed-
ing the tensile strength of concrete, which is in the
range 2–5Nmm�2.

Figure 5 Typical crack pattern of ASR.
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The reactivity of aggregate depends on the min-
eralogical structure of the SiO2 and its proportion of
amorphous and other reactive forms of silica. The
reaction between SiO2 and alkalis always occurs;
however, this reaction is destructive in the presence
of reactive SiO2. All amorphous and cryptocrystalline
SiO2 minerals can be considered as reactive.24 These
include opal, chalcedony, greywacke, granite, and
porphyry. ASR can be prevented when one of the
three risk factors, alkalis, reactive SiO2, and moisture,
is minimized or eliminated. Moisture cannot be
entirely controlled. The use of reactive aggregates is
difficult to exclude because of the regional availabil-
ity of aggregate. The transportation of nonreactive
aggregates is commercially inefficient.

The amount of available alkalis can be controlled
during the manufacture of cement so that the NaO2-
equivalent (�N) is less than 0.6,38 which conforms to a
hydroxide ion concentration of around 500mmol l�1.
The use of GGBS, PFA, microsilica, or other pozzo-
lanic material increases this threshold. Alkalis react
with the high reactive fine pozzolanic particles dur-
ing the early stages of the cement hydration before
setting. Ca2+ ions are bound in reaction products of
the pozzolanic material. These two reactions bind the
alkalis in insoluble compounds with the cement
matrix. Pozzolanas increase the density of the con-
crete, and hence, reduce the permeability of external
and mobility of internal alkalis.

In the case of confirmed ASR degradation in
structural elements, there are series of measures to
monitor and control ASR. The IStructE39 described
these measures as follows:

� Regular monitoring of the structure to check that
deterioration does not reach dangerous pro-
portions. This requires experienced engineering
judgment.

� Detailed check on the structural details to establish
criticality, in particular, a critical examination of
the robustness of the reinforcement detailing.

� Measures to reduce the amount of water available
to the structure.

� Limited strengthening of the structure.
� Partial or full demolition followed by rebuilding.

The appropriate measure should be assessed
through a series of investigations comprising the
documentation of the degradation, a desk study to
gain information about the materials used, the type of
construction, and the rate of degradation. Destructive
investigations should include the retrieval of cores in
degraded and sound areas and their assessment in the

laboratory. This may include strength tests, petro-
graphic examination, and visual inspection.

3.30.7.4 Sulfate Attack

3.30.7.4.1 Conventional sulfate attack

The damaging influence of sulfates on concrete has
been known since 1877, and first investigations were
performed by Candlot40 and Michaelis41 at the end of
the nineteenth century. They identified a complex
water-enriched compound in the damaged matrix
and described it as

3CaO � Al2O3 � 3CaSO4 � 30H2O

Michaelis called the salt formed ‘cement bacillus,’
and nowadays it is known as ‘ettringite,’ and this is
the main reaction product in various forms of sulfate
attack. Several forms of sulfate attack have been
identified that affect various phases of the cement
hydration products.42

Sulfate attack can result in one of two forms
of deterioration, the first is due to leaching of the
calcium containing phases, particularly portlandite
[Ca(OH)2] as shown in Figure 6. The second is the
more familiar expansive form caused by formation of
more voluminous reaction products such as gypsum,
monosulfate, and ettringite. The expansive form can

Figure 6 External sulfate attack.
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be categorized by the location of the supplied sulfate
whether there is an external or internal source.

The main reaction products of sulfate attack are
gypsum and/or ettringite, and the reaction mecha-
nism is generally accepted as portlandite transforms
into gypsum and calcium aluminate hydrate into
ettringite, the latter being the more expansive reac-
tion. These findings allowed the development of
sulfate-resisting Portland cement (SRPC-BS 4027-
1996), which is mainly characterized by a limited
tricalcium aluminate content (C3A < 3.5%). The
low presence of the main ingredient for the deterio-
rative reaction hinders the formation of the more
voluminous reaction products, which is mainly
ettringite. Guidelines, such as BS EN 206, BS EN
1992, and BS 8500, have also been produced resulting
in the solution to the majority of problems caused by
sulfate attack.

3.30.7.4.2 Thaumasite form of sulfate attack

The thaumasite form of sulfate attack differs to the
forms described earlier, including the conventional
sulfate attack in that the calcium silicate hydrates
(C–S–H phases), the main binding agent in all
Portland cement binders, is targeted rather than the
calcium aluminate hydrates (C–A–H phases) and
the highly soluble calcium hydroxide (Ca(OH)2).

Although TSA has been recognized for many
years, it did not receive any serious attention from
either industry or the research community until the
discovery of 10 cases of the thaumasite form of
sulfate attack in the foundations of overbridges
along the M5 motorway in Gloucestershire in
1998.43 The seriously attacked columns had been
all buried in backfilled Lower Lias Clay and were
discovered during strengthening works. In response
to this discovery, the UK Government convened
the Thaumasite Expert Group (TEG) with ‘‘the
remit to produce interim advice and guidance
on the implications for existing buildings and struc-
tures and for the design and specification of new
constructions in the UK.’’

The TEG emphasized that deterioration as a
result of the formation of thaumasite has become a
separate form of sulfate attack, which has the poten-
tial to affect a wide variety of components and a
range of building materials. The TEG gave thauma-
site two classifications. The first being the ‘thauma-
site form of sulphate attack’ (TSA) where significant
damage of the concrete–mortar matrix has occurred
as a consequence of replacement of cement hydrates

by thaumasite. In this case, the TSA-affected con-
crete transforms into a soft, mushy mass with a
distinctive white coloration. The second classifica-
tion the ‘thaumasite formation’ (TF) refers to the
occurrence of thaumasite as precipitations in pre-
existing voids and cracks without causing deteriora-
tion of the host concrete or mortar. However,
thaumasite formation can be a precursor of the
thaumasite form of sulfate attack and constitute an
early stage in the deterioration process, as suggested
by Sims and Huntley,44 who suggested changing the
term TF to ‘incipient TSA.’

In their report, the TEG recognized two sets of
conditions for the formation of TSA in buried con-
cretes, these are four primary and four secondary risk
factors. The TEG emphasizes ‘‘that all of the four
primary risk factors need to be present before signif-
icant TSA will occur within a buried Portland
cement-based concrete.’’ The primary risk factors
are defined as

� a source of sulfates and/or sulfides in the ground;
� a source of carbonate;
� presence of mobile groundwater; and
� low temperatures (<15 �C).

The source of silicate, which is also a necessary
component, was not included into the risk factors as it
is an actual element in all Portland cement-based
materials and is mainly present as calcium silicate
hydrate phases (C–S–H phases).

The four secondary risk factors are identified by
the TEG as

� type and quantity of cement used in concrete;
� quality of concrete mix, compaction;
� changes to ground chemistry and water regime

resulting from construction; and
� type, depth and geometry of buried concrete.

On the basis of the findings of the TEG and other
researchers, conventional sulfate attack and thauma-
site form of sulfate attack have to be considered as
two separate forms, which occur in different environ-
ments. TSA takes mainly place in low temperatures
(<15 �C), whereas conventional sulfate attack is pre-
dominantly at ambient temperatures of >15 �C.
However, 15 �C cannot be considered as a threshold
between both types of attack.

Low temperatures favor the formation of thauma-
site where generally less than 15 �C is necessary with
an optimum value of �5 �C. The formation ability
increases with the decrease of the temperature, that
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is, the lower the temperature the faster the formation
of thaumasite.

One reason for the increase in deterioration
rate with reduced temperature is solubility. The sol-
ubility of carbon dioxide increases with decreasing
temperature, leading to about twice the amount of
dissolved carbonate in solution at 0 �C than at 25 �C;
portlandite is also more soluble at low temperatures,
whereas thaumasite is in the order of a hundred times
less soluble. From this follows an increased rate of
deterioration at low temperatures.45 On the other
hand, lower temperatures lead to a better stability
of the six-coordinated [Si(OH)6]

2� groups that are
present in the structure of thaumasite. The cut-off
point where the mineral formed changes from thau-
masite to ettringite should be between 15 and 20 �C.
The typical temperature conditions in the ground at
foundation depth in the United Kingdom range from
about 9 to 12 �C and are therefore in the optimum
range of below 15 �C.46

The more frequent detection of TSA during the
past decade is most probably due to the development
of more selective analytical and diagnostic techni-
ques, which are able to differentiate unambiguously
between ettringite and thaumasite as well as mixed
crystals of both. Crammond47 suggests that TSA is
not a recent phenomenon and has occurred likely in
the past, but has not been recognized as such because
of several reasons:

� failure to detect thaumasite in standard sulfate
resistance tests;

� improved analytical techniques;
� buried concretes rarely inspected;
� postconstruction enhancement of sulfate levels in

the ground; and
� changes in the composition of modern cements.

Many other cases of TSA may remain unidentified
or have been reported spuriously as ‘sulfate attack’
caused by ettringite formation because of misidentifi-
cation due to the structural similarities. Furthermore,
the traditional diagnosis 25 years ago was performed
using chemical analysis alone, and this method is not
able to distinguish between ettringite and thaumasite.
Nowadays, the mechanisms of the different types of
sulfate attack are well known and the facilities for an
unambiguous identification are available.

3.30.7.4.3 Delayed ettringite formation

Ettringite is a hydration product with two faces. The
formation of ettringite during the first stage of

cement hydration controls the setting time of the
paste. Ettringite formation is responsible for the work-
ability of fresh concrete. Ettringite can be destructive
when it forms in the hardened cement paste. This
degradation process has been mainly observed in
heat-treated elements with high strengths and high
density exposed to external conditions; however, the
formation can also occur in non-heat-treated elements.

The destructive ettringite formation was first
observed in a structural element at the beginning of
the twentieth century. Ettringite is common hydrate
in concrete and the presence does not need to con-
clude that a deterioration process had occurred.

The effect of increased heat on young concrete
can be the formation of delayed ettringite. Causes are
heat treatment of concrete elements and extensive
heat development in mass concrete or under hot
external conditions. Heat treatment of concrete
accelerates the hydration and strength gain, respec-
tively, and enables the manufacturer shorter stripping
off times for the elements. Hot weather conditions
can cause DEF during mixing and hydration as well
as in already hardened concrete.

Temperature influences the stability of monosul-
fate and ettringite. The increase in temperature
decreases the stability of both monosulfate and ettrin-
gite; however, the rate of the decrease of ettringite is
higher, that is, monosulfate is thermodynamically
more stable above 90 �C. Alkalis in pore solution
reduce this threshold to 50–60 �C.48 These changes
of the stability of ettringite lead to the formation of
monosulfate, free available sulfates (Na2SO4) in pore
solution, and sulfates bound in the C–S–H phases above
the critical temperature. Calcium silicate hydrates
are able to bind sulfate ions during the hydration.
Monosulfate becomes metastable when the tempera-
ture drops below the critical threshold.

If the concrete element is exposed to changeable
weather conditions, that is, wet–dry cycles, then the
sulfate ions in the pore solution andwithin the C–S–H
phases react with the metastable monosulfate and
C3AH6 to form the more voluminous ettringite.
This reaction can cause expansion and cracking
within the cement paste. The volume of ettringite is
eight times greater than C3A and 2.3 times greater
than monosulfate. Ettringite can also form in pores
and is not destructive.

Pozzolanas, latent hydraulic material, and micro-
silica reduce the susceptibility of concrete to DEF.
Heat-treated elements should undergo special pro-
cedures, such as initial storage before treatment,
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controlled warming, constant heat control, controlled
cooling, and an after treatment.

3.30.7.5 Mechanical Damage

3.30.7.5.1 Abrasion/erosion
Abrasion or erosion can be defined as the wearing away
of surfaces. It is commonly considered that it requires
the action of a hard material on a softer one, but this is
not the case. Over a significant period of time, a soft
material can slowly wear away a harder one.

Concrete is no exception to this andwill be subject
to abrasion with time. Typically, it is a very slow
process, unless it is subject to other mechanisms dis-
cussed later. For conventional reinforced concrete,
the abrasion is likely to be of most of the concern if
it results in an uneven surface for traffic, or if it
significantly reduces cover to the reinforcement.
Uneven surfaces often allow puddles of water to
form, which can markedly accelerate the abrasion
process, see Figure 7. When water is trapped while
being subject to wheel loading, a significant pressure
is exerted in the horizontal plane. This can rapidly
lead to undermining of the surrounding surfaces, or
opening up of existing defects, leading to increasingly
more widespread surface degradation.

3.30.7.5.2 Cavitation

Cavitation occurs when liquids undergo a change in
pressure to a point where the pressure in the liquid is
below its vapor pressure. This produces bubbles in the
liquid, which subsequently collapse and produce
shockwaves. This can result in a very aggressive envi-
ronment and extremely high rates of abrasion. This
process is accepted as a mechanism that results in

coastal erosion whereby air pockets within water are
forced into fissures. The continuing inflow of water
results in the collapsing of pockets and a range of
shock waves being produced that result in degradation.

3.30.7.5.3 Frost

Frost damage is caused by a simple mechanism. Mois-
ture within the concrete expands as it freezes, and as a
result, tensile stresses form near to the surface. This
can result in the surface crazing then scaling off, see
Figure 8. In areas vulnerable to frost, a common
approach to controlling the risk of frost action is to
include an air entraining admixture. There are a
range of products available to achieve this. The use
of an air entraining admixture produces a series of
evenly dispersed discontinuous pores within the con-
crete that are relatively uniform in diameter, the
majority of which are less than 0.3mm. This provides
two benefits. The first is that the surface absorbency
is reduced, because the pores are discontinuous. The
second is that they are able to absorb the stresses
induced by frost, because the pores remain air filled,
and hence, unsaturated.

3.30.7.5.4 Exfoliation

Exfoliation is caused by a similar principle to frost, in
that the pore structure becomes filled with a material
that subsequently expands, see Figure 8. In this case,
it is a solution containing soluble salts. As the mois-
ture dries out, the solution becomes more and more
concentrated until ultimately the soluble salts recrys-
tallize. The recrystallized salts may be greater in
volume than the original solution, and therefore,
tensile stresses are imparted into the concrete.

Figure 8 Exfoliation of a seawater outfall.Figure 7 Erosion of concrete by flowing water.
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It should be noted that the surface of concrete that
is exposed to the solution may not be the one that
suffers from exfoliation. If one face of a concrete
surface is adjacent to a highly concentrated solution,
and the other is exposed to a drying environment, the
salt solution can be drawn a significant distance to the
drying face, where the recrystallization takes place.
This can be a problem in immersed tunnels. Typi-
cally, the solution on the exterior of the tunnel is
chloride contaminated and the capillary absorption
that takes place will cause corrosion as well as
exfoliation.

The first thing to note is that concrete already
contains a supersaturated solution of calcium hydrox-
ide. However, calcium salts typically have a relatively
low solubility, and therefore, as the moisture dries out,
the salts that are precipitated do not have a large
volume expansion associated with them. For exfolia-
tion to occur, a more soluble salt is usually present. In
many cases in natural environments, this is sodium
chloride based, but any highly soluble salt can produce
a similar effect.

Coatings or waterproofing for concrete are com-
monly vapor permeable to prevent osmotic blistering.
As a result, this can cause a drying out of the coated
concrete. If the concrete is contaminated with a solu-
ble salt, the concentrations in the pores under the
coating will increase, until the salts precipitate. This
can cause the surface to exfoliate, which can result in
coating failure. It should also be noted that solubili-
ties typically increase with temperature. As a result,
exfoliation may also occur due to a temperatures
change.

To control the risk of exfoliation or frost attack,
the basic approach is to either prevent significant salt
ingress or prevent drying of the surface. Typically,
a coating system would provide protection against
salt ingress, but note that a vapor permeable coating
can increase drying out of the concrete and may
therefore cause exfoliation if the substrate is heavily
contaminated.

3.30.7.5.5 Fire
Following the great fire of Chicago in 1871, all iron-
and steel-framed structures were coated with a basic
form of concrete fire protection. When cement
hydrates, it chemically combines with a significant
amount of water. In the case of fire, as the tempera-
ture increases, the hydrated compounds break down
and release the water, thus dissipating heat and
energy. This means that while the surface of the

concrete may have been subject to high temperatures,
the depth of damage may be limited.

After a fire, the appearance of any structure can
give the impression of a scene of total destruction.
Because of the smoke, everything will be blackened.
There will be areas where concrete has cracked and
may have spalled. The levels of damage may appear
significant but due to concretes ability to dissipate
heat, the actual damage may well be recoverable.

If the temperature of the concrete has not
exceeded 300 �C on cooling, the residual strength is
commonly considered to not be significantly
affected.49 The reduction in strength is often offset
by factors that resulted in the concrete having higher
strengths than required by the original structural
capacity. A word of caution should be raised as it is
often assumed that the concrete strength increases
with time beyond that required by the design. For
older cements, this was the case, as in order to achieve
the required strength at 28 days, the ultimate strength
needed to be higher. Cements are more finely ground
and cement producing companies have improved
quality control systems that mean the factors of safety
included to ensure the concrete meets the required
28 days strength are now lower. The ultimate strength
achieved may not be significantly greater than that
obtained at 28 days.

The temperature at which significant structural
deterioration occurs coincides with a color change
in many concretes, where the material develops a
pink hue. This discoloration is due to the presence
of ferrous salts in the aggregates, and may not occur if
these are not present. It is important to note that this
does not apply in every case, and the levels of heat
damage and degradation of the cement should be
confirmed using petrographic analysis on samples.
Where temperatures exceed 500 �C, the strength is
usually severely compromised.
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Glossary
Glass transition temperature The temperature at

which polymer molecules cease being

effectively locked into position and have

sufficient rotational energy to be able to coil

and uncoil.

Polymer resin A polymerized synthetic or

chemically modified natural material,

including thermoplastic materials such as

polyvinyl chloride and thermosetting

materials such as epoxy resins, which are

used with other components such as fillers to

form plastics.

Thermoplastic A polymeric material (e.g., nylon)

which is capable of being repeatedly

softened by increases in temperature and

hardened by decreases in temperature.

Thermoset/thermosetting A polymeric material

(e.g., an epoxy resin) which, upon curing,

results ina three-dimensionalstructureandthat

decomposes rather thanmelts upon heating.

Abbreviations
ABS Acrylonitrile butadiene styrene polymers

DSC Differential scanning calorimetry

FEP Flourinated ethylene propylene resins

HIPS High impact polystyrene

MBS Methacrylate butadiene styrene polymers

PBT Polybutylene terephthalate

PEEK Polyetheretherketone

PES Polyether sulfone

PMMA Polymethylmethacrylate

PP Polypropylene

PPO Polyphenylene oxide

PPS Polyphenylene sulfide

PS Polystyrene

PTFE Polytetrafluoroethylene

PVC Polyvinyl chloride

PVdC Polyvinylidene chloride

PVdF Polyvinylidene flouride

SBR Styrene butabiene rubber

SBS Styrene butadiene styrene triblock copolymer

Symbols
D G Change in Gibb’s free energy

D H Change in enthalpy

L Latent heat of vaporisation

P Partial polarity

D S Change in entropy

Tg Glass transition temperature

Tm Melting temperature

3.31.1 Introduction

From ancient times, organic materials, such as
beeswax, have been used for surface protection of
metallic and other artifacts. The nineteenth and espe-
cially the twentieth centuries saw huge advances1,2 in
surface coatings for the protection of metals against
corrosion. This development continues apace right
up to the present day. Some of the drivers of these
developments are not only the ever-present desire to
improve protection, but also to find materials and
systems which are less polluting and which conform
with increasingly stringent environment protection
legislation. The latter driver has, for example, led to
much work on waterborne coatings3 to replace systems
containing organic solvents, which were traditionally
simply lost to the atmosphere. It is also the driving
force behind the spectacular rise of polymeric materi-
als which has led to the replacement of metals as the
structural material in a vast range of manufactured
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items. A glance around any room will reveal many
plastic itemswhich formerly would have beenmetallic.

In the past, corrosion control has involved, in the
main, the use of metal alloys, protective coatings,
inhibitors, etc. Corrosion problems may now often
be circumvented by the use of organic polymers in
the form of plastics or rubbers.1 It must, however, be
stressed that such polymeric materials are not totally
inert to chemicals in their immediate environment,
including, possibly, to metallic substrates or contacts.

3.31.2 Definition of ‘Plastics’

In this section, both the terms ‘polymer’ and ‘plastic’
are encountered. The former is much easier to define
than the latter. A polymer, or macromolecule, may be
defined as a species with a molar mass much greater
than that encountered in common organic substances
such as alcohol, petrol, chloroform, etc., and which is
comprised of smaller, repetitive molecular units.
Although there is no specific definition that can uni-
versally define the polymeric (macromolecular) state, a
molecular mass of at least several thousand is generally
taken as indicating its start. Such polymer molecules
may be linear, branched, have a network structure, etc.
These different molecular geometries influence the
properties of the given polymer very significantly.4,5

It is difficult to provide a satisfactory definition of
the term ‘plastics’. Attempts at reasonably concise defi-
nitions tend to include certainmaterials such as rubbers,
adhesives, fibers, glasses and surface coatings which are
not usually considered as plastics, and to exclude a
number of materials such as bituminous plastics, shellac
and polytetrafluorethylene which usually are consid-
ered as plastics. In reality, the term becomes defined
by common usage rather than by a physical/chemical
description. However, in general, it may be said that
plastics are usually high-molecular-weight polymers
that at some stage in their existence are capable of
flow, but may also be brought into a non-fluid form in
which they have sufficient toughness and strength to be
useful in self-supporting applications. Although they
may be self-supporting, this does not exclude the possi-
bility of reinforcing the plastics with fibers, or other
fillers, or laminating them with other materials. Some-
times metals are coated with plastics, but usually at a
greater thickness than is common with surface coatings
such as paint films (which are, of course, also polymers).

The rapid rise of the plastics industry may be
attributed to a number of factors. Foremost has been
the fact that while many materials of construction

have been subjected to continual increase in their
price, the development of the petrochemicals indus-
try and economies of scale have, for most of the time,
led to reductions in the prices of plastics materials.
Thus, with the passage of time, more and more pro-
ducts constructed from traditional materials have
become cheaper to produce from plastics. The trend
of increased plastics usage seems bound to continue
in the foreseeable future, now driven by our ever-
increasing ability to make polymer molecules (plas-
tics) with better controlled molecular architectures6

and by better processing technologies.7

Such a growth also requires, of course, that plastics
possess properties suitable for the end uses envisaged.
It is now possible, by control of synthesis, by chemical
modification, by careful control of the relevant pro-
cessing technology (injection molding, extrusion,
etc.) or by the selective use of additives such as fibers,
nanofillers, etc., to make products varying widely in
their properties. The following is a list of some of the
salient properties expected of plastics materials.

1. Tenacity. While some plastics are rigid and others
flexible, all commercial materials show a degree of
strength and toughness when stressed rapidly,
superior to simple crystals and common glass.

2. Low thermal conductivity.
3. Low electrical conductivity.
4. Low heat resistance compared with common

metals. The vast majority of plastics will not with-
stand 100 �C for extended periods and only a very
few highly specialized products will withstand
temperatures of 400 �C and above.

3.31.3 The Chemical Nature of
Plastics

3.31.3.1 Free-Radical Addition
Polymerization of Monomers with Double
Bonds

In this case, the reactive double bond in a small
molecule, such as ethylene or propylene, allows it
to join another similar molecule.5 These small mole-
cules are known as monomer molecules. The chemi-
cal equation below shows this process for ethylene.
The value of n in the equation can typically exceed
10 000 and can rise above 1 000 000.

nCH2 ¼ CH2 ! ½�CH2�CH2��n
Such a molecule is referred to as a polymer,
in this case polyethylene. Styrene, propylene, vinyl
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chloride, vinyl acetate, and methyl methacrylate are
other examples of monomers that can polymerize in
this way. Sometimes, two monomers may be reacted
together so that residues of both are to be found in
the same chain. Such materials are known as copoly-
mers and are exemplified by ethylene–vinyl acetate
copolymers and styrene–acrylonitrile copolymers. If
there are three such repeat units in a given polymer,
it is termed a terpolymer.

3.31.3.2 Step-Growth Polymerization

In this case, reaction between two functional groups
occurs, which leads to the production of a polymer
and also a small molecule. This is a condensation
reaction. A good example of this type of chemistry
is the reaction between adipic acid and hexamethy-
lene diamine, which yields nylon-6,6 and water as the
small molecule:

nHOOCðCH2Þ4COOHþ nH2NðCH2Þ6NH2 !
½�OCðCH2Þ4CONHðCH2Þ6NH��n þ 2nH2O

Most nylons, polyesters, phenolics and a number of
other plastics are produced by this route.8

3.31.3.3 Rearrangement Polymerization

Here the mechanism resembles step-growth poly-
merization, but no small molecule is split at each
individual reaction step. In the first example, 1,4-
butane diol reacts with hexamethylene di-isocyanate
to give polyurethane:

nHOðCH2Þ4OHþ nOCNðCH2Þ6NCO !
½�OðCH2Þ4OOCNHðCH2Þ6NHCO��n

In the second, e-caprolactam, a ring compound opens
up to give nylon-6:

CH2

CH2

CH2 CH2

NH

CO

CH2

(CH2)5CONH
nn

The polymerization of e-caprolactam is commonly
known as a ring-opening polymerization, a technique
also used with other cyclic compounds such as ethyl-
ene oxide, propylene oxide and tetrahydrofuran.

3.31.3.4 Ionic Polymerization

In the case of ionic polymerization, the growing
polymer molecules (commonly referred to as

polymer chains) are temporarily terminated by
ionic groups, which may be anionic (anionic poly-
merization) or cationic (cationic polymerization).
The major advantage of this type of polymerization
is that it offers good control over the resulting molec-
ular architecture.8

Polymers may also be obtained from biological
sources.9,10 Cellulose, the principal constituent of
cotton and a major constituent of wood, is such a
polymer. So also are lignin, chitin from crustacean
shells, natural rubber, gutta percha, and proteins.
Sand (silica) may be considered as an inorganic poly-
mer. While many of these are unmodified, some, like
cellulose, cannot be considered as plastics in their
natural state, but if chemically modified, useful plas-
tics materials such as cellulose acetate, celluloid, and
ethyl cellulose may be obtained. Natural rubber is
clearly the basis of a huge worldwide industry.

3.31.4 The Physical Nature of
Plastics

Many polymers, such as polystyrene, consist of
long chain-like molecules of high molecular weight.
A typical average molecular weight for a polystyrene
sample is about 200 000 and since the molecular
weight of the monomer is 104 this implies that
there are around 2000 repeat units joined together
in a typical molecule taken from that sample. It is the
case in nearly all plastics that a given sample con-
tains molecules covering a distribution of molecular
weights. This distribution, in some cases, may be very
wide.5 Since the backbone carbon–carbon bonds can
rotate relatively freely, such molecules are most
unlikely to be stretched out, but are more likely to
be coiled up into what is referred to as a random-coil
conformation.11

In the case, for example, of polystyrene, the
molecules at room temperature do not have enough
rotational energy to twist around the backbone chemi-
cal bonds and so, in the mass, the polymer is rigid.
On heating above a certain temperature, sufficient
energy for such subchain movement is obtained and
on application of a shearing stress in processing such
as extrusion, the polymer molecules partly uncoil.
Chain segments slip past each other and, in the
mass, flow occurs. On cessation of stress, slippage
ceases, the chains again coil up and, on cooling, the
mass again hardens. If desired, the whole process
of heating, shearing and cooling may be repeated.
Materials that behave in this way are known as
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thermoplastics.7,11 Two points should, however, be
noted. Firstly, if cooling is faster than the chain
recoiling process, then a frozen-in molecular orienta-
tion will result. This can grossly affect the polymer
properties, in some cases adversely. Secondly,
repeated heating and shearing may be accompanied
by changes such as oxidation and polymer degrada-
tion, which will limit, in practice, the number of times
heating and cooling can be applied on a particular
polymer sample. In terms of tonnage, the bulk of
plastics produced are thermoplastics, a group that
includes the polyethylenes, polypropylene, polysty-
rene, polyvinyl chloride (PVC), the nylons, polycar-
bonates and cellulose acetate. There is, however, a
second class of materials, the thermosetting plas-
tics.7,11 They comprise long-chain molecules, similar
to a typical thermoplastic molecule, however, as
rather smaller molecules. They are formed, often in
a mold, into the desired final shape and then sub-
jected to chemical reaction, often by heating, in such
a way such that the molecules link with one another
to form a cross-linked network as shown in Figure 1.
As the molecules are now interconnected, they can
no longer slide extensively past one another and the
material is said to have set, cured or cross-linked.
Plastic materials behaving in this way are designated
as thermosetting plastics, a term which is also used to
include those materials that can be cross-linked with
suitable catalysts at room temperature. Important
thermosetting plastics include the phenolic resins,
melamine–formaldehyde resins, the epoxy resins
and unsaturated polyester resins used in glass-
reinforced plastics.

3.31.4.1 Thermoplastics

Thermoplastics may be considered in four subclasses:
(a) amorphous thermoplastics; (b) rubber-modified
amorphous thermoplastics; (c) plasticized amorphous
thermoplastics, and (d) crystalline thermoplastics.

3.31.4.1.1 Amorphous thermoplastics
These are made from polymers that have a suffi-
ciently irregular molecular structure to prevent
them from crystallizing. Examples of such materials
include polystyrene and polymethyl methacrylate.
The structural irregularity in these examples arises
from the free-radical addition polymerization process
used in their synthesis. This results in the repeat
unit side groups being present in essentially random
configurations,5 which is sufficient to prevent
crystallization.

At very low temperatures, these materials are
glass-like and rigid. On heating, a temperature is
eventually reached where the material softens. If the
polymer is of sufficiently high molecular weight, it
becomes rubbery above this temperature. The tem-
perature at which this occurs is known as the glass
transition temperature (Tg),

5,11 and is in effect the
temperature at which the polymer molecules have
sufficient rotational energy to be able to coil and
uncoil. As the individual polymer molecules, in their
random-coil conformations, interpenetrate each other,
the resulting chain entanglements prevent flow. At
higher temperatures there are two possibilities. Poly-
mers of moderate molecular weight may achieve such
energy that they can flow, while high molecular weight
materials may decompose before the flow point is
reached. This is shown schematically in Figure 2,

(b)(a)

(c)

Figure 1 Joining up of (a) long-chain molecules or (b)
branched molecules to produce (c) a cross-linked polymer.
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Figure 2 Temperature–molecular weight phase diagram

for amorphous polymers.
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which indicates the phases in which this type of
polymer can occur. It should be stressed that the
boundary lines will change position with change of
polymer type.

It can be seen that up to a certain molecular weight
a polymer may be processed either as a liquid (by
injection molding, extrusion, etc.) or as a rubber (by
vacuum forming, sheet blowing, hot pressing). In the
case of a polymer of much higher molecular weight, it
can be seen that it can only be shaped in the rubbery
state, and if it is intended to be processed by, say,
injection molding, then the molecular weight may
first have to be reduced. An important illustration of
this is with well-known acrylic materials such as Per-
spex (polymethyl methacrylate), which can have too
high a molecular weight to be injection-molded.

It is possible to make some generalizations about
the properties of amorphous thermoplastics.

1. The Tg will determine the maximum temperature
of use of the material as a rigid thermoplastic. For
amorphous rubbers, the Tg value will determine
the minimum temperature of use.

2. Below Tg, most amorphous polymers show a more
or less linear stress–strain curve with no yield
point. The tensile strengths are typically around
50MPa, elongation at failure usually less than
10%, and the elastic modulus typically around
2.5GPa. Since the area under the curve provides
a measure of the energy required to rupture the
specimen, and since this area is small, such poly-
mers will have a low impact strength (which is
closely related to the energy to break) and will
break with a brittle fracture.

3. They are generally more permeable to gases than
crystalline polymers. This is more so above Tg

than below.
4. They usually have a much wider range of solvents

than crystalline polymers.

3.31.4.1.2 Rubber-modified amorphous

polymers

The brittleness of amorphous polymers has been a
hindrance in their commercial development. How-
ever, for reasons now substantially understood, the
addition of rubbery polymers as dispersed droplets
into the glassy polymer can often lead to substantial
increases in impact strength,12 albeit usually at some
cost to tensile strength and, in many cases, to
transparency.

The most important polymers of this important
class are as follows.

1. High-impact polystyrene (a polystyrene modified
with a styrene–butadiene rubber (SBR) or a poly-
butadiene rubber).

2. ABS, which is based on a copolymer of acryloni-
trile, butadiene and styrene.

3. Methacrylate–butadiene–styrene polymers (MBS)
and related materials, which are chemically similar
to ABS but are often available in transparent form.

4. Rubber toughened epoxy resins.
5. High-impact PVC; in this case the impact modi-

fiers are not always rubbers, but the mechanism of
their action is probably similar.

3.31.4.1.3 Plasticized amorphous

thermoplastics
Certain plastics may be mixed with high boiling tem-
perature, low-volatility liquids to give products of
lower Tg. The most important example of this class
occurs with PVC, which is often mixed with liquids
such as di-iso-octyl phthalate, tritolyl phosphate,
or other diesters to bring the Tg below room temper-
ature. These liquids work by increasing the free
volume in the materials, thereby facilitating the
segmental motions that constitute the glass transition
process. If their volatility is a problem in a given
case, it may be possible to use either a polymeric
plasticizer13 or a chemically bound plasticizer.14 The
resultant plasticized PVC is flexible and to some
degree quite rubbery. Other commonly plasticized
materials are cellulose acetate and cellulose nitrate.

It is essential to appreciate that such plasticizers
may also considerably modify the chemical proper-
ties of the plastic material since the plasticizer may be
readily extracted by certain chemicals and chemically
attacked by others while the base polymer may be
unaffected.

3.31.4.1.4 Crystalline thermoplastics

While polymers such as polyethylene and nylon-6,6
do not show any regular external form, which is
characteristic of crystals, closer examination reveals
that they have many properties common to crystal-
line materials. They exhibit distinct X-ray diffraction
patterns5 and exhibit specific melting in differential
scanning calorimetry (DSC).5 Although the exact
nature of this crystallinity is not fully resolved in
some cases, it would appear that polymer segments
pass through zones in which molecular arrangement
is highly ordered, that is, crystalline. In some ways
these zones act like knots, or cross-links, holding the
individual molecules of such materials together.

2374 Polymeric Materials

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



The effect of heating crystalline polymers from low
temperatures is more complex than with amorphous
polymers. Initially, the material is rigid and hard.
As the temperature goes through the Tg, light crys-
talline materials soften slightly and become leather-
like, but highly crystalline materials show relatively
little change in properties. Further heating results
in the crystals melting, often over quite a wide tem-
perature range, and the polymer becomes rubbery.
Whether or not it melts or decomposes first on fur-
ther increase in temperature will depend on both the
particular polymer and its molecular weight.

A typical phase diagram for such polymers is
given in Figure 3. With such crystalline polymers,
the melting point, Tm, replaces the Tg as the factor
usually determining the maximum service tempera-
ture of thermoplastics and minimum service temper-
ature of rubbers. However, it is more difficult to make
generalizations about properties. The following
remarks may, however, be pertinent for crystalline
polymers.

1. Below Tg, tensile strengths are usually at least as
high for crystalline polymers as for amorphous
ones. Between Tm and Tg, the strength and rigidity
will be very dependent on the degree of crystal-
linity and to some extent on the molecular weight.
Tensile strengths commonly range from below 10
to around 90MPa.

2. In most cases, crystal densities differ from those of
amorphous polymers. This leads to differences in
refractive index, which in turn cause scattering of
light at boundaries between amorphous and crys-
talline zones. Such materials are opaque, except in
certain instances where the crystal structure can
be carefully oriented to prevent such scattering of
light.

3. The close molecular packing makes diffusion
more difficult than with amorphous polymers
compared under similar circumstances, that is,
either below Tg, or above Tg but below Tm, of
the crystalline polymer.

4. Thermodynamic considerations lead to consider-
able restriction in the range of solvents available
for such polymers.5,11

3.31.4.2 Thermosetting Plastics

If glycerol, a trihydric alcohol, reacts with phthalic
anhydride, three ester links can be made from each
glycerol unit. Continued reaction will eventually
cause the molecules to link up in a three-dimensional
network in which, theoretically at least, the whole
polymer mass becomes one giant molecule.

For reasons of production feasibility, such cross-
linked plastics are normally prepared in two stages.
In the first stage, either a low-molecular-weight
branched polymer or a higher-molecular-weight lin-
ear (unbranched) polymer is produced. Such materi-
als are thermoplastic and in most cases soluble in
some solvents. At a convenient (later) time, this
intermediate is subjected to heat, electromagnetic
radiation (such as ultraviolet), or chemical reactants,
such that the branched molecules join together, or
the linear polymers cross-link, thereby producing
an infusible, insoluble material. Since, in the early
days of the plastics industry, the cross-linking pro-
cesses required heat, these materials became known
as ‘thermosetting plastics.’ Today this term is com-
monly extended to materials which can cross-link at
room temperature: for example, many organic coat-
ing systems (or paints).

Because thermosetting plastics have an irregular
form, they are amorphous, and because of their net-
work structure, they are invariably rigid. They do not
dissolve without decomposition, but may swell in
appropriate solvents, the amount of swelling decreas-
ing with increasing cross-link density. Well-known
thermosetting plastics include the phenolics, urea–
formaldehyde and melamine–formaldehyde resins,
unsaturated polyesters and epoxy resins.

3.31.4.3 Reinforced Plastics

The mechanical properties of plastic materials may
often be considerably enhanced by embedding fibrous
materials in the polymer matrix.15 While such techni-
ques have been applied to thermoplastics, the greatest
developments have taken place with the thermosetting
plastics. The most common reinforcing materials are
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glass and cotton fibres,16 but many other materials
including paper, carbon fiber, inorganic whiskers, par-
ticulates including nanoscale particulates,15 are used.
Reinforcing fibers normally have a modulus of elastic-
ity that is substantially greater than the resin, so that
under tensile stress much of the load is borne by the
fibers. The modulus of the composite is, therefore,
intermediate to that of the fiber and of the resin.

In addition to the nature of resin and fiber, the
laminate properties also depend on the degree of
bonding between the two main components and on
the presence of other additives, including entrained
air bubbles. Because of this, some parts, fabricated
by simple hand build-up techniques, may exhibit
strengths no better, or even worse, than unreinforced
materials. This problem is often worst with glass
fibers, which are, therefore, normally treated with
special finishes to improve the resin–glass bond.

The highest mechanical strengths are usually
obtained when the fiber is used in fine fabric form,
but for many purposes the fibers may be used in mat
form, particularly glass fiber. The chemical proper-
ties of such laminates are largely determined by the
nature of the polymer, but capillary attraction along
the fiber–resin interface can occur when some of
these interfaces are exposed at a laminate surface. In
such circumstances, the resistance of both the rein-
forcement and the matrix must be considered when
assessing the suitability of a laminate for use in
chemically demanding situations. For more informa-
tion, the reader is referred to the article on polymer–
matrix composites.

3.31.5 Polymer Orientation

It is not difficult to appreciate that if polymer mole-
cules are aligned, as in Figure 4(a), then a much
higher tensile strength will be obtained if a test is
carried out in the X–X direction as opposed to the
Y–Y direction. It is also not difficult to understand

why such a material has lower impact strength than a
randomly coiled mass of molecules, Figure 4(b),
because of the ease of cleavage of the material paral-
lel to the X–X direction.15

Similar remarks may also be made where crystal
structures, or fiber reinforcements, are aligned rather
than the individual molecules. For fibers and fila-
ments such orientation is desirable, but for solid
objects where impact strength is often more impor-
tant than tensile strength such orientation is usually
unwelcome. It can also have further unwanted effects.
This arises from the fact that oriented molecules are
thermodynamically unstable and will at the first
opportunity try to achieve random-coil conforma-
tions. Thus, on heating samples up to temperatures
near Tg, severe distortion can occur, leading to
warped moldings.

Another serious effect, solvent stress cracking,17

occurs with liquids which are not in themselves sol-
vents but which may wet the polymer surfaces. These
facilitate relief of frozen-in stresses by surface cracking,
which can be a severe problem in usingmany injections
and blow moldings with specific chemicals. Examples
of this are white spirit with polystyrene, carbon tet-
rachloride with polycarbonates and soaps and sili-
cone oils with low-molecular-weight polyethylenes.

In addition to orientation in one direction (mono-
axial orientation), biaxial orientation is possible. This
is achieved when the sheet is stretched in two direc-
tions, resulting in layering of the molecules. This can
increase the impact strength, tensile strength and
solvent cracking resistance of polymers, and with
crystalline plastics the polymer clarity may also be
improved.

3.31.6 The Chemical Properties of
Polymers

It is common practice to talk about the chemical
resistance of polymers, unaware of the fact that this
can mean different things. To avoid this it is probably
wiser to differentiate between the following.

1. Resistance of a polymer to chemical attack result-
ing in breakdown of some covalent bonds and the
formation of new ones. This could involve molec-
ular breakdown initiated by heat or radiation,
including ultraviolet light.

2. Resistance to dissolution by liquids.
3. Resistance to cracking in aggressive environments.
4. Permeability to gases and liquids.

X X

Y

Y

(b)(a)

Figure 4 Polymer segment alignment: (a) parallel and
(b) random.
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It is also important to bear in mind that, for spe-
cific end uses, polymers are commonly mixed with a
number of additives such as plasticizers, stabilizers,
antioxidants, fillers, fire retardants, pigments, dyes
and other polymers, and that this may well have an
important influence on their chemical properties.
The following discussion will, however, be confined
to pure polymers.

3.31.6.1 Resistance to Chemical Attack

Expressed simply, the resistance of a polymer to
chemical attack may be said to be determined by
the following factors:

� the nature of the chemical bonds present,
� interactions between chemical groups that occur

repeatedly along the molecular chain, and
� the presence of occasional ‘weak-links.’

In commercial polymers, there are a rather limited
number of chemical bond types to be found and it is
possible to make a number of general observations
about the chemical reactivity in the following list of
examples.5,8,18

1. Polyolefins such as polyethylene and polypropyl-
ene contain only C–C and C–H bonds and may be
considered simply as high-molecular-weight par-
affins. Like the simpler paraffins, they are some-
what inert, and their major chemical reaction is a
substitution reaction, for example, halogenation.
In addition, the branched polyethylenes and all the
higher polyolefins contain tertiary carbon atoms
which are reactive sites for oxidation. Because of
this, it is necessary to add antioxidants to stabilize
the polymers against such oxidation. Some polyo-
lefins may be cross-linked by peroxides.

2. Polytetrafluoroethylene (Teflon) contains only
C–C and C–F bonds. These are both very stable
and the polymer is exceptionally inert.19 A num-
ber of other fluorine-containing polymers are
available, which may contain in addition C–H
and C–Cl bonds. These are somewhat more reac-
tive, and those containing C–H bonds may be
cross-linked by peroxides and certain diamines
and diisocyanates.

3. Many polymers, such as the diene rubbers, contain
double bonds. These will react with many agents
such as oxygen, ozone, hydrogen halides and halo-
gens. Ozone, and in some instances oxygen, will
lead to scission of the main chain at the site of the
repeat-unit double bond and this will have a

catastrophic effect on the molecular weight. The
rupture of one such bond per chain will halve the
average molecular weight.

4. Ester, amide, and carbonate groups are suscepti-
ble to hydrolysis. When such groups are found in
the main chain, their hydrolysis will also result
in a reduction of molecular weight. Where
hydrolysis occurs in a side chain, the effect on
molecular weight is usually insignificant. The
presence of benzene rings adjacent to these
groups may offer some protection against hydro-
lysis, except where organophilic hydrolyzing
agents are employed.

5. Hydroxyl groups are extremely reactive. These
occur attached to the backbones, for example, of
cellulose and polyvinyl alcohol.

6. Benzene rings in both the backbone structure and
on the side groups can be subjected to substitution
reactions. Such reactions do not normally cause
great changes in the fundamental nature of the
polymer. They seldom lead to chain scission or
cross-linking. However, the phenolic resins pro-
vide an important exception to this.

There are numerous examples of chemical reac-
tions consequent upon chemical groups that occur
repeatedly along a chain. In some cases, the reac-
tion occurs randomly between adjacent pairs of groups
such as in the reaction between aldehydes and poly-
vinyl alcohol and of zinc dust with polyvinyl chloride:
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In other instances the reactions appear to occur in
sequence down individual chains, for example, in the
depolymerization reactions of polyformaldehyde
(polyacetal) and polymethyl methacrylate, which
are referred to sometimes as unzipping reactions.
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In other cases, cyclization reactions can occur such as
on heating polyacrylonitrile.

CH2 CH2

CH2 CH2 CH2

CH

CN CN

CH

CH CH

C C

N N

C

CH

It is commonly found that polymers are less
stable, particularly to molecular breakdown at ele-
vated temperatures, than low-molecular-weight com-
pounds containing similar groupings. In part, this
may be due to the regular repetition of groups
along a chain as discussed above, but more frequently
it is due to the presence of weak links along the
chain. These may be at the end of the chain (termi-
nal) arising from specific mechanisms of chain initia-
tion and/or termination, or nonterminal, and due
to such factors as impurities that become built
into the chain, an aberration in the modus operandi
of the polymerization process or, perhaps, to branch
points.20

The combination of weak links and unzipping can
be catastrophic and has been a particular problem in
the commercial development of some polymers, in
particular polyacetals.21

3.31.6.2 Polymer Solubility

The solution properties of polymers have been sub-
jected to intensive study, in particular to complex
mathematical treatment.5,22,23 This section will, how-
ever, confine the discussion to a qualitative and prac-
tical level.5

One chemical will be a solvent for another if the
molecules are able to co-exist on a molecular scale,
that is, the molecules show no tendency to separate.
In these circumstances, the two species are said to be
compatible. The definition concerns equilibrium
properties and gives no indication of the rate of
solution, which will depend on other factors such as
temperature, the molecular size of the solvent and
the size of voids in the solute.

Molecules of two different species will be able to
coexist if the force of attraction between different
molecules is not less than the forces of attraction
between two like molecules of either species. This is
shown more clearly by reference to Figure 5, which
shows two types of molecules A and B. The average
forces between the like molecules are FAA and FBB,

and the average forces between dissimilar molecules
are FAB. If FAA was the largest of these three forces,
then the A molecules would tend to congregate or
cohere, rejecting the B molecules. A similar phase
separation would occur if FBB was the greatest.

It is, therefore, seen that only when FAB � FAA and
FAB � FBB will coexistence or compatibility be possi-
ble. Obviously, if it is possible to obtain some measure
of these forces, it should be possible to make predic-
tions about polymer solubility. What then is a suit-
able measure of the forces holding like molecules
together? One would expect the latent heat of vapor-
ization, L, to exceed that cohesion energy by an
amount corresponding to the work done by evapora-
tion, an amount approximating to RT, where R is the
gas constant and T the absolute temperature. Such a
diagram of (L – RT) might be a sufficient measure if
all of the molecules were of about the same size.

However, it is reasonable to suppose that compat-
ibility should not be greatly affected by molecular
size and that the shorter polymer molecules in
Figure 6(a) should be just as compatible as the longer
ones in Figure 6(b), although their theoretical latent
heats of vaporization will be greatly different. In such
circumstances, a reduced diagram of (L – RT )/M will
give a measure of intermolecular energy per unit
weight. Similarly, a measure of the intermolecular

FBB
FAB

FAA

Figure 5 Two different molecular species will be
compatible if FAB � FAA and FAB � FBB. In other

circumstances the molecules will tend to separate if they

have sufficient energy for molecular movement.
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Figure 6 Polymer molecules: (a) short and (b) long.
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or cohesion energy per unit volume will be given by
the following expression, where D is the density.

L� RT

M=D

This expression is known as the cohesive energy
density5,24 with units of megapascal. The square
root of this expression is more commonly encoun-
tered in quantitative studies and is known as the
solubility parameter and given the symbol d.

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L� RT

M=D

s
MPa1=2

The solubility parameter is, thus, an experimentally
determinable property, at least for low-molecular-
weight materials. In the case of polymers that cannot
be vaporized without decomposition, a method of
calculating from a knowledge of structural formula
has been devised by Small and others.24,25 It is now
possible to provide an estimate of FAA and FBB, but the
magnitude of FAB has to be considered separately for
each different system.

3.31.6.2.1 Amorphous nonpolar polymers and

amorphous nonpolar solvents

It is generally assumed in these circumstances, by
analogy with gravitational and electrostatic attrac-
tions, that FAB will be equal to the geometric mean
of FAA and FBB. Thus, if by definition FAA > FBB, then,
FAA > FAB> FBB. Considering these conditions, it can
be seen that compatibility will occur between amor-
phous nonpolar polymers and solvents only when
FAA¼ FAB¼ FBB; that is, when polymer and solvent

have similar solubility parameters (in practice to
within about 2MPa1/2). Reference to the values of d
in Tables 1 and 2 provides examples of this. For
example, natural rubber (unvulcanized) (d¼ 16.5) is
soluble in toluene (d¼ 18.2) and carbon tetrachloride
(d¼ 17.5) but not in ethanol (d¼ 25.9). Cellulose
diacetate (d¼ 23.2) is soluble in acetone (d¼ 20.4),
but not in methanol (d¼ 29.6) or toluene (d¼ 18.2).
It should be noted that apart from the problem of
achieving a molecular level of dispersion, it is not
necessary for the solvent to be liquid; it may be an
amorphous solid. Such tables are of greatest use with
nonpolar materials with values of d not exceeding
19.4MPa1/2 and when the polymers are amorphous.

3.31.6.2.2 Crystalline nonpolar polymers and

amorphous solvents

Most polymers of regular structure will crystallize if
cooled below the melting point, Tm. This is in accor-
dance with the thermodynamic law that a process
will occur only if there is a decrease in Gibbs free
energy (–DG) in going from one state to another.
Such a decrease occurs on crystallization as the mole-
cules pack in a regular fashion. Since a process occurs
only when it is accompanied by a decrease in free
energy, there is no reason why a crystalline nonpolar
polymer should dissolve in a solvent at temperatures
well below the melting point. However, as the melting
point is approached, the T DS term in the equation
below increases.

DG ¼ DH � TDS

Table 1 Solubility parameters (d) of polymers

Polymer d (MPa1/2) Polymer d (MPa1/2)

Polytetrafluorethylene 12.6 Polyethyl acrylate 18.8

Polychlorotrifluoroethylene 14.7 Polysulfide rubber 18.4–19.2

Polydimethyl siloxane 14.9 Polystyrene 18.8
Ethylene–propylene rubber 16.1 Polychloroprene rubber 18.8–19.2

Polyisobutylene 16.1 Polymethyl methacrylate 18.8

Polyethylene 16.3 Polyvinyl acetate 19.2

Polypropylene 16.3 Polyvinyl chloride 19.4
Polyisoprene (natural rubber) 16.5 Bisphenol A polycarbonate 19.4

Polybutadiene 17.1 Polyvinylidene chloride 20.0–24.9

Styrene–butadiene rubber 17.1 Ethylcellulose 17.3–21.0
Poly-t-butyl methacrylate 16.9 Cellulose dinitrate 21.5

Poly-n-butyl methacrylate 17.7 Polyethylene terephthalate 21.8

Poly-n-hexyl methacrylate 17.5 Acetal resins 22.6

Polybutyl acrylate 18.0 Cellulose diacetate 23.1
Polyethyl methacylate 18.4 Nylon 66 27.7

Polymethylphenyl siloxane 18.4 Polymethyl a-cyanoacrylate 28.8

Polyacrylonitrile 28.8
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Here, T is the absolute temperature, DS the entropy
change, and DH the enthalpy change. So, with
increasing temperature, DG can become negative
and dissolution can therefore occur.

Hence, at room temperature, there are no solvents
for polyethylene, polypropylene, poly-4-methylpen-
tene-1, polyacetal or polytetrafluoroethylene, but at
temperatures of about 30 �C below their melting
points solvents of similar solubility parameter are
effective. It should also be noted that at room tem-
perature swelling may occur in the amorphous zones
of the polymer in the presence of solvents of similar
solubility parameter.

3.31.6.2.3 Amorphous nonpolar polymers and

crystalline solvents

This situation is identical to the previous one, and
occurs, for example, when paraffin wax is mixed into
rubber above its melting point. On cooling, the par-
affin wax tends to crystallize, some of it on the surface
of the rubber. Such a bloom is one way of protecting a
diene rubber from ozone attack.

3.31.6.2.4 Amorphous polar polymers and

solvents

Molecules are held together by one, or more, of
four types of forces: dispersion, dipole, induction
and hydrogen bonding. In the case of aliphatic hydro-
carbons, the so-called dispersion forces predominate.
However, many covalent bonds contain dipoles, with
one end being partially positively charged and the
other partially negatively charged. Such dipoles may
interact with dipoles on other molecules and lead to
enhancement of the total intermolecular attraction.
Molecules that possess dipoles and interact in this
way are said to be polar. Many well-known solvents
(e.g., water) and polymers (e.g., PVC) are polar, and
it is generally considered that for interaction both
the solubility parameter and their degrees of polarity
should match. This is usually expressed in terms
of partial polarity,24 which expresses the fraction of
total forces due to dipole bonds. Some figures for
partial polarities (P) for solvents are given in
Table 2, but there is a lack of quantitative data on
the partial polarities of polymers. A comparison of

Table 2 Solubility parameters (d) and partial polarities (P) of some common solvents

Solvent d (MPa1/2) P Solvent d (MPa1/2) P

Dimethylpropane 12.9 0 Chloromethane 19.8 –

2-Methylpropene 13.7 0 Dichloromethane 19.8 –

Hexane 14.9 0 1,2-Dichloroethane 20.0 0
Ethoxyethane 15.1 0.03 Cyclohexane 20.2 –

Octane 15.5 0 Carbon disulfide 20.4 0

Methylcyclohexane 15.9 0 Acetone 20.4 0.69
2-Methylpropanoate 16.1 – Octanol 21.0 0.04

2,4-Dimethylpentan-3-one 16.3 0.3 Butanenitrile 21.4 0.72

2-Methyl butyl acetate 16.3 – Hexanol 21.8 0.06

Cyclohexane 16.7 0 2-Butanol 22.0 0.11
2,2-Dichloropropane 16.7 – Pyridine 22.2 0.17

3-Methyl-1-butyl acetate 16.9 – Nitroethane 22.6 0.71

Pentylacetate 17.3 0.07 Butanol 23.3 0.10

Tetrachloromethane 17.5 0 Cyclohexanol 23.3 0.08
Hexan-2-one 17.7 0.4 2-propanol 23.4 –

Piperidine 17.7 – Propanol 24.3 0.15

Xylene 18.0 0 Dimethyl formamide 24.7 0.77
Methoxymethane 18.0 – Hydrogen cyanide 24.7 –

Toluene 18.2 0 Acetic acid 25.7 0.30

1,2-Dichloropropane 18.4 – Ethanol 25.9 0.27

Ethyl acetate 18.6 0.17 Formic acid 27.5 –
Benzene 18.8 0 Methanol 29.6 0.39

4,4-Hydroxymethylpentan-2-one 18.8 – Phenol 29.6 0.06

Trichloromethane 19.0 0.02 Glycerol 33.7 0.47

1,1,2-Trichloroethene 19.0 0 Water 47.7 0.82
Tetrachlorethane 19.2 0.01

2-Hydroxyethoxyethan-2-ol 19.6 –
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polarities has to be made by common sense rather
than a quantitative approach. For example, hydrocar-
bon polymers would be expected to have a negligible
polarity and would then be more likely to dissolve in
toluene rather than diethyl ketone, although both
have similar solubility parameters.

3.31.6.2.5 Crystalline polar polymers and

solvents
It has already been pointed out that at temperatures
well below their melting point crystalline nonpolar
polymers will not interact with solvents, and similar
considerations can apply to a large number of polar
crystalline polymers. It has, however, been possible to
find solvents for some polar, crystalline polymers
such as the nylons, polyvinyl chloride and the poly-
carbonates. This is because of specific interactions
between polymer and solvent that may often occur
by, for example, hydrogen bonding.

For example, nylon-6,6 will dissolve in formic
acid, glacial acetic acid and phenol, solvents that
not only have similar solubility parameters but also
are capable of acting as proton donors while the
carbonyl groups on the nylon act as proton acceptors.

More interesting examples are givenwith PVC and
the polycarbonate of bis-phenol A – both are slightly
crystalline polymers. It is noticed here that while
dichloromethane is a good solvent and tetrahydrofu-
ran a poor solvent for the polycarbonate, the reverse is
true for PVC, yet all four materials have similar solu-
bility parameters. It would seem that the explanation
is that a form of hydrogen bonding occurs between the
polycarbonate and methylene chloride and between
PVC and tetrahydrofuran. In other words, there is a
specific interaction between each solvent pair:
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Many studies have been made to assess the
propensity to hydrogen bonding of chemical struc-
tures.24 As a result, the following broad generaliza-
tions may be made.

1. Proton donors include highly halogenated com-
pounds such as chloroform and pentachlorethane;
less halogenated materials are weaker donors.

2. Polar acceptors include, in roughly descending
order of strength, amines, ethers, ketones,

aldehydes, and esters, with aromatic materials
usually being more powerful than aliphatic ones.

3. Some materials such as water, alcohols, carboxylic
acids, and primary and secondary amines may be
able to act simultaneously as proton donors and
acceptors. Cellulose and polyvinyl alcohol are two
polymers that also function in this way.

4. A number of solvents such as the hydrocarbons,
carbon disulfide and carbon tetrachloride are quite
incapable of forming hydrogen bonds.

3.31.6.2.6 Rubbers and thermosetting

plastics

Covalently cross-linked rubbers and plastics cannot
dissolve without chemical change. They will, how-
ever, swell in solvents of similar solubility parameter,
the degree of swelling decreasing with increasing
cross-link density. The solution properties of the
thermoplastic elastomers, which are two-phase mate-
rials, are much more complex and dependent on
whether or not the rubber phase and the thermoplas-
tic domains are dissolved by the solvent.

3.31.6.3 Resistance to Cracking in
Aggressive Environments

It has been found with many rigid plastics materials
that, under stresses well below the normal yield
stress, cracking occurs in environments where the
polymer will be unaffected when free of stress. The
mechanism for this stress-cracking phenomenon is
not fully understood and, indeed, there may well be
different mechanisms in different circumstances.
There do, however, appear to be four main types.

� Solvent cracking of amorphous polymers.
� Solvent cracking of crystalline polymers.
� Environmental stress cracking.
� Thermal cracking.

Examples of solvent cracking of amorphous
polymers26 are polystyrene with white spirit, poly-
carbonate with methanol and polysulfone with ethyl
acetate. The propensity to solvent stress cracking is,
however, far from predictable, and intending users of
a polymer should check on this before use.

In the case of crystalline polymers, it may be that
solvents can cause cracking by activity in the amor-
phous regions of these more complex morphologies.
Examples of this are benzene and toluene with poly-
ethylene. In polyethylene, however, a greater prob-
lem is that of environmental stress cracking,17 which
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occurs with materials such as soap, alcohols, surfactants
and silicone oils. Many of these are highly polar mate-
rials that cause no swelling, but are simply absorbed
either into, or on to, the polymer. This appears to
weaken the surface and allows cracks to propagate
from minute flaws. Cracking caused by heat (thermal
cracking) appears to act in a similar manner, but in this
case oxygen is the aggressive environment, becoming
active at 70–80 �C with some polyethylenes.

3.31.6.4 Diffusion

The efficacy of polymers when used to protect metals
from corrosive environments is, of course, strongly
influenced by their efficiency as barrier materials.
When applied to metals by some techniques, such
as fluidized-bed coating, there is always the danger of
‘macrodiffusion’ through pinholes, which are gross
imperfections in the surface region and which do
not have to be visible to be very much greater than
the dimensions of penetrating molecules.

Assuming, however, that the film is continuous,
the concern then is with the permeability of the
corrosive fluids in the polymer film. This involves
both the dissolution of the fluid into the polymer,
which will be determined by the conditions discussed
previously, and the rate of diffusion of the fluid
through the polymer. This has been discussed else-
where18,27 in detail, but may be summarized as follows.

1. The lowest diffusion rates occur with crystalline
polymers below the Tg, since there is very little
space through which diffusing molecules may pass.

2. Amorphous polymers below the Tg have a some-
what higher permeability, but diffusion is still
difficult.

3. For amorphous polymers above the Tg, that is, in
the flexible and rubbery states, there is more space
(free volume) available through which diffusing
molecules may pass, and so these materials show
comparatively high diffusion rates with low-
molecular-weight diffusing fluids.

4. For crystalline polymers between Tg and Tm, the
diffusion rate is very dependent on the degree of
crystallization.

3.31.7 Review of Commercial
Plastics

3.31.7.1 Amorphous Thermoplastics

3.31.7.1.1 Polyvinyl chloride

PVC28 is one of the two most important plastics in
terms of tonnage and shows many properties typical

of rigid amorphous thermoplastics. However, PVC is
not a truly amorphous polymer in that it has short
stereoregular repeat unit sequences which can lead to
crystallinity values up to about 10 vol.%. PVC softens
at about 70 �C, burns only with difficulty, but is
thermally unstable. To reduce this instability, stabi-
lizers are invariably compounded into the polymer.

Being slightly crystalline, there are a few good
solvents, the best known of which are nitrobenzene,
cyclohexanone, and tetrahydrofuran. When mixed
with certain nonvolatile solvents such as some phtha-
lates, adipates, and phosphates, flexible materials are
obtained, which are referred to as plasticized PVC.

In order to improve toughness, many rubbers and
other soft polymers may be used as additives to
modify the compound. Some copolymers based on
vinyl chloride are available of which the most impor-
tant are the vinyl chloride–vinyl acetate materials
used in flooring compositions and surface coatings.

3.31.7.1.2 Polystyrene

The volume of expanded polystyrene (PS) produced
probably exceeds the total volume production of all
other plastics (excluding the polyurethanes). About
half the tonnage of polystyrene produced is in the
form of high-impact polystyrene (HIPS): a complex
blend containing styrene–butadiene rubber or polybu-
tadiene.7,19 Styrene–acrylonitrile (SAN) has improved
heat resistance, oil resistance and slightly better
impact strength.

3.31.7.1.3 Acrylonitrile–styrene–butadiene

polymers (ABS)

These are complex blends and copolymers of excel-
lent toughness.7,19

3.31.7.1.4 Poly(methyl methacrylate)

Poly(methyl methacrylate) (PMMA)7,19 is used
mainly where high light transmission and excellent
weathering properties are of greatest importance.
This polymer is the most well known of a very wide
range of acrylic polymers that find use as rubbers,
fibers, plastics, adhesives and surface coatings. The
sheet forms (Perspex, Plexiglas, Oroglas) are often of
high molecular weight and dissolve only with some
difficulty.

3.31.7.1.5 Polyvinyl acetate and derivatives

Polyvinyl acetate is used largely for coating applica-
tions,7,19 but the derivative polyvinyl alcohol will,
provided there are some residual acetate groups,
dissolve in water. Reaction products of polyvinyl
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alcohol with aldehydes such as polyvinyl formal and
polyvinyl butyral are also commercially available
materials.

3.31.7.1.6 Cellulose-based plastics

These long-established materials9,10 have limited
chemical resistance. Ethyl cellulose is, however,
often used in conjunction with mineral oil for hot-
melt strippable coatings for protecting metal parts
against corrosion and marring during transport and
storage.

3.31.7.2 Crystalline Plastics

3.31.7.2.1 Polyethylene

The polyethylenes (high density, low density, linear
low density, etc.) are among the largest tonnage poly-
meric materials produced worldwide.7,19 They are
attacked by only a few chemicals, are not swollen by
water or common organic solvents, but are susceptible
to environmental stress cracking in the presence of
certain detergents, esters, alcohols and silicones. Com-
mercial materials vary in the regularity of their molec-
ular structure, the more regular grades having a higher
density and rigidity and lower gas permeability.

3.31.7.2.2 Polypropylene
Polypropylene has similar chemical properties to
polyethylene, but is less susceptible to environmental
stress cracking. It may also be used at somewhat
higher temperatures.7,19

3.31.7.2.3 Other polyolefins

A variety of other crystalline polyolefins such as
polybutene-1 (improved creep resistance over poly-
ethylene), poly-4-methyl pentene-1 (excellent tem-
perature deformation resistance) and ethylene-vinyl
acetate polymers (greater flexibility) are available.7

3.31.7.2.4 Polytetrafluorethylene
Polytetrafluorethylene (PTFE) does not absorb
water, has no solvents and is almost completely
inert to chemical attack, except by molten alkali
metals and sodium in liquid ammonia. Furthermore,
it does not soften below 320 �C, is electrically inert
and has a very low coefficient of friction. It is more
expensive than general-purpose plastics, requires
special fabrication techniques, is degraded by high-
energy radiation and has a low creep resistance.7,19

3.31.7.2.5 Other fluorine-containing plastics
These materials7,19 in general, attempt to compro-
mise between the exceptional end-use properties of
PTFE and the greater ease of processing of other
thermoplastics. Examples include polychlorotrifluor-
oethylene, tetrafluoroethylene–hexafluoropropylene
copolymers (FEP resins), and polyvinylidene fluo-
ride. Polyvinyl fluoride is available in film form with
excellent weathering resistance.

3.31.7.2.6 Polyamides (nylons)

The main types of nylon7,19 are oil and petrol resis-
tant, but on the other hand susceptible to high water
absorption and hydrolysis. There are a few solvents
which include phenol and formic acid. Special grades
include a water-soluble nylon, amorphous copoly-
mers and low-molecular-weight grades used in con-
junction with epoxy resins. Transparent amorphous
polyamides are also now available.7

3.31.7.2.7 Polyformaldehydes

(polyoxymethylenes, polyacetals)

These are physically similar to general-purpose
nylons, but with greater stiffness and lower water
absorption. There are no common solvents, but
swelling occurs in liquids of similar solubility param-
eter. Poor resistance to ultraviolet light and limited
thermal stability are two disadvantages of these
materials.7,19

3.31.7.2.8 Other polyethers

The chlorine-containing polyether ‘Penton’ has
excellent resistance to mineral acids, strong alkalis
and most common solvents.29 However, it is not
recommended for use with oxidizing acids such as
fuming nitric acid. Poly-2,6-dimethyl phenylene
oxide (PPO) and certain related materials are similar
to the nylons, but have superior heat resistance.
These polymers are somewhat liable to stress-cracking
problems.7,19 Several polyethers are used as intermedi-
ates in the preparation of polyurethane foams, while
others such as polyethylene glycol are water soluble.7

3.31.7.2.9 Linear polyesters

Polyesters 7,19 may be obtained in a wide variety of
forms including rubbers, fibers, films, laminating
resins, surface coatings and thermoplastic molding
powders. The last named are somewhat similar to
the nylons, but are more rigid. Chemical applications
are limited because of their sensitivity to alkaline
solutions and hot water.
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3.31.7.2.10 Polycarbonates and polysulfones
These are tough materials with heat resistance better
than most thermoplastics. They are resistant to attack
by acids and alcohols, but the polycarbonates are
sensitive to alkalis.7,19

3.31.7.3 Thermosetting Resins

These materials7,19 often have better heat resistance
than thermoplastics. Thermosetting resins are used in
a variety of guises including surface coatings, but as
plastics they are most frequently used in molding
compositions and laminates. The tensile strength of
unfilled rigid thermosetting resins is of the same
order as for amorphous thermoplastics, that is,
about 55MPa, but this value may be greatly affected
by the choice of fillers. For example, polyester–glass
chopped-mat laminates often have tensile strengths
in excess of 100MPa, while values several-fold higher
may be achieved by using carbon or boron fibers with
epoxy resins. Further increases are becoming possi-
ble through the use of nanofillers.

3.31.7.3.1 Phenol–formaldehyde (phenolic)

plastics

The chemical resistance is affected by the type of
phenol used, cresols giving the best acid resistance,
while xylenols are often used to obtain the best alkali
resistance. For chemical-resistant applications, the
fillers used in the molding powder and in the reinfor-
cing material in laminates should be inorganic, for
example, glass. These resins7,19 are usually dark in
color.

3.31.7.3.2 Aminoplastics

In this group, melamine–formaldehyde resins7,19 with
their good heat resistance, scratch resistance, and
stain resistance, are usually preferred to urea–
formaldehyde resins, where chemical resistance is
important. Unlike the phenolics, these materials are
not restricted to dark colors.

3.31.7.3.3 Unsaturated polyesters

It is possible to prepare unsaturated polyester-based
laminates without application of external heat and
pressure, thereby facilitating the manufacture of
large objects such as boats using simple equipment.
The laminates have somewhat limited chemical resis-
tance, being attacked by many acids, alkalis and
organic solvents.7,19 Glass fiber is the common reinfor-
cing agent, and in some products there is a tendency

for capillary action to occur along the fiber bundles.
Distilledwater, in general, is more active in this respect
than aqueous salt solutions, including seawater.

3.31.7.3.4 Epoxy and furan resins
These important materials,7,19 somewhat more
expensive than the polyesters, may also be fabricated
without the use of pressure, and at ambient tempera-
tures, if so desired. They are markedly superior to
polyesters in chemical resistance, particularly towards
alkalis.

3.31.7.3.5 Silicones

This term is given to a wide range of polymers7,19

including fluids, rubbers and thermosetting resins.
Although rather expensive compared to most other
plastics, they are particularly noted for their thermal
stability and their water repellency.

3.31.7.3.6 Polyurethanes

These are another large class of polymers7,19,30 that
are available in a wide range of forms, including rigid
and flexible rubbers, foams, surface coatings and
adhesives. The solid polymers, including the rubbers,
have particularly good abrasion resistance. The poly-
urethanes, as a class, are somewhat lacking in resis-
tance to acids and alkalis, and to the prolonged action
of water and steam.

3.31.8 Polymers with Enhanced Heat
Resistance

Very often, a desirable feature of a plastic material is
its low softening point which enables it to be melt-
processed at temperatures much lower than those
normally used for metals and inorganic glasses. The
ever-more sophisticated uses to which plastics materi-
als have been put have, however, led to the demand for
newer polymers with improved heat resistance to sup-
plement those materials already available such as
PTFE and the polycarbonates. For example, the poly-
imides (e.g., bismaleimides) are a developing class of
polymer with good high temperature properties.7,19

Factors that need to be taken into account at high
temperatures are the flammability of the polymer,
or a compound from it, and the smoke evolution
characteristics of the polymer and its degradation
compounds. In general, the maximum service tem-
perature for which a polymer may be used in a given
application (i.e., prior to serious oxidative degrada-
tion, including burning) depends generally on two
independent factors.
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1. The thermal stability of the polymer, particularly
in air.

2. The softening behavior of the polymer.

Polymer thermal stability is largely concerned with
chemical reactivity, which may involve oxygen, ultra-
violet radiation or depolymerization reactions. The
presence of weak links and the possibility of chain
reactions involving polymer chains may lead to poly-
mers having lower thermal stability than predicted
from studies of low-molecular-weight analogues.

The softening behavior of a thermoplastic mate-
rial depends to a large extent on the flexibility of the
chains and their ability to crystallize. Significant
cross-linking of a reasonably stiff-chained polymer
will lead to material that is unlikely to soften below
its decomposition temperature. Intermediate to the
linear and cross-linked polymers are various ‘ladder
polymers’ in which the polymer molecule consists of
a pair of more or less parallel chains bridged in a
manner analogous to the rungs of a ladder.31,32

Resistance to burning depends on many factors. It
is, however, to be noted that those polymers that burn
only in air enriched with oxygen tend to have high
carbon-to-hydrogen ratios and/or may also emit mate-
rials during degradation, such as hydrogen chloride,
which are inherent flame retardants. Low smoke emis-
sion is also often associated with a high carbon-to-
hydrogen ratio. Table 3 gives some collected data for
the limiting oxygen index, the minimum percentage of
oxygen in an oxygen/nitrogenmixture that will sustain
combustion under a specified set of test conditions.

Polyimides, obtained by reacting pyromellitic dia-
nhydride (1,2,4,5-benzenetetracarboxylic anhydride)
with aromatic amines, can have ladder-like structures
and commercial materials that may be used up to
temperatures in excess of 300 �C are available. They
are, however, somewhat difficult to process. Thus, the
polyamide-imides, which are easier to process but
have lower heat resistance, have been developed.
One disadvantage of polyimides is their limited resis-
tance to hydrolysis; therefore, they may crack in
aqueous environments above 100 �C.7,19

The polyether imides show much better hydro-
lytic stability with little change in tensile strength
after exposure to water at 100 �C for 1 year. These
materials also show exceptional resistance to mineral
acids and are unharmed by most hydrocarbons
including gasoline (petrol) and oils.

Although all commercial polysulfones are, in fact,
polyethersulfones, the latter term is given to specific
polysulfones that have improved heat resistance.

Commercial polymers now have values of Tg ranging
from 190 to well above 300 �C, but the cost generally
increases sharply with Tg.

7,19 Polyether ether ketones
(PEEKs)7,19 are similar to polyethersulfones; how-
ever, unlike the polysulfones, these materials are
crystalline and have higher maximum service tem-
peratures. They also have better resistance to hydro-
lysis at elevated temperatures than the polymides.
Polyarylates are highly aromatic linear polyesters
with relatively high values of Tg (up to 194 �C) and
are self-extinguishing.7,19

Polyphenylene sulfides,7,19 when glass-fiber filled,
have high temperature ratings, second only to PEEKs
among commercial thermoplastics. These materials
often have better resistance to environmental stress
cracking than the polysulfones and have found use in
automotive applications because of their resistance to
corrosive engine exhaust gases, ethylene glycol and
gasoline.

3.31.9 Thermoplastic Rubbers

These materials7,19 have characteristics of both rub-
bers and thermoplastics. At room temperature they

Table 3 Limiting oxygen index data for a variety of

polymers (unfilled)

Polymer Limiting oxygen
index (%)

Polyacetal 15

Polymethyl methacrylate (Perspex) 17

Polypropylene (PP) 17

Polyethylene (PE) 17
Polybutylene terephthalate (PBT) 18

Polystyrene (PS) 18

Polyethylene terephthalate (PET) 21
Nylon 6 21–34

Nylon 66 21–30

Nylon 11 25–32

Polyphenylene oxide (PPO) 29–35
Acrylonitrile butadiene styrene (ABS) 29–35

Polycarbonate of bisphenol A 26

Polysulfone 30

Polyimide 32
Polyarylate 34

Polyether sulfone (PES) 34–38

Polyether ether ketone (PEEK) 35
Phenol-formaldehyde resin 35

Polyvinyl chloride (PVC) 23–43

Polyvinylidene fluoride (PVdF) 44

Polyamide-imide 42–50
Polyphenylene sulfide (PPS) 44–53

Polyvinylidene chloride (PVdC) 60

Polytetrafluoroethylene (PTFE) 90
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behave like cross-linked rubbers, but at elevated tem-
peratures the cross-links, in the form of separated
phases in block copolymers such as SBS (styrene–
butadiene–styrene triblock copolymer), or ionic clus-
ters or crystallites, break down and the materials may
be processed like a thermoplastic. Unlike truly cross-
linked (vulcanized) rubbers, these materials may be
capable of dissolution in solvents, although not nec-
essarily at room temperature.

SBS thermoplastic elastomer is a block copolymer
consisting of a block of butadiene units end-capped
by polystyrene blocks. Below the Tg, the polystyrene
blocks from different chains congregate into polysty-
rene domains, which act as both cross-links and rein-
forcing fillers. The polymers will dissolve in certain
hydrocarbon solvents. Hydrogenated SBS materials
have better resistance to ageing.

Thermoplastic polyester rubbers7,19 are also block
copolymers consisting of polyether and polyester
sequences. The polyester groups are capable of crys-
tallization and the crystal structures, in this case, act
as the physical cross-links. These materials have good
hydrocarbon resistance. Similar thermoplastic poly-
amide rubbers are also available. Thermoplastic
polyolefin rubbers are usually blends based on poly-
propylene and ethylene–propylene rubbers. They are
not resistant to hydrocarbons.
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Glossary
Extrusion A manufacturing process in which a

softened blank of plastic material is forced

through a shaped die to produce a

continuous ribbon of the formed product.

Gelcoat A polymer material that is used to provide

a high-quality finish to the visible surface of a

fiber reinforced composite material.

Polymer resin A polymerized synthetic or

chemically modified natural material

including thermoplastic materials such

as polyvinyl, and thermosetting materials

such as epoxies, that are used with

other components such as fillers to form

plastics.

Pultrusion A manufacturing process that consists

of pulling a fiber reinforcing material through

a resin impregnation bath and a shaping die

prior to final curing.

Thermoplastic A polymeric material (for example

nylon) which, upon curing, forms one- or two-

dimensional molecular structures and is

capable of being repeatedly softened by

increases in temperature and hardened by

decreases in temperature.

Thermoset/thermosetting A polymeric material

(e.g., epoxy) which, upon curing, results in a

three-dimensional structure and

decomposes rather than melting upon

heating.

Abbreviations
CPI Chemical processing industry

CRA Corrosion resistant alloy

DCB Double cantilever beam

DMA Dynamic mechanical analysis

DSC Differential scanning calorimeter

ECR Corrosion resistant e-glass

ESC Environmental stress cracking/corrosion

FRP Fiber reinforced plastic

FTIR Fourier transform infrared

GC Gas chromatography

GRP Glass reinforced plastic

MS Mass spectroscopy
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TGA Thermogravimetric analysis

TMA Thermomechanical analysis

UV Ultraviolet

Vf Fiber volume fraction

Symbols
c Chlorine dioxide concentration (g I�1)

t Time (s)

Tg Glass transition temperature

t95 Time to reach 95% of original property (s)

B Factor in the presence of deposits

D Diffusion coefficient (m2 s�1)

Ea Activation energy (J mol�1)

E11 Young’s modulus in the fiber direction (GPa)

E22 Young’s modulus transverse to the fiber

direction (GPa)

G12 Shear modulus (GPa)

Mt Total mass absorbed at time t (kg)

M1 Total mass at equilibrium (kg)

R Universal gas constant (J K�1 mol�1)

T Temperature (K)

W Rate of weight loss (kg s�1)

a Corrosion depth factor

F Depth of corrosion (m)

3.32.1 Introduction

In the past, the primary reason for the use of fiber
reinforced plastics (FRPs) is because of weight saving

for their relative stiffness and strength. As an exam-
ple, a carbon fiber composite can be five times stron-
ger than 1020 grade steel while having only one-fifth
the weight. Aluminum (6061 grade) is much nearer in
weight to carbon fiber composite, but the composite
can have twice the modulus and up to seven times the
strength. A comparison of some properties of metals
and composites is shown in Figure 1.

A composite, which is generically a material that is
made up of two or more distinct (i.e., macroscopic,
not microscopic) materials, comes in different con-
figurations but is essentially a plastic material within
which there are embedded fibers or particles. The
plastic, or more correctly a polymer, is more often
termed the matrix or sometimes the resin. The fibers
or particles dispersed within the polymer are known
as the reinforcement. The reinforcement is generally
orders of magnitude stiffer than the matrix, thus
resulting in a stiffened plastic. This stiffer reinforce-
ment can either be randomly distributed short fibers
or continuous fibers (sometimes in mat form) that are
laid in a particular direction within the matrix. The
resulting material thus may have different properties
in different directions (anisotropic or orthotropic,
depending on the lay-up). This characteristic is usu-
ally exploited to optimize the design and results in
the composite material being tailorable in that its
mechanical properties can be formed to meet specific
directional loading.

Most engineering materials are essentially isotro-
pic. That is, they have the same properties such as
strength and modulus in any direction. There may be
‘grain’ in some metals because of the manufacturing

Comparison of strength for metals and composites at different fiber volume fraction (vf)

A B C D E F G H I J

Key:
A - Steel (high strength FV520)
B - Aluminum (structural 7075-T6)
C - Titanium (aircraft Ti6A1-4 V)
D - GRP (random 40% vf)
E - Nylon (glass-fill 30% vf)
F - Glass (2D woven  50% vf)
G - Carbon (2D satin 50% vf)
H - Aramid (2D satin 50% vf)
I - Carbon (uD 65% vf)
J - Aramid (65% vf)
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Figure 1 Comparison of specific strength of different metals and FRPs (www.merl-ltd.co.uk).
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process, but it is only in critical applications that this
matters. Most machining or casting processes do not
have to take directional differences into account.
Because of the different fiber orientation, mentioned
above, most composites will have very different prop-
erties in different directions. For example, a carbon
FRP may be up to 100 times stronger under tension
than it is in shear, and the stiffness may differ in the
two directions by similar ratios.

Several different terms have been used by differ-
ent industries to describe a composite material, and
these acronyms have become jargons. More technical
descriptions include:

None of these terms are incorrect, although some
cover a wider range of material classes. FRP is a
generic term andwill be used throughout this chapter
when referring to composite materials generically.

Both thermosetting and thermoplastic polymers
can be used for the matrix material, and the most
common thermosetting matrix materials include
polyester, vinyl ester and epoxy, and bismaleimide
for higher-temperature applications. Thermoplastic
matrix materials tend to have higher performance
ability and include polymers such as polyimide, phe-
nolic, polypropylene, polyetheretherketone (PEEK),
and polyphenylene sulfide (PPS).

Another primary benefit of FRPs is their durabil-
ity in hostile environments, often termed corrosive
environments, although in reality, composite materi-
als do not ‘corrode.’ While the matrix is primarily the
binder that transfers the load to the reinforcement, it
is also very resilient to environmental attack. The
type of resin needs to be carefully selected so that
it can withstand the service temperature (high or
low) conditions, and it should not be significantly
affected within its lifetime by fluids (gases or liquids)
with which the FRP will come into contact. Hence,

FRPs are used in very corrosive applications such
as for acid storage in the chemical processing indus-
try and longevity in marine environments such as in
vessels and offshore oil and gas applications. These
applications are discussed in more detail in this
chapter.

The effect of exposure to various environments
such as heat, moisture, solvents, acids, ozone, hydro-
carbons, loads, etc., and more importantly a combina-
tion of these parameters, may degrade the material’s
key properties. For load bearing applications, these
properties may include stiffness and strength. Cracks
may appear and accumulate ultimately leading to
failure. For fluid containment applications, cracks
may coalesce leading to a leak path for this fluid
even though the structure is globally still intact.
Despite these safety critical uses, the degradation of
an FRP is still not a well understood phenomenon
compared to the corrosion of metals.

The reason that the long-term degradation of
FRPs is not well understood is because it is a very
complex process with many interrelated factors and
has led to much ongoing research into the topic.
Degradation is often given the generic term ‘ageing’
that can include the more benign physical ageing
effects such as swelling from moisture absorption,
that is largely reversible, to the more serious chemi-
cal ageing where material properties are permanently
(irreversibly) degraded. Additionally, synergistic
effects to ageing from mechanical loading, such as
creep, need to be considered in isolation (or in addi-
tion) to that associated with the environment and
often change the rate of degradation. Environmental
ageing of FRPs occurs from the surface or edge
inwards and requires time to penetrate into the mate-
rial’s center, and the rate of ageing can be directional
(like the mechanical properties); further, it is gener-
ally dependent on the temperature and stresses. The
complexity described above makes predicting ageing
around detailed geometries such as stress concentra-
tions nontrivial.

Added to the issue of ageing of FRP materials
is the variety of different manufacturing methods
available to manufacture components. The reader
is pointed toward the works of Jones,1 Matthews
et al.,2 and in ASM Handbook3 for detailed informa-
tion on manufacturing. The methods available depend
very much on the nature and quality of the component
to be manufactured. For the low-end marine industry,
uncured resin is poured over chopped glass fibers laid
in a mould to form what is often termed ‘fiberglass.’
A step-up on this approach is known as filament

GRP Glass reinforced plastic (in which the fiber is
glass and the resin is any of the polymer

resins)

GRE Glass reinforced epoxy (in which the fiber is
glass and the resin is an epoxy)

FRP Fiber reinforced plastic (in which the fiber may

be any of those listed above and the resin is
any of the polymer resins)

CFRP Carbon FRP (in which the fiber is carbon and

the resin is any of the polymer resins)

PMC Polymer matrix composite
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winding where the fibers are wrapped around a net-
shape mandrel, and the resin poured on or the fibers
are dipped in the resin before winding. Both methods
are low-cost manufacturing techniques and the resin
is generally cured at room temperature. Alternative
lower-cost manufacturing methods include injecting
the resin into a mould or extruding or pultruding
the composite profile through a die to form the part
desired. Additionally, resin-rich layers, known as gel
coats can be put on the outside of the parts for better
resistance or appearance. To improve the quality and
performance of the resin, vacuum, pressure and tem-
perature are used in a variety of combinations.
A vacuum is employed by placing the component in
a bag and the vacuum is used to help to pull the resin
through the fibers and, more importantly, to remove
air and other gases from the final composite part
reducing porosity. Pressure is used on the outside of
the vacuum bag to help form and consolidate the part
again, helping to reduce porosity. Temperature is used
for stronger resins to assist in curing and consolidation.
The combination of these three manufacturing para-
meters requires an autoclave and produces a high-
quality, high-strength part and is still the manufacturing
method of choice for the aerospace industry.

A further difficulty is introduced with the need to
predict long-term ageing using short-term testing and
analysis. For long-term life prediction based on
short-term data, representing the true service history
(load, temperature, time, fluid, etc.) for long-term
structural life prediction is a vital step to validate
any short-term-based predictive methodology. The
coupon tests must reflect the effect of ageing on the
polymer (i.e., matrix-dominated properties) because
the fibers may mask any property loss in the resin.
However, fibers can sometimes degrade in some
environments quicker than the polymer and addi-
tionally the fiber–matrix interface can be attacked
and this too must be represented in any accelerated
ageing methodology. Further, the chemical bond
between the fiber and resin itself (often know as the
interface region) can be degraded. All of these degrada-
tion methods are important to understand. Loss of fiber
properties greatly reduces the strength and stiffness of
the FRP laminate because that is their main purpose.
Similarly, a break down of the bond between the fiber
and the resin leads to the fibers not providing stiffness
and strength through transfer of shear between the two.
Reduction of properties of the resin is also important
because it provides the load transfer between fibers.

It is this shortage of long-term data or of an
accelerated ageing methodology to determine the

residual properties of a FRP component at any time
in its life that still hinders the uptake of FRPs in some
applications. However, over the decades when com-
posites have been used, much has been learned, and
this chapter addresses some of this work detailing the
nature of ageing of composites and the use of com-
posites in certain industry sectors where corrosion or
degradation is an issue. This chapter will describe
how it is the degradation or ageing of a composite
that needs to be understood when these materials are
used in hostile environments. This chapter is not
intended to be a general introduction to FRPs;
there are many publications available for this pur-
pose1–3 or informative internet-based sites such as
The Virtual Composite Material Consultant.4

3.32.2 Ageing Mechanisms

The ageing of an FRP comprises an ongoing devel-
opment of damage that is dependent on the type of
polymer matrix, the fiber type and architecture, the
fiber volume fraction and the operating conditions of
temperature, relative humidity, oxidative attack, sol-
vent infusion, internal moisture concentration, air
pressure, mechanical loads, and the time of exposure.
These degradation factors are often related and vary-
ing. For example, a FRP pipe used to transport
hydrocarbons may experience hot oil field fluids
internally, ultraviolet (UV) radiation from sunlight,
and moisture externally, external loads from supports
and other loading. The external temperature may
vary between �40 and þ40 �C depending on the
location while the internal temperature may be that
of the oil at temperatures up to þ100 �C. However, a
fuselage or wing FRP structure may experience tem-
perature cycles of �55 to þ40 �C between flight and
ground with ice, cleaning solutions, moisture, jet fuel,
ozone, UV and other environmental conditions,
making the determination of residual life a complex
procedure. Therefore, ideally these conditions must
be represented in any simulation of ageing for pre-
dictive purposes to accurately reproduce the degra-
dation mechanisms. In reality, only the key conditions
considered to be the more potentially damagingmay be
investigated. In any test program, it is important to use
relevantmaterial or structural properties as an indicator
of the state of ageing of the material. This may be the
mass change, the glass transition temperature Tg, the
crack density, themodulus, strength or a combination of
these properties. Therefore, a complete understanding
of all the degradation processes should be known or an
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assumption made on what is the primary degradation
mechanism. The section below describes some of the
key degradation mechanisms that individually or com-
bined form the ageing of a composite material.

3.32.2.1 Physical Ageing and
Time-Dependent Effects

Polymers, both in their rubbery (aboveTg) and in their
glassy state (below Tg), are characterized by viscoelas-
ticity, a time-dependent mechanical behavior. The
characteristic times of this constitutive behavior are
much longer in the glassy state and decrease at tem-
peratures near and above Tg. Typical evidences of
viscoelasticity are creep and stress relaxation. Creep
is a time-dependent deformation that usually has
three stages when under a constant load, rapid pri-
mary creep, a steady-state secondary creep rate and a
rapid acceleration in the creep rate leading to rup-
ture. Stress relaxation is a related phenomenon where
stresses are relieved when under a constant deforma-
tion. In composite materials, the stress transfer
between the viscoelastic matrix and the elastic rein-
forcement, or between layers with different fiber
directions (laminae) needs to be considered for
long-term ageing characterization. For long-term
property estimation, especially when considering
FRP properties that are more dominated by the
resin than the fiber, long-term viscoelastic behavior
can be accelerated by adopting the time–temperature
superposition principle.5,6 This principle is based on
the premise that the behavior for long time periods
at low temperatures corresponds to that for short
time periods at higher temperatures. This is because
in a polymer, the polymer chains are more mobile
and easier to arrange at higher temperature result-
ing in a higher compliance or lower modulus.
The time–temperature superposition principle is evi-
dent from the compliance curves in creep experi-
ments (or modulus curves for stress-relaxation
experiments) at different temperatures that are
related to one another by a simple temperature-
dependent shift on the log time scale.

The fundamentals on physical ageing and the
dependency of mechanical properties on time and
temperature become more pronounced when testing
close to the Tg. The Tg itself may well be affected by
moisture; lowering Tg, and service temperatures may
be close to wet Tg requiring aspects of physical age-
ing to be a vital part of a durability analysis.

With physical ageing, polymers below their Tg

exhibit a time-dependent rearrangement of their

structure. The mutual interaction between viscoelas-
ticity and physical ageing imposes the introduction of
time–ageing and time–temperature shift factors.
Other time-shifting effects may also exist based on
the applied stress, moisture condition and other envi-
ronmental factors. These time-dependent properties
and physical ageing has an affect on the material’s
overall strength and stiffness. Thus, ideally an accel-
erated ageing analysis needs to include an aspect of
physical ageing such that the strength/failure criteria
includes time-dependent coefficients and a nonlinear
viscoelastic–viscoplastic damage analysis.

For accelerated physical ageing tests, the relation-
ships are obtained from short-term tests using the
time-dependent experimental data described above.
It is important that no chemical ageing (discussed fur-
ther below) is included. The typical properties
measured depend on the application, but most testing
presented in the literature has been on off-axis plies
because they give a good representation of matrix-
dominated properties.6 However, the literature often
falls short in producing such time-dependent relation-
ships for more useful design properties such as static
properties of FRP laminates with or without holes.

3.32.2.2 Hygrothermal Effects

Hygrothermal effects are related to the uptake of
water molecules from a humid environment or
water in direct contact with the FRP when the com-
ponent is submerged in water (or other solution). The
water is absorbed by the polymer matrix and results
in plasticization of the matrix leading to hydrolytic
degradation or hydrolysis which lowers the molecu-
lar weight and hence mechanical properties of the
FRP. The rate of hydrolysis may be accelerated by the
application of load or more significantly with elevated
temperature and high- or low-pH conditions. In con-
tact with the polymer, low molecular weight liquids
are absorbed by and diffuse into the polymer until
saturation (equilibrium) is reached. The rate of diffu-
sion and equilibrium are dependent on the chemical
structure and morphology, such as the degree of crys-
tallinity of the polymer. For an FRP, these properties
are also related to the type of fibers, the volume
fraction and the nature of the fiber–matrix interface.

The relationship between time and moisture mass
uptake can classically be characterized using simple
approaches such as Fick’s law, but generally for FRPs,
diffusion is more complex with competing factors
affecting the rate of diffusion.7 With time, moisture
diffuses into the FRP through the surfaces and there
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is a moisture-content concentration gradient through
the thickness. Indeed, for some FRPs there may be a
different concentration through the edges than
through the surfaces. If the moisture content or tem-
perature is cycled, this will lead to local dryness at the
surface plies compared to the centre of the laminate.
This moisture distribution can lead to significant
residual stresses within the laminate that can in turn
cause outer ply delamination of blisters.

Short-term hygrothermal effects on FRPs may
extend beyond plasticization of the matrix and lead
to mechanical damage such as the creation of micro-
voids, matrix cracking and blistering. These micro-
cracks, in turn, provide fast diffusion paths (for both
liquid water and water vapor) and then alter the
moisture-absorption characteristics of the laminate.

Long-term exposures may not cause mechanical
damage, described above, but the plasticization may
well change matrix-dominated mechanical properties
such as interlaminar and intralaminar shear modulus
and the transverse tensile strength and modulus. Prop-
erties like compression modulus and strength are
greatly affected by the shear properties of the matrix;
hence, under hot and wet conditions compression
properties may be severely degraded. The high tem-
perature and humidity exposure of FRPs effectively
plasticizes the matrix, more so closer to the Tg of the
material which reduces when the material is saturated.

Post-cure reactions, hydrolysis and leaching of
products within the FRP coupled with the decrease
of Tg when moisture is absorbed, make modeling the
effects of moisture complex and warrent further
investigation. Such modeling can supply important
information to establish the effects of moisture on
time–temperature shift factors, by scaling the tem-
perature axis on the basis of Tg change. As a result,
Fick’s law needs to be extended to model three-
dimensional diffusion in anisotropic materials. For
FRPs, the value of the diffusion coefficient, D, for
the neat polymer needs to be modified to account for
the tortuous path created by the presence of the
fibers (their size, distribution, aspect ratio, orienta-
tion, etc.). Hence, D becomes an anisotropic property
that is dependent on fiber direction. In FRP lami-
nates with several layers of different orientation, the
different diffusivity in each layer must be considered
for the overall laminate. In ideal Fickian behavior,
moisture absorption increases linearly with the square
root of time for values of Mt/M1 � 0.5 (where Mt

is the total amount of moisture absorbed at time t and
M1 is the total amount absorbed at equilibrium).
Time–thickness scaling allows the long-term prediction

of absorption in thick laminates from thin-sample mea-
surement, when Fick’s law applies. Diffusion can be
accelerated by increasing the temperature and follows
the Arrhenius relationship eqns [1]

D ¼ D0 exp
�Ea

RT

� �� �
½1�

Where Ea is the activation energy of the diffusion rate, R
is the universal gas constant, and T is the absolute
temperature of the exposure in Kelvin.

As discussed above, Fickian law may not always be
demonstrated in composites where, following reach-
ing equilibrium, there can be a slow long-term
increase in mass uptake or a decrease in mass or
both. The decrease may arise from products leaching
from the FRP over time and the increase from a two-
stage absorption process where the first is Fickian and
the second a relaxation-based phenomenon.8

3.32.2.3 Thermooxidative Degradation

While the application of temperature and moisture
can have negative effects on the composite, exposure
to temperature in an air environment can cause ther-
mooxidative ageing. This ageing mechanism arises
from the thermal instability of the polymer and
leads to oxidative attack that comprises chain scission,
cross-linking, and thermooxidative reactions. Ther-
mal degradation of FRPs, in an inert atmosphere, is
exclusively a thermolysis phenomenon, while in air it
is dominated byoxidation. Thermolysis is the result of
breaking of covalent bonds in the polymer network
and, in general, thermal stability of high-performance
polymers in an inert atmosphere is very good.6,8–11

Oxidation is usually characterized in terms of weight
loss generally from the surfaces of the laminate. This
weight loss is predominantly from the matrix and will
penetrate into the laminate at higher temperatures
and long exposures. Eventually, microcracks will
form leading to a larger reduction in the mechanical
properties of the FRP. These weight losses are gener-
ally permanent (irreversible) and even a small weight
change can be an indication of the onset of damage at
the surface. For oxidation to occur at the center of the
laminate, the diffusion process must be understood,
including the diffusion of oxygen and reactions pro-
ducts throughout the polymer matrix in a similar
manner to liquid diffusion discussed above. The
pattern of oxidation reactions and subsequent chemi-
cal changes depends on the exposure temperature,
the resin system, and the oxygen content. Simply
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increasing the temperature to accelerate the charac-
terization of oxidation is nontrivial. The changes in
mechanical properties postexposure are a function of
sample thickness and surface protection as well as the
ageing temperature and the material’s Tg. Therefore,
the examination of the thermooxidative stability of
an FRP must include not only the degradation of
mechanical properties, but also the failure mechan-
isms to ensure that they are consistent when compar-
ing two laminates aged at different temperatures in an
attempt to accelerate thermooxidative ageing.

3.32.2.4 Chemical Ageing

Chemical ageing follows principles very similar to
oxidative ageing but occurs when the environmental
fluid is an acid, alkali solvent, or many other fluids
to which an FRP may be exposed. These chemicals
actually attack the resin, the fiber, or the fiber–matrix
interface (or any combination of these three). When
the FRP is subjected to exposure to, for example, an
acid solution, depending on the concentration of the
solution, competing ageing mechanisms may occur.
The liquid will first be absorbed in a hygrothermal
fashion as described above. In time (dependent on the
strength and nature of the chemical involved and the
compatibility of the polymer), the material will chem-
ically react with the FRP. This results in an increase in
cross-linking density that can severely affect the
mechanical properties by densification and increas-
ing the Tg. Also, products may be leached out of the
FRP in an irreversible manner. This will result in
weight loss and a potential decrease in properties.
With further time, actual physical material loss can
occur, resulting in amore dramatic change in properties.

In order to perform studies of long-term and accel-
erated chemical ageing, usually a large test program is
required with long periods of time and a selection of
parameters (temperature, chemicals, loads). A variety
of specimen types is also required to assess the degra-
dation of mechanical properties parameters such as
specimen type, lay-up, thickness, material, etc. As with
other ageing types, chemical ageing is a diffusion-
related phenomenon. Therefore, the use of thick speci-
mens will delay observable changes in mechanical
properties although significant surface damage may
have occurred. Different lay-ups will affect the inter-
laminar stresses, which will affect diffusion rates.12

Additionally, edge effects can play a role and this is
often where mechanical failure can initiate. As a result,
chemical ageing exposures are often conducted on
panels of FRP and mechanical specimens cut from

these panels once the ageing is complete. Another
approach is to coat the free edges of the test specimens
with a resilient coating to prevent unrepresentative
edge damage.

An additional approach to characterizing chemi-
cal ageing to better understand the change in the
polymer is to conduct thermal analysis on the FRP
or the matrix. Of all the properties, Tg is the most
common one measured using thermal analysis
because it is a good indication of physical changes.
Methods and approaches to measure Tg vary and all
are reasonably well established as standards. These
include dynamic mechanical analysis (DMA) that
may be performed in torsion or flexure depending
on the test apparatus; differential scanning calorime-
try (DSC); or thermomechanical analysis (TMA).
These methods all raise the temperature of the FRP
and look for inflection points of peaks in the property
being measured. The DMA tends to be more sensi-
tive than the DSC for materials such as phenolics.
Thermogravimetric analysis (TGA) is used to mea-
sure the rate of change of weight versus time and
temperature in a controlled gas environment. TGA is
highly dependent on the available surface of the speci-
mens placed into the test chamber and hence the size of
the pieces of materials that are used can effect mea-
surements. It is sometimes useful to identify how the
polymer has changed during ageing and other equip-
ments such as Fourier transform infrared (FTIR) spec-
troscopy and gas chromatography (GC) as well as mass
spectroscopy (MS) are used to evaluate the degrada-
tion products. These techniques can also be used for
thermooxidative ageing.

3.32.2.5 UV and Weathering Degradation

Similar to oxidative ageing, weathering affects the
surface of the FRP laminate. Generally, UV ageing
affects the appearance of the laminate (particularly
color loss) and this degradation in appearance can be
considered failure (aesthetically). Often, the change in
color has a minor effect on structural performance.
Weathering is a combination of ultraviolet radiation,
temperature from the sun, oxygen and any ambient
moisture such as humidity or precipitation.13,14 With
the use of coatings and additives, the structural perfor-
mance of FRPs can be maintained and the weathering
effects tend to be surface related and appear as:

� fading and darkening;
� yellowing;
� blooming; and
� loss of gloss and chalking.
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Yellowing, fading, and darkening are generally due
to chemical degradation in the polymer. Blooming can
be caused byan additive coming to the surface, whereas
loss of gloss is generally caused by erosion of the
surface layer. While the loss of surface quality may be
considered benign, it can lead to leaks and weakening.

The severity of the ageing due to weathering is
strictly dependent on the nature of the climate or the
geographical region, for example, tropical, desert,
arctic, etc. Predicting the weathering performance of
FRPs is carried out both in laboratories using artificial
weathering and in long-term experimental field age-
ing. The latter takes several years and becomes very
specific to the material and location selected for the
study. The specimens are directly exposed to outdoor
conditions at a fixed angle relative to the horizontal
and in a fixed direction. To accelerate weathering, the
UV radiation is concentrated onto the test specimen
using special mirrors. Also, locations with high levels
of sunshine, for example, Florida and Arizona are used
to compare with longer-duration exposures in regions
with less sunshine hours.

There are a larger number of laboratory-based
ageing tests along with actual case studies where speci-
mens are exposed to UV radiation from a variety of
UV light sources. There are currently three key labo-
ratory methods used for artificial weathering.14 The
carbon arc lamp uses two strong emission bands that
peak at 358 and 386 nm which are much more intense
than natural sunlight. These have a lower effect than
solar radiation on materials that absorb only short-
wavelength UV radiation. The xenon arc lamp gives
a broad spectrum of light that matches the solar
spectrum quite closely. Filters are used to reduce the
short-wavelength UV light from these lamps that are
not present in sunlight. Fluorescent lamps have special
phosphors selected to emit UV light at a particular
waveband. Exposure is carried out under controlled
conditions of temperature and moisture. With the
varied nature of weather, conducting accelerated tests
to simulate specific weather exposure for predictive
purposes is difficult. As a result, accelerated methods
tend to focus on the worst-case weather scenarios and
any correlations must be qualitative.

3.32.2.6 Mechanical Degradation

This chapter focuses more on the ageing of FRPs under
environmental loads, and, strictly speaking, mechanical
degradation is not part of ageing.Nevertheless, it is often
a consequence of ageing. Mechanical damage processes
such as matrix cracking, delamination, plastic strain,

interfacial failure are generally irreversible. In an
FRP, some of these damage modes may be seen to be
benign or subcritical; however, the damage may accu-
mulate or lead to damage elsewhere by transferring
load ultimately leading to failure. The most common
mechanical degradation, especially when operating at
high temperature, is the formation of cracks in the
matrix either within the ply or transverse to the ply.
Fatigue, environmental loading, and residual stresses
can all promote the onset and accumulation of these
cracks. The laminate strength, stiffness, and thermal
properties as well as failure modes can be affected by
transverse matrix cracking which can also promote
higher uptake of moisture deeper in the laminate.
The prediction of these failure modes are often parts
of a long-term durability assessment, especially under
fatigue loads. The reader is directed towards Jones,1

Mathews and Rawlings,2 and ASM Handbook,3 for
a description of predicting mechanical failure in FRP
laminates.

3.32.2.7 Fire Testing

While the above sections discuss various environ-
mental forms of ageing, FRPs are often, perhaps
surprisingly, used in high-risk fire applications.
These include the aerospace industry in the event
of on-board fires and crashes, marine vessels with
very high requirements for resistance to fire, railways,
where the fire resistance for underground trains is
perhaps the most stringent, and offshore oil and gas
requirements. Many of these fire-resistance require-
ments arise from unfortunate incidents. Glass and
carbon fibers do not burn but the resin may well
set alight or give off noxious fumes or both. Different
resins have different fire resistance to jet fires (where
a flame is concentrated on one spot) and pool fires.
The combination of low thermal conductivity, resin
endotherm effects, structural integrity and coatings
mean FRPs can have excellent fire-resistance perfor-
mance but this does need to be strictly controlled
using established small-scale tests to evaluate the
combustibility and ignitability. Models based on the
energy flux involved in decomposition have been
used to predict fire performance of materials.15 How-
ever, no further discussion on fire testing is given in
this chapter because it goes beyond the scope of less
severe forms of ageing and degradation.

3.32.2.8 Synergistic Effects

Each of the sections above described individual pos-
sible ageing mechanisms that may occur to an FRP
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laminate. However, an FRP component is a combina-
tion of fibers, the fiber–matrix interface, and the
polymer matrix that may be subject to long-term
ageing of a combination of the above ageing scenar-
ios. Hence, the mechanical properties and fitness for
purpose may change through a combination of ther-
mal oxidation, physical ageing, hygrothermal effects,
UV exposure, and chemical attack. Therefore, mac-
roscopic changes need to account for the synergies
between these ageing mechanisms and any acceler-
ated ageing methodology should really account for
these combined factors – a nontrivial task!

3.32.3 Accelerated Ageing

As discussed above, one of the biggest advantages of
composite materials is their long life in harsh envir-
onments. Ironically, it is this long life and the diffi-
culties in being able to reliably predict the long life
that has hindered the uptake of composites. The
development of a robust accelerated ageing method-
ology is a key technology development for FRPs.
An accelerated-ageing methodology should acceler-
ate the action of degradation factors without altering
the underlying molecular mechanisms of ageing. The
analogy that a chicken does not hatch quicker from
the egg by boiling the egg applies here. As discussed,
the ageing process may cause both reversible and
irreversible changes and the accelerated ageing meth-
odology must simulate these processes. The design of
an accelerated methodology relies on the knowledge
of material properties and their relationship with
environmental conditions (temperature, pressure,
loads, relative humidity, UV, etc.) and upon the fun-
damental ageing or damage mechanisms as described
in the previous section.

The purpose of accelerated ageing methodology
is simply to speed up the accumulation of damage or
deformation, potentially leading to failure. This is
achieved by establishing relationships between time
and various parameters, such as temperature, fluid
concentration, load, etc. that can be related back to
the in-service conditions. Accelerated testing also
aims to determine the material microstructure and
damage at the end-of-life or ideally at any time
during the life of the component. For most structural
applications, the durability and mechanical fatigue
are the main degradation processes in which fre-
quency and load are the main acceleration factors
used. For FRPs in corrosion applications, exposure
temperature is the primary means of accelerating

ageing, but other parameters include increasing the
concentration of a degradative chemical, applying
pressure, or a load. Most accelerated ageing experi-
ments consider a single accelerating factor because it
is difficult to test multiple accelerated conditions and
understand the synergistic effects as discussed above.
The preferred approach is to incrementally subject
samples to accelerated conditions. For the approach
to be valid, a fundamental understanding of material
response and the reversible and irreversible degrada-
tion processes is required and needs to be incorporated
into the modeling.

An accelerated test methodology must follow the
following steps16:

(a) identification of the material, including the poly-
meric matrix and the fiber (including type, vol-
ume fraction, orientation, sizing, etc.);

(b) identification of the primary ageing mechanism
for the environment, for example, thermooxida-
tion, hydrolysis, UV ageing, etching,. . .;

(c) identification of the physical properties, most
important to the application, to be measured in
the accelerated ageing test (e.g., mass loss, stress,
strength, toughness, leak resistance, color, . . .);

(d) selection of the environmental acceleration of
degradation factors such as temperature, time,
concentration, etc.;

(e) carry out the accelerated tests under conditions
given in (c) and (d);

(f) use theoretical modeling (e.g., Arrhenius relation-
ship, time–temperature superposition, curve-
fitting) of the degradation factors; and

(g) validating some of the modeling by performing
long-term tests that are representative of in-
service conditions.

For accelerated ageing, the synergistic effects of
time, pressure, and conditions on FRP degradation
should be established. Free space exists between
molecular chains to a greater or lesser degree leading
to a balance between stiffness and flexibility. How-
ever, this same free space can mean that polymers
can absorb fluids to which they are exposed, espe-
cially those with similar solubility parameters. Such
absorption can physically weaken the polymer to
provide an effect of ageing. In addition, the fluid
might chemically attack the polymer to provide an
additional effect. The kinetics of these two ageing
effects is governed by; (i) diffusion, and (ii) chemical
kinetics, both of which are governed by Arrhenius
relationships with regard to the influence of temper-
ature. This characterization is commonly based on
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weight loss and, where possible, mechanical property
reduction measurements as a function of time and
temperature. The rate of weight loss (W) versus time
can be modeled by using an Arrhenius relationship,
eqns [2].8

W ¼ A exp
�Ea

RT

� �� �
½2�

whereW represents the ratio between the weight loss
and the starting weight of the sample and A is an
empirical factor. However, because the thermooxida-
tive degradation in an FRP laminate occurs at the
surface, the above equation does not necessarily
relate to the same reduction in mechanical properties
that are dominated by the bulk properties, and not
just the surface properties. A good example of this is
an interlaminar fracture test such as the double can-
tilever beam (DCB)17 where the fracture data are
measured from a delamination in the centre of the
specimen. During an ageing test, much of this delam-
ination is not exposed to the environment.

There are few published works on experimental
work using a change in a specific mechanical prop-
erty of relevance, say modulus or strength in eqns [3],
to allow modeling of the global effect on a compo-
nent from local ageing degradation at the surface.
Chemical kinetics, classically involving concentra-
tions of reactants and products, can employ the fact
that for cross-linked polymers, concentration of
cross-links is approximately proportional to the mod-
ulus or stiffness. Hence, measurements of changes in
modulus from ageing can be plotted logarithmically
against linear time (for first-order reactions) at each
temperature. From a series of such ageing plots at
different temperatures, times to attain the same
degree of modulus change can be used to develop
the Arrhenius plot, eqns [3].

ln
1

t 95
¼ A

�Ea

RT
½3�

where t95 is the time for a property to reach 95% of
its original value (although other values can be used),
T is the absolute temperature, R is the universal gas
constant (8.314 J deg�1mol�1), A is a constant, and Ea
the activation energy. This expression holds well
where there is only one degradation mechanism tak-
ing place and this is seldom the situation in the
chemical processing environments.

The mechanics and chemistry of degradation can
be different at higher-temperature exposures to that
at lower-temperature exposures. Mass-loss curves
can change significantly with temperature because

of different mechanism occurring, including removal
of volatiles, additional cross-linking, and structural
rearrangements of the matrix. Testing at tempera-
tures too close to the Tg gives degradation rates that
are nonlinear, making estimates of useful remaining
life invalid.

One acceleration method for thermooxidative sta-
bility is to increase the temperature and the pressure
of the oxygen,18 thus accelerating the rate of degra-
dation due to oxidation. However, other attempts to
accelerate ageing in acids by increasing the acid
concentration were less successful, with only small
increases in the ageing rate being achieved.19

While the above sections have described the cur-
rent technology and gaps in predictive methodolo-
gies, there are FRP components in-service with long
duration lives. The approaches used to give some
estimation on long-term life include single-point
data (properties after a specific set of ageing condi-
tions) and short-term ageing extrapolation. The fol-
lowing section describes some applications where
ageing has been considered.

3.32.4 Ageing Associated with
Supersonic Flight

Many of the earliest applications of carbon FRPs
were in military aircraft where the main ageing
mechanisms were hygrothermal. As discussed above,
this reduced the modulus of the matrix lowering
some mechanical properties. As a result, most aircraft
with FRP components use hot wet properties as part
of the design allowables. Several aerospace pro-
grammes have been concerned with commercial
supersonic aircraft to replace the Concorde. Long-
term thermooxidative ageing became a key technol-
ogy development for these aircraft. The first major
study on ageing of FRPs for supersonic aircraft was
performed by Kerr and Haskins.20 The materials
investigated included carbon- and boron-epoxy and
carbon polyimide that were exposed to elevated tem-
peratures for up to 50 000 h. The effect of altitude was
also included representing the reduced oxygen levels
at high altitudes. The laminates used were typically
[0 �/�45 �]s and temperatures ranging from 122 to
177 �C representing temperatures up to Mach 2.4
flight. The tests performed included tensile, com-
pression, and shear and also tests to study the effects
of moisture and creep after the exposures in an
attempt to identify the thermooxidative ageing
mechanisms. These tests were chosen as those
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typically used in an aircraft design process as
opposed to those required to identify the effects of
ageing.

For some materials, edge cracking and severe prop-
erty degradation was identified at temperatures of
177 �C after 5000 h of ageing with a 0.1MPa pressure.
This degradation was not noted after 25 000 h at the
same temperature but at 0.014MPa. Degradation was
observed for epoxy specimens at times under 5000 h
when aged at 177 �C, which was close to the Tg of
materials. Degradation was a severe crumbling of the
matrix at the specimen surface. Ageing damage was far
less at 122 �C after many more hours exposure. This
demonstrates that raising the temperature to accelerate
ageing may not be a valid approach when the exposure
temperature reaches Tg. The polyimide-based speci-
mens had much better thermooxidative stability. At
232 �C, after 50 000 h the tensile properties decreased,
although no macroscopic damage to the resin could be
observed, although clearly some degradation had
occurred from the weight-loss results. In this instance,
the selection of a matrix-based mechanical test during
the ageing program would perhaps identify matrix
degradation after shorter exposure times.

During NASA’s High-Speed Research (HSR) pro-
gramme in the 1990s, studies were conducted that
focused mainly on high temperature polymers for
a new generation of High-Speed Civil Transport
(HSCT) aircraft with a speed target between Mach 2.0
and 2.4 with a design requirement of 60 000–120 000 h.
The work in this program focused on new materials’
development for high temperature use and included
carbon bismaleimides and polyimides.

One of the primarydifficulties in characterizing the
effects of ageing on changes in structural properties is
the correlation of ‘ageing’-related data, such as weight
loss, to changes inmaterial mechanical properties such
as strength, stiffness, and toughness. An investigation
in the change of lamina properties (E11, E22, and G12),
Tg and weight loss for this programme can be found
elsewhere.20 An IM7/8320 carbon thermoplastic and
an IM7/5260 carbon bismaleimide were aged in air-
circulating ovens at 125 and 175 �C for 5000 h (repre-
senting 10% of the life of proposed life for HSCT). In
this time frame, the materials showed little signs of
ageing at 125 �C. The IM7/5260 had a 2%weight loss
after 5000 h at 175 �C. This corresponded to a 10%
decrease in E22 and a 2% decrease in G12, but no
significant change in Tg or E11.

A test program to evaluate the synergistic effects
of stress, temperature, moisture, time, radiation,
and oxygen level on the properties of bismaleimide

composites was conducted as part of the HSR
programme.10,11,18,21–23 Isothermal ageing as well as
thermal cycling, and creep tests were conducted at
temperatures up to 250 �C. As for the Kerr and
Haskins work, exposure temperatures close to the
materials Tg led to very rapid ageing and anomalous
effects that made it difficult to develop an accelerated
ageing approach.

Martin17 has investigated the delamination onset
under thermal mechanical fatigue with modeling
used to predict delamination onset. To verify the
methodology, isothermal statics tests were conducted
at temperatures of 125 and 175 �C (representing
Mach 2 and Mach 2.4 flight, respectively) on quasi-
isotropic laminates fabricated from carbon bismalei-
mide (IM7/5260). Raising the temperature had the
effect of decreasing the value of strain energy release
rate (G) at the edge by reducing residual thermal stres-
ses. However, the materials fracture toughness was also
lower at higher temperatures. The isothermal ageing
results of these materials discussed by Kerr et al.20

would need to be incorporated as additional effects of
ageing. These would need to be included in addition to
the change in properties related to temperature and
fatigue.

For aerospace applications, open-hole tension and
compression of laminates are important properties for
damage tolerance designs. As discussed above, ther-
mooxidative ageing attacks the surface and an investi-
gation was conducted by Morgan et al.22 to determine
the influence on isothermal ageing of laminates with a
hole drilled before and after ageing and edge cut
before and after ageing. Quasi-isotropic laminates
fabricated from IM7/5260, IM7/8320, and IM7/
K3B a carbon polyimide added to the HSR program
were aged at temperatures of 125 and 175 �C (addi-
tional exposures at 200 �C were carried out on the
IM7/K3B) for periods up to 5000 h. For IM7/5260
and IM7/8320, significant damage was seen on the
surfaces and this degraded the stress to cause delami-
nation at the edges but did not affect ultimate strength
of the laminate, because of the presence of 0 � fibers in
the loading direction. Removal of these damaged edge
by cutting them off brought the edge delamination
stress back to the undamaged value demonstrating
that thermooxidative ageing begins at the surface.
For the K3B laminate, no edge delamination was
observed before lamination failure reflecting the
higher toughness of this material and hence the better
resistance to thermooxidative ageing. Little difference
was identified whether the holes were drilled before
or after ageing. While there would be some damage to
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the matrix within the holes after ageing, the failure is
still dominated by the local stress concentration on
the 0 � fibers at the hole.

3.32.5 Ageing in the Oil and
Gas Industry

FRPs are key candidate materials for replacing car-
bon steel in the Oil and Gas Industry because of their
good corrosion resistance and light weight. However,
this industry is very risk averse and the uptake of
these materials has been slow and is directly related
to the operational risks for that component. The
shortage of long-term performance data of FRPs in
oil and gas applications does not aid their uptake.
However, the potential improvements in component
and system performance using FRPs will ultimately
reduce capital and maintenance requirements, and
this fact has enabled some usage of composites in
the industry.24,25

The environments in the oil and gas industry
can be very harsh. The fluids with which FRPs
might come into contact include those illustrated in
Figure 2, along with some of the potential ageing
effects. The composition of crude oil varies around

the world from well to well. It mainly comprises
aliphatic alkanes (hydrocarbons) such as hexane,
octane, decane, etc. Aromatic hydrocarbons may
also be present and these are known to swell epoxy
matrices. The presence of corrosive media such as
hydrogen sulfide or even carbon dioxide in water
(carbonic acid) can chemically attack the entire com-
posite, especially if a GRP is under load promoting
environmental stress cracking/corrosion (ESC).
In addition, most oil and gas operations are conducted
at high temperatures (up to 200 �C) and at high pres-
sures, helping to accelerate ageing of the material.

The notable uses of FRPs in this industry are in
pipeworks, gratings, and blast and fire protection.
Apart from hundreds of kilometers of GRP pipe
used for transporting hydrocarbon and water lines
in the Middle East, FRPs are also being increasingly
used to line steel pipes where the FRP provides
corrosion protection for the pipe bore by acting as a
barrier to the passage of transported fluids. The com-
posite-lined pipe solution is in direct competition
with conventional corrosion-resistant alloy (CRA)
systems for downhole and flowline/pipeline applica-
tions. Statoil Hydro pioneered the use of downhole
tubing with composite materials in the North Sea. A
Duoline 20 liner was examined after five years of
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Figure 2 Possible fluids used in the oil and gas industry and their effects on polymers.
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service at up to 110 �C and was found to be in
excellent condition.26 The technology has generally
been confined to water injection service. A consor-
tium project has been run by Oil States Industries
UK to help understand the chemical compatibility of
various types of FRP exposed to different oil field
fluids, with the aim of obtaining 20-year life.27 These
liners see a variety of hostile media including hydro-
carbons at temperatures up to 160 �C, and short expo-
sures to methanol, HCl/HF, and other fluids for
cleaning operations. As part of the materials screening
tests conducted at MERL, Hitchin, UK, single-point
data was generated for specific conditions such as
several days at 160 �C in hydrocarbon and brine mix,
8 h of HCL exposure, etc. Several postexposure tests
were conducted to ascertain surface degradation,
weight change and mechanical property change of
the liners. A picture of a glass-epoxy liner exposed to
HCl for 8 h shows complete degradation (Figure 3).

GRP piping onshore is primarily filament-wound
glass-epoxy and it has been successfully installed in
100 km runs in the Middle East for transport of
hydrocarbons and other fluids. One of the shortcom-
ings for these pipes is that the corrosion science of
metals is much more developed and understood than
the ageing and degradation of these materials. Inter-
national standards exist for the design and installation
of such pipework where short-term tests are used to
account for such degradation and sufficient safety
factors employed. DNV-OS-C501 standard discusses
the various effects on mechanical properties under
the influence of temperature, moisture and chemi-
cals, and suggests that ‘‘. . . the degradation rates shall
be obtained for the actual materials in question. . .’’
but gives no method for quantifying these effects in
the long term. The ISO 14692 Part 2 Annex

D provides information on defining partial factors
A1/A2 to account for temperature and chemical
resistance, respectively. These factors are used to
give knockdowns on properties that were measured
at standard temperatures. While values for determin-
ing A1 are well established, A2 can be generated for
water but is less well identified for other chemicals.
The standard makes recommendations of other stan-
dards (such as ASTM C 581) that can be used for
deriving these factors for other chemicals, although
these standards were not specifically written for
determining A2 (see Section 3.32.6). While these
approaches have allowed GRP piping to be specified,
it is generally accepted that an improved approach of
quantifying such degradation is needed.

Ageing from contact of the transport fluid in these
GRP pipes occurs from the surface inwards and
requires time to penetrate into the material’s centre,
as discussed above. The ageing or degradation of an
FRP pipe has many stages and it is up to the user to
determine at which phase failure is said to have
occurred, Figure 4. Almost immediately at Stage 1,
the fluid will diffuse into the polymer causing imme-
diate physical changes. This is a complex phenome-
non for an FRP material in contact with mixed fluids
and is discussed further below. In Stage 2, the fluids
would have diffused further into the FRP and the
inner surface might have begun to chemically age. In
Stage 3, the ageing is such that it has caused mechan-
ical damage on the inner surface. Fluid diffusion and
chemical ageing continue in Stage 3, but with the
presence of cracks the fluid can now penetrate
quicker. In Stage 4 diffusion, chemical ageing and
mechanical damage has continued, but now the
mechanical damage on the inner surface is sufficient
for material to be removed. Stage 4 also shows cracks

 
Before  After 

Figure 3 Section of glass-epoxy liner submitted to an HCl exposure. Courtesy of MERL.
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on the outside of the pipe from other damages such
as erosion or UV degradation. Stage 5 shows com-
plete damage through the pipe wall and subsequent
leaking.

In most pipe designs, ‘failure’ should be considered
as somewhere between Stages 1 and 3 and the influ-
ence on strength of the system evaluated to allow for
sufficient safety factors (e.g., A2) to be applied.

In order to predict the life of an FRP laminate the
following information needs to be known:

� The aged condition of the material and the profile
through the thickness. This can be determined by
knowing the rate of ageing (physical and chemical)
for a given set of conditions (fluid type, tempera-
ture profile, time, etc.).

� The key material properties at a given amount of
ageing. This depends on what is classed as the
residual life of the pipe (see next bullet). The
mechanical properties that are used to determine
this residual life are those that have to be measured.

� The residual life of the structure with given dam-
age and degradation profile; this is dependent on
what is considered as failure for example, leak,
global change in stiffness, % loss of material,
inner cracking.

The technology for generating the information
above does not exist at the time of publication.

The advantages of FRP gratings used offshore are
obvious in the improved resistance to corrosion in a
sea water environment and their durability and light
weight, compare to metallic options, Figure 5. The
products are generally pultruded glass reinforced,

offering a cost-effective manufacturing method. The
use of phenolic resins allows the parts to meet fire-
resistance requirements offshore. An important driver
for GRP gratings has been the ease of installation
compared to steel. The ageing of these materials fol-
lows the same aspects as marine composites discussed
in Section 3.32.7 and includes hydrolysis and UV
ageing. The fire resistance of these phenolic gratings
is also a key reason behind their selection, but fire
properties goes beyond the scope of this chapter.

Composites are also being increasingly used to
protect subsea structures such as wellheads, and flow-
lines, protecting them from impact events such as
dropped objects and commercial fishing operations.
This is an accepted area of use where the perceived
risks of adoption are outweighed by the benefits in
performance and corrosion resistance. Another
example of the use of composites in hostile

Figure 5 A glass-phenolic grating on the Mars Platform in

the Gulf of Mexico, Courtesy of Strongwell.
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Figure 4 A schematic of GRP degradation when transporting a hostile fluid.
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environments is a ProTek(tm) Jet Fire and Blast
protection enclosure manufactured from composite
panels by Solent Composite Systems Ltd., Figure 6.
This enclosure was installed at the LNG plant in the
Arctic town of Hammerfest in northern Norway to
protect emergency shutdown equipment. The compos-
ite structure resists an explosion pressure equivalent to 7
tonnes per square meter and protects against 90 min
exposure to the erosive and heating effects of a hydro-
carbon jet fire with a flame temperature of 1150�C
resulting from a high pressure gas leak. During this
period the equipment temperature does not exceed
65�C. The ageing aspects of long-term water exposure,
biofouling, andhydrolysis are covered inSection3.32.7.

3.32.6 Ageing in the Chemical
Processing Industry

In the chemical processing industry (CPI), the envir-
onments for equipment such as reactor vessels, stor-
age tanks, scrubbing towers, stacks, piping, valves, etc.
may be extremely harsh (Figure 7). In many instances,
corrosion-resistant alloys including highly alloyed
stainless steel, titanium, and nickel-based alloys have

to be used and even these can corrode in these
environments. One solution adopted in this industry
is the use of FRPs in manufacturing this equipment.

FRP materials are used to a large extent in plants
which manufacture chlorine, chlorate and concen-
trated acids (e.g., sulfric, hydrochloric, hydrofluoric,
nitric) as well as metal chloride solutions (e.g., NaCl,
FeCl3, AlCl3, MgCl2, NiCl2).

28 FRPs are now also
used in desulfrization plants (flue-gas ducting, scrub-
bers, etc.) which also have applications in oil and gas
production. In many instances, a thermoplastic liner
is used in the metallic and FRP pipes to act as a
corrosion or permeation barrier, or both. The ther-
moplastic lining may be PA11, PVC, or PP; or for
more aggressive service, PVDF. Because of the
environmentally hostile nature of some of the che-
micals being transported or stored, failure is unac-
ceptable. However, failures do occur (Figure 8).29

These failures may not only be very costly, but also
present a health and safety risk to the workers at the
plant, local residents and environment. The conse-
quences and liability of equipment failure, even
minor leaks, are becoming increasingly severe and
have resulted in a very strict regulatory climate.
Although FRP is often used to solve problems of
corrosion on various metallic materials, these materi-
als can still be affected by these fluids.30

The types of resins and fibers depend very much
on the application being considered. Thermosetting

Figure 7 FRP scrubbing tower. Courtesy of Dow

Chemicals.

Figure 6 Composite fire-blast protection enclosure.
Reproduced with permission from Solvent Composite

Systems Ltd.
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resins are suitable for large moldings and for filament
wound pipes. The most important resin systems used
for corrosion protection in the CPI include polyesters,
epoxies, bismaleimides, phenolics, and vinyl esters.28,31

Epoxies have certain advantages, in that they have
lower cure shrinkage, adhere better to steel substrates,
and offer better chemical resistance than polyesters
towards hot alkalis. Vinyl esters are favored because
they offer a compromise between epoxies and polye-
sters, offering good corrosion resistance with moderate
relative cost. E-glass fiber is used as the reinforcement
for the main structural part with a more chemical
resistant fiber such as ECR-glass used in the layer in
contact with the corrosive fluid. A protective resin-rich
layer is often used on the surface adjacent to the acid.

Prediction methods for FRPs in the CPI must
account for chemical ageing and include diffusion,
hydrolysis and ultimately cracking, blisters and other
damage. Eventually, this degradation may continue
and lead to actual material loss from the inside of the
vessels (Figure 9).32

Degradation in FRP composites may be defined as
one of any of the following in the exposed surface:

The published work related to chemical resistance
of FRP materials in different environments has
focused on immersion testing, rather than the more
realistic single-sided exposure.Much of the published
data quote only single-point data, for example, ‘‘The
mass of material X increases by 10% inmethanol after
10 days at 60 �C.’’ This information may be mislead-
ing because the overall trendmay involve a mixture of
competing mechanisms as discussed in previous sec-
tions. For hybridmaterials (e.g., the use of a corrosion-
resistant veil), the prediction method must account
for the time for the ageing to reach each layer.

Further, FRPs may be subject to step changes in
property changes leading to failure such as resin
embrittlement. This failure is often termed environ-
mental stress cracking (ESC) and also applies to the
glass fibers when undergoing strains in excess of 2%
and exposed to even dilute acids.33 In any long-term
evaluation, it is necessary to use diagnostic equip-
ment to ensure that the cause for the change in
properties of the FRP is understood.

Estimates of remaining life of FRPequipment in the
CPI often rely on periodic visual inspection, intuition,
and experience of the inspector. The inspector searches
out defects such as blistering, delamination, or signs of
leaking. Often a bright light is shone on the opposite
side of the laminate to help reveal flaws. The inspector
often also checks the condition of the laminate surface
with a Barcol indentation tester. Drastic reduction in
Barcol readings since the previous inspection indicates
degradation. On the basis of these findings, the inspec-
tor will judge whether the equipment is still safe to
operate and when the next inspection should occur.30

Figure 9 Uniform corrosion in an FRP pipe after 14 years

of service. The white line shows the original thickness.

Courtesy of G. Bergman.

� cracks � loss of fiber � etching

� pitting � softening � delamination

� thickness change � blistering � discoloration

� charring � leaching � fiber blossomin

� resin loss

Figure 8 Failure in alkaline aqueous solution at 70 �C.
Courtesy of G. Bergman.
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3.32.6.1 ASTM Standard for Long-Term
Chemical Resistance

Materials are generally approved for long-term usage
in the CPI using ASTM C 581 Standard Practice for

Determining Chemical Resistance of Thermosetting Resins

Used in Glass-Fiber-Reinforced Structures Intended for

Liquid Service. This standard requires immersion of
a material in a fluid at a single temperature. Various
properties (Barcol hardness, flexural modulus and
strength, and Tg) are determined at intervals nor-
mally within one year. If the properties do not
decrease by a certain amount, the material may be
approved for long-term usage. However, this method
does not offer an approach to allow an extrapolation
to longer-term usage at varied of temperatures and is
therefore little more than a screening test.

To demonstrate the use of ASTM C 581, an FRP
laminate that may be used for the linings of tanks and
vessels used to store acids was tested.30 Plaques of
materials were immersed in concentrated HCl or
H2SO4 for 12months. Periodically, Barcol hardness,
mass change, and flexural properties were measured
on specimens cut from these plaques. The mass
change is shown in Figure 10, illustrating that the
material shows weight loss early in the exposures and
the rate of weight loss begins to reduce as the test
progresses. The change in Barcol hardness, shown
in Figure 11, shows that there is an initial increase
in both exposures, indicating that some form of local
hardening has occurred. After 6months’ exposure,
the hardness begins to decrease, leading to 10–15%
from the starting values after 12months. This indi-
cates that there is more than one ageing mechanism

occurring and the resulting change in properties can-
not be taken from only the end data point.

3.32.6.2 The Arrhenius Relationship

Using the different test parameters used in ASTM
C 581 in the previous section, the feasibility of using
an Arrhenius relationship was presented elsewhere.30

Key to this approach being successful is that the
elevated temperature exposures do not cause a
change in the ageing mechanisms observed at lower
temperatures.

A Derakane 411 vinyl ester resin was tested with
two plies of 45g E-Glass chopped-strand mat, with
a 0.25-mm C-glass veil. The materials were exposed
to 37% HCl at temperatures of 40, 60, and 80 �C.
Before and after the exposures, thickness and weight
in air and water were measured to determine any
changes. Following the ageing and the weighing,
suitable specimens were cut from the plaques.
Three point-bend tests were conducted and showed
that the modulus initially increased before decreas-
ing, whereas at the higher temperatures, the modu-
lus and strength continually decreased, showing a
change in mechanism at the different temperatures.
The work demonstrated that there is an overall trend
from test to test of a property change with exposure
time, the rate of which increases with time. It is this
general concept that lays foundation for developing
accelerated ageing approaches using the Arrheni-
us equation if a single mechanism is present. The
5 and 10% change of flexural strength were plotted
against the reciprocal of the absolute exposure temper-
ature and a straight line fitted. The shorter-term,
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higher-temperature exposure tests were able to predict
the properties at lower-temperature exposures. The
energy of activation for this change is in the region
of 80 kJmol-1, which is indicative of chemical ageing.
However, an Arrhenius curve cannot be drawn for the
modulus because of the initial increase in modulus in
the early exposure times, this invalidating this method
unless the different mechanisms are separated.

3.32.6.3 Using a Semiempirical Corrosion
Approach

Another approach to the long-term ageing of FRPs is
to relate the effects of ageing to those of corrosion in
metals, because on the macrolevel the results are very
similar. Many types of corrosion found in metals can
also be found in FRP, such as uniform corrosion
(material loss), localized corrosion (pitting), selective
corrosion, stress corrosion, corrosion fatigue, erosion
corrosion, and layer corrosion (delamination). CFRPs
are conductive and galvanic corrosion effects may
arise when being coupled to a metal component.

On the basis of the results of corrosion analyses of
samples taken from FRP equipment used for different
chlorine dioxide environments in various pulp mill
applications over a period of 20 years, a semiempiri-
cal relationship for uniform corrosion behavior of
FRP in chlorine dioxide environments has been
established,32

F ¼ Bt acAexp
�Ea

RT

� �
½4�

where F is the depth of corrosion (mm), B is a special
factor in case of protective deposits on the surface
(usually B¼ 0 or 1), t is the time in service (years), a is
a factor which depends on the thickness and degree of
degradation of the corroded surface layer (usually a is
between 0.5 and 1), c is the concentration of chlorine
dioxide (g l�1), A is a material constant which depends
on the type of resin, the degree of curing, and the
laminate structure, Ea is the activation energy of the
rate-controlling step of the corrosion process (kJmol�1),
R is the general gas constant (8.3 Jmol�1 K), T is the
temperature (K).

This expression is not proven for other appli-
cations and environments, although the premise
should hold.

3.32.7 Ageing in the Marine Industry

One of the more established uses of FRPs with long
and chopped fiber resins in marine vessels from small

dinghies to racing yachts. A review of marine com-
posites is given elsewhere.34,35 The FRP materials
are mainly E-glass reinforced polyester and epoxy,
but with the high-performance vessels carbon fiber
composites and a range of sandwich materials are
now used. Almost always, a protective outer coating
or gelcoat is used to help prevent diffusion and to give
a better appearance. There is much experience on the
ageing of these materials in this environment. How-
ever, similar to the studies in other industries, research
studies on ageing for this industry have focused on
short-term ageing tests under severe conditions that
may have little relationship with in-service use.

Leisure craft or pleasure boats, defined as vessels
built for recreational purposes, were one of the first
applications of FRPs. The average lifetime of a FRP
pleasure boat is 30 years, demonstrating the antici-
pated long use life of these materials. For commercial
vessels including fast ferries, lifeboats, fishing boats,
and some military vessels have been made from a
conventional GRP material since the 1960s. Some
vessels such as mine countermeasure vessels are in
excess of 40m length and the nonmagnetic and con-
ducting properties of the GRP add another advantage
to the use of these materials. The low weight of FRP
materials make them attractive for submarine use in
internal and external structures such as sonar domes.

Woven or chopped glass strand mats in a polyester
resin is the typical FRP use in marine applications
and much work on ageing of these materials in a sea
water environment has been conducted.36 Higher-
end materials, including stitched multiaxial cloth,
carbon epoxy are used for the higher end applications
where ageing may be less of a concern such as in
racing yachts. The document also provides a database
of material properties to be used if test data are not
available. Typical hull laminate thicknesses vary from
5mm for pleasure craft up to 150mm for hulls that
must survive underwater explosions. The difference
in thickness has an affect on the time to reach equi-
librium and hence begin hydrolytic ageing. Man-
ufacturing techniques have been developed over
the past 10 years to utilize resin infusion to draw
the resin through the dry fibers. This has resulted
in the ability to have a higher fiber to resin volume
fraction giving thinner laminates with the same
strength as the previously used wet lay-up man-
ufacturing methods with lower volume fractions.
Sandwich panels comprising a core (foam or balsa-
wood) surrounded by thin layers or skins of FRP are a
preferred manufacturing method for large hulls.
However, the thin skins, their bonding to the core
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and degradation of the core material present further
concerns for ageing. As mentioned above, a gelcoat is
almost always used and this serves to protect the
laminate.

There are a number of different damage modes for
marine composites and the gelcoats, including osmosis,
blisters, pinholes, wrinkling, debonding/delamination,
crazing, etc., can all be considered a form of ageing.
Blisters are a particular ageing damagemode inmarine
environments, where the osmotic pressure is developed
between the gelcoat and the FRP. This is built up from
products such as glycols leached from the base FRP
and can cause local delamination or blisters and is
particularly apparent with a gelcoat that is more per-
meable than the base laminate. The temperature and
the composition of the seawater, which varies around
the world, are important aspects in consider ageing of
marine FRPs as well as the loading from wave load,
slamming load, hydrostatic pressure, etc. Antifoul
treatments are used on many boats to prevent biofoul-
ing or marine growth. These are applied to the gelcoat
and may in themselves age the coating.

Conventional marine ageing of a marine FRP fol-
lows the same degradation mechanisms as discussed
in Section 3.32.2.2. This is physical ageing causing
plasticization and swelling (potentially leading to
interfacial debonding and delaminations) and chemi-
cal ageing such as hydrolysis of the matrix and, in
saltwater environments, the fiber and the fiber–matrix
interface. Many of the ageing studies are conducted at
higher temperatures to reduce the ageing times.
A number of case studies are presented in Searle and
Summerscales,36 where an attempt to better under-
stand the changes due to ageing of properties that
can be used for design were studied. In one study,
weight change was measured along with shear
strength and modulus for three GRPs (polyester,
vinyl ester, and epoxy, all with the same glass rein-
forcement). Thework demonstrated that the resin and
fiber interface within an FRP absorbs water, not just
the resin. In the same work, FRP materials were
exposed to an accelerated exposure (elevated temper-
ature), and the same panels were exposed to the sea
for up to a year. The results suggest that without due
attention to the various ageing conditions, the accel-
erated test will overpredict changes in properties.

For realistic accelerated ageing of marine FRPs,
several aspects need to be considered. Virtually, all
laminates, as stated above, will have a gelcoat. While
not an impermeable layer, it is a resin-rich layer and
needs to be considered in ageing analysis. The work
in Searle and Summerscales36 demonstrated that the

composition of the water can greatly affect the ageing
of the FRP. Seawater will diffuse into polymers
slower than distilled water, and ageing exposure
using distilled water may be overly conservative. In
addition, during ageing, products may leach out of
the FRP into the water. These products will them-
selves change the composition of the water more
significantly if small vessels and hence small volumes
of water are used. As for other applications, the use of
temperature as an ageing accelerator must be used
with caution. The increase in temperature can serve
to promote further cross-linking in partially cured
polyesters and use of ageing temperatures near or
above the Tg can cause degradation mechanisms
that will never occur at lower temperatures. For
true comparisons for sea environments, it is the
inclusion of biofilms that will develop, followed by
biofouling, resulting in a complete covering. This
needs to be considered when conducting weight-
gain/loss measurements and the influence of the
living matter on the properties of the composites
needs to be better understood.

3.32.8 Concluding Remarks

This chapter has described some of the more com-
mon forms of ageing of FRPs. Ageing is a summation
word for degradation and can include physical
changes of the matrix such as swelling or irreversible
chemical changes such as hydrolysis or oxidation.
The extent of the degradation is very much depen-
dent on the exposure the FRP material will experi-
ence including the fluid in contact, time, pressure
temperature, load applied, if any, etc. Some attempts
have been to develop predictive modeling capability
for the long-term durability assessment of FRP com-
ponents, but this still remains an area for further
research. As the use of FRP materials increases and
the demands for extended performance grow, so does
the need and importance to develop predictive capa-
bility for assigning the fitness for the purpose of an
FRP structure at any time during its service.
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Glossary
Damping Basic property of an

elastomer to dampen, absorb or reduce

vibrations. High damping elastomers are

those having high glass-transition

temperature (Tg), which are widely used to

isolate vibrations.

Glass-transition temperature (Tg) It denotes the

temperature below which the elastomer

becomes glassy and brittle, above which it is

soft and rubbery. Tg reflects molecular

mobility and hence the internal viscosity of

the elastomer. High Tg indicates low

molecular mobility or high internal viscosity

and vice versa.

Heat build-up The amount of heat accumulated in

the elastomer when subject to cyclic

deformation. It is closely related to hysteresis.

Hysteresis It is a term to denote energy dissipated

as heat when the elastomer is subject to

cyclic stresses or in a single stress–strain

cycle. The area bounded by the extension

and retraction curve gives a quantitative

measure of hysteresis.

Raw rubber Fresh rubber or an elastomer as

received from the supplier.

Scorch It is a rubber technology term to denote the

occurrence of a premature crosslink, which

is an undesirable feature during the shaping

process.

Vulcanizate or vulcanized elastomer Indicates

rubber or elastomer that has been vulcanized

or cured, and thus, contains network

structure or chemical crosslinks.

Abbreviations
ACM Polyacrylic rubber

ASTM American Society for Testing Materials

CED Cohesive energy density

CIIR Chlorinated butyl rubber

CM Cement metal failure

CP Cement primer failure

CR Polychloroprene rubber

CSM Chlorosulfonated polyethylene rubber

DCP Dicumyl peroxide

DOPPD Dioctyl-p-phenylenediamines

ECO Copolymer of epichlorohydrin rubber

ENR50 Epoxidized natural rubber (50 mol%

epoxidation)

EPM Ethylene propylene rubber

EV Efficient vulcanization

GRG General rubber goods

IHRD International Rubber Hardness Degrees

IIR Isobutylene isoprene (butyl) rubber

IR Synthetic polyisoprene rubber

IRG Industrial rubber goods

ISO International Organization for

Standardization

MRB Malaysian Rubber Board

MRPRA Malaysian Rubber Producers Research

Association

MS Malaysian standard

NBR Nitrile rubber

NR Natural rubber

PP Polypropylene

PTR Polysulphide rubber

SBR Styrene butadiene rubber

TAC Triallyl cyanurate

TAIC Triallylisosyanurate

TARRC Tun Abdul Razak Research Centre

UiTM Mara University of Technology

UV Ultraviolet light

XNBR Carboxylated nitrile rubber

Symbols
A Cross-sectional area (m2)

Ao Unstrained (original) cross-sectional area (m2)

B Crack growth constant

c Crack length (mm, m)

co Natural flaw size (mm, m)

Co Concentration of antiozonant (mgcm�2)
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Cs Concentration of antiozonant at the rubber

surface (mg cm�2)

D Diffusion coefficient (m2 s�1)

dc/dt Crack growth rate (ms�1)

f Force (N)

ff Frequency (Hz)

h Height (m)

kc Compression stiffness (Nm�1)

ks Shear stiffness (Nm�1)

l Half thickness of film sheet (mm, m)

L Length (m)

M Molecular weight (gmol�1)

M‘ Total mass of liquid absorbed after an infinite

time (g, kg)

ML Mass of layer per unit area of surface (gmm�2,

kgm�2)

Mt Total amount of liquid absorbed per unit area

after immersion time, t (gmm�2 s1/2)

N Number of molecules per unit volume of rubber

(mol cm�3)

Nf Fatigue life (number of cycles of failure) (cycles,

kilocycles)

R Molar gas constant (8314 Jmol�1 K�1)

S Shape factor

T Absolute temperature (K)

t Time (s)

Tg Glass-transition temperature (�C, K)
V1 Molar volume of solvent (m3)

vf Volume fraction of seeding particles present in

the rubber

vr Volume fraction of rubber in the swollen gel

W Width (m)

Ws Strain energy density (Jm�3)

[X]phy. Physically manifested crosslink

concentration (mol kg�1)

d Solubility parameter (MPa)1/2

DH Latent heat of vaporization (J)

l Extension ratio

r Density (kgm�3)

x Rubber–solvent interaction parameter

3.33.1 Introduction

Natural rubber and elastomers belong to the same
group of materials known as high molecular weight
polymers. According to the International Organiza-
tion for Standardization (ISO) rubber vocabulary,1 an
elastomer is a macromolecular material which returns
rapidly to approximately its initial dimensions and
shape after substantial deformation by a weak stress

and release of the stress. However, an elastomer has
always been recognized as a synthetic elastic polymer.1

A polymer is a high molecular weight material having
many units of small molecules chemically joined or
linked by normal covalent bonds to form long chain
molecules. These flexible and soft materials find wide
uses in many engineering applications, such as natural
rubber (NR) bridge bearings, and earthquake and seis-
mic bearings. Indeed NR has had a sound track record
in many engineering applications for over 150 years.2

Elastomers have some unique properties that metals do
not have. These include

� high bulk modulus (2000–3000MPa) relative to
their Young’s modulus (0.5–3.0MPa),

� some inherent damping, and
� large strain deformation.

Rubbers having high bulk modulus hardly change
their volume when deformed. In simple words, rub-
ber is incompressible. Like incompressible liquids, it
has a Poisson’s ratio close to 0.5. If rubber is con-
strained, to prevent changes in shape, it becomes
much stiffer, a feature that is used to full advantage
in the design of compression springs. Elastomeric
bridge bearings and seismic bearings are examples
of products that rely on these properties.

The damping inherent in the elastomer is a very
important property as it helps to prevent the ampli-
tude of the vibration of the spring from becoming
excessive if resonant frequencies are encountered.
Elastomeric products such as vibration isolators and
engine mounts rely on the inherent damping proper-
ties of the elastomer.

The elastomer undergoes large strain deformation
(a few hundred percent) without failure by an applied
stress below its breaking stress. This means that it can
store much more energy per unit volume than steel.
Elastomeric dock fender systems make use of its large
stored energy capacity to absorb shocks, blows and
the impact exerted by ships.

Some of the merits of elastomeric springs over
metal springs are as follows2:

� no maintenance is required,
� the energy storage capacity is high,
� with correct design, the rubber spring can provide

different stiffness in different directions, or nonlin-
ear load–deflection characteristics,

� a certain amount of misalignment is tolerable as
the rubber spring can accommodate this tolerance,

� easier to install,
� hysteresis inherited by the elastomer is able to

dampen dangerous resonant vibrations.
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Another important property of an elastomer is its
strong resistance to inorganic acids, salts, and alkalis.
In contrast, acids attack metals. For these reasons, the
linings of chemical tanks and pipes, especially those
containing caustic solutions, are made from elasto-
mers. The function of the elastomer here is to protect
the metal against attack by corrosive chemicals.

Every product has its own life span. The designed
lifetime of a product depends on the environmental
conditions and the nature of the application. It is very
important to choose the materials correctly to meet
the intended service conditions and the surrounding
environment. The aging process is the determining
factor that limits the life span of the product. The
term aging is always associated with the degradation
or corrosion process as applied to metals, which may
take many forms. In metals, corrosion takes place in
the form of rusting, which involves oxygen and mois-
ture. In elastomers, the term degradation is preferred
to corrosion and covers a wider scope than that of
metals. Degradation takes place in the form of oxida-
tion, ozone cracking, flex cracking, liquid absorption
and heat aging. Degradation in elastomers is very
complex as it involves oxygen, ozone, mechanical
strain, heat, trace metals, etc. There are other agen-
cies such as solvents, oils, fuels, hot air (steam) and
water, which may degrade elastomers and affect the
service life of elastomeric products. A specific section
on the degradation of elastomers discusses all these
issues again later.

3.33.2 Classifications of Rubber and
Elastomers

3.33.2.1 Classification in Terms of Origins

Natural rubber comes from trees known as Hevea

brasiliensis, and shrubs called guayule. The pictures
in Figure 1 show typical rubber trees grown in the
hot tropical climate of Malaysia, and the fresh latex
that exudes from the bark of the rubber tree, after
tapping with a sharp tapping knife. The fresh latex
that exudes from the tree known as field latex contains
about 70% water. After removing this large amount of
unwanted water, the latex is known as concentrated
latex and has about 60% of rubber content. Centrifu-
ging is the preferred method of concentrating field
latex because of its efficiency and rapidness compared
to creaming and evaporation methods. Apart from
latex, natural rubbers are available commercially in
standard bale form, weighing about 33.33 kg. These
bales of NR are produced specifically to meet certain

technical requirements such as minimum dirt content,
viscosity consistency, ash content, etc.

All synthetic elastomers are produced by the
polymerization process. The early production of syn-
thetic elastomers such as styrene butadiene rubber
(SBR), polychloroprene rubber (CR), and nitrile rub-
ber (NBR) relied on emulsion polymerization. One of
the main drawbacks of emulsion polymerization is
the lack of uniformity of polymer molecules with
respect to stereo regularity. This is due to the

Figure 1 Pictures of (a) natural rubber trees (top),

(b) NR latex exudes from natural rubber tree

(middle), and (c) closer view of NR latex collected in a
cup (bottom).
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different ways in which diene monomer molecules
can react, and it applies to all free radical polymeri-
zation processes of diene monomers. However, there
was a real breakthrough with the discovery of the
Ziegler–Natta catalyst in 1954, which enabled the
control of the microstructure of polyisoprene.3 Syn-
thetic polyisoprene is produced by the solution poly-
merization process using catalysts of the alkyl lithium
types such as trialkyl aluminum/titanium tetrachlo-
ride mixtures.3 The Al/Ti mole ratio is critical for
achieving high cis content. Currently, there are about
27 types of rubbers or more commercially available
in the market. The choice depends on the nature of
application, service conditions and environment.

3.33.2.2 Classification in Terms of Purposes

Elastomers can be classified further either as general-
purpose rubbers or as specialty rubbers. General-
purpose rubbers are those elastomers that are widely
used in the manufacture of tires, industrial rubber
goods (IRG), and general rubber goods (GRG). Most
of the general-purpose elastomers cannot meet high
service temperature and high oil resistance specifica-
tions or the combinations of these two requirements.
The most common general-purpose rubbers include
NR, SBR, CR, NBR, ethylene–propylene–diene rub-
ber (EPDM), and BR. In contrast, specialty rubbers
are those elastomers that are tailor made to meet
certain specific requirements, such as low tempera-
ture flexibility, high swelling resistance towards oil
(hydrocarbon, fuel, gasoline, etc.) and very high ser-
vice temperature or combinations of these require-
ments. Specialty rubbers include silicone rubber,
fluoroleastomers, epicholorohydrin, cholorosulfo-
nated rubber, etc. Table 1 shows some of the rubbers
which belong to these grades and their typical
applications.

3.33.2.3 Classification in Accordance with
International Organization for
Standardization

Elastomers can also be classified according to the ISO
4632/1-1982(E)4 which provides information about
rubber as a material with specifications. They are
classified and designated in terms of their perfor-
mance to heat aging, swelling resistance towards oil
and low temperature flexibility. This method of clas-
sification is very helpful as it facilitates the purcha-
sers and suppliers to make the correct selection of
suitable materials, and avoid wasting time and energy.

These designations are determined by a type
based on resistance to heat aging, by a class based
on resistance to swelling in oil, and by a group based
on low temperature resistance.4 These classification
criteria are used to establish a characteristic material
designation consisting of three capital letters, where

� the first letter signifies Type (heat resistance)
� the second letter signifies Class (oil resistance)
� the third letter signifies Group (low temperature

resistance).

Tables 2–4 show the heat aging temperature,
limits of volume swell and brittleness temperature
for establishing Type, Class and Group respectively.4

Type is determined by the maximum temperature at
which heat (air oven) aging for 70 h, in accordance with
ISO 188, causes a change in tensile strength of not
more than �30%, a change in elongation at break
of not more than �50%, and a change in hardness of
not more than �15 International Rubber Hardness
Degrees (IHRD). Class is based on the resistance of
thematerial to swelling inAmerican Society forTesting
Materials (ASTM)OilNo. 3,when tested in accordance
with ISO 1817. In the test, the immersion time shall be
70 h at a temperature determined inTable 2. Group is
based on the brittleness temperature of the material
when measured in accordance with ISO/R 812.

Thus if an elastomer is designated as BCD, it means
that it is classified as Type B, Class C and Group
D. This implies that the elastomer resists temperatures
up to 100 �C, with volume swelling not exceeding
120% in oil No. 3 and is not brittle at �40 �C.

Most of the general purpose elastomers shown in
Table 1 have poor heat resistance except for ethyl-
ene propylene rubber (EPM) as shown in Figure 2.
EPM can withstand service temperature of about
150 �C as it is categorized as Type D. General pur-
pose elastomers also have poor swelling resistance
towards hydrocarbon oil except nitrile rubber
(NBR) which is classified as Class H with maximum
volume swell of 30%. A majority of the specialty
elastomers shown in Table 1 have both excellent
heat resistance and swelling resistance. From the
chart shown in Figure 2, silicone rubber having both
methyl and vinyl substituent groups on the polymer
chain (VMQ) has equivalent heat resistant (Type G)
with silicone rubber having methyl, vinyl, and fluo-
rine substituent groups on the polymer chain
(FVMQ). However, they have different Class with
respect to swelling resistance. VMQ belongs to
Class E while FVMQ belongs to Class J. Clearly
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Table 1 General purpose rubbers and specialty rubbers

General
purpose
rubbers

Typical applications Specialty
rubbers

Typical applications

Natural rubber
(NR)

Mainly for tires, industrial and general
rubber goods, bridge and

earthquake bearings, bridge

expansion joints, etc.

Carboxylated
nitrile rubber

(XNBR)

Oil resistant hoses, boots, seals and
gaskets and other automotive

components with very good oxidation

resistance
Synthetic

polyisoprene

(IR)

Tires, sports goods, earthquake

rubber bearings, IRG.

Polysulphide

rubber (PTR)

Used mainly where good resistance to

solvents is required

Styrene
butadiene

rubber (SBR)

Passenger car tires, IRG, GRG Polyurethane
rubber (AU, EU)

Gaskets, seals, solid tires, and foams

Butyl rubber (IIR) Tire tubes, tube liners, enclosures, air

bags, and curing bladders

Silicone rubber

(Si)

Able to withstand a very wide range of

service temperatures from �45 to
200 �C. Various grades are available

covering a very wide range of

applications such as baby teats,
catheters, medical applications, wire

and cables, electronic components,

etc.

Butadiene
rubber (BR)

Tires, sports goods Chlorosulfonated
polyethylene

rubber (CSM)

Electrical insulator in cable and wire
industry, tank lining, colored-stable

weather-resistance products, oil

resistant hoses and gaskets

Ethylene–
propylene–

diene rubber

(EPDM)

Gaskets, seals, automotive
components, IRG, and GRG

Polyacrylic
rubber (ACM)

Seals and gaskets for high temperature
applications, 180–200 �C

Polychloroprene
rubber (CR)

Hoses, rubber bearings, expansion
joints, belts, and conveyors

Fluorocarbon
rubber (FPM)

Products which are resistant to
chemicals, oils and solvents. Able to

withstand high service temperatures

exceeding 250 �C. Outstanding
oxidation and ozone resistance. Flame

resistant. Hoses, gaskets and seals for

aircraft, jets, and rockets

Nitrile rubber
(NBR)

Oil-resistant hoses, seals, O-rings,
gaskets

Epichlorohydrin
rubber (ECO)

Automotive industry – gasket, seals,
hoses to withstand service

temperatures above 130 �C

Table 2 Heat aging temperature for establishing Type4

Type

A B C D E F G H J K

Test temperature (�C) 70 100 125 150 175 200 225 250 275 300

Table 3 Limits of volume swelling for establishing Class4

Class

A B C D E F G H J K L

Vol. swell max. (%) No rqmt. 140 120 100 80 60 40 30 20 10 5
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FVMQ is more resistant to swelling towards the sol-
vent than VMQ grade, as the fluorine atom is highly
polar. Figure 3 shows the general chemical structure
of silicone rubber with different substituent groups.

The main backbone chain is made of repeat-
ing �Si�O� groups while the methyl groups are
attached at the side. Both Si–O and Si–CH3 bonds
are thermally stable. This explains why VMQ and
FVMQ grades have the same Type of heat resistance,
as the main chain backbone is the same for both. The
Si–O bond is partially ionic and it is relatively easy to
be broken by concentrated acids and alkalis even at
room temperature. Another important feature of the
chemical structure of silicone rubber is the relatively
large bond angle of Si–O (about 140–160�).7 The
intermolecular forces between silicone chains are
very low probably because of the large distance
between the adjacent chains, as silicone atoms are
relatively large. Thus this facilitates ease of chain
rotation which accounts for the lowest glass-transition
temperature Tg (��120 �C) among the commercially
available elastomers. The dimethyl rubbers swell more
in aliphatic and aromatic hydrocarbons than in ace-
tone and diesters. However, the swelling resistance
towards hydrocarbon oil can be enhanced by the
replacement of one methyl group on each silicon
atom by a more polar group such as trifluropropyl
group (�CH2CH2CF3), that is, the FVMQ grade.

3.33.3 General Properties of
Elastomers

All elastomers have some common properties such as
being flexible, tough, relatively impermeable to both
water and air, and elastic when vulcanized. One of the
unique features of a vulcanized elastomer is its ability
to exhibit high elasticity: the elastomer can be
stretched to a few hundred percent and recover its
original shape and dimensions almost instantaneously
when the deforming force is released. For a material
to exhibit high elasticity, it must fulfill the following
conditions:

� flexible long chain molecules with relatively low
molecular interaction forces,

� the long chain molecules must be cross linked (at
least 2% cross linked network),

� rubbery above Tg.

The elasticity of an ordinary solid such as metal is
associated with its internal energy. In contrast, the
elasticity of rubber is entropy driven.

Elastomers are also well known for their good
resistance to acids, alkali and chemical solutions.
Elastomers have a proven record of accomplishment
as the material used for tank lining or related chemi-
cal vessels. Beyond these common characteristics,
each rubber has its own unique properties depending
on the chemical structure as discussed briefly below.

3.33.3.1 Structure–Property Relationship

The effects of chemical structure on some important
physical and technological properties are summar-
ized in Table 5.

3.33.3.1.1 Mechanical strength

Tensile strength, tear strength, crack-growth resis-
tance and fatigue life of the vulcanized elastomer
depend on the chemical structure and its geometrical
configurations. Elastomers having regular microstruc-
ture are able to crystallize, and those that have irregu-
lar microstructure are amorphous. Figure 4 shows the
chemical structure of general-purpose elastomers such
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Figure 2 A chart showing type and class of elastomers.

Adapted from Hashimoto, K.; Maeda, A.; Hosoya, K.;

Todani, Y. Rubb. Chem. Technol. 1998, 70(3), 449–519, with

permission from American Chemical Society.

Table 4 Limiting brittleness temperatures for establishing Group4

Group

A B C D E F G

Limiting brittleness temperature (�C) 0 �10 �25 �40 �55 �75 �85
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as natural rubber (NR), styrene butadiene rubber
(SBR) and polychloroprene rubber (CR).

Natural rubber is 100% cis-1,4-polyisoprene
indicating that it has regular microstructure, thus
enabling it to crystallize. NR will crystallize at low
temperatures. Crystallization has its own kinetic; in
the case of NR the maximum rate of crystallization
occurs at �26 �C.2,6 When the rubber crystallizes, it
hardens progressively and eventually loses its flexibil-
ity and rubber-like elasticity. The maximum amount
of crystalline region is about 33% in the case of NR.
However, if a tensile strain (more than 200%) is
applied to NR it crystallizes almost instantaneously
even at high temperatures. This phenomenon is
known as strain-induced crystallization. Since crystal-
lization is a reversible process, the crystals are
completely melted once the applied strain is removed.

Low temperature crystallization brings few disad-
vantages to NR, particularly when it involves mixing.
When NR crystallizes, it becomes very stiff and may
cause damage to the mills. To overcome this problem,
the common practice is to place the crystallized NR
in a hot room (oven) to melt the crystals so that the
rubber regains its flexibility. Any unmelted crystals

present during the mixing process would interfere
with the incorporation and dispersion of the com-
pounding ingredients. In contrast, strain-induced
crystallization offers a big advantage in that it helps
to enhance the mechanical strength of the rubber. For
example, an unfilled or gum NR vulcanizate gives
higher tensile strength (23–27MPa) than unfilled
SBR gum vulcanizate (2–3MPa). Unfilled (gum) vul-
canizate refers to a vulcanized rubber containing no
filler apart from the compounding ingredients neces-
sary for vulcanization. The crystals that are formed
during straining act like a reinforcing filler to
enhance the tensile strength. Thus for a noncrystal-
lizing elastomer, it is necessary to incorporate a rein-
forcing filler into the rubber to enhance its strength.

In addition to the reinforcing filler, the types
of chemical crosslink such as polysulfidic(C–Sx–C),
monosulfidic (C–S–C), or carbon–carbon (C–C) also
affect the strength of the vulcanized elastomer.8 Poly-
sulfidic crosslinks are weak and labile with lower bond
energy than monosulfidic and carbon–carbon links.
Polysulfidic crosslinks enhance mechanical strengths
such as tensile and tear strengths because these weak
and labile crosslinks relieve stresses by ‘yielding.’8

Si

CH3

OO

CH3

Si

CH3

CH3

Si Si O

CH3 CH3

CH CH2

O O

Figure 3 Chemical structure of silicone rubber: MQ grade consists of methyl, PMQ grade consists of benzene

rings and VMQ grade consists of vinyl.

Table 5 Influence of chemical structure on physical and technological properties of elastomers

Basic structure Technological significance

1. Nature of carbon–carbon
backbone chain

Unsaturated elastomers (having double bonds) are capable of being vulcanized with
sulfur. Saturated elastomers (having single bonds) cannot be vulcanized with

sulfur, but with peroxide. Unsaturated elastomers have poorer ozone cracking

resistance and poorer oxidative resistance than saturated elastomers

(i) Double bonds

(ii) Single bonds

2. Geometrical configurations Regular microstructure would favor crystallization. Irregular microstructure leads to
amorphous elastomers. The degree of crystallization affects mechanical strength

3. Polarity Affects the degree of swelling resistance, rubber to metal bond strength, Tg and

electrical resistivity

4. Chain flexibility and glass transition
temperature, Tg

Affects hysteresis and damping, and other related properties such as resilience,
heat build-up, mechanical strengths, etc.

5. Molecular weight distribution Broad molecular weight distribution provides easier processing than narrow

molecular weight distribution
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Besides NR, polychloroprene rubber (CR) can
also crystallize. Indeed CR crystallizes more readily
than NR does because trans 1,4 configuration allows
better molecular packing than cis 1,4 configuration.

3.33.3.1.2 Oxidation and ozone resistance

All unsaturated elastomers are susceptible to attack
by oxygen and ozone which ultimately leads to chain
scission followed by progressive loss in the physical
properties. This aspect of oxidation will be discussed
further in a later section. Almost all specialty elasto-
mers have saturated bonds on the main backbone as
well as high bond dissociation energy. Thus, specialty
elastomers are highly resistance to heat, oxidation
and ozone cracking.

3.33.3.1.3 Swelling resistance

The swelling resistance of rubber towards hydrocar-
bon oil depends on the extent of the polarity of the
elastomer. The more the polar groups attached to
the rubber molecules the higher is the polarity, and

the better is the swelling resistance towards hydro-
carbon oil. The solubility parameter of elastomers
and liquids determines the extent of compatibility
and swelling resistance. The closer the solubility
parameters between the elastomer and the liquid,
the better is their compatibility. Indeed, the greater
the thermodynamic compatibility between liquid and
elastomer, the greater the absorption of liquid occur-
ring when both have similar solubility parameters.
The solubility parameter d is related to a parameter
to measure the specific interaction between mole-
cules known as cohesive energy density (CED) by
the following mathematical relationship.

d ¼ ðCEDÞ1=2 ½1�
CED ¼ ðDH � RT Þ=ðM=rÞ ½2�

where DH is the latent heat of vaporization, T is the
absolute temperature, M is the molecular weight of
the polymer, r is the density of the polymer, and R is
the molar gas constant. For example, natural rubber
has a solubility parameter value of 16.7 and NBR has
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Figure 4 Chemical structure of general-purpose elastomers.
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a solubility parameter between 21.0 and 22.0MPa1/2.
Most of the petroleum oils have a solubility parame-
ter of 16.3MPa1/2. Thus NR will swell markedly in
petroleum oil because their solubility parameters are
similar. In contrast, NBR has a solubility parameter
very much higher than that of petroleum oil, so the
two are not compatible. For this reason, polar NBR
shows higher swelling resistance than nonpolar NR
towards petroleum oil. Elastomers with higher polarity
such as polyurethane rubber (AU) show even higher
swelling resistance to nonpolar solvents than nonpolar
elastomers. Based on the solubility parameter, polar
rubbers swell more in polar solvents. Nonpolar rub-
bers are resistant to swelling in polar solvents.

3.33.3.1.4 Glass-transition temperature Tg

The glass-transition temperature (Tg) is the temper-
ature at which molecular mobility begins to take
place, below which molecular mobility is frozen and
the elastomer becomes rigid and glassy. The Tg of
the elastomer depends on the chemical structure
of the elastomer. The presence of a polar atom, side
groups, length of side chains, and crosslink reduces
molecular mobility which would increase Tg of the
elastomer. The glass-transition temperature affects a
number of important technological properties such as
strength, damping, low temperature flexibility, roll-
ing resistance, wet grip, etc. High Tg elastomers are
preferred to low Tg elastomers for applications where
high mechanical strength, high damping, and excel-
lent wet traction are required. For applications where
excellent low temperature flexibility, low heat

generation, high resilience and low rolling resistance
are required, low Tg elastomers are preferred to high
Tg elastomers.

Table 6 summarizes the respective Tg, ozone
cracking resistance, chemical resistance and heat
aging resistance of some of the important commercial
elastomers.

3.33.4 Rubber Technology and
Compounding

3.33.4.1 Mastication and Mixing

Rubbers find very limited applications in their raw
form. In their raw form, rubbers may be suitably used
as binders and adhesives because of their inherent
tack. To become useful products, they have to undergo
various processes from mastication, mixing, shaping
or fabrication prior to molding, as shown by the
schematic flow chart in Figure 5.

3.33.4.2 Rubber Compounding

Rubber compounding is the term used to denote the
art and science of selecting and combining elastomers
and additives to obtain an intimate mixture that
will develop the necessary physical and chemical
properties for a finished product. In compounding,
one must cope with literally hundreds of variables in
materials and equipment. There are three main areas
of concern in rubber compounding, namely, (i) to
secure certain properties in the finished product to

Table 6 Some important technological properties of some important commercial elastomers

Elastomer Tg (�C) O3 resistance Swelling resistance (%)a Heat resistant up to (�C)b

NR �72 L 200 (120 �C) 100

SBR �63 L 130 (120 �C) 100

BR �112 L >140 (70 �C) 100

EPDM �55 H >140 (70 �C) 150
IIR �66 M 120 (120 �C) 150

CIIR �66 M >140 (150 �C) 150

ACM �22 to �40 H 25 (150 �C) 175
CO �26 H 5 (150 �C) 150

CR �45 M 65 (120 �C) 125

NBR (med ACN) �34 L 10 (100 �C) 125

MVQ �120 VH 50 (150 �C) 225
CSM �25 H 50 (150 �C) 150

H-NBR �30 H 15 (150 �C) 150

FKM �18 to �50 VH 2 (150 �C) 250

EU �55 H 40 (100 �C) 100

aSwelling after 70 h in ASTM oil 3.5,9
bClassification after ISO/TR 8461, aerobic condition, Method ISO 4632/1 3 days, (Retention properties).9

L = low resistance M=medium resistance H=high resistance.5,9
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satisfy service performance; (ii) to be able to meet
processing characteristics for efficient utilization of
available equipment, and (iii) to meet conditions
(i) and (ii) at the lowest possible cost. In other
words, the most important criteria in compounding
are to secure an acceptable balance among demands
arising from the three concerned areas.

Theoretically, a rubber compound may consist of
an elastomer and a cross linking agent. However, in
practice, a rubber compound may contain 5 ingredi-
ents or even more than 10 ingredients, depending on
the intended products, types of application and their
service conditions. Each ingredient has a specific role
and function(s). Each has an impact on properties,
processability, and price. The real challenge is to
develop a high quality rubber product at the lowest
cost possible. The materials utilized by the rubber
compounder can be classified into nine major cate-
gories, which are defined as follows:

� Elastomers : The basic component of all rubber com-
pounds may be in the form of rubber alone,
or master batches of rubber–oil, rubber–carbon
black, or rubber–oil–carbon black.

� Vulcanization agents : These materials are necessary
for vulcanization processes where chemical cross-
links are introduced into the rubber matrix to form
a three-dimensional network. Crosslinks inhibit
permanent flow under deformation or heat and
prevent dissolution in solvents. Strength, stiffness
and resilience increase upon cross linking, and set,
stress-relaxation and creep decrease.

� Accelerators : In combination with vulcanizing agents,
these materials reduce the vulcanization time (cure
time) by increasing the rate of vulcanization. Inmost

cases, the physical properties of the products are also
improved.

� Activators : These ingredients form chemical com-
plexes with accelerators, and thus aid in obtaining
the maximum benefit from an acceleration system
by increasing vulcanization rates and improving
the final properties of the products.

� Age-resistors : Antioxidants, antiozonants, and other
materials are used to slow down ageing processes
in the vulcanizates.

� Fillers : These materials are used to reinforce or
modify physical properties, impart certain proces-
sing properties, and reduce cost.

� Processing additives : Formerly known as processing
aids, the new term currently used is processing
additives. These are materials used to modify rub-
ber during the mixing or processing steps, or to aid
in a specific manner during extrusion, calendering,
or molding operations.

� Softeners : They are materials that can be added to
rubber either to aid mixing, produce tack, or
extend a portion of the rubber hydrocarbon (e.g.,
oil extended).

� Miscellaneous ingredients : These materials can be
used for specific purposes but are not normally
required in the majority of rubber compounds.
They include retarders, colors, blowing agents,
abrasives, dusting agents, odorants, etc.

3.33.4.3 Vulcanization

Vulcanization is a process of cross-linking rubber
molecules chemically with organic/inorganic sub-
stance through the action of heat and pressure. The

Raw rubber

Mastication
(Shortening of molecular chains to reduce viscosity)  

Mixing
(Incorporation of compounding ingredients into the rubber matrix) 

Shaping and fabrication
(Extrusion, calendering and moulding)  

Vulcanization (curing)
(Final shaping - crosslinks are introduced into the rubber matrix to make it elastic)  

Figure 5 Schematic flow process chart.
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rubber which is cross linked chemically is known as
vulcanizate. The introduction of crosslinks into the
rubber matrix may be comparatively few in number
but are sufficient to prevent unrestricted flow of the
whole molecules past neighboring ones. The low
concentration of crosslinks implies that the vast
majority of the segments making up the long chain
molecules are free to move by virtue of kinetic
energy. An unvulcanized rubber dissolves completely
in its solvent. In contrast, a vulcanized rubber only
swells. The chemical crosslinks prevent complete dis-
solution. A vulcanized rubber in this sense is a solid
and will retain its shape and dimensions.

Vulcanization is a very important process in the
rubber industry and conducted at relatively high
temperatures (140–200 �C). For latex dipped goods,
vulcanization is conducted at relatively low tempera-
tures (60–120 �C) and requires no pressure as the
latex is in fluid form and flows to take the final
shape of the former and mold.

One of the most important chemicals in vulcani-
zation is the cross linking agent. Elemental sulfur is
the most widely used cross linking agent in the rub-
ber industry because it is very cheap, abundant and
easily available. Besides, sulfur is very easy to mix and
readily soluble in the rubber. By varying the amount
of sulfur to the accelerator ratio one can get different
types of crosslink in the rubber matrix. Table 7 sum-
marizes the types of sulfur vulcanization system,10

nature of crosslinks produced and their influence on
technological properties. Thus sulfur vulcanization
provides flexibility as one can control the type of cros-
slink intended for specific use or applications. The
most basic requirement for sulfur vulcanization is the
availability of double bonds on the rubber hydro-
carbon. The nonsulfur cross-linking agents include
organic peroxides, quinines and their oximes and imi-
nes, metallic oxides and high energy radiation. The
detailed mechanisms of vulcanization with these vul-
canizing agents are discussed by Elliot and Tidd.10

There is another type of sulfur vulcanization sys-
tem known as soluble efficient vulcanization (EV)10

intended for engineering products that require consis-
tent stiffness, low creep, low stress-relaxation and low
set. This vulcanization system employs certain soluble
accelerators, activators, and sulfur that completely
dissolve in rubber giving a truly homogeneous com-
pound.10 In practice, this is achieved by selecting accel-
erators and activators that have a fairly high solubility
in rubber at room temperature. Suitable accelerators
for soluble EV include diphenyl guanidine, tetrabu-
tylthiuram disulphide and N-oxydiethylenebenzothia-
zole-2-sulphenamide. Zinc oxide is insoluble in rubber,
but it has to be included in the system as it plays a
major role in sulfur vulcanization. However, 2-ethyl
hexanoic replaces the common coactivator stearic
acid as the latter reacts with zinc to form an insoluble
zinc stearate which induces creep and the former
forms a rubber-soluble zinc salt. The sulfur dosage
employed in soluble EV must not exceed 0.8 pphr
(parts per hundred of rubber) to ensure that it remains
dissolved in the rubber and with no tendency to
bloom to the rubber surface.

Nonsulfur vulcanization such as the peroxide vul-
canization system produces carbon–carbon type of
crosslink that gives excellent heat aging resistance
and very low compression set. However, the mechan-
ical strengths are lower than polysulfidic and mono-
sulfidic crosslinks. The choice of vulcanization system
depends on the service environment as well as the
mode of deformation for the intended rubber product.

3.33.5 Rubber-to-Metal Bonding –
Engineering and Automotive
Applications

Most of the rubber springs involve bonding of rubber
to metal. In many cases the metal parts are required
for fixing purposes, particularly those of automotive
components such as rubber bushes, engine mounts

Table 7 Sulfur vulcanization systems, types of crosslink produced and their effect on technological properties

Vulcanization
system

Sulfur Accelerator Type of crosslink Technological properties

Conventional 2.0–3.5 1.0–0.4 Polysulfidic Increase tensile and tear strengths, high compression

set, and poor heat aging

Efficient (EV) 0.3–0.8 6.0–2.5 Monosulfidic Excellent heat aging, low compression set, low
tensile, and tear strengths

Semi-EV 1.0–1.7 2.5–1.0 Mixtures of poly,

di- and mono

Compromise or balance in terms of strength and heat

aging
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and couplings. Figure 6 shows some typical rubber-
to-metal bonded products. In tank lining, the main
function of rubber is to protect the metal against
attack by corrosive chemicals as well as to protect
the metal parts from oxidation by air and moisture,
which leads to rusting.

The laminated rubber bearing consists of alternate
layers of metal plates. The metal plates serve to
restrain the lateral expansion of the rubber on com-
pression. Because of restriction at the rubber metal
interface, due to friction or when the rubber is bonded
to metal, the rubber bulges at the end plates to main-
tain a constant volume. As a result, the effective
compression modulus is dependent on the shape
factor, S, defined as the ratio of loaded area to force
free area.2

S ¼ Loaded area=Force free area ½3�

For a rectangular rubber block of length L, width W,
and thickness h, shape factor S is given by eqn [4]:

S ¼ LW=½2hðLþW Þ� ½4�
The dependence of the compression modulus on the
shape factor has a significant advantage where the
vertical stiffness increases substantially, by inserting
horizontal metal spacer plates into the rubber. For a
rectangular rubber block having length L, width W,
and height h, the shear stiffness and compression stiff-
ness are given by eqns [5] and [6] respectively.

ks ¼ GA=h ½5�
kc ¼ 3Gð1þ 2S2ÞA=h ½6�

Here, G is the shear modulus of the vulcanizate and A
is the cross-sectional area of the rubber surface sub-
jected to shear or compression. Equation [6] shows

(b)(a)

Metal
plate

Rubber bearing

Figure 6 Rubber-to-metal bonding products – (a) tank lining (LHS), (b) various automotive rubber products (RHS) and
(c) below rubber bridge bearing.
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that the compression stiffness can be increased sub-
stantially by increasing the shape factor. The shape
factor does not affect shear stiffness. For these reasons,
laminated steel rubber bearings are used in bridges,
where high compression stiffness is necessary to sup-
port all dead and live loads of the deck, and very low
shear stiffness to accommodate movements associated
with thermal expansion and contraction due to tem-
perature changes.

To achieve efficient bonding at the rubber–metal
interface, it is necessary that the rubber is chemically
bonded to the metal surface. This is achieved in
practice by following proper procedures laid down
in the following section.

3.33.5.1 Bonding of Rubber to Metal

3.33.5.1.1 Preparation of metal plates

The metal plates must be clean and free from any
contamination such as oil, grease, protective coating,
and rust. Exposing the contaminated metal surface to
the vapor of a suitable organic solvent (e.g., chlorinated
solvent) removes oil and grease. The next step is to
remove metal oxides and rust on the metal surface,
usually by the sandblasting technique or wire brush-
ing. Apart from cleaning, sandblasting increases the
surface area, which is very beneficial for strengthening
the bonded area. Acid etching provides an alternative
means of removing metal oxides from the metal surface.

It is very vital that the metal surface is completely
free from oil, grease and rust to ensure efficient
wetting of the bonding agent on the metal surface
so that during vulcanization the bond formed
between rubber and metal via the bonding agent is
very strong. However, a few precautions need to be
observed when sandblasting on the metal surface.
The grit size, gun pressure and shooting distance
must be correct to get the right surface topology,
thus avoiding excessive wear or too little wear.

3.33.5.1.2 Types of bonding agent and

methods of applications of bonding agent to

metal plates
The common bonding agents for bonding rubbers to
metals include ebonite solution or sheet, brass and
proprietary adhesives. In the past, the bonding agent
as well as the lining material for making tank lining
was ebonite solution and calendered ebonite sheet.
The ebonite compound contains a high amount of
sulfur, about 25–35 pphr. This high sulfur content
makes ebonite a hard and brittle material. Indeed
ebonite is a thermoset as it is highly cross linked.

The high sulfur content of ebonite introduces high
polarity that makes it a very suitable bonding agent.
Despite the superior chemical resistance of ebonite,
there are a few limitations such as its brittleness after
cure, long cure time and potential of fire hazard
due to exothermic reaction during curing, especially
when a thicker lining is involved. For this reason, soft
rubber linings are preferred to ebonite linings.

Brass is a very good bonding agent, and is widely
used in the tire industry. Brass is coated on steel
wire cords by the electroplating process. Brass-coated
steel wire cords are used as breakers or belts placed
underneath the tread and on top of the carcass of
the green tire. During vulcanization, the sulfur forms
covalent bonds with both the rubber and the compo-
nent metals of the brass, leading to a very strong
bond.11

In most rubber-to-metal bonded products, a pro-
prietary bonding agent is preferred to the other two
bonding agents. A proprietary bonding agent usually
requires two coatings, viz. a primer and an adhesive
cement. There are reasons why a two-coat system
offers more insurance for the rubber to metal bond.
The first coating known as a primer helps to elimi-
nate corrosion in corrosion-prone metals when they
are in contact with the rubber.12 By using a primer,
secondary cement (second coating–adhesive) that has
a greater degree of bondability to the stock being
used can be selected, rather than a one-coat system.12

It is claimed that the two-coat system allows more
metal adhesion into the primer, and more stock adhe-
sion into the cement coat.12 This results in a higher
intrinsic bond with the two-coat system than a single
coat system.

Bonding agents are applied by painting, spray-
ing or dipping on treated metal parts in the form of
a solution or aqueous suspension.

3.33.5.1.3 Molding of rubber-to-metal

bonded parts

Finally, the dried, coated metal parts are loaded into
the mold and the rubber is vulcanized in contact with
these substrates by the conventional rubber molding
techniques such as compression, transfer and injec-
tion molding. It is during this vulcanization process
that the rubber is chemically bonded to the metal
surface when the cross linking agents react with the
adhesive.

However, in the case of tank lining, the method is
different from the conventional rubber-to-metal
bonded products. Themethod of applying calendered
rubber sheeting onto the prepared metal surfaces is
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analogous to that of applying rolls of wallpaper to the
walls of a room. However, care must be taken to avoid
entrapment of air between rubber and metal. The
rubber sheet is laid down at the correct angle, and is
rolled down into close contact with the adhesive.
Applying the rubber sheet at the corner or edges of
the tank is quite tricky. In practice, this is achieved by
making joints at corners by inserting and rolling down
an extruded rubber fillet of triangular cross-section
and forming the sheet joints on top of the fillet. This
technique gives to the lining a well finished appear-
ance and reduces the danger of weak joints occurring
in corners.

Upon completion of laying the rubber sheet onto
the metal surface, the covered lining tank is usually
allowed to rest for at least 24 h before being vulca-
nized. This resting period allows any air trapped
between rubber and metal to diffuse, apart from
enabling the adhered rubber sheet to recover and
settle down before it is heated.

3.33.5.2 Vulcanization

It is usually done in an open steam autoclave for tanks
or vessels that are small enough to go into the auto-
clave. When the lined vessel is too large to be accom-
modated in an autoclave it may be vulcanized in one
of the following methods:

3.33.5.2.1 Low or high pressure steam
This method is applicable to a vessel that has suffi-
cient strength to withstand internally applied pres-
sure. This procedure can be adopted if the vessel such
as road or rail tank cars can be lined and then sealed
and bolted to give a strong and steam proof pressure
container. The steam pressure is passed through the
lined vessel to the desired vulcanization tempera-
ture until the rubber is fully vulcanized. There are
some elements of danger when dealing with high
pressure steam. So it is very important that all the
safety regulations are met in terms of design and
material of the vessel. The work should be done
under skilled engineering supervision.

3.33.5.2.2 Water curing technique

This method is suitable for tanks or vessels that are
too weak structurally to be put under steam pressure.
Here, the lined tank is filled with water or brine. The
water is heated by passing live steam into the water
until it approaches boiling point. This temperature
is maintained for a few hours until the rubber is
fully vulcanized. Care must be taken to ensure that
live steam does not impinge on the rubber lining to

avoid the occurrence of a large blister between the
rubber and metal at the point of impingement. It is
necessary to conserve heat by shielding the unit against
draughts and cold to minimize temperature variations
which would affect the uniformity of the cure.

3.33.5.2.3 Hot air or ambient temperature

vulcanization

This method is suitable for tanks or vessels which do
not work with the methods discussed above. The
choice of accelerator is very important. Ultrafast or
very fast accelerator is usually used in the rubber
compound. Care has to be taken to ensure that the
rubber does not vulcanize prematurely (scorched)
before it is applied onto the treated metal surface.
One of the means to overcome the problem is to
avoid mixing the accelerator and sulfur together,
but to prepare sulfur masterbatch and accelerator
masterbatch separately. The two masterbatches are
blended together just prior to calendering, and the
calendered sheet applied as soon as possible to the
metal to avoid the risk of being scorched.

3.33.5.3 Types of Bond Failure and
Possible Remedies

A rubber shear mount may be expected to deform
up to 300% shear strain, and the mean shear stress
acting on the rubber-to-metal bond can be as high as
10MPa or 2/3 tons per square inch.11 Steel laminated
rubber bearings for bridges must have a minimum
bond strength of about 9N mm�1 (MS 671, 1991).

It is important to observe the failure mode that
occurs in rubber-to-metal bonded products because
it throws some light and clues to the root cause of the
problem. It is usual to conduct peel test to determine
the interfacial bond strength between the rubber and
metal. There are two basic types of bond failure
either adhesive or cohesive. Adhesive failure may
occur at the interfacial between the rubber and sub-
strate, or between cement and substrate. Cohesive
failure occurs within the rubber itself. There are
three modes of adhesive failure.13 First is called CM
failure that takes place between primer and metal
interface. Second is CP failure that occurs at the
primer to cover cement interfacial. Third is RC fail-
ure where the bond fails at the rubber–cover cement
interface. RC failures are the most common and the
most difficult to solve.13 There are a number of
causes, which bring about these bond failures.
They include the following: metal surface not
cleaned efficiently due to poor cleaning procedure,
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contamination of metal surface during handling,
incomplete wetting of adhesive on the metal surface,
variations of temperature of metal surface, precured
adhesive, sweeping of adhesive during molding etc.13

There are remedies to overcome these problems.
First, ensure that the metal surface is free from all
forms of contamination. Second, avoid contamination
of metal surface during handling. Third, apply the
primer and adhesive cement onto the metal surface
evenly by taking care of the correct viscosity of the
adhesive, and correct spraying distance and thickness
of the adhesive film. Fourth, use the correct type of
adhesive and follow strictly the instruction and pro-
cedure recommended by the chemical supplier.

If during the peel test, cohesive failure occurs
within the bulk of the rubber, then this indicates
that the interfacial bond strength between the rubber
and metal plate via the bonding agent is stronger than
the cohesive strength of the rubber itself.

3.33.6 Oxidation of Rubber

Metals oxidize in the presence of air and water and
consequently they corrode, become rusty and weak.
Figure 7 shows the old version of using steel rollers
to accommodate movements of the bridge deck
brought about by expansion and contraction due to
temperature changes.14 The steel rollers corroded
and suffered high wear and tear. In contrast,
laminated steel rubber bearing did not show any
sign of wear out after nearly twenty years of installa-
tion.14 However, this does not mean that elastomeric
bearing will last forever. Like metals, rubbers are also
prone to corrosion. Corrosion of rubbers is associated
with the aging process known as degradation. All
unsaturated rubbers are subject to degradation due
to the attack of heat, ultraviolet (UV) light, oxygen,

ozone etc. The more is the amount of unsaturation
the more it is susceptible to degradation. The term
aging as applied to rubber, covers a variety of phe-
nomenon arising out of the factors described above.
Aging properties of raw rubber differ from vulca-
nized rubber because of the latter’s specific network
structure and extra network material. When natural
rubber is heat-aged in the presence of oxygen or air,
it invariably loses strength, in particular its tensile
strength decreases. The pattern of modulus change
during aging is not so straight forward because there
are two opposing reactions which can occur simulta-
neously. One is degradation of the molecular chains
and crosslinks which causes softening; the other
is additional cross linking which causes stiffening.
Under any given set of aging conditions (time and
temperature) either softening or stiffening reactions
may predominate depending on the type of vul-
canization system, type of filler and antidegradants
employed in the rubber compound.

Oxygen reacts with rubber only after the rubber has
been acted upon by energy. This is usually from UV
light, heat or mechanical energy (flexing). This energy
dislodges a hydrogen atom from the rubber molecule,
resulting in the formation of a radical. The oxidation of
polymer with elemental oxygen is called autoxidation
because it is an autocatalytic. The rate of autoxidation is
affected by temperature, the presence of catalyst and
also the presence of antioxidant. When the oxygen
attacks the rubber it produces hydroperoxide. The
hydroperoxides break to form free radicals. This is an
autocatalytic, self generated free radical process. The
autoxidation process involves three main stages,
namely, initiation, propagation and termination. In
view of the complexity of autoxidation reaction with
rubber, Bolland and Gee15,16 used model olefins to
study the kinetics of autoxidation. Figure 8 shows the
mechanism of autoxidation as proposed by Bolland.15,16

(a) (b)

Figure 7 (a) Steel roller bridge bearing and (b) steel laminated rubber bearing installed in 1955. Adapted from Mullins, L.

Proc. Rubb. in Eng. Conf. Kuala Lumpur, 1974, pp. 1–20, with permission from the Malaysian Rubber Board.
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The autoxidation is initiated with the generation
of free radicals due to the relatively facile homolysis
of traces of peroxide present in the elastomer.17

The rate of oxidation is related to the concentration
of the hydroperoxide [ROOH] as shown by eqn [I]
below16.

ri ¼ ki ½ROOH�2 ½I�
The resultant free radicals react with oxygen to
form the deleterious peroxides and propagate the
autoxidation reaction. The rate of propagation is
controlled by the hydroperoxide yields and those of
decomposing. The hydroperoxide yields for a large
number of olefins range from almost 100% downwards
to values controlled by side reactions of the peroxy
radicals, such as addition to olefinic double bonds,
when hydrogen abstraction becomes relatively diffi-
cult.16 Such side reactions would continue the prop-
agation chain. However, when the value of the rate
constant k2 becomes large, the reaction of alkenyl
radicals with oxygen become independent of oxygen
pressure. Under these conditions, rate-determining
step is no longer controlled by the rate constant k3,
of the hydrogen abstraction step. Termination would
occur primarily by the interaction of alkenyl radicals.
Then the propagation rate is given by eqn [II] below16.

r ¼ r
1=2
i k2k

�1=2
4 ½O2� ½II�

Termination occurs solely by the mutual destruction
of peroxy radicals and represented by the following
rate equation16:

r ¼ r
1=2
i k3k

�1=2
6 ½RH� ½III�

The outcome of this autoxidation is either chain-
scission or cross-linking. If chain-scission occurs, the
degraded rubber will be soft and tacky. On the other
hand, if cross linking occurs the degraded rubber will
be hard and brittle. In both cases, the mechanical
strength of the rubber decreases markedly. Model
olefins were used to study the mechanism of oxidation
of NR due to complexity of the oxidation reaction
in particular when the rubber is vulcanized.16 The
oxidation of rubber vulcanizate is technologically
important since the absorption of only a small amount
of oxygen (1%) by rubber vulcanizate results in a
considerable change in the physical properties.

It is believed that the oxidation of natural rubber
follows the same route and analogous to that of the
model olefins where the polyisoprene chain under-
goes scission.16 An essential concept of this process is
the number of molecules of oxygen absorbed per
scission event. According to Bolland,15 the oxidation
reaction would finally lead to an alkoxy radical dis-
proportionate to butan-2-one-4-al rather levulinal-
dehyde, and the vinylic radical would have to be
oxidized further to the methyl ketone end group.
Minute amount of certain heavy metals such as cop-
per, iron and manganese catalyze autoxidation reac-
tions. However, this catalytic action can be prevented
by applying protective or chelating agent such as
metal deactivator like p-phenylenediamines.

In the case of vulcanized rubber, the oxidation
reaction is more complex than that of raw rubber
since the various different types of crosslink (e.g.,
ploysulfidic, disulfidic, monosulfidic, cyclic sulfides,
conjugated dienes and treines, etc.) present in the
network structure may affect oxidation in some way
or another.16 Most types of sulfur vulcanizates initi-
ally hardens on aging before degradation occurs.
This hardening is due to cross linking associated
with oxidative reactions of sulfur species in the
network that takes place before chain scissions take
place.16

Barnard and Lewis16 listed out some useful and
important points concerning chain scission mecha-
nism for unprotected NR at modest temperature as
follows:

� Scission occurs once approximately for every 20
molecules of oxygen absorbed.

� The scission is of the rubber chain even in perox-
ide or sulfur vulcanizates although concomitant
crosslink can occur in the latter.

� Kinetically, scission appears to take place in the
propagation step.

Initiation

Production of ROO· radicals   

Propagation

R·   +   O2 ®

®

ROO·   k2

ROO·  +  RH ROOH   +  R·  k3

Termination

R·  +  R·  ®  Inert product k4

R·   +   ROO·  ®  Inert product k5

ROO·  +   ROO· ®  Inert product k6

ri

Figure 8 Mechanism of autoxidation of natural rubber as
outlined by Bolland. Adapted from Barnard, D.; Lewis, P. M.

In Natural Rubber Science and Technology; Robert, A. D.,

Ed. Oxford University Press, 1988; Chapter 13, pp 621–673,

with permission from � � �.
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� Each scission event results in a stable terminal
ketone group being formed on one of the new
chains and a transient terminal aldehyde group
on the other.

Since autoxidation results in chain scission, means
and ways were introduced to determine accurately
chain scissions caused by a known quantity of oxygen
absorbed. A parameter known as scission efficiency e
defined as the number of molecules of oxygen
absorbed which bring about one scission event16 was
introduced to monitor chain scission quantitatively.
There are two methods either physical or chemical to
monitor chain scission. The common physical meth-
ods involved measuring molecular weight reduction,
stress-relaxation, sol–gel analysis, and stress–strain
characteristics.16 For example, in stress-relaxation
method, a rubber sample of a uniform cross-section
is held at a constant extension and maintained at a
constant temperature. When a network is oxidized
due to the cleavage of stress-supporting chains, then
the stress would decay and this event would lead to
occurrence of stress-relaxation. The change in moles
of stress-supporting chains per gram can be calcu-
lated from eqn [7]16:

ft=f0 ¼ Nt=N0 ½7�

where the subscripts t and 0 refer to the samples after
time t and time zero respectively, and f derived from
the statistical theory of rubber elasticity18 is given by
eqn [8]:

f ¼ rNRTA0ðl� l�2Þ ½8�

where r is the density of rubber, N is the number of
moles of stress-supporting chains per gram, R is the
gas constant, T is the absolute temperature, Ao is the
unstrained cross-sectional area, and l is the extension
ratio. Stress-relaxation method has the advantage of
being able to monitor scission event continuously,
and if the amount of oxygen absorbed is also known
then the scission efficiency e can be calculated.16

However, on a short time scale, the decay in stress
level as function of time at constant deformation and
temperature is associated with the rearrangement of
molecular chains and it is predominantly attributed
to viscoelastic behavior of the rubber.

Almost all technical specifications of elastomeric
products require passing an aging test. The use of
aging tests is extremely important in assessing the
service life of elastomeric products because proper-
ties of vulcanizate could change during service.

The basic principle of the test is to expose rubber
test-pieces to air at an elevated temperature (70 or
100 �C) for a specified period (7 or 14 days or longer).
This so-called accelerated aging test causes deterio-
ration of rubber in air due to combined effects of
oxidative and thermal aging. The tensile properties,
set and hardness are measured on these samples
before and after ageing. If minor changes in these
properties result, long service life may be expected;
if appreciable changes occur, service life may be
short. However, it must be stressed here that acceler-
ated ageing test is a useful quality control and speci-
fication tests. There are significant difficulties in
predicting service life from accelerated aging test.
Use of test temperatures much above the anticipated
service temperature is not advisable because the cor-
relation between the results of such tests and service
performance becomes increasingly tenuous.

3.33.7 Ozone Cracking of Rubber

Apart from oxygen, all unsaturated elastomers are
also susceptible to ozone attack although ozone con-
centration in the outdoor atmosphere at ground level
is about 1 pphm (part per hundred million of air
by volume).19,20,21 However, this can be significant
because the reaction of ozone with the double bond
is extremely fast and causes cracking on strained
rubber. The cracks appear slowly at right angle to
the direction of the strain applied, that grow slowly
and consequently lead to a break of the vulcanizate.
Ozone being very reactive attacks the double bonds
of the rubber and produces ozonide that cleaves to
produce zwitterions.17 The zwitterions are unstable
and will breakdown to form other zwitterions. These
zwitterions may react with other zwitterions to pro-
duce diperoxide compound, or react with carbonyl
compound to produce ozonide. In both cases, the
ultimate result is chain scission. The mechanism of
ozone attack on olefin is as shown in Figure 9.17

However, there is a subtle difference between
ozone cracking and auto-oxidation where the former
requires a certain critical strain level (�5% for
unprotected NR) for its occurrence.19,20,21 The sever-
ity of ozone cracking increases rapidly with strain
level. Braden and Gent,19 and subsequently Lake
et al.20,21 investigated various factors affecting ozone
cracking. For example, Lake and Thomas20 came out
with a boundary layer theory for ozone attack on
rubber surface to explain the rate of ozone crack
growth. According to their theory, the variation in
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the rate of ozone attack on stretched rubber surfaces
produced by changes in the air velocity and magni-
tude of the strain is controlled by the diffusion
of ozone across the relatively stationary boundary
layer adjacent to rubber surface. The boundary
layer effect is important because of the readiness
with which ozone is destroyed by stretched rubber.20

As mentioned earlier, ozone cracking occurs only in
elastomers subject to tensile stresses. Elastomeric
components used in compression will crack only in
the regions of the surface where tensile stresses are
induced. These cracks are unable to penetrate very

far because they soon encounter compressive rather
than tensile stresses. Thus ozone cracking is not a
serious problem for large elastomeric components
such as rubber bearings which are used in compres-
sion. Nevertheless, ozone cracks are unsightly and
may initiate fatigue crack growth, which ultimately
leads to mechanical failure. In view of this deleterious
effect, it is necessary to carry out test on ozone
resistance. The test involves exposing the stretched
test-pieces (20% strain) in an ozone-rich atmosphere
at a fixed temperature (23 or 40 �C) and inspecting
the surfaces for cracks with the aid of a magnifying
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Figure 9 Mechanism of ozone attack on olefins.
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glass at intervals of time. If cracks are not observed
after completion of test, the vulcanizate is said to
have good resistance to ozone cracking.

3.33.8 Heat Aging Resistance

Elastomers can survive over long periods in service at
ambient temperatures without any measurable dete-
rioration if the products are sufficiently thick. For a
thick section of rubber, the availability of oxygen will
be limited by diffusion, and components with bulky
rubber layers can be considerably more resistant to
elevated temperatures than thin rubber sections. For
example, bearing pads of NR installed in 1890 had
been examined, and although the outer 1–2mm of
rubber had degraded after 96 years of exposure to
the atmosphere, the inner core of the rubber was still
in good condition as shown by the photograph in
Figure 10.2 Rubber samples taken from the interior
portion were found to retain good physical properties
as that of freshly prepared compounds.2 At suffi-
ciently elevated temperatures, all types of elastomer
will undergo degradation. However, conventional
NR vulcanizates can be used safely at 60 �C, the
maximum ambient temperature likely to be encoun-
tered practice.2 At temperatures of 300 �C and above,
NRvulcanizates first softens as molecular breakdown

occurs, then resinify, becoming hard and brittle.2

Flammable vapor are emitted and ignition occurs.
However, the rate of burning is extremely slowly for
the case of large block rubber.2

In recent years, new performance demands for
automotive elastomers have been proposed22 to per-
form at high operating temperatures. This move
was made to accommodate increasing concern for
improved fuel economy, which resulted in a signifi-
cant downsizing and redesign of the automobile.
Concomitantly the engine compartment became
smaller and more difficult to cool thus raising the
temperature of the under hood. Current automotive
elastomers are expected to perform well under a
120 �C in-service temperature at least until the life
of the car.22

There is a growing expectation those future auto-
motive elastomers to perform well in a 150 �C envi-
ronment for over 100 000miles.22 This is a clear
signal that specialty elastomers would find very
strong markets over general-purpose elastomers for
high temperature performance.

3.33.9 Flex Cracking

Flexing and cyclic stresses can lead to premature
failure during service. There are two basic mechan-
isms of crack growth, (i) ozone crack growth, due to
primarily chain scission, and (ii) mechanico-oxidative
crack growth, due to mechanical rupture at the tip of
a flaw, which is considerably facilitated by the pres-
ence of oxygen.23 Both types of growth can occur
under static or dynamic conditions or together. The
amount of crack growth in a given time is directly
proportional to the ozone concentration. The crack
growth rate dc/dt of a single ozone crack under static
conditions is given by eqn [9]:

dc=dt ¼ aq ½9�
where q is the ozone concentration and a a constant
(the rate at unit ozone concentration) which is a
property of the rubber.23 The cyclic crack growth
rate is given by eqn [10]:

r ¼ ðdc=dnÞozone ¼ ðF=ff Þaq ½10�
where F is the time fraction of cycle for which the
test-piece is strained, and ff is the frequency.

23 Based
on fracture mechanics approach, and assuming
that the growth of naturally occurring flaws of a
fatigue test has the same characteristics as that of a
crack growth test, Lake and Lindley23 worked out

Figure 10 Cross-sectioned view of a 100-year old bridge

bearing pad showing the very small depth of penetration of

atmospheric degradation. Adapted from Fuller, K. N. G.;
Muhr, A. H. Engineering design with natural rubber, NR

Technical Bulletin, 5th ed.; The Malaysian Rubber

Producers’ Research Association, London, 1992; pp 1–33,
with permission from Tun Abdul Razak Research Centre,

Brickendonbury Hertford, England.
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the fatigue life of vulcanized elastomer as given by
eqn [11]:

Nf ¼ 1=ð16BW 2
s c0Þ ½11�

where Nf is the number of cycles to failure from a
naturally occurring flaw of size c0. B is the crack
growth constant, and Ws is the strain energy density.
Thus the fatigue life N can be predicted from known
parameters of eqn [11].

3.33.10 Oil Absorption

An unvulcanized elastomer becomes solution when
immersed in its solvent; in contrast, a vulcanized
elastomer will only swell. The extent of swell
depends on the amount of solvent absorbed, which
in turn depends on the crosslink concentration and
types of solvent. Swelling is undesirable because
apart from dimensional instability, the modulus and
mechanical strengths are all decreased making the

swollen vulcanizate unsuitable for most engineering
applications.2 In the case of rubber-to-metal bonded,
bond failure occurs if the liquid is able to reach the
metal plate. Figures 11 and 12 show some of the
typical automotive elastomeric components such as
fuel and oil hoses, gaskets, O-rings and seals which
are in contact with automotive fuels. These rubber
components are thin and susceptible to damages
when swollen excessively by the oil. Additives such
as ethanol, methanol, and methyl t-butyl ether are
being placed in gasoline with a view to improve its
octane number.22 Increasing the alcohol content of
the gasoline increases the amount of swell, which is
very undesirable not only because of dimensional
instability, but also reduces tensile strength and elon-
gation at break of the swollen elastomer.

It is well established that swelling is diffusion-
controlled and the volume of liquid absorbed is initi-
ally proportional to the square root of the time of
immersion.2 For most organic liquids, the rate of
penetration depends on their viscosity rather than

(a) (b)

Figure 11 Automotive rubber products in contact with oil and heat: (a) hoses – hydraulic, fuel, gasoline pump, and steam

hose and (b) gaskets, O-rings, seals, and exhaust hanger, etc.

(a) (b)

Figure 12 Automotive rubber components: (a) gaskets and (b) O-rings and seals.
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their chemical nature2. Figure 13 shows the time–
viscosity relationship for the liquid to penetrate 5mm
into the rubber interior.2

For NR, it takes about 4 days for a volatile liquid
such as toluene to penetrate 5mm depth, 1–2 years for
engine lubricating oil, and about 30 years for a petro-
leum jelly, even with continuous immersion.2 It is pos-
sible to estimate the distance of liquid in a given time
provide that the penetration rate is known.2 Alterna-
tively, the viscosity of the liquid may be used if penetra-
tion rate is not known since the penetration rate is
related to viscosity as shown earlier in Figure 13.

Southern24 has introduced a nomogram as illu-
strated in Figure 14 to facilitate the calculation in
estimating the penetration depth of liquid into the
elastomer. Although the data were obtained for NR,
but would be expected to work with other elastomers
of similar Tg.

24 As an illustration to use the nomo-
gram, Southern24 has calculated, a liquid with pene-
tration rate of 7	 10�5 cm s�1/2 would take 4 weeks
to penetrate 1mm, but 100 years to penetrate 40mm
of the rubber block. The penetration rate–viscosity
relationship does not hold for water because of the
presence of hydrophilic impurities which complicate
transport of water in elastomers.24

3.33.10.1 Effect of Crosslink Concentration
and Polarity on Swelling Resistance

Natural rubber (NR) latex has found very wide
applications in the glove industry since the 1920s.
This is attributed to the excellent tear and puncture

resistance of NR latex films. Besides, NR latex film
exhibits very high extensibility (600–1000%) before
its breaking point. These properties make NR latex
film an excellent barrier protection against infectious
liquids and gases. Most of the examination and surgi-
cal NR latex gloves are used in hospitals and clinics.
However, recently NR latex gloves have entered the
fast food industry where good swelling resistance is
an essential requirement. Being a nonpolar rubber,
NR latex gloves have a poor swelling resistance
which limits its application in the fast-food industry.
The fast-food industry is growing very fast all over
the world. There is a growing concern over the
cleanliness and hygiene of the food. It is essential
that the workers wear rubber gloves to avoid contact
with the food they serve. Rahim and Samsuri25 inves-
tigated the effect of crosslink concentration and effect
of blending carboxylated nitrile rubber (XNBR) with
NR latex on the swelling resistance of NR latex
film towards cooking oil. The amount of sulfur was
varied to produce different crosslink concentrations.
The crosslink concentration was determined by
immersing the latex film sample in a solvent until
equilibrium swelling was attained. The crosslink
concentration was calculated by using the Flory–
Rehner equilibrium swelling equation as proposed
by Mullins18 given by eqn [12]:

� lnð1� vrÞ � vr � wv2r ¼ 2rV1½X �phyv
1=3

r
½12�

where vr is the volume fraction of rubber in the
swollen gel, r is the density of rubber, V0 is the
molar volume of solvent, w the rubber–solvent inter-
action parameter, and [X]phys is the physically
manifested crosslink concentration. The diffusion
coefficient D was calculated from eqn [13]24:

Mt=M1 ¼ ð2=lÞðDt=pÞ1=2 ½13�
where Mt is the total amount of liquid absorbed per
unit area of the sheet after immersion for time t, M1
is the amount of liquid absorbed after infinite time
(in this case time to reach equilibrium swelling), and l
is the half thickness of the film sheet. It is necessary
to plot Mt against square root time as shown in
Figure 15 to calculate D in eqn [13].

The effect of crosslink concentration on the diffu-
sion coefficient of cooking oil in the latex film is
shown in Table 8.25 The results show that increasing
the crosslink concentration decreases the diffusion
coefficient significantly. Increasing the sulfur content
from 0.6 to 3 pphr increases the crosslink concen-
tration by about 90%, which merely decreases the

Time to penetrate 5 mm

10 years

1 year

1 month

1 week
4 days

Solvents

Viscosity of liquid (mNs m−2)

Engine oils Heavy oils
0.1 1.0 10 102 103 104

4 years

4 months

Figure 13 Effect of viscosity of liquid on penetration time.
Adapted from Fuller, K. N. G.; Muhr, A. H. Engineering

design with natural rubber, NR Technical Bulletin, 5th ed.;

The Malaysian Rubber Producers’ Research Association,
London, 1992; pp 1–33, with permission from Tun Abdul

Razak Research Centre, Brickendonbury Hertford, England.
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diffusion coefficient by about 23%. However, the
most efficient method to increase swelling resistance
is through physical blending of NR latex with XNBR
latex, where the diffusion coefficient D of the oil into
the film decreases by a factor of 2.7 compared with
NR latex having the highest crosslink concentration.
Thus, this work shows strong evidence that blending
of nonpolar elastomer with polar elastomer enhances
the swelling resistance of the former.

3.33.11 Water Absorption

Elastomers findwide uses in marine and offshore engi-
neering applications. The application of elastomers

in water management is attributed to its high imper-
meability to water. A rubber sheet is used to line the
water reservoir and pond, while inflatable rubber is
used as a dam. Rubber dock fenders rely on the energy
absorption capacity of the rubber. Inevitably, the rub-
ber will absorb some quantity of water as these rubber
products spend a considerable time under water. It is of
great concern whether the absorption of water would
impair the strength of the rubber.

The true solubility of water in rubber is very low.24

Nonetheless, relatively large amounts of water can be
absorbed during prolonged immersion as shown in
Figure 16.2 The diffusion of water in elastomers is not
straightforward, but complicated by the presence of
hydrophilic materials. In the case of NR it is mainly
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K.; Southern, E.; Thomas, A. G. In Natural Rubber Science and Technology; Robert, A. D., Ed.; Oxford University Press,
Oxford, UK, 1988; Chapter 13, pp 820–851, with permission from Oxford University Press.
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proteinaceous.24 When water diffuses into the rubber,
thewater-soluble hydrophilicmaterials dissolve form-
ing droplets of solution within the rubber. Osmo-
tic pressure gradient would exist between watery
domains in the rubber and that of the external solution
immersing the rubber.24 This results in more water
diffusing into the internal solution droplet. Water
absorption reaches its equilibrium when the elastic
stresses acting on the droplets balance the osmotic
pressure difference. Muniandy and Thomas24 pro-
posed a mathematical model for water absorption to
derive equations for the equilibrium water uptake and
to evaluate the kinetics of water absorption and
desorption. From the model, they calculated the equi-
librium water uptake and the apparent diffusion coef-
ficient. They found very good agreement between
theory and experimental results.

Later, Lake26 investigated the kinetics of water
(tap water) absorption in elastomers and their effects
on properties. He reported that when the absorption
was large (50% or more), the rubber test-piece
degraded. Severe degradation leads to porosity of
the surface layer, and when pressed, water exudes.26

However, at a low level of absorption, Lake observed
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NR, (b) lead oxide cured polychloprene, (c) nitrile rubber,
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London, 1992; pp 1–33, with permission from Tun Abdul
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Table 8 Effect of crosslink concentration on diffusion

coefficient D of cooking oil into NR latex film

Sulfur level
(pphr)

[X]phy (mol per
kg RH)

D (m2s�1	10�13)

0.6 4.46	 10�2 4.70

1.0 4.60	 10�2 4.00
2.0 4.89	 10�2 3.70

3.0 5.82	 10�2 3.57

NR:XNBR

(50:50) 1.5

– 1.30
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the formation of droplets similar to the blisters that
occur in plastics or under protective coatings, consis-
tent with an osmotic diffusion mechanism.24 In salt-
water, water absorption reached steady state at much
lower levels than in freshwater, again consistent with
an osmotic pressure mechanism. Thus seawater is less
damaging than freshwater and may not have any
serious consequences for many elastomers. This lat-
ter point is consistent with findings of Ab. Malek and
Stevenson27 who evaluated the physical properties
of a rubber tire as shown in Figure 17, recovered
from seawater at a depth of 80 ft. They found that
the rubber tire had absorbed about 5% of seawater
after 42 years of immersion. They found no evidence
of microbiological attack. What is more interesting,
the physical properties of the rubber tire were within
normal specifications for new rubber of the same type.
They even suggested storing elastomers in deep sea-
water in view of its inert nature. Indeed, elastomer is a
very suitable material to coat metal surfaces against
corrosion in deep seawater. The photograph inFigure
17 shows clear evidence that the steel cords making
up the bead of the tire are corrosion-free after a
42-year immersion in seawater.27

3.33.12 Protective Measures

3.33.12.1 Selection of Elastomer

All elastomers experience aging. Some age faster than
others. The rate of aging depends on a number of
factors such as the chemical structure of the polymer,
service environment, which includes length of expo-
sure to heat and light, oxygen and ozone concentra-
tion, size and shape of elastomers, and mechanical

stresses. One cannot stop the aging process, but one
can slow it down. The most effective means of com-
bating aging is to select the correct elastomers to
meet the maximum service temperature and environ-
ment. Fully saturated elastomers having high bond
dissociation energy making up their backbone chains
are the best choice to meet high service temperature
applications. Fully saturated rubbers such as ethylene
propylene copolymer and very low unsaturation
butyl rubber are excellent resistance to heat aging,
oxidation and ozone cracking. Not only the maximum
service temperature, but also other environmental
factor such as oil or solvent determines the aging
resistance. In cases like these, the elastomers having
high bond dissociation energy and solvent resistance
are desired. These include specialty elastomers
such as acrylic (ACM), chloro-sulfonyl-polyethylene
(CSM), ethylene propylene copolymer (EPM), fluor-
oelastomers (FKM), silicones (MQ , VMQ), polyes-
ter urethanes (AU), etc. Alternatively, for unsaturated
elastomers are to use antioxidants and antiozonants,
with correct vulcanization system can slow down the
aging process quite efficiently.

3.33.12.2 Blends of Elastomers

It is a common practice to blend two elastomers of
different properties with a view to combining the best
features in terms of technical and economic values.
Natural rubber is blended with EPM for applications
requiring very high resistance to attack by ozone as
the latter is fully saturated. A blend of NR and
EPDM is used for applications that require a combi-
nation of good resistance to attack by ozone and high

Figure 17 A natural rubber tire after 40 years’ exposure to seawater. Adapted from Mullins, L. Proc. Int. Rubb. Conf.

Kuala Lumpur, 1985, with permission from Malaysian Rubber Board.
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strength properties. Nitrile rubber (NBR) is blended
with EPM to meet the requirements for very good oil
resistance as well as conferring high resistance to
oxidation and ozone cracking. The former is polar
rubber and provides very good oil resistance, while
the latter provides excellent weather resistance.
However, blending two or more elastomers is not
as easy as one would imagine. The work on blend-
ing various elastomers conducted by Tinker28 and
coworkers has thrown some light on the importance
of compatibility, distribution of crosslinks in each
rubber phase, distribution of filler and plasticizer
and interfacial tension of each phase which have
very strong influence on the service performance of
the blend. When the elastomers are not compatible
with each other, the associated problems that may
arise include maldistribution of crosslinks, partition
of chemicals (sulfur, accelerators, etc.) due to mecha-
nism associated with preferential solubility and
others. Lewan29 worked on crosslink density distribu-
tion in NR/NBR blend and reported the effects of
large difference in polarity and solubility parameters
between these two rubbers. The large difference in
polarity has the following effects:

(i) causes high interfacial tension that is detrimental
to mixing since it interferes with efficient mixing
at the interface, hence minimizing the opportu-
nity for crosslinking between the rubbers;

(ii) causes poor phase morphology, which is charac-
terized by large phase sizes;

(iii) causes uneven distribution of crosslinks arises
through preferential solubility of the curatives
and vulcanization intermediates. Sulfur will be
preferentially soluble (partition in favor of) the
more polar NBR. One phase is over-crosslinked
and the other is lowly crosslinked.

However, Lewan29 overcame these problems by
selecting the correct type of curing system such as
semi-EV based on sulfur – TBBS, to obtain an even
distribution of crosslinks in each phase and maximiz-
ing crosslinking between rubbers at the interface.
The use of compatibilizer is highly recommended
to enhance the compatibility between rubber phases.
Polychloroprene rubber serves as a very good com-
patibilizer for the NR/NBR blend with just a small
quantity (5 pphr) added to the blend. The addition
of this compatibilizer reduced phase sizes, gave an
even distribution of crosslinks and increased tensile
strength.30 Blends of elastomers provide alternative
means of improving both aging resistance and oil
resistance.

3.33.12.3 Antidegradants

Chemical antioxidants and antiozonants combat
aging by scavenging harmful radicals, absorbing UV
light, deactivating catalytic metals like copper, man-
ganese, iron, etc., and decomposing initiating perox-
ides.16,17 Two main types of chemical antioxidants and
antiozonants are widely used in rubber compounds;
they are amines and phenolics. Amine types are more
effective and powerful antioxidants than phenolic
types. However, the former is staining and the latter
is not. Thus, this limits applications of amine types to
black and dark colored elastomeric products. Pheno-
lic types are exclusively used for white and bright
colored products, especially in electrical wire insula-
tion where colors are useful for identification pur-
poses. Both amines and phenolics provide protection
against aging by scavenging the harmful free radicals
during the oxidative chain reaction.16,17 The pro-
posed mechanism17 by which these two types of
antioxidants work is shown in Figure 18. During
the initiation stage, the free radicals produced
by the peroxides abstract a labile hydrogen atom
from the antioxidant and produce an antioxidant
radical. This antioxidant radical is more stable than
the peroxy radical, which terminates by reaction with
other radicals in the system.16,17

The transfer step (c) and termination step (f )
remove the free radical functionality from the
elastomer, which consequently halts the oxidative
degradation reaction.17 Metal deactivators such as
2-mercaptobenzimidazole and its salt when added
into the rubber compound containing amine or phe-
nolic antioxidant give a synergistic effect to enhance
the protection against aging.31 These chemicals form

i)   Initiation

a) ROOH RO· + ·OH 

b) AH + O2 AOOH 

ii)   Transfer 

c) RO· (RO·2) + AH ROH (ROOH) + A· 

d) A· + RH AH + R· 

iii)  Termination

e) 2ROO·  Stable products

f) 2A· Stable products

g) A· + ROO· Stable products

Figure 18 Mechanism of amine and phenolic antioxidant

activity, where AH is the antioxidant.17
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coordination complexes with catalytic metals and
inhibit metal-activated oxidation. Carbon black is a
natural UV light absorber, and for nonblack com-
pounds, it is useful to incorporate a UV light absorber
such as benztriazole derivative.

3.33.12.3.1 Mechanism of antiozonant action

The mechanism by which an antiozonant protects
unsaturated rubber against ozone cracking has received
attention from many rubber chemists and physicists.
A number of suggestions have been proposed as to how
antiozonants confer protection, ranging from competi-
tive reaction with ozone (scavenging) to various types
of protective layer formation.17,19–21 There are three
theories to describe the mechanism of antiozonant
action17:

(i) The antiozonant blooms to the surface of the
rubber compound and reacts preferentially with
the incident ozone.

(ii) The antiozonant blooms to the surface of the
rubber and forms a protective layer of film on
the surface.

(iii) The antiozonant reacts with intermediates
formed in the ozonation of rubber, preventing
chain scission or recombining severed rubber
chains.

Lake32 has conducted some work to elucidate the
mechanism of antiozonant action to protect natural
rubber against ozone cracking. He used dioctyl-p-
phenylenediamines (DOPPD) antiozonant for his
rubber compound. Exposing the rubber test-piece
to ozone-rich atmosphere has reportedly resulted in
a layer of film 10�3 cm thick and visible to the naked
eye forming on the rubber surface.32 The protective
layer can be removed by physical means either by
scraping or using adhesive tape, or by swabbing with
cotton wool dipped in acetone. The mass of the film
can be determined by weighing the test-piece before
and after its removal. In this way, the kinetics of layer
formation can be determined by monitoring changes
in weight after various periods of exposure to ozone.

Lake32 has derived a mathematical expression to
relate the mass of layer per unit area of surface ML

formed after time t to the concentration C0 of anti-
ozonant in the rubber and diffusion coefficient DL as
shown by eqn [14]:

ML ¼ ½2rLDLSLC0t �1=2 ½14�
where rL is the density of the layer material and SL is
the solubility, relative to that in the rubber, of the
antiozonant in the layer. In deriving this equation,

Lake32 assumed that the layer to be formed entirely
of reacted antiozonant and the concentration of
unreacted material within it to be small. The product
DLSL was determined experimentally by measuring
the rate of transfer of antiozonant through the layer
formed on a test-piece to a controlled rubber test-
piece containing no antiozonant initially. This was
done experimentally by pressing two cylindrical
discs (test-piece A contains antiozonant, test-piece
B has no antiozonant) together so their surfaces are
in intimate contact with each other. The antiozonant
from test-piece Awould migrate into test-piece B as a
function of time. The mass of the layer formed per
unit area of surface was plotted against the square
root of time to produce a straight line whose slope
gave the value of ML/t

1/2, that is mass of film depos-
ited per square root time. Lake32 obtained very good
agreement between theory and experimental data.

Lake32 proposed the mechanism of antiozonant
action as follows: The protective layer formed on
the rubber surface is composed predominantly of
the antiozonant which has reacted with ozone. The
film formed remained essentially in the unstrained
state, independent of the type of deformation applied.
For this to happen, it is necessary that the antiozonant
is soluble in the rubber, and that its reaction product
should be insoluble. However, once the protective
layer becomes coherent and compact, it will reduce
substantially the flux of ozone reaching the rubber
surface. Thus it appears that the ability of the anti-
ozonant to prevent cracking is likely to be deter-
mined by what occurs during the initial stages of
exposure when the layer is starting to form, rather
than by the long-term behavior. Indeed, Lake32 sug-
gested that a coherent monomolecular layer of film
that formed on the rubber surface is sufficient to
confer protection against ozone cracking. However,
the time for this monolayer to form must be faster
than the time for the crack to grow to the same depth,
so that the monolayer is able to bridge any cracks that
have begun to grow.

3.33.12.3.2 Theories of layer formation
The thin layer of protective film covering the rubber
surface is a direct consequence of the chemical reac-
tion between chemical antiozonant and ozone. Lake
and Mente21 proposed two diffusion models to work
out a theory for layer formation. The two models are
shown in Figure 19. The first model describes the
rate of layer formation that is controlled by the diffu-
sion of the antiozonant across the already-formed
layer to react with ozone at its outer surface. Under
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these circumstances, the mass per unit area ML, of
layer formed after time t is given by eqn [14].21,32 The
concentration gradient in the layer will be essentially
linear as shown in Figure 19(a). The second diffusion
model takes into account diffusion within the rubber
in addition to diffusion across the layer. In this case,
an equation similar to eqn [14] applies, when C0 is
replaced by Cs, the concentration at the rubber sur-
face is lower than C0 as shown schematically in Fig-
ure 19(b). Cs is a function of C0 and the relative
permeabilities of the rubber and the layer to the
antiozonant, and with the assumptions made, are
given by eqn [15]:

Cs=C0 ¼ 1þ x� ½ð1þ xÞ2 � 1�1=2 ½15�
where

x ¼ ðp=4ÞðrLDLSL=DC0Þ ½16�
and D is the diffusion coefficient of the antiozonant
in the rubber. The mass of layer per unit area of
surface plotted against square root of time as shown
in Figure 20 enabled Lake and Mente21 to determine
the rates of layer formation of the antiozonants
formed on NR, ENR 50, and NBR 34, respectively.
These three rubbers differ greatly in terms of

polarity and glass-transition temperature, which
may affect the rate of film formation on the rubber
surface. Their experimental results as shown in
Figure 20 indicate that the rate of layer formation
for NR is about four times faster than that of NBR 34
and ENR 50, which is in accordance with the depen-
dence of the diffusion coefficient on the glass-transi-
tion temperature of the rubber. The diffusion
coefficient decreased in the increasing order of the
Tg of the rubber.21 Thus the diffusion coefficient of
NR is fastest and that of ENR 50 is the slowest as Tg

of NR is about �69 �C and that of ENR 50 is about
�24 �C.21 NBR34 has a slightly faster diffusion coef-
ficient than ENR 50 as its Tg (�28 �C)19 is slightly
lower than that of ENR 50. Lake and Mente21 also
conducted experiments to investigate the effect of
temperature on layer formation on the NR surface
at�17 and 23 �C respectively as shown in Figure 21.
They found that the rates of layer formation at these
two temperatures were the same for NR. However,
the diffusion coefficient of this particular antiozonant
(DOPPD) in NR at �17 �C was very similar to that
in ENR 50 and NBR 34 at 23 �C. They attributed
this finding to the partitioning of the antiozonant
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between the elastomer and the layer material, as the
polarity of the elastomer affects the solubility of the
antiozonant in the rubber. The solubility of the anti-
ozonant varies in the ascending order of polarity of
elastomer, that is NR<NBR 34<ENR 50.21 Lake
and Mente concluded that for elastomers with high
Tg, the antiozonant offers better protection at tem-
peratures above room temperature than at low tem-
perature, as the protective agents are more mobile at
high temperatures rather than at low temperatures.

3.33.12.4 Blooming of Wax

Besides chemical antiozonants, paraffin wax is also a
useful ingredient to confer protection against ozone
cracking. Wax provides a protective layer surrounding
the surface of the elastomer through the diffusion
process commonly known as blooming, which pre-
vents direct contact between ozone and the elastomer.
Blooming occurs when the supersaturated solution of
the ingredient in the rubber crystallizes more readily
on the surface than in the rubber itself.24,33 This basic
mechanism of blooming is not only applicable to wax
but other ingredients as well. When other ingredients
such as sulfur, accelerators and strearic acid bloom
to the rubber surface, they reduce the tackiness of
the rubber, which can bring detrimental effects to

products relying on adhesion and bond strength
involving different components plied together. These
include rubber-to-metal bonded components, tires,
belts, and hoses. However, blooming of waxes and
antioxidants brings advantages.

Nah and Thomas33 investigated the mechanism
and kinetics of diffusion of wax to the rubber surface.
They envisaged that the driving force for the blooming
process arises from the elastic forces acting around the
wax precipitates in the rubber when the wax concen-
tration is in excess of its equilibrium solubility. They
then proposed a model and theory for wax blooming
base on thermodynamic concept of diffusion, where
the driving force of the diffusion process is predomi-
nantly associated with free energy gradient rather than
the concentration gradient of the wax that is dissolved
in the rubber. The initial rate of wax bloom per unit
area (Mt/t

1/2) is given by eqn [17]33:

ðMt=t
1=2Þx¼0¼ ½ð24vfDt sxrxVxGÞ=RT �1=2ðdl=dyÞ0 ½17�

where Dt is diffusion coefficient, vf is volume fraction
of seeding particles or flaws present in the rubber. sx is
solubility of wax in the rubber, rx is density of wax, and
Vx is molar volume of solid wax. G is shear modulus of
the rubber, R is molar gas constant, T is absolute
temperature. (dl/dy)0 is equivalent to the concentra-
tion gradient of the wax at the surface of the rubber,
and is determined by numerical methods for the
appropriate boundary conditions and a suitable value
of vf. The symbol l stands for the extension ratio of the
rubber around the precipitated wax particle, assumed
spherical. Nah and Thomas33 verified eqn [17] exper-
imentally, and obtained satisfactory agreement
between their experimental and theoretical values for
the migration of paraffin waxes in peroxide cured
natural rubber. The theory was applicable to predict
the blooming of wax mixtures with success, indicating
that the mechanism of wax blooming has been identi-
fied correctly. Although Nah and Thomas developed
the theory for blooming of wax, with minor adjust-
ments, it is also applicable to predict migration and
blooming of sulfur, fatty acids and antidegradants in
vulcanized elastomers.

3.33.12.5 Choice of Vulcanization System

Anaerobic aging usually decreases the stiffness, resil-
ience, and tensile, tear and fatigue properties; the
extent is mainly determined by the type of vulcani-
zation system, which affects aging of elastomers.
There are three types of sulfur vulcanization sys-
tems known as conventional, efficient (EV) and
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semi-efficient (semi-EV) respectively8,10 as discussed
briefly in Section 3.33.4.3. The conventional system
has a higher sulfur dosage than the accelerator that
produces predominantly polysulfidic crosslinks,
where the rubber molecular chains are linked by
three or more sulfur atoms. Polysulfidic crosslinks
have poor resistance to heat aging because the –S–
S– bond has low thermal stability. In contrast, EV
makes use of the low sulfur level and high accelerator
dosage. This EV system produces predominantly
monosulfidic crosslinks which are thermally very
stable. The rubber network consists of other struc-
tural features as described briefly in subsequent
sections.

3.33.12.5.1 Sulfur vulcanization system and

types of crosslinks on aging resistance

Polysulfidic crosslink

A chain of three or more sulfur atoms (maximum of six
atoms) in this crosslink bridges two polymer chains.
The bond energy of this crosslink is less than 268 kJ
mol�1, which is relatively low.10 A polysulfidic crosslink
can be produced by using the conventional vulcaniza-
tion system where the quantity of sulfur is more than
the quantity of the accelerator in the ratio 5:1 (sulfur:
accelerator). Therefore the conventional sulfur cure
system is not suitable for high temperature applications.

Disulfidic crosslink

In a disulfidic crosslink, there are two sulfur atoms
bridging the two polymer chains. Its bond energy is
about 268 kJ mol�1. Little is known of the properties of
this crosslink, mainly because it is very difficult to
prepare a network in which disulfides are predomi-
nant. In both conventional and efficient sulfur vulca-
nizates the proportion of disulfidic crosslink is seldom
more than 20–30% of the total.

Monosulfidic crosslink

In the case of a monosulfidic crosslink, the two poly-
mer chains are bridged by one sulfur atom. Its bond
energy10 is relatively high, about 285 kJ mol�1.
A monosulfidic crosslink can be produced from an
EV system where the amount of the accelerator is
higher than the amount of sulfur, about 5:1 (accelera-
tor:sulfur). Thus the EV system is suitable for medium
high temperature applications.

Cyclic sulfides

These are intra-crosslinks which are useless as the
crosslinks are formed on the same polymer chain.

This phenomenon is also known as main chain mod-
ification. The main source of these main chain mod-
ifications is the thermal decomposition of polysulfide
crosslinks. The conventional vulcanization system
creates more cyclic sulfides than the EV system as
the former produces more polysufide crosslinks than
the latter.

Conjugated diene and triene groups

These main chain modifications are also formed by the
thermal decomposition of polysulfide crosslinks. The
concentration of these conjugated groups increases on
overcure. The presence of these groups tends to cata-
lyze oxidative aging as they are much more susceptible
to oxidation than the polyisoprene main chain.8,10,16

Pendent accelerator group

It is generally accepted that in accelerated sulfur
vulcanization, crosslinks are formed from initial rub-
ber-bound pendent groups in which disulfide or
polysulfide chains are terminated by accelerator frag-
ments. Like the crosslink, some of these intermediates
undergo progressive desulfuration and are converted
into stable monosulfidic links between the polymer
chain and accelerator fragments. The extent of main
chain modification will depend on the amount of
accelerator available and on the ease with which the
initial pendent group can be desulfurated.

Extra-network material

The extra-network material formed by a sulfur vulca-
nizing system can be put into two categories. The first
consists of unreacted zinc oxide and fatty acid activa-
tors, their zinc soap reaction products and zinc sulfide.
The second consists of accelerator reaction products.

3.33.12.5.2 Peroxide vulcanization system

Unlike sulfur vulcanization, peroxide vulcanization
does not require the presence of double bonds. In
fact, peroxide vulcanization is possible for rubbers
having either saturated or/and unsaturated carbon–
carbon backbone chains. However, peroxide vulcaniza-
tion is quite impossible with the following elastomers
because of their tendency to decompose:

� IIR – butyl rubber
� CIIR – chlorinated butyl rubber
� CO – polyepichlorohydrin rubber
� ECO – copolymer of epichlorohydrin and ethylene

oxide
� PP – polypropylene
� ACM – polyacrylic rubber
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The most common peroxide is dicumyl peroxide
(DCP or dicup). Others include ditert butyl peroxide,
dibenzoyl peroxide and bis(2,4-dichlorobenzoyl)
peroxide. Peroxide vulcanization10 produces a vulca-
nizate which will impart good aging resistance and
excellent resistance to compression at high temp-
eratures (70–100 �C). To obtain the best compression
set performance, freedom from certain other
compounding ingredients, especially zinc oxide and
stearic acid, is essential. Peroxide vulcanization is
essentially nonreverting. However, there are certain
deficiencies such as poor hot tear strength and
incompatibility with chemical antiozonants. Other
technical limitations include slow cure rate with no
delayed action, and degradation of the rubber giving
a sticky surface if it comes into contact with air
during the cure. Thus peroxides are not suitable for
hot-air or steam-pan curing. The reaction of peroxide
must be carried through to completion to obtain the
best heat resistance; therefore long cure times are
inevitable. In addition, nearly all antidegradants
and aromatic oils affect the efficiency of the
peroxide cure.

Co agents, which are highly reactive materials, are
usually added in peroxide vulcanization to increase
the efficiency of the organic peroxide, but do not
affect the rate of cure.10,31 They are used either to
enhance the modulus and hardness or to reduce the
level of peroxide required. They can be absolutely
essential for the efficient cure of chlorinated poly-
ethylene. Typical solid coagents are zinc diacrylate,
zinc dimethacrylate, and m-phenylene dimaleimide.
Liquid coagents are materials such as triallyl cyanu-
rate (TAC), triallylisosyanurate (TAIC), etc. High
vinyl polybutadiene is a polymer which can act as
a coagent.

3.33.12.5.3 Vulcanization with urethane

This (urethane) crosslinking system for natural rubber
was developed in the early 1980s by the scientists at
theMalaysian Rubber Producers Research Association
(MRPRA).10,31 It was marketed under the trademark
Novor. The basic reagent is a reaction product of a
nitroso compound and a diisocyanate which dissoci-
ates at vulcanizing temperatures into its component
species. The free nitroso compound then reacts by
addition to rubber molecules giving attached pendent
groups which subsequently react with the diisocyanate
to form urea type crosslinks. The main features of the
vulcanizates are excellent reversion resistance and,
when protected with a TMQ/ZMBI antioxidant com-
bination, excellent heat aging resistance.

3.33.12.5.4 Metallic oxide vulcanization
Elastomers containing halogens can be cured with
metallic oxides such as oxides of zinc, magnesium,
and lead. The oxides form an ether type of crosslink
(R–O–R0) which gives good heat aging resistance.
Elastomers which can be vulcanized metallic oxides
are polychloroprene, halogenated butyls, and poly-
chlorosulphunated rubber.

3.33.12.5.5 Resin vulcanization

Resin vulcanization has established itself to some
degree in butyl (IIR) crosslinking, giving excellent
heat and steam stability.10 Example of a typical resin
cross linker is polymethylolphenolic resin. The
amount used is at the level of 5–12 pphr.

3.33.12.5.6 Quinonedioximes vulcanization

p-Benzoquinonedioxime (CDO) as well as its dibenzoyl
derivative are cross linkers for many rubbers because of
their free radical reactions.10 Best known and of great-
est interest is their use in IIR because of the excellent
heat and steam stability that can be obtained. They are
used mainly for rubbers having low unsaturation where
sulfur vulcanization is slow. They have been unimpor-
tant for the classic diene rubbers.

3.33.13 Future Developments in
Materials or Applications

Natural rubber and synthetic elastomers are likely to
maintain their roles and contributions in domestic
and industrial applications, buildings and structures,
automotives, and marine and engineering products.
With the emergence of nanomaterials for rubber
compounding, it is envisaged that future elastomeric
products will provide better service and longer life
performance than they are capable of providing now.
High heat resistant elastomers and highly oil resistant
elastomers are the main players of the future to meet
the high demands of the automotive industry and
aeronautical engineering. More developmental work
in these areas is expected.
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Glossary
Damping Basic property of an

elastomer to dampen, absorb or reduce

vibrations. High damping elastomers are

those having high glass-transition

temperature (Tg), which are widely used to

isolate vibrations.

Glass-transition temperature (Tg) It denotes the

temperature below which the elastomer

becomes glassy and brittle, above which it is

soft and rubbery. Tg reflects molecular

mobility and hence the internal viscosity of

the elastomer. High Tg indicates low

molecular mobility or high internal viscosity

and vice versa.

Heat build-up The amount of heat accumulated in

the elastomer when subject to cyclic

deformation. It is closely related to hysteresis.

Hysteresis It is a term to denote energy dissipated

as heat when the elastomer is subject to

cyclic stresses or in a single stress–strain

cycle. The area bounded by the extension

and retraction curve gives a quantitative

measure of hysteresis.

Raw rubber Fresh rubber or an elastomer as

received from the supplier.

Scorch It is a rubber technology term to denote the

occurrence of a premature crosslink, which

is an undesirable feature during the shaping

process.

Vulcanizate or vulcanized elastomer Indicates

rubber or elastomer that has been vulcanized

or cured, and thus, contains network

structure or chemical crosslinks.

Abbreviations
ACM Polyacrylic rubber

ASTM American Society for Testing Materials

CED Cohesive energy density

CIIR Chlorinated butyl rubber

CM Cement metal failure

CP Cement primer failure

CR Polychloroprene rubber

CSM Chlorosulfonated polyethylene rubber

DCP Dicumyl peroxide

DOPPD Dioctyl-p-phenylenediamines

ECO Copolymer of epichlorohydrin rubber

ENR50 Epoxidized natural rubber (50 mol%

epoxidation)

EPM Ethylene propylene rubber

EV Efficient vulcanization

GRG General rubber goods

IHRD International Rubber Hardness Degrees

IIR Isobutylene isoprene (butyl) rubber

IR Synthetic polyisoprene rubber

IRG Industrial rubber goods

ISO International Organization for

Standardization

MRB Malaysian Rubber Board

MRPRA Malaysian Rubber Producers Research

Association

MS Malaysian standard

NBR Nitrile rubber

NR Natural rubber

PP Polypropylene

PTR Polysulphide rubber

SBR Styrene butadiene rubber

TAC Triallyl cyanurate

TAIC Triallylisosyanurate

TARRC Tun Abdul Razak Research Centre

UiTM Mara University of Technology

UV Ultraviolet light

XNBR Carboxylated nitrile rubber

Symbols
A Cross-sectional area (m2)

Ao Unstrained (original) cross-sectional area (m2)

B Crack growth constant

c Crack length (mm, m)

co Natural flaw size (mm, m)

Co Concentration of antiozonant (mgcm�2)
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Cs Concentration of antiozonant at the rubber

surface (mg cm�2)

D Diffusion coefficient (m2 s�1)

dc/dt Crack growth rate (ms�1)

f Force (N)

ff Frequency (Hz)

h Height (m)

kc Compression stiffness (Nm�1)

ks Shear stiffness (Nm�1)

l Half thickness of film sheet (mm, m)

L Length (m)

M Molecular weight (gmol�1)

M‘ Total mass of liquid absorbed after an infinite

time (g, kg)

ML Mass of layer per unit area of surface (gmm�2,

kgm�2)

Mt Total amount of liquid absorbed per unit area

after immersion time, t (gmm�2 s1/2)

N Number of molecules per unit volume of rubber

(mol cm�3)

Nf Fatigue life (number of cycles of failure) (cycles,

kilocycles)

R Molar gas constant (8314 Jmol�1 K�1)

S Shape factor

T Absolute temperature (K)

t Time (s)

Tg Glass-transition temperature (�C, K)
V1 Molar volume of solvent (m3)

vf Volume fraction of seeding particles present in

the rubber

vr Volume fraction of rubber in the swollen gel

W Width (m)

Ws Strain energy density (Jm�3)

[X]phy. Physically manifested crosslink

concentration (mol kg�1)

d Solubility parameter (MPa)1/2

DH Latent heat of vaporization (J)

l Extension ratio

r Density (kgm�3)

x Rubber–solvent interaction parameter

3.33.1 Introduction

Natural rubber and elastomers belong to the same
group of materials known as high molecular weight
polymers. According to the International Organiza-
tion for Standardization (ISO) rubber vocabulary,1 an
elastomer is a macromolecular material which returns
rapidly to approximately its initial dimensions and
shape after substantial deformation by a weak stress

and release of the stress. However, an elastomer has
always been recognized as a synthetic elastic polymer.1

A polymer is a high molecular weight material having
many units of small molecules chemically joined or
linked by normal covalent bonds to form long chain
molecules. These flexible and soft materials find wide
uses in many engineering applications, such as natural
rubber (NR) bridge bearings, and earthquake and seis-
mic bearings. Indeed NR has had a sound track record
in many engineering applications for over 150 years.2

Elastomers have some unique properties that metals do
not have. These include

� high bulk modulus (2000–3000MPa) relative to
their Young’s modulus (0.5–3.0MPa),

� some inherent damping, and
� large strain deformation.

Rubbers having high bulk modulus hardly change
their volume when deformed. In simple words, rub-
ber is incompressible. Like incompressible liquids, it
has a Poisson’s ratio close to 0.5. If rubber is con-
strained, to prevent changes in shape, it becomes
much stiffer, a feature that is used to full advantage
in the design of compression springs. Elastomeric
bridge bearings and seismic bearings are examples
of products that rely on these properties.

The damping inherent in the elastomer is a very
important property as it helps to prevent the ampli-
tude of the vibration of the spring from becoming
excessive if resonant frequencies are encountered.
Elastomeric products such as vibration isolators and
engine mounts rely on the inherent damping proper-
ties of the elastomer.

The elastomer undergoes large strain deformation
(a few hundred percent) without failure by an applied
stress below its breaking stress. This means that it can
store much more energy per unit volume than steel.
Elastomeric dock fender systems make use of its large
stored energy capacity to absorb shocks, blows and
the impact exerted by ships.

Some of the merits of elastomeric springs over
metal springs are as follows2:

� no maintenance is required,
� the energy storage capacity is high,
� with correct design, the rubber spring can provide

different stiffness in different directions, or nonlin-
ear load–deflection characteristics,

� a certain amount of misalignment is tolerable as
the rubber spring can accommodate this tolerance,

� easier to install,
� hysteresis inherited by the elastomer is able to

dampen dangerous resonant vibrations.
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Another important property of an elastomer is its
strong resistance to inorganic acids, salts, and alkalis.
In contrast, acids attack metals. For these reasons, the
linings of chemical tanks and pipes, especially those
containing caustic solutions, are made from elasto-
mers. The function of the elastomer here is to protect
the metal against attack by corrosive chemicals.

Every product has its own life span. The designed
lifetime of a product depends on the environmental
conditions and the nature of the application. It is very
important to choose the materials correctly to meet
the intended service conditions and the surrounding
environment. The aging process is the determining
factor that limits the life span of the product. The
term aging is always associated with the degradation
or corrosion process as applied to metals, which may
take many forms. In metals, corrosion takes place in
the form of rusting, which involves oxygen and mois-
ture. In elastomers, the term degradation is preferred
to corrosion and covers a wider scope than that of
metals. Degradation takes place in the form of oxida-
tion, ozone cracking, flex cracking, liquid absorption
and heat aging. Degradation in elastomers is very
complex as it involves oxygen, ozone, mechanical
strain, heat, trace metals, etc. There are other agen-
cies such as solvents, oils, fuels, hot air (steam) and
water, which may degrade elastomers and affect the
service life of elastomeric products. A specific section
on the degradation of elastomers discusses all these
issues again later.

3.33.2 Classifications of Rubber and
Elastomers

3.33.2.1 Classification in Terms of Origins

Natural rubber comes from trees known as Hevea

brasiliensis, and shrubs called guayule. The pictures
in Figure 1 show typical rubber trees grown in the
hot tropical climate of Malaysia, and the fresh latex
that exudes from the bark of the rubber tree, after
tapping with a sharp tapping knife. The fresh latex
that exudes from the tree known as field latex contains
about 70% water. After removing this large amount of
unwanted water, the latex is known as concentrated
latex and has about 60% of rubber content. Centrifu-
ging is the preferred method of concentrating field
latex because of its efficiency and rapidness compared
to creaming and evaporation methods. Apart from
latex, natural rubbers are available commercially in
standard bale form, weighing about 33.33 kg. These
bales of NR are produced specifically to meet certain

technical requirements such as minimum dirt content,
viscosity consistency, ash content, etc.

All synthetic elastomers are produced by the
polymerization process. The early production of syn-
thetic elastomers such as styrene butadiene rubber
(SBR), polychloroprene rubber (CR), and nitrile rub-
ber (NBR) relied on emulsion polymerization. One of
the main drawbacks of emulsion polymerization is
the lack of uniformity of polymer molecules with
respect to stereo regularity. This is due to the

Figure 1 Pictures of (a) natural rubber trees (top),

(b) NR latex exudes from natural rubber tree

(middle), and (c) closer view of NR latex collected in a
cup (bottom).
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different ways in which diene monomer molecules
can react, and it applies to all free radical polymeri-
zation processes of diene monomers. However, there
was a real breakthrough with the discovery of the
Ziegler–Natta catalyst in 1954, which enabled the
control of the microstructure of polyisoprene.3 Syn-
thetic polyisoprene is produced by the solution poly-
merization process using catalysts of the alkyl lithium
types such as trialkyl aluminum/titanium tetrachlo-
ride mixtures.3 The Al/Ti mole ratio is critical for
achieving high cis content. Currently, there are about
27 types of rubbers or more commercially available
in the market. The choice depends on the nature of
application, service conditions and environment.

3.33.2.2 Classification in Terms of Purposes

Elastomers can be classified further either as general-
purpose rubbers or as specialty rubbers. General-
purpose rubbers are those elastomers that are widely
used in the manufacture of tires, industrial rubber
goods (IRG), and general rubber goods (GRG). Most
of the general-purpose elastomers cannot meet high
service temperature and high oil resistance specifica-
tions or the combinations of these two requirements.
The most common general-purpose rubbers include
NR, SBR, CR, NBR, ethylene–propylene–diene rub-
ber (EPDM), and BR. In contrast, specialty rubbers
are those elastomers that are tailor made to meet
certain specific requirements, such as low tempera-
ture flexibility, high swelling resistance towards oil
(hydrocarbon, fuel, gasoline, etc.) and very high ser-
vice temperature or combinations of these require-
ments. Specialty rubbers include silicone rubber,
fluoroleastomers, epicholorohydrin, cholorosulfo-
nated rubber, etc. Table 1 shows some of the rubbers
which belong to these grades and their typical
applications.

3.33.2.3 Classification in Accordance with
International Organization for
Standardization

Elastomers can also be classified according to the ISO
4632/1-1982(E)4 which provides information about
rubber as a material with specifications. They are
classified and designated in terms of their perfor-
mance to heat aging, swelling resistance towards oil
and low temperature flexibility. This method of clas-
sification is very helpful as it facilitates the purcha-
sers and suppliers to make the correct selection of
suitable materials, and avoid wasting time and energy.

These designations are determined by a type
based on resistance to heat aging, by a class based
on resistance to swelling in oil, and by a group based
on low temperature resistance.4 These classification
criteria are used to establish a characteristic material
designation consisting of three capital letters, where

� the first letter signifies Type (heat resistance)
� the second letter signifies Class (oil resistance)
� the third letter signifies Group (low temperature

resistance).

Tables 2–4 show the heat aging temperature,
limits of volume swell and brittleness temperature
for establishing Type, Class and Group respectively.4

Type is determined by the maximum temperature at
which heat (air oven) aging for 70 h, in accordance with
ISO 188, causes a change in tensile strength of not
more than �30%, a change in elongation at break
of not more than �50%, and a change in hardness of
not more than �15 International Rubber Hardness
Degrees (IHRD). Class is based on the resistance of
thematerial to swelling inAmerican Society forTesting
Materials (ASTM)OilNo. 3,when tested in accordance
with ISO 1817. In the test, the immersion time shall be
70 h at a temperature determined inTable 2. Group is
based on the brittleness temperature of the material
when measured in accordance with ISO/R 812.

Thus if an elastomer is designated as BCD, it means
that it is classified as Type B, Class C and Group
D. This implies that the elastomer resists temperatures
up to 100 �C, with volume swelling not exceeding
120% in oil No. 3 and is not brittle at �40 �C.

Most of the general purpose elastomers shown in
Table 1 have poor heat resistance except for ethyl-
ene propylene rubber (EPM) as shown in Figure 2.
EPM can withstand service temperature of about
150 �C as it is categorized as Type D. General pur-
pose elastomers also have poor swelling resistance
towards hydrocarbon oil except nitrile rubber
(NBR) which is classified as Class H with maximum
volume swell of 30%. A majority of the specialty
elastomers shown in Table 1 have both excellent
heat resistance and swelling resistance. From the
chart shown in Figure 2, silicone rubber having both
methyl and vinyl substituent groups on the polymer
chain (VMQ) has equivalent heat resistant (Type G)
with silicone rubber having methyl, vinyl, and fluo-
rine substituent groups on the polymer chain
(FVMQ). However, they have different Class with
respect to swelling resistance. VMQ belongs to
Class E while FVMQ belongs to Class J. Clearly
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Table 1 General purpose rubbers and specialty rubbers

General
purpose
rubbers

Typical applications Specialty
rubbers

Typical applications

Natural rubber
(NR)

Mainly for tires, industrial and general
rubber goods, bridge and

earthquake bearings, bridge

expansion joints, etc.

Carboxylated
nitrile rubber

(XNBR)

Oil resistant hoses, boots, seals and
gaskets and other automotive

components with very good oxidation

resistance
Synthetic

polyisoprene

(IR)

Tires, sports goods, earthquake

rubber bearings, IRG.

Polysulphide

rubber (PTR)

Used mainly where good resistance to

solvents is required

Styrene
butadiene

rubber (SBR)

Passenger car tires, IRG, GRG Polyurethane
rubber (AU, EU)

Gaskets, seals, solid tires, and foams

Butyl rubber (IIR) Tire tubes, tube liners, enclosures, air

bags, and curing bladders

Silicone rubber

(Si)

Able to withstand a very wide range of

service temperatures from �45 to
200 �C. Various grades are available

covering a very wide range of

applications such as baby teats,
catheters, medical applications, wire

and cables, electronic components,

etc.

Butadiene
rubber (BR)

Tires, sports goods Chlorosulfonated
polyethylene

rubber (CSM)

Electrical insulator in cable and wire
industry, tank lining, colored-stable

weather-resistance products, oil

resistant hoses and gaskets

Ethylene–
propylene–

diene rubber

(EPDM)

Gaskets, seals, automotive
components, IRG, and GRG

Polyacrylic
rubber (ACM)

Seals and gaskets for high temperature
applications, 180–200 �C

Polychloroprene
rubber (CR)

Hoses, rubber bearings, expansion
joints, belts, and conveyors

Fluorocarbon
rubber (FPM)

Products which are resistant to
chemicals, oils and solvents. Able to

withstand high service temperatures

exceeding 250 �C. Outstanding
oxidation and ozone resistance. Flame

resistant. Hoses, gaskets and seals for

aircraft, jets, and rockets

Nitrile rubber
(NBR)

Oil-resistant hoses, seals, O-rings,
gaskets

Epichlorohydrin
rubber (ECO)

Automotive industry – gasket, seals,
hoses to withstand service

temperatures above 130 �C

Table 2 Heat aging temperature for establishing Type4

Type

A B C D E F G H J K

Test temperature (�C) 70 100 125 150 175 200 225 250 275 300

Table 3 Limits of volume swelling for establishing Class4

Class

A B C D E F G H J K L

Vol. swell max. (%) No rqmt. 140 120 100 80 60 40 30 20 10 5
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FVMQ is more resistant to swelling towards the sol-
vent than VMQ grade, as the fluorine atom is highly
polar. Figure 3 shows the general chemical structure
of silicone rubber with different substituent groups.

The main backbone chain is made of repeat-
ing �Si�O� groups while the methyl groups are
attached at the side. Both Si–O and Si–CH3 bonds
are thermally stable. This explains why VMQ and
FVMQ grades have the same Type of heat resistance,
as the main chain backbone is the same for both. The
Si–O bond is partially ionic and it is relatively easy to
be broken by concentrated acids and alkalis even at
room temperature. Another important feature of the
chemical structure of silicone rubber is the relatively
large bond angle of Si–O (about 140–160�).7 The
intermolecular forces between silicone chains are
very low probably because of the large distance
between the adjacent chains, as silicone atoms are
relatively large. Thus this facilitates ease of chain
rotation which accounts for the lowest glass-transition
temperature Tg (��120 �C) among the commercially
available elastomers. The dimethyl rubbers swell more
in aliphatic and aromatic hydrocarbons than in ace-
tone and diesters. However, the swelling resistance
towards hydrocarbon oil can be enhanced by the
replacement of one methyl group on each silicon
atom by a more polar group such as trifluropropyl
group (�CH2CH2CF3), that is, the FVMQ grade.

3.33.3 General Properties of
Elastomers

All elastomers have some common properties such as
being flexible, tough, relatively impermeable to both
water and air, and elastic when vulcanized. One of the
unique features of a vulcanized elastomer is its ability
to exhibit high elasticity: the elastomer can be
stretched to a few hundred percent and recover its
original shape and dimensions almost instantaneously
when the deforming force is released. For a material
to exhibit high elasticity, it must fulfill the following
conditions:

� flexible long chain molecules with relatively low
molecular interaction forces,

� the long chain molecules must be cross linked (at
least 2% cross linked network),

� rubbery above Tg.

The elasticity of an ordinary solid such as metal is
associated with its internal energy. In contrast, the
elasticity of rubber is entropy driven.

Elastomers are also well known for their good
resistance to acids, alkali and chemical solutions.
Elastomers have a proven record of accomplishment
as the material used for tank lining or related chemi-
cal vessels. Beyond these common characteristics,
each rubber has its own unique properties depending
on the chemical structure as discussed briefly below.

3.33.3.1 Structure–Property Relationship

The effects of chemical structure on some important
physical and technological properties are summar-
ized in Table 5.

3.33.3.1.1 Mechanical strength

Tensile strength, tear strength, crack-growth resis-
tance and fatigue life of the vulcanized elastomer
depend on the chemical structure and its geometrical
configurations. Elastomers having regular microstruc-
ture are able to crystallize, and those that have irregu-
lar microstructure are amorphous. Figure 4 shows the
chemical structure of general-purpose elastomers such
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Figure 2 A chart showing type and class of elastomers.

Adapted from Hashimoto, K.; Maeda, A.; Hosoya, K.;

Todani, Y. Rubb. Chem. Technol. 1998, 70(3), 449–519, with

permission from American Chemical Society.

Table 4 Limiting brittleness temperatures for establishing Group4

Group

A B C D E F G

Limiting brittleness temperature (�C) 0 �10 �25 �40 �55 �75 �85
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as natural rubber (NR), styrene butadiene rubber
(SBR) and polychloroprene rubber (CR).

Natural rubber is 100% cis-1,4-polyisoprene
indicating that it has regular microstructure, thus
enabling it to crystallize. NR will crystallize at low
temperatures. Crystallization has its own kinetic; in
the case of NR the maximum rate of crystallization
occurs at �26 �C.2,6 When the rubber crystallizes, it
hardens progressively and eventually loses its flexibil-
ity and rubber-like elasticity. The maximum amount
of crystalline region is about 33% in the case of NR.
However, if a tensile strain (more than 200%) is
applied to NR it crystallizes almost instantaneously
even at high temperatures. This phenomenon is
known as strain-induced crystallization. Since crystal-
lization is a reversible process, the crystals are
completely melted once the applied strain is removed.

Low temperature crystallization brings few disad-
vantages to NR, particularly when it involves mixing.
When NR crystallizes, it becomes very stiff and may
cause damage to the mills. To overcome this problem,
the common practice is to place the crystallized NR
in a hot room (oven) to melt the crystals so that the
rubber regains its flexibility. Any unmelted crystals

present during the mixing process would interfere
with the incorporation and dispersion of the com-
pounding ingredients. In contrast, strain-induced
crystallization offers a big advantage in that it helps
to enhance the mechanical strength of the rubber. For
example, an unfilled or gum NR vulcanizate gives
higher tensile strength (23–27MPa) than unfilled
SBR gum vulcanizate (2–3MPa). Unfilled (gum) vul-
canizate refers to a vulcanized rubber containing no
filler apart from the compounding ingredients neces-
sary for vulcanization. The crystals that are formed
during straining act like a reinforcing filler to
enhance the tensile strength. Thus for a noncrystal-
lizing elastomer, it is necessary to incorporate a rein-
forcing filler into the rubber to enhance its strength.

In addition to the reinforcing filler, the types
of chemical crosslink such as polysulfidic(C–Sx–C),
monosulfidic (C–S–C), or carbon–carbon (C–C) also
affect the strength of the vulcanized elastomer.8 Poly-
sulfidic crosslinks are weak and labile with lower bond
energy than monosulfidic and carbon–carbon links.
Polysulfidic crosslinks enhance mechanical strengths
such as tensile and tear strengths because these weak
and labile crosslinks relieve stresses by ‘yielding.’8

Si

CH3

OO

CH3

Si

CH3

CH3

Si Si O

CH3 CH3

CH CH2

O O

Figure 3 Chemical structure of silicone rubber: MQ grade consists of methyl, PMQ grade consists of benzene

rings and VMQ grade consists of vinyl.

Table 5 Influence of chemical structure on physical and technological properties of elastomers

Basic structure Technological significance

1. Nature of carbon–carbon
backbone chain

Unsaturated elastomers (having double bonds) are capable of being vulcanized with
sulfur. Saturated elastomers (having single bonds) cannot be vulcanized with

sulfur, but with peroxide. Unsaturated elastomers have poorer ozone cracking

resistance and poorer oxidative resistance than saturated elastomers

(i) Double bonds

(ii) Single bonds

2. Geometrical configurations Regular microstructure would favor crystallization. Irregular microstructure leads to
amorphous elastomers. The degree of crystallization affects mechanical strength

3. Polarity Affects the degree of swelling resistance, rubber to metal bond strength, Tg and

electrical resistivity

4. Chain flexibility and glass transition
temperature, Tg

Affects hysteresis and damping, and other related properties such as resilience,
heat build-up, mechanical strengths, etc.

5. Molecular weight distribution Broad molecular weight distribution provides easier processing than narrow

molecular weight distribution
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Besides NR, polychloroprene rubber (CR) can
also crystallize. Indeed CR crystallizes more readily
than NR does because trans 1,4 configuration allows
better molecular packing than cis 1,4 configuration.

3.33.3.1.2 Oxidation and ozone resistance

All unsaturated elastomers are susceptible to attack
by oxygen and ozone which ultimately leads to chain
scission followed by progressive loss in the physical
properties. This aspect of oxidation will be discussed
further in a later section. Almost all specialty elasto-
mers have saturated bonds on the main backbone as
well as high bond dissociation energy. Thus, specialty
elastomers are highly resistance to heat, oxidation
and ozone cracking.

3.33.3.1.3 Swelling resistance

The swelling resistance of rubber towards hydrocar-
bon oil depends on the extent of the polarity of the
elastomer. The more the polar groups attached to
the rubber molecules the higher is the polarity, and

the better is the swelling resistance towards hydro-
carbon oil. The solubility parameter of elastomers
and liquids determines the extent of compatibility
and swelling resistance. The closer the solubility
parameters between the elastomer and the liquid,
the better is their compatibility. Indeed, the greater
the thermodynamic compatibility between liquid and
elastomer, the greater the absorption of liquid occur-
ring when both have similar solubility parameters.
The solubility parameter d is related to a parameter
to measure the specific interaction between mole-
cules known as cohesive energy density (CED) by
the following mathematical relationship.

d ¼ ðCEDÞ1=2 ½1�
CED ¼ ðDH � RT Þ=ðM=rÞ ½2�

where DH is the latent heat of vaporization, T is the
absolute temperature, M is the molecular weight of
the polymer, r is the density of the polymer, and R is
the molar gas constant. For example, natural rubber
has a solubility parameter value of 16.7 and NBR has
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Figure 4 Chemical structure of general-purpose elastomers.
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a solubility parameter between 21.0 and 22.0MPa1/2.
Most of the petroleum oils have a solubility parame-
ter of 16.3MPa1/2. Thus NR will swell markedly in
petroleum oil because their solubility parameters are
similar. In contrast, NBR has a solubility parameter
very much higher than that of petroleum oil, so the
two are not compatible. For this reason, polar NBR
shows higher swelling resistance than nonpolar NR
towards petroleum oil. Elastomers with higher polarity
such as polyurethane rubber (AU) show even higher
swelling resistance to nonpolar solvents than nonpolar
elastomers. Based on the solubility parameter, polar
rubbers swell more in polar solvents. Nonpolar rub-
bers are resistant to swelling in polar solvents.

3.33.3.1.4 Glass-transition temperature Tg

The glass-transition temperature (Tg) is the temper-
ature at which molecular mobility begins to take
place, below which molecular mobility is frozen and
the elastomer becomes rigid and glassy. The Tg of
the elastomer depends on the chemical structure
of the elastomer. The presence of a polar atom, side
groups, length of side chains, and crosslink reduces
molecular mobility which would increase Tg of the
elastomer. The glass-transition temperature affects a
number of important technological properties such as
strength, damping, low temperature flexibility, roll-
ing resistance, wet grip, etc. High Tg elastomers are
preferred to low Tg elastomers for applications where
high mechanical strength, high damping, and excel-
lent wet traction are required. For applications where
excellent low temperature flexibility, low heat

generation, high resilience and low rolling resistance
are required, low Tg elastomers are preferred to high
Tg elastomers.

Table 6 summarizes the respective Tg, ozone
cracking resistance, chemical resistance and heat
aging resistance of some of the important commercial
elastomers.

3.33.4 Rubber Technology and
Compounding

3.33.4.1 Mastication and Mixing

Rubbers find very limited applications in their raw
form. In their raw form, rubbers may be suitably used
as binders and adhesives because of their inherent
tack. To become useful products, they have to undergo
various processes from mastication, mixing, shaping
or fabrication prior to molding, as shown by the
schematic flow chart in Figure 5.

3.33.4.2 Rubber Compounding

Rubber compounding is the term used to denote the
art and science of selecting and combining elastomers
and additives to obtain an intimate mixture that
will develop the necessary physical and chemical
properties for a finished product. In compounding,
one must cope with literally hundreds of variables in
materials and equipment. There are three main areas
of concern in rubber compounding, namely, (i) to
secure certain properties in the finished product to

Table 6 Some important technological properties of some important commercial elastomers

Elastomer Tg (�C) O3 resistance Swelling resistance (%)a Heat resistant up to (�C)b

NR �72 L 200 (120 �C) 100

SBR �63 L 130 (120 �C) 100

BR �112 L >140 (70 �C) 100

EPDM �55 H >140 (70 �C) 150
IIR �66 M 120 (120 �C) 150

CIIR �66 M >140 (150 �C) 150

ACM �22 to �40 H 25 (150 �C) 175
CO �26 H 5 (150 �C) 150

CR �45 M 65 (120 �C) 125

NBR (med ACN) �34 L 10 (100 �C) 125

MVQ �120 VH 50 (150 �C) 225
CSM �25 H 50 (150 �C) 150

H-NBR �30 H 15 (150 �C) 150

FKM �18 to �50 VH 2 (150 �C) 250

EU �55 H 40 (100 �C) 100

aSwelling after 70 h in ASTM oil 3.5,9
bClassification after ISO/TR 8461, aerobic condition, Method ISO 4632/1 3 days, (Retention properties).9

L = low resistance M=medium resistance H=high resistance.5,9
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satisfy service performance; (ii) to be able to meet
processing characteristics for efficient utilization of
available equipment, and (iii) to meet conditions
(i) and (ii) at the lowest possible cost. In other
words, the most important criteria in compounding
are to secure an acceptable balance among demands
arising from the three concerned areas.

Theoretically, a rubber compound may consist of
an elastomer and a cross linking agent. However, in
practice, a rubber compound may contain 5 ingredi-
ents or even more than 10 ingredients, depending on
the intended products, types of application and their
service conditions. Each ingredient has a specific role
and function(s). Each has an impact on properties,
processability, and price. The real challenge is to
develop a high quality rubber product at the lowest
cost possible. The materials utilized by the rubber
compounder can be classified into nine major cate-
gories, which are defined as follows:

� Elastomers : The basic component of all rubber com-
pounds may be in the form of rubber alone,
or master batches of rubber–oil, rubber–carbon
black, or rubber–oil–carbon black.

� Vulcanization agents : These materials are necessary
for vulcanization processes where chemical cross-
links are introduced into the rubber matrix to form
a three-dimensional network. Crosslinks inhibit
permanent flow under deformation or heat and
prevent dissolution in solvents. Strength, stiffness
and resilience increase upon cross linking, and set,
stress-relaxation and creep decrease.

� Accelerators : In combination with vulcanizing agents,
these materials reduce the vulcanization time (cure
time) by increasing the rate of vulcanization. Inmost

cases, the physical properties of the products are also
improved.

� Activators : These ingredients form chemical com-
plexes with accelerators, and thus aid in obtaining
the maximum benefit from an acceleration system
by increasing vulcanization rates and improving
the final properties of the products.

� Age-resistors : Antioxidants, antiozonants, and other
materials are used to slow down ageing processes
in the vulcanizates.

� Fillers : These materials are used to reinforce or
modify physical properties, impart certain proces-
sing properties, and reduce cost.

� Processing additives : Formerly known as processing
aids, the new term currently used is processing
additives. These are materials used to modify rub-
ber during the mixing or processing steps, or to aid
in a specific manner during extrusion, calendering,
or molding operations.

� Softeners : They are materials that can be added to
rubber either to aid mixing, produce tack, or
extend a portion of the rubber hydrocarbon (e.g.,
oil extended).

� Miscellaneous ingredients : These materials can be
used for specific purposes but are not normally
required in the majority of rubber compounds.
They include retarders, colors, blowing agents,
abrasives, dusting agents, odorants, etc.

3.33.4.3 Vulcanization

Vulcanization is a process of cross-linking rubber
molecules chemically with organic/inorganic sub-
stance through the action of heat and pressure. The

Raw rubber

Mastication
(Shortening of molecular chains to reduce viscosity)  

Mixing
(Incorporation of compounding ingredients into the rubber matrix) 

Shaping and fabrication
(Extrusion, calendering and moulding)  

Vulcanization (curing)
(Final shaping - crosslinks are introduced into the rubber matrix to make it elastic)  

Figure 5 Schematic flow process chart.
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rubber which is cross linked chemically is known as
vulcanizate. The introduction of crosslinks into the
rubber matrix may be comparatively few in number
but are sufficient to prevent unrestricted flow of the
whole molecules past neighboring ones. The low
concentration of crosslinks implies that the vast
majority of the segments making up the long chain
molecules are free to move by virtue of kinetic
energy. An unvulcanized rubber dissolves completely
in its solvent. In contrast, a vulcanized rubber only
swells. The chemical crosslinks prevent complete dis-
solution. A vulcanized rubber in this sense is a solid
and will retain its shape and dimensions.

Vulcanization is a very important process in the
rubber industry and conducted at relatively high
temperatures (140–200 �C). For latex dipped goods,
vulcanization is conducted at relatively low tempera-
tures (60–120 �C) and requires no pressure as the
latex is in fluid form and flows to take the final
shape of the former and mold.

One of the most important chemicals in vulcani-
zation is the cross linking agent. Elemental sulfur is
the most widely used cross linking agent in the rub-
ber industry because it is very cheap, abundant and
easily available. Besides, sulfur is very easy to mix and
readily soluble in the rubber. By varying the amount
of sulfur to the accelerator ratio one can get different
types of crosslink in the rubber matrix. Table 7 sum-
marizes the types of sulfur vulcanization system,10

nature of crosslinks produced and their influence on
technological properties. Thus sulfur vulcanization
provides flexibility as one can control the type of cros-
slink intended for specific use or applications. The
most basic requirement for sulfur vulcanization is the
availability of double bonds on the rubber hydro-
carbon. The nonsulfur cross-linking agents include
organic peroxides, quinines and their oximes and imi-
nes, metallic oxides and high energy radiation. The
detailed mechanisms of vulcanization with these vul-
canizing agents are discussed by Elliot and Tidd.10

There is another type of sulfur vulcanization sys-
tem known as soluble efficient vulcanization (EV)10

intended for engineering products that require consis-
tent stiffness, low creep, low stress-relaxation and low
set. This vulcanization system employs certain soluble
accelerators, activators, and sulfur that completely
dissolve in rubber giving a truly homogeneous com-
pound.10 In practice, this is achieved by selecting accel-
erators and activators that have a fairly high solubility
in rubber at room temperature. Suitable accelerators
for soluble EV include diphenyl guanidine, tetrabu-
tylthiuram disulphide and N-oxydiethylenebenzothia-
zole-2-sulphenamide. Zinc oxide is insoluble in rubber,
but it has to be included in the system as it plays a
major role in sulfur vulcanization. However, 2-ethyl
hexanoic replaces the common coactivator stearic
acid as the latter reacts with zinc to form an insoluble
zinc stearate which induces creep and the former
forms a rubber-soluble zinc salt. The sulfur dosage
employed in soluble EV must not exceed 0.8 pphr
(parts per hundred of rubber) to ensure that it remains
dissolved in the rubber and with no tendency to
bloom to the rubber surface.

Nonsulfur vulcanization such as the peroxide vul-
canization system produces carbon–carbon type of
crosslink that gives excellent heat aging resistance
and very low compression set. However, the mechan-
ical strengths are lower than polysulfidic and mono-
sulfidic crosslinks. The choice of vulcanization system
depends on the service environment as well as the
mode of deformation for the intended rubber product.

3.33.5 Rubber-to-Metal Bonding –
Engineering and Automotive
Applications

Most of the rubber springs involve bonding of rubber
to metal. In many cases the metal parts are required
for fixing purposes, particularly those of automotive
components such as rubber bushes, engine mounts

Table 7 Sulfur vulcanization systems, types of crosslink produced and their effect on technological properties

Vulcanization
system

Sulfur Accelerator Type of crosslink Technological properties

Conventional 2.0–3.5 1.0–0.4 Polysulfidic Increase tensile and tear strengths, high compression

set, and poor heat aging

Efficient (EV) 0.3–0.8 6.0–2.5 Monosulfidic Excellent heat aging, low compression set, low
tensile, and tear strengths

Semi-EV 1.0–1.7 2.5–1.0 Mixtures of poly,

di- and mono

Compromise or balance in terms of strength and heat

aging
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and couplings. Figure 6 shows some typical rubber-
to-metal bonded products. In tank lining, the main
function of rubber is to protect the metal against
attack by corrosive chemicals as well as to protect
the metal parts from oxidation by air and moisture,
which leads to rusting.

The laminated rubber bearing consists of alternate
layers of metal plates. The metal plates serve to
restrain the lateral expansion of the rubber on com-
pression. Because of restriction at the rubber metal
interface, due to friction or when the rubber is bonded
to metal, the rubber bulges at the end plates to main-
tain a constant volume. As a result, the effective
compression modulus is dependent on the shape
factor, S, defined as the ratio of loaded area to force
free area.2

S ¼ Loaded area=Force free area ½3�

For a rectangular rubber block of length L, width W,
and thickness h, shape factor S is given by eqn [4]:

S ¼ LW=½2hðLþW Þ� ½4�
The dependence of the compression modulus on the
shape factor has a significant advantage where the
vertical stiffness increases substantially, by inserting
horizontal metal spacer plates into the rubber. For a
rectangular rubber block having length L, width W,
and height h, the shear stiffness and compression stiff-
ness are given by eqns [5] and [6] respectively.

ks ¼ GA=h ½5�
kc ¼ 3Gð1þ 2S2ÞA=h ½6�

Here, G is the shear modulus of the vulcanizate and A
is the cross-sectional area of the rubber surface sub-
jected to shear or compression. Equation [6] shows

(b)(a)

Metal
plate

Rubber bearing

Figure 6 Rubber-to-metal bonding products – (a) tank lining (LHS), (b) various automotive rubber products (RHS) and
(c) below rubber bridge bearing.
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that the compression stiffness can be increased sub-
stantially by increasing the shape factor. The shape
factor does not affect shear stiffness. For these reasons,
laminated steel rubber bearings are used in bridges,
where high compression stiffness is necessary to sup-
port all dead and live loads of the deck, and very low
shear stiffness to accommodate movements associated
with thermal expansion and contraction due to tem-
perature changes.

To achieve efficient bonding at the rubber–metal
interface, it is necessary that the rubber is chemically
bonded to the metal surface. This is achieved in
practice by following proper procedures laid down
in the following section.

3.33.5.1 Bonding of Rubber to Metal

3.33.5.1.1 Preparation of metal plates

The metal plates must be clean and free from any
contamination such as oil, grease, protective coating,
and rust. Exposing the contaminated metal surface to
the vapor of a suitable organic solvent (e.g., chlorinated
solvent) removes oil and grease. The next step is to
remove metal oxides and rust on the metal surface,
usually by the sandblasting technique or wire brush-
ing. Apart from cleaning, sandblasting increases the
surface area, which is very beneficial for strengthening
the bonded area. Acid etching provides an alternative
means of removing metal oxides from the metal surface.

It is very vital that the metal surface is completely
free from oil, grease and rust to ensure efficient
wetting of the bonding agent on the metal surface
so that during vulcanization the bond formed
between rubber and metal via the bonding agent is
very strong. However, a few precautions need to be
observed when sandblasting on the metal surface.
The grit size, gun pressure and shooting distance
must be correct to get the right surface topology,
thus avoiding excessive wear or too little wear.

3.33.5.1.2 Types of bonding agent and

methods of applications of bonding agent to

metal plates
The common bonding agents for bonding rubbers to
metals include ebonite solution or sheet, brass and
proprietary adhesives. In the past, the bonding agent
as well as the lining material for making tank lining
was ebonite solution and calendered ebonite sheet.
The ebonite compound contains a high amount of
sulfur, about 25–35 pphr. This high sulfur content
makes ebonite a hard and brittle material. Indeed
ebonite is a thermoset as it is highly cross linked.

The high sulfur content of ebonite introduces high
polarity that makes it a very suitable bonding agent.
Despite the superior chemical resistance of ebonite,
there are a few limitations such as its brittleness after
cure, long cure time and potential of fire hazard
due to exothermic reaction during curing, especially
when a thicker lining is involved. For this reason, soft
rubber linings are preferred to ebonite linings.

Brass is a very good bonding agent, and is widely
used in the tire industry. Brass is coated on steel
wire cords by the electroplating process. Brass-coated
steel wire cords are used as breakers or belts placed
underneath the tread and on top of the carcass of
the green tire. During vulcanization, the sulfur forms
covalent bonds with both the rubber and the compo-
nent metals of the brass, leading to a very strong
bond.11

In most rubber-to-metal bonded products, a pro-
prietary bonding agent is preferred to the other two
bonding agents. A proprietary bonding agent usually
requires two coatings, viz. a primer and an adhesive
cement. There are reasons why a two-coat system
offers more insurance for the rubber to metal bond.
The first coating known as a primer helps to elimi-
nate corrosion in corrosion-prone metals when they
are in contact with the rubber.12 By using a primer,
secondary cement (second coating–adhesive) that has
a greater degree of bondability to the stock being
used can be selected, rather than a one-coat system.12

It is claimed that the two-coat system allows more
metal adhesion into the primer, and more stock adhe-
sion into the cement coat.12 This results in a higher
intrinsic bond with the two-coat system than a single
coat system.

Bonding agents are applied by painting, spray-
ing or dipping on treated metal parts in the form of
a solution or aqueous suspension.

3.33.5.1.3 Molding of rubber-to-metal

bonded parts

Finally, the dried, coated metal parts are loaded into
the mold and the rubber is vulcanized in contact with
these substrates by the conventional rubber molding
techniques such as compression, transfer and injec-
tion molding. It is during this vulcanization process
that the rubber is chemically bonded to the metal
surface when the cross linking agents react with the
adhesive.

However, in the case of tank lining, the method is
different from the conventional rubber-to-metal
bonded products. Themethod of applying calendered
rubber sheeting onto the prepared metal surfaces is
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analogous to that of applying rolls of wallpaper to the
walls of a room. However, care must be taken to avoid
entrapment of air between rubber and metal. The
rubber sheet is laid down at the correct angle, and is
rolled down into close contact with the adhesive.
Applying the rubber sheet at the corner or edges of
the tank is quite tricky. In practice, this is achieved by
making joints at corners by inserting and rolling down
an extruded rubber fillet of triangular cross-section
and forming the sheet joints on top of the fillet. This
technique gives to the lining a well finished appear-
ance and reduces the danger of weak joints occurring
in corners.

Upon completion of laying the rubber sheet onto
the metal surface, the covered lining tank is usually
allowed to rest for at least 24 h before being vulca-
nized. This resting period allows any air trapped
between rubber and metal to diffuse, apart from
enabling the adhered rubber sheet to recover and
settle down before it is heated.

3.33.5.2 Vulcanization

It is usually done in an open steam autoclave for tanks
or vessels that are small enough to go into the auto-
clave. When the lined vessel is too large to be accom-
modated in an autoclave it may be vulcanized in one
of the following methods:

3.33.5.2.1 Low or high pressure steam
This method is applicable to a vessel that has suffi-
cient strength to withstand internally applied pres-
sure. This procedure can be adopted if the vessel such
as road or rail tank cars can be lined and then sealed
and bolted to give a strong and steam proof pressure
container. The steam pressure is passed through the
lined vessel to the desired vulcanization tempera-
ture until the rubber is fully vulcanized. There are
some elements of danger when dealing with high
pressure steam. So it is very important that all the
safety regulations are met in terms of design and
material of the vessel. The work should be done
under skilled engineering supervision.

3.33.5.2.2 Water curing technique

This method is suitable for tanks or vessels that are
too weak structurally to be put under steam pressure.
Here, the lined tank is filled with water or brine. The
water is heated by passing live steam into the water
until it approaches boiling point. This temperature
is maintained for a few hours until the rubber is
fully vulcanized. Care must be taken to ensure that
live steam does not impinge on the rubber lining to

avoid the occurrence of a large blister between the
rubber and metal at the point of impingement. It is
necessary to conserve heat by shielding the unit against
draughts and cold to minimize temperature variations
which would affect the uniformity of the cure.

3.33.5.2.3 Hot air or ambient temperature

vulcanization

This method is suitable for tanks or vessels which do
not work with the methods discussed above. The
choice of accelerator is very important. Ultrafast or
very fast accelerator is usually used in the rubber
compound. Care has to be taken to ensure that the
rubber does not vulcanize prematurely (scorched)
before it is applied onto the treated metal surface.
One of the means to overcome the problem is to
avoid mixing the accelerator and sulfur together,
but to prepare sulfur masterbatch and accelerator
masterbatch separately. The two masterbatches are
blended together just prior to calendering, and the
calendered sheet applied as soon as possible to the
metal to avoid the risk of being scorched.

3.33.5.3 Types of Bond Failure and
Possible Remedies

A rubber shear mount may be expected to deform
up to 300% shear strain, and the mean shear stress
acting on the rubber-to-metal bond can be as high as
10MPa or 2/3 tons per square inch.11 Steel laminated
rubber bearings for bridges must have a minimum
bond strength of about 9N mm�1 (MS 671, 1991).

It is important to observe the failure mode that
occurs in rubber-to-metal bonded products because
it throws some light and clues to the root cause of the
problem. It is usual to conduct peel test to determine
the interfacial bond strength between the rubber and
metal. There are two basic types of bond failure
either adhesive or cohesive. Adhesive failure may
occur at the interfacial between the rubber and sub-
strate, or between cement and substrate. Cohesive
failure occurs within the rubber itself. There are
three modes of adhesive failure.13 First is called CM
failure that takes place between primer and metal
interface. Second is CP failure that occurs at the
primer to cover cement interfacial. Third is RC fail-
ure where the bond fails at the rubber–cover cement
interface. RC failures are the most common and the
most difficult to solve.13 There are a number of
causes, which bring about these bond failures.
They include the following: metal surface not
cleaned efficiently due to poor cleaning procedure,
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contamination of metal surface during handling,
incomplete wetting of adhesive on the metal surface,
variations of temperature of metal surface, precured
adhesive, sweeping of adhesive during molding etc.13

There are remedies to overcome these problems.
First, ensure that the metal surface is free from all
forms of contamination. Second, avoid contamination
of metal surface during handling. Third, apply the
primer and adhesive cement onto the metal surface
evenly by taking care of the correct viscosity of the
adhesive, and correct spraying distance and thickness
of the adhesive film. Fourth, use the correct type of
adhesive and follow strictly the instruction and pro-
cedure recommended by the chemical supplier.

If during the peel test, cohesive failure occurs
within the bulk of the rubber, then this indicates
that the interfacial bond strength between the rubber
and metal plate via the bonding agent is stronger than
the cohesive strength of the rubber itself.

3.33.6 Oxidation of Rubber

Metals oxidize in the presence of air and water and
consequently they corrode, become rusty and weak.
Figure 7 shows the old version of using steel rollers
to accommodate movements of the bridge deck
brought about by expansion and contraction due to
temperature changes.14 The steel rollers corroded
and suffered high wear and tear. In contrast,
laminated steel rubber bearing did not show any
sign of wear out after nearly twenty years of installa-
tion.14 However, this does not mean that elastomeric
bearing will last forever. Like metals, rubbers are also
prone to corrosion. Corrosion of rubbers is associated
with the aging process known as degradation. All
unsaturated rubbers are subject to degradation due
to the attack of heat, ultraviolet (UV) light, oxygen,

ozone etc. The more is the amount of unsaturation
the more it is susceptible to degradation. The term
aging as applied to rubber, covers a variety of phe-
nomenon arising out of the factors described above.
Aging properties of raw rubber differ from vulca-
nized rubber because of the latter’s specific network
structure and extra network material. When natural
rubber is heat-aged in the presence of oxygen or air,
it invariably loses strength, in particular its tensile
strength decreases. The pattern of modulus change
during aging is not so straight forward because there
are two opposing reactions which can occur simulta-
neously. One is degradation of the molecular chains
and crosslinks which causes softening; the other
is additional cross linking which causes stiffening.
Under any given set of aging conditions (time and
temperature) either softening or stiffening reactions
may predominate depending on the type of vul-
canization system, type of filler and antidegradants
employed in the rubber compound.

Oxygen reacts with rubber only after the rubber has
been acted upon by energy. This is usually from UV
light, heat or mechanical energy (flexing). This energy
dislodges a hydrogen atom from the rubber molecule,
resulting in the formation of a radical. The oxidation of
polymer with elemental oxygen is called autoxidation
because it is an autocatalytic. The rate of autoxidation is
affected by temperature, the presence of catalyst and
also the presence of antioxidant. When the oxygen
attacks the rubber it produces hydroperoxide. The
hydroperoxides break to form free radicals. This is an
autocatalytic, self generated free radical process. The
autoxidation process involves three main stages,
namely, initiation, propagation and termination. In
view of the complexity of autoxidation reaction with
rubber, Bolland and Gee15,16 used model olefins to
study the kinetics of autoxidation. Figure 8 shows the
mechanism of autoxidation as proposed by Bolland.15,16

(a) (b)

Figure 7 (a) Steel roller bridge bearing and (b) steel laminated rubber bearing installed in 1955. Adapted from Mullins, L.

Proc. Rubb. in Eng. Conf. Kuala Lumpur, 1974, pp. 1–20, with permission from the Malaysian Rubber Board.
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The autoxidation is initiated with the generation
of free radicals due to the relatively facile homolysis
of traces of peroxide present in the elastomer.17

The rate of oxidation is related to the concentration
of the hydroperoxide [ROOH] as shown by eqn [I]
below16.

ri ¼ ki ½ROOH�2 ½I�
The resultant free radicals react with oxygen to
form the deleterious peroxides and propagate the
autoxidation reaction. The rate of propagation is
controlled by the hydroperoxide yields and those of
decomposing. The hydroperoxide yields for a large
number of olefins range from almost 100% downwards
to values controlled by side reactions of the peroxy
radicals, such as addition to olefinic double bonds,
when hydrogen abstraction becomes relatively diffi-
cult.16 Such side reactions would continue the prop-
agation chain. However, when the value of the rate
constant k2 becomes large, the reaction of alkenyl
radicals with oxygen become independent of oxygen
pressure. Under these conditions, rate-determining
step is no longer controlled by the rate constant k3,
of the hydrogen abstraction step. Termination would
occur primarily by the interaction of alkenyl radicals.
Then the propagation rate is given by eqn [II] below16.

r ¼ r
1=2
i k2k

�1=2
4 ½O2� ½II�

Termination occurs solely by the mutual destruction
of peroxy radicals and represented by the following
rate equation16:

r ¼ r
1=2
i k3k

�1=2
6 ½RH� ½III�

The outcome of this autoxidation is either chain-
scission or cross-linking. If chain-scission occurs, the
degraded rubber will be soft and tacky. On the other
hand, if cross linking occurs the degraded rubber will
be hard and brittle. In both cases, the mechanical
strength of the rubber decreases markedly. Model
olefins were used to study the mechanism of oxidation
of NR due to complexity of the oxidation reaction
in particular when the rubber is vulcanized.16 The
oxidation of rubber vulcanizate is technologically
important since the absorption of only a small amount
of oxygen (1%) by rubber vulcanizate results in a
considerable change in the physical properties.

It is believed that the oxidation of natural rubber
follows the same route and analogous to that of the
model olefins where the polyisoprene chain under-
goes scission.16 An essential concept of this process is
the number of molecules of oxygen absorbed per
scission event. According to Bolland,15 the oxidation
reaction would finally lead to an alkoxy radical dis-
proportionate to butan-2-one-4-al rather levulinal-
dehyde, and the vinylic radical would have to be
oxidized further to the methyl ketone end group.
Minute amount of certain heavy metals such as cop-
per, iron and manganese catalyze autoxidation reac-
tions. However, this catalytic action can be prevented
by applying protective or chelating agent such as
metal deactivator like p-phenylenediamines.

In the case of vulcanized rubber, the oxidation
reaction is more complex than that of raw rubber
since the various different types of crosslink (e.g.,
ploysulfidic, disulfidic, monosulfidic, cyclic sulfides,
conjugated dienes and treines, etc.) present in the
network structure may affect oxidation in some way
or another.16 Most types of sulfur vulcanizates initi-
ally hardens on aging before degradation occurs.
This hardening is due to cross linking associated
with oxidative reactions of sulfur species in the
network that takes place before chain scissions take
place.16

Barnard and Lewis16 listed out some useful and
important points concerning chain scission mecha-
nism for unprotected NR at modest temperature as
follows:

� Scission occurs once approximately for every 20
molecules of oxygen absorbed.

� The scission is of the rubber chain even in perox-
ide or sulfur vulcanizates although concomitant
crosslink can occur in the latter.

� Kinetically, scission appears to take place in the
propagation step.

Initiation

Production of ROO· radicals   

Propagation

R·   +   O2 ®

®

ROO·   k2

ROO·  +  RH ROOH   +  R·  k3

Termination

R·  +  R·  ®  Inert product k4

R·   +   ROO·  ®  Inert product k5

ROO·  +   ROO· ®  Inert product k6

ri

Figure 8 Mechanism of autoxidation of natural rubber as
outlined by Bolland. Adapted from Barnard, D.; Lewis, P. M.

In Natural Rubber Science and Technology; Robert, A. D.,

Ed. Oxford University Press, 1988; Chapter 13, pp 621–673,

with permission from � � �.
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� Each scission event results in a stable terminal
ketone group being formed on one of the new
chains and a transient terminal aldehyde group
on the other.

Since autoxidation results in chain scission, means
and ways were introduced to determine accurately
chain scissions caused by a known quantity of oxygen
absorbed. A parameter known as scission efficiency e
defined as the number of molecules of oxygen
absorbed which bring about one scission event16 was
introduced to monitor chain scission quantitatively.
There are two methods either physical or chemical to
monitor chain scission. The common physical meth-
ods involved measuring molecular weight reduction,
stress-relaxation, sol–gel analysis, and stress–strain
characteristics.16 For example, in stress-relaxation
method, a rubber sample of a uniform cross-section
is held at a constant extension and maintained at a
constant temperature. When a network is oxidized
due to the cleavage of stress-supporting chains, then
the stress would decay and this event would lead to
occurrence of stress-relaxation. The change in moles
of stress-supporting chains per gram can be calcu-
lated from eqn [7]16:

ft=f0 ¼ Nt=N0 ½7�

where the subscripts t and 0 refer to the samples after
time t and time zero respectively, and f derived from
the statistical theory of rubber elasticity18 is given by
eqn [8]:

f ¼ rNRTA0ðl� l�2Þ ½8�

where r is the density of rubber, N is the number of
moles of stress-supporting chains per gram, R is the
gas constant, T is the absolute temperature, Ao is the
unstrained cross-sectional area, and l is the extension
ratio. Stress-relaxation method has the advantage of
being able to monitor scission event continuously,
and if the amount of oxygen absorbed is also known
then the scission efficiency e can be calculated.16

However, on a short time scale, the decay in stress
level as function of time at constant deformation and
temperature is associated with the rearrangement of
molecular chains and it is predominantly attributed
to viscoelastic behavior of the rubber.

Almost all technical specifications of elastomeric
products require passing an aging test. The use of
aging tests is extremely important in assessing the
service life of elastomeric products because proper-
ties of vulcanizate could change during service.

The basic principle of the test is to expose rubber
test-pieces to air at an elevated temperature (70 or
100 �C) for a specified period (7 or 14 days or longer).
This so-called accelerated aging test causes deterio-
ration of rubber in air due to combined effects of
oxidative and thermal aging. The tensile properties,
set and hardness are measured on these samples
before and after ageing. If minor changes in these
properties result, long service life may be expected;
if appreciable changes occur, service life may be
short. However, it must be stressed here that acceler-
ated ageing test is a useful quality control and speci-
fication tests. There are significant difficulties in
predicting service life from accelerated aging test.
Use of test temperatures much above the anticipated
service temperature is not advisable because the cor-
relation between the results of such tests and service
performance becomes increasingly tenuous.

3.33.7 Ozone Cracking of Rubber

Apart from oxygen, all unsaturated elastomers are
also susceptible to ozone attack although ozone con-
centration in the outdoor atmosphere at ground level
is about 1 pphm (part per hundred million of air
by volume).19,20,21 However, this can be significant
because the reaction of ozone with the double bond
is extremely fast and causes cracking on strained
rubber. The cracks appear slowly at right angle to
the direction of the strain applied, that grow slowly
and consequently lead to a break of the vulcanizate.
Ozone being very reactive attacks the double bonds
of the rubber and produces ozonide that cleaves to
produce zwitterions.17 The zwitterions are unstable
and will breakdown to form other zwitterions. These
zwitterions may react with other zwitterions to pro-
duce diperoxide compound, or react with carbonyl
compound to produce ozonide. In both cases, the
ultimate result is chain scission. The mechanism of
ozone attack on olefin is as shown in Figure 9.17

However, there is a subtle difference between
ozone cracking and auto-oxidation where the former
requires a certain critical strain level (�5% for
unprotected NR) for its occurrence.19,20,21 The sever-
ity of ozone cracking increases rapidly with strain
level. Braden and Gent,19 and subsequently Lake
et al.20,21 investigated various factors affecting ozone
cracking. For example, Lake and Thomas20 came out
with a boundary layer theory for ozone attack on
rubber surface to explain the rate of ozone crack
growth. According to their theory, the variation in
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the rate of ozone attack on stretched rubber surfaces
produced by changes in the air velocity and magni-
tude of the strain is controlled by the diffusion
of ozone across the relatively stationary boundary
layer adjacent to rubber surface. The boundary
layer effect is important because of the readiness
with which ozone is destroyed by stretched rubber.20

As mentioned earlier, ozone cracking occurs only in
elastomers subject to tensile stresses. Elastomeric
components used in compression will crack only in
the regions of the surface where tensile stresses are
induced. These cracks are unable to penetrate very

far because they soon encounter compressive rather
than tensile stresses. Thus ozone cracking is not a
serious problem for large elastomeric components
such as rubber bearings which are used in compres-
sion. Nevertheless, ozone cracks are unsightly and
may initiate fatigue crack growth, which ultimately
leads to mechanical failure. In view of this deleterious
effect, it is necessary to carry out test on ozone
resistance. The test involves exposing the stretched
test-pieces (20% strain) in an ozone-rich atmosphere
at a fixed temperature (23 or 40 �C) and inspecting
the surfaces for cracks with the aid of a magnifying
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Figure 9 Mechanism of ozone attack on olefins.
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glass at intervals of time. If cracks are not observed
after completion of test, the vulcanizate is said to
have good resistance to ozone cracking.

3.33.8 Heat Aging Resistance

Elastomers can survive over long periods in service at
ambient temperatures without any measurable dete-
rioration if the products are sufficiently thick. For a
thick section of rubber, the availability of oxygen will
be limited by diffusion, and components with bulky
rubber layers can be considerably more resistant to
elevated temperatures than thin rubber sections. For
example, bearing pads of NR installed in 1890 had
been examined, and although the outer 1–2mm of
rubber had degraded after 96 years of exposure to
the atmosphere, the inner core of the rubber was still
in good condition as shown by the photograph in
Figure 10.2 Rubber samples taken from the interior
portion were found to retain good physical properties
as that of freshly prepared compounds.2 At suffi-
ciently elevated temperatures, all types of elastomer
will undergo degradation. However, conventional
NR vulcanizates can be used safely at 60 �C, the
maximum ambient temperature likely to be encoun-
tered practice.2 At temperatures of 300 �C and above,
NRvulcanizates first softens as molecular breakdown

occurs, then resinify, becoming hard and brittle.2

Flammable vapor are emitted and ignition occurs.
However, the rate of burning is extremely slowly for
the case of large block rubber.2

In recent years, new performance demands for
automotive elastomers have been proposed22 to per-
form at high operating temperatures. This move
was made to accommodate increasing concern for
improved fuel economy, which resulted in a signifi-
cant downsizing and redesign of the automobile.
Concomitantly the engine compartment became
smaller and more difficult to cool thus raising the
temperature of the under hood. Current automotive
elastomers are expected to perform well under a
120 �C in-service temperature at least until the life
of the car.22

There is a growing expectation those future auto-
motive elastomers to perform well in a 150 �C envi-
ronment for over 100 000miles.22 This is a clear
signal that specialty elastomers would find very
strong markets over general-purpose elastomers for
high temperature performance.

3.33.9 Flex Cracking

Flexing and cyclic stresses can lead to premature
failure during service. There are two basic mechan-
isms of crack growth, (i) ozone crack growth, due to
primarily chain scission, and (ii) mechanico-oxidative
crack growth, due to mechanical rupture at the tip of
a flaw, which is considerably facilitated by the pres-
ence of oxygen.23 Both types of growth can occur
under static or dynamic conditions or together. The
amount of crack growth in a given time is directly
proportional to the ozone concentration. The crack
growth rate dc/dt of a single ozone crack under static
conditions is given by eqn [9]:

dc=dt ¼ aq ½9�
where q is the ozone concentration and a a constant
(the rate at unit ozone concentration) which is a
property of the rubber.23 The cyclic crack growth
rate is given by eqn [10]:

r ¼ ðdc=dnÞozone ¼ ðF=ff Þaq ½10�
where F is the time fraction of cycle for which the
test-piece is strained, and ff is the frequency.

23 Based
on fracture mechanics approach, and assuming
that the growth of naturally occurring flaws of a
fatigue test has the same characteristics as that of a
crack growth test, Lake and Lindley23 worked out

Figure 10 Cross-sectioned view of a 100-year old bridge

bearing pad showing the very small depth of penetration of

atmospheric degradation. Adapted from Fuller, K. N. G.;
Muhr, A. H. Engineering design with natural rubber, NR

Technical Bulletin, 5th ed.; The Malaysian Rubber

Producers’ Research Association, London, 1992; pp 1–33,
with permission from Tun Abdul Razak Research Centre,

Brickendonbury Hertford, England.
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the fatigue life of vulcanized elastomer as given by
eqn [11]:

Nf ¼ 1=ð16BW 2
s c0Þ ½11�

where Nf is the number of cycles to failure from a
naturally occurring flaw of size c0. B is the crack
growth constant, and Ws is the strain energy density.
Thus the fatigue life N can be predicted from known
parameters of eqn [11].

3.33.10 Oil Absorption

An unvulcanized elastomer becomes solution when
immersed in its solvent; in contrast, a vulcanized
elastomer will only swell. The extent of swell
depends on the amount of solvent absorbed, which
in turn depends on the crosslink concentration and
types of solvent. Swelling is undesirable because
apart from dimensional instability, the modulus and
mechanical strengths are all decreased making the

swollen vulcanizate unsuitable for most engineering
applications.2 In the case of rubber-to-metal bonded,
bond failure occurs if the liquid is able to reach the
metal plate. Figures 11 and 12 show some of the
typical automotive elastomeric components such as
fuel and oil hoses, gaskets, O-rings and seals which
are in contact with automotive fuels. These rubber
components are thin and susceptible to damages
when swollen excessively by the oil. Additives such
as ethanol, methanol, and methyl t-butyl ether are
being placed in gasoline with a view to improve its
octane number.22 Increasing the alcohol content of
the gasoline increases the amount of swell, which is
very undesirable not only because of dimensional
instability, but also reduces tensile strength and elon-
gation at break of the swollen elastomer.

It is well established that swelling is diffusion-
controlled and the volume of liquid absorbed is initi-
ally proportional to the square root of the time of
immersion.2 For most organic liquids, the rate of
penetration depends on their viscosity rather than

(a) (b)

Figure 11 Automotive rubber products in contact with oil and heat: (a) hoses – hydraulic, fuel, gasoline pump, and steam

hose and (b) gaskets, O-rings, seals, and exhaust hanger, etc.

(a) (b)

Figure 12 Automotive rubber components: (a) gaskets and (b) O-rings and seals.
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their chemical nature2. Figure 13 shows the time–
viscosity relationship for the liquid to penetrate 5mm
into the rubber interior.2

For NR, it takes about 4 days for a volatile liquid
such as toluene to penetrate 5mm depth, 1–2 years for
engine lubricating oil, and about 30 years for a petro-
leum jelly, even with continuous immersion.2 It is pos-
sible to estimate the distance of liquid in a given time
provide that the penetration rate is known.2 Alterna-
tively, the viscosity of the liquid may be used if penetra-
tion rate is not known since the penetration rate is
related to viscosity as shown earlier in Figure 13.

Southern24 has introduced a nomogram as illu-
strated in Figure 14 to facilitate the calculation in
estimating the penetration depth of liquid into the
elastomer. Although the data were obtained for NR,
but would be expected to work with other elastomers
of similar Tg.

24 As an illustration to use the nomo-
gram, Southern24 has calculated, a liquid with pene-
tration rate of 7	 10�5 cm s�1/2 would take 4 weeks
to penetrate 1mm, but 100 years to penetrate 40mm
of the rubber block. The penetration rate–viscosity
relationship does not hold for water because of the
presence of hydrophilic impurities which complicate
transport of water in elastomers.24

3.33.10.1 Effect of Crosslink Concentration
and Polarity on Swelling Resistance

Natural rubber (NR) latex has found very wide
applications in the glove industry since the 1920s.
This is attributed to the excellent tear and puncture

resistance of NR latex films. Besides, NR latex film
exhibits very high extensibility (600–1000%) before
its breaking point. These properties make NR latex
film an excellent barrier protection against infectious
liquids and gases. Most of the examination and surgi-
cal NR latex gloves are used in hospitals and clinics.
However, recently NR latex gloves have entered the
fast food industry where good swelling resistance is
an essential requirement. Being a nonpolar rubber,
NR latex gloves have a poor swelling resistance
which limits its application in the fast-food industry.
The fast-food industry is growing very fast all over
the world. There is a growing concern over the
cleanliness and hygiene of the food. It is essential
that the workers wear rubber gloves to avoid contact
with the food they serve. Rahim and Samsuri25 inves-
tigated the effect of crosslink concentration and effect
of blending carboxylated nitrile rubber (XNBR) with
NR latex on the swelling resistance of NR latex
film towards cooking oil. The amount of sulfur was
varied to produce different crosslink concentrations.
The crosslink concentration was determined by
immersing the latex film sample in a solvent until
equilibrium swelling was attained. The crosslink
concentration was calculated by using the Flory–
Rehner equilibrium swelling equation as proposed
by Mullins18 given by eqn [12]:

� lnð1� vrÞ � vr � wv2r ¼ 2rV1½X �phyv
1=3

r
½12�

where vr is the volume fraction of rubber in the
swollen gel, r is the density of rubber, V0 is the
molar volume of solvent, w the rubber–solvent inter-
action parameter, and [X]phys is the physically
manifested crosslink concentration. The diffusion
coefficient D was calculated from eqn [13]24:

Mt=M1 ¼ ð2=lÞðDt=pÞ1=2 ½13�
where Mt is the total amount of liquid absorbed per
unit area of the sheet after immersion for time t, M1
is the amount of liquid absorbed after infinite time
(in this case time to reach equilibrium swelling), and l
is the half thickness of the film sheet. It is necessary
to plot Mt against square root time as shown in
Figure 15 to calculate D in eqn [13].

The effect of crosslink concentration on the diffu-
sion coefficient of cooking oil in the latex film is
shown in Table 8.25 The results show that increasing
the crosslink concentration decreases the diffusion
coefficient significantly. Increasing the sulfur content
from 0.6 to 3 pphr increases the crosslink concen-
tration by about 90%, which merely decreases the

Time to penetrate 5 mm

10 years

1 year

1 month

1 week
4 days

Solvents

Viscosity of liquid (mNs m−2)

Engine oils Heavy oils
0.1 1.0 10 102 103 104

4 years

4 months

Figure 13 Effect of viscosity of liquid on penetration time.
Adapted from Fuller, K. N. G.; Muhr, A. H. Engineering

design with natural rubber, NR Technical Bulletin, 5th ed.;

The Malaysian Rubber Producers’ Research Association,
London, 1992; pp 1–33, with permission from Tun Abdul

Razak Research Centre, Brickendonbury Hertford, England.
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diffusion coefficient by about 23%. However, the
most efficient method to increase swelling resistance
is through physical blending of NR latex with XNBR
latex, where the diffusion coefficient D of the oil into
the film decreases by a factor of 2.7 compared with
NR latex having the highest crosslink concentration.
Thus, this work shows strong evidence that blending
of nonpolar elastomer with polar elastomer enhances
the swelling resistance of the former.

3.33.11 Water Absorption

Elastomers findwide uses in marine and offshore engi-
neering applications. The application of elastomers

in water management is attributed to its high imper-
meability to water. A rubber sheet is used to line the
water reservoir and pond, while inflatable rubber is
used as a dam. Rubber dock fenders rely on the energy
absorption capacity of the rubber. Inevitably, the rub-
ber will absorb some quantity of water as these rubber
products spend a considerable time under water. It is of
great concern whether the absorption of water would
impair the strength of the rubber.

The true solubility of water in rubber is very low.24

Nonetheless, relatively large amounts of water can be
absorbed during prolonged immersion as shown in
Figure 16.2 The diffusion of water in elastomers is not
straightforward, but complicated by the presence of
hydrophilic materials. In the case of NR it is mainly
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Figure 14 Nomogram to facilitate rapid calculation of distance penetrated by liquid into rubber. Adapted from Muniandy,

K.; Southern, E.; Thomas, A. G. In Natural Rubber Science and Technology; Robert, A. D., Ed.; Oxford University Press,
Oxford, UK, 1988; Chapter 13, pp 820–851, with permission from Oxford University Press.
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proteinaceous.24 When water diffuses into the rubber,
thewater-soluble hydrophilicmaterials dissolve form-
ing droplets of solution within the rubber. Osmo-
tic pressure gradient would exist between watery
domains in the rubber and that of the external solution
immersing the rubber.24 This results in more water
diffusing into the internal solution droplet. Water
absorption reaches its equilibrium when the elastic
stresses acting on the droplets balance the osmotic
pressure difference. Muniandy and Thomas24 pro-
posed a mathematical model for water absorption to
derive equations for the equilibrium water uptake and
to evaluate the kinetics of water absorption and
desorption. From the model, they calculated the equi-
librium water uptake and the apparent diffusion coef-
ficient. They found very good agreement between
theory and experimental results.

Later, Lake26 investigated the kinetics of water
(tap water) absorption in elastomers and their effects
on properties. He reported that when the absorption
was large (50% or more), the rubber test-piece
degraded. Severe degradation leads to porosity of
the surface layer, and when pressed, water exudes.26

However, at a low level of absorption, Lake observed
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Table 8 Effect of crosslink concentration on diffusion

coefficient D of cooking oil into NR latex film

Sulfur level
(pphr)

[X]phy (mol per
kg RH)

D (m2s�1	10�13)

0.6 4.46	 10�2 4.70

1.0 4.60	 10�2 4.00
2.0 4.89	 10�2 3.70

3.0 5.82	 10�2 3.57

NR:XNBR

(50:50) 1.5

– 1.30
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the formation of droplets similar to the blisters that
occur in plastics or under protective coatings, consis-
tent with an osmotic diffusion mechanism.24 In salt-
water, water absorption reached steady state at much
lower levels than in freshwater, again consistent with
an osmotic pressure mechanism. Thus seawater is less
damaging than freshwater and may not have any
serious consequences for many elastomers. This lat-
ter point is consistent with findings of Ab. Malek and
Stevenson27 who evaluated the physical properties
of a rubber tire as shown in Figure 17, recovered
from seawater at a depth of 80 ft. They found that
the rubber tire had absorbed about 5% of seawater
after 42 years of immersion. They found no evidence
of microbiological attack. What is more interesting,
the physical properties of the rubber tire were within
normal specifications for new rubber of the same type.
They even suggested storing elastomers in deep sea-
water in view of its inert nature. Indeed, elastomer is a
very suitable material to coat metal surfaces against
corrosion in deep seawater. The photograph inFigure
17 shows clear evidence that the steel cords making
up the bead of the tire are corrosion-free after a
42-year immersion in seawater.27

3.33.12 Protective Measures

3.33.12.1 Selection of Elastomer

All elastomers experience aging. Some age faster than
others. The rate of aging depends on a number of
factors such as the chemical structure of the polymer,
service environment, which includes length of expo-
sure to heat and light, oxygen and ozone concentra-
tion, size and shape of elastomers, and mechanical

stresses. One cannot stop the aging process, but one
can slow it down. The most effective means of com-
bating aging is to select the correct elastomers to
meet the maximum service temperature and environ-
ment. Fully saturated elastomers having high bond
dissociation energy making up their backbone chains
are the best choice to meet high service temperature
applications. Fully saturated rubbers such as ethylene
propylene copolymer and very low unsaturation
butyl rubber are excellent resistance to heat aging,
oxidation and ozone cracking. Not only the maximum
service temperature, but also other environmental
factor such as oil or solvent determines the aging
resistance. In cases like these, the elastomers having
high bond dissociation energy and solvent resistance
are desired. These include specialty elastomers
such as acrylic (ACM), chloro-sulfonyl-polyethylene
(CSM), ethylene propylene copolymer (EPM), fluor-
oelastomers (FKM), silicones (MQ , VMQ), polyes-
ter urethanes (AU), etc. Alternatively, for unsaturated
elastomers are to use antioxidants and antiozonants,
with correct vulcanization system can slow down the
aging process quite efficiently.

3.33.12.2 Blends of Elastomers

It is a common practice to blend two elastomers of
different properties with a view to combining the best
features in terms of technical and economic values.
Natural rubber is blended with EPM for applications
requiring very high resistance to attack by ozone as
the latter is fully saturated. A blend of NR and
EPDM is used for applications that require a combi-
nation of good resistance to attack by ozone and high

Figure 17 A natural rubber tire after 40 years’ exposure to seawater. Adapted from Mullins, L. Proc. Int. Rubb. Conf.

Kuala Lumpur, 1985, with permission from Malaysian Rubber Board.
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strength properties. Nitrile rubber (NBR) is blended
with EPM to meet the requirements for very good oil
resistance as well as conferring high resistance to
oxidation and ozone cracking. The former is polar
rubber and provides very good oil resistance, while
the latter provides excellent weather resistance.
However, blending two or more elastomers is not
as easy as one would imagine. The work on blend-
ing various elastomers conducted by Tinker28 and
coworkers has thrown some light on the importance
of compatibility, distribution of crosslinks in each
rubber phase, distribution of filler and plasticizer
and interfacial tension of each phase which have
very strong influence on the service performance of
the blend. When the elastomers are not compatible
with each other, the associated problems that may
arise include maldistribution of crosslinks, partition
of chemicals (sulfur, accelerators, etc.) due to mecha-
nism associated with preferential solubility and
others. Lewan29 worked on crosslink density distribu-
tion in NR/NBR blend and reported the effects of
large difference in polarity and solubility parameters
between these two rubbers. The large difference in
polarity has the following effects:

(i) causes high interfacial tension that is detrimental
to mixing since it interferes with efficient mixing
at the interface, hence minimizing the opportu-
nity for crosslinking between the rubbers;

(ii) causes poor phase morphology, which is charac-
terized by large phase sizes;

(iii) causes uneven distribution of crosslinks arises
through preferential solubility of the curatives
and vulcanization intermediates. Sulfur will be
preferentially soluble (partition in favor of) the
more polar NBR. One phase is over-crosslinked
and the other is lowly crosslinked.

However, Lewan29 overcame these problems by
selecting the correct type of curing system such as
semi-EV based on sulfur – TBBS, to obtain an even
distribution of crosslinks in each phase and maximiz-
ing crosslinking between rubbers at the interface.
The use of compatibilizer is highly recommended
to enhance the compatibility between rubber phases.
Polychloroprene rubber serves as a very good com-
patibilizer for the NR/NBR blend with just a small
quantity (5 pphr) added to the blend. The addition
of this compatibilizer reduced phase sizes, gave an
even distribution of crosslinks and increased tensile
strength.30 Blends of elastomers provide alternative
means of improving both aging resistance and oil
resistance.

3.33.12.3 Antidegradants

Chemical antioxidants and antiozonants combat
aging by scavenging harmful radicals, absorbing UV
light, deactivating catalytic metals like copper, man-
ganese, iron, etc., and decomposing initiating perox-
ides.16,17 Two main types of chemical antioxidants and
antiozonants are widely used in rubber compounds;
they are amines and phenolics. Amine types are more
effective and powerful antioxidants than phenolic
types. However, the former is staining and the latter
is not. Thus, this limits applications of amine types to
black and dark colored elastomeric products. Pheno-
lic types are exclusively used for white and bright
colored products, especially in electrical wire insula-
tion where colors are useful for identification pur-
poses. Both amines and phenolics provide protection
against aging by scavenging the harmful free radicals
during the oxidative chain reaction.16,17 The pro-
posed mechanism17 by which these two types of
antioxidants work is shown in Figure 18. During
the initiation stage, the free radicals produced
by the peroxides abstract a labile hydrogen atom
from the antioxidant and produce an antioxidant
radical. This antioxidant radical is more stable than
the peroxy radical, which terminates by reaction with
other radicals in the system.16,17

The transfer step (c) and termination step (f )
remove the free radical functionality from the
elastomer, which consequently halts the oxidative
degradation reaction.17 Metal deactivators such as
2-mercaptobenzimidazole and its salt when added
into the rubber compound containing amine or phe-
nolic antioxidant give a synergistic effect to enhance
the protection against aging.31 These chemicals form

i)   Initiation

a) ROOH RO· + ·OH 

b) AH + O2 AOOH 

ii)   Transfer 

c) RO· (RO·2) + AH ROH (ROOH) + A· 

d) A· + RH AH + R· 

iii)  Termination

e) 2ROO·  Stable products

f) 2A· Stable products

g) A· + ROO· Stable products

Figure 18 Mechanism of amine and phenolic antioxidant

activity, where AH is the antioxidant.17
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coordination complexes with catalytic metals and
inhibit metal-activated oxidation. Carbon black is a
natural UV light absorber, and for nonblack com-
pounds, it is useful to incorporate a UV light absorber
such as benztriazole derivative.

3.33.12.3.1 Mechanism of antiozonant action

The mechanism by which an antiozonant protects
unsaturated rubber against ozone cracking has received
attention from many rubber chemists and physicists.
A number of suggestions have been proposed as to how
antiozonants confer protection, ranging from competi-
tive reaction with ozone (scavenging) to various types
of protective layer formation.17,19–21 There are three
theories to describe the mechanism of antiozonant
action17:

(i) The antiozonant blooms to the surface of the
rubber compound and reacts preferentially with
the incident ozone.

(ii) The antiozonant blooms to the surface of the
rubber and forms a protective layer of film on
the surface.

(iii) The antiozonant reacts with intermediates
formed in the ozonation of rubber, preventing
chain scission or recombining severed rubber
chains.

Lake32 has conducted some work to elucidate the
mechanism of antiozonant action to protect natural
rubber against ozone cracking. He used dioctyl-p-
phenylenediamines (DOPPD) antiozonant for his
rubber compound. Exposing the rubber test-piece
to ozone-rich atmosphere has reportedly resulted in
a layer of film 10�3 cm thick and visible to the naked
eye forming on the rubber surface.32 The protective
layer can be removed by physical means either by
scraping or using adhesive tape, or by swabbing with
cotton wool dipped in acetone. The mass of the film
can be determined by weighing the test-piece before
and after its removal. In this way, the kinetics of layer
formation can be determined by monitoring changes
in weight after various periods of exposure to ozone.

Lake32 has derived a mathematical expression to
relate the mass of layer per unit area of surface ML

formed after time t to the concentration C0 of anti-
ozonant in the rubber and diffusion coefficient DL as
shown by eqn [14]:

ML ¼ ½2rLDLSLC0t �1=2 ½14�
where rL is the density of the layer material and SL is
the solubility, relative to that in the rubber, of the
antiozonant in the layer. In deriving this equation,

Lake32 assumed that the layer to be formed entirely
of reacted antiozonant and the concentration of
unreacted material within it to be small. The product
DLSL was determined experimentally by measuring
the rate of transfer of antiozonant through the layer
formed on a test-piece to a controlled rubber test-
piece containing no antiozonant initially. This was
done experimentally by pressing two cylindrical
discs (test-piece A contains antiozonant, test-piece
B has no antiozonant) together so their surfaces are
in intimate contact with each other. The antiozonant
from test-piece Awould migrate into test-piece B as a
function of time. The mass of the layer formed per
unit area of surface was plotted against the square
root of time to produce a straight line whose slope
gave the value of ML/t

1/2, that is mass of film depos-
ited per square root time. Lake32 obtained very good
agreement between theory and experimental data.

Lake32 proposed the mechanism of antiozonant
action as follows: The protective layer formed on
the rubber surface is composed predominantly of
the antiozonant which has reacted with ozone. The
film formed remained essentially in the unstrained
state, independent of the type of deformation applied.
For this to happen, it is necessary that the antiozonant
is soluble in the rubber, and that its reaction product
should be insoluble. However, once the protective
layer becomes coherent and compact, it will reduce
substantially the flux of ozone reaching the rubber
surface. Thus it appears that the ability of the anti-
ozonant to prevent cracking is likely to be deter-
mined by what occurs during the initial stages of
exposure when the layer is starting to form, rather
than by the long-term behavior. Indeed, Lake32 sug-
gested that a coherent monomolecular layer of film
that formed on the rubber surface is sufficient to
confer protection against ozone cracking. However,
the time for this monolayer to form must be faster
than the time for the crack to grow to the same depth,
so that the monolayer is able to bridge any cracks that
have begun to grow.

3.33.12.3.2 Theories of layer formation
The thin layer of protective film covering the rubber
surface is a direct consequence of the chemical reac-
tion between chemical antiozonant and ozone. Lake
and Mente21 proposed two diffusion models to work
out a theory for layer formation. The two models are
shown in Figure 19. The first model describes the
rate of layer formation that is controlled by the diffu-
sion of the antiozonant across the already-formed
layer to react with ozone at its outer surface. Under
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these circumstances, the mass per unit area ML, of
layer formed after time t is given by eqn [14].21,32 The
concentration gradient in the layer will be essentially
linear as shown in Figure 19(a). The second diffusion
model takes into account diffusion within the rubber
in addition to diffusion across the layer. In this case,
an equation similar to eqn [14] applies, when C0 is
replaced by Cs, the concentration at the rubber sur-
face is lower than C0 as shown schematically in Fig-
ure 19(b). Cs is a function of C0 and the relative
permeabilities of the rubber and the layer to the
antiozonant, and with the assumptions made, are
given by eqn [15]:

Cs=C0 ¼ 1þ x� ½ð1þ xÞ2 � 1�1=2 ½15�
where

x ¼ ðp=4ÞðrLDLSL=DC0Þ ½16�
and D is the diffusion coefficient of the antiozonant
in the rubber. The mass of layer per unit area of
surface plotted against square root of time as shown
in Figure 20 enabled Lake and Mente21 to determine
the rates of layer formation of the antiozonants
formed on NR, ENR 50, and NBR 34, respectively.
These three rubbers differ greatly in terms of

polarity and glass-transition temperature, which
may affect the rate of film formation on the rubber
surface. Their experimental results as shown in
Figure 20 indicate that the rate of layer formation
for NR is about four times faster than that of NBR 34
and ENR 50, which is in accordance with the depen-
dence of the diffusion coefficient on the glass-transi-
tion temperature of the rubber. The diffusion
coefficient decreased in the increasing order of the
Tg of the rubber.21 Thus the diffusion coefficient of
NR is fastest and that of ENR 50 is the slowest as Tg

of NR is about �69 �C and that of ENR 50 is about
�24 �C.21 NBR34 has a slightly faster diffusion coef-
ficient than ENR 50 as its Tg (�28 �C)19 is slightly
lower than that of ENR 50. Lake and Mente21 also
conducted experiments to investigate the effect of
temperature on layer formation on the NR surface
at�17 and 23 �C respectively as shown in Figure 21.
They found that the rates of layer formation at these
two temperatures were the same for NR. However,
the diffusion coefficient of this particular antiozonant
(DOPPD) in NR at �17 �C was very similar to that
in ENR 50 and NBR 34 at 23 �C. They attributed
this finding to the partitioning of the antiozonant
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between the elastomer and the layer material, as the
polarity of the elastomer affects the solubility of the
antiozonant in the rubber. The solubility of the anti-
ozonant varies in the ascending order of polarity of
elastomer, that is NR<NBR 34<ENR 50.21 Lake
and Mente concluded that for elastomers with high
Tg, the antiozonant offers better protection at tem-
peratures above room temperature than at low tem-
perature, as the protective agents are more mobile at
high temperatures rather than at low temperatures.

3.33.12.4 Blooming of Wax

Besides chemical antiozonants, paraffin wax is also a
useful ingredient to confer protection against ozone
cracking. Wax provides a protective layer surrounding
the surface of the elastomer through the diffusion
process commonly known as blooming, which pre-
vents direct contact between ozone and the elastomer.
Blooming occurs when the supersaturated solution of
the ingredient in the rubber crystallizes more readily
on the surface than in the rubber itself.24,33 This basic
mechanism of blooming is not only applicable to wax
but other ingredients as well. When other ingredients
such as sulfur, accelerators and strearic acid bloom
to the rubber surface, they reduce the tackiness of
the rubber, which can bring detrimental effects to

products relying on adhesion and bond strength
involving different components plied together. These
include rubber-to-metal bonded components, tires,
belts, and hoses. However, blooming of waxes and
antioxidants brings advantages.

Nah and Thomas33 investigated the mechanism
and kinetics of diffusion of wax to the rubber surface.
They envisaged that the driving force for the blooming
process arises from the elastic forces acting around the
wax precipitates in the rubber when the wax concen-
tration is in excess of its equilibrium solubility. They
then proposed a model and theory for wax blooming
base on thermodynamic concept of diffusion, where
the driving force of the diffusion process is predomi-
nantly associated with free energy gradient rather than
the concentration gradient of the wax that is dissolved
in the rubber. The initial rate of wax bloom per unit
area (Mt/t

1/2) is given by eqn [17]33:

ðMt=t
1=2Þx¼0¼ ½ð24vfDt sxrxVxGÞ=RT �1=2ðdl=dyÞ0 ½17�

where Dt is diffusion coefficient, vf is volume fraction
of seeding particles or flaws present in the rubber. sx is
solubility of wax in the rubber, rx is density of wax, and
Vx is molar volume of solid wax. G is shear modulus of
the rubber, R is molar gas constant, T is absolute
temperature. (dl/dy)0 is equivalent to the concentra-
tion gradient of the wax at the surface of the rubber,
and is determined by numerical methods for the
appropriate boundary conditions and a suitable value
of vf. The symbol l stands for the extension ratio of the
rubber around the precipitated wax particle, assumed
spherical. Nah and Thomas33 verified eqn [17] exper-
imentally, and obtained satisfactory agreement
between their experimental and theoretical values for
the migration of paraffin waxes in peroxide cured
natural rubber. The theory was applicable to predict
the blooming of wax mixtures with success, indicating
that the mechanism of wax blooming has been identi-
fied correctly. Although Nah and Thomas developed
the theory for blooming of wax, with minor adjust-
ments, it is also applicable to predict migration and
blooming of sulfur, fatty acids and antidegradants in
vulcanized elastomers.

3.33.12.5 Choice of Vulcanization System

Anaerobic aging usually decreases the stiffness, resil-
ience, and tensile, tear and fatigue properties; the
extent is mainly determined by the type of vulcani-
zation system, which affects aging of elastomers.
There are three types of sulfur vulcanization sys-
tems known as conventional, efficient (EV) and
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semi-efficient (semi-EV) respectively8,10 as discussed
briefly in Section 3.33.4.3. The conventional system
has a higher sulfur dosage than the accelerator that
produces predominantly polysulfidic crosslinks,
where the rubber molecular chains are linked by
three or more sulfur atoms. Polysulfidic crosslinks
have poor resistance to heat aging because the –S–
S– bond has low thermal stability. In contrast, EV
makes use of the low sulfur level and high accelerator
dosage. This EV system produces predominantly
monosulfidic crosslinks which are thermally very
stable. The rubber network consists of other struc-
tural features as described briefly in subsequent
sections.

3.33.12.5.1 Sulfur vulcanization system and

types of crosslinks on aging resistance

Polysulfidic crosslink

A chain of three or more sulfur atoms (maximum of six
atoms) in this crosslink bridges two polymer chains.
The bond energy of this crosslink is less than 268 kJ
mol�1, which is relatively low.10 A polysulfidic crosslink
can be produced by using the conventional vulcaniza-
tion system where the quantity of sulfur is more than
the quantity of the accelerator in the ratio 5:1 (sulfur:
accelerator). Therefore the conventional sulfur cure
system is not suitable for high temperature applications.

Disulfidic crosslink

In a disulfidic crosslink, there are two sulfur atoms
bridging the two polymer chains. Its bond energy is
about 268 kJ mol�1. Little is known of the properties of
this crosslink, mainly because it is very difficult to
prepare a network in which disulfides are predomi-
nant. In both conventional and efficient sulfur vulca-
nizates the proportion of disulfidic crosslink is seldom
more than 20–30% of the total.

Monosulfidic crosslink

In the case of a monosulfidic crosslink, the two poly-
mer chains are bridged by one sulfur atom. Its bond
energy10 is relatively high, about 285 kJ mol�1.
A monosulfidic crosslink can be produced from an
EV system where the amount of the accelerator is
higher than the amount of sulfur, about 5:1 (accelera-
tor:sulfur). Thus the EV system is suitable for medium
high temperature applications.

Cyclic sulfides

These are intra-crosslinks which are useless as the
crosslinks are formed on the same polymer chain.

This phenomenon is also known as main chain mod-
ification. The main source of these main chain mod-
ifications is the thermal decomposition of polysulfide
crosslinks. The conventional vulcanization system
creates more cyclic sulfides than the EV system as
the former produces more polysufide crosslinks than
the latter.

Conjugated diene and triene groups

These main chain modifications are also formed by the
thermal decomposition of polysulfide crosslinks. The
concentration of these conjugated groups increases on
overcure. The presence of these groups tends to cata-
lyze oxidative aging as they are much more susceptible
to oxidation than the polyisoprene main chain.8,10,16

Pendent accelerator group

It is generally accepted that in accelerated sulfur
vulcanization, crosslinks are formed from initial rub-
ber-bound pendent groups in which disulfide or
polysulfide chains are terminated by accelerator frag-
ments. Like the crosslink, some of these intermediates
undergo progressive desulfuration and are converted
into stable monosulfidic links between the polymer
chain and accelerator fragments. The extent of main
chain modification will depend on the amount of
accelerator available and on the ease with which the
initial pendent group can be desulfurated.

Extra-network material

The extra-network material formed by a sulfur vulca-
nizing system can be put into two categories. The first
consists of unreacted zinc oxide and fatty acid activa-
tors, their zinc soap reaction products and zinc sulfide.
The second consists of accelerator reaction products.

3.33.12.5.2 Peroxide vulcanization system

Unlike sulfur vulcanization, peroxide vulcanization
does not require the presence of double bonds. In
fact, peroxide vulcanization is possible for rubbers
having either saturated or/and unsaturated carbon–
carbon backbone chains. However, peroxide vulcaniza-
tion is quite impossible with the following elastomers
because of their tendency to decompose:

� IIR – butyl rubber
� CIIR – chlorinated butyl rubber
� CO – polyepichlorohydrin rubber
� ECO – copolymer of epichlorohydrin and ethylene

oxide
� PP – polypropylene
� ACM – polyacrylic rubber
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The most common peroxide is dicumyl peroxide
(DCP or dicup). Others include ditert butyl peroxide,
dibenzoyl peroxide and bis(2,4-dichlorobenzoyl)
peroxide. Peroxide vulcanization10 produces a vulca-
nizate which will impart good aging resistance and
excellent resistance to compression at high temp-
eratures (70–100 �C). To obtain the best compression
set performance, freedom from certain other
compounding ingredients, especially zinc oxide and
stearic acid, is essential. Peroxide vulcanization is
essentially nonreverting. However, there are certain
deficiencies such as poor hot tear strength and
incompatibility with chemical antiozonants. Other
technical limitations include slow cure rate with no
delayed action, and degradation of the rubber giving
a sticky surface if it comes into contact with air
during the cure. Thus peroxides are not suitable for
hot-air or steam-pan curing. The reaction of peroxide
must be carried through to completion to obtain the
best heat resistance; therefore long cure times are
inevitable. In addition, nearly all antidegradants
and aromatic oils affect the efficiency of the
peroxide cure.

Co agents, which are highly reactive materials, are
usually added in peroxide vulcanization to increase
the efficiency of the organic peroxide, but do not
affect the rate of cure.10,31 They are used either to
enhance the modulus and hardness or to reduce the
level of peroxide required. They can be absolutely
essential for the efficient cure of chlorinated poly-
ethylene. Typical solid coagents are zinc diacrylate,
zinc dimethacrylate, and m-phenylene dimaleimide.
Liquid coagents are materials such as triallyl cyanu-
rate (TAC), triallylisosyanurate (TAIC), etc. High
vinyl polybutadiene is a polymer which can act as
a coagent.

3.33.12.5.3 Vulcanization with urethane

This (urethane) crosslinking system for natural rubber
was developed in the early 1980s by the scientists at
theMalaysian Rubber Producers Research Association
(MRPRA).10,31 It was marketed under the trademark
Novor. The basic reagent is a reaction product of a
nitroso compound and a diisocyanate which dissoci-
ates at vulcanizing temperatures into its component
species. The free nitroso compound then reacts by
addition to rubber molecules giving attached pendent
groups which subsequently react with the diisocyanate
to form urea type crosslinks. The main features of the
vulcanizates are excellent reversion resistance and,
when protected with a TMQ/ZMBI antioxidant com-
bination, excellent heat aging resistance.

3.33.12.5.4 Metallic oxide vulcanization
Elastomers containing halogens can be cured with
metallic oxides such as oxides of zinc, magnesium,
and lead. The oxides form an ether type of crosslink
(R–O–R0) which gives good heat aging resistance.
Elastomers which can be vulcanized metallic oxides
are polychloroprene, halogenated butyls, and poly-
chlorosulphunated rubber.

3.33.12.5.5 Resin vulcanization

Resin vulcanization has established itself to some
degree in butyl (IIR) crosslinking, giving excellent
heat and steam stability.10 Example of a typical resin
cross linker is polymethylolphenolic resin. The
amount used is at the level of 5–12 pphr.

3.33.12.5.6 Quinonedioximes vulcanization

p-Benzoquinonedioxime (CDO) as well as its dibenzoyl
derivative are cross linkers for many rubbers because of
their free radical reactions.10 Best known and of great-
est interest is their use in IIR because of the excellent
heat and steam stability that can be obtained. They are
used mainly for rubbers having low unsaturation where
sulfur vulcanization is slow. They have been unimpor-
tant for the classic diene rubbers.

3.33.13 Future Developments in
Materials or Applications

Natural rubber and synthetic elastomers are likely to
maintain their roles and contributions in domestic
and industrial applications, buildings and structures,
automotives, and marine and engineering products.
With the emergence of nanomaterials for rubber
compounding, it is envisaged that future elastomeric
products will provide better service and longer life
performance than they are capable of providing now.
High heat resistant elastomers and highly oil resistant
elastomers are the main players of the future to meet
the high demands of the automotive industry and
aeronautical engineering. More developmental work
in these areas is expected.
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Glossary
Bead A single run of weld metal on a surface.

Brazing A metal joining process that is identical to

soldering except that the joining takes place

at temperatures generally above 500 �C. The
molten non-ferrous filler metal is distributed

between properly fitted surfaces of the joint

by capillary attraction.

Butt joint Aconnectionbetween theendsor edgesof

two parts making an angle to one another of

135�–180� inclusive in the region of the joint.

Edge preparation The preparation of an edge, by

squaring, grooving, chamfering, or bevelling,

prior to welding.

Electroslag welding A fusion welding process

that utilizes the combined effects of current

and electrical resistance in a consumable

electrode and conducting bath of molten

slag, through which the electrode passes

into a molten pool, both the pool and the slag

being retained in the joint by cooled shoes

which move progressively upwards.
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Electron-beam welding A welding process in

which the joint is made by fusing the parent

metal by the impact of a focused beam of

electrons.

Filler metal The metal that is added during

welding, braze welding, brazing, or

surfacing.

Flux Amaterial that is used during welding, brazing,

or braze welding to clean the surfaces of the

joint, prevent atmospheric oxidation, and to

reduce impurities.

Friction welding A welding process by which the

joint metals are fused together by the conjoint

action of frictional heating and pressure.

Fusion penetration The depth to which the parent

metal has been fused.

Fusion zone That part of the parent metal which is

melted into the weld metal.

Heat affected zone That part of the parent metal

that is metallurgically affected by the heat of

the joining process, but not melted.

Laser welding A welding process employing a

laser as the source of heat.

Metal arc welding An arc welding process that

uses a consumable metal electrode.

MIG welding Metal-inert gas arc welding using a

consumable electrode.

Gas welding A welding process in which the heat

source is a flammable gas (commonly

acetylene) that is burnt in an oxygen

atmosphere.

Parent metal The metal that is to be joined.

Pressure welding A welding process in which a

weld is made by a sufficient pressure to

cause plastic flow of the surfaces, which may

or may not be heated.

Resistance welding A welding process in which

force is applied to surfaces in contact and in

which the heat for welding is produced by

the passage of electric current through the

electrical resistance at, and adjacent to,

these surfaces.

Run The metal melted or deposited during one

passage of an electrode, torch, or blow-pipe.

Soldering A metal joining process that is identical

to brazing except that the joining takes place

at temperatures generally below 500 �C. The
molten nonferrous filler metal is distributed

between closely fitted surfaces of the joint by

capillary attraction.

Submerged arc welding Metal-arc welding in

which a bare wire electrode is used; the arc is

enveloped in flux, some of which fuses to form

a removable covering of slag on the weld.

TIG welding Tungsten inert-gas arc welding using

a nonconsumable electrode of pure or

activated tungsten.

Thermal cutting The parting or shaping of

materials by the application of heat with or

without a stream of cutting oxygen.

Weld A union between pieces of metal at faces

rendered plastic or liquid by heat or by

pressure, or by both. A filler metal whose

melting temperature is of the same order as

that of the parent material may or may not be

used.

Welding The making of a weld.

Weld metal All metal melted during the making of a

weld and that is retained in the weld.

Weld zone The zone containing the weld metal and

the heat-affected zone.

Abbreviations
CP Cathodic protection

HAZ Heat affected zone

IGA Intergranular attack

MIG Metal inert gas

MMA Manual metal arc

PWHT Postweld heat treatment

SCC Stress corrosion cracking

SSCC Sulfide stress corrosion cracking

TIG Tungsten inert gas

Symbols
DK Stress intensity range (MPa m1/2)

3.35.1 Introduction

A jointed fabrication is the one in which two or more
components are held in position by one of:

1. A mechanical fastener (screw, rivet, bolt, etc.).
2. A fusion joining process (e.g., welding, brazing,

soldering, etc.).
3. An adhesive bond.
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The components of the joint may be metals of similar
or dissimilar composition and structure, metals and
nonmetals, or they may be wholly nonmetallic. Since
the majority of fabrications are joined at some stage
of their manufacture, the corrosion behavior of joints
is of utmost importance, and the nature of the materi-
als involved in the joint, and in the geometry of the
joint, may lead to a situation in which one of the
materials is subjected to accelerated and/or localized
attack. Although galvanic corrosion is dealt with else-
where in this book, it is necessary to emphasize the
following in relation to corrosion at joints inwhich the
metals involved may be either identical or similar:

1. A difference in electrochemical potential may result
from differences in structure or stress brought
about during or subsequent to the joining process.

2. Large differences in area may exist in certain
jointed structures, for example, between weld
metal and parent metal.

3. Many joining processes lead to a crevice, with the
consequent possibility of crevice corrosion.

The corrosion of adhesive joints is described in a
separate chapter in this book.

3.35.2 Mechanical Fasteners

These require little further description and take the
form of bolts, screws, rivets, etc. Mechanical failure
may occur as a result of the applied stress in shear or
tension exceeding the ultimate strength of the fastener,
and can normally be ascribed to poor design. However,
other failure modes are possible, including the failure
of steel fittings below their ductile-to-brittle transition
temperature, or by hydrogen embrittlement. Also,
failure mechanisms that combine mechanical and cor-
rosion aspects are of particular risk, that is, corrosion
fatigue, stress corrosion cracking (SCC), etc. Thus, the
corrosion problems associated with mechanical fix-
tures are often one of three types, that is, crevice
corrosion, galvanic corrosion, or stress related.1–3 Indi-
vidually, these topics are dealt with in some detail in
the relevant chapters elsewhere in this book.

As an example, the mechanical joining of alumi-
num alloys to steel using rivets and bolts, a combina-
tion which is difficult to avoid in the shipbuilding
industry, represents a typical example of a situation
where subsequent galvanic corrosion could occur.
Similarly, other examples of an ill-conceived choice
of materials, which should normally be avoided, can

be found in, for example, brass screws used to attach
aluminum plates or steel pins used in the hinges
of aluminum windows.

The relative areas of the metals being joined is of
primary importance in galvanic corrosion. For example,
stainless steel rivets can be used to join aluminum sheet
(small cathode, large anode), whereas the reverse situa-
tion would lead to rapid deterioration of aluminum
rivets (large cathode, small anode). However, in the
former case a more dangerous situation could arise if a
crevice was present, for example, a loose rivet, since
under these circumstances the effective anodic area of
the aluminum sheetwould be reduced, with consequent
localized attack. In general, under severe environmental
conditions, it is always necessary to insulate the com-
ponents from each other by use of insulating washers,
sleeves, gaskets, etc. as shown in Figure 1. The greater
the danger of galvanic corrosion, the greater the neces-
sity to ensure complete insulation; washers may suffice
under mild conditions but a sleeve must be used addi-
tionally when the conditions are severe.4

The fasteners themselves may be protected from
corrosion and made compatible with the metal to be
fastened by the use of a suitable protective coating,
for example, a metallic or organic coating, etc. The
choice of fastener and protective coating, or the
materials from which it is manufactured, must be
made in relation to the components of the joint and
environmental conditions prevailing. A point that
cannot be overemphasized is that, in the long term,
stainless steel fasteners should always be used for
securing joints of stainless steel parent metal.

In the case of protection with organic coatings, it is
dangerous to confine the paint to the more anodic
component of the joint because if the paint is scrat-
ched, intense localized attack is likely to occur on the
exposed metal. In general, organic coatings should be
applied to both the anodic and cathodic metal, but if
this is not possible, the more cathodic metal rather
than the more anodic metal should be painted. The
use of high-strength steels for bolts for fastening mild
steel does not normally present problems, but a serious
situation could arise if the structure is to be cathodi-
cally protected, particularly if an impressed current
system is to be used, since failure could then occur by
hydrogen embrittlement; in general, the higher the
strength of the steel and the higher the stress, the
greater the susceptibility to cracking.

In summary, mechanical joints are important join-
ing methods. However, attention must be given to mat-
erials compatibility in order to avoid dissimilar metal
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corrosion problems, crevice corrosion, for example, for
aluminum,5,6 stress corrosion, and corrosion fatigue.

3.35.3 Soldering and Brazing

These metal joining processes are essentially identical
apart from the temperature of joining, which is lower
for soldering (generally below�500 �C) than for braz-
ing (generally above�500 �C). A characteristic of both
processes is the formation of an interdiffusion layer
between the parent and filler metal that, if properly
formed, constitutes the main metallurgical bond,
which results in the strength of the joint. Since a filler
material is used for joining which is necessarily differ-
ent from the parent metal, galvanic corrosion is one of
the characteristic failure mechanisms.

3.35.3.1 Soldered Joints

Soldering and brazing are methods of joining compo-
nents together with a lower-melting-point alloy such
that the parent metal (the metal or metals to be joined)

is not melted. Traditional alloys for this purpose are
summarized in Table 1, although it should be noted
that many of the lead-containing alloys are no longer in
use. In the case of soft soldering, the maximum tem-
perature employed is usually of the order of 250 �C,
and the filler alloys used for joining are generally based
on a tin alloy composition. The components must
present a clean surface to the solder to allow efficient
wetting and flow of the molten filler and to provide a
joint of adequate mechanical strength. To obtain the
necessary cleanliness, degreasing and mechanical abra-
sion may be required followed by the use of a flux to
remove any remaining oxide film and to ensure that no
tarnish film develops on subsequent heating.

Soldered joints present their own characteristic
corrosion problems usually in the form of dissimilar
metal attack often aided by inadequate flux removal
after soldering. Such joints have always been a source
of concern to the electrical industry.7,8 However, in
view of the toxicity of lead and its alloys, the use of
lead solders, particularly in contact with potable waters
and foodstuffs, is effectively no longer permitted.

Anodic

Cathodic

Insulators

May also have an
insulator between 
these surfaces if 
component metals
are dissimilar

An unacceptable situation
because of the large anode
to cathode ratio. The reverse
situation may be acceptable
under mild corrosive conditions

(a) (b)

Insulators

(c) (d)

Paint film which
must be continuous

Insulating
sleeve

Insulating
washer

Insulating
washer

Insulating
gasket

(f)(e)

Figure 1 Design of insulated joints. Reproduced from Layton, D. N.; White, P. E. Br. Corros. J. 1966, 1(6), 213.
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In the case of carbon and stainless steels, and many
of the nonferrous alloys, the fluxes are based on acidic
inorganic salts, for example, chlorides, which are
highly corrosive to the metal unless they are removed
subsequently by washing in hot water. For soldering
tinplate, copper, and brass, it is possible to formulate
resin-based fluxes having noncorrosive residues, and
these are essential for all electrical and electronic work.
Activators are added to the resin to increase the reac-
tion rate, but these must be such that they are ther-
mally decomposed at the soldering temperature if
subsequent corrosion is to be avoided.9 Corrosion is
always a particular risk with soldered joints in passive
materials such as aluminum owing to the relatively
large difference in electrochemical potential between
the filler alloy and the parent metal and the highly
corrosive nature of the flux that is generally used for
soldering. With aluminum soldering, it is imperative
that the joints be well cleaned both prior and sub-
sequent to the soldering operation, and the design
should avoid subsequent trapping of moisture.

3.35.3.2 Brazed Joints

When stronger joints or higher temperature service are
required, brazing may be used.10 The filler alloys
employed generally melt at much higher tempera-
tures (600–1200 �C), but the effectiveness of the joining
process still depends upon surface cleanliness of the
components to ensure adequate wetting and spreading.
Metallurgical and mechanical hazards may be encoun-
tered in that the filler may show poor spreading or joint
filling capacity in a certain situation or may suffer from

hot tearing, whilst during furnace brazing in hydrogen-
containing atmospheres there is always the possibility
that the parent metal may be susceptible to hydrogen
embrittlement or steam cracking. Furthermore, brittle
diffusion products may be produced at the filler base-
metal interface as a result of the reaction of a compo-
nent of the filler alloy with a base-metal component,
for example, phosphorus-bearing fillers used for steel
in which the phosphorus diffuses into the steel.

Damage during the brazing procedure can be caused
by excessive diffusion into the parent metal of the
molten brazing alloy, especially where the parent con-
tains residual or applied stresses, which can lead to
liquid metal embrittlement. Nickel and nickel-rich
alloys are particularly prone to liquid-braze-filler attack
especially when using silver-based braze fillers at tem-
peratures well-below the annealing temperature of the
base metal, since under these conditions there is no
adequate stress relief of the parent metal at the brazing
temperature. The problem may be avoided by anneal-
ing prior to brazing and ensuring the maintenance of
stress-free conditions throughout the brazing cycle.
A range of silver-, nickel-, and palladium-based braze
fillers of high oxidation and corrosion resistance have
been developed for joining the nickel-rich alloys; how-
ever, the presence of sulfur, lead, or phosphorus in
the base-metal surface or in the filler can be harmful,
since quite small amounts can lead to interface embrit-
tlement. In the case of nickel–copper alloys, the corro-
sion resistance of the joint is generally less than that
of the parent metal and the design must be such that
as little as possible of the joint is exposed to the corro-
sive media.

Table 1 Traditional soldering and brazing alloys

Process Temperature
range(�C)

Typical fillers Fluxes

Soldering
Hot iron, oven, induction, ultrasonic, 60–300 70Pb–30Sn Chloride based

dip, resistance, wave and cascade 40Pb–60Sn Fluoride based

70Pb–27Sn–3Sb Resin based

40Pb–58Sn–2Sb
Sn–Zn–Pb

Brazing

Torch, dip, salt bath, furnace, 500–1200 90Al–10Si
induction, resistance 50Ag–15Cu–17Zn–18Cd Borax based

Ag–Cu–Ni–In Fluoride based

60Ag–30Cu–10Zn Hydrogen gas

50Cu–50Zn Town’s gas
97Cu–3P Vacuum

70Ni–17Cr–3B–10Fe

82Ni–7Cr–5Si–3Fe

60Pd–40Ni
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With carbon and low-alloy steels, the braze fillers
are invariably noble to the steel so that there is less
likelihood of corrosion (small cathode/large anode
system). However, for stainless steels a high-silver
braze filler alloy is often used to retain the corrosion
resistance of the joint. However, embrittlement of
the filler is always a possibility if any zinc, cadmium,
or tin are present. An interesting example of the judi-
cious choice of braze filler is to be found in the selec-
tion of silver alloys for the brazing of stainless steels to
be subsequently used in a tap-water environment.11

Although the brazed joint may appear to be quite
satisfactory, after a relatively short exposure period,
failure of the joint occurs by a mechanism which
appears to be due to the breakdown of the bond
between the filler and the base metal. Dezincification
is a prominent feature of the phenomenon12,13 and
zinc-free braze alloys based on the Ag–Cu system
with the addition of nickel and tin have been found to
inhibit this form of attack. A similar result is obtained
by electroplating of nickel over the joint area prior to
brazing with a more conventional Ag–Cu–Zn–Cd
alloy. Interface corrosion of brazed stainless steel joints
has been reviewed by Kuhn and Trimmer,14 whilst
Lewis15 has used X-ray photo-electron spectroscopy
to confirm the dezincification theory. On the other
hand, the corrosion resistance of a high temperature
brazed joint in a Mo-containing low-C stainless steel
exposed to drinking water gave no problems.16

When, in an engineering structure, an aluminum–
bronze alloy is selected for corrosion resistance,
the choice of braze filler becomes important. Thus,
although copper–zinc brazing alloys are widely
used, the corrosion resistance of the resultant joint
(effectively of brass) will be significantly worse than
that of the bronze. Crevice corrosion has also been
found when joining copper tubes using Cu–Ag–P
fillers, the presence of scale adjacent to the joint
being deemed responsible.17 Brazing with copper
alloys is unsuitable for equipment exposed to ammo-
nia and various ammoniacal solutions because of the
likelihood of increased corrosion, especially SCC
with copper- and nickel-base alloys; however, an
alloy based on Fe–3.25B–4.40Si–50.25Ni has been
shown to be suitable for such applications.18

3.35.4 Welded Joints

3.35.4.1 Welding Processes

Aweld differs from all other forms of joint in that the
intention is to ideally obtain a homogeneous material

(i.e., continuous and of similar microstructure and
composition) throughout the volume of the welded
joint. There are a large variety of processes by which
this may be achieved, most of which depend upon
the application of thermal energy to bring about a
plastic or molten state of the metal surfaces to be
joined. The more common processes used are classi-
fied in Table 2.

Examination of a welded joint shows several dis-
tinct zones, namely the fusion zone with its immediate
surroundings, the heat affected zone (HAZ) adjacent,
and the parentmetal that remains unaffected,Figure 2.
It is apparent that welding necessarily produce differ-
ences in microstructure between the (effectively) cast
deposit, the HAZ which has undergone a variety of
thermal cycles, and the parent plate. Furthermore,
differences in chemical composition are often present
between parent and weld metal. Other characteristics
of welding include:

1. The production of a residual stress system which
remains after welding is completed, and which, in
the vicinity of the weld, is tensile and can exceed
yield.

2. In the case of fusion welding, the surface of the
deposited metal has a generally rough surface profile
that is both a stress raiser and a site for the conden-
sation of moisture.

3. The joint area is covered with an oxide scale and
possibly a slag deposit which may be chemically
reactive, particularly if hygroscopic.

4. Protective coatings on the metals to be joined are
inevitably removed during welding so that the
weld and the parent metal in its vicinity become
unprotected compared with the bulk of the plate.

Table 2 Typical joining processes

Joining
process

Types

Mechanical

fasteners

Nuts, bolts, rivets, screws

Soldering and
brazing

Hot iron, torch, furnace, vacuum

Fusion welding Oxyacetylene, manual metal arc,

tungsten inert gas, metal inert gas,
carbon dioxide, pulsed arc, fused arc,

submerged arc, electro slag, and

electron beam

Resistance
welding

Spot, seam, stitch, projection, butt, and
flash butt

Solid-phase

welding

Pressure, friction, ultrasonic and

explosive
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Therefore, the use of welding as a method of fabrica-
tion may modify the corrosion behavior of an engi-
neering structure, and this may be further aggravated
by removal of protective systems applied before
welding, whilst at the same time the use of such
anticorrosion coatings may lead to difficulties in
obtaining satisfactorily welded joints.19–21

3.35.4.2 Weld Defects

There is no guarantee that defect-free joints will auto-
matically be obtained when fabricating ‘weldable’
metals. This is a result of the fact that weldability is
not a specific material property but a combination
of the properties of the parent metals, filler metal
(if used), and various other factors that are summarized
in Table 3.22 The consequence of the average struc-
tural material is to produce a situation where defects
may arise in the weld deposit or HAZ, as summarized
in Table 3 and Figure 3.

It is obvious that these physical defects are danger-
ous in their own right but it is also possible for them to
lead to subsequent corrosion problems, for example,
pitting corrosion at superficial nonmetallic inclusions
and crevice corrosion at pores or cracks. Other weld
irregularities which may give rise to crevices include
the joint angle, the presence of backing strips and
spatter, as summarized in Figure 4 and Table 4.

3.35.4.3 Factors Affecting Weldment
Corrosion

Corrosion of welds may result from one or more of a
number of factors, including:

1. Deficient weld design
2. Residual stresses
3. Inadequate consumables
4. Deficient welding procedure or welding technique
5. Incomplete penetration
6. Weld features such as the geometry of the weld

bead
7. Surface finish, due, for example, to oxide film or

scales on the weld surface, weld slag or spatter.

3.35.4.3.1 Weldment design

Weld joint design is a relevant factor to be considered
in the overall corrosion performance assessment of
equipment, and the design stage provides the best

Toe

Reinforcement
Weld bead or deposit
(cast)

Heat-affected zone

Heat-affected zone

Parent plate

Parent
plates

Fusion line

Electrode indentation(b) Cast nugget

(a) Root
Penetration

Figure 2 Weld definitions. (a) fusion weld and (b)
resistance spot weld.

Table 3 Factors affecting weldability after Lundin

Parent metal Filler metal Other factors

Composition Composition Degree of fusion

Thickness Impact strength (Joint formation)
State of heat

treatment

Toughness

Hydrogen content

Degree of

restraint

Toughness Purity Form factor

Temperature Homogenicity (Transitions)
Purity

Homogenicity

Electrode diameter

(heat input during

welding)

Deposition

technique

Skill and reliability
of the welder

Source: Lundin, S. ESAB, Göteborg 1963, 2.

Slag
Porosity

Toe crack
(transgranular)

Hot (solidification) cracks
(intergranular)

Undercut

Hot tears
(intergranular)

Lamellar
tears

Underbead
cracking

(transgranular)Root crack
(transgranular)

Microfissures
(transgranular)

Lack of fusion

Figure 3 Possible weld defects.
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opportunity to avoid future corrosion problems relat-
ing to both the weld material and the weld geometry.
The specification of the ideal geometry in regard to
corrosion resistance has sometimes to be sacrificed in
favor of the necessity to attend to other relevant
construction aspects, for example, component flexi-
bility. When possible, the weld should be located in an
easily accessible area that allows for easy inspection, for
example by nondestructive testing or even by visual
inspection, and avoids stress concentration.

Some of the more significant features of weldment
geometry are those that might cause crevice corro-
sion problems. These can be eliminated at the equip-
ment design stage by a proper weld design, for
example, by the use of butt rather than overlap
welds. Weld joint geometry may affect the corrosion
performance of a welded structure by creating con-
ditions leading to dead volumes that may lead to
accumulation of debris or corrosion products. These
causes exacerbate corrosion by:

1. Allowing the area to remain wet longer than the
rest of the equipment.

2. Contributing to the accumulation of aggressive
species beneath them.

3. Allowing differentiated access of oxygen to the
surface.

4. Preventing adequate drainage of equipment
during downtime periods, rendering the fluid
stagnant, and increasing the localized corrosion
rate.

Some weld joint geometries may also cause crevice
corrosion. For example, an overlap or T weld is an
inevitable crevice former. Also, the use of skip weld-
ing instead of continuous welding introduces cre-
vices, as illustrated in Figure 5. In principle, these
problems can be avoided by the application of a
sealing weld. However, sometimes the solution is

not so straightforward because this might introduce
unacceptable constraints into the equipment that can
cause cracking or even promote other corrosion phe-
nomena, such as SCC.

3.35.4.3.2 Weldment backing

A common deficiency of weld joint geometry is faulty
weld penetration through the complete thickness of
the section to be joined. Incomplete or excess pene-
trations are the two most serious defects in root
passes, both of which have an impact on corrosion
performance. In some geometries and welding posi-
tions, the root pass liquid weld metal pool tends to fall
toward the interior of the structure resulting in exces-
sive penetration. This can cause flow disturbance,
particularly in small diameter pipes. Furthermore,
splatter can also form on the internal surface. Both
defects can compromise the corrosion performance
of the equipment, and welders often tend to produce
incompletely penetrated welds, which produce cre-
vices in which corrosion can occur by the accumula-
tion of aggressive species. To avoid this, backing rings
can be used. These accessories help control the weld
pool on the root pass, which is essential to produce a

Surface pore

Weld ripple

Between backing
strap and root

Spatter

Toe 
undercutting

Figure 4 Possible crevice sites.

Table 4 Weld defects

Defect Causes Remedies

Hot cracks Large solidification

range

More crack-proof

filler

Segregation Less fusion
Stress

Under bead

cracks

Hardenable parent

plate

Low hydrogen

process
Hydrogen

Stress

Planned bead

sequence

Preheating

Microfissures Hardenable
deposit

Low hydrogen
process

Hydrogen Pre- and

post-heating

Stress
Toe cracks High stress

Notches

Planned bead

sequence

Hardenable parent
plate

Pre-heating
Avoidance of

notches

Hot tears Segregation Less fusion

Stress Cleaner parent
plate

Porosity Gas absorption Remove surface

scale

Remove surface
moisture

Cleaner gas shield
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satisfactory weld, allowing an easier inner surface
alignment and an acceptable internal root profile.
Furthermore, backing rings can have a chilling effect
on the weld metal and the HAZ, reducing the total
heat input which often has a positive impact on the
HAZ width and weldment microstructures resulting
from the welding operation. A common backing
material is copper, which has a high thermal conduc-
tivity. However, other backing materials are also used
such as anodized aluminum, stainless steel, mild steel,
or even nonmetallic materials like ceramics.

Although the use of backing materials is positive
from the welding standpoint, a permanent backing
material may reduce the corrosion resistance of the
weld joint. It creates an internal obstruction that will
disturb flows and may induce erosion–corrosion, a
crevice that may lead to crevice corrosion and possi-
ble galvanic incompatibility that may promote gal-
vanic corrosion if the material is not chosen correctly.
To overcome the disadvantages associated with per-
manent backings, inserts have been developed, that
are consumed in the root pass, assuring complete
penetration and a smooth root pass.

3.35.4.3.3 Welding procedure or technique

Apart from incomplete or excessive penetration, other
incorrect or inadequate aspects of welding opera-
tions can have an impact on the weldment corrosion
performance. Aweld is always a metallurgically inho-
mogeneous area compared to the parent material.
Often, depending on welding parameters or cooling
rates, this may lead to the formation of second phases,
precipitates, grain boundary segregation, or even
grain growth, which has consequences for the
mechanical and corrosion properties of the weldment.
Thus, an inappropriate thermal cycle can lead to a
severe reduction in fracture toughness due to mar-
tensite formation in the case of carbon or low alloy
steels, sensitization in the case of stainless steels, an
inappropriate proportion of phases as in the case of

duplex stainless steels, or secondary phase formation/
distribution in the case of aluminum alloys.

Weld metal surface roughness or finish, or even the
geometrical transition of the weld cap to the parent
material, can provide stress raisers and therefore crack
initiators in conditions with the potential for SCC
or corrosion fatigue. Also, weld slag or spatter can
create the conditions for crevice corrosion. Insufficient
shielding gas protection can produce excessive oxida-
tion of the welded area resulting in the formation of
films or even scales that reduce the localized corrosion
resistance, particularly in the case of stainless steels.
Note that welding is much more readily controlled in
the fabrication shop than in the field, and field repair
welding presents particular challenges in relation to
the control of procedures and techniques.

3.35.4.3.4 Residual stresses and stress

concentration

Aweld is a geometric discontinuity thatmayconcentrate
residual, service, or applied stresses. Thermal contrac-
tion in the cooling stage and phase transition resulting
from the welding process may introduce residual stres-
ses in or at the vicinity of the weld joint, as shown
schematically in Figure 6. Furthermore, surface irregu-
larities associatedwith the roughness of theweld bead or
other defects may act as stress raisers. The resulting
applied stress, that is, the sum of all stresses in a compo-
nent, may introduce a vulnerability to phenomena
such as corrosion fatigue, SCC, hydrogen induced
cracking, or hydrogen embrittlement. The crack orien-
tations will vary with the relevant stress fields:

1. Longitudinal cracks oriented parallel to the weld
cord arise as consequence of transverse contraction.

2. Longitudinal cracks located on the middle of the
weld cord arise as a consequence of an abnormal

Skip weld Continuous weld

Avoid Better

Figure 5 Skip welding and crevice corrosion versus

continuous welding. Reproduced from Landrum, R. J.

Fundamentals of Designing for Corrosion Control;
NACE, 1989.
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Figure 6 Schematic diagram of typical stress distribution

across a butt weld.

Corrosion of Metal Joints 2455

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



stress level on the weld cord resulting from an
improper welding technique.

3. Cracks on the weld edges result from the contrac-
tion stresses amplified by an edge effect.

4. Cracks on the HAZ parallel to the weld arise as a
consequence of transverse contraction.

3.35.4.3.5 Postweld heat treatment

Sometimes, welding procedures require a postweld
heat treatment (PWHT). This may be required by
the construction code and may have an impact on the
corrosion behavior of the weld area. PWHT is under-
taken for a number of reasons depending on the
requirements of the joint:

1. Annealing to produce recrystallization and even-
tually grain growth.

2. Softening to reducing the weld hardness in the HAZ.
3. Precipitation hardening to increase the strength
4. Stress relieving to reduce residual fabrication

stresses.

These heat treatments may have an impact on the
corrosion performance of the weld area to the extent
that they might change the microstructure of the
weld metal and HAZs, as well as the material surface
condition, namely in regard to oxide formation. If a
heat treatment is required and it is not adequately
performed, it can induce detrimental changes, such as
the sensitization of stainless steels or secondary phase
precipitation that will strongly affect the corrosion
performance of the weld. One of the most common
examples of softening relates to materials intended
for sour service in the oil and gas industry where
materials are submitted to environments in which
sulfide stress corrosion cracking (SSCC) may occur.

3.35.4.3.6 Filler metal composition

The weld metal composition is important from the
corrosion standpoint. If the weld metal has a lower
potential than the materials to be joined, it will corrode
preferentially. Furthermore, due to its lower surface
area, the corrosion current density for the corrosion
process will be very high. In the case of autogenous
welds, in which there is no separate filler material, the
composition of the weld, albeit not necessarily the
microstructure, is determined by the adjacent parent
material. However, if a filler material is used, it should
ideally be more noble than the material, or materials to
be joined. Furthermore, when possible, the weld root
should face the most aggressive fluid, because it will
expose a smaller area.

3.35.5 Welding of Specific Materials

3.35.5.1 Introduction

A review of the extensive work that has been under-
taken since the previous edition on the corrosion
performances of weldments in specific materials is
beyond the scope of this chapter and the reader is
referred to other sources such as The Corrosion of
Weldments, edited by J. R. Davis, published by ASM
International and the publications of relevant alloy
suppliers. The pointers to weldment performance
that are provided in the following sections are based
mostly upon the material published in the previous
edition with only minor updating.

3.35.5.2 Carbon and Low-Alloy Steels

Carbon steels undergo metallurgical transformations
across the weld and HAZ, and a wide range of micro-
structures can be developed depending on cooling rates
that in turn depend on factors, such as energy input,
preheat, metal thickness, weld bead size, etc. Some typi-
cal microstructures for a carbon steel weld are shown in
Figure 7. Clearly, weld metal microstructures will be
very different from those of the HAZ and parent mate-
rial. Preferential corrosion of the HAZ is a common
feature in a wide range of aqueous environments. Hard-
ness levels will tend to be lower for high heat input
processes such as submerged-arc welding than lower
energy processes such as shielded metal arc.

The subject of weldment corrosion in offshore engi-
neering was reviewed by Turnbull.23 Galvanic effects
are possible if the steel weld metal is anodic to the
surrounding parent plate and is enhanced by the
high anode to cathode surface area ratio that exists.
Lundin24 showed, for carbon steel, that weld metal
deposited using a basic flux was less noble; acid fluxes
resulted in amore noble weld metal, while rutile-based
fluxeswere intermediate. The nature of the surface and
its prior treatment (e.g., peening) seemed to have no
effect. It was also noted that the HAZ was no less
corrosion resistant than the unaffected plate. Millscale
and other heat oxides should always be removed by grit
blasting as its presence can cause serious corrosion
problems around welded joints. On the other hand,
Saarinen and Onnela25 considered that weld metal
corrosion can be eliminated by using a suitably bal-
anced electrode type, the remaining problem then
being in the HAZ whose tendency to corrode (i.e.,
become more active) increased with increasing Mn
content. Thus, the heat input during welding must be
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important since a significant factor will be the cooling
rate of the HAZ after welding. These findings have
been substantiated by Ousyannikov et al.26 using a
scanning reference electrode probe. Increasing the
heat input changed the weld metal from anodic to
cathodic relative to the parent plate, although the
presence of Ni reduced the magnitude of the effect.

The problem of grooving corrosion in line-pipe
steel welded by high frequency induction or electric
resistance welding has been studied. In sea water, it
seems to be related to high sulfur content in the weld
zone, the type of environment, its temperature, and
velocity.27 The importance of sulfur is significant since
Drodten and Herbsleb have reported that localized
corrosion at welded joints is more a function of S, Si,
microstructure, and nonmetallic inclusion type and
shape than of the local oxygen concentration.28

One of the major concerns in offshore construction
is that of the corrosion fatigue. Turnbull24 discusses this
at length. Cracks usually originate at weld toes, the
point of initiation being associated with crack-like
defects (slag, nonmetallics, cold laps, undercuts, hot
tears). These can constitute sharp notches situated at a
point of maximum stress concentration due to the weld
geometry. It is to be noted that although cracks initiate
in the HAZ at the weld toe, the majority of crack
propagation occurs in what is essentially unaffected
parent plate. In air, it is possible to have cracks that
grow at a decelerating rate until no further growth
occurs, this is the ‘short crack’ problem widely dis-
cussed by Miller,29 and the cracks are referred to as

nonpropagating cracks. On the other hand, similar
cracks may continue to grow at an accelerating rate in
a corrosive environment even though the stress may be
below the fatigue limit. Burns and Vosikovsky30 have
given considerable attention to corrosion fatigue of
tubular joints in structural and line-pipe steels. Crack
initiation at the toe occurs after a small fraction of life,
and long surface cracks can exist for over 50% of the
life. On the other hand, laboratory tests on plate-to-
plate welded specimens of the cruciform type show
cracks which are much smaller for a larger percentage
of the life, but their growth rate accelerates as the depth
increases.

In sea water, the effects of cyclic frequency, stress
ratio, electrochemical potential, oxygen content, and
intermittent immersion at 5–12 �C have all been
evaluated.31 There is some evidence that at lower
temperatures, seawater is less detrimental to fatigue
life, but at all temperatures studied, the crack growth
rate was always faster than in air. At intermediate
ranges of stress intensity range (DK), there was a
significant reduction in crack growth rate as the
seawater temperature was reduced from 25 �C to
0 �C. Whilst the cracks are small and DK low, calcar-
eous blocking is very effective, and under these con-
ditions and correctly applied cathodic protection
(CP) consequently reduces the crack growth rate.
As the crack length increases, blocking becomes less
effective and the increased hydrogen embrittlement
can accelerate the growth rate to values greater than
experienced for the unprotected joints. Similarly,
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Nibbering et al.31 obtained data showing that CP
raises the initial fatigue crack resistance but has little
effect at a later stage of crack propagation. Even so,
they considered that CP is still the most effective
method for prolonging structural life under corrosion
fatigue conditions. This is not unreasonable since
crack initiation and early growth can represent a
large proportion of the total life.

Marine fouling leading to the local production of
H2S increases crack growth rate, but what the effect is
when combined with CP is uncertain. Some of the
factors mentioned earlier in connection with other
steel corrosion problems are important to sulfide
stress-corrosion cracking (SSCC). For example, the
use of high strength low alloy steels in which carbon
is reduced to below 0.05% combined with reduced
sulfide segregation are beneficial to preventing SSCC
of weldments.32,33 SSCC of weld repairs in well-head
alloys was investigated by Watkins and Rosenberg34

who found that the repairs were susceptible to this
problem because of the hardHAZs developed byweld-
ing. Postweld heat treatment was an essential but not
complete cure compared with unrepaired castings. In
the case of hydrogen-assisted cracking of welded struc-
tural steels, composition is more important than
mechanical properties and the carbon equivalent
should be <0.5%.35,36 McMinn has presented much
useful data concerning the fatigue crack growth rate in
simulated HAZs of A533-B steels,37 whilst Ray et al.
have demonstrated the role of pitting corrosion of mild
steel on crack initiation.38

3.35.5.3 Stainless Steels

There are four groups of stainless steels, each posses-
sing their own characteristic welding problems:

1. Ferritic: Welding tends to result in a large grain size
throughout the weld zone causing significant
reduction in ductility. Also, the ferritic microstruc-
ture is susceptible to hydrogen embrittlement.

2. Martensitic: HAZ cracking is likely and may be
remedied by employing the normal measures requi-
red for the control of hydrogen-induced cracking.

3. Austenitic: These steels may be readily welded but
are susceptible to hot cracking, which may be
controlled by permitting a small amount of resid-
ual delta ferrite in the weld.

4. Duplex: Welding of duplex alloys requires correct
choice of weld material and procedures, in partic-
ular weld heat input, in order to ensure the reten-
tion of a satisfactory weld microstructure.

The corrosion of stainless steel welds was reviewed in
the 1970s by Pinnow and Moskowitz39 and, although
this article is clearly dated in detail, the main general
issues are still of relevance. Thus, main problems that
might be encountered are weld decay, knife-line
attack, and SCC, as illustrated in Figure 8.

3.35.5.3.1 Ferritic and martensitic stainless

steels
The more traditional compositions with a relatively
high (CþN): Cr ratio carry a risk of martensite
formation in the HAZ during cooling.

Furthermore, there is a risk for carbide precipita-
tion and therefore, for intergranular corrosion. More
modern grades of ferritic stainless steel have a low
(CþN): Cr ratio and possess stabilizing elements
added to the material to reduce the likelihood of
intergranular corrosion. Ferritic stainless steels are
also liable to grain growth in the HAZ, as illustrated
in Figure 9. Therefore, heat input should be kept to a
minimum, Figure 9. Also, insufficient gas protection
during welding may lead to chromium nitride forma-
tion due to N2 uptake from the atmosphere, and
consequently, to embrittlement and decreased corro-
sion resistance. Finally, the gas used for shielding as
well as the metal surface should be free of H2 sources
(e.g., moisture, oil, and grease) in order to avoid
hydrogen embrittlement.

3.35.5.3.2 Austenitic stainless steels

Although readily welded, these are susceptible to hot
cracking which may be overcome by balancing the weld
metal composition to allow the formation of a small
amount of d-Fe (ferrite) in the deposit, optimum crack
resistance being achieved with a d-ferrite content of
5–10%, as illustrated in Figure 10. More than this

Knifeline attack
(intergranular)

Weld dacay
(intergranular)

Stress corrosion
(transgranular)

200 400 7001000 1500

Figure 8 Common sites of corrosion in stainless steel

welds; typical peak temperatures attained during welding

(�C) are given at the foot of the diagram. Note that knife-line
attack has the appearance of a sharply defined line adjacent

to the fusion zone.
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concentration increases the possibility of s-phase for-
mation if the weldment is used at elevated temperature
consequently reducing both mechanical and corrosion
properties. Any adverse effects of the d-ferrite on cor-
rosion resistance are usually overcome by slight enrich-
ment of the filler metal composition relative to the
parent material. However, in certain critical applica-
tions such as the manufacture of urea, d-ferrite can
reduce corrosion resistance to an unacceptable extent
in which case fully austenitic welds are required.

Prasad Rao and Prasanna Kumar40 undertook elec-
trochemical studies of austenitic stainless steel clad-
dings to find that heat input and delta ferrite content
significantly affected the anodic polarization behavior
under active corrosion conditions, whilst Herbsleb and
Stoffelo found that two-phased weld claddings of the

24Cr–13Ni type were susceptible to intergranular
attack (IGA) as a result of sensitization after heat treat-
ment at 600 �C.41

3.35.5.3.3 Duplex stainless steels

These steels have a better weldability than ferritic
steels. They are purely ferritic at high temperatures,
and if quenched rapidly they may remain predomi-
nantly ferritic and the ferrite phase is sensitive to
chromium nitride and brittle phase formation. Mod-
ern duplex stainless steels have a high content of
nitrogen, which is an austenite stabilizer. This facil-
itates austenite formation at high temperatures and
consumes the nitrogen, preventing the formation of
nitrides in the ferritic phase. Duplex filler metal is
also formulated with more nickel than the parent

Figure 9 Ferritic stainless steel weld showing large grain size in the weld and heat affected zone.

Figure 10 Dendritic ferrite in an austenite weld (left); heat affected zone (center); equiaxed austenitic grains in the
parent metal (right).
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material to promote austenite formation. As a result,
the as-welded structure has a balance of ferrite and
austenite that is close to the equilibrium structure of
the parent material. Nitrogen additions to the weld
shielding gases also assist in maintaining the correct
composition of the weld and heat affected zones.
Duplex stainless steels are also susceptible to interme-
tallic phase formation approximately in proportion to
their chromium and molybdenum contents. This
decreases the corrosion resistance and mechanical
properties such as toughness. Precipitation of interme-
tallic phases is favored by high heat inputs that need to
be controlled, particularly in thick sections, to avoid
adverse effects.

3.35.5.3.4 Sensitization

Carbide precipitation and growth causes the formation
of a chromium depleted area around the grain bound-
aries and chromium carbide formation at the grain
boundaries. When sensitized material is subjected to
an aggressive medium, preferential attack occurs.

Sensitization results from exposure of the material
to high temperatures, either during production, or as a
result of welding operations. Sensitization tempera-
tures are in the range 425–815 �C. Although sensitiza-
tion is primarily caused by chromium and carbon,
other elements present in the stainless steel may play
a secondary role in sensitization. Thus, Ni increases
carbon activity in the solid matrix; favoring carbide
precipitation and Mo has behavior similar to chro-
mium, although it is usually present in lower amounts.

Nowadays, most commercial grades of stainless
steel are of an ‘L’ grade and low in carbon. Hence,
sensitization rarely occurs; as can be seen in Figure 11,
reduction in carbon concentration greatly increases
the time required for sensitization to occur. However,
surface sensitization, most commonly from surface
hydrocarbon contamination (i.e., from oil and grease)
remains an issue. Sensitization can only be reversed by
heat-treatment to affect a re-solution of the chromium
carbide (preferably at �1050 �C), which is generally
impractical in most structures.

Under certain conditions, it is possible for a weld-
ment to suffer corrosive attack which has the form of a
fusion line crack emanating from the toe of the weld;
this is termed knife-line attack. It is occasionally expe-
rienced in welded stainless steels that have been sta-
bilized against sensitization by addition of titanium,
niobium, or tantalum. The niobium-stabilized steels
are more resistant than the titanium-stabilized types
by virtue of the higher solution temperature of NbC,
but the risk may be minimized by limiting the carbon

content of the steel. Knife-line attack is described in
detail in Chapter 2.24, Corrosion in Nitric Acid.

3.35.5.3.5 Localized corrosion at weldments

The various forms of SCC are described in separate
chapters in this book. SCC is particularly dangerous
because of the insidious nature of the phenomenon.
The residual stresses arising from welding are often
sufficiently high to provide the necessary stress con-
dition, whilst a chloride-containing environment in
contact with the austenitic stainless steels induces the
typically transgranular and branched cracking. In-
creased nickel content marginally improves the resis-
tance of the steel to this type of attack. Also, the ferritic
steels and duplex steels with at least 50% ferrite have
high resistance to chloride-induced transgranular SCC.

IGA, pitting, and crevice corrosion are problems
commonly associated with the stainless steels and
their welds. For example in the duplex stainless steels,
the corrosion resistance, particularly in terms of
pitting and crevice corrosion, depends on micro-
structure, that is, the relative proportions of ferrite
and austenite, the lattice concentration of dissolved
nitrogen, and the segregation of alloying ele-
ments between the ferrite and austenite phases.42–44

These may be affected by heat input and welding
procedures.45 Grekula et al.,46 studying pitting corro-
sion of gas tungsten arc welds in austenitic steels,
found that the final interdendritic regions to solidify
in primary austenite welds and the austenite inter-
faces in primary d-ferrite welds are the most suscep-
tible sites for pit initiation. Sulfur also affects pitting
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AB Sandvik Steel, 1994.
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potential and increases the pit density but has no
effect on the pit growth rate.47 Also, pitting in or
adjacent to tungsten inert gas (TIG) weld beads in
tap-water may be caused by the surface oxides
formed during welding and is generally due to inad-
equate root gas shielding.48 It is essential, for opti-
mum resistance to localized corrosion initiation, to
remove any weld tint using appropriate pickling
fluids/pastes such as nitric acid or light blasting
with, for example, rounded glass beads.

Controlled additions of nitrogen have been made to
439 steel weld metal to prevent IGA,49 whilst additions
of Yor Ce to an 18Cr–12Ni steel have also been found
to be beneficial.50 In the case of TIG-welded Mo-
containing stainless steels, s-phase formation can be
responsible for IGA in hot oxidizing (e.g., nitric) acids.51

3.35.5.4 Nickel Alloys

In the main, welding does not seriously affect the
corrosion resistance of the high nickel alloys, and the
resistance to stress corrosion is particularly high. Ear-
lier versions of the N–Cr–Mo and Ni–Mo families of
alloys had limited thermal stability and were vulnera-
ble to the precipitation of deleterious intermetallic
phases during welding. Thus, in the case of the Ni–
Cr–Mo–Fe–W type alloys, Samans52 suggested that
thematerial should be given a two-stage heat treatment
prior to single-pass welding in order to produce a
dependable microstructure with a thermally stabilized
precipitate. In the case of the Ni–28Mo alloy, it was
suggested that a special case of selective corrosion
analogous to the weld-decay type of attack could be
removed by solution treatment or using an alloy con-
taining 2%V.53 The more recent grades of these alloys
have been alloyed to provide much greater thermal
stability and are much less vulnerable to loss of corro-
sion resistance during welding. The chromium-
containing alloys can be susceptible to weld decay
and should be thermally stabilized with titanium or
niobium, and where conditions demand exposure to
corrosive media at high temperatures a further post-
weld heat treatment may be desirable.

Of the weldability problems, nickel and nickel-
based alloys are particularly prone to solidification
porosity, especially if nitrogen is present in the arc
atmosphere, but this may be controlled by ensuring
the presence of titanium as a denitrider in the filler
andmaintaining, a short arc length. The other problem
thatmay be encountered is hot cracking, particularly in
alloys containing Cr, Si, Ti, Al, B, Zr, S, Pb, and P. For
optimum corrosion resistance, it is recommended that

similar composition fillers be used wherever possible,
although overmatching with, for example, molybde-
num can compensate for any elemental segregation
inherent in theweldmetal. Obviously any flux residues
that may be present must be removed.

3.35.5.5 Aluminum Alloys

These alloys are susceptible to hot solidification crack-
ing and in order to overcome this problem some alu-
minum alloys have to be welded with a compensating
filler of different composition from that of the parent
alloy; this difference in composition may lead to gal-
vanic corrosion. A further problem in the welding of
these materials is the high solubility of the moltenweld
metal for gaseous hydrogen which causes extensive
porosity in the seam on solidification; the only effec-
tive remedy is to minimize hydrogen pick-up by using
a hydrogen-free gas shield with dry, clean consumables
(e.g., welding rods, wire), and parent plate.

In general, however, the corrosion resistance of
many aluminum alloys is not significantly reduced by
welding. Any adverse effects that may be encountered
with the higher strength alloys can be largely cor-
rected by postweld heat treatment; this is particularly
true of the copper-bearing alloys. Pure aluminum
fillers impart the best corrosion resistance, although
the stronger Al–Mg and Al–Mg–Si fillers are normally
suitable; the copper-bearing fillers are not particularly
suitable for use in a corrosive environment.

The HAZ may become susceptible to SCC, partic-
ularly in the high-strength precipitation hardened
alloys. In this context for Al–Zn–Mg type alloys, it
has been shown that maximum sensitivity appears to
occur when there is a well-developed precipitation at
the HAZ grain boundaries adjacent to the fusion line, a
fine precipitate within the grain and a precipitate-free
zone immediately adjacent to the grain boundaries.54

3.35.6 Protection of Welded Joints

Structural steels are frequently protected from corro-
sion by means of a paint primer, but these materials
can have an adverse effect on the subsequent welding
behavior, and this is mainly observed as porosity.20

Hot-dip galvanizing for long-term protection can also
lead to porosity and intergranular cracking after weld-
ing, in which case it may be necessary to remove the
zinc coating from the edges of the parent material prior
to welding. The presence of zinc can also lead to
operator problems due to the toxicity of the fume
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evolved unless adequate fume extraction is employed.
After welding and prior to painting, all welding resi-
dues must be removed and the surface prepared by
grinding, grit blasting, wire brushing, or chemical treat-
ment. This preparation is of fundamental importance,
the method of applying the paint and the smoothness
of the bead apparently having little effect on the final
result.55

In the electric-resistance welding of hot-dipped
galvanized steel, welding had little effect on the seawa-
ter corrosion of the coated steel when compared with
the uncoated steel, the latter showing considerable
corrosion after 12months exposure.56 The subject of
galvanizing and the welding of structural steels has
been given special attention by Porter,57 but by far the
most common method of protection is by painting
which McKelvie58 discusses in terms of fundamentals
of paint as a corrosion barrier and the cleaning and
coating procedures necessary to achieve protection of
welded structures. In these articles, he covers the type
of contaminants arising from welding as well as clean-
ing methods, blast primers, galvanizing, coating rem-
oval for repair welding, wire brushing, and chemical
treatments. Lloyds Register of Shipping lists the pro-
prietary products that have no significant deleterious
effects on subsequent welding work.59
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3.36.1 Introduction

It may seem rather at odds with the general scope of
Shreir’s Corrosion to include a section on adhesives as
these materials are not normally employed as a mech-
anism of combating corrosion, or recognized as being
susceptible to it, although they will, and do undergo
environmental degradation. The justification is, how-
ever, very straightforward; adhesives are now widely
used to bond metal components; metal components
corrode, and such corrosion processes may compro-
mise the performance of an adhesive joint, either at
the bonded interface or adjacent to it. This chapter
seeks to bring together the current state of knowledge
regarding failure mechanisms in adhesive joints
(much of it obtained from studies of the behavior of
organic coatings applied to effect corrosion protec-
tion of a metallic substrate) and provide guidelines as
to how various failure types may be identified.

Adhesive bonding has reached a level in manufac-
turing industry where the process can truly be said to
be ubiquitous. Applications range from the rapid
robotic assembly of small components to the structural
adhesive bonding of massive parts in the aerospace and
civil engineering industries. Against this background,
there is a need to understand failure mechanisms that

mayoccur in adhesively bonded structures during their
lifetime and design out such weaknesses. In terms of the
initial load-bearing capacity, and subsequent lifetime
under well defined conditions, of an adhesive joint, this
can be readily determined from standard monotonic
or fatigue tests. Arguably, however, the most impor-
tant attribute of an adhesive joint is the durability that
it possesses, that is the level of the original joint strength
that will be retained over the lifetime of the structure.
The life expectation of an adhesive joint can vary from
a few days or weeks for foodstuffs packaging to more
than 25years for an aircraft! Thus, the focus of much
adhesive bonding research over the last three decades
has sought to catalogue and understand the issues
associated with the durability of adhesive joints. The
term durability in its strictest sense refers to the
exposure of an adhesive joint or adhesively bonded
structure to any aggressive liquid (or vapor) phase and
as such includes reagents as diverse as fuel, deicing
liquid and brake fluid! The generally accepted defini-
tion, however, of joint durability refers to the environ-
mental exposure to water. The reason for this is that
although durability is the performance of an adhesive
bond in any chosen environment, the most aggressive
environment as far as the metallic substrate–adhesive
interface is concerned is water, and the term durability,
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when applied to adhesives, has become synonymous
with bond performance when exposed to water in its
vapor or liquid form.

In seeking to understand the role of water on the
degradation of joint durability, one must be aware that
there are several distinct processes that can take place,
leading to failure, resulting from different diffusion
paths for water molecules in the adhesive and the
presence, or otherwise, of electrochemical activity at
the coated metallic surface. This gives rise to three
distinct failure processes; interfacial failure as a result
of hydrodynamic displacement of the adhesive from
the substrate, the degradation of the adhesive itself in
the environs of the substrate–adhesive (known in the
adhesives community as plasticization), and the inter-
facial failure as a result of cathodic or anodic activity
at the substrate, referred to as either cathodic delami-
nation or anodic undermining. The mechanistic asp-
ects of these three processes are well understood and
can be related to exposure parameters.

The kinetics of failure is a function of both the
environment and design parameters. In some situa-
tions, there may be more than one mechanism in oper-
ation, and the one that proceeds fastest will invariably
become the rate-controlling step, but although it may
prove possible to stifle such a mechanism, failure may
still occur, albeit at a slower pace, as a result of the
kinetics associatedwith theminor process. A number of
authors have attempted to relate experimental obser-
vables to a unified mechanism that may serve as a
design guide. Test geometries employed have varied
from very simple tension or peel geometries to more
sophisticated fatigue test pieces. Similarly, some
authors have set out to investigate a particular failure
process, such as cathodic delamination, while others
have set out to study joint performance and have
related durability to corrosion processes in an effort
to gain a complete understanding of how failure has
occurred. This chapter reviews mechanisms of failure,
considers the various ratemodels that have been derived
on the basis of empirical results, and finally, suggest
ways in which adhesive joint design and specification
can be used to reduce the detrimental effects of cor-
rosion on joint durability.

3.36.2 Mechanisms of Failure

3.36.2.1 Hydrodynamic Displacement

The interfacial thermodynamics associated with an
adhesive joint are readily addressed using the con-
cepts of interfacial free energy of the substrate,

adhesive, and water. Following is the well known
Young–Dupré, which defines the thermodynamic
work of adhesion (WA) as

WA ¼ gS þ gA � gAS ½1�
where gS is the surface free energy of the (oxidized)
metal substrate, gA is the surface free energy of
the adhesive (normally a figure for a generic type of
adhesive, such as epoxies, will be used), and gAS is the
interface free energy associated with the substrate–
adhesive junction. In a dry environment, the WA

parameter will assume a positive value indicating
that the joint is thermodynamically stable. Something
that is self evident by visual inspection and mechani-
cal testing will invariably yield a failure within the
adhesive layer, often at about the midpoint of the glue
line thickness. The important feature here is that
from both a thermodynamic standpoint and by exper-
iment, when tested in a dry environment, the inter-
face between substrate and adhesive is strong and
stable. The exception to this observation is if a con-
taminant layer is present on the substrate, such an
occurrence will compromise joint strength and lead
to an interfacial failure. For this reason, such contam-
ination, known as a weak boundary layer, is to be
avoided at all costs in adhesive bond fabrication.

Although stable in a dry atmosphere, the expo-
sure of such a joint to a humid or wet environment
can lead to the diffusion of water along the interface,
from the exposed joint edge, as indicated in Figure 1.
Following the approach of Gledhill and Kinloch,1

eqn [2] can be written to predict the work of adhesion
W �

A in the presence of a third liquid phase, considering
the three interfaces that are now involved:

W �
A ¼ gSL þ gAL � gAS ½2�

where the addition of subscript L indicates the inter-
face free energy of substrate or adhesive in contact
with the liquid, as indicated in Figure 1. Gledhill and
Kinloch were able to show that when the values of

Substrate

Water

Substrate

Adhesive
γAS

γALγSL

Figure 1 The spontaneous displacement of an adhesive

layer on an oxidized metal substrate (e.g., aluminum); the
quantity WA* will be negative as predicted by eqn [2].
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W �
A were negative (indicating that the process is ther-

modynamically favorable), there was a good correla-
tion with empirical results in which a variety of joints
were exposed to various liquids. Calculated values of
W �

A from these systems were either positive or nega-
tive, and those with a negative value showed spontane-
ous (but not instantaneous) separation when exposed
to the liquid. (The term spontaneous is used in the
thermodynamic sense, meaning energetically favor-
able, and has no implications regarding the kinetics
of the process. This usage should not be confused with
the same word taken in a sense to mean instantaneous,
as in the term spontaneous combustion much favored
by the popular press!)

Although outside the scope of this article, it must
be appreciated that such an approach is only validwhen
the forces of adhesion are a result of van der Waals
forces, more usually subdivided into dispersion and
polar forces. These forces are generally rather weak
and readily compromised by the presence of water.
Specific interaction at interfaces, such as covalent
bonds or donor–acceptor interactions (also known
as acid–base bonds, of which hydrogen bonds are an
important subcategory), are not so susceptible to
degradation by water, and for this reason, the ener-
getics approach described above is not applicable,
and the presence of such bonds at the substrate–
adhesive interface has, in itself, the propensity to
improve bond durability.

Thermodynamic considerations indicate a true
interfacial failure, as described above, and this can
be established by the use of surface analysis methods
such as X-ray photoelectron spectroscopy (XPS) and
time-of-flight secondary ion mass spectrometry
(ToF-SIMS). As some failure mechanisms may leave
vanishingly thin adhesive residues on the substrate
(<5nm), the use of optical or scanning microscopy,
analysis by EDX or FT-IRS is really not good enough,
and methods than can explicitly provide a chemical
analysis of such very thin layers are required.

Although the study of organic coatings provides
valuable mechanistic information regarding failure
modes that can be transferred directly to studies of
the failure of adhesive joints, there is one major
difference that must be considered when making
this analogy. In the case of coatings, downward diffu-
sion of water molecules, perhaps mitigated by the
concomitant diffusion of solvated ions, is always
likely to occur, whereas in the case of adhesively
bonded substrates, this is only an important consider-
ation if one or other substrate is permeable to water.
This is clearly not the case in the adhesive bonding of

metallic substrates, although it may become so if one
or other of the substrates is a polymeric material, or if
so-called ‘open-face’ model joints are being consid-
ered. Thus, the usual pathway for the diffusion of
water and other aggressive or deleterious species is
laterally from the joint edge, either along the inter-
face, as considered in Figure 1, or within the adhe-
sive layer itself. This route gives rise to a characteristic
failure that moves inwards from the edge of the joint,
giving rise to the characteristic picture-frame mor-
phology as illustrated in Figure 2. This failure
appearance may be a result of thermodynamic dis-
placement or any of the other failure mechanisms
discussed in the following section.

In summary, the presence of water at the interface
of an adhesive joint generally leads to instability at
the interface, resulting in interfacial failure, readily
identified by XPS and ToF-SIMS. Simple thermody-
namic calculations enable joint stability to be pre-
dicted from the knowledge of surface and interface
free energies. It must be noted, however, that it pro-
vides no indication of the kinetics of failure, which
must be established by empirical studies.

3.36.2.2 Adhesive Plasticization

All polymeric adhesives are permeable to water, and
although water molecules can only enter through the
edge of the joint, there is then the possibility that they
can diffuse throughout the glue-line thickness. This
can give rise to a degradation of the mechanical
properties of the adhesive that is usually known by
the catch-all term of plasticization. Water molecules
can aggregate close to the interface with the sub-
strate, which leads to swelling of the polymer and
the subsequent reduction in durability. This process
is analogous to the wet adhesion phenomenon
observed in paints and shows the same behavior, in
that, it is reversible to a large extent. Heating, or
simply leaving joints that have been exposed to

Apparent interfacial
failure

Lap shear failure specimen

Cohesive failure

Figure 2 Picture frame failure, the typical appearance of

a joint, which has been exposed to water, leading to an

apparent interfacial failure from the edge inwards (the
picture frame) and a central cohesive region (the picture),

which has not been affected by water and provides the joint

with residual strength.
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water in relatively dry air is able to remove the water,
and values approaching the original dry strength can
easily be achieved.2,3 The diagnostic of this type of
failure is once again made by a careful examination of
the substrate failure surface. Unless there is ready
route to the interface from the bulk of the adhesive
for the water molecules, they will not aggregate at the
interface but only very close to it. Once again, surface
analysis has an important role to play in the forensic
analysis of failures in order to define the locus of
failure at the molecular level. Figure 3 indicates,
schematically, the concepts of interfacial and cohe-
sive failure, and the thinner the layer of adhesive
remaining on the substrate in the cohesive example,
the more challenging the analysis. The role of surface
analysis in adhesion studies has recently been
reviewed,4 and examples of different failure types,
as deduced from the application of such methods,
will be presented at the end of this section.

3.36.2.3 Corrosion Induced Failure

3.36.2.3.1 Cathodic failure

The occurrence of corrosion at the exposed substrate
of an adhesive joint leads to a localized corrosion
phenomenon, in that the anodic and cathodic sites
are separated with the exposed metal undergoing
anodic oxidation, and the electrons produced are

consumed at a cathodic site at the adhesive–substrate
interface, where hydroxide ions are produced by the
reduction of water and oxygen molecules. The reac-
tions involved are the standard ones and are given
below for an iron substrate.

At the exposed metal, the anodic reaction occurs

Fe0 ! Fe2þ þ 2e� ½3�
While at the cathode, two reactions are possible
depending on the electrode potential, the more
usual one being

O2 þ 2H2Oþ 4e� ! 4OH� ½4�
Although at potentials more noble than 1020mV
(versus the saturated calomel electrode), water reduc-
tion, leading to the evolution of hydrogen, is dominant:

2H2Oþ 2e� ! 2OH� þH2 " ½5�

Reaction [5] occurs at a potential below that, which
develops at the free corrosion potential of iron, and is
generally considered to be important only when
metal substrates are deliberately polarized cathodi-
cally, such as in impressed current cathodic protec-
tion schemes or laboratory based simulations of the
same. Both cathodic reactions lead to the generation
of hydroxide ions, which creates an alkaline environ-
ment in and around the adhesive–substrate interface.

Cohesive failure

Adhesive residues may
vary in thickness from <
1nm to half the glue line
thickness

Substrate

Adhesive

(b)

(a)

Substrate

Interfacial
failure Clean substrate surface

with no adhesive or other
residue whatsoever

Figure 3 Schematic representation of (a) cohesive and (b) interfacial loci of failure.

2466 Joints

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



The deleterious effect of such an alkaline environ-
ment on polymer to metal adhesion was first reported
by Evans in 19295 in a paper entitled ‘The Electro-
chemical Corrosion of Painted Steel with Special
Reference to the Alkaline Peeling of the Coat.’ This
phenomenon received scant attention until the 1970s
when the term cathodic disbondment (or variously
disbonding or delamination) was coined to describe
the separation of a polymer from the cathodic region
of a coated metal. At the time, the examples of
cathodic delamination that were cited included the
adhesion loss of a paint film adjacent to a stone chip
on an automobile or the failure of powder coatings on
cathodically protected gas and oil transmission line
pipe. Interestingly, both these examples had impor-
tant technological consequences and led to an upsurge
in research activity in the process of the mechanisms of
cathodic delamination, most notably by groups led by
Leidhesier, using electrochemical methods6,7 and
Dickie (at Ford USA)8,9 and Castle (at the University
of Surrey UK),10,11 using XPS. The various mechan-
isms implicated in the cathodic delamination process
were reviewed in the following decade by Leidhesier12

andWatts.13 Castle attempted to shed fresh light on the
process in 1996, with a critical assessment of the role of
water within the polymer in the failure process.14

The basic premise of cathodic delamination is
very straightforward in that oxygen and water arrives
at the cathodically polarized metal surface and, fol-
lowing eqn [4], hydroxide ions are produced, leading
to an increase in the pH in the environs of the
polymer–metal interface. This underfilm alkalinity
attacks the interfacial bonding directly, in the manner
proposed by Evans,5 leading to adhesion loss. In
practice, such a failure is observed visually on low
carbon steel as the rather unusual and counter intui-
tive observation in that the organic coating readily
peels from the steel, but the steel has a very clean,
unrusted, appearance. The classic situation of a loca-
lized defect in an organic coating on steel is indicated
in Figure 4. In this situation, the exposed metal
undergoes anodic dissolution, the electrons produced
are consumed in the annular cathodic zone surround-
ing the initial defect, water may arrive at the tip of the
disbondment crevice by lateral diffusion from the
defect or by downwards diffusion through the thick-
ness of the coating, and the process which supplies
the water molecules most quickly will be the one that
is rate controlling. As the process continues, the
anodic area will grow, consuming the delaminated
cathodic area that will also extend, leading to
increased coatings failure. This type of failure is

readily observed on painted steel structures where
macroscopic or microscopic defects in the coating
have developed. The cathodic and anodic areas are
visually quite easy to separate, but in some cases,
there is a need to be absolutely certain about the
mechanism of failure, and in such cases, a useful
analytical solution is to make use of the observation
that electrode surfaces will retain their electrochemi-
cal signature once removed from the electrolyte and
analyzed by a surface analysis method such as XPS.15

In essence, the surface alakalinity needs metal cations
(often Naþ) to balance the cathodically generated
hydroxide ions, and as most electrolytes will have
sufficient ionic species, the cathodic region can be
identified by retained cations of this type. In a similar
vein, anodic regions will retain marker anions such as
Cl�. Although the concentration of such ions is at
monolayer coverage or less, it is a routine matter to
determine their presence and concentration by XPS.
Thus, in XPS, there is a useful methodology in which
mechanism of failure can be confirmed, as will be
shown in the next section.

The scenario of Figure 4 is clearly the situation
that exists when a polymer–metal system, be it adhe-
sive or coating, is at the rest potential (free corrosion
potential) of the metallic substrate. Although this
situation occurs quite often, there is another regime
that can render the cathodic delamination process
even more destructive, that is, when the metal sub-
strate bearing the adhesive or coating is polarized
cathodically. This can occur as a result of a deliber-
ately applied potential (as is the situation with
impressed current cathodic protection), but more
often, it occurs when the metal is coupled to a more
active metal. Much of the early work relating to
cathodic delamination was carried out in this manner
using either an ASTM Specification16 in which
coated steel was coupled to a zinc anode or a UK
approach17 in which the coated panel was polarized

Anodic regions, electrons produced

Fe Fe2+ + 2e−

Cathodic region, electrons consumed

2H2O + O2 + 2e− 4OH−

Substrate

Organic coating

Figure 4 The electrochemical reactions that occur at a

defect in an organic coating exposed to an aqueous

solution. The anodic reaction occurs at the defect and

cathodic reduction of water is localized within an extending
crevice beneath the coating.
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cathodically to a potential of 1.5V versus the saturated
calomel electrode, as shown in Figure 5. This latter
test was much favored by the coatings end-users who
found that it was able to discriminate coating per-
formance very rapidly at a fairly rudimentary level.
Many in the business found that it was a very severe
test, with oxide reduction occurring as a precursor to
coatings failure, something which the Pourbaix dia-
gram for iron predicts will only happen at the extremes
of cathodic potential and pH! Notwithstanding these
possible shortcomings, this test is widely used, and
performance of high performance fusion bonded coat-
ings is frequently quoted against such a test by coatings
manufacturers.

The mechanisms for destruction of the polymer–
metal interface and failure of coating or adhesive
appear to be fairly similar, irrespective of the source
and magnitude of the cathodic potential; however,
the kinetics of failure vary quite considerably, and
this in turn is a direct consequence of the flux of
hydroxide ion produced during the cathodic reduction
process. It is informative to consider the quantities
involved using data published many years ago.11 In
the examination of the delamination of a powder
sprayed epoxy coating from a cathodically polarized
(�1.5V versus SCE) mild steel substrate, a delamina-
tion rate of 0.4mmday�1 was established for a range
of surface profiles once a correction for interfacial
path length had been made. By converting the delam-
ination rate to a more convenient unit, one arrives at
a crack growth rate of 5nms�1. From the knowledge
of the rate at which a typical interface separates, the
rate at which such an interface is exposed can be
calculated, and then, by the application of Fick’s law
of diffusion, the flux of hydroxide ions required to

sustain these kinetics can be inferred. The results of
such a modeling approach lead to a flux of 10�15mole
of hydroxide ions per second, and the application of
Fick’s Law indicates a concentration gradient within a
disbondment crevice of 10�3moledm�3cm�1, that is,
a pH of at least 11. Using a similar approach, the
current density required to sustain a rate of 5nms�1

is estimated at 6�10�11Acm�2. This is extremely
low, and it is unlikely that this is the rate-controlling
step in the disbondment process, and this leads one to
the inescapable conclusion that diffusion of hydroxide
ions along the metal–polymer interface is, indeed, the
rate-controlling step, and when the required con-
centration gradient is maintained, the process will
continue unabated.

3.36.2.3.2 Anodic failure

The two failures described above, hydrodynamic dis-
placement of the organic phase, and the cathodic
delamination of the coating or adhesive as a result of
a local increase in pH, are routinely observed,
whereas the failure of the polymer–metal interface
as a result of localized anodic activity is unusual. In
the coatings filed, there are well documented exam-
ples of the anodic undermining of a lacquer on tin plate
for foodstuffs18 and the failure of an acrylic repair coat
on an aluminum brass substrate,19 but otherwise,
examples are rare. In the examination of the failure
mode of adhesively bonded hot dipped galvanized
steel, Fitzpatrick and Watts20 showed that failure was
a result of localized microelectrodes occurring at the
metal–adhesive interface, but it was in the regions of
cathodic activity that interfacial failure occurred; the
other failure regions, presumably in the region of the
microanodes, were essentially cohesive in nature,

Pt anode

Electrolyte ring

Polymer coating

Mild steel substrate

Potentiostat

Saturated calomel electrode

Figure 5 Schematic representation of the cathodic disbondment test.
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indicating that the electrochemical activity in the
environs of the anodic sites was not as deleterious as
the increase in pH experienced at the microcathodes.

3.36.3 Identification of Locus of
Failure and Failure Classification

As described above, there are four possible failure
mechanisms that may be encountered as a result of
the exposure of an adhesive joint to water. If we also
consider the cohesive failure that may occur in a dry
joint or a joint exposed to water for a relatively short
time, there are five potential modes of failure. Of
these five, four may look remarkably similar, and
upon cursory examination, all will be described as
an interfacial failure. This can be a gross oversimpli-
fication, and it is now informative to consider the
characteristics of the failure modes that will be gen-
erated by each process in turn. The types of failure can
be divided into cohesive failure within the adhesive
(Figure 3(a)) or interfacial failure, when separation
occurs exactly at the junction between substrate and
adhesive (Figure 3(b)). Although conceptually easy,
this definition is extremely difficult to confirm in prac-
tice as the layer of adhesive remaining on the substrate
can range from many hundreds of micrometers (which
can be established with the naked eye) to vanishingly
thin layers of a few nanometers or less, which require
surface analysis methods to detect and identify them.
Thus, one of the greatest problems faced by those
attempting to classify a failure mode can be the experi-
mental techniques at their disposal; at some point, if
only microscopy is used, a cohesive failure will appear,
and be classified, as an interfacial failure!

If a joint is tested in a dry condition or if only
exposed to water for a short time, the expectation is
that the locus of failure will run through the glue-line
thickness, a phenomenon that is readily observed by
optical or electron microscopy and even, in some
instances, by the naked eye. The diagnosis of such a
failure is simple, but the edges of the joint should be
examined for evidence of an interfacial failure gen-
erated by water diffusion along the interface. Even in
instances of dry failure, it is possible that under some
loading geometries, the locus of failure will pass so
close to the metal–adhesive interface that the failure
will appear interfacial to all forms of microscopy.
This is the nub of any investigation into an adhesive
joint failure – the identification of the failure path
(or locus of failure to use the adhesion scientists
term) at the molecular level. Thus, unless a failure

is demonstrably within the glue-line thickness, the
emphasis is on the investigator to use techniques that
are appropriate to characterize the exact locus of
failure and also the thermodynamic or electrochemi-
cal cause of the failure under consideration. The most
useful method for failure analysis in this type of
investigation has been shown to be XPS, which is a
surface chemical analysis technique with a character-
istic sampling depth of �5nm. In addition, XPS is
able to provide chemical specificity, a quantitative
analysis, overlayer thickness values and the identifi-
cation of any characteristic ions from solution that
are associated with the failure, and for this reason, it
has been widely used in adhesion investigations over
the last three decades.21–23 The XPS characteristics of a
cohesive failure close to the metal polymer interface are
shown in Figure 6. This sample is a tin free steel
substrate coated with an epoxy lacquer that has been
hot molded to nylon, and then tested on a lap shear
configuration. A macroscopic image (Figure 6(a)),
shows that the failure appears to occur between metal
substrate and epoxy or epoxy and nylon, depending on
the position on the failure surface. Small spot XPS
analyses (at 400mm) were taken from the region that
appeared to be a metal interfacial failure surface and a
mirror image position on the adhesive side. These
spectra (Figures 6(b) and 6(c)) are extremely similar,
and the characteristic of the epoxy coating itself is
showing that the locus of failure is within this phase
and not at the epoxy–steel interface, as one would
assume from a visual inspection of the failure surfaces.
Moving on to the situation wherein water is respon-
sible for the (hydrodynamic) displacement of the
adhesive from the metal substrate, an example can be
seen in the work of Kinloch et al.24 on the structural
adhesive bonding of aluminum. After fatigue tests of a
tapered double cantilever beam test piece, the joint is
cracked open, and XPS analysis of the metal failure
surface (Figure 7(b)), when compared with the
unbonded surface (Figure 7(a)), indicates that an inter-
facial failure has occurred. However, the absence, in the
spectrum, of any specific marker ion indicating electro-
chemical activity leads to the conclusion that this failure
has been the result of the thermodynamic displacement,
by water, of the adhesive from the metal substrate. This
conclusion is entirely logical as the aluminum substrate
will be covered with a passive oxide film and will only
be susceptible to localized corrosion at points of metal-
lurgical heterogeneity such as intermetallic precipitates
(which will be cathodic to the surrounding matrix).

The observation that the electrochemical history
of an electrode could be deduced from the spectrum
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of ions adsorbed on the surface was first made by
Castle and Epler,15 using XPS, and more recently,
work from the authors laboratory has extended this
approach to analysis using ToF-SIMS. The impor-
tant observation, initially made more than 30years
ago, was that if a metal electrode is exposed to a
cathodic potential in an aqueous electrolyte, it will,
not unreasonably, adsorb cations from the electrolyte.
On removal from the electrolyte and subsequent
washing, these adsorbed ions are retained (often at
submonolayer concentrations) on the electrode sur-
face and can be detected and quantified by a surface
chemical analysis technique such as XPS. Initial work
envisaged that such an approach would be useful in
identifying whether a corrosion feature, such a pit,
was active or benign, but the widest application of
this approach is probably in guiding the definition of
failure mode of organic coating and adhesives. This
can be illustrated from very early work on the delam-
ination of an organic coating from cathodically

polarized (�1.5V versus saturated calomel electrode
in 0.5MNaCl) steel.10 The test was set up as shown in
Figure 5 with a central defect in the coating so that
the cathodic reduction reaction could readily occur
at the exposed metal surface and lateral diffusion of
hydroxide ions could occur unimpeded. In addition,
water could diffuse through the thickness of the coat-
ing in regions well removed from the coating defect.
The metal interfacial failure surfaces that are gener-
ated in these two regions are very different, as shown
in Figures 8(a) and 8(b). The failure close to the defect
is once again characterized by an interfacial failure,
but the very intense sodium concentration (�7at.%)
shows that there has been cathodic activity, the Naþ

acting as a counter ion for the cathodically generated
OH�. Farther from this defect, the carbon peak in the
spectrum is very intense and the Fe 2p peak (at a
binding energy of �710eV) is barely visible, being
identified by an abrupt change in the background
region of the spectrum. This change in background is
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Figure 6 Optical microscopy image of a failure between epoxy coated tin-free steel and a nylon coating (a). XPS survey
spectra taken from the apparent interfacial failure between the steel substrate (b) and epoxy coating (c). The similarity of the

spectra establish unambiguously that the failure is a cohesive failure within the epoxy lacquer.
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itself very informative, in that it indicates to the elec-
tron spectroscopist that most of the iron signal is being
attenuated by a thin overlayer of, in this case, carbon
(polymeric coating). Thus, this spectrum indicates that
the failure is cohesivewithin the polymer but with a very
thin (<10nm) overlayer, indicating the locus of failure
is �10nm from the metal oxide–polymer interface.

Although failure of adhesion as a result of cathod-
ically generated alkali is one of the most usual failure
mechanisms when corrosion is involved, there are
very few documented examples of the advancing
disbondment front acting as an anodic crevice. The
most cited system and example of great importance
to the food packaging industry is the anodic under-
cutting of the tin coating on tinplate18 in times gone
by but less so nowadays. An example of the manner in
which the polymer–metal interface may develop as

anodic crevice is afforded by the work of Castle et al.19

who investigated the failure of an acrylic coating on
aluminum brass on exposure to hot saline solution.
The XPS survey spectra of Figure 9 are from the
interfacial failure metal surfaces of the acrylic–
aluminum brass systems when subjected to a mechan-
ical test before exposure (Figure 9(a)) and the failure
following saline exposure (Figure 9(b)). Both failures
are cohesive, as indicated by the intense C1s peak at
a binding energy of �285eV, and the intense Cl2p
peak for the exposure surface (Figure 9(b)) is in
marked contrast to the failure surfaces of Figure 8(a)
and indicates that the system is behaving as an anodic
crevice. The localization of anodic activity within the
crevice was reported to be enhanced by the application
of increased thickness of organic coating, which repre-
sents a situation similar to that in adhesive bonds.
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2007, 42, 6353–6370.
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In this section, the various mechanisms that may
be observed in adhesive joints exposed to aqueous
environments have been reviewed. When inspecting
a failure surface, the first step in establishing the
process responsible for failure is the assessment of
the exact locus of failure. If failure is clearly within
the glue-line thickness, as established by visual in-
spection or optical or electron microscopy, then it
is reasonable to assume that failure is a result of
exceeding the load-bearing capacity of the adhesive,
and corrosion does not play a significant role in the

failure process. If the failure path is very close to the
substrate–adhesive interface, it is very likely that
degradation based on exposure to water or corrosion
reactions is responsible for failure, and without
resorting to surface analysis techniques, such as
XPS, it is probable that the locus of failure will be
described as interfacial, even if examined at high
resolution in an SEM. The reason for this is that
failure is often extremely close (within 10nm) to the
interface, and thus, to fully understand failure, a
surface chemical analysis is needed. A true interfacial
failure can be easily recognized (although there will
be a small amount of adventitious carbon – 20–35at.%
in a quantitative surface analysis), and this may be a
result of hydrodynamic separation on exposure to
water or cathodic delamination, which is recognized
by the adsorption of cations, such as sodium, from the
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test solution. If there is a small residual layer of
adhesive on the substrate, it may be a result of water-
or alkali-induced degradation of the polymer phase;
once again, the presence of cations will indicate a
significant involvement of the cathodic reduction
process. The presence of anions, such as chloride, to
excess, is unusual and is indicative of failure being the
result of a developing anodic crevice, and seems to be
associated with a cohesive failure.

Having reviewed the corrosion processes that may
be responsible for failure of an adhesive joint and the
manner in which the forensic analysis of failed sur-
faces can help identify the failure mechanism, and
the role of corrosion in the failure process, it is
helpful to consider the failure characteristics of vari-
ous adhesively bonded substrate materials.

3.36.4 Adhesively Bonded Substrate
Materials

In this section, the role of corrosion in adhesive
bond failure will be considered with a series of case
histories involving common metallic substrates for
adhesive bonding. It is interesting to note that some
authors set out to establish performance data, which
can be used for adhesive bond design purposes, and
the unraveling of the failure mechanism, takes on a
secondary role, while others set out with the main
purpose of establishing failure mechanism and use
durability data on a merely comparative basis. It is
important to note that there are two clear philoso-
phies that are in use regarding the durability testing
of adhesive joints; the first, easiest, and probably least
realistic is to expose the joint to the aggressive envi-
ronment with no load applied: at the point of test, the
joint is removed from the test solution, dried, and

tested, to obtain performance data. The alternative
approach is to load (either monotonically or in cyclic
mode) within the test environment, and once fail-
ure has occurred, remove specimens for microscopy
and/or analysis. Both methods have their own partic-
ular merits; the first practice avoids the possibility of
post-failure contamination (or back deposition) from
the test solution, while the second is clearly much
more realistic and generates data that can be included
in the appropriate design codes. Examples of both
types of testing will be considered in this section.

3.36.4.1 Low Carbon Steel Substrates

As one might imagine, the rapid corrosion that is
experienced by adhesively bonded low carbon steel,
if the joint is not protected by additional measures,
leads to the domination of cathodic delamination as a
failure process, and significant problems in the post
failure analysis of failed joints as all surfaces that have
been exposed during failure will inevitably become
anodic sites. There are two potential measures for
alleviating these difficulties; the cathodic polarization
of the entire joint and the exposure of a joint in water
with a low concentration of dissolved oxygen. Both
approaches have been successfully employed, and
examples are described below.

The bonding of neoprene to mild steel is of par-
ticular importance in the maritime industry, and
there is a fairly extensive body of literature dealing
with the failure modes of this system when the steel
substrate is protected by either impressed current or
sacrificial anode cathodic protection. The mechanis-
tic aspects of the failure of this system was investi-
gated by Boerio et al.25,26 who employed a strip blister
specimen, illustrated in Figure 10, polarized at a

Clamp

Dowel

MetalTeflon tape

Primer

Adhesive

Rubber

Figure 10 Schematic diagram of the strip specimen used for the study of the cathodic delamination of neoprene rubber
from steel. Reproduced from Boerio, F. J.; Hudak, S. J.; Miller, M. A.; Hong, S. G. J. Adhes. 1987, 99–114.
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potential of�1.5V versus the saturated calomel elec-
trode. They were able to show, by XPS and FT-IRS
analysis of the failure surfaces, that degradation
occurred as a result of the degradation of the pheno-
lic primer and dehydrohalogenation of the rubber in
both the primer and the adhesive.25 Such dehydro-
chlorination resulted in the formation of inorganic
solutes soluble in the alkaline solution used as a test
medium. These authors also showed a critical de-
pendence on surface roughness, indicating the im-
portance of mechanical effects in the performance
of adhesive joints, presumably as a result of the
increased extent of interfacial contact achieved with
the rougher substrate. In subsequent work, Boerio
and Hong26 used FTIR to refine the chemistry of
the failure mechanism, and showed that methylene
groups linking phenyl species in the primer were
rapidly oxidized in alkaline solution to form benzo-
phenone linkages, which could oxidize further to
carboxylic acids and quinines. ZnCl2 was observed
to form a soluble reaction product at the bondline, as
a result of the reaction between chlorine from the
chlorinated rubber and ZnO filler in the primer. It is
concluded, on the basis of these studies, that both the
oxidation of phenolic resins in the primer and
osmotic effects related to ZnCl2 have important
roles to play in the failure mechanism of rubber to
steel adhesive joints. Complemented by the studies of
Hamade and Dillard, in a series of papers spanning
almost 20years, have concentrated on relating the
experimental observables (strength and extent of dis-
bondment) to experimental parameters, such as time,
temperature, and cathodic potential. The study of
these authors is informative as it shows how a simple,
diffusion-based model can be developed to provide
a semiempirical model that is able to accurately
predict the disbondment rates upon exposure to
cathodic environments. These authors also differen-
tiate between a separated zone (the picture-frame
failure appearance) and a weakened zone ahead of
the true delamination zone. Although mechanistic
aspects of this are not fully explored, one assumes
that the separated zone is the region of cathodic
delamination resulting from alkaline attack of the
interfacial bonding, while the weakened zone results
from aqueous plasticization of the adhesive. The lat-
ter zone may show recovery of strength on removal
from the aqueous environment as described by Watts
et al. in their work on epoxy and other systems.27

Hamade et al. in their extensive studies have produced
data on the rate of disbondment in both the failed
and weakened zone, and also strain energy release

rate, G, as a function of time. This led to the develop-
ment of a semiempirical model for the cathodic
weakening of adhesive joints,28,29 in which failure
kinetics were related to the harshness of the environ-
ment (as exemplified by extent of cathodic activity
and temperature of test) and the strain energy release
rate. This can be represented very conveniently in the
diagram of Figure 11, which illustrates the generic
behavior of delamination rate (log dZ2/dt) versus strain
energy release rate for weakening (region I), delamina-
tion (region II) as well as region III, where environmen-
tal and corrosion process play no discernible role in
the failure process. These authors also provide guid-
ance on the extent of delamination that will occur for
a given set of exposure conditions in the form of
nomographic scales or nomograms. In this manner, the
extent, for a particular bond, in a particular aqueous
environment, can be estimated as a function of cathodic
potential and temperature. Two such nomograms are
reproduced in Figure 12 for a mild steel adhesively
bonded system of a chlorinated rubber adhesive and a
phenolic resin/chlorinated rubber primer. Figure 12(a)
represents the calculated delamination values (Z2)
for the above system in artificial seawater, while
Figure 12(b) represents complementary data in a
1M NaOH environment. The arrows on the nono-
grams indicate example applications for the time for
12mm of delamination to occur in the strip blister test
of Figure 10 at a potential of �1100mVand at a tem-
perature of 298K. In the case of artificial seawater, a time
of 180days is predicted, while in 1M NaOH, a much
reduced time of �30days is indicated. Although very
specifically related to a certain system, such nomographs
are clearly of much practical use, allowing changes in
environment and pretreatment to be predicted.

An alternative way in which gross corrosion of a
mild steel substrate can be alleviated in order to
examine the interfacial chemistry associated with
failure is to expose the joints in water containing a
low concentration of dissolved water. In studies of this
type, Davis andWatts30 assembled adhesively bonded
mild steel coupons in a lap shear configuration and
then immersed them in pure water in sealed glass
jars, removing specimens periodically for mechani-
cal testing and surface analysis of the interfacial fail-
ure surfaces. After 1200h of testing, a characteristic
picture-frame failure surface was observed, while
after 7500h, the picture was greatly reduced in size,
and visual and spectroscopic differenceswere observed
at the surrounding metal surface. In the early stages of
exposure, adhesive–substrate separation is driven by
cathodic delamination, but on longer exposure times,
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the crevice opens at the mouth as a result of oxide
thickening, which appears as a dull rather than bright
outer region. XPS analysis confirmed oxide dissolution
at the crack tip with oxide growth subsequently occur-
ring, as indicated in Figure 13. As the experiments
were undertaken in pure water, the deposition of
marker cations was at a very low concentration
(below the detection limit of XPS); however, ToF-
SIMS, with its better detection limit, allowed such
marker ions to be profiled across the failure crevice.
This example illustrates the concept of a so-called zero
volume debond (sometimes referred to as a kissing
bond in the aerospace industry) in which the adhesive
and failure surfaces are in contact but have no load
carry ability as a result of the adhesion between the
two, having been compromised.

3.36.4.2 Aluminum Substrates

As a result of its importance in the aerospace indus-
try, the adhesive bonding of aluminum has been
studied very widely over the last three decades, and
there is a large body of literature relating to the

mechanical performance and durability of these sys-
tems. Generalized corrosion of aluminum is unusual,
and it has very rarely been identified as a primary
cause of failure in adhesively bonded systems,
although localized corrosion in the form of pitting
may sometimes be seen on test pieces immersed in
water. The more usual forms of failure are associated
with adhesive degradation at short exposure times,
and interfacial separation of adhesive and oxidized
aluminum substrate is as a result of thermodynamic
displacement of adhesive by water. Using simple
T-peel joints, exposed to water prior to testing, Watts
et al.27 were able to show failure associated with adhe-
sive degradation at the edge of the joint. Figure 14
shows the physical appearance of the failure surface of
adhesively bonded chromic acid anodized aluminum
following 10weeks exposure at 50�C in deionized
water. The characteristic picture-frame type of failure
morphology is seen running along the length of the
joint, and visual assessment would identify the edge
effect as being an interfacial failure. Small area XPS
analyses were recorded from the interfacial failure
surfaces at the edge of the joint and the centre of the
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Region I Dry bond

Region II Region III

Mixed diffusion/reaction-
control region
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(voltage and temperature)
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Gth (Degraded bond) Gth (Dry bond) Gc

Figure 11 A plot illustrating the generic behavior of log delamination rate (log dZ2/dt) versus log G. The diagram shows the
regimes of diffusion control, leading to weakening (region I), the mixed diffusion/reaction control region (region II) and the

environment independent region (region III). Reproduced from Hamade, R. F.; Seif, C. Y.; Merhij, F.; Dillard, D. A. J. Adhes.

Sci. Technol 2008, 22, 775.
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joint width. As expected, the general cohesive failure
zone yields a spectrum characteristic of the bulk adhe-
sive with no unexpected elements present, but the
spectrum from the edge region, Figure 15(a), is of an
oxidized aluminum substrate attenuatedwith�5nm of
adhesive. This clearly indicates that failure is asso-
ciated not with environmental attack of the adhesive–
substrate interface but with the aqueous degradation of
the adhesive itself. Work in this paper also shows that
such degradation is physical rather than chemical in
nature and that a drying schedule at elevated tempera-
ture is able to reverse the damage, the locus of failure
moving into the bulk of the adhesive, as observed in the
central part of the joint of Figure 15(b).

As part of a wide-ranging fracture mechanics
study, Kinloch et al.24 have studied the durability of

adhesively bonded aluminum joints, steel joints, and
aluminum–steel couples bonded in a similar manner.
In the case of the aluminum and steel joints, the
failure mechanisms were as expected; in the case of
bonded 7075 aluminum, there is little corrosion
observed, and failure is attributed to the thermody-
namic displacement of the adhesive from the sub-
strate as predicted by eqn [2]; when the substrates
are both medium carbon (0.6%), steel failure follows
the predicted path of cathodic delamination, both
failure mechanisms being confirmed by an extensive
XPS and ToF-SIMS study. In the case of dissimilar
substrates (aluminum and steel beams), the situation
is rather complex, and it is worthwhile considering
this situation in some detail as an exemplar of how
corrosion processes may have an unexpected role to
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play in the failure of an adhesively bonded structure,
and the manner in which it is necessary to consider
the environment surrounding the joint as well as the
specific environs of the bondline itself. In the case
described by Kinloch et al., the joints were assembled
in a tapered cantilever beam geometry (to ensure
constant compliance as crack propagation occurs)
and tested under fatigue loading in pure water. Fail-
ure always occurred adjacent to the adhesive–steel
interface, and not at the aluminum–adhesive inter-
face. At first sight, the occurrence of the failure at the

steel–adhesive interface would seem to be the simple
case of galvanic corrosion, as an aluminum alloy will
be at the more active end of the galvanic series than
steel. For such galvanic coupling to occur, there needs
to be electrical contact between the aluminum-alloy
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Figure 13 Schematic illustration of the failure processes that occur within the extending crevice at the edge of an adhesive

joint exposed to an aqueous solution with a low partial pressure of oxygen. The crevice mouth acts as the anode and

subsequently opens as a result of oxide growth and other processes, while the crevice tip forms the cathodes and leads
to a zero-volume debond within which mass transport of the reactive and other species is restricted. Reproduced from

Davis, S. J.; Watts, J. F. J. Mater. Chem. 1996, 6, 479–494.
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Figure 14 The schematic appearance of the
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bonded aluminum exposed for water at 50�C prior to
testing. Reproduced from Watts, J. F.; Blunden, R. A.;
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and steel substrates. This was not the case, and
experiments were performed to ensure that there
was no electrical coupling of the two substrates.
There was also extensive corrosion on the steel
beam, which would not be present had the beam
been the cathodic part, in its entirety, of a galvanic
cell. Now, the reason for the inferior durability of the
dissimilar joints lies in the diffusion of oxygen mole-
cules into a developing crevice and the concomitant
outward diffusion of the cathodic reaction product
(OH�). It is helpful at this point to consider the
situation in terms of the oxygen supply that exists
for the steel–steel joint. Along the sides of both
beams, the anodic reaction will take place, and solu-
ble Fe(II) ions will pass into the solution, leading to a
local increase in density. Thus, this solution of water
and Fe(II) ions will sink to the bottom of the testing
tank, and the solution in the environs of the adhesive
layer will be refreshed with aerated water. This situa-
tion ensures that there is a ready supply of reactants
for the cathodic reaction, which develops a crevice
normal to the direction of crack propagation (i.e., the
length of the test piece). As the diffusion of hydroxyl
ions is known to be rapid in aqueous solution, it is
more likely that the aggregation of these species at
the crack tip is modest; in other words, the diffusion
coefficient of water molecules into the crevice is
much the same as that of hydroxide ions diffusing
outwards. Thus, the rate-controlling step may be
taken to be the rate of arrival of the water molecules,
which must feed the two developing cathodic cre-
vices. This situation is illustrated schematically in
Figure 16. In the case of an aluminum-alloy–steel

joint, the two metal interfaces will not behave in the
same manner; the steel adhesive interface will
develop a cathodic crevice as described above, but
as the aluminum-alloy has a passivated film present,
the extent of cathodic reactions at this surface will be
confined to regions surrounding localized corrosion,
such as pitting on the failure surface of the beam.
Thus, any corrosion on the aluminum-alloy beam
will be a post-failure event. This means that the
majority of the oxygen molecules dissolved in the
aqueous bath adjacent to the adhesive layer are avail-
able for consumption by the cathodic half reaction at
the steel–adhesive interface. Assuming the outward
diffusion of hydroxide ions remain the same, the
situation that now exits is that the inward diffusion
of oxygen molecules exceeds the outward diffusion of
hydroxide ions. This will lead to an aggregation of
hydroxide ions at the crevice tip and an increase in
pH in this region. This will have an increased dam-
aging effect on the level of adhesion between adhe-
sive and steel substrate and the associated reduction
in performance. To summarize, the increased con-
centration of oxygen molecules available in solution
to feed the crevice developing normal to the beam
side at the steel–adhesive interface weakens the joint
and leads to more rapid advancement of the crack tip.
As the crevice develops, the crevice mouth becomes
anodic and the corrosion product is back deposited,
reducing the inward diffusion of water and oxygen
molecules, but by this time, the damage is already
done and the mechanical perturbation of the reduced
area at the advancing crack tip has brought about
failure. The development of the cathodic crevice

Downward flux of
oxygen molecules

Substrate

Adhesive
layer

Anodic regions

Fe → Fe2++ 2e

Substrate

Cathodic regions
½O2+ H2O + 2e→ 2OH−

Figure 16 Schematic illustration of the supply of oxygen to the crevices developing at the adhesive–substrate interface

of an adhesive joint. As freshly aerated water arrives, it must supply oxygen to both crevices in the case of a steel–steel
joint, but only the steel–adhesive interface in the case of an aluminum–steel joint. Reproduced from Kinloch, A. J.;

Korenberg, C. F.; Tan, K. T.; Watts, J. F. J. Mater. Sci. 2007, 42, 6353–6370.
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happens along the beam simultaneously; thus the
effect is most serious in the mid-regions where the
crevice has developed significantly but not been
blocked by corrosion product. The situation is sum-
marized schematically in Figure 17.

3.36.4.3 Zinc Substrates

The need to bond zinc structures is, of course, very
specialized and outside the scope of the review; how-
ever, the bonding of zinc coated steel (whether hot
dipped or electrogalvanized (HDGS or EGS)) is
becoming increasingly important as a production
process, particularly in the automobile industry. In
essence, the failure is brought about by the gross cor-
rosion of the substrate, a situation that is improved by
the chemical pretreatment of the substrate, for exam-
ple, by the application of a zinc phosphate process.
Dickie et al. showed quite convincingly that the failure

of adhesively bonded EGS in an aqueous environ-
ment is a result of an electrochemically driven pro-
cess,31 with the XPS survey spectra of both the metal
and adhesive interfacial failure surfaces being domi-
nated by zinc oxide. These observations indicate that
failure is associated with gross corrosion of the zinc
when the surface is not stabilized by the application of
an appropriate treatment, such as a conversion coat-
ing. Work by Fitzpatrick et al.20,32 points the way to a
better understanding of the manner in which such a
conversion coating improves bond durability. Studies
by small area XPS indicate that failure initiation is
associated, at least in part, by the dissolution of the
phosphate crystal by cathodically-generated alkali
in regions of some 50–100mm in size within 1mm of
the edge of the adhesive bond. ToF-SIMS success-
fully identifies electrochemical activity, although not
gross phosphate dissolution, within the central region
of the joint, and it is clear that this precedes the
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Figure 17 Schematic representation of the factors influencing supply of oxygen in the developing crevices. (a) In the
early stages of failure, oxygen is supplied at the advancing crevice tip as the crack proceeds along the length of the beam

and also normal to the direction of crack growth to establish a small but significant developing crevice at the edge of the

specimen. (b) The edge crevice may become blocked with corrosion products in this manner in the later stages of joint
failure and thus have a disproportionate effect on the failure kinetics. Reproduced from Kinloch, A. J.; Korenberg, C. F.;

Tan, K. T.; Watts, J. F. J. Mater. Sci. 2007, 42, 6353–6370.
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phosphate degradation process identified at the bond
edge. This points the way to a more purposeful design
and selection of conversion coatings for the pretreat-
ment of zinc-coated steel for adhesive bonding, the use
of those that have a better resistance to alkaline disso-
lution than the traditional zinc phosphate product.

3.36.5 The Improvement of Bond
Durability

The solution to the need to improve the resistance of
adhesive joints to the ravages of corrosion-related
phenomena, leading to premature failure, is well-
catalogued and can be readily appreciated by consid-
eration of the examples above. There are two potential
routes by which durability can be improved; one is
the exclusion or immobilization of water by the adhe-
sive so that the kinetics of diffusion toward the reac-
tion zone are reduced to a manageable or acceptable
level. The other is to modify the interface in some
manner so that the forces responsible for adhesion
become less susceptible to cathodically generated
alkali or the interfacial path length between substrate
and adhesive, which is increased to such an extent
that the delamination process at the interface trans-
lates to a lateral or planar value that will no longer
compromise the joint performance.

Exclusion of water is most commonly achieved by
the simple expedient of the application of a bead of
silicone, polysulfide or similar sealant along the
external surface of the adhesive. Similar in use to a
typical domestic product for bathroom use, such a
sealant not only seals the joint against the ingress of
water, but being hydrophobic, it also physically repels
water from the vicinity of the joint. A similar
approach is to use a hydrophobic binder for the
adhesive, which will repel water from the adhesive,
although not necessarily from the interface region.
An alternative possibility, not widely explored, is to
add extenders to the pigment that will either absorb
and immobilize water or increase the path length for
water to reach the interface.

The modification of the interface to improve perfor-
mance would seem to be amuchmore elegant approach
to take, and clear improvements in performance can be
achieved by the use of organo-functional silanes as
either primers24,28 or components of the adhesives for-
mulation, and most commercial structural adhesives
have these additives included by the manufacturer.
The benefit derives from the formation of a bond
more resistant to both hydrodynamic displacement

and cathodic delamination; that is a covalent bond as
opposed to van der Waals bonding.33 The increase of
the interfacial path length is achieved by simple
expedients, such as grit blasting, but in the case of
aluminum, this is never adequate, and the complex
microtopography achieved by acid anodizing processes
is always required.34 The porous deposit produced by
these processes is filled by the adhesive on joint man-
ufacture forming an interlocking region sometimes
referred to as a microcomposite interphase zone.

The empirical test approach for a particular set of
variables (substrates, adhesive type, loading condi-
tions and environment) is an important way of
extending our understanding of failure mechanisms
and at the same time providing an indication of the
manner in which improved performance can be
obtained. This does not necessarily help the design
engineer and certainly provides no predictive capa-
bility outside the narrow spectrum of conditions that
have been examined. The solution to this, as outlined
by many authors in recent years, is to develop pre-
dictive models that take into account the important
variables that are experienced by adhesive joints.
There are two basic approaches here that can be
described, by analogy with nanotechnology produc-
tion methods, as top-down or bottom-up. Models
based on empirical results, of the required level
of sophistication, can be extended to accommodate
different adhesive bonding situations, and elegant
examples of this approach is provided by the work of
Kinloch24 and Hamade.35 The alternative approach is
to consider a particular joint geometry, load and envi-
ronment, and the development of closed form adhesive
joint stress analyses as described by Crocombe.36

The particular challenge with this method has been
the incorporation of environmental degradation into
such closed form solutions, and recent work shows
that this can be achieved in a relatively straightfor-
ward manner.37

3.36.6 Conclusions

There is a very large body of literature that docu-
ments the deleterious effect of water on adhesively
bonded metal structures, and the prime causes of joint
failure are well understood. Corrosion of the substrate,
leading to cathodic delamination of the adhesive from
the metal is particularly important in the failure of
steel joints, while for aluminum, with its passive native
oxide layer, thermodynamic displacement of the
adhesive from the substrate by the water is the most
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commonly encountered failure mode. If the interface
is modified chemically (e.g., using an organosilane) or
physically to increase surface topography and then
the interfacial path length, environmental degrada-
tion of the adhesive itself may occur. In order to
improve a joint performance, it is necessary to first
define the failure mode, and the surface analysis
methods of XPS and ToF-SIMS have important
roles to play here, not only in the exact definition of
the locus of failure, measurement of the thickness of
vanishingly thin residual adhesive layers, and relating
their composition to the adhesive formulation, but
also in the identification of tracer anions and cations,
which can indicate whether the region of the substrate
that the adhesive has separated from has experienced
anodic or cathodic condition as an electrochemical cell
has been set up.

There is still much active research to establish
new pretreatments that will improve the durability
of joints and provide improved corrosion resistance of
the substrate. The driving force over the last decade
has been to remove hexavalent chromium from pre-
treatment processes, and the stage is almost upon us
where this reagent can be removed totally from the
pretreatment stage of the bonding process, even in
the aerospace industry, with no adverse effect on
performance.
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