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Hydrogen-induced cracking includes spontaneous cracking and cracking under
an applied tensile stress. The latter differs from hydrogen induced stress corrosion
cracking by the source of the hydrogen, rather than by the cracking mechanism. Stress
corrosion cracking involving anodic dissolution, in many cases, resemblesintergranular
corrosion, the tensile stress facilitating the growth of cracks along the grain boundaries.
There may be intermediate cases of stress corrosion cracking or corrosion fatigue
where crack growth involves both anodic dissolution and brittle fracture, for example
if cracks grow by dealloying. In the simplified scheme presented in Figure 11.50, such
phenomena are not included.
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CHAPTER 12

PROTECTION OF ENGINEERING SYSTEMS
AGAINST CORROSION

12.1 PREVENTIVE MEASURES

12.1.1 Introduction

The fight against corrosion must begin in the planning stage of a project. In other
words, it is necessary to take corrosion into account from the very beginning of a
project and during every stage to its completion. The goal is to guarantee a
predetermined lifetime for an installation, machine or device at minimum cost, taking
into account both the investment and the maintenance costs. Furthermore, the chosen
solution must be compatible with environmental regulations, permitting the recycling
or elimination of the different components at the end of their use. In many applications
(aerospace, nuclear reactors, chemical plants, etc.), safety of operation outweighs all
other considerations.

A number of different approaches and methods can be used to minimize the
corrosion of engineering structures:

e appropriate design;

¢ judicious choice of materials;

® protective coatings;

e corrosion inhibitors;

e clectrochemical protection.

The first two are preventive measures. Taken at the right time, they allow
engineers to minimize corrosion problems at marginal additional cost. Protective
measures such as the use of coatings, of inhibitors or of electrochemical protection
usually require more specific knowledge and often need the intervention of a specialist.
They usually generate costs related to maintenance and control. The distinction
between preventive and protective measures is not sharp, however; depending on the
application, the use of protective coatings can be thought of as a preventive or a
protective measure.

The concept of corrosion system is of particular importance for the selection of
methods of corrosion prevention and protection. Indeed, the corrosion behavior of a
metal is influenced by a multitude of electrochemical, mechanical and physical
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514 Corrosion and Surface Chemistry of Metals

interactions with the environment such as corrosion cells, temperature and humidity
cycles, stress, fluid flow, erosion etc. Such phenomena can have a profound effect on
the life time and safety of engineering structures and must be taken into account
throughout the different stages of a project. Regular maintenance and corrosion
monitoring are other important aspects of the fight against corrosion.

12.1.2 Corrosion prevention by design

Proper design of engineering structures greatly reduces the risks of corrosion.
Indeed, the shape of an object can critically affect its lifetime in a given corrosive
environment. This general statement shall be illustrated with a few simple examples.

Humidity

Atmospheric corrosion requires the presence of humidity to form an electrolyte
(Chapter 8). Preventing accumulation of humidity in certain spots by clever design
therefore greatly reduces the risk of atmospheric corrosion. This aspect is particularly
important for structures in civil engineering and architecture that are periodically
exposed to rainwater. In a similar fashion, in the chemical industry, it is important to
be able to completely empty containers when they are not in use. Figure 12.1 shows
how the design of a reactor can facilitate its efficient drainage.

(@ (b)

ping

Figure 12.1 Reduction of risk of corrosion in the interior of a chemical reactor when not in
use: (a) incomplete drainage which can lead to corrosion; and (b) complete drainage which
reduces the corrosion risk.

In certain cases, good aeration is enough to avoid the formation of humid zones.
For example, the corrosion of car doors usually develops from the inside, where the
moisture accumulates, and moves outwards. Well-designed aeration vents prevent the
accumulation of humidity and thus greatly decrease the rate of corrosion.

Stress concentration

The stress distribution in a given object influences its resistance towards stress
corrosion cracking (Chapter 11). The tensile stress at a given spot depends critically
on the shape of the object. Figure 12.2 shows how, by use of a rounded shape instead
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N AN

(@) (b)

Figure 12.2 Reduction of the risk of stress corrosion cracking of a bolt: (a) high local stress;
and (b) reduced local stress.

of a sharp angle, one can avoid an excessive stress concentration near the head of a
bolt. Mechanical machining or thermal fabrication processes can be a source of
residual stress in metallic objects, independent of the their shape. To reduce residual
stresses one applies an adequate thermal treatment.

Fluid flow

A sound design of fluid flow systems reduces the risk of flow accelerated corrosion
(Chapter 10). Most important is to avoid sudden changes in flow direction at sharp
bends. As a rule of thumb, the radius of a pipe bend carrying an aqueous fluid should
be greater or equal to three times the pipe diameter (Figure 12.3).

T

Figure 12.3 Reduction of the risk of flow accelerated corrosion at an elbow: the risk is greater
for the configuration (a) than for that of (b).

Crevices

Crevices favor the formation of aeration cells (Chap. 7), and lead to crevice
corrosion. Crevices in metallic structures can be largely avoided by proper design.
Figure 7.13 gives an example of a crevice formed in an improperly designed pipe
flange. Riveted or screw heads often form a crevice with the underlying metal. Welded
or glued joints are, from this point of view, preferable to riveted or screwed assemblies.
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516 Corrosion and Surface Chemistry of Metals

Contact between different metals

If both an electric and an electrolytic contact are established between different
metals, a galvanic cell forms that results in an accelerated corrosion of the metal with
the less noble corrosion potential (Chapter 7). With an adequate selection of materials,
or by placing an insulating material between the metals, this kind of corrosion can be
avoided (Figure 12.4(a)). For small objects, such as electronic components, one can
prevent galvanic corrosion by completely immersing a joint of dissimilar metals into
a polymer, thus avoiding that the metals come in contact with an electrolyte film that
could form in presence of humidity.

(@ (b)
sacrificial part

insulation ‘ ‘ \ )

Figure 12.4 Corrosion protection by avoiding galvanic coupling: (a) electrical insulating of a
screwed bolt; and (b) use of an easily replaceable sacrificial part.

In large installations, it is not always possible to electrically insulate different
materials. The use of sacrificial parts, cheap and easily replaced, allows the problem
to be solved in such situations. Figure 12.4(b) shows a sacrificial part made of steel,
placed between a brass pipe and a steel heat exchanger.

12.1.3 Selection of materials

When specifying materials for a given project, the corrosion resistance is just one
criterion among many others, but it is of uttermost importance for the life time and
safety of installations, machines and devices. In this section we focus on the corrosion
resistance only and, more specifically, on metallic materials. Engineers in charge of
materials selection should keep in mind, however, that for many applications polymers
and ceramics present a valuable alternative to metals.

Sources of information

Many sources of information are available that can help engineers to select
materials with regard to corrosion resistance:

¢ internet

e norms and standards;

e specifications of suppliers;

e scientific and technical literature, data bases;

e previous experience with similar equipment;

e laboratory testing.
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Protection of Engineering Systems Against Corrosion 517

At present, the search methods for information on corrosion are rapidly evolving
thanks to the development of the internet. A few mouse clicks using well-chosen
keywords can yield a wealth of information. While searching the internet is a good
starting point, the quality of the information varies enormously and must be carefully
checked.

Standards and recommended practices covering different aspects of corrosion
have been developed by a number of professional organizations as ASTM, NACE
International, ISO and many national bodies. Useful information on the corrosion
resistance of materials for a given application can often be obtained from suppliers
and from the scientific and technical literature. A number of tables and databases
published in the open literature [1- 4] present the intrinsic corrosion resistance of
materials in different environments. We must keep in mind, however, that such data
are not sufficient, because they do not include electrochemical interactions that can
lead to localized corrosion or effects due to stress or wear. Engineers confronted with
materials selection therefore need to have a basic understanding of corrosion
mechanisms. Experience gained with similar equipment or installations is also a useful
source of information to avoid corrosion problems. As a last resort, one may turn to
laboratory testing.

Corrosion resistance of metals

Table 12.5 lists in a simplified manner the intrinsic corrosion resistance of pure
metals in different environments. It brings out the fact that depending on the
environment, one or another of these metals resists better to corrosion. This confirms
that corrosion resistance is a property of the metal-environment system and not just of
the metal itself.

Table 12.5 Corrosion resistance of some metals.

Fe Cr Ni Cu Al Zn Ti Ta
Humid air — + + + + + +
Cold aerated water m + + + - + + +
Seawater - + + m m - + +
Non-oxidizing acid - m m + - - + +
Oxidizing acid - + m - - - + +
Acid + CI” - + m - - — m +
Base + O, + + + + - - + m
High-temperature m + + - - - m _
oxidation

+ = good resistance
m = average resistance
— = poor resistance

Corrosion resistance of alloys

The corrosion resistance of alloys often resembles that of their principal
component. Thus, the corrosion resistance of carbon steel in a given environment is
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Figure 12.6 Variation of the corrosion rate of steel in water as a function of pH [5].

similar to that of iron, the resistance of aluminum alloys to that of aluminum, etc. In
the following, we shall briefly consider the corrosion behavior of :

e carbon steels;

e stainless steels;

¢ nickel alloys;

e copper alloys;

¢ aluminum alloys;

e titanium alloys.

Carbon steel

Carbon steels rust when they are in contact with humid air (Chap. 8) and therefore
they are usually protected by a coating. In aqueous solutions, their corrosion rate
depends on the pH (Figure 12.6). At low pH, proton reduction takes place and the
corrosion rate becomes higher as the pH decreases. In neutral solution, oxygen
transport controls the rate of corrosion, which therefore does not vary with pH. Finally,
in an alkaline solution steel passivates and the corrosion rate decreases to very low
values. This explains for example, why steel reinforcements in concrete do not
deteriorate as long as the pH stays high (pH = 13) but may rust if the pH in the
concrete drops to a lower value because of carbonation reactions of cement.

Stainless steel

Chromium in its passive state resists well against corrosion, even in the presence
of chloride ions. However, chromium metal is useful only as a coating, because its
brittleness renders it unsuitable for bulk applications. Chromium serves mainly as an
alloying element in stainless steels. The addition of chromium to steel facilitates the
establishment of the passive state in neutral and acidic environments. When the
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chromium content exceeds 12 to 13%, the steel becomes “stainless”, meaning that in
contact with humid air, a protective passive film forms instead of a rust layer
(Chapter 6).

Depending on their structure and their chemical composition, one distinguishes
six types of stainless steels (Table 12.7). In addition to the listed alloying elements,
stainless steels may contain other elements in small quantity, in particular Cu, Mn, W,
Ti, Nb, Ta, P, Si, and N. The different stainless steel families differ not only in their
corrosion resistance, but also in their mechanical properties.

Table 12.7 Chemical composition of the different types of stainless steel.

Type Crystal Cr Ni Mo C S N
structure

martensitic tetrag. 12-18 02 >0.75 02 <0.03 -
ferritic cc 1224 0-2 0-0.75 0.1 <0.03 -
austenitic cfc 18-20 8-14 0-3 <0.08 <0.03 -
super-ferrite cc 2629 034 34 <0.02 <0.01 0.02
super-austenitic ~ cfc 20 18-25 6-6.5 0.02 <0.002 0.2
duplex cfe+ce 22-26  6-7 4 0.02-0.04  0.001-0.03 0.2

The corrosion resistance of stainless steels increases with their chromium content.
Unfortunately, stainless steels with a high chromium content not only cost more, but
they are also more difficult to work with (machining, welding) than ordinary stainless
steels that contain 13 to 18% chromium. Among these, ferritic stainless steel with
17% chromium (AISI 430), austenitic stainless steel with 18% chromium and 8-10%
nickel (AISI 304) and austenitic stainless steel containing 16-18% chromium, 10—
14% nickel and 2-3% molybdenum (AISI 316) are most widely used.

Adding molybdenum and nitrogen to a stainless steel improves its resistance to
pitting corrosion in chloride-containing environments. Sulfur, on the other hand,
present in the form of sulfide inclusions, facilitates pit initiation and therefore lowers
the resistance to pitting (Chapter 7). Super ferritic, super austenitic, and duplex
stainless steels resist particularly well to pitting corrosion because of their high
chromium and low sulfur contents. Figure 12.8 highlights this fact: the pitting potential
of a commonly used molybdenum-containing stainless steel (type AISI 316) in
seawater at different temperatures is consistently lower than that of a duplex stainless
steel (25Cr-7Ni-3Mo-0.14N). The data shown also remind us of the fact that the
pitting potential of stainless steels generally decreases with temperature, making them
more susceptible to corrosion at higher temperature.

A low carbon concentration reduces the risk of intergranular corrosion of stainless
steels that results from the precipitation of chromium carbides at the grain boundaries
(Chapter 7). The presence of Ti, Nb or Ta in small amounts (stabilized stainless steels)
also works this way, because these elements form particularly stable carbides.

Austenitic stainless steels are sensitive to stress corrosion cracking in chloride-
containing environments (Chapter 11). On the other hand, they are generally more
resistant to hydrogen embrittlement than ferritic stainless steels.
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Figure 12.8 Pitting potentials of an austenitic (AISI 316) and a superaustentic (25Cr—7Ni—
3Mo-0.14N) stainless steel as a function of temperature in deaerated seawater [6].

Nickel alloys

Nickel exhibits good corrosion resistance in neutral and alkaline solutions and in
the atmosphere. However, it corrodes in strongly oxidizing acids. Chloride-containing
environments may cause pitting corrosion, especially in commercial grade nickel that
contains sulfide inclusions. Pure nickel is quite soft and is used mostly as a coating.

Numerous nickel alloys, in particular those based on copper, chromium, or iron,
have both good mechanical properties and high corrosion resistance (Table 12.9).
Copper, in particular, improves the resistance against oxidizing acids, while
molybdenum improves the resistance towards non-oxidizing acids and chloride-
containing environments. Highly corrosion resistant nickel alloys, especially those

Table 12.9 Nickel alloys.

Type Designation ~ Ni Cr Fe Mo W Cu Others
Ni 200 99.2 <04
Ni-Cu 400 ca. 67 1.25 31.5 1Si
Ni-Mo B <1 5 28
Ni-Cr-Fe 600 ca.75 16 8 <05 1.35 Al
800 32.5 21 44 <0.75 1 Si
Ni-Cr-Fe-Mo 825 42 215 29 3 <1 2 1 Ti
G 43 22 19.5 6.5 <l 2 2 Nb
Ni-Cr-Mo-W  C-276 57 155 5.5 16 4
C-22 56 22 <3 13 3
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suitable for high temperature service, contain substantial amounts of chromium
(Chapter 9).

The different nickel alloys are designated by numbers or letters, often preceded
by the proper name of the supplier, such as Inconel 600 or Hastelloy C (Table 12.9).
Because of their relatively high price, the use of these materials is limited to those
applications that require a better corrosion resistance than stainless steels can provide.
The corrosion behavior of cobalt alloys is similar to that of the corresponding nickel
alloys. Because of their good corrosion resistance some cobalt-chromium alloys are
used in biomedical implants.

Copper Alloys

Copper exhibits a good corrosion resistance in air, as well as in hot and cold
water, provided the flow velocity does not exceed a certain value (Chapter 10). The
standard potential of copper is more noble than that of hydrogen. Therefore, in the
absence of oxygen, copper resists corrosion even in acid environments. The potential-
pH diagram of Figure 12.10 illustrates this behavior.

Strong oxidizing agents that have a higher standard potential than copper readily
attack the metal. As a consequence copper corrodes in HNO5 and in aerated sulfuric
acid. It is rapidly attacked by solutions of FeCl;, a fact that is used in chemical
machining of copper. In the presence of H,S, sparingly soluble copper sulfides
precipitate on copper surfaces.

Cquz‘

potential (V)

Figure 12.10 The potential-pH diagram for copper. The concentration of dissolved ionic
species is 107 mol 17!, The lines a and b show the stability domain of water.
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Table 12.11 lists three families of copper alloys that find numerous technological
applications:

e brass;

® bronze;

e copper-nickel alloys.

The brasses (Cu-Zn alloys) have a corrosion resistance similar to that of copper.
Under certain conditions, selective corrosion of zinc may lead to dealloying however
(Chapter 7). Adding small amounts of Sn, As, Sb or P to brass permits to reduce this
kind of attack. In amine-containing environments, brass is sensitive to stress corrosion
(Chapter 11).

Bronzes are copper-tin alloys which upon prolonged contact with the atmosphere
form a dark patina that is much appreciated in the art world. In presence of certain
pollutants such as chloride the dark patinas eventually turn to green. Aluminum-
containing bronze forms surface films containing Al,O3 which improves the resistance
to erosion corrosion compared to copper or brass.

The copper nickel alloys (Cu-Ni) generally resist well in neutral chloride
environments. They are much less sensitive to stress corrosion cracking than brass.

Table 12.11 Copper alloys.

Family Composition Examples Name

Brass Cu—Zn Cu-30Zn Yellow brass
Cu-30Zn-1Sn Admiralty brass
Cu—40Zn-0.75Sn Naval brass

Bronze C-Sn-P Phosphorus bronze
Cu-Al-Ni-Fe-Si-Sn Aluminum bronze
Cu-Si-Sn Silicon bronze

Copper- Cu-30Ni-2Fe Monel

nickel 65Cu—18Ni-17Zn Copper-nickel-

zinc alloy

Aluminum alloys

Aluminum exhibits good resistance to atmospheric corrosion and to corrosion in
neutral solution. The reason is that in this pH range it is protected by a
thermodynamically stable oxide film (Figure 2.18). In acidic or alkaline environments,
aluminum oxide dissolves and the metal corrodes rapidly with simultaneous formation
of hydrogen. In presence of chloride ions, pitting corrosion may occur.

Aluminum alloys show a similar general corrosion behavior as the pure metal,
although there may be slight differences related to the alloy composition. The principal
alloying elements for aluminum are Fe, Si, Cu, Mg, Mn and Zn (Table 7.41). Among
these elements, iron and copper tend to reduce the corrosion resistance, because
intermetallic phases can precipitate at the grain boundaries during thermal treatment
(Table 7.44), and promote sensitivity to intergranular corrosion and stress corrosion
cracking.
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Figure 12.12 Pitting potential of titanium in 0.53 M NaCl and in 1 M NaBr as a function of
the temperature [7].

Titanium alloys

Titanium forms extremely stable passive oxide films and therefore exhibits
excellent corrosion resistance in oxidizing acids or chloride environments. To illustrate
this fact Figure 12.12 shows measured values of the pitting potential in NaCl and
NaBr solution at different temperatures. In 0.53M NaCl, the value of E;, at ambient
temperature exceeds 10V, which excludes any possibility of spontaneous pitting. At
higher temperatures, the pitting potential decreases, but always remains higher than
the potential of the oxygen electrode. In reducing environments, titanium is more
susceptible to pitting corrosion, because the formation of the passive film requires the
presence of an oxidizing agent. To facilitate passivation in non-oxidizing acidic
environments one can add to the titanium a small amount of Pd (0.15%) which
catalyses proton reduction. The main alloying elements of titanium, however, are
aluminum, vanadium and niobium.

A popular titanium alloy, originally developed for aerospace applications, has the
composition Ti-6Al-4V. It contains two phases, the oi-phase which has a (hc) structure
and the B-phase having a (cc) structure. Compared to pure titanium, Ti-6Al-4V
exhibits much better mechanical properties, whereas its corrosion resistance in
chloride media is almost as good as that of pure titanium. Titanium and its alloys are
the materials of choice for biomedical implants that require mechanical strength and
good corrosion resistance in chloride media. In addition, titanium and its alloys exhibit
good compatibility with biological tissue.
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12.2 COATINGS

12.2.1 Maetal coatings
Protection mechanisms

Metallic coatings such zinc and its alloys are commonly used to protect steel
against atmospheric corrosion. Copper and brass are often coated with metals for
decorative purposes as well as for improved corrosion resistance. Examples include
chromium coated water faucets or gold coated electric contacts in printed circuit
boards. Metallic coatings also serve for wear protection in tribological applications.

From the point of view of corrosion protection, we distinguish two types of
metallic coatings:

e those that are more noble than the substrate;

e those that are less noble than the substrate.

Chromium, nickel and copper used as coatings on steel are more noble than the
substrate. In contrast, zinc, cadmium and aluminum form coatings that are less noble
than steel. In all cases, the coating provides a barrier between the base metal and the
corrosive environment and thus reduces corrosion, provided its own corrosion rate is
low. The difference between the two types of coatings becomes apparent in the
presence of defects, such as pores or scratches that permit the formation of a corrosion
cell between the coating and the substrate.

If the coating is more noble than the substrate (Figure 12.13(a)), the base metal
which forms the anode in a corrosion cell experiences galvanic corrosion. The cathode
area being much larger than the anode area the effect of galvanic coupling greatly
accelerates the local corrosion rate. Coatings that are more noble than the substrate
must therefore be free of defects if they are to protect the substrate against corrosion.

On the other hand, when the deposit is less noble than the substrate (Fig. 12.13(b)),
the situation reverses. If there is a defect, the coating becomes the anode while the
exposed substrate is cathodically protected. Because the surface of the coating largely
exceeds that of the defect, the acceleration of the corrosion rate of the coating due to

(a) v

o \ -

Figure 12.13 Corrosion in the presence of coatings that are (a) more noble and (b) less noble
than the substrate.
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Figure 12.14 Lifetimes of zinc coatings on steel exposed to a polluted atmosphere as a
function of their thickness [8].

galvanic coupling remains limited. The useful lifetime of the coating depends on its
corrosion rate and is expected to be proportional to the thickness. This has been
confirmed for zinc coatings on steel exposed to atmospheric corrosion (Figure 12.14).
The lifetimes of zinc coatings fabricated by different methods is plotted as a function
of their thickness. In these tests, the lifetime has been arbitrarily defined as the time
required for 5% of the total exposed surface to exhibit rusting. Rust appears before
the entire coating has been corroded because the cathodic protection of the steel
provided by the coating works only over a short distance under typical atmospheric
corrosion conditions.

Fabrication of metal coatings

Metal coatings can be fabricated by a variety of processes:
o clectroplating;

¢ clectroless plating;

e immersion into liquid metal;

¢ physical or chemical vapor deposition (PVD, CVD);

¢ thermal spraying.

To fabricate a coating by electroplating, the substrate is branched as the cathode
in an electrolysis cell. The electrolyte contains the depositing metal ions and usually
also complexing agents, buffering agents, inert salts and organic additives.
Electrodeposition is particularly well suited for coating of large numbers of small
pieces such as screws, using continuous barrel plating. High-speed electroplating
processes serve for coating of steel sheet in the automobile industry or of lead frames
in the electronics industry. Deposition rates as high as a micrometer per second are
typical for zinc plating of steel sheet that moves through the electrolyte at speeds that
often exceed one meter per second.

A large number of metals can be electrodeposited: Cu, Ni, Cr, Zn, Cd, Sn, Au,
Ag, Pd, Pt, as well as many alloys: Sn-Pb, Zn-Ni, Zn-Fe, Au-Cu, Ag-Pd, Ni-Pd, etc.
Reactive metals such as aluminum can in principle be electrodeposited from organic
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electrolytes or from molten salts, but such processes have not found any significant
application for producing coatings.

Electroless plating is a “reverse” corrosion reaction: metal ions dissolved in the
electrolyte are reduced chemically on the substrate surface by a reducing agent that is
present in the electrolyte. Electroless plating is widely used to coat steel substrates
with Ni-P alloy. It is also used in electronics for the deposition of copper. The
reduction of Ni** jons by hypophosphite (H,PO53) illustrates the principle of the
process:

Ni**+ H,PO; + H,0 — Ni+H,PO3 +2H* (12.1)

The actual reaction is more complicated than equation (12.1) because phosphorous
and protons are also reduced. As a result, a nickel phosphorous alloy rather than pure
nickel is obtained. Under appropriate conditions, the reduction reactions only take
place at the metal surface, which acts as a catalyst. Electroless plating thus produces a
compact coating of uniform thickness all over the substrate surface. In contrast to
electrodeposition, electroless plating can also be used with insulating substrates, such
as polymers, the surface of which has been previously activated by a suitable catalyst.

Immersion coating is a classic process for applying zinc onto steel. The object
made of steel is briefly immersed into a bath of liquid zinc (boiling point: 420 °C)
and a zinc deposit forms whose thickness depends on the immersion time. At the Fe-
Zn interface, a interdiffusion zone is created that ensures good adhesion. Other metals
with low melting points, in particular aluminum, can be deposited in the same fashion.

Deposition from the gas phase can be performed by a wide variety of physical
(PVD) and chemical (CVD) processes, with or without assistance of a plasma. These
processes are particularly well suited for the fabrication of thin coatings of refractory
materials such as carbides, nitrides, borides or diamond like carbon (DLC). The
resulting coatings are useful for tribological and other functional applications, but
they generally offer only a limited corrosion resistance.

Physical vapor deposition (PVD) includes simple evaporation as well as sputter
deposition processes. The latter are most common. Figure 12.15 schematically
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M
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Figure 12.15 DC-current two-electrode sputter deposition system.
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represents a two-electrode, direct-current sputter deposition system, used for the
fabrication of metallic coatings. In a vacuum chamber that contains argon or some
other gas at low pressure, a voltage on the order of 2000 V is applied between the
target (as the negative pole) and the substrate (positive pole). Ionization of the gas
results in the formation of a plasma. The electric field accelerates the Ar* ions of the
plasma in the direction of the target, and the collisions between the impinging argon
ions and the target atoms lead to ejection of the latter. They deposit on the substrate
(as well as on the walls of the vacuum chamber) where they form a compact adherent
coating.

The use of high-frequency alternating current instead of direct current (rf
sputtering) permits the deposition of non-conducting materials. The difference in
mobility between the electrons and the plasma ions creates the electric field required
for the deposition. The deposition of compounds such as oxides, carbides, etc., by
sputter deposition can be carried out in two fashions, either by using a target made of
the compound that is to be deposited or by using a metal target in the presence of a
reactive gas such as oxygen, methane, etc. In the latter case, the desired compound
forms during the deposition by a chemical reaction between the metal ions and the
gas (reactive sputtering).

Chemical vapor deposition (CVD) employs a gas mixture that contains a volatile
chemical compound of the metal to be deposited and a reducing agent, such as
hydrogen or methane. When the gas mixture is introduced into the reaction chamber,
the volatile metal compound is catalytically reduced at the surface of the substrate and
a thin deposit forms. For example, titanium carbide can be deposited at temperatures
between 800 and 1100 °C according to the reaction:

TiCl, + CH, — TiC + 4 HCI (12.2)

CVD processes are well suited for the deposition of refractory coatings such as
titanium carbides or nitrides, as well as for the fabrication of amorphous or
microcrystalline carbon coatings. Conventional CVD processes normally require high
temperatures, which limits the number of substrates that can be treated. To circumvent
this problem a number of processes have been developed that use a plasma to enhance
the reaction rate (plasma enhanced CVD). These processes combine chemical reactions
typical for CVD with plasma deposition typical for PVD and therefore the two types
of processes increasingly overlap.

Thermal spraying involves spraying of the coating material in liquid form onto a
substrate. The droplets rapidly solidify when reaching the surface. The method is
particularly well adapted for the fabrication of relatively thick coatings, but unless the
process is carefully optimized sprayed coatings risk to be porous. For thermal spraying
of low melting metals, such as zinc, the metal to be sprayed is usually introduced into
the spray gun as a continuous wire. An oxygen flame provides the energy required to
melt the metal and project it onto the substrate to be coated.

Plasma spraying uses a similar approach for producing coatings of refractory
materials such as oxides, nitrides or carbides. Because these materials melt at much
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higher temperatures a plasma is formed in the spray gun. The coating material is
introduced into the gun as a powder. At the extreme temperatures prevailing in the
plasma, the powder melts and partly ionizes. The coating material is accelerated by an
electric field established between two electrodes in the plasma gun and is projected
onto the substrate where it solidifies. Plasma spraying is widely used for the fabrication
of coatings that protect against high-temperature corrosion (Chapter 10).

12.2.2 Inorganic non-metallic coatings

There are two types of inorganic non-metallic coatings: conversion coatings and
contact coatings. Conversion coatings are obtained by a controlled corrosion reaction
of the metal to be coated in a suitably chosen solution. Conversion coatings therefore
always contain cations from the substrate itself. Contact coatings, on the other hand,
are prepared by a deposition process, such as PVD or electroplating, that do not
involve a chemical reaction of the substrate. The chemical composition of such
coatings is therefore independent of the substrate.

Conversion coatings

Conversion coatings are usually grouped according to their fabrication processes
into three types:

e coatings obtained by anodizing;

e coatings obtained by phosphatizing;

e coatings obtained by chromatizing.

The reinforcement of the natural oxide film on valve metals (Al, Ti, Ta, Zr) by
anodic oxidation is known as anodizing. Anodizing of aluminum is by far the most
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Figure 12.16 Number of pits formed on anodized aluminium as a function of the oxide
thickness upon exposition to an industrially polluted atmosphere for a period of 8 years [9].
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important application of this process. Aluminum is often anodized for decorative
purposes (coloring), to harden the surface or to increases its resistance towards
atmospheric corrosion, in particular pitting. This is illustrated by Figure 12.16 which
shows the number of pits formed on anodized aluminum after an exposure to a
polluted atmosphere for 8.5 years as a function of the thickness of the anodized film.
The resistance to pitting corrosion clearly improves with increasing oxide film
thickness.

In order to anodize aluminum, the metal is immersed into an anodizing solution,
typically sulfuric acid, and a voltage of 15 to 25 V is applied for a period of about 30
to 60 minutes. The natural oxide film on aluminum grows under the effect of the
applied voltage and eventually a thick film is formed, whose structure is schematically
shown in Figure 12.17. The metal surface is in contact with a compact inner oxide
layer, called the barrier layer, whose thickness varies between 20 and 100 nm
depending on applied voltage. The barrier layer grows by high-field ionic conduction
as discussed in Chap. 6, the growth constant having a value of 1 to 1.2 nm/V.

The growth mechanism of the outer porous layer involves a dissolution reaction
at the bottom of the pores followed by precipitation of oxide near the pore opening.
As a consequence, its growth does not require a high electric field and it can reach a
much greater thickness than the barrier layer, up to many micrometers. The ionic
current passes across the outer film by diffusion and migration of dissolved ions in the
electrolyte that fills the pores. The effective ionic conductivity of the outer layer
therefore largely exceeds that of the barrier layer.

To seal the pores in the anodic oxide, a second process step is added in which the
anodized metal is immersed in boiling water for a few minutes. A hydration reaction
occurs, which transforms the alumina of the outer layer into boehmite, a monohydrated
aluminum oxide. The resulting increase in volume shuts the pores. The oxide films
formed by anodizing can be colored by adding pigments to the anodizing solution.
These adsorb onto the surface of the pores in the growing oxide. Pore sealing then
traps them inside the pores, yielding a stable colored oxide film.

To reinforce the natural oxide film on other passive metals, in particular stainless
steels, a chemical passivation treatment is sometimes applied. The passivation
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Figure 12.17 Structure of the oxide layer formed by the anodization of aluminium.
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treatment of stainless steel typically involves a short immersion of the metal in nitric
acid, an oxidizing agent. This reinforces the passive film, and it also dissolves sulfide
inclusions present at the surface, which can act as pit initiation sites. Both effects are
beneficial for corrosion resistance.

Phosphatizing is applied to carbon steel in order to improve the adhesion of
paints. One distinguishes thin phosphate layers (0.2-0.8 g/m?), essentially composed
of iron phosphate, medium thick phosphate layers (1.5-4 g/m?), which usually contain
zinc phosphate, and heavy phosphate layers (7-30 g/m?) that contain the phosphates
of iron, zinc and magnesium. Heavy phosphate layers provide corrosion protection
even in the absence of paint.

Phosphate layers are fabricated by immersing the object into an acid solution that
causes corrosion of the steel. The anodic partial reaction yields sparingly soluble iron
phosphates which precipitate on the steel surface, thus forming a protecting layer.

3Fe+6H" — 3H, +3Fe’" (12.3)

3Fe** + 2H,PO; — Fey(PO,), + 4H* (12.4)

The actual reaction stoichiometry is more complicated than expressed by the
equations 12.3 and 12.4. The reason is that usually an oxidizing agent is added to
accelerate the corrosion reaction and, in addition, a variety of precipitation reactions
can take place, depending on the electrolyte composition and the operating conditions.
In the presence of zinc and magnesium salts, for example, iron-zinc or iron-magnesium
mixed phosphates form on the steel surface. Adding a strong oxidizing agent to the
electrolyte yields ferric phosphates rather than ferrous phosphates or a mixture of
both.

Chromatizing is applied to zinc and to aluminum, often after an anodizing pre-
treatment, in order to reinforce the corrosion protection provided by the oxide film.
Unfortunately, chromates are toxic and therefore chromatizing treatments are no
longer acceptable, in spite of the fact that they provide excellent corrosion protection.
They are replaced by less polluting surface treatments such as phosphatizing or
suitably chosen coatings.

A chromatizing treatment consists of immersing the object to be treated into an
electrolyte that contains chromate or dichromate ions. Reaction (12.5) shows a
simplified stoichiometry for the reaction of a bivalent metal with chromates taking
place under these conditions.

2Cr0; +3M+4H" — 3MO +Cr,0; +2 H,0 (12.5)

According to this equation the hexavalent chromate ion is reduced to trivalent
chromium oxide thereby oxidizing the metal to its oxide. A surface layer forms that
contains both Cr,03 and MO. In reality, the corrosion reactions that take place during
chromatizing do not follow such a simple stoichiometry because mixed oxides
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MCr,Oy, hydrated oxides and hydroxides also form. In addition the surface film
contains chromates that have not completely reacted and electrolyte species such as
phosphates. The composition of chromatizing layers therefore is rather complex and
depends on the operating conditions of the process.

The corrosion protection mechanism of chromatizing layers involves a barrier
effect of the oxide film and a chemical effect of the trapped chromates: these maintain
oxidizing conditions at the surface and thus facilitate passivation of the metal if pores
or other defects are present in the film.

Contact coatings

Non-metallic inorganic contact coatings made of materials not related to the
substrate include:

e enamel coatings;

e cement coatings;

® ceramic coatings.

Enamels are silicate-based vitreous coatings. They are used to protect objects
made of steel or cast iron. Their thickness varies between 0.05 et 1 mm. They contain
Si0, (30-60 %), B,O3 (10-20 %) and Na,O (15-20 %), as well as other oxides, in
particular Al,O3, TiO,, ZrO,, CaO, BaO. Enamels are applied in the form of a paste,
by immersion or with a spray gun. They are then baked at temperatures generally
between 750 °C and 900 °C.

Enamels are corrosion resistant in neutral and acidic environments, even at high
temperatures. On the other hand, they degrade more easily in alkaline media. Their
behavior varies with composition. A high SiO, content, or the presence of TiO,,
increases the corrosion resistance in acids, whereas reducing the concentration of
Na,O, and adding of ZrO,, improves the resistance in alkaline environments. Enamel
coatings protect the substrate by forming a barrier between the metal and the corrosive
environment. The protection is therefore only effective as long as the coating is free
of defects.

Cement coatings and linings are used in civil engineering to protect structures
and pipes made of steel. The coatings are often applied by use of a spray gun. They
harden by hydration of the cement.

Refractory ceramic coatings comprise oxides, carbides, nitrides, borides,
amorphous carbon and diamond. Thin coatings (typically 3-30 pum), are used for
decorative purposes, for improved wear resistance and to a lesser extent for corrosion
protection. They are usually applied by PVD techniques as described in the previous
section for metallic coatings. Thicker coatings are most often fabricated by plasma
spraying. They may reach thicknesses of several hundred micrometer. This type of
coating is mostly used to improve the wear and erosion resistance of the substrate
material and to provide protection against high temperature corrosion.
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12.2.3 Organic coatings
Classification of organic coatings

Organic coatings used for corrosion protection can be grouped into three
categories:

e bituminous coatings;

® polymer coatings;

e paints and varnishes.

Bituminous coatings are used to protect buried steel or cast iron structures against
corrosion by providing a barrier between the metal and the environment. Bitumen is
composed of a variety of high boiling point hydrocarbons found in the residues of
petroleum distillation. The thickness of bituminous coatings can reach several mm.
Their plasticity considerably reduces the risk of mechanical damage of the coating
that would locally expose the metal.

Polymer coatings for metal protection against corrosion come in a great variety.
They include:

e thermoplastic coatings (polyethylene, polypropylene, PVC, PTFE etc);

e rubber coatings (natural or synthetic);

¢ thermosetting coatings (polyurethanes, epoxies, polyesters etc.).

The thickness of polymer coatings is typically on the order of 100 to 500 yum but
varies greatly depending the application. Thick polymeric coatings are applied by a
number of techniques: as powder, with spray guns, by lamination, by immersion, etc.

Thermoplastic coatings are often fabricated from powders. To coat a metallic
object it is either dipped into a fluidized bed from which the powder deposits or one
uses a spray gun to project the powder onto the metal surface. In electrostatic powder
coating the polymer powder is projected in the presence of an electric field. This
permits coating of recesses and hidden faces that are not in line of sight with the spray
gun. After application of the powder, the object is annealed, and the powder transforms
into a compact polymer coating.

Thermosetting resins such as epoxies and polyurethanes used as coatings are
often produced from liquid precursors. With a spray gun, the two components of the
resin are projected onto the metallic surface where they react with each other to form
the coating.

The effectiveness of corrosion protection provided by a polymer coating depends
on two factors: its intrinsic chemical stability in a given environment and the absence
of defects that permit local exposure of the metal. Table 12.18 indicates the intrinsic
chemical resistance of a number of thermoplastic coatings.

Paints and varnishes, although chemically similar to polymeric coatings, differ
by the way they are applied, which, most often, involves the use of a carrier: water or
an organic solvent. However, there are exceptions to this rule: the application of
certain oven-dried paints and varnishes used in the automobile industry and elsewhere
does not require a carrier. The separation between polymeric coatings and paints is
therefore not sharp. Several layers of paint are usually applied to metal surfaces that
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Table 12.18 Chemical resistance of some thermoplasts used as coating materials.

Coating Useful Acids Oxidizing Bases Solvents
temperature range acids
(°O)
PE - +
PTFE - 80-250 + + +
PVC —35-65 m m -
Polyamide (Nylon) —50-100 - - m +
Chlorinated —-60-120 + m + +
polyether (Penton)
+ = good
m = medium
— = poor

are to be protected against corrosion. Primary paints form the first layer in contact
with the metal and serve for corrosion protection. One or more finishing paints are
then applied on top of it.

Paints are normally opaque liquids due to the fact that the polymer forms an
emulsion in the solvent. Varnishes, on the other hand, are monophase liquids that may
be colored or not. Once applied onto the substrate, they often have a shiny appearance.
They are used mostly as decorative layers. In practice, one does not always make a
clear distinction between paints and varnishes, and the two terms are often employed
interchangeably.

Main components of paints

Four types of components are usually found in paints used for corrosion protection:
e the binder;

e the solvent;

¢ the pigment,

the additives and fillers.

The binder is the most important component of any paint; it guarantees the
cohesiveness of the film and its adhesion on the substrate. A wide variety of synthetic
polymers as well as derivatives of fatty acids are employed for this purpose, such as
PVC (vinyl paints), PMMA (acrylic paints), epoxies, polyurethanes and mixtures of
polyesters with fatty acids (alkyd paints).

Paints are usually named after the binder they contain: alkyd paints, vinyl paints,
epoxy paints, etc. To obtain specific properties, different polymers are sometimes
mixed to form a binder. Table 12.19 shows another classification scheme for paints,
based on the modes of drying and reticulation [10]. Certain liquid paints already
contain the final polymer chains. During drying (physical drying), van der Waals
bonds are created between them as the solvent gradually evaporates. Other paints
contain binders of low molecular weight. During drying (chemical drying), these
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molecules react chemically with the air. Another possibility is that they react between
themselves in a polymerization reaction (drying by polymerization). In some cases
polymerization requires a high temperature and is carried out in an oven.

Table 12.19 Classification of paint according to drying mode

Drying mode Mechanism of film formation Examples
Physical drying Solvent evaporation Cellulose paints
(organic) Vinyl paints
Acrylic paints
Rubber
Evaporation of Vinyl copolymers
emulsifying agent Acryl copolymers
(water)
Chemical drying Oxidation polymerization Alkyds

Other binders containing
fatty acids

Polycondensation Polyesters
Aminoplasts
Phenyl resins
Polyaddition Epoxies
Isocyanates
Radical polymerization Unsaturated polymers

The presence of a solvent, facilitates the application of a paint in the liquid state.
Organic solvents, such as “white spirit”, dissolve low-molecular-weight binders.
Linseed oil is a natural organic solvent, often used in alkyd paints. Modern paint
formulations increasingly use water as a solvent, thus avoiding pollution of the
environment and health risks due to solvent evaporation. Water does not dissolve the
binder. Rather, the polymer forms a colloidal emulsion, the colloid particles having a
diameter of about 0.1 to 0.5 um. Once the paint has been applied, the water evaporates,
leaving behind the binder, which coagulates to a compact film.

Pigments are added to paints to give them a desired color, but a number of
pigments serve primarily as corrosion inhibitors. Pigments used for corrosion
protection are mostly inorganic compounds with some oxidizing power. Among these,
the lead oxide, Pb3O4 (minium), and zinc chromate, ZnCrO,  are best known but
there are many others: PbCrO,4, CaPbQOy, Zns(PO,4), SrCrO4, CaMoQOy4, StMoQy,
ZnMoOQy, etc.

Minium, Pb;0,4, of orange color, is widely used in alkyd paints that serve as
primary paints on steel for corrosion protection. In a similar way as chromates and
molybdates, minium promotes the passivation of the steel surface, although the
reaction mechanisms involved are not all known in detail. Unfortunately, pigments
containing lead or chromate are toxic and they will have to be replaced with other
compounds that are less harmful to the environment. Molybdates or organic molecules
such as the tannins can fulfill this task, but their protective power is still inferior. For
certain applications zinc rich paints, provide an interesting alternative. They contain
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metallic zinc powder in an organic matrix and can protect steel in a similar way as a
metallic zinc coating.

Additives and fillers fulfill a variety of functions. Some additives modify specific
paint properties such as the viscosity, the resistance to oxidation or the surface tension.
Fillers are low-cost substances, such as titanium oxide or calcium carbonate, that
increase the mass and the volume of paints. They also improve certain properties of
the film, such as its abrasion resistance.

Coating systems

To protect metallic structures against corrosion and give them an aspect that
appeals to the eye, more than one layer of paint is usually required. In the simplest
case, a primary paint containing a corrosion inhibiting pigment is applied for corrosion
protection followed by one or more layers of secondary paint to provide a desired
color. In applications that require a particularly good corrosion resistance, several
layers of different types of coatings are applied. Car body panels provide a good
example [11]. Steel may first be coated with zinc or zinc alloy, followed by a
phosphate layer to provide good adhesion, followed by a primary coat for mechanical
and corrosion resistance, followed by one or two topcoats that provide the desired
color and surface finish. In a modern coating system each component has its specific
function and its properties must be optimized accordingly.

12.2.4 Protection and degradation mechanisms of paints

Paints protect metallic substrates by different mechanisms, the relative importance
of which depends on the chemical nature and the thickness of the coating and on the
presence or not of defects and surface contaminants:

e barrier effect;

e inhibition of corrosion reactions;

e prevention of corrosion cells;

e galvanic effect

Barrier effect

Polymer films form a barrier between the metal substrate and the environment.
This protects the metal provided that the barrier is impermeable to corrosive agents
and remains free of defects. Paint films rarely fulfill these conditions. Firstly, they
may contain defects such as pores and scratches that perforate the barrier. Secondly,
even intact paint films are permeable to oxygen and water to an extent that varies with
their structure, thickness and chemical composition.

The permeability of a coating for oxygen or water vapor depends primarily on
the molecular structure and chemical nature of the binder, especially the degree of
cross-linking, but it is also affected by the presence of pigments, additives and fillers.
For good corrosion protection, an organic coating should have the smallest permeability
possible. To experimentally determine the permeability, one measures the flux through
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a paint film that has been removed from the substrate. The flux N; of a species i
(water, oxygen) through a film of thickness L is equal to:

Ci,1 76,2
L

(12.6)

In this equation D; represents the diffusion coefficient of species 7 in the polymer
and c; its concentration. The concentration at the outside surface, ¢; 5, is given by the
solubility of i in the polymer. The concentration at the inside surface, c; 1, is zero if
the reaction rate at the metal is mass transport controlled. By defining the permeability
for species i,

P =D ¢, (12.7)

we obtain for the absolute value of the flux:

T
IN; = PLi (12.8)

According to equation (12.8) the flux is inversely proportional to the thickness of
the film. A thicker film is therefore less permeable. Solids, such as TiO,, that are
added to paints as fillers or pigments tend to reduce the flux of oxygen or water,
provided they exhibit good adhesion to the polymer matrix. The particles increase the
effective length of the diffusion path because the diffusing species must pass around
them.

At ambient temperature, the solubility of water in a typical paint film exposed to
a relative humidity of 100%, reaches 0.5 to 3% by weight and the diffusion coefficient
varies between 1074 and 107! m?%/s [12]. This corresponds to a water permeability
of 107 to 10712 mol/m s. The solubility of oxygen in paints is on the order of some 70
mol/m? at atmospheric pressures, and the diffusion coefficient varies between 10712
and 10719 m?/s [13]. This results in an oxygen permeability of 1075 to 1071° mol m™!
s~!. These values indicate that thin paint films do not prevent water and oxygen from
reaching the metal surface. However, they slow down the reaction rate.

In spite of being permeable to oxygen and water, paints can protect metals by the
barrier effect provided they are impermeable to anions and gaseous pollutants.
Atmospheric corrosion is an electrochemical phenomenon (Chapter 8) and requires
the presence of an electrolyte at the metal surface. If no anions arrive there, no
electrolyte can be formed with the dissolving metal cations and no corrosion takes
place.

Inhibition of corrosion reactions

Certain substances added to paint act as corrosion inhibitors. Weakly soluble
oxidizing pigments, such as minium (Pb3O,) or zinc chromate (ZnCrO4)promote the
passivation of the substrate as long as their constituent ions can enter into contact with
the metal surface. The presence of water in the film permits to dissolve small amounts
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of inhibitor. These substances are therefore particularly effective in relatively
permeable paints, such as alkyd paints.

Passivation is not the only inhibition mechanism possible in a paint film. Tannins,
for example, added to certain primary paints for steel, form complexes with the ferric
and ferrous ions. The ferric complexes, weakly soluble, precipitate at the film-metal
interface, thus reducing the reactive surface area. In addition, the ferrous complexes
reduce the concentration of the dissolved ferrous ions. These are required for the
formation of magnetite, one of the intermediate steps of the atmospheric corrosion of
steel. By preventing the transformation of lepidocrocite into magnetite during
consecutive humidity cycles, the average corrosion rate is decreased [14]. In addition,
this might reduce the loss of paint adhesion caused by the periodic volume changes
associated with these phase transitions.

Suppression of corrosion cells

The presence of an organic coating influences the functioning of microscopic
corrosion cells that are responsible for the atmospheric corrosion of steel. In Figure
12.20, an aeration cell in the presence of a paint film is shown. The ionic current
between the anode and the cathode either follows the paint-metal interface or passes
through the film. In order to reduce the corrosion rate, this current must be kept small.
Good adhesion of the paint to the substrate prevents an electrolyte from forming at
the paint-metal interface and thus augments the electrical resistance between anodic
and cathodic areas. A low ionic conductivity of the paint matrix reduces the current
flow within the film. The electrical resistance of a paint is therefore a valid quality
criterion. Its value should be between 103 and 10'° ohm m‘z, but in no case lower
than 10'' ohm m~2 [12].

02 air
film
Iion
o
+ —
\I/‘ metal

Figure 12.20 The electric and ionic currents in a corrosion cell in the presence of an organic
coating. The ionic current passes through the film or along the film-metal interface. The
electrons in the metal move in the direction opposite to the current.

Galvanic effect

Zinc rich paints contain up to more than 90% zinc powder, mixed with an organic
resin. They are mostly used as primary coats on steel to provide corrosion protection.
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The protection mechanism is similar to that of metallic zinc coatings: zinc is less
noble than steel and protects the substrate by forming a galvanic corrosion cell, in
which zinc is the anode. This mechanism is particularly active in presence of defects
in the coating that provide an electrolyte path to the substrate surface. In addition, the
atmospheric corrosion of zinc yields voluminous solid corrosion products (oxides,
carbonates, etc.) that are capable of blocking pores or small defects in the coating,
thereby reinforcing its barrier effect.

Degradation of paint films

Several mechanisms can contribute to paint degradation and to the loss of its
protective properties (Figure 12.21):

e ageing of the resin;

e formation of blisters;

e cathodic delamination.

Ageing

The ageing of paints (Fig. 12.21(a)) is the result of complex physical and chemical
changes in the polymer that take place upon prolonged exposure to the environment.
Ultraviolet radiation and oxidation reactions are particularly damaging. They render
the paint film increasingly brittle and thus reduce its resistance to abrasion and to
cracking. The defects thus created facilitate the formation of aeration cells.

Figure 12.21 Mechanisms of the degradation of paint films: (a) degradation of a polymer due
to ultraviolet radiation or chemical attack; (b) the formation of blisters by osmosis; and (c)
cathodic delamination due to the formation of corrosion cells.

Blister formation

Blister formation (Fig. 12.21(b)) is an osmotic phenomenon in which the paint
film acts as a semi-permeable membrane. Ionic contaminants present at the interface
between the metal and the paint film form a concentrated electrolyte with the water
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diffusing through the film. An osmotic pressure develops that attracts more water. The
film locally detaches from the substrate and a small blister forms. If the film exhibits
high plasticity and has a relatively low adhesion to the substrate, the blisters grow
with time and an ever-larger fraction of the paint film detaches from the substrate. On
the other hand, in case of a brittle film, the pressure build up at the interface causes
cracking of the film and exposure of the substrate. In both cases the paint looses its
protective properties.

Cathodic delamination

Cathodic delamination is a loss of adhesion that results from an increase in pH
due to a cathodic reaction at the metal-coating interface. Cathodic delamination as
well as blister formation are often the result of a faulty application of the coating, in
particular insufficient cleaning of the metal before painting. Defects in the film that
result from mechanical damage (scratches, impacting particles) are also a starting
point for cathodic delamination, because corrosion cells may form between the
protected and damaged areas.

Figure 12.21(c) schematically shows the reactions that cause cathodic delamination
during the atmospheric corrosion of a coated steel. In presence of a defect, the steel
surface becomes exposed to the atmosphere and the metal locally corrodes. Because
oxygen can diffuse through the paint film it reacts not only at the defect site, but also
at the paint-metal interface nearby, rendering it slightly cathodic with respect to the
defect site. A corrosion cell starts to form. As rust increasingly covers the defect area,
the access of oxygen to the metal surface diminishes and this accentuates the
development of the corrosion cell. The defect area thus becomes increasingly anodic
relative to the paint-covered metal. The reduction of oxygen underneath the paint
(cathodic partial reaction) leads to an increase of the pH at the metal-film interface
and, as a consequence of this, to a loss of adhesion of the paint and its flaking off
(cathodic delamination). A pH increase at the paint-metal interface, and hence cathodic
delamination, is also observed when a coated metal is subjected to an intense cathodic
polarization. The same mechanism accounts for loss of adhesion during blister growth.

The loss of adhesion resulting from the rise in pH during cathodic delamination
has been explained by different phenomena: saponification reactions of functional
groups of the binder (esters, amides); reactions of intermediates of the oxygen
reduction (H,O,, OH") with the coating; dissolution of the oxide at the metal-paint
interface rendered possible by the high pH. In practice, the risk of cathodic
delamination can be reduced by improving the chemical resistance of the paint film to
alkaline attack or by an appropriate chemical pretreatment of the metal surface such
as phosphatizing in order to stabilize its pH.

12.2.5 Experimental study of metal protection by organic coatings
Accelerated exposure tests

Exposure tests, accelerated or not, are still most widely used in industry for
evaluating the durability of organic coatings and their effectiveness for corrosion
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protection. These tests are described in detail in numerous norms and standard
practices edited by professional organizations. Accelerated exposure tests are based
on the use of climate chambers that permit to simulate wetting and drying cycles in a
controlled atmosphere (pollutants), with or without periodic irradiation of the sample
with light or with ultraviolet radiation. Salt spray tests are also popular for the
evaluation of certain types of coatings. The aggressiveness of the test can be increased
by adding oxidizing agents such as a copper salt to the salt mist. Because corrosion of
coated metals usually starts at defects such as scratches or pinholes, one can accelerate
testing by using coatings that contain a scribe. Corrosion then progresses from the
scribe and can be easily located. Using scribed samples also improves the
reproducibility of corrosion tests of coated metals.

Electrochemical methods

Electrochemical methods are well adapted for characterizing the corrosion
behavior of coated metals in solution. Because of the high resistance of organic
coatings, ac methods are generally more suited than dc polarization methods. In
electrochemical impedance spectroscopy (EIC) one measures the response of the
coated electrode to a small amplitude ac perturbation as a function of frequency
(Chapter 5). The interpretation of the measured frequency response, in principle,
requires a physical model. However, for coated metals useful information is more
easily obtained by representing the metal-coating-electrolyte interface by an electrical
circuit (equivalent circuit).

A simple equivalent circuit that provides an intuitively reasonable description of
the different contributions to the impedance is shown in Figure 12.22. It assumes that
the coating, which is non-conducting, contains pores and pinholes filled with
electrolyte through which the current flows. The circuit contains three resistances: the
electrolyte resistance between the reference electrode and the coating, R, the
resistance in the pores of the coating, Ry, and the charge transfer resistance at the
interface metal-electrolyte at the bottom of the pores, R,. In parallel to the charge
transfer resistance is the double layer capacity at the metal-electrolyte interface in the

C

coat

Figure 12.22 Electrical model circuit for the interpretation of the impedance response of a
coated metal in contact with an electrolyte.
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pores, Cg4. Finally, the capacity C., represents the capacity of the coating. In the
absence of pores, the interface would behave as a capacitance of value C.gy.

The variation of the coating capacity with time yields the rate of water uptake of
a coating because water changes the dielectric constant and hence the value of C.gy;-
The variation of R, with time provides an indication of the rate of deterioration of
the coating: R}, diminishes progressively as the coating looses adhesion. However,
the relation between Ry, and delaminated area is not straightforward and therefore
only qualitative information is obtained. A serious difficulty with impedance
measurements applied to the study of coatings, is reproducibility. To improve the
accuracy of results, one can use statistical methods for data interpretation or study
coatings that contain well-defined artificial defects.

Adhesion tests

Good adhesion of the coating on the substrate is crucial for efficient corrosion
protection. There are several methods for measuring the adhesion of a coating, but
none of them really satisfactory. In the field, one measures the adhesion of coatings
with an adhesive tape. A chosen area of the coating is cut into small squares with a
knife. An adhesive tape is brought into contact with the cut area and then torn off.
Some squares will stick to the tape, others remain on the substrate. The relative
proportion of these is a qualitative measure of adhesion.

To measure adhesion in the laboratory, a small metal disk is glued to the coating.
After drying, the assembly is subjected to a tensile test and one measures the force
needed to separate the coating from the metal. Depending on the adhesive strength of
the interface with respect to the cohesive strength of the coating, the fracture surface
will lie at the coating-metal interface or within the coating itself. In a similar way, one
can apply a torsion force instead of a traction. Both methods permit in principle to
quantify adhesion, but they have serious shortcomings that limit the reproducibility of
obtained results: the alignment of the set up during the test is critical, and gluing of
the coating to the metal disk must not alter its properties.

Physical methods for the study of the coating-metal interface

In recent years a number of physical methods have been developed for the study
of corrosion reactions underneath coatings including the scanning Kelvin probe and
scanning acoustic microscopy. These methods are not yet used for industrial testing,
but they are useful for studies aimed at a better understanding of reaction mechanisms
that govern the effectiveness of coatings for corrosion protection and their adhesion
to the substrate.

Scanning Kelvin Probe

The Scanning Kelvin Probe (SKP) serves to measure changes in the corrosion
potential of film covered metals [15]. The same method is applicable to the study of
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potential changes during wet-dry cycles in atmospheric corrosion (Figure 8.22). The
principle is the following.

When two metals that differ in their work function (and hence in the
electrochemical potential of their electrons, cf. Chapter 2) are brought into electrical
contact, a small amount of charge passes from one to the other, until the electrochemical
potentials of the electrons become equal. The excess charge establishes a potential
difference AW (contact potential) that is equal to the original difference in work
function.

FAY = @y | - By (12.9)

In this equation @y ; is the work function of metal 1 and @y, , that of metal 2. To
measure the potential difference A¥, one uses a vibrating probe, schematically
presented in Figure 12.23. The sample and the Kelvin probe are separated by a
dielectric and thus form a capacitor:

C=ggy 2 (12.10)
L

Here C is the capacity, ¢ is the dielectric contact, &, the permittivity constant, A the
surface area and L is the distance between the capacitor plates. Because the probe is
vibrating the distance L varies periodically: L = Ly+AL sin(@f). The variation of L
with time is reflected in the capacity C. The variation of the capacity induces a current:

7= apd€C (12.11)
dr

For a sinusoidal variation this yields:

1=A¥ee, AwAL— @) . (12.12)
(Lo +ALsin(wt)”)
I =(AP-U) %
®
—L:LO+ALsin(wt) 7‘_1 ”

Figure 12.23 Principle of the Kelvin probe; the sinusoidal variation of the distance between
the probe and the sample induces a capacitive current. When the applied voltage U equals A¥
the current is zero.
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which for dL << L reduces to

[=A¥ee,Aw ALCOS(“”) (12.13)
I

To determine AY¥ one applies a variable dc voltage of opposite sign while
simultaneously measuring the current,

= (A‘P—U)(:l—c (12.14)
1

and one varies U until the current drops to zero when U = A¥. For measurements
carried out in vacuum, the potential difference A% has a clear physical meaning, but
its interpretation in presence of an electrolyte is not straightforward. Experimental
measurements in electrolytes indicate that A¥ is proportional (but not equal) to the
corrosion potential [16]. Using a calibration procedure the Kelvin probe is therefore
capable to determine changes in corrosion potential of a coated metal or of a metal
exposed to a corrosive atmosphere. By using a sufficiently small probe and scanning
it over the sample surface, local potentials can be determined permitting the
establishment of potential maps on a surface. Because the scanning SKP measurements
are very sensitive to distance (Equation 12.13) the surface should be flat or,
alternatively, the SKP measurement corrected for surface topography.

Scanning acoustic microscopy

Scanning acoustic microscopy (SAM) permits the study of disbonding at the
coating-metal interface. The principle is the following (Figure 12.24): An acoustic
signal in the 0.1 — 1GHz range is focused on the coating/metal interface by means of
a sapphire lens immersed in the electrolyte. For ex situ studies one uses a water drop
placed on the coating. The acoustic waves are generated by a piezoelectric transducer

g

transducer

saphire

acoustic -

waves

SN
_\ / \ _—_— water _

coating

metal

Figure 12.24 Schematic presentation of the acoustic microscope: the reflection of the acoustic
waves from the coating-metal interface depends on the interface properties [17].
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which also acts as receiver for the reflected waves. The reflection contrast results from
differences in the elastic properties of the phases, or more precisely, in their acoustic
impedance. The acoustic impedance is defined as Z,. = v,. p, where v, is the velocity
of the acoustic wave in a given material and p is its density. The reflection coefficient
of the paint-metal interface, Ry, is given by [17]:

ac,2

Zor—7
ac,1 (12.15)

f ==
Zac,2 + Zac,l

where the subscripts 1 and 2 indicate, respectively, the coating and the metal. Water
or electrolyte solution present at the interface during disbonding leads to a change in
reflectivity. By scanning the lens over the coated surface an image of the advancement
of disbonding can therefore be obtained. Because the image is based on acoustic and
not on optical waves the method can be applied equally well to transparent and to
opaque coatings. In a similar way as the Kelvin probe, SAM requires flat surfaces
because the signal intensity is quite sensitive to distance.

Spectroscopic methods

Vibrational spectroscopies, such as FTIR or Raman spectroscopy can be applied
to the study of chemical changes taking place in coatings as a result of exposure to a
corrosive environment. Surface analysis methods such as AES, XPS and SIMS
(Chapter 3) or glow discharge spectroscopy (GDS) provide information on corrosion
induced chemical changes at the coating-metal interface. For this, one can either
sputter through the interface (depth profile analysis), or one can analyze the contact
surfaces after the coating has been detached from the metal.

12.3 CORROSION INHIBITORS

12.3.1 Classification of corrosion inhibitors

A corrosion inhibitor is a chemical compound that is added to the environment
in order to reduce the rate of metal corrosion. The inhibition efficiency, R, indicates
to what extent the corrosion rate is slowed down by the presence of the inhibitor:

R = Do~V (12.16)
Yo

Here, vy and v designate the rates of corrosion in the absence and in the presence
of the inhibitor, respectively. The inhibition efficiency depends on a number of
parameters, an important one being the inhibitor concentration.

Inhibitors can be classified in different ways (Figure 12.25):

¢ by their field of application;

¢ by their effect on the partial electrochemical reactions;

¢ by their reaction mechanism.
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Figure 12.25 Different ways of classifying corrosion inhibitors.

Fields of application

In practice, inhibitors are often defined according to their field of application. In
aqueous environments, inhibitors for acid environments are typically used to
minimize metal corrosion during pickling of steel, an operation that removes oxide
scales by dissolution in an acid. In the petroleum industry, large quantities of inhibitors
for acid environments are used to avoid corrosion of drilling equipment. Inhibitors
Jfor neutral environments are used above all for the protection of cooling-water
circuits. Inhibitors not only reduce the rate of uniform corrosion, but they also serve
to protect metals from localized corrosion and stress corrosion cracking [18].

Corrosion inhibitors are used also in organic fluids such as lubricating oils and
gasoline. These liquids often contain traces of water and ions that can cause corrosion.
Corrosion inhibitors for paints, include both inorganic pigments and organic
molecules such as for example derivatives of tannic acid (Section 12.3).

Gas-phase inhibitors serve for the temporary protection of packaged objects
during transport and storage: machines, precision instruments, electronic components,
etc. Gas phase inhibitors typically are organic compounds of low molecular weight
with a high vapor pressure. These compounds adsorb from the gas phase onto the
metal surface and thus reduce the rate of atmospheric corrosion. Dicyclohexylamine
nitrite (Figure 12.26), used for the protection of steel, is a typical example of such an
inhibitor. Its vapor pressure is 1.3 x 10~ Pa at ambient temperature. Another way to
protect packaged objects from atmospheric corrosion is based on the use of dessicants
such as silica gel: the presence of these compounds reduces the relative humidity of
the air inside the package and thus prevents corrosion.
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Figure 12.26 Chemical formulas of several corrosion inhibitors.

Effect on partial electrochemical reactions

The presence of a corrosion inhibitor reduces the rate of corrosion by affecting
the rate the partial electrochemical reactions involved. Depending on which partial
reaction is mostly slowed down one distinguishes three types of inhibitors:

¢ anodic inhibitors;

e cathodic inhibitors;

e mixed inhibitors.

Figure 12.27 schematically shows how the presence of corrosion inhibitors affects
the polarization curve of systems in which the partial reactions are governed by
Butler-Volmer kinetics. A cathodic inhibitor lowers the cathodic partial current

’
\ ,/without N ,/ without

In lil

with .
inhibitor with

inhibitor inhibitor

) E
cathodic anodic mixed

Figure 12.27 Evans diagrams showing the shift of the corrosion potential due to the presence
of an anodic, cathodic or mixed inhibitor.
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Figure 12.28 Polarization curves for iron in 6 M HCl in the presence of different concentrations
of trimethylene-diamine corrosion inhibitor [19].

density and shifts the corrosion potential in the negative direction, whereas an anodic
inhibitor reduces the anodic partial current density and shifts the corrosion potential
in the positive direction. A mixed inhibitor reduces the rate of both partial reactions,
but has little effect on the corrosion potential.

The polarization curves for iron, measured in 6M HCI solutions containing
different amounts of trimethylene diamine (Figure 12.28), illustrates the described
behavior [19]. This compound, whose formula can be found in Figure 12.26, reduces
the cathodic partial current density more than the anodic partial current density and its
presence lowers the corrosion potential. On the other hand, the slope of the Tafel lines
is not affected by the inhibitor, indicating that the mechanism of the electrode reaction
remains unchanged. The reduction of the partial currents can be explained by
postulating that the inhibitor adsorbs on the metal and thus reduces the surface area
available for the corrosion reactions.

The distinction between anodic and cathodic inhibitors is not limited to Butler-
Volmer kinetics, but applies to all types of reaction kinetics. For example, a cooling
water inhibitor that, by formation of a porous film, reduces access of oxygen to the
metal surface is a cathodic inhibitor. On the other hand, an inhibitor that reduces the
rate of corrosion of a metal by promoting its passivation, is an anodic inhibitor.

www.iran—mavad.com

© 2007, first edition, EPFL Press Slgo Fuwsigo sole @240



548 Corrosion and Surface Chemistry of Metals

Reaction mechanisms of inhibitors

Corrosion inhibitors act by different mechanisms:
¢ adsorption;

e passivation;

¢ film formation by precipitation;

e climination of the oxidizing agent.

The adsorption of an inhibitor onto the metal surface slows the rate of corrosion
by blocking part of the surface. The extent of inhibition depends on the equilibrium
between the dissolved and adsorbed inhibitor species, expressed by the adsorption
isotherm. This mechanism which is particularly important in acids will be discussed
in the next section. (Sect. 12.4.2). Certain inhibitors promote the spontaneous
passivation of a metal and thus drastically reduce the corrosion rate. Oxidizing species
such as chromates fall in this category. Buffer agents that maintain a high pH at the
metal surface also favor the passive state. Other inhibitors lead to the formation of
surface films by precipitation of mineral salts or of weakly soluble organic complexes.
These films reduce the ability of oxygen to reach the surface and, in addition, they
may impede the anodic dissolution reaction.

Inhibition by elimination of the oxidizing agent is only applicable in closed
systems. So-called oxygen scavengers are used to eliminate the last traces of oxygen
in hot water circuits of power plants. For this a small amount of sodium sulfite or
hydrazine is added to the water, which has been previously degassed and deionized:

SO3™ + % 0, — SOT (12.17)

N,H, +0, — N, +2H,0 (12.18)

By eliminating the oxygen one also eliminates corrosion. We have seen previously
that adding a desiccating agent to a closed atmosphere reduces atmospheric corrosion
by eliminating humidity. This is another way of using an inhibitor for reducing the
aggressiveness the environment.

12.3.2 Inhibitors for acid environments

A large number of organic substances, most often aromatic compounds or
macromolecules with linear or branched chains, serve as corrosion inhibitors for acid
environments. These inhibitors adsorb onto the surface of the metal and thus slow the
rate of corrosion. In some cases film formation can occur. The inhibition efficiency in
a given application depends on the molecular structure of the inhibitors and on their
concentration.

Molecular structure of adsorption type inhibitors

An organic inhibitor molecule typically includes a hydrophobic non-polar part
that contains mostly carbon and hydrogen atoms, and one or several hydrophilic
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Figure 12.29 Adsorption of an organic inhibitor onto a metal surface in aqueous environment.

inhibitor
molecule

functional groups such as -NH, (amine), -SH (mercapto), -OH (hydroxyl), -COOH
(carboxyl), -PO3 (phosphate) or their derivatives (Figure 12.26). The polar functional
groups permit dissolution of the inhibitor in water and they link the inhibitor molecule
to the metal surface. The non-polar part, which takes up a much greater volume,
partially blocks the active surface area (Figure 12.29). The described behavior is not
limited to acid solutions, but typical for all types of adsorbing inhibitors. For example,
trimethylene diamine which is a gas-phase inhibitor and sodium benzoate or
organophosphates that are used in neutral solution follow the same principle.

Influence of the electron density

Inhibitors for acid environments generally chemisorb on the surface. The
effectiveness of the inhibitor therefore is the better, the greater the tendency of the
functional groups to form bonds with the metal by acting as electron donors. For
organic molecules that differ only by their functional groups, the inhibition efficiency
varies inversely with the electronegativity of the functional atoms. It increases in the
following order [19,20]:

O<N<S<Se<P

The molecular structure of the non-polar part can also influence the ability of the
functional atoms to donate electrons. By placing a methyl group, -CHs, at the 3 or 4
position of a pyridine molecule, the electron density at the nitrogen atom is increased,
thus promoting a bond with the metal, the reason being that the methyl group repels
electrons (nucleophilic group). The inhibition efficiency of pyridine derivatives thus
increases in the following order [19]:
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CH,4
CH,4
o < O < O
N N N
pyridine 3-methylpyridine 4-methylpyridine

If, on the other hand, instead of a methyl group the above molecules contain an
electrophilic substituent that attracts electrons, such as —Cl, the inhibition efficiency
decreases.

In the same way, the effectiveness of inhibition by benzonitrile, C¢H5-CN varies
with the presence of nucleophilic or electrophilic groups. Figure 12.30 shows the
corrosion rate of iron in a solution of 0.5 M H,SO4 (25 °C), in the presence of 0.01
mole/l of different benzonitrile derivatives. The parameter o (Hammet constant),
plotted on the abscissa, expresses the electron density at the group —CN; a large
positive value of o corresponds to a low electron density. The results reveal a semi-
logarithmic correlation between the corrosion rate and the parameter ¢. The corrosion
rate is lowest in presence of benzonitrile with a the nucleophilic substituent -CH;
giving the highest electron density on the —-CN group.

The general picture given here applies only to the simplest kinds of molecules.
Often other factors, in particular steric effects, influence the adsorption behavior of
organic molecules. In that case, there is no simple correlation between the electron
density at the functional group and the inhibition efficiency. The same is true if the
inhibitor forms surface films of more than one atomic layer, or if it undergoes an
oxidation or reduction reaction at the surface. An even more complicated situation
arises if the inhibitor undergoes a chemical transformation and the reaction product
adsorbs on the metal, a mechanism referred to as secondary inhibition.

. CH, cI NO,
00 © ©
CN CN CN CN

Vop (Mg em2hh)
Il

high electron

0.1  density low electron

density

0.01 -

Figure 12.30 Variation of the corrosion rate of iron in 0.5 M H,SO, as a function of the &
parameter, which characterizes the electron density at the —-CN functional group of the inhibitors
(of the benzonitrile family) shown in the figure [20].
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Influence of the concentration

The adsorption isotherm describes the variation of the surface coverage of an
adsorbing species as a function of its concentration in the gas or liquid phase present.
If the adsorption of an inhibitor from solution follows the Langmuir isotherm (Chapter
3) its surface coverage 0 is given by:

0 = by, Cinn (12.19)
1+ by ¢inn
In this equation b; designates the adsorption coefficient and c;,, is the inhibitor
concentration in the electrolyte.
A simple model allows us to relate the corrosion current density of a metal to the
inhibitor surface coverage. We assume that the corrosion current density in the
presence of an inhibitor is the sum of two terms:

icor,G = (1_ e)icor,O:O +6 icor,9=l (12.20)

Here (1-6) is the fraction of non-covered surface and i o =9 represents the corrosion
current density observed in the absence of inhibitor. The term i . o= represents the
corrosion current density measured on a surface entirely covered by the inhibitor.
After rearrangement of (12.20), we obtain:

lcor, 6=0 " lcor,@

0 = (12.21)

leor,0=0 ~ lcor,0=1

With equation (12.21) we can determine 0 by measuring the rate of corrosion as a
function of the inhibitor concentration.

Another way to determine 6 is based on the measurement of the double layer
capacity, whose value is smaller in the presence of an adsorbed inhibitor. As long as
the contributions of the covered and uncovered parts of the surface are simply additive,
the double layer capacity of a partially covered electrode C, is equal to:

Co=(1-6)Coo+ 6Cy-, (12.22)

where C,_ represents the double layer capacity in the absence of inhibitor, and
Cy =1 designates the capacity of an entirely covered surface. After rearrangement, we
obtain:

Cy_o—C
g=_0=0 "6 (12.23)
Co—0 —Co=1

The results given in Figures 12.31 and 12.32 illustrate the application of these
relations to the identification of an inhibition mechanism. Figure 12.31 shows the
corrosion current density of iron as a function of benzotriazole concentration added to
sulfate solutions of different pH [21]. From these results, the surface coverage of the
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Figure 12.31 Effect of the benzotriazole concentration on the corrosion rate of iron in sulfate
solutions of different pH [21].

inhibitor can be calculated. In order to compare the values thus obtained to those
predicted by the Langmuir model, we rearrange expression (12.19):

Cinh _ 1
= —+g; 12.24
0 bL inh ( )

Figure 12.32 shows a straight line, confirming that for this system the adsorption
of the inhibitor follows the Langmuir isotherm.

1
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T, A pHO.3
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Figure 12.32 Comparison of the results given in Figure 12.31 with equation (12.24) [21].

www.iran—mavad.com

© 2007, first edition, EPFL Press Slgo Fuwsigo sole @240



Protection of Engineering Systems Against Corrosion 553

Inhibition by formation of precipitation layers

Inhibition in acidic environments is not always due to the partial blocking of the
surface by an adsorbed inhibitor. Sometimes, the inhibitor forms weakly soluble
complexes with the metal ions produced by dissolution. The complexes precipitate at
the surface forming a porous layer. In certain cases, the unsaturated carbon-carbon
bonds of the complexes undergo polymerization reactions that render the layers more
compact. The dissolution of the metal is thus slowed.

Figure 12.33 illustrates the effect of the formation of a precipitation layer on the
dissolution rate: anodic polarization curves were measured in a 0.5 M H,SO, solution
on a copper rotating disk electrode with and without adding 25 mmol 1~' BTA
inhibitor. In the absence of the BTA, a limiting current plateau is observed. Its height
is limited by the transport of Cu”* ions from the anode into the electrolyte and it varies
linearly with the square root of rotation rate [22]. In the presence of BTA, the current
in the plateau region is much lower and the plateau is less well pronounced, even
though it still varies with the rotation rate. These observations indicate that a weakly
soluble Cu-BTA complex precipitates at the surface forming a film that changes the
mass transport conditions.

no BTA

25 mM BTA

0
0 05 10 15 20 25 30 35

E (V)

Figure 12.33 Anodic polarization curves of copper in 0.5 M H,SO, in the absence and in the
presence of 25 mmol 1! of benzotriazole (BTA) [22].

12.3.3 Inhibitors for neutral environments

Corrosion in neutral environments is most often due to the reaction of dissolved
oxygen with the metal. The risk of attack is therefore considerably reduced if one
limits the access of oxygen to the metal surface (cathodic inhibition). Alternatively,
one can diminish the rate of corrosion by bringing about passivation of the metal
(anodic inhibition). Corrosion can also be reduced by inhibitors that adsorb onto the
surface and block the reactive sites.
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Inhibition by adsorption

Some inhibitors used in neutral environments protect the metal by adsorbing onto
the surface as described for acid solutions. Examples include benzoates, tartrates or
salycilates among other. Because neutral solutions contain a low concentration of
protons the inhibitor can have an effect on the pH at the metal surface, in addition to
blocking parts of the surface or changing the corrosion mechanism. Metal and oxide
surfaces that are in contact with an aqueous solution are covered by adsorbed water.
Any other species, inhibitors or electrolyte anions, that adsorb on the surface must
replace one or several water molecules [23]. We can therefore write the adsorption
reaction of an inhibitor in the following general way:

Here Inh designates the inhibitor molecule, and the subscripts ag and ads designate
species in the aqueous phase and adsorbed at the surface, respectively. The
stoichiometric coefficient x depends on the size of the inhibitor molecule and the
structure of the metal surface.

If the electrolyte contains strongly adsorbing anions, the inhibitor competes with
these for adsorption sites. The adsorption behavior of inhibitors and the inhibition
efficiency therefore vary with the electrolyte composition, notably with the type of
anions present and their concentration. As an illustration Figure 12.34 shows
polarization curves measured on iron in different electrolyte solutions of pH 7.5 in
presence or not of an experimental organic inhibitor (N-ethyl-morpholine salt of w-
benzoyl alcanoic acid) [24]. Figure (a) shows that the anodic inhibiting effect is
greatest in distilled water and in the non adsorbing perchlorate solution and weakest
in sodium sulfate. Figure (b) shows that by increasing the sodium sulfate concentration
the inhibiting effect in the active potential region diminishes until it completely
disappears at a sulfate concentration of 0.12 M. This is a further indication that sulfate
ions compete with the inhibitor for adsorption sites.

0.12M Na,SO,+0.003M inh. 0.12M Na,S0,
_»-]0.12M Na,S0, 0.003M Na,S0, 2 /0.12M NaCl
_ +0.003M inh. .
< 3 < -3 0.12M NaClO,
5 ! =] . / R
S -5 N J S 5 el i
en | W s - T o= :
.3 6 0.003M inh. é" 6 distilled wate:
=7+ ! =7 0.003M inhibitor
@ (b)
T T T T T T T T T
-2.0 -1.0 -0.0 1.0 -2.0 -1.0 -0.0 1.0
Potential (Vygp) Potential (Vygp)

Figure 12.34 Polarization curves of iron; (a) in 0.012 M and 0.03 M sodium sulfate with and
without inhibitor and 0.03 M inhibitor in water; (b) in 0.12 M sodium salt solutions of different
anions in presence of 0.03 M inhibitor [24] .
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A similar effect of anions on the adsorption behavior of inhibitors is also observed
on oxides [24]. Figure 12.35 shows adsorption measurements on iron oxide powder
performed with a inhibitor molecule similar as used for the experiments of Fig. 12.34.
The behaviour in different neutral electrolyte solutions and in water is compared. It
follows from these data that the inhibitor adsorbs less readily from the sodium sulfate
solution than from distilled water or from perchlorate solution, the reason being that
sulfate ions adsorb more strongly than perchlorate ions. The examples illustrate the
importance of competitive adsorption for corrosion inhibition and they point out the
complexity of the phenomena involved. While the presence of adsorbing anions
affects the inhibition efficiency of adsorption type inhibitors, the presence of certain
cations, for example Ca2+, can have a profound effect on the formation of three-
dimensional surface films and thus on the efficiency of film forming inhibitors [26].

14| === water

*—0.01M NaClO, I
&-==-0.01M NaCl

0.01M Na,S0,

Adsorbed quantity (umol g™)

I I I
0.0 0.5 1.0 1.5 2.0 2.5
Inhibitor concentation (mmol 1)

Figure 12.35 Measured adsorption isotherms of an organic inhibitor on iron oxide powder in
water, 0.01 M NaClO,4, Na,SO, and NaCl [25].

Inhibition by passivation

A typical application of this principle is the protection of steel in water-cooling
circuits. Two types of inhibitors are found to be effective for this:

¢ oxidizing inhibitors;

e buffering agents that maintain a high pH in the vicinity of the metal surface.

Among the oxidizing inhibitors, chromates (CrO?{) and nitrites, (NO53) are most
prominent. Molybdates (MoO7) and nitrates (NO3) act in a similar way, although
they are less effective oxidizing agents. Oxidizing inhibitors lead to an increase of the
cathodic partial current density and thus shift the corrosion potential from the active
to the passive potential region (Figure 12.36). As a consequence, the corrosion rate
becomes very small.

For passivation to occur, the cathodic partial current density at the passivation
potential, must exceed, in absolute value, the passivation current density. In practice,
for example when protecting a cooling circuit, this condition must be fulfilled
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Figure 12.36 Metal passivation by an oxidizing inhibitor.

everywhere, including stagnant zones and crevices. If the metal in such locations
remains in the active state, corrosion cells develop between the active and passive
areas, resulting in a rapid corrosion of the active metal. Effective protection with
oxidizing inhibitors requires that the inhibitor is able to reach all parts of an installation
in sufficient quantity. It is therefore crucial to maintain an adequate inhibitor
concentration and to control the hydrodynamic conditions.

The most powerful oxidizing inhibitors (chromates and nitrites) are toxic and
their use is regulated or even prohibited by environmental legislation. Although
chromates and nitrites may still be found in some closed-circuit cooling systems, they
are increasingly replaced by other compounds such as molybdates or silicates.

Both the passivation current density and the passivation potential decrease with
increasing pH (Chapter 6). A high pH at the metal surface therefore facilitates
passivation. To maintain the pH in the neutral or alkaline range one uses buffering
agents. Their presence facilitates passivation and limits the corrosion rate. Buffering
is particularly important in cases where corrosion cells may form because without a
buffer, the pH in the vicinity of the anode decreases with time (Chapter 7). A suitably
chosen buffer avoids such local acidification and thus prevents the formation of active-
passive cells. To stabilize the pH in the neutral or alkaline regions, one often uses
silicates, carbonates or phosphates. Small amounts of sodium hydroxide may be added
to raise the pH of the solution, although NaOH itself has no buffering effect.

Inhibition by precipitation film

Many inhibitors used in neutral environments form surface layers by precipitation
or polymerization reactions. The polyphosphates, (NaPOs3), and the organophosphates
belong to this category of inhibitor. Acting principally on the cathodic reaction
(diffusion barrier), they lower the corrosion rate in the presence of oxygen.

Scale formation on steel in contact with natural water offers another example of
inhibition by film formation due to precipitation reactions. Natural water contains
many species, including the bicarbonates of magnesium and calcium. Their content in
the water is expressed by the hardness (on the French hardness scale, a value of 1° is
equivalent to 10 mg of dissolved CaCOj per liter). The hardness of natural waters is
normally situated between 5° (soft water) and 25° (hard water), in the French units.
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Under certain conditions, especially at elevated temperature, the dissolved bicarbonate
ions are transformed into calcium carbonate according to the reaction:

Ca* +2HCO; — CaCO; +CO, +H,0 (12.26)

The carbonates of calcium and magnesium, which are only very slightly soluble,
precipitate at the metal surface and form a scale. As a consequence, the oxygen
accesses the metal surface less easily and the corrosion rate decreases. Scale layers
also increase the ohmic resistance in the vicinity of the surface, and thus reduce the
risk of galvanic corrosion (Chapter 7).

Inhibitors for cooling-water circuits

Table 12.37 provides, in qualitative fashion, the effectiveness of some commonly
used inhibitors for closed cooling-water circuits [27,28]. It must be kept in mind,
however, that the efficiency of an inhibitor depends on a number of factors that are
not taken into account in this table: hydrodynamic conditions, chemical composition
of the water, microstructure of the alloy, etc. To evaluate these effects one must turn
to laboratory testing.

Table 12.37 Cooling water inhibitors for closed circuits.

Steel Cast Zn and Cu and Al and Pb-Sn
iron Zn alloys Cu alloys Al alloys solder

chromates ++ ++ ++ ++ + +
nitrites ++ ++ o +— + —
benzoates ++ - +— + + ++
borates ++ +— ++ ++ +0
phosphates ++ ++ + +— +0
silicates + + ++ + + +
tannins + + + + + +

+ + good protection

+ average protection

0 no protection

+ o little or no protection

— increases corrosion rate

+ — positive or negative effect, depending on conditions

In practice, mixtures of inhibitors are most often used in order to combine several
modes of protection. A typical example is the water-cooling circuit of an automobile.
It includes a variety of metals and alloys: the motor made of aluminum alloy or cast
iron, the radiator made of brass or copper and soldered joints containing of lead-tin
alloys. The temperature can be below 0° C and then exceed 100° C. An adequate mix
of inhibitors must be able to protect the different materials over the entire temperature
range under the hydrodynamic conditions to which they are exposed during operation.
In addition it should not attack the polymeric materials used in tubes and for seals.
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Such a mix might contain NaNQOj, an oxidizing agent to protect the aluminum, borax
(Na,B,07°5H,0) as a buffer, NaOH to increase the pH, MBT to protect the copper,
as well as silicates and phosphates [29].

12.3.4 Inhibition of microbially influenced corrosion

Microorganisms are omnipresent in the environment: bacteria, algae, lichens,
fungi etc. They play an important role for all forms of life and for the geochemical
cycles of elements such as the carbon, nitrogen and sulfur [30]. They can also affect
the corrosion rate of metals.

Microbially influenced corrosion

Microorganisms do not directly attack metals. Rather, their presence leads to the
formation of biofilms, which modify the environmental conditions in the vicinity of
the metal surface. This can cause an acceleration of the corrosion rate, hence the name
microbially influenced corrosion or MIC given to this type of corrosive attack. MIC
is encountered in many sectors of industrial activity, including oil drilling, water
distribution and treatment, power plants, ships and civil engineering structures exposed
to marine environments. In these applications microorganisms not only may accelerate
corrosion, but the formation of biofilms also increases the drag at metal surfaces
exposed to fluid flow (pipes, ships) and in extreme cases leads to clogging of pipes.

Biofilms

Microorganisms grow preferentially on solid surfaces where they form a biofilm.
Materials of natural origin such as wood, stone and soil or of man made origin such
as concrete, organic polymers and metals can serve as substrates for biofilm growth.
The formation of biofilms involves several steps. At first, organic species such as
proteins present in the environment adsorb on the surface and form a layer conducive
to cell adhesion. Cells settle down on the surface and attach to the adsorbed layer.
They form chemical links with the adsorbed molecules. and between themselves. The
cell metabolism produces substances that together with additional adsorbing molecules
lead to the formation of a polymeric material called EPS for “extra cellular polymeric
substances”. The cells, which become fixed in the EPS multiply and form a biofilm
by incorporating additional microorganisms and solid matter from the environment.
The biofilm thus grows with time and eventually can reach a substantial thickness.
The biofilms are either solid or of a gel-like slimy nature. Their chemical and
biological composition is complex including different organic molecules, ions, cells
and solids, depending on formation conditions. To survive, microorganisms require
water. Biofilms formed on solid surfaces often contain well over ninety percent of
water.

Biofilms can form under aerobic or anaerobic conditions. The bacterial population
differs accordingly, being constituted predominantly of aerobic or anaerobic bacteria,
respectively. In certain biofilms exposed to an aerobic environment an oxygen gradient
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may exist due to reaction of oxygen at the metal surface. In such a case, the outer part
of the biofilm may be populated by aerobic bacteria and the inner part by anaerobic
bacteria [30]. Quite generally, microorganisms change in composition and properties
and adapt to changes in the environmental conditions. The detailed composition of
biofilms formed on metals after prolonged exposure to biologically active media is
therefore usually not well known.

Enhancement of corrosion rate by microorganisms

Microorganisms can affect the corrosion behavior of metals in several ways:
¢ by producing acid conditions at the surface;

by complexing dissolved metal ions;

¢ by producing hydrogen sulfide;

¢ by forming non-homogeneous biofilms.

The metabolism of certain aerobic bacteria produces strong acids, which can
accelerate corrosion. The best known example are bacteria of the Thiobacillus family
that are able to oxidize sulfides or sulfur compounds into sulfuric acid. Certain organic
acids produced by bacteria have the ability to form chelate complexes with dissolved
metal ions, changing the thermodynamic conditions for corrosion (Chapter 2). In
some cases the chelates may precipitate with electrolyte cations and form a film.

Most important from a corrosion view point are those microorganisms that
produce sulfides by reduction of sulfate ions or other oxidized sulfur compounds.
These so-called sulfate reducing bacteria (SRB) grow under anaerobic conditions.
The sulfides formed at the metal surface can have several effects: they may interfere
with the formation of a passive oxide film (Chapter 6), they may favor acid corrosion
by locally creating conditions of lower pH or they may facilitate hydrogen ingress
into the metal that leads to cracking (Chapter 11).

The formation of thick biofilms could in principle be beneficial if a compact film
would uniformly cover a metal, preventing access of oxygen to the surface. However,
biofilms usually do not form uniformly over a metal surface but usually in patches.
Therefore they stimulate the formation of corrosion cells between covered and non-
covered areas. The phenomenon is further enhanced if anaerobic conditions prevail at
the metal surface in the areas covered by the biofilm, creating conditions for the
development of anaerobic bacteria such as SRB that inhibit passivation. The following
two examples illustrate the corrosive effect of microorganisms.

Corrosion of steel in the presence of sulfate reducing bacteria

Steel pipes buried in anaerobic soils such as clay sometimes exhibit a pitting type
corrosion that leads to local penetration of the pipe wall. The corrosion products
contain iron sulfide, which can be detected by adding a drop of hydrochloric acid: the
reaction with iron sulfide releases H,S with has the typical smell of rotten eggs. The
described corrosive attack is due to the presence of SRB at the surface, which
transform sulfate, a soil constituent, into sulfide. The reaction mechanism, although
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not known in detail, involves the formation of corrosion cells. The population of SRB
that controls the growth of the biofilm is not uniformly distributed over the surface.
Sulfides favor the active state of the metal and a non-uniform distribution permits the
formation of active-passive cells between sulfide rich zones and the rest of the surface.
Local acidification taking place in the anodic areas further accentuates the phenomenon.
The presence of SRB thus locally enhances the rate of proton reduction formation of
hydrogen.

To avoid corrosion due to SRB one must create aerobic conditions. For buried
pipes one generally uses a porous backfill material such as sand or gravel for this
purpose. In addition, cathodic protection (see following section) can be applied. In
closed systems, on the other hand, addition of biocides is an efficient method to stop
bacterial growth.

Effect of aerobic bacteria on the pitting corrosion of stainless steel

Under aerobic conditions, microorganisms can induce pitting corrosion. The
phenomenon is well documented for stainless steels exposed to seawater, which
besides chloride ions contains a large variety of microorganisms. The presence of
certain aerobic bacteria shifts the corrosion potential in the passive region to higher
values and thus nearer to the critical pitting potential (Chapter 7). The immersion
experiments of Figure 12.38 illustrate this behavior. In NaCl solution free of
microorganisms, the corrosion potential does not vary with exposure time, but in
seawater of comparable NaCl content, due to the presence of microorganisms, it
increases with time. When a biocide is added to the seawater killing the microorganisms,
the potential drops to the initial value [31].

natural seawater

300 —

200 —

synthetic seawater

Corrosion potential (mVgcp)

100
biocide addition

i

|
0 | | | | | L |
0 10 20 30 40 50 60 70

Exposure time (days)

Figure 12.38 Change of corrosion potential with exposure time for 21Cr-3Mo stainless steel
exposed to natural sea water containing microorganisms (*) and to artificial seawater free of
microorganisms (). After 65 days a biocide (sodium azide) was added to the sea water [31] .
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log current

potential

Figure 12.39 Effect of cathodic partial reaction rate on the corrosion potential of a passive
metal: a higher reduction rate (curve b) leads to a higher corrosion potential.

The observed potential increase is due to an increase in the rate of the cathodic
partial reaction caused by the microorganisms (Figure 12.39), in this case oxygen
reduction. The mechanism by which bacteria influence the kinetics of oxygen
reduction is not well known, however. It could involve a catalytic action of products
of the cell metabolism, a decrease in surface pH caused by the presence of the biofilm,
or the oxidation of manganese sulfide inclusions to manganese oxides acting as a
catalyst [30]. Whatever the mechanism, by shifting the corrosion potential in the
positive direction, the microorganisms increase the probability of pitting corrosion.

Biocides

Biocides are substances one adds to the environment in order to prevent bacterial
growth. With regard to corrosion, they can be viewed as inhibitors of MIC. Certain
metal ions produced by corrosion, notably copper ions, can also inhibit the growth of
bacteria. However, some bacteria such as thiobacillus are resistant to copper ions in
small concentration and for this reason, cases of MIC of copper pipes in hot water
systems have been reported in the literature [32].

To control MIC in industrial installations one uses a variety of inorganic and
organic biocides, a selection of which is given in Table 12.40.

Oxidizing biocides include chlorine, chlorine dioxide, bromine, ozone and
hydrogen peroxide. These substances suppress the growth of bacteria, but if present
in high dose they may negatively affect the corrosion behavior because their reduction
at the metal surface provides an additional cathodic partial reaction. The reduction of
chlorine, in addition, produces aggressive chloride ions. Bromine acts over a wider
pH range than chlorine and it can be added in solid form as organic bromine
compound, which facilitates handling [33]. On the other hand, bromine may pose
environmental and corrosion problems. Ozone is an environment friendly biocide that
can replace chlorine. It is effective already in small concentration and yields non-toxic
reaction products, mostly oxygen and water.
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Table 12.40 Biocides for protection against MIC (adapted from [33]).

Type Biocide Effective against pH range, Dose
properties
Oxidizing Chlorine bacteria, algae pH range 6.5-7.5 0.1-0.2 ppm
continuous
0.5-1 pp
discontinuous
Chlorine bacteria, to lesser independent of pH; 0.1-1.0 ppm
Dioxide extent fungi,
and algae
Bromine bacteria, algae broader range of pH  0.05-0.1 ppm
than chlorine, less
volatile
Ozone bacteria, biofims  no corrosive ions 0.01-0.05 ppm
or other residual in continuous
product formed treatment;
(up to 1 ppm
for biofilm
removal)
Hydrogen bacteria no corrosive ions 50-100 ppm
peroxide or other residual

products formed

Non-oxidizing MBT* bacteria, algae, hydrolyses at pH 1.5-8.0 ppm

fungi, higher than 8.0
especially SRB

Isothiazolones  bacteria, algae, broad pH range 0.9-10 ppm
biofims desactivated by H,S

QUATS™* Bacteria acts as surfactant 8-35 ppm
and algae mostly biodegradable

Glutaraldehyde bacteria, algae, broad pH range 10-70 ppm
fungi, biofims

THPS***) bacteria, algae broad pH range, 10-90 ppm
and biofims low environmental (as active THPS)

toxicity, dissolves
iron sulfide

*) Methylene-bis-thiocyanate
**) Quarternary ammonium compounds
*#%) Tetrakishydroxymethyl phosphonium sulfate (THPS)

Non-oxidizing biocides include a variety of organic compounds such as
glutaraldehyde, quarternary ammonium salts (QUATS), isothiazolones etc. These
compounds are less critical in terms of corrosion because they do not accelerate the
cathodic partial reaction. Many of them are active over a wide range of pH and
temperatures. THPS, a water soluble organic compound, has been found particularly
effective for preventing microbial corrosion due to SRB in oilfields [33]. Biocide
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formulations used in practice often contain several compounds in combination. A
critical aspect of using biocides for controlling MIC is their toxicity for the
environment. Before applying a biocide treatment this aspect must be thoroughly
evaluated.

Other methods of protecting metals against MIC

Biocides are not the only method available to prevent and control MIC. The use
of a porous backfill has already been mentioned as a simple method to prevent growth
of anaerobic bacteria at the surface of buried pipes. To avoid MIC in other situations,
such as cooling circuits or in marine environments, one also uses anti-fouling coatings
and cathodic protection. Anti-fouling coatings are organic coatings that inhibit
bacterial growth, for example by offering them poor adhesion. Cathodic protection,
most often used in conjunction with coatings (see next section), is able to protect
metals against general corrosion and is often effective against MIC.

Cleanliness is an important aspect of prevention of MIC in installations containing
fluids [33]. Periodic cleaning can be carried out mechanically by passing sponges
through a pipe or chemically, using mineral acids containing corrosion inhibitors to
limit the attack of the metal surface. Quite generally, the MIC can be avoided more
easily at the initial stage of bacterial growth, before thick biofilms are formed. Once
formed, these may be difficult to remove and furthermore, they protect cells fixed in
the EPS from contact with biocides that one adds to the fluid to inhibit MIC.

12.4 ELECTROCHEMICAL PROTECTION

12.4.1 Cathodic protection

If a sufficiently negative potential is applied to a metal its corrosion rate becomes
negligibly small or zero. This forms the basis of cathodic protection, a method that is
widely used to protect heavy steel structures such as drilling platforms, ships, pipelines
and bridges against corrosion.

Two fundamental parameters determine the design of a cathodic protection
system: the protection potential and the protection current.

Protection potential

The protection potential £, defines the limiting value of potential at which the
rate of corrosion becomes sufficiently small to be considered negligible. To protect a
metal against corrosion one therefore polarizes it cathodically such that:

E < Eproy (12.27)
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The protection potential Ep is defined by the following equation (Chapter 2):

RT
nF

E

prot

= E°+ n107% (mol1™!) (2.74)

At ambient temperature (25 °C), this expression becomes:

0.354
n

Eppoy = E°—

prot —

(12.28)

According to this, the protection potential of steel is equal to —0.62 V, that of copper
15 0.16 V and that for lead is 0.30 V.

Protection current

The protection current /. is the cathodic current one must apply to impose the
protection potential. The value of the protection current is proportional to the surface
area to be protected A and to the protection current density iy, Which depends on
electrode kinetics.

Iprot = iprot A (1229)
Figure 12.33 shows the principle of cathodic protection for a system obeying Butler-
Volmer kinetics. Because the anodic partial current density is negligible at the
protection potential, Iprot is equal to the cathodic partial current density i. at the
potential £ = E .. The Butler-Volmer equation thus yields for the protection current
density:

E .—E
iprot =i,= —i, exp|— __prot  "Tcor (12.30)
:BCH

If the oxygen mass transport rather than Butler-Volmer kinetics limits the rate of the
cathodic reaction at E, the protection current density corresponds to the limiting
current density of oxygen ij o :

oot = 1,02 (12.31)

In practice, cathodic protection is most often used in combination with an organic
coating. The cathodic protection then serves only to prevent corrosion at sites where
the coating exhibits a defect (pores, scratches, etc.). In this way the surface area of
metal exposed to the environment is much smaller and the current requirements are
drastically reduced compared to a non-coated metal surface. Table 12.41 indicates
typical values of the cathodic current needed to protect a steel surface of one square
meter, with and without an organic coating.
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Table 12.41 Current required for the cathodic protection of a geometric surface of 1 m>.

Protected surface Environment Tpror (MA)

Bare steel soil 10 -50
seawater 20-150

Steel with a polyethylene coating of 2 mm thickness soil 5x 107

Technological aspects of cathodic protection

Two methods of cathodic protection are commonly used in practice (Figure
12.42):

e by sacrificial anode;

¢ by impressed current.

A sacrificial anode cathodically protects a metal structure by forming an
electrochemical cell (corrosion cell) in which the structure to be protected is the
cathode. The sacrificial anode must therefore have a lower corrosion potential than
the metal to be protected. To protect steel structures, magnesium, zinc, aluminum and
their alloys are commonly used anode materials that fulfill this requirement. Table
12.43 compares the main characteristics of the three anode materials. Magnesium is
the metal of choice for buried structures because it exhibits the greatest potential
difference relative to steel and it has the best volume capacity. On the other hand, in
seawater, an electrolyte with good conductivity, the potential difference is less critical
and therefore aluminum and zinc are often used (ships, drilling platforms, etc.).
Sacrificial anodes come in different shapes: bars, blocks, rings, etc. They are either
attached directly to the object to be protected, or they are buried at a certain distance
and electrically connected by wire. Figure 12.44 illustrates a set-up for the cathodic
protection of a heat exchanger by a magnesium anode.

anode anode

structure structure

electrolyte electrolyte
(a) (b

Figure 12.42 Cathodic protection: (a) by sacrificial anode; and (b) by use of an external
current source.
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Table 12.43 Sacrificial anodes for the protection of steel.

Magnesium Aluminum Zinc
E° (V) -1.5 -1.28 -0.76
E.,, in soil (V) -1.1to-1.3 -0.6 to -0.9 —0.6 t0o 0.8
Potential relative to steel (V) -0.6 -0.3 -0.2
Theoretical volume capacity 3840 8050 5840
(Ah/dm?)
Yield (%) 50 80 90
Mass needed to supply 8 3.7 12

0.1 A during 10 years (kg)

Cathodic protection by impressed current involves the use of a rectifier connected
to a power line. Contrary to sacrificial anodes, which operate at a fixed potential, the
use of a rectifier permits to adjust the voltage (or the current) to the particular
requirements of a protection scheme. This not only allows one to optimize the
electrochemical conditions for protection, but the method is also well suited to protect
large surfaces. On the other hand, protection by impressed current needs more
maintenance than the use of sacrificial anodes. In order to protect buried structures by
impressed currents one uses consumable anodes such as scrap iron or, more often,
non-consumable anodes made of iron-silicon alloy, graphite or of titanium coated
with noble-metal oxides.

Mg sacrificial anode

— LI [
[— [—Hs

Figure 12.44 Cathodic protection of a heat exchanger by use of a magnesium sacrificial anode.

12.4.2 Electrochemical protection by passivation

A metal can be electrochemically protected from corrosion in two ways; either by
applying a potential that is equal or negative to the protection potential or by imposing
a potential that lies in the passive region. The second option, electrochemical
protection by passivation, is based on the observation that the rate of corrosion of a
metal, in the potential region of stable passivity is usually very low.

The zone of stable passivity ranges from the passivation potential E, to the
transpassivation potential (pitting potential) Ej,. One can therefore reduce the corrosion
of a passivating metal to a negligible level by imposing a potential E such that:

E,<E<E, (12.32)
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Depending on the value of the corrosion potential E.,, this condition is achieved by
applying either an anodic or a cathodic polarization to the metal.

Anodic protection

Anodic protection is applicable whenever the corrosion potential of a passivating
metal is located in the active potential region: E.,. < Ej,. To shift the potential of the
metal into the passive region one applies an anodic polarization by means of a
potentiostat (Figure 12.45). To passivate the metal, the power source must supply a
current that is sufficiently high to exceed the passivation current density i, on the
entire anode area. Once the metal has been passivated, however, a much lower current
density, equal to the passive current density iy, suffices to maintain the passive state.
The value of i,, depends on the prevailing pH and the type of metal, but is usually
very small. Maintaining the anodic protection therefore requires little current, even in
the absence of an organic coating. The corrosion rate of an anodically protected
structure is equal to the value of i,

anodic protection

log lil

cor E P

Figure 12.45 The principle of anodic protection of a passivating metal: shifting of the potential
into the passive region corresponding to E}, < E < Ey,.

Protection by cathodic polarization into the passive region

Passivating metals whose corrosion potential is located in the transpassive region
(pitting corrosion, Chapter 7) can be protected by applying a cathodic polarization
that shifts their potential into the region of stable passivity (Figure 12.46). The
cathodic current density that is needed to maintain stable passivity by cathodic
polarization depends on the kinetics of the cathodic partial reaction. In the Figure, we
assume that this is the reduction of oxygen at limiting current and therefore: i, =1i) ».
The current density required for maintaining the passive state by cathodic polarization
is normally greater than that required for anodic protection.
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Figure 12.46 Principle of cathodic protection by passivation of a metal whose corrosion
potential is located in the transpassive region: the potential shifts into the passive region
corresponding to Ej, < E < Ey,. The cathodic partial current density is given by i, = ij op-

Importance of potential control

Electrochemical protection by passivation requires precise control of the potential.
Indeed, unless the criterion (12.24) is satisfied over the entire surface there is a risk of
accelerating locally the corrosion at the sites that are insufficiently protected. The
method therefore calls for the use of a potentiostat in combination with a three-
electrode set-up that includes the structure to be protected, a counter-electrode, and a
reference electrode.

potentiostat —

- +

cathode anode

reference

Figure 12.47 Anodic protection of a chemical reactor using a potentiostat and a reference
electrode (schematic).
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In practice, electrochemical protection by passivation is far less often used than
cathodic protection. The method has notably been applied in the chemical industry to
anodically protect chemical reactors made of steel or stainless steel, since it is well
suited for non-coated surfaces. Figure 12.47 shows a schematic drawing of a three-
electrode set up used for the anodic protection of the interior walls of a chemical
reactor.

The geometry of the device is quite simple, with the anode and cathode positioned
in concentric fashion. This facilitates potential control and avoids possible problems
due to non-uniformity of the protection.

12.4.3 Electrochemical systems under ohmic control

A protection system involving a sacrificial anode is the equivalent to a galvanic
corrosion cell in which, by corroding, the anode protects a metal structure that is the
cathode. The driving force for current flow is the difference in corrosion potential
AE., between the anode and the cathode (Section 7.1). The value of the current
depends on the magnitude of the different resistances in the cell and is given by
equation (7.9):

I = AL (7.9)

Rp,I + Rinl + Rext + Rp,ll

The resistance of the electric circuit between anode and cathode is often negligible
(Rext = 0). Furthermore, if the electrolyte, for example water or soil, has a low
conductivity its resistance may far exceed the value of the polarization resistances
Ry and R, . Equation (7.9) thus simplifies to (12.33) where R is the ohmic
resistance of the electrolyte.

— AE,
Rq

I (12.33)

According to this equation, the current only depends on the difference in corrosion
potential between the anode and the structure to be protected (Table 12.36) and on the
ohmic resistance between the two electrodes, which is as a function of the conductivity
of the electrolyte and of the geometry of the electrode arrangement.

For a protection system using an impressed current supplied by a power source,
equation (12.33) is replaced by (12.34), valid when all resistances except R, are
negligible:

— U- AEcor
Rg

1 (12.34)
In this equation U is the output voltage of the power supply. The fact that its value
can be adjusted according to needs gives more flexibility for controlling the current
than the use of a sacrificial anode, whose corrosion potential in a given environment
can not be varied.
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Electrochemical systems in which the current flow is governed by Ohms law in
the electrolyte rather than by electrode polarization are said to be under ohmic control.
If the electrolyte conductivity is the same everywhere the local current density on the
electrodes depends only on the geometry of the set-up. For example, if two plane
parallel electrodes are spaced from a central electrode at distance y; and y, the
respective current densities will be inversely proportional to these distances.

Estimation of ohmic resistance in electrochemical cells

For simple cell geometries, the ohmic resistance R, appearing in equations (7.9)
and (12.34) can be calculated analytically. For most geometries, however, one must
use numerical methods. Sometimes approximate calculations, taking into account only
a part of the system, give results that are good enough for practical purposes.

To calculate the ohmic resistance for an arbitrary geometry, one must first know
the potential distribution between the two electrodes. For an electrolyte of uniform
composition, the potential distribution obeys the Laplace equation:

Vio=0 (12.35)

The boundary conditions at the insulating walls and at the electrodes are, respectively:

do

—_— O .
iz (12.36)
do i

& (12.37)

Here & represents the direction normal to the wall and « is the conductivity of the
electrolyte.

In the following, we assume that the polarization resistance at the electrodes is
negligible. The potential difference at the electrode-electrolyte interface is therefore
constant, independent of current density: A® = @, — @, = constant. To illustrate the
application of Laplace’s equation for these conditions, we shall calculate the ohmic
resistance of cells of very simple geometry, amenable to an analytical solution.

Ohmic resistance between two plane parallel plate electrodes

In a cell with two parallel electrodes, represented in Figure 12.48, the potential
gradient is one-dimensional and the Laplace equation is written as:

d’o

> =0 (12.38)
dy
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y

Figure 12.48 Variation of the potential in the electrolyte as a function of the distance between
the two electrodes for a one-dimensional electrochemical cell.

Integration with the condition (12.37) gives :

L
ADy =D, — D = _lT (12.39)

.8

Here L represents the distance between the electrodes. Dividing by the current / =i A
yields the ohmic resistance :

Ag,| L
Ro=|—2|=_—_ 12.40
0 ‘ 7 Ax ( )

The ohmic resistance is simply proportional to the distance between the electrodes.

Ohmic resistance between concentric cylinder electrodes

The cell represented by Figure 12.49 has two concentric electrodes of radius ry
and r,, much smaller than their height 4. The Laplace equation, expressed in
cylindrical coordinates, takes on the following form:

3

Figure 12.49 Electrochemical cell consisting of two concentric cylindrical electrodes.
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d|rd® | _, (12.41)
dr | dr
A first integration gives: #(d@/dr) = C,. The constant C; is obtained by Ohm’s law:
iz 32 (12.42)
dr

The surface area of the cylinder is equal to A = 27 r h. With i = I/A we thus obtain:

do =— ! (12.43)
dr 2rnrhk

The integration of this equation between the two potentials @ ; and @, gives:

1
Ay =@ ,— B, | = - n’2 (12.44)
’ ’ 2rhx
Dividing by / yields for the ohmic resistance:
Ry=— 1 2 (12.45)
Y T A '

Equation (12.45) indicates that the ohmic resistance between concentric cylinders
depends on the ratio of their radii, but not on their absolute values. The protection
system shown in Figure 12.47 corresponds to this type of geometry with the exception
of the potential distribution at the bottom, which differs.

Ohmic resistance between concentric spherical electrodes

For two concentric electrodes of spherical geometry with radii r; and r, (Figure
12.50), the Laplace equation is written as:

Figure 12.50 Electrochemical cell consisting of two concentric spherical electrodes.
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dl,2d2 (12.46)
dr dr

Integration yields:

Ay =, .~ D = —L[i—lj (12.47)

If the radius of the exterior sphere is much larger than that of the interior sphere (r, >>
r1) the second term can be neglected and we get:

I 1
ADy = — — (12.48)
2K n
In this case, the ohmic resistance is equal to:
1
Rop= — (12.49)
2wk

It follows that if one of the concentric spheres is much smaller than the other the
entire ohmic resistance is concentrated in the vicinity the smaller sphere. In other
words, the exact size or even shape of the outer sphere plays no role. Equation (12.49)
therefore is valid even if the exterior electrode is not shaped as a sphere, provided its
surface is sufficiently large and located far enough from the small spherical electrode.

The described property of spherical electrodes permits to use equation (12.41) for
the design of cathodic protection systems for structures buried in soil. In this case, the
anode is usually much smaller than the structure it protects and often has an
approximately spherical shape. Instead of having to calculate the ohmic resistance of
the entire system, a more complicated task, it may be enough to estimate the ohmic
resistance in the vicinity of the anode by using equation (12.49). A number of
expressions for the ohmic resistance of buried anodes of other geometries are available
in the literature [34].

Ohmic resistance to a disk electrode

Anodes that are imbedded in a wall often have the shape of a disk. The same
geometry is found with the rotating disk electrode, commonly used in the laboratory
for the control of mass transport conditions (Chapter 4). The ohmic resistance between
a flat disk of radius r; embedded in an insulator, and a large counter electrode located
far away, is equal to [35]:

Rg = ! (12.50)
4xn

In a similar way as for the concentric sphere, the counter electrode geometry does not
enter into the final result, the disk radius being the only geometrical parameter that
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determines the ohmic resistance. Equation (12.50) is often used in the laboratory to
estimate the ohmic potential drop between a between a rotating disk electrode and a
Luggin capillary placed far away. The disk geometry can also be used to estimate the
ohmic resistance encountered in the cathodic protection of a (circular) defect in a
coating where bare metal is exposed to the electrolyte.

12.4.4 Potential and current distributions on cathodically protected
structures

During cathodic protection the potential and the current density on the protected
structure is usually not uniform, but varies as a function of the shape of the cathode
and the effective distance from the nearest anode. Figure 12.51 shows schematically
the variation of the potential as a function of the distance between anodes placed in a
row on a flat surface such as for example a ship hull.

anodes

protection zone

Figure 12.51 Variation of the potential as a function of the anode position during cathodic
protection of a wall (schematic).

To provide cathodic protection, the entire surface must remain within a specified
potential range of protection. Furthermore, the current density must exceed the
protection current density at each point, but it should not become too high in areas
close to an anode because this could lead to excessive hydrogen formation, which
could damage the coating or create a risk of hydrogen embrittlement (Chapter 11).
For the design of cathodic protection systems it is therefore important to consider the
various factors that influence the current and potential distributions at an electrode.

Factors affecting the potential and current distributions on electrodes

Quite generally, the potential and the current distributions in electrochemical
systems depend on a the following parameters:
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e cell geometry;

e polarization resistance;

e surface films (oxides, organic coatings, etc.);
e conductivity of the electrolyte;

® mass transport conditions;

e clectrode resistance.

A complete calculation of the potential and current distributions taking into
account all of these parameters is seldom feasible even by numerical methods. In a
first step, one therefore has to determine which of the listed parameters are most
important in a given situation. This then permits to simplify the problem by neglecting
the effect of the less important parameters. For example, if the polarization resistance
of electrodes is small compared to the ohmic potential drops in the electrolyte, the
current and potential distributions depend only on the cell geometry (primary current
distribution). The potential distribution can then be calculated by using Laplace’s
equation with constant electrode potentials as a boundary condition. As an illustration,
Figure 12.52 shows calculated equipotential lines and current lines at a disk electrode
for primary current distribution conditions. The data show an increasingly steeper
potential gradient in the vicinity of the electrode. This is consistent with the fact that
the ohmic resistance between the disk and a counter electrode far away depends only
on the disk radius (equation 12.50). Furthermore the data indicate that the current
density on the disk electrode is non-uniform: it is much higher at the edge than in the
middle.

In the above calculations the effect of electrode polarization was not taken into
account. If the resistance due to electrode polarization can not be neglected, the

insulating material

Figure 12.52 Lines of current (in dashes) and equipotential lines (solid) in the electrolyte for
a rotating-disk electrode under primary current distribution conditions [35].
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boundary conditions for solving the Laplace equation must be modified by including
the polarization resistance or, in case of an electrode protected by a coating, the
coating resistance. The described situation is that of a secondary current distribution.
If in addition mass transport plays a critical role, the current at the electrode can no
longer be computed by solving the Laplace equation only, but one must also take into
account the local hydrodynamic conditions (fertiary current distribution). Fortunately,
in cathodic protection this situation seldom arises.

Usually, the potential drop in the electrolyte is much larger than that in the
electrodes and electrical leads, and the contribution of the latter can be neglected.
However, there are special situations in which the electrode resistance is not negligible
or may even be dominating, for example in the cathodic protection of a buried pipeline
where the voltage drop in the electrolyte is relatively small because of the large
volume available for current flow. The following two examples illustrate how the
polarization resistance and the electrode resistance, respectively, affect the current and
potential distributions on an electrode.

Current distribution in a cell of trapezoidal geometry

The calculation of the secondary current distribution in a cell of trapezoidal
geometry illustrates the effect of the polarization resistance on the uniformity of the
current and potential distribution at an electrode. Indeed, because the electrode
potential is a unique function of the current density, £ = f{(i), the distributions of the
current and of the potential are linked.

The geometry of the model cell presented in Figure 12.53 corresponds to that of
the Hull cell, a cell configuration widely used by electroplaters for the optimization of
plating electrolytes. The Figure shows how the current density on the oblique
electrode, normalized to the average current density, varies as a function of the
dimensionless distance z, measured from the far end of the electrode. The results were

65mm

48mm
127mm 1

0 02 04 06 08 10

Figure 12.53 Current distribution expressed as the ratio i/i,, where i, represents the average
current density, at the oblique electrode of a trapezoidal cell (Hull cell) for different values of
the Wagner number [36].
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obtained by numerical solution of the Laplace equation (12.27) assuming Tafel
kinetics as a boundary condition [36].

A dimensionless parameter, called the Wagner number, Wa, characterizes the
relative importance of the resistances at the interface and in the electrolyte:

! dE ]
Al— |k
Wa = dr (12.51)
L

Here, A designates the geometric surface of the electrode, dE/dI is the inverse slope
of the polarization curve I = f(E), kK represents the conductivity of the electrolyte, and
L is a characteristic length of the system.

For an electrode reaction that obeys the Tafel equation, 7 = - . In i/i (Section

4.2), the Wagner number, calculated with (12.51) for the average current density, i,,,
is inversely proportional to the current density:

Wa= BeX (12.52)

iy L
On the other hand, for an electrode reaction, near its equilibrium potential and obeying
linear kinetics, i = ig (1/B, + 1/B;) N, the Wagner number, obtained in an analogous

fashion does not depend on current density:

_ K
"~ ig(1/ B +11B.)L

The results presented in Figure 12.53 indicate that with increasing Wagner number
the current distribution becomes more uniform. Based on the definition (12.51) this
can be explained in the following way. At small values of the Wagner number (Wa
<< 1), the current distribution is dominated by the ohmic resistance between the
electrodes and it is highly non-uniform. At high Wagner number (Wa >> 1) , on the
other hand, the current distribution is dominated by the polarization resistance of the
electrochemical reaction and as a consequence the geometrical effects are less
important. With increasing Wagner number the current distribution therefore becomes
increasingly uniform and for Wa > 5, it practically no longer varies as a function of
the distance z.

The example suggests that to obtain a uniform current distribution one needs to
find conditions where the resistance at the metal-electrolyte interface is much higher
than that of the electrolyte in the interelectrode space. In cathodic protection this is
achieved by the application of an organic coating of high resistance. In anodic
protection, the passive film causes a high polarization resistance and thus favors a
uniform current and potential distribution.

(12.53)

Potential variation on a cathodically protected pipeline

In the previous example, the ohmic resistance of the metal electrodes was
negligible relative to the other resistances of the electrochemical system. When
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considering cathodic protection of a buried pipeline this condition no longer applies
and one must take into account the ohmic resistance of the cathode.

Figure 12.54 shows an underground pipeline, protected by two anodes, buried
deeply in the ground, separated by the distance 2b. The ohmic resistance of the
electrolyte (soil) is concentrated near the anode as described in the previous section.
As a consequence, the potential in the soil is uniform over the length of the pipe.
Indeed, because of the very large electrolyte volume, the ionic current density far
from the anode is quite small. The cathode potential, is given by the relation £ = @,
— @, + constant, where @, is the potential in the metal and @; that in the electrolyte
just outside the electrical double layer. The value of the constant depends on the
choice of the reference electrode. For the following calculation, we arbitrarily set the
value of @; to zero. The cathode potential the becomes:

E = @, + const. (12.54)
~ -
1 1

Figure 12.54 Cathodic protection of a buried pipe.

The local value of potential depends on the interfacial resistance and on that of the
pipe. It can be calculated by setting up an equation for the charge balance in a small
length segment dx of the pipe. Equation (12.55) states that in the segment dx the
change in current flow in the pipe parallel to the surface is equal to the current flowing
through the wall due to the electrochemical reaction:

ﬂ= —2mryi (12.55)
dx

In this equation I, represents the current in the pipe, ry, is the radius of the pipe, and
i, designates the current density corresponding to the electrochemical reaction at the
cylindrical surface of the pipe. The potential gradient in the pipe is obtained from
Ohm’s law:

4% __ _Im (12.56)
dx KmAg
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Here, x,, designates the conductivity of the metal Q@ 'm™) and A, is the cross
sectional area. The combination of the two preceding equations gives:

@, 27,

(12.57)
dx? KmAg

For simplicity, we assume that there is a linear relation between the potential at the
interface and the current density, where k, is a constant expressed in the units
Q~'m™2. This is a reasonable approximation for a pipe surface that is protected by an
organic coating.

i =k, (CI)m—cbs) = kD, (12.58)
This relation allows us to eliminate i from equation (12.57):

o
dxzm =p’@, (12.59)

2 27l'l’mks

KmAs

From Figure 12.54, we deduce that the potential @,, at any point is the sum of two
terms:

@, = oV + @

where @ and @2 correspond to the potentials that one would measure if there
were only a single anode. With the boundary conditions at x = 0, @) = <15§,],,)0 and at
x = oo, @) =0, the solution of equation (12.59) for anode 1 takes the form:

djéll) — qz&]% exp (- px) (12.60)

Similarly, for anode 2 we get:

O = ®F) exp(- p(2b-x)) (12.61)

Addition of (12.60) and (12.61) gives:

D
@ = 00 osh(p(x—b)) (12.62)
cosh(ph) P
Figure 12.55 shows the variation of the potentials @,,, @, et @, as a function of the
distance from the anodes. For x = b, the potential is equal to:
0]

d — _mE=0) (12.63)
cosh(pb)
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— x=0

Y

Figure 12.55 Variation of the potential @,, = @) + @2 of the pipe as a function of the
distance between the two anodes.

With equation (12.54), we can replace @, in (12.63) by the potential E, measured
with respect to a reference electrode:

E,  _
Euopy= —22_ (12.64)
cosh(pb)

According to this, the maximum variation of the electrode potential between two
anodes depends on the parameter p and hence on the ratio between the resistances in
the metal and at the interface.

Spacing of anodes and current requirements

If the entire pipeline is to benefit from cathodic protection, the potential at a
distance x = b must be less than or equal to the protection potential: E—p) < Epror -
This criterion, combined with (12.64), allows us to calculate the anode spacing for the
protection of a deeply buried pipe. It will depend on the dimensionless parameter p,
and on the potentials Ep.o and E—g). The latter can be selected freely, although it
should not be too negative in order to avoid significant levels of hydrogen formation.

The current required to achieve cathodic protection of the pipeline is obtained by
using Ohm’s law (12.65) that relates the current to the potential gradient in the metal:

do,
dx

I =20 e0)= —2KnAg (12.65)

x=0
The factor of 2 arises from the symmetry of the configuration (Figure 12.54). By
differentiating (12.62) we obtain:
do

m

o = = p DBy (x=0) tank (pb) (12.66)

x=0

In the absence of cathodic polarization, the potential of the pipeline corresponds to
the corrosion potential. The potential of the metal at x = 0 during cathodic polarization
therefore is equal to the difference
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o (x=0) = E(x:O) - Ecor (12,67)

m

With equations (12.65) and (12.66) we thus obtain:
I = 2K,,Aq (E(+=0) = Ecor) P tanh (pb) (12.68)

This equation allows us to calculate the current that each anode must provide for the
potential to remain equal or negative to the protection potential over the entire
distance. In practice, an anode buried at a depth of several meters from the surface is
able to protect a coated pipeline over a length of many kilometers [37].

Design considerations of electrochemical protection systems

Cathodic protection is widely used to protect large engineering structures in
marine technology, in the petroleum industry and in civil engineering. These structures
are usually of complicated shape and the placement of anodes, especially in the
absence of organic coatings, requires careful consideration of the potential and current
distributions. For theoretical modelling numerical methods are available such as the
FEM (finite element method), BEM (boundary element method) or FDM (finite
difference method). In practice, for the optimization and control of cathodic protection,
experimental potential mapping is applied, using a reference electrode placed at
different locations. This is particularly important in situations where interactions
between different anodes and cathodes may occur. Examples are interactions in
congested underground environments [38] or between the anodes used to protect the
coated hull of a ship and the non-coated propeller [39].

Soils in industrial and urban areas are often densely populated with buried pipes
and other metallic structures, cathodically protected or not. The electrical and
electrochemical interactions between different structures can lead to the formation of
corrosion cells, for example between a sacrificial anode and a copper grounding lead,
and give rise to stray currents. Stray currents are dc currents that propagate through
the ground by following a path other than the one anticipated. If a stray current enters
into a buried metal structure and then leaves it at some other point, corrosion by
anodic dissolution occurs there. Transport systems that use direct current (tramways,
railroads) are a common source of stray currents, but cathodic protection systems can
also be at their origin. To avoid corrosion, one must prevent stray currents from
entering a given metal structure such as a buried pipe. This is achieved by providing
an organic coating and by cathodic protection. To detect stray currents one uses
potential mapping with reference electrodes. The successful application of electro-
chemical protection requires one to be aware of possible effects on corrosion that
result from the interactions with other structures.
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ANNEXES

A.1 CONSTANTS AND UNITS

Table A.1 Physical Constants

2.303% = 0.05914V = 0.059V

kKT = 0.026eV

RT = 2478 Jmol™!

© 2007, first edition, EPFL Press
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Name Symbol Value Units

gas constant R 8.3145 J mol™!' K~

Faraday’s constant F 96485 C mol™!

charge of the electron qe 1.602 x 1071° C

permittivity constant & 8.95x 1072 CV'im!
C?N'm™2

Plank’s constant h 6.626 x 10* Is

Boltzmann’s constant k 1.38066 x 10723 JK!

Avogardo’s number Np 6.022 x 107 atom mol ™!

gravitational constant g 9.80665 ms

mass of the electron me 9.109 x 1073! kg

speed of light c 2.998 x 108 ms~!

Numerical values for 25 °C:
% = 0.02568V = 0.026 V
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Table A.2 Conversion of units.

Unit Conversion
time duration 1 year=3.15x10" s
energy lcal=4.1841]
17=10"erg
1eV=1.602x10""Jatom™" = 96.485 kJ mol™
1VAs=1J
force I N=1kgm=10dyn
1 kg =9.80665 N
length 1 m=10°% um = 10° nm

atomic mass
density

pressure

viscosity

kinematic viscosity

Inm=10A

1A=10""m

1 in (inch) = 2.54 cm

1 ft (foot) = 0.3048 m

1 gmol™ = 1073 kg mol™! = 1 kg kmol ™!
lgem>=103kgm>=1kgdm™
INm2=1Pa
INm2=10°Nm==1MPa

1 bar = 10° Pa

1 atm = 760 torr

1torr =133 Pa

1 bar =0.987 atm

1 atm = 1.013 bar = 0.1013 MPa

1 psi(lb in"2) = 6.895 x 10° N m™>
1P (poise) =0.1 N's m~2

1 cP (centipoises) = 103 Nsm™>

1 St (Stokes) = 10* m? 5!
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A.2 PERIODIC TABLE OF THE ELEMENTS

1 . 2
atomic

H number He

1.0 4.0

3 4 element 5 6 7 8 9 |10

Li | Be BlC|IN]JO]|F/|[Ne

69 | 9.0 atomic mass 10.8 | 12.0 | 14.0 [ 16.0 | 19.0 | 20.2

0.53]1.85 (g mol™) 2.3412.26

1|12 13 14 15 [ie 17 |18
density .

Na | Mg (g cm) Al|Si| P | S |Cl|Ar

23.0 | 24.3 27.0 [ 28.1|31.032.1]355]39.9

0.97 | 1.74 2.7012.3311.82(2.07

19 20 21 22 [23 24 [25 [26 pR7 [28 29 (30 31 [32 [33 |34 |35 P6

K|[Ca|Sc|Ti|V |[Cr| Mn|Fe |Co|[Ni|Cu|Zn|Ga|Ge|As]| Se | Br|Kr
39.1 [ 40.1[45.0]47.9]50.9 |52.0]549(558|58.9]|587]|635|65469.7]|72.6(749]79.0]79.9(83.8
086 |1.55) 3.0 (451 61 | 7197431786 89 | 8.9 |896|7.14|5.91|532|572]|4.79
37 [38 39 [40 [41 |42 [43 [4¢ |5 a6 [47 |48 J49 [0 [51 |52 [53 |54

Rb|[Sr|Y [Zr [Nb|Mo|Tc |Ru[Rh|[Pd|[Ag|Cd|In|Sn|Sb|Te | I |Xe

85.5187.61889191.2(1929]959( 98 [101.0/102.9(106.4|107.8(112.4|114.8(118.7[121.8]127.6]126.9]131.3
1.531 2.6 14471649 84 |102|11.5|12.2)124)12.0]110.5]|865|7.31[730]6.62{6.24
55 |56 57 |12 (73 |74 [15 |76 |17 [718 |19 [80 81 82 83 |84 B5 [86

132.9(137.31138.9{178.5(180.9]183.9{186.21190.2192.2| 195 |197.0|200.6|204.4(207.2|209.0] 209 | 210 | 222
1901 3.5 16171131 116.6]19.3121.0)122.61225]|214119.3]|13.6111.85{114] 9.8 | 9.2
87 88 89%*

Fr | Ra| Ac
223 | 226 | 227
5.0

140 | 141 | 144 | 145 | 150 | 151 [ 157 | 159 [162.5| 165 | 167 | 169 | 173 | 175
6.6716.771 7.0 7.54 7.8918271854] 88 19.05]19.33 9.84

o 90 [91 92 93 |94

Th|Pa| U |Np|Pu([%-

232 | 231 | 238 | 237 | 244 |107
1.7 154] 191
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A.3 PROBLEMS

Chapter 1
1.1

Write out the stoichiometric equations for the following reactions:
e the corrosion of iron in de-aerated sulfuric acid solution;
e the corrosion of copper in aerated sulfuric acid solution;
e the corrosion of copper in aerated hydrochloric acid solution;
e the corrosion of zinc in hydrochloric acid solution.

1.2

The rate of corrosion of a common steel in de-aerated acidic solution is 30 um year™".

Calculate the anodic partial current density in uA cm™.

1.3

A 1 g aluminum sample dissolves in an acid. Calculate the volume of hydrogen
produced by the reaction (25 °C, 1 bar).

1.4

The rate of hydrogen production during the corrosion of Ni in acidic conditions is

measured to be 0.50 ml h™! (1 bar, 25 °C). The sample has a surface of 20 cm?.

Calculate the corrosion rate in mm year ™.

1.5

A Fe-13 Cr alloy (by weight %) dissolves under acidic conditions to form Fe** and
Cr?* ions. The anodic partial current density is 2 mA cm™2. Calculate the weight loss
in mg dm~2 day~'.

1.6

Water circulates in closed circuit inside a steel heating system. The internal steel
surface exposed to water is 10 m2. To fill the system, 300 I of cold water saturated
with oxygen (8 mg O, dm™) is required. Assuming that all the oxygen reacts with the
steel, calculate the thickness of the wall lost to corrosion (in ym). Assume that the
iron oxidizes to Fe;0y,.

Chapter 2
2.1

Use the data given in Figure 2.2 to estimate the partial pressure of oxygen in
equilibrium with Cu,O at 1200 °C.
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2.2
At high temperatures, carbon dioxide can react with iron as follows:
Fe + CO, =FeO + CO

Calculate the equilibrium partial pressure of CO, at 1100 °C. The total pressure
P=Pco+PcoziS 1 bar.

2.3

Calculate the equilibrium vapor pressures of water and hydrogen corresponding to the
following reaction:

Co +H20 =CoO +H2

The temperature is 950 °C, and the total pressure P = Py, + Pyoo is equal to 1 bar.

24

Calculate the activity coefficient of the Fe?* ion at 25 °C:
a) in a 0.01 M FeCl, solution;
b) in a solution of 0.01 M FeCl, + 0.05 M HCI.

2.5

Calculate the reversible potential of the hydrogen electrode in a solution of pH 8. The
partial pressure of hydrogen is 0.5 bar and the temperature is 60 °C.

2.6

Will copper undergo corrosion in a de-aerated solution at pH 0.5 containing
107 mol 1! CuS0O,? We assume that: T = 25 °C, Py, = 1 bar.

2.7

In aqueous solution, ferric ions are in equilibrium with hydrolyzed FeOH?* and
Fe(OH)3 ions:

Fe** + H,O = FeOH** + H*
FeOH?* + H,0 = Fe(OH)% + H*

Calculate the concentrations of the Fe**, FeOH2*, and Fe(OH)3 ions in an electrolyte
of pH 4. The total concentration of trivalent iron is equal to 0.1 mol 1!, the temperature
is 25 °C. The table below gives the free energies of formation of the different ionic
species:
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Species Fe** (aq) FeOH?" (aq) Fe(OH)} (aq)
AG® (kJ mol™) —4.6 -229.4 -438.1

Remark: To solve this problem, activities are to be replaced by concentrations.

2.8

Calculate the complexation constant for silver in a cyanide-containing environment
(25 °C) corresponding to the following equilibrium:

Ag* +2 CN™ = Ag(CN);

29
The equilibrium potential of the cell:

is equal to 0.342 V (25 °C). The hydrogen partial pressure is equal to 1 bar and the
concentration of hydrochloric acid is 0.12 mol I"'. Calculate the activity coefficient of
the hydrochloric acid.

2.10
Find the reversible potential of the following cell:

Pt' 1 O20.002 bar) | KOH 01 M) | O2¢02 bar) | Pt"

The temperature is 80 °C. Identify the positive electrode and the anode.

2.11

Calculate the protection potential of nickel with respect to the saturated calomel
electrode at a temperature of 25 °C.

2.12

Calculate the maximum dissolution rate of copper (in mol m™> s™')in 1 M sulfuric
acid. The potential of the metal at 25 °C is 0.160 V. The mass transport coefficient is
ki = 107 m s~!. Does the dissolution rate depend on the acid concentration?

2.13
Calculate the equilibrium potential in an environment of pH 8 of the cell:

Pt Hy( pa) | Ni?*, OH~, H,O | Ni(OH),) | Ni
The solubility constant of Ni(OH), is equal to K = 1.6 x 1071% mol? 172
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2.14

The standard potentials of the following electrode reactions are known:

Cu(NH,)! +e=Cu+2NH, E°=-0.10V
Cu(NH,)* + e = Cu(NH,); + 2 NH, E°= 010V

a) Calculate the standard potential of the reaction
Cu(NH3)7" +2 ¢ = Cu + 4 NH;

b) Indicate the predominant complex species formed during corrosion of copper in
ammonia solution and calculate the protection potential of copper in 0.1 M NH; at a
temperature of 25 °C.

¢) Calculate the complexion constant of Cu* and of Cu?* in ammonia solution
corresponding to the reactions:

Cu* + 2 NH; = Cu(NH3)%
Cu?* + 4 NH; = Cu(NH;),>*

2.15

The standard potentials of the following electrode reactions are known:

Cr* +2e=Cr E°=-090V
Cr*+3e=Cr E°=-0.74V

a) Will the anodic dissolution of chromium produce mostly Cr?* ions or Cr>* ions?
b) Show that the mole fraction of Cr** ions in equilibrium with metallic chromium
varies with the total chromium ion concentration according to the expression :

Xeme =7.32% 107 (1 = Xepay) Y2012

where X3, is the mole fraction of the Cr** jons defined as X3, = ccy34/c, where
the total chromium ion concentration is given by ¢ = ¢y + Ccp34-

¢) Calculate the concentrations Cr’* and Cr’* ions in equilibrium with metallic
chromium for a total chromium ion concentration of ¢ = 0.01 mol I,

Chapter 3
31

At 25°C the equilibrium vapor pressure of water is equal to 0.023 bar. Calculate the
vapor pressure of a water droplet of 1 um diameter for these conditions.

3.2

What pressure needs to be applied in order to force water through a frit with pore
diameter of 3 um?
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592 Corrosion and Surface Chemistry of Metals

3.3

Calculate the number of atoms per square meter of a monocrystalline surface of
copper for the (111) and (100) orientations. The atomic radius of copper is 0.1278 nm.

34

In an high-vacuum chamber, the partial pressure of carbon monoxide is
Pco = 107 Pa (25 °C). By assuming a sticking coefficient of 0.5, calculate the time
needed to form an monolayer of adsorbed CO. The number of adsorption sites is
10 m=2.

3.5

Use the results given in Figure 3.12 in order to determine the heat of adsorption of
CO, corresponding to a coverage of 6 = 0.5, on a (111) surface of a platinum
monocrystal.

3.6

The composition of an oxide film formed on an iron-chromium alloy is studied by
XPS. The thickness of the film is equal to 2 nm, and it is covered with a monolayer of
carbon because of contamination. The atomic radius of carbon is equal to 0.09 nm,
the escape depth of photo-electrons for trivalent chromium ions in both the oxide and
in the contamination layer is 1.9 nm. Calculate the attenuation of the Cr>* signal by
the carbon film.

3.7

An iron-nickel alloy is analyzed by ISS with the use of helium ions as the primary
beam. The angle 0 between the incident and reflected ions is 90° and the primary
energy is 1 KeV. What does the resolution of the instrument (with respect to energy)
have to be if we want to separate the iron and nickel peaks?

3.8

Calculate, according to the Gouy-Chapman model, the diffuse double layer capacity
(in uF cm™?) in a 0.01 M NaCl solution. The difference between the applied potential
and the potential of zero-charge corresponding to A@gc is equal to 0.05 V (25 °C).

3.9

The double layer capacity of a semi-conducting electrode is measured as a
function of the applied potential. It is found that:
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E (V) 0.1 0 0.1 0.2 0.3 0.5 0.7
C (UF cm™?) 1.4 0.77 0.60 0.50 0.44 0.36 0.32

Calculate the charge carrier density. The dielectric constant is € = 8.0.

Chapter 4

4.1

The exchange current density of the reaction
2H" +2e=H,

on a metal electrode immersed in an acidic solution of pH 3.0 is equal to iy =
1 x 107 A cm™2 (25 °C). The cathodic Tafel coefficient is equal to 3, = 55 mV.
Calculate the cathodic current density for an applied potential of £ = —600 mV,
measured with respect to the saturated calomel electrode.

4.2
The exchange current density of the reaction
Fe** + e = Fe?*

in an electrolyte that contains equal amounts (0.001 mol I"!) of Fe?** and Fe* ions is
equal to ip = 5 x 107> A cm™2. The value of the cathodic Tafel coefficient is
B.=0.05 V. We then add 0.019 mol 1! of Fe>* ions to the solution. What is the new
value of the exchange current density?

4.3

The cathodic polarization curve for proton reduction in a solution of pH = 1.0 is
measured using a saturated calomel electrode as the reference electrode. The working
electrode has a surface of 6 cm?, and the temperature is 25 °C. We find the following
results:

Escgy (mV) I(A)
-360 -0.0003
—480 -0.0029
-600 -0.0310
=720 -0.301

Calculate the cathodic Tafel coefficient, ., and the exchange current density, i.
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4.4

In order to determine the polarization resistance of a carbon steel in acidic solution, a
potential is applied and the current measured. We obtain the following values:

E - E o (mV) i (mA cm™?)
-15 -8.5

-10 -6.0

-5 26

-2 -1.0

0 0

2 1.1

5 2.8

10 5.0

15 9.0

The anodic and cathodic Tafel coefficients are equal to: 8, = 30 mV, . = 50 mV.
Calculate (a) the polarization resistance at the corrosion potential and (b) the corrosion
current density.

4.5

The cathodic polarization curve of a nickel electrode is measured in a de-aerated acid
solution. The saturated calomel electrode is used as the reference. The working
electrode has a surface of 2 cm?. The following results are obtained:

Egscr (V) -0.55 ~0.64 ~0.69 ~0.71 ~0.73 ~0.77
1(mA) 0 0.794 3.05 4.90 8.10 20.0

Calculate the corrosion current density as well as the rate of corrosion (in mm per
year).

4.6

Calculate the corrosion current density and the value of the corrosion potential of a
steel sample in a de-aerated 4% NaCl solution at pH 1.0 containing 1072 mol 1! of
FeCl,. The following is known:

iope =108 A cm™
ioH= 107 A cm™
Bure = 17.4 mV
Ben =52 mV
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4.7

The potential of a steel sample is measured in a de-aerated solution of pH 4 as a
function of applied current. It is found that the slope of the cathodic Tafel line
corresponds to:

boy=-——3E  _120mv
’ diploglil
The corrosion potential, relative to the saturated calomel electrode, is E ., (SCE)
—0.520 V. For a cathodic current density of 1.0 mA cm™, a potential of E(sce)
= —0.900 V is measured. Calculate the corrosion current density and the exchange
current density of the cathodic partial reaction.

4.8

The corrosion potential of a zinc electrode in a de-aerated solution at pH 3.0 is equal
to E.o; = 500 mV and the corrosion current density is i.o, = 10°® A cm™2. Upon
addition of hydrochloric acid, the pH decreases to 1.0 and the corrosion current
density increases to .o, = 107 A cm™2. What is the new corrosion potential? For this
calculation, we assume that the cathodic reaction is first order with respect to H* ions.
The cathodic Tafel coefficient is equal to 8. = 0.053 V.

4.9

Calculate the limiting current for the reduction of oxygen on a rotating disk electrode
in aqueous solution for a rotation rate of 1200 rpm. The diffusion coefficient for
oxygen in water is equal to 2.51 x 107 cm? s!. The oxygen concentration for a
solution in equilibrium with the atmosphere is equal to 8 mg 17!, and the kinetic

viscosity is 0.01 cm? s™!. What is the thickness of the diffusion layer?

4.10

Aerated water flows down a tube with an inside diameter of 19 mm. The Reynolds
number is 42,000. The corrosion rate is controlled by the rate of mass transport of
oxygen, whose concentration in the water is equal to 7 mg 1"!. The kinetic viscosity
of water is equal to 0.01 cm? s™!. Calculate the corrosion current density of the metal
walls of the tube.

4.11

Calculate the corrosion rate (in mm per year) of a magnesium cylinder of diameter 4
cm turning at 4000 rpm in a solution of 0.01 M HCI with 0.1 M NaCl. The corrosion
rate is limited by the diffusion of protons towards the cylinder surface. The kinetic
viscosity of the solution is v =10 m=2 s
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4.12

The idea is put forward to store highly radioactive waste in cylindrical copper
containers covered with bentonite (an aluminosilicate) to be deposited into granite
stone. The bentonite creates a barrier against the incursion of ground water, and, in
addition, it maintains a high pH at the surface of the barrel. The thickness of the
bentonite layer is 2 m. The outside of the layer is in contact with salt water that
contains 5.4 ppm O,. The diffusion coefficient of oxygen in bentonite is equal to D =
8 x 107" m2 s~!. Calculate the thickness of the wall corroded after 100,000 years, the
planned storage time. For this calculation, we neglect the effect of the cylindrical
geometry of the recipient.

4.13
Oxygen is reduced on a platinum rotating disk electrode at limiting current:
0,+2H,0+4e—40H

The electrolyte is a NaCl solution at pH 7.0. The oxygen concentration is 8.0 mg 17,
and the rotation rate is 100 rad s™'. Estimate the pH at the surface of the cathode. Does
its value depend on the rotation rate?

4.14

The saturation concentration of FeCl, in water is equal to 4.25 mol I"!. Calculate the
anodic limiting current density for iron dissolution from a rotating disk electrode in a
binary electrolyte of 2.0 mol I"! FeCl, at a rotation rate of 200 rpm. The temperature
is 25 °C.

4.15

Using the values found in Table 4.19, estimate the conductivity of drinking water
(25 °C) that contains 1 mg 1! of NaCl and 15 mg I"! of Ca(HCO3),.

4.16
A spherical ion moves in a unidirectional electric field d@/dy. The electric force F,

acting on the ion corresponds to:

F<:=Zi‘1d—y

with ¢ = 1.60 x 107! C. The frictional force that slows down the ion velocity is given
by Stokes law:

F=6mrny
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In this equation, v; is the displacement velocity of the ion, r; is its radius and 1 is the
viscosity of the solvent (for water at 25 °C, 1 = 10~ kg ms™'). The ion reaches a
steady-state velocity when F, = F,. By using the data of Table 4.19, calculate the
effective ionic radius of hydrated Fe** and Fe** ions. Why is the effective ionic radius
of the Fe** ion the higher of the two?

Chapter 5
51

A solution in contact with a platinum electrode contains 107> mol I"! of Fe?* ions and
1072 mol 1! of Fe3* ions. A potential of 0.595 V is applied to the electrode. What is
the value of the measured cathodic current? Is the reaction rate under these conditions
controlled by charge transfer or by mass transport? We know the following:
ip=5%x10 Acm™, B, =0.05V, §=107 cm, Dges, =0.61 x 1077 m?s~!, T=25 °C.

5.2

For the dissolution of iron according to the Bockris mechanism, find the values of the
following quantities:

5 dini [dlnio ] [ dE ]
a dlncOH, dincg,,, . dncyy, |

CFe2+ - CFeat

53
Protons are reduced according to overall stoichiometry:
2H"+2e¢—>H,

The reaction kinetics on a given metal has been found to follow the Volmer-Tafel
mechanism with the Tafel reaction being rate-limiting. Show that if the surface
coverage of adsorbed hydrogen remains low, the Tafel slope is equal to b, = 30 mV
(25 °C, base—10 logarithm).

54

The impedance of a metal electrode of 2 cm? is measured at the equilibrium potential
for the reaction (M represents a metal):

M*4+2e¢ M

The following values are found:
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Frequency (kHz) Zg.(QQ)  Zp, ()

20 0.03 0.50
10 0.12 0.98
5 0.47 1.88
25 1.60 3.20
1.5 3.28 3.93
1.25 4.00 4.00
1 4.88 3.90
0.75 5.88 3.53
0.5 6.90 2.76
0.25 7.69 1.54
0.1 7.95 0.64
0.05 7.99 0.32
0.01 8.00 0.06

Calculate the exchange current density of the electrode reaction and the double layer
capacity.

5.5

The impedance of a metal electrode with a surface area of 5 cm? is measured. The
metal dissolves in the Tafel region at a current density of 5 mA according to the
reaction:

M-o>Mt+e

The following values are found for the impedance:

Frequency (kHz) Zg.(2) Zj, ()

20’000 2.00 0.10
10’000 2.01 0.20
5000 2.03 0.41
1000 2.60 1.80
500 3.85 2.77
200 6.41 2.65
100 7.50 1.65
50 7.87 0.180.88
10 7.99 0.020.18
1 8.00 0.02

Calculate (a) the ohmic resistance between the Luggin capillary and the working
electrode, (b) the charge transfer resistance, and (c) the value of the Tafel coefficient

Ba-
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5.6

The following mechanism is proposed for nickel dissolution:

Ni + H,O - NiOH 4, + H" + ¢
NiOH,4, — NiOH" + ¢
NiOH* + H* — Ni** + H,0

In this mechanism, the second step is rate limiting, and the adsorption of NiOH, 44
follows the Langmuir isotherm. Find the values for the following quantities expressed
in base-10 logarithms:

[dlogioJ ( dlogi, ]
dpH cNi2+’ dlog enis oy

5.7

The dissolution of copper in sulfuric acid involves two consecutive steps:

Cu—Cut+e
Cut > Cu®* +¢

Show that the reaction obeys the expression:

. exp((+a)fn) —exp(=(1

i
1+-> exp( )

o1

i=2i, —ON) yith f= ART

Calculate the anodic and cathodic Tafel coefficients for the special case where the
exchange current density of the first step, iy is significantly larger than that of the
second step io: ipy >> ipy. For this calculation, we assume that the transfer
coefficients for the two steps are equal: oq = ¢ = « . In addition, the concentration
of the Cu>* ions at the electrode surface remains constant.

Chapter 6
6.1

By using the values of the Gibbs free energy of formation from Tables 2.9 and 6.8,
calculate the standard potential of the following half-cell reaction:

Fe,03+6 H*+ 6 ¢=2Fe +3 H,0
Compare the results obtained with the passivation potential of iron as given in

Figure 6.9.

6.2

Calculate the standard potential for the reduction of hematite to magnetite:

3F6203+2H++2€=2FC304+H20
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6.3

The active dissolution of a passivating alloy obeys the Volmer-Butler law. The
passivation potential (25 °C) depends on the pH according to the following expression:

E,=0.15-0.059 pH

The corrosion potential and the corrosion current density of the alloy in a solution of
pH 0.2 are equal to: E.o, =50 mV, i, = 0.10 mA cm™2. The anodic Tafel coefficient
is B, =30 mV. Calculate the passivation current density.

6.4

The chemical passivation of a rotating stainless steel cylinder immersed in an acidic
solution is studied as Fe** ions are gradually added to the solution. The Fe* ions are
reduced to Fe?* at the limiting current as the metal corrodes. The radius of the cylinder
is 2 cm, and the rotation rate is 1000 rpm. The diffusion coefficient of the Fe3* ions is
equal to 0.7 x 107 cm?s~!, the cinematic viscosity of the solution is v = 0.011
cm?s™!. In the absence of Fe**, the anodic polarization curve indicates a passivation
current density of ip = 30 mA cm~2, independent of the rotation rate. Calculate the
concentration of Fe>* required to passivate the alloy.

6.5

The passivation current density of iron decreases with increasing pH. On the basis of
the experimental data given in Figure 6.16, set up an equation that describes the
variation of the passivation current density of iron as a function of pH in a phosphate-
containing solution. Indicate the minimum pH that still permits the spontaneous
passivation of iron in a solution that contains 0.5 ppm of dissolved oxygen (1 ppm =
1 mg I™Y). The rate of oxygen reduction is limited by mass transport and the thickness
of the diffusion layer is equal to 2.0 x 1072 cm.

6.6

In Figure 6.15 the passivation current density of iron in 1 M sulfuric acid is shown for
different rotation rates of a rotating disk electrode .

a) Give an expression for the variation of the passivation current density as a function
of the square root of the rotation rate: i,, = Aaw'?).

b) Estimate the Fe>* ion concentration at the surface of the electrode. The diffusion
constant for Fe>* ions is Dgery =0.5 % 107 cm?s™! and the cinematic viscosity of the

electrolyte is v =0.01 cm? s

6.7

For an electrolyte at pH 5.0, calculate the equilibrium potential of the following
reaction:

2 CI'O:;(S) +6HY"+6e= CI'203(S) +3 H20
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6.8

The transpassive dissolution of a stainless steel rotating disc electrode in concentrated
acid reveals an anodic limiting current that varies with the rotation rate:

o (rad s7) 600 400 200 100 50 20 10
i (Acm™) 0.262 0.25 0.227 0.20 0.172 0.134 0.107

Calculate the dissolution current density at infinite rotation rate.

6.9

The transpassive dissolution of chromium produces different hexavalent species:
chromic acid (H,CrO,), chromate ions (CrO3"), hydrogen chromate ions (HCrOg)
and bichromate ions (Cr,037). The relative concentrations of these species are
determined by the following equilibria:

H,CrO, =HCrO; +H* K, =63
HCrO; = CrO;~ +H”* K, =33x10"
2 HCrO; =Cr,03™ + H,0 K3=339

Calculate the concentration of each species in a solution of pH 3 for the total
hexavalent chromium concentration of 0.1 mol 1"}, For this calculation, activities are
replaced by concentrations.

Chapter 7
7.1

Certain parts of a water heater made of copper are maintained at a temperature of
95 °C, others at 65 °C. The heater holds water with 0.1 ppm of Cu®* ions. Estimate
the theoretical voltage between the parts at different temperature. Identify the place
where corrosion could potentially take place. For this calculation, we assume that the
standard potential does not vary between the two temperatures of interest.

7.2

The voltage at the leads of a battery at open circuit is equal to U9 = 2 V. The
potentials of the anode and the cathode obey the following expressions:

C,=(E=Eep)anode = 018 + 0.1210g 111 (V)
& =(E = Epo )enthode = —0.20 — 0.091og 111 (V)

The internal resistance of the battery is equal to R, = 0.14 Q. Calculate the voltage
at the leads when the battery supplies a current of (a): /=0.1 A, and of (b): /=1.0 A.
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7.3

A 25 dm? section of sheet metal, with 5 rivets 0.5 cm? each), stays immersed in water
that contains dissolved oxygen. The rate of oxygen reduction is the same for the entire
piece and is equal to N, = 4.0 X 107> mol cm™ s7'.

a) The rivets are made of steel, the sheet metal is copper. Calculate the rate of
corrosion of the rivets in mm per year.

b) The sheet metal is made of steel, and the rivets are copper. Calculate the average
rate of corrosion of the sheet metal in mm per year.

For these calculations, we assume that the iron oxidizes into Fe** and that the

corrosion of the copper is negligible.

74

Two 10 cm? sections of sheet metal, one of zinc and the other of copper, are immersed
in a solution of aerated Na,SO,. Oxygen is reduced at the limiting current on both
metals, and the limiting current density is identical: i; o, = —0.05 A cm~2. The
corrosion potential of zinc is equal to: E oz, = =765 mV, and that of copper is
E or.cu = +10 mV. The Tafel coefficient for Zn dissolution is equal to 8, 7, =40 mV.
The resistance of the electrolyte between the two metals is equal to R;,, = 1 Q.

By short-circuiting the two metals (R.x; = 0), a corrosion cell is formed. The corrosion
of the copper stops, while that of the zinc increases. Calculate the following values
for the cell:

a) the corrosion rate of the zinc (in A cm’z);

b) the potential of the zinc;

¢) the electric current between the cathode and the anode;

d) the potential of the copper.

7.5

The two electrodes (I) and (II) are immersed in neutral solution and separated by a
frit. The oxygen partial pressure in the compartment of electrode (II) is equal to
Pooq = 1 bar; that for the other electrode is Pg,; = 0.01 bar. Calculate the open-
circuit potential difference between the two electrodes for the following specific cases:
a) the two electrodes are made of noble metal and are both reversible with respect to
oxygen;

b) the two electrodes are made of brass and can corrode, with the corrosion rate being
controlled by oxygen mass transport, and with the oxygen being reduced at the
limiting current. The anodic dissolution of brass obeys Tafel’s law, with a Tafel
coefficient of S, =17 mV.

7.6

The organic coating of a steel water pipe, buried in clay soil, has a circular defect with
a diameter of 1 cm. The corrosion potential at the defect is equal to E.,.; = +0.1 V.
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The wall of the pipe has a thickness of 6 mm. The soil resistance is equal to
3000 ©Q cm. Because of a construction error, the pipe is in contact with the
reinforcement of a building’s concrete foundation, thus forming a galvanic cell. The
corrosion potential of the metal reinforcement is equal to E .,y = +0.6 V. How long
will it take the corrosion to pierce a hole in the pipe?

In order to solve this problem, we assume that the corrosion takes place under ohmic
control. The internal resistance of the cell is equal to the resistance of the soil in the
vicinity of the defect (Section 12.4):

In this expression, k represents the soil conductivity in Q' cm™ and d is the diameter
of the defect.

7.7

Estimate the average chromium concentration (weight percent) in a stainless steel of
type 18-8 with 0.4% carbon after the sample has undergone a sensitizing heat treatment
that resulted in the precipitation of chromium carbide, Cr,3Ce.

7.8

The propagation rate of a one-dimensional pit in the wall of a steel pipe immersed in
an NaCl electrolyte is controlled by the mass transport of ferrous ions. Calculate the
time (in hours) that it takes for a hole to pierce the wall. The wall thickness is 3 mm.
The solubility of FeCl, in water is equal to 4.25 mol 1"}, For the calculation, we
assume an  effective  diffusion  coefficient of ferrous ions  of
Destper+y = 0.72 X 107 cm? s7!, that includes the influence of migration (cf.
Chapter 4).

7.9

The pitting potential of a passive alloy in aerated seawater at pH 8 and at 40 °C is
equal to 0.80 V relative to the saturated calomel electrode. Is there a risk of pitting
corrosion if this alloy is exposed to aerated seawater at this temperature?

Chapter 8
8.1

Low temperature oxidation of a metal exposed to a low partial pressure of oxygen is
studied by the method of photo-electron spectroscopy. The following results are found
for the variation of the thickness L as a function of the exposure time ¢:
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t(min) 10 11 98 1050 9960
Lmm) 15 20 26 3.1 3.6

Determine the growth law and estimate the oxide thickness after 10 years of exposure.

8.2

The relative humidity of an atmosphere at 25 °C is found to be 83%. Calculate the
maximum diameter of a pore in which condensation can occur.

8.3

The relative humidity of air at 30°C is found to be 53%. The temperature drops to
20 °C. What is now the relative humidity? Is this greater or smaller than the
equilibrium value in contact with a saturated ZnSO, solution?

8.4

Steel samples with a surface of 25 cm? are exposed to the atmosphere and the corroded
mass is measured as a function of exposure time by gravimetry. The following results
are obtained

Exposure time (months) Corroded metal mass (mg)
2 20

12 69

22 101

36 148

Estimate the thickness corroded after 20 years; discuss the validity of this extrapolation.

8.5

a) Calculate the total concentration of ferrous ions (Fe2+ + FeOH") in equilibrium
with ferrous hydroxide Fe(OH), in an electrolyte of pH 6 (T = 25 °C). Which one is
the dominating species?

b) In the same fashion, calculate the total concentration of trivalent cations in
equilibrium with ferric hydroxide (Fe(OH)5) and identify the dominating species.

¢) Anodic dissolution of iron usually produces divalent species. During atmospheric
corrosion, the reaction of dissolved divalent species with oxygen, leads to precipitation
of Fe(OH)3. Explain this phenomenon.

The following table gives the solubility constants of the different species (W. Stumm,
G.F. Lee, Ind. Engr. Chemistry 53, 143 (1961):
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Reaction Oxidation state Equation Equilibrium

number of iron constant

1 Fe(Il) Fe(OH), = Fe’* + 2 OH~ K,=8x107"®

2 Fe(I) Fe(OH), = FeOH* + OH~ K, =4x1071°

3 Fe(IID) Fe(OH), = Fe** + 30H" Ky =1073¢

4 Fe(III) Fe(OH); = FeOH?* + 20H" K,=6.8x1072%

5 Fe(III) Fe(OH); = Fe(OH)3 + OH~ Ks=17x10""
8.6

Estimate the maximum rate of atmospheric corrosion (mm per year) of a steel plate
covered by a water film of 1 um thickness (25 °C). Why is the corrosion rate observed
in practice usually lower than the value calculated in this way?

Chapter 9
9.1

The high-temperature oxidation of nickel obeys the parabolic law. The oxidation
constant varies with the oxygen partial pressure according to the relation:

1 pl/
kp = kaOZH

where kij is the rate constant at P, = 1 bar.
a) Using the results given in Figure 9.13 estimate the activation energy at Pg,= 1 bar.

b) Would the activation energy for P, = 1072 bar be different, and if so, why ?

9.2

Show that, in a monovalent n-type semiconducting oxide, the concentration of

interstitial cations is proportional to Poy®, and that, in a p-type monovalent oxide, it

is proportional to PY5.

9.3

At high temperature, copper oxidizes according to the following reaction:
2Cu+1/20,— Cu,O

Should the presence of a small amount of nickel ions in the oxide increase or decrease
the rate of oxidation?
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94

Using the thermodynamic data given in Table 2.1, plot InPgg, vs. InPg, for nickel at
600 °C.

a) Show the regions of stability of Ni, NiO, and NiS.

b) Which of the three solid species is thermodynamically stable in an exhaust gas that
contains 2% of SO, by volume. The partial pressure of O, is 107!® bar, the total
pressure is 1 bar.

9.5

A ferritic stainless steel containing (by weight) 23.4% Cr, 0.05% Ti, 1.5% Mo and
0.05% C is annealed at 900 °C. Indicate the concentration of the different carbides (in
weight %) that one will find after a rapid quenching of the steel.

Chapter 10
10.1

In a sliding-wear test with a back-and-forth movement, a steel pin rubs against a plate
of the same material. The normal force is equal to 100 N and the frequency is 50 Hz.
The amplitude of the oscillation is 2 mm. The geometric area of the contact is 3 mm?,
and the friction coefficient is f=0.1.

a) Calculate the thermal energy dissipated per second by the contact.

b) Estimate the increase of the average contact temperature if the thermal conduction
length is 1 cm and assuming that the pin and the plate contribute equally to the
dissipation of the heat. The thermal conductivity of steel is equal to 0.46 J cm™
sTKL

10.2

According to the data given in Figure 10.15, there is a linear relationship between the
hardness of pure metals and their resistance to abrasive wear. Should one expect to
find a similar relation for adhesive wear?

10.3

The rate of wear of a non-lubricated steel on steel contact is measured using a pin-on-
disk apparatus. The geometric contact area is 4 mm?. A normal force of 50 N is
applied and the rotation of the disk is set to 3 rpm. The pin is located at a distance of
8 cm from the center of the disk. The hardness of the steel is 250 kg mm™2, its thermal
conductivity is 0.45 J cm™' K™! s7!, and its heat capacity is 490 J kg~! K~!. Locate
the conditions of this test on the wear map of Figure 10.21.

104

Water flows in smooth-walled pipe of 10 meter length and 0.1 m diameter under
turbulent flow conditions at a flow rate of 90 I/s. The fluid pressures at the entry and
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exit are 1.15 bar and 1.0 bar, respectively. The cinematic viscosity of water is 0.01
cm?/s. Calculate the friction coefficient.

10.5

The critical shear stress that causes erosion corrosion of copper in a pipe containing
sea water under turbulent flow conditions is taken to be 9.6 N/m?. What would be the
critical flow velocity in pipes of 5 cm and 20 cm respectively? We assume that the
friction coefficient is given by the Blasius relation:

f=0.32 Re” 14

For this calculation, use the physical properties of pure water: p = 103 kg m™3;
v=10%m?s7,

10.6

Due to surface rugosity, two steel surfaces sliding on each other in a non-lubricated
pin-on disk contact only touch at the asperities. It has been proposed (ref. [10],
Chapter 10) that the instantaneous temperature at the asperities 7}, can be estimated
from the approximate formula:

_ B pin

inst S N2

Here, B is a constant whose value is § =1, f is the friction coefficient and v* is the
dimensionless sliding velocity. The steady-state temperature of the surface, Ty, is
given by equation (10.11). The number of contact points per given geometric surface,
N, depends on the non-dimensional pressure F* according to the relation:

N=1+@x107) F*(1-F%)

Plot the isotherm Tj,i —T = 400 °C in a log F*-log v* diagram assuming a friction
coefficient of f= 0.5. Discuss your result.

Chapter 11

11.1

A copper wire is cold worked, resulting in a stored deformation energy of 12 J g7
An electrochemical cell is established between this copper wire and an annealed
copper sheet. Calculate the equilibrium potential of the cell. Is the cold-worked metal
at a positive or negative potential relative to that of the annealed electrode? Which
one of the two metals will corrode preferentially?

11.2

The minimum stress intensity that can lead to crack growth in a steel used in the
construction of a steam turbine rotor corresponds to Kigcc = 5 M N m™2. The
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material is subjected to a tensile stress of 700 MPa. Calculate the maximum admissible
length of a crack. We assume that f,/y = 1.

11.3

A bar of 5 mm diameter made of high strength steel (yield strength ¢, = 1100 MPa)
is subjected to a tension force of 1.5 x 10* N. Indicate if the bar will withstand this
force (a) in a non-corrosive environment and (b) in the presence of dissolved hydrogen
resulting from a bad zinc coating (cf. Fig. 11.27).

114

Using the data from Table 11.20, estimate the solubility of hydrogen in o~iron at
200 °C. The pressure of the hydrogen gas is 20 bar. Give your answer in units of
cm® H, (25 °C, 1 bar) per cm? Fe.

11.5

A two-compartment electrochemical cell is used to measure the diffusion coefficient
of hydrogen in iron. The solubility of hydrogen in the metal under the conditions of
the experiment is equal to 1.62 cm® (25 °C, 1 bar) per gram of Fe. At the anode, a
current density of 80 A cm2 is measured, which is attributed to the oxidation of
hydrogen. The thickness of the iron sheet is 20 um. Calculate the diffusion coefficient
of hydrogen in iron.

Chapter 12
12.1

The electroless deposition of nickel is studied in a phosphorous acid electrolyte. The
process takes place according to the following reaction:

Ni?* + H,PO3 + H,0 — Ni + H,PO3 + 2 H*

The anodic partial reaction (hypophosphite) and the cathodic partial reaction (nickel)
obey Tafel kinetics:

anodic: £ = 0.085 + 0.065 In i, yp
cathodic: £ =-0.542 - 0.039 In li il

Here the subscript HP refers to hypophosphite. Calculate the time required to form a
12 um thick deposit.

12.2

The chemical analysis of drinking water reveals the following cationic concentrations:
Ca*: 107 mol I"!; Mg?*: 4 x 107 mol I"!; Na™: 107 mol 1"'; NH%: 10~ mol I\,
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Indicate the hardness of the water in degrees on the French hardness scale (equivalent
of 10 mg CaCO5 = 1°F) .

12.3

The adsorption of BTA on iron in sulfuric acid obeys the Langmuir isotherm. The
Gibbs free energy of adsorption is given by the following expression (by is the
adsorption coefficient):

AGa?ds =-RTIn bL

Use the results from Figure 12.29 to estimate the value of AG zy,.
Show that the value of the adsorption coefficient decreases with temperature if the
adsorption is exothermic.

124

A steel propeller of a boat turns at the speed of 50 rpm in seawater. It undergoes
uniform corrosion at the rate of 10 mg day~! cm™. The surface of the propeller is 2
m?2. Estimate the current required to cathodically protect it.

12.5

Calculate the protection potential, relative to the copper sulfate electrode, of a steel
pipe buried in a soil of pH 8. The temperature is 15 °C.

12.6

A steel tank having a surface of 9 m? is cathodically protected with a magnesium
anode. The polarization resistance of the tank is equal to 4 x 10* Q cm?, the anodic
Tafel coefficient is 8, = 20 mV. The cathodic partial reaction is the reduction of
oxygen at the limiting current. The protection must last 6 years. Because of different
losses, only 50% of the anode mass can be used for the protection of the tank.
Calculate the mass of the anode that is required.

12.7

A 30 cm diameter straight pipe is buried in soil at a depth of 2 meters. The resistivity
of the soil is equal to p, = 3000 Q cm. A stray current enters the pipe. Its magnitude
is determined by placing two copper sulfate reference electrodes at the surface of the
soil, one at a position directly perpendicular to the pipe, and the other at a distance of
20 m to the side. A potential difference of 1.25 volts is measured between the two
electrodes, with the electrode placed above the pipe as the negative pole. Show that
the stray current that enters the pipe is given by:
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2rLAD

h2+ 2
pe In hzy

=

In this expression, L is the length of the pipe, A®@ is the potential difference measured
between the two reference electrodes, y is the distance between electrodes, and % is
the depth to which the pipe is buried. Calculate the stray current density for the given
conditions.

12.8

The effect of an inhibitor on the corrosion rate of iron in an acidic environment of pH
0.2 is studied. In the absence of the inhibitor, the anodic and cathodic partial reactions
obey the following equations (logarithms are base-10):

anodic: £ = 0.08 + 0.05 log i, g,
cathodic: E =-0.36 — 0.12 log li; gl

a) Calculate the corrosion current density and the corrosion potential.

b) Calculate the exchange current density of the cathodic partial reaction (proton
reduction).

c) The presence of an inhibitor decreases the exchange current density of the partial
cathodic reaction by a factor of 1000. Calculate the corrosion current density and the
corrosion potential.

d) Calculate the inhibition efficiency.
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A4 LIST OF SYMBOLS

surface (m2)

activity of species i

chemical species i

adsorption coefficient (Langmuir isotherm)

anodic (cathodic) Tafel coefficients, base 10 logarithm (V)
capacitance (C V-1 or C V-1 m-2)

concentration of the species i (mol m-3)

electron concentration in an intrinsic semiconductor (mol m-3)
hole concentration in an intrinsic semiconductor (mol m-3)
diffusion coefficient (m2 s-1)

hydraulic diameter (m)

electrode potential relative to the standard hydrogen electrode (V)
electrode potential relative to the saturated calomel electrode (V)
reversible potential (V)

standard potential (V)

corrosion potential (V)

protection potential (V)

kinetic energy (J)

Fermi energy (eV)

band gap energy (eV)

binding energy

Faraday constant (C mol-1)

activity coefficient

friction coefficient (dimensionless)

gravitational constant (m s-2)

Planck’s constant (J s)

height (m)

enthalpy (J mol-1)

current density (A m—2)

exchange current density (A m-2)

corrosion current density (A m-2)

limiting current density (A m—2)
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i, (i)  anodic (cathodic) current density (A m-2)
ik (icx) anodic (cathodic) current density of a partial reaction k (A m~2)
J ionic strength (mol m-3)

K equilibrium constant

K; mode I stress intensity factor (MPa m-1/2)
Kic fracture toughness (MPa m-1/2)

Kiscc  limiting stress intensity factor for stress corrosion cracking (MPa m-1/2)
k rate constant

ki mass transport coefficient (mol m-1 s-1)

L characteristic length (m)

L thickness (m)

m mass (kg)

M molar mass (kg mol-1)

n charge number (dimensionless)

n; amount of substance i (mol)

N number of cycles

Ny number of cycles before failure

N Avogadro’s number

No number of adsorption sites (m-2)

N; number of adsorption sites occupied by species i (m-2)
N; flux of the species i (mol m—2 s-1)

P pressure (N m-2)

P; partial pressure of species i (N m-2)

P permeability (mol m-1 s-1)

q charge density (C m—2)

(0] electric charge (C)

Oads heat of adsorption (J mol-1)

r radius (m)

T polarization resistance r;, = dE/di (2 m?)

R gas constant (J mol-1 K-1)

Re Reynolds number (dimensionless)

Ro ohmic resistance ()

R, average rugosity (um)

SK condensation coefficient (dimensionless)
Se entropy of formation (J mol-! K-1)

Sh Sherwood number

Sc Schmidt number

t time (s)

T temperature (K)

4 transport number of an ion (dimensionless)
U cell voltage (V)

u; mobility of ion i (m mol N-I s-1)

v flow velocity (m s-1)
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AG?*

AS°

oS g

N N

S

Q

£

8@43’@4’6«’9

reaction rate (mol m-2 s-1)

corrosion rate (mol m-2 s-1)

volume (m3)

molar volume

mole fraction of species i (dimensionless)
anodic (cathodic) Tafel coefficient (V)
surface tension (N m-1) or surface energy (J m-2)
thickness of the diffusion layer (m)

free energy of reaction (J mol-1)

standard free energy of reaction (J mol-1)
free energy of activation (J mol-1)

enthalpy of reaction (J mol-1)

standard enthalpy of reaction (J mol-1)
entropy of reaction (J mol-! K-1)

standard entropy of reaction (J mol-! K-1)
liquid junction potential (V)

ohmic potential difference (V)

dielectric constant (dimensionless number)
permittivity constant (C2 N-1 m—2)
polarization: £ = E — E; (V)

overpotential: # = E — E,, (V)

contact angle

surface coverage of species i (dimensionless)
conductivity (-1 m-1)

electron mean free path (m)

potential sweep rate (V s-1)

electron depth (m)

chemical potential of species i (J mol-1)
standard chemical potential of species i (J mol-1)
electrochemical potential of species i : i} = p; + z;F® (J mol-1)
frequency (s-1)

kinematic viscosity (m2 s-1)

stoichiometric coefficient of species i (dimensionless)
density (kg m=3)

resistivity (€2 m)

surface excess of species i (mol m—2)

electric potential, or Galvani potential (V)
Galvani potential in the electrolyte (V)
Galvani potential in the metal (V)

work function (J)

angular velocity (rad s-1)
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Subscripts

a anodic

ads adsorption, adsorbed

aq hydrated

B chemical species B

b bulk

c cathodic

cb conduction band

ch chemical

cor corrosion

des desorption

e electron

ar growth

GC Gouy-Chapman

H Helmbholtz

i chemical species i

k partial reaction k

m metal

ox species “oxidized” in a half-cell reaction: 2vj oxBj ox + 1€ = ZV; 1edBi red
oxd oxide

red species “reduced” in a half-cell reaction: Zv; oy B; ox + 1€ = ZV; redBi red
S surface

sat saturated, saturation

sc space charge

sl sliding

rev reversible (at equilibrium)
vb valence band

Q ohmic

+(-)  cation or anion in a binary electrolyte
(2) gas phase

@ liquid phase

(s) solid phase

Superscripts
° standard state
m partial molar quantity
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