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Preface

hen I carried out my first corrosion investigation, some

25 years ago, on what turned out to be a 90-10 copper-nickel

tubing Type I pitting problem it never occurred to me that
this was indeed to trigger an important transition in my career. Well,
that seems to be how many corrosion engineers have stumbled onto
what was later to become a central focus of their work. There are many
reasons for this. One common factor that often attracts an investigator’s
attention is the drastic contrast that exists between the importance and
seriousness of a corrosion problem and the size of the damage itself.

In my first corrosion investigation a metallurgical microscope of
reasonable magnification was required to examine the tubing
samples provided. Yet, these microscopic pits were causing a major
havoc to the air-cooling system of a relatively modern facility where
my laboratory and office were located. Eventually the whole air-
conditioning system unit had to be replaced at a cost of over $200,000.
The precise root cause of the problem still remains a mystery since a
few other systems operating with a common water intake and of the
same design and vintage are still in operation today and never
suffered Type I pitting problems.

My first case also revealed another aspect of many corrosion
investigations thatis quite fascinating. It has to do with the complexity
of the interactions that eventually culminate in a failure or a need to
repair. The belief was widespread at the time that many of the
corrosion problems could be alleviated with the help of well-designed
and calibrated expert systems. In many countries the development of
these systems was funded on the premise that these software tools
would artificially improve the level of expertise of technical personnel.
Of course, this optimistic view could not possibly consider many of
the hidden factors that are behind many corrosion situations:
unreported system changes, rapid and frequent changes in technical
personnel and many other factors that may remain invisibly at work
on a micro scale for years before giving the final blow to a system.

As with many of my predecessors and many colleagues, I have
come to the conclusion that the main line of defense against the multi-
headed foe we call corrosion is by increasing awareness through
education and training. In our modern world some of that training
can be provided by various routes that are readily accessible almost
anywhere via the Internet or the Web. However, textbooks and
reference documents remain as precious today as they were a century
ago when they were the main source of distributing information.

Xui
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Xiv  Preface

As an educator I have always been looking for useful and educative
corrosion documents. Hopefully the reader will find the present text
instructive in several useful ways.

In conclusion, I would like to acknowledge the numerous
contributors who have directly or indirectly provided many of the
cases discussed and illustrated in Corrosion Engineering: Principles and
Practice. Your work at combating corrosion on all fronts has been
greatly inspiring.

Pierre R. Roberge, Ph.D., P.Eng.

About the Author

Pierre R. Roberge, Ph.D., P.Eng., is a professor at the
Royal Military College of Canada, where he teaches
materials engineering, corrosion engineering, and
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performance of materials in service and the produc-
tion of energy with electrochemical power sources.
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neering titles, including McGraw-Hill’s Handbook of
Corrosion Engineering.
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CHAPTER 1

The Study of
Corrosion

1.1 Why Study Corrosion?

Most people are familiar with corrosion in some form or another,
particularly the rusting of an iron fence and the degradation of steel
pilings or boats and boat fixtures. Piping is another major type of
equipment subject to corrosion. This includes water pipes in the
home, where corrosion attacks mostly from the inside, as well as the
underground water, gas, and oil pipelines that crisscross our land.
Thus, it would appear safe to say that almost everyone is at least
somewhat familiar with corrosion, which is defined in general terms
as the degradation of a material, usually a metal, or its properties
because of a reaction with its environment.

This definition indicates that properties, as well as the materials
themselves, may and do deteriorate. In some forms of corrosion, there
is almost no visible weight change or degradation, yet properties
change and the material may fail unexpectedly because of certain
changes within the material. Such changes may defy ordinary visual
examination or weight change determinations.

In a modern business environment, successful enterprises cannot
tolerate major corrosion failures, especially those involving personal
injuries, fatalities, unscheduled shutdowns, and environmental
contamination. For this reason considerable efforts are generally
expended in corrosion control at the design stage and in the
operational phase. This is particularly true for industries where harsh
chemicals are handled routinely.

Corrosion can lead to failures in plant infrastructure and machines
which are usually costly to repair, costly in terms of lost or contaminated
product, in terms of environmental damage, and possibly costly in
terms of human safety. Decisions regarding the future integrity of
a structure or its components depend upon an accurate assessment
of the conditions affecting its corrosion and rate of deterioration.

) _www.iran-mavad.com
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1.2

Chapter 1

With this information an informed decision can be made as to the
type, cost, and urgency of possible remedial measures.

Required levels of maintenance can vary greatly depending on
the severity of the operating environments. While some of the
infrastructure equipment might only require regular repainting and
occasional inspection of electrical and plumbing lines, some chemical
processing plants, power generation plants, and aircraft and marine
equipment are operated with extensive maintenance schedules.

Even the best design cannot be expected to anticipate all condi-
tions that may arise during the life of a system. Corrosion inspection
and monitoring are used to determine the condition of a system and
to determine how well corrosion control and maintenance programs
are performing. Traditional corrosion inspection practices typically
require planned periodic shutdowns or service interruptions to allow
the inspection process. These scheduled interruptions may be costly
in terms of productivity losses, restart energy, equipment availability,
and material costs. However, accidental interruptions or shutdowns
are potentially much more disruptive and expensive.

The Study of Corrosion

To the great majority of people, corrosion means rust, an almost
universal object of hatred. Rust is, of course, the name which has
more recently been specifically reserved for the corrosion of iron,
while corrosion is the destructive phenomenon which affects almost
all metals. Although iron was not the first metal used by man, it has
certainly been the most used, and must have been one of the first on
which serious corrosion problems were encountered [1].

Greek philosophers viewed the physical world as matter organized
in the form of bodies having length, breadth, and depth that could act
and be acted upon. They also believed that these bodies made up a
material continuum unpunctuated by voids. Within such a universe,
they speculated about the creation and destruction of bodies, their
causes, the essence they consisted of, and the purpose they existed for.
Surfaces did not fit easily into these ancient pictures of the world, even
those painted by the atomists, who admitted to the existence of voids.
The problem of defining the boundary or limit of a body or between
two adjacent bodies led Aristotle (fourth century BC) and others to
deny that a surface has any substance. Given Aristotle’s dominance in
ancient philosophy, his view of surfaces persisted for many centuries,
and may have delayed serious theoretical speculation about the nature
of solid surfaces [2].

Perhaps the only ancient scientific account of surfaces is to be
found in some passages of the great Roman philosopher Pliny the
Elder (23-79 AD) who wrote at length about ferrum corrumpitur, or
spoiled iron. By his time the Roman Empire had been established as
the world’s foremost civilization, a distinction due partly to the
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extensive use of iron for weaponry and other artifacts that were, of
course, highly subject to rust and corrosion.

Pliny described corrosion phenomena taking place at the surface
of metals, as well as remedies for minimizing the effects of corrosion.
His reference to the use of oil as a means of protecting bronze objects
against corrosion, as well as of allowing the soldering of lead surfaces,
has been unambiguously verified by modern chemical analysis of
Roman artifacts. According to Pliny, surfaces act as bodies that interact
with each other and external agents. Pliny also speculated on the
causes of metal corrosion (air and fire).

Numerous scientific and engineering discoveries have been made
since then and the general understanding of corrosion mechanisms
has progressed with these. Some of the discoveries thathave improved
the field of corrosion are listed in App. A (Historical Perspective). By
the turn of the twentieth century the basic processes behind the
corrosion of iron and steel were relatively well understood. One of
the first modern textbooks on corrosion prevention and control was
published by McGraw-Hill in 1910 [3]. The following are some
excerpts that illustrate the state of knowledge when this landmark
text came out.

On the Theory of Corrosion

In order that rust should be formed iron must go into solution and
hydrogen must be given off in the presence of oxygen or certain
oxidizing agents. This presumes electrolytic action, as every iron ion
that appears at a certain spot demands the disappearance of a
hydrogen ion at another, with a consequent formation of gaseous
hydrogen. The gaseous hydrogen is rarely visible in the process of
rusting, owing to the rather high solubility and great diffusive power
of this element. Substances which increase the concentration of
hydrogen ions, such as acids and acid salts, stimulate corrosion, while
substances which increase the concentration of hydroxyl ions inhibit
it. Chromic acid and its salts inhibit corrosion by producing a
polarizing or dampening effect which prevents the solution of iron
and the separation of hydrogen.

Electrolytic Theory of Corrosion of Iron

From the standpoint of the electrolytic theory, the explanation of the
corrosion of iron is not complicated, and so far has been found in
accordance with all the facts. Briefly stated, the explanation is as
follows: Iron has a certain solution tension, even when the iron is
chemically pure and the solvent pure water. The solution tension is
modified by impurities or additional substances contained in the
metal and in the solvent. The effect of the slightest segregation in the
metal, or even unequal stresses and strains in the surface, will throw
the surface out of equilibrium, and the solution tension will be greater
at some points than at others.
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The points or nodes of maximum solution pressure will be electro-
positive to those of minimum pressure, and a current will flow,
provided the surface points are in contact, through a conducting film.
If the film is water, or is in any way moist, the higher its conductivity
the faster iron will pass into solution in the electro-positive areas, and
the faster corrosion proceeds. Positive hydrogen ions migrate to the
negative areas, negative hydroxyls to the positives.

On the Effects of Cold Work

A considerable body of evidence has been brought forward from time
to time to show that in addition to the segregation of impurities in
steel, the presence of scratches, sand pitholes, and, in fact, all
indentations or wounds on the surface of steel, will stimulate rusting
by becoming centers of corrosion. Such marks or indentations are
almost invariably electropositive to surrounding areas, and the
depolarization which results in the rapid disengagement of hydrogen
at these spots leads to stimulated pitting. This effect can be very
prettily shown by means of the ferroxyl indicator.*

On Puddle Iron' and Steel
Mr. J. P. Snow, Chief Engineer of the Boston and Maine Railroad, has
called attention to a very significant case of corrosion in connection
with the destruction of some railroad signal bridges erected in 1894,
and removed and scrapped in 1902. These structures were built at the
time that steel was fast displacing puddled iron as bridge material.
The result was that the bridges were built from stock material which
was partly steel and partly wrought iron. The particular point of interest
in this case lies in the fact that while some of the members of the bridge
structures rusted to the point of destruction in eight years, others were
in practically as good condition as on the day they were erected.
Moreover, the tonnage-craze, from which the quality of product in
so many industries is today suffering, is causing to be placed on the
market a great mass of material, only a small proportion of which is
properly inspected, which is not in proper condition to do its work:
rails and axles which fail in service and steel skeletons for high buildings
which may carry in them the germs of destruction and death.

*The ferroxyl indicator is a mixture of two indicators used to reveal the nature
of surface corrosion on steel. Phenolphthalein in the ferroxyl indicator reveals
surface areas that are becoming basic and potassium ferricyanide which turns
blue in the presence of the iron (II) ions produced during corrosion. The use of
ferroxyl indicator will be discussed in more details in Chap. 7.

*Puddle iron is a type of wrought iron produced in a puddling furnace, a process
invented at the end the eighteenth century. The process results in an iron that
contains a slightly increased carbon content and a higher tensile strength
compared to wrought iron. The puddling furnace also allows a better control of
the chemical composition of the iron. The Eiffel Tower and many bridges were
built with puddle iron.
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That the old, largely hand-worked metal of about 30 years ago is
superior in rust-resisting quality to the usual modern steel and iron is
attested by the recorded evidence of a large number of observers.

On Paints and Corrosion Inhibitive Pigments

The many theories which have attempted to explain the rusting of
iron during the last century have stimulated a large amount of
original research on the relation of various pigments to the corrosion
problems. In the course of the investigations undertaken, the
subject of protective coatings for iron and steel was naturally
brought into prominence and received a considerable amount
of attention.

The study of protective coatings for iron has led many paint
manufacturers, as well as scientific investigators, to make closer studies
of the causes of corrosion. It is evident that the electrochemical
explanation of corrosion must have a direct bearing on paint problems.

Needs for Corrosion Education

The specific needs for corrosion education vary greatly with the level
of education required, the functions expected of the personnel, and of
course the applications where corrosion is a concern. In order to
indicate the suitability of the various teaching aids and texts for
particular types of training, four categories of corrosion personnel
based upon their particular activities have been identified by the
European Federation of Corrosion (EFC).

¢ Group A: corrosion scientists and engineers
¢ Group B: technologists
¢ Group C: technicians

¢ Group D: operatives

In real-world situations, all corrosion personnel would, of
course, work toward the solution of often very specific corrosion
problems and there will be considerable overlap between the tasks
assigned to individuals. Any person working primarily in one
group will probably have interests and activities in other groups.
The distinction between these groups is therefore more one of
perspective, rather than level of skills. When designing a corrosion
training course or program, it should be realized that while the
training material should be broadly based and cover all major
aspects of corrosion and protection, there will inevitably be some
emphasis put on the lecturer’s field of interest and expertise. There
could also be some specific requirements depending on the trainee’s
type of work, for example, aeronautical, automotive, oil and gas,
and medical.
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Corrosion Scientists and Engineers

This group comprises persons who are going to work on the
development of techniques and methods and need to have a good
understanding of the mechanism of corrosion—personnel such as
chemists, metallurgists, physicists, engineers, and so forth who are
carrying out research and teaching in the field of corrosion and
protection. A corrosion training program designed for this group
should focus on the phenomena associated with corrosion and its
prevention in a manner based upon the scientific principles involved.
Besides specific courses and laboratories in corrosion prevention and
control, additional courses in physical chemistry, electrochemistry,
chemical thermodynamics, and physical metallurgy should be
required as prerequisites for the corrosion education.

Corrosion Technologists and Technicians

Corrosion technologists, who must collaborate directly with the
corrosion scientist and engineers, should also have a good
understanding of scientific principles and be capable of applying these
to practical problems. Corrosion technicians are typically qualified to
implement decisions made by the corrosion technologists, or to carry
out experimental work under supervision of a corrosion scientist or an
engineer. Technicians will normally work under supervision, and will
be concerned with design, surveys, inspection, commissioning plant,
control, laboratory and field testing.

A common syllabus could satisfy both the technologists and
technicians groups, but it is apparent that the depth of approach and
emphasis would not be necessarily the same. Thus, in the case of the
technologist a more fundamental approach may be required, and in
addition courses in physical chemistry and physical metallurgy, which
should precede the course on corrosion, will be necessary to enable
the technologist to appreciate the electrochemical and metallurgical
aspects of the subject. On the other hand, the technician will not be
required to go so deeply into theory and emphasis of the general
course should be on the practical aspects of corrosion protection and
on corrosion monitoring and testing.

Operatives
Operatives are the personnel who carry out the actual work in the field
under the supervision of corrosion engineers. For such groups the
training objectives should focus on treatments of the principles
sufficiently to provide a basic knowledge relevant to the special topics
being taught. These courses will be highly specialized and directed to
specific jobs. Special attention will be paid to carrying out the work
effectively and the training supplemented with case studies.

For all active personnel, certification in the field of corrosion and
corrosion prevention is an issue of growing importance because
certification provides confidence in the quality of services provided.
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Certification bodies exist on all continents which issue certificates of
conformity using criteria established by professional societies and
councils in various countries. One major provider of corrosion training
for such certificates is the National Association of Corrosion Engineers
(NACE) International, which offers professional certification programs

The Study of Corrosion

with up to 10 different certification categories (Table 1.1).

Course Name

Duration
(days)

What Is the Link to
Certification?

NACE Basic
Corrosion Course

5

Persons passing this course
exam, who have 2 years of
experience, may apply to
become a certified NACE
Corrosion Technician.

NACE Protective
Coatings and
Linings (Basic)

This course exam is on
the parallel path to NACE
Corrosion Technologist
and NACE Sr. Corrosion
Technologist certification.

NACE Marine Coating
Inspector Course

A NACE Coating Inspector
who passes this exam
may receive a “Marine”
endorsement on his or her
NACE Coating Inspector
card. Anyone may enroll

in this course.

CIP 1-day Bridge
Specialty Course

A NACE Coating Inspector
who passes this exam
may receive a “Bridge”
endorsement on his or her
NACE Coating Inspector
card. NOTE: Only a person
who is a NACE-recognized
Coating Inspector Technician
or Certified Coating
Inspector may enroll in

or attend this course.

NACE CP 3—Cathodic
Protection Technologist

Persons passing this exam,
who meet education and
experience requirements
for CP Technologist, may
apply to be NACE CP
Technologists.

TaeLe 1.1 NACE International Certification Courses
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Duration What Is the Link to
Course Name (days) Certification?
NACE CP 4—Cathodic 6 Persons passing this exam,
Protection Specialist who meet education and
experience requirements
requirements for CP
Specialist, may apply to be
NACE CP Specialists.
Successful Coating 2 No link to any certification—
and Lining of Concrete this course has no exam.
Corrosion Control in 4.5 No link to any certification—
the Refining Industry this course has no exam.
Internal Corrosion 5 Persons passing this exam,
Technologist Course who meet education and
(Plan B Only) experience requirements
for Internal Corrosion
Technologist, may apply to
be NACE Internal Corrosion
Technologists.
CP Tutorials 1-1.5 The tutorials have no exams.
(pre—CP Level 1) Coordinate your offering
of the tutorials with HQ’s
schedule of CP-1 classes;
then offer the tutorials just
prior to the CP-1 class in
your area. The tutorials will
help CP-1 students perform
better.

TaBLe 1.1 NACE International Certification Courses (continued)

The Functions and Roles of a Corrosion Engineer

Work associated with corrosion assessment, mitigation, and
management encompasses a wide range of technical disciplines,
from expert support and review, through laboratory studies and
failure investigations, and from corrosion assessment to corrosion
management reviews and risk-based management implementation.
The corrosion engineer may be expected to provide a specialist
corrosion consultancy, support, and management function for a
larger group. The tasks of a corrosion engineer may also include
product research and development work for customer applications,
being responsible for the development of new products, and
interfacing with customers and suppliers to provide solutions for
technical challenges.
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A corrosion engineer is often the member of a team with expertise in
chemical and materials engineering, failure analysis, electrochemistry,
biochemistry, and applied microbiology. In a large organization, the
primary function of the corrosion team would be to ensure that adequate
corrosion prevention and control requirements are being implemented
during all phases of procurement and operations. The corrosion team
would also be responsible for ensuring that relevant program documents
are prepared and submitted in accordance with acquisition requirements
and schedule. The work of a corrosion engineer may bring him into
frequent contact with responsible people in many of the branches of
his organization:

¢ With the engineering staff to work out new designs or modify
existing ones in order to reduce the opportunity for corrosion.

e With the maintenance engineers so that corrosion problems
and their probable causes are ascertained in order to cope
with them by making repairs or avoid them altogether
through preventive maintenance.

¢ With the production department to recognize their particular
requirements and needs for improvement in order to increase
the reliability and safe usage of equipment prone to be
affected by corrosion.

e With the accounting department to establish the actual cost of
corrosion in each case and the savings that may be expected
by reducing losses from this source.

e With the purchasing department to advise on the choice of
materials, to work out appropriate specifications and quality
control for materials, equipment, and fabrication procedures.

e With the sales department to discover any deficiencies of the
product that might be corrected by a better corrosion control
and demonstrate the sales value of the improvements
resulting from any corrective measure.

e With management to keep them abreast of particular needs
and accomplishments in order to receive the support required
to be fully effective in fighting corrosion.

As Francis L. LaQue pointed out in a paper published in 1952 and
rerun in the August 1985 issue of Materials Performance, a corrosion
engineer is for many organizations an engineer trained to recognize
the nature of corrosion and understand the mechanics of corrosion
processes [4]. With this knowledge, the corrosion engineer can make
a faster and more accurate diagnosis or analysis of any corrosion
related problem and be in a much better position to reason from one
experience to another, appraise the information presented, plan
research to uncover new information, and interpret and apply results
of investigations when they have been completed.
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In order to choose the proper material and overcome a corrosion
problem the corrosion engineer is expected to know what materials
are available and what are their corrosion resistant advantages and
limitations. The environmental degradation of materials is often a
critical and limiting factor in the development of virtually every
advanced technology area, such as power generation, energy
conversion, waste treatment, and communications and transportation.
Asnew materials enter the marketplace and new engineering systems
evolve to take advantage of their properties, it is of paramount
importance for the corrosion engineer to understand the chemical
limits of these materials and to develop corrosion control approaches
that can be integrated into the design and operation of the systems.

The evolution of traditional and advanced engineering systems
requires engineering materials capable of performing under
increasingly hostile service environments. Unless these materials are
chemically stable in such environments, their otherwise useful
properties (strength, toughness, electrical and thermal conductivity,
magnetic and optical characteristics, etc.) may be compromised. In our
modern, high-technology society, this applies to all materials, including
metals, ceramics, polymers, semiconductors, and glasses. It is therefore
necessary to know a good deal about the corrosive characteristics of
the chemical or chemicals involved and how these are affected by such
factors as concentration, temperature, velocity, aeration, or the presence
of oxidizing or reducing substances or special contaminants.

Regardless of how attractive a material may be from any other
point of view, it is of no use for a particular purpose if it cannot be
secured in the required form. Filter cloth cannot be woven from an
alloy available only as castings. Several materials may possess the
corrosion resistant and mechanical properties required for a job, but
many of them may be too expensive to be considered. For example,
silver might be somewhat better than nickel for tubes in an evaporator
to concentrate caustic soda to 50 percent, but it would not be enough
to justify the extra cost involved, and steel might be a better choice
economically overall for handling dilute caustic under less stringent
conditions [4].

For simple economical reasons, it is much more efficient to prevent
corrosion than to explain why it occurred, suggest what should have
been done to avoid it, or even prescribe how the damage might be
repaired. However, corrosion engineers are often forced to work in
these less than optimal scenarios.

Civil engineers are more concerned with designing and building
bridges that do not collapse than with rebuilding them after failure. If
given the opportunity at the proper time, a good corrosion engineer
should be able to guide, design, specify materials, and know how
they should be fabricated so that costly corrosion failures might
become as rare as catastrophic failures in structural engineering.
In addition, periodic inspection of existing equipment should be
undertaken so that any corrosion may be detected in time to initiate
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corrective action or to avoid hazards or interruptions of production
that would accompany an unexpected failure from corrosion. This
inspection may be done by the corrosion engineer or by those
scheduled by the engineer.

Whatever the corrosion engineer recommends to cope with
corrosion must always take the economic details into consideration.
The results will then be worth more than the cost, and the most
economical of several possible solutions to a problem will be recognized
and chosen in preference to the others. While corrosion has nothing but
negative aspects from most points of view, money spent to enable a
corrosion engineer to control corrosion will be returned manyfold and
will represent one of the most profitable investments that can be made.
From management’s point of view, the results of an engineer’s activities
may be expected to show up in one of the following forms [4]:

1. Ensuring maximum life of new equipment.
2. Preservation of existing equipment.

3. Protecting or improving the quality of a product in order to
maintain or improve a competitive position.

4. Avoiding costly interruptions of production.

5. Reducing or eliminating losses of valuable products by spillage
or leaks.

6. Refitting of equipment withdrawn from service because of
corrosion.

7. Reducing hazards to life and property that might be associated
with corrosion: Explosions of pressure vessels or piping
systems, release of poisonous or explosive gases or vapors
are a few examples.

1.5 The Corrosion Engineer’s Education

Universities, colleges, and technical schools do not typically offer
specific programs in corrosion prevention or control. The subject is
most often learned at the school of “hard knocks,” as old timers
would say. However, it is interesting to examine the type of academic
education practicing corrosion engineers have received. A survey
was carried out by inviting members of two active corrosion-focused
Internet discussion lists* to answer simple questions concerning their
educational background. Sixty respondents, with a total of more than
1000 years of corrosion experience among them, answered these
questions. Some results of this survey are summarized in Fig. 1.1.

*The UMIST Corrosion Discussion List (http:/ /www.cp.umist.ac.uk/corros-1/) and
the NACE International Corrosion Network (http:/ /www.nacecorrosionnetwork
.com/read/all_forums/).
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Ficure 1.1 Distribution of disciplines in which active corrosion engineers
have graduated.

As can be seen in Fig. 1.1, materials engineering was by far the
main academic discipline taken by corrosion engineers. However,
the wide spectrum of corrosion activities is also reflected in the
breadth of expertise required of these engineers when they embark
accidentally, coincidentally, or otherwise in a corrosion career.
Interesting comments and observations were also gathered during
the survey. The following are some of the comments collected during
the Internet survey:

Thave found that corrosion is more the result of chemical and electrochemical
interactions with the service environment than necessarily with the materials
selected. The materials engineers I have worked with have an outstanding
understanding of the manufacture of alloys, but not necessarily a good
understanding of the effects of chemical attack and degradation on materials
post-manufacture.

Most metallurgical programs do not include electrochemistry, a must for a
corrosion engineer. Chemical Engineers with some metallurgy classes would
likely be the best equipped directly out of school.

A corrosion engineer needs a broad background. When dealing with coatings,
knowledge of chemistry is helpful. When dealing with cathodic protection,
knowledge of electrical engineering is helpful. Material selection and high
temperature corrosion is best left to metallurgists. Microbial influenced
corrosion is certainly a biological process. All corrosion engineers deal with
life cycle costs and risk. Corrosion is multidisciplinary so a corrosion engineer
needs to know materials, chemical engineering, mechanical engineering,
some chemistry, a bit of electricity and electronics and so, it is not easy to
become a corrosion engineer in full.

Understanding fundamental origins of corrosion, the electrochemical
basis for much of it as well as how and why standard tests are designed
is critical. Encyclopedic knowledge of facts available in databases is of
less importance.
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1.6 Strategic Impact and Cost of Corrosion Damage

It is the belief of many that corrosion is a universal foe that should be
accepted as an inevitable process. Actually, somethings can and should
be done to prolong the life of metallic structures and components exposed
to the environments. As products and manufacturing processes have
become more complex and the penalties of failures from corrosion,
including safety hazards and interruptions in plant operations, have
become more costly and more specifically recognized, the attention given
to the control and prevention of corrosion has generally increased.

Since the first significant report by Uhlig in 1949 that the cost of
corrosion to nations is indeed great [5], the conclusion of all subsequent
studies has been that corrosion represents a constant charge to a nation’s
gross national product (GNP). The annual cost of corrosion to the United
States was estimated in Uhlig’s report to be $5.5 billion or 2.1 percent of
the 1949 GNP. This study attempted to measure the total costs associated
with corroding components by summing up costs for owners and
operators (direct cost) as well as those of users (indirect cost).

Corrosion cost studies of various forms and importance have since
been undertaken by several countries, including the United States, the
United Kingdom, Japan, Australia, Kuwait, Germany, Finland, Sweden,
India, and China [6]. A common finding of these studies has been that
the annual corrosion costs range from approximately 1 to 5 percent of
the GNP of each nation. Several studies separated the total corrosion
costs into two parts:

1. The portion of the total corrosion cost that could be avoided
if better corrosion control practices were used.

2. Costs where savings required new and advanced technology
(currently unavoidable costs).

Estimates of avoidable corrosion costs in these studies have varied
widely with a range from 10 to 40 percent of the total cost. Most
studies have categorized corrosion costs according to industrial
sectors or to types of corrosion control products and services. All
studies have focused on direct costs even if it has been estimated that
indirect costs due to corrosion damage were often significantly greater
than direct costs. Indirect costs have been typically excluded from
these studies simply because they are more difficult to estimate.

Potential savings and recommendations in terms of ways to
realize savings from corrosion damage were included in most of the
reports as formal results or as informal directions and discussion.
Two of the most important and common findings were:

1. Major improvements could be provided by a better dissemi-
nation of the existing information through education and
training, by technical advisory and consulting services, and
by research and development activities.
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2. There were many opportunities for large savings through
more cost-effective uses of available technologies to reduce
corrosion.

The most recent study resulted from discussions between NACE
International representatives, members of the U.S. Congress, and the
Department of Transportation (DOT). An amendment for the cost of
corrosion was included in the Transportation Equity Act for the 21st
Century, which was passed by the U.S. Congress in 1998. The
amendment requested that a study be conducted in conjunction with
an interdisciplinary team of experts from the fields of metallurgy,
chemistry, economics, and others, as appropriate.

Two different approaches were taken in the ensuing study to
estimate the cost of corrosion. The first approach followed a method
where the cost was determined by summing the costs for corrosion
control methods and contract services. The costs of materials were
obtained from various sources, such as the U.S. Department of
Commerce Census Bureau, existing industrial surveys, trade
organizations, industry groups, and individual companies. Data on
corrosion control services, such as engineering services, research and
testing, and education and training, were obtained primarily from
trade organizations, educational institutions, and individual experts.
These services included only contract services and not service
personnel within the owner/operator companies.

The second approach followed a method where the cost of
corrosion was first determined for specific industry sectors and then
extrapolated to calculate anational total corrosion cost. Data collection
for the sector-specific analyses differed significantly from sector to
sector, depending on the availability of data and the form in which
data were available. In order to determine the annual corrosion costs
for the reference year of 1998, data were obtained for various years in
the surrounding decade, but mainly for the years 1996 to 1999.

Indirect costs were defined in this study as costs incurred by
those other than just the owners or operators of a given plant,
structure, or system. Measuring and determining the value of indirect
costs are generally complex assessments; however, several methods,
such as risk-based analyses, are available to evaluate these costs.
Owners and operators may be forced to assume the corrosion costs
through taxing, penalties, litigations, or paying for clean up of spilled
product. In such cases, the costs become direct costs. However, there
are some indirect costs, such as traffic delays due to bridge repairs
and rehabilitation that are more difficult to turn over to the owner or
operator of a structure. These become indirect costs to a user but
may still have a significant impact on the overall economy due to
lost productivity.

The total cost due to the impact of corrosion for the indivi-
dual economic sectors was $137.9 billion per year (Table 1.2).
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Estimated Direct Cost
of Corrosion per

Sector
Category Industry Sectors Shillion percent
Infrastructure (16.4% of total) Highway Bridges 8.3 37
Gas and Liquid Transmission Pipelines 7.0 27
Waterways and Ports 0.3 1
Hazardous Materials Storage 7.0 31
Airports — —
Railroads — —
Subtotal | $22.6 100%
Utilities (34.7% of total) Gas Distribution 5.0 10
Drinking Water and Sewer Systems 36.0 75
Electrical Utilities 6.9 14
Telecommunications — —
Subtotal | $47.9 100%
Transportation (21.5% of total) Motor Vehicles 23.4 79
Ships 2.7 9
Aircraft 2.2

TaBLe 1.2 Summary of Estimated Direct Cost of Corrosion for Industry Sectors Analyzed in the 2001 Study
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Estimated Direct Cost
of Corrosion per

Sector
Category Industry Sectors Shillion percent
Railroad Cars 0.5 2
Hazardous Materials Transport 0.9 3
Subtotal $29.7 100%
Production and Manufacturing (12.8% of total) Oil and Gas Exploration and Production 1.4 8
Mining 0.1 1
Petroleum Refining 3.7 21
Chemical, Petrochemical, and 1.7 10
Pharmaceutical
Pulp and Paper 6.0 34
Agricultural 1.1 6
Food Processing 2.1 12
Electronics — —
Home Appliances 1.5 9
Subtotal $17.6 100%
Government (14.6% of total) Defense 20.0 99.5
Nuclear Waste Storage 0.1 0.5
Subtotal $20.1 100%
Total $137.9

TaBLe 1.2 Summary of Estimated Direct Cost of Corrosion for Industry Sectors Analyzed in the 2001 Study (continued)
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Utilities ($48B) 34%

Infrastructure
($23B) 16%

Transportation
($22B) 22%

Government
($15B) 15%
Production &
Manufacturing ($18B) 13%

Ficure 1.2 Corrosion costs breakdown across industrial sectors.

Abreakdown of these costs by individual sectors is shown in Fig. 1.2.
Since not all economic sectors were examined, the sum of the
estimated costs for the analyzed sectors did not represent the total
cost of corrosion for the entire U.S. economy.

By estimating the percentage of U.S. GNP for the sectors for which
corrosion costs were determined and by extrapolating the figures to
the entire U.S. economy;, a total cost of corrosion of $276 billion was
estimated. This value shows that the impact of corrosion is approxi-
mately 3.1 percent of GNP. This cost is considered to be a conserva-
tive estimate since only well-documented costs were used in the
study. The indirect cost of corrosion was conservatively estimated to
be equal to the direct cost, giving a total direct plus indirect cost of
$552 billion or 6 percent of the GNP.
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CHAPTER 2
Corrosion Basics

2.1 Why Metals Corrode

The driving force that causes metals to corrode is a natural consequence
of their temporary existence in metallic form. In order to produce
metals starting from naturally occurring minerals and ores, it is
necessary to provide a certain amount of energy. It is therefore only
natural that when these metals are exposed to their environments they
would revert back to the original state in which they were found.
A typical cycle is illustrated by iron. The primary corrosion product of
iron, for example, is Fe(OH), (or more likely FeO-nH,0), but the action
of oxygen and water can yield other products having different colors:

* Fe O, H,O or hydrous ferrous oxide, sometimes written as
Fe(OH),, is the principal component of red-brown rust. It can
form a mineral called hematite, the most common iron ore.

* Fe,O,H,O or hydrated magnetite, also called ferrous ferrite
(Fe,O,-FeO), is most often green but can be deep blue in the
presence of organic complexants.

* Fe,O, or magnetite is black.

The energy required to convert iron ore to metallic iron is returned
when the iron corrodes to form the original compound. Table 2.1
describes the results of x-ray diffraction of products found on
specimens exposed to real environments where it can be seen that the
metals often revert to naturally occurring mineral forms during the
corrosion process [1]. The amount of energy required and stored in a
metal or that is freed by its corrosion varies from metal to metal. It is
relatively high for metals such as magnesium, aluminum, and iron,
and relatively low for metals such as copper, silver, and gold. Table 2.2
lists a few metals in order of diminishing amounts of energy required
to convert them from their oxides to metal.

The high reactivity of magnesium and aluminum expressed as
energy in Table 2.2 is paralleled by the special efforts that were
historically required to transform these metals from their respective
ores. The industrial process to produce aluminum metal on a large

19
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20 Chapter 2

Sample

Description Chemical or Mineral Name* | Chemical Formula*

Product formed Nesquehonite MgCO,-3H,0

on magnesium Calcium fluosilicate CaSiF,

during 3-month Beta silicon carbide p-SiC

immersion in tap Sodium sulfide Na2S

water Sodium fluoride NaF
Magnesium carbonate MgCl,-2MgCO,
Chloride hydroxide hydrate Mg(OH),-6H,0
Magnesium pyrophosphate | Mg,P.0,
Anorthoclase (Na,K)AISI O,
Alpha cristobalite Sio,
Sodium hydroxide NaOH
Calcium aluminum oxide Ca,Al0,,S0,
sulfate

Substance Halite NaCl

found on heat

exchanger

Substance found Alpha quartz Sio,

beneath paint on

metal surface

Product formed Lepidocrocite y-Fe,0,-H,0

on automobile Goethite Fe,0,-2H,0

bumper support

during 3-year

service

Product from Zinc ferrite Zn0O-Fe 0,

conversion Cobalt ferrite Co0-Fe 0,

unit in marine Cobaltous ferrite Co0-Fe 0,

environment Halite NaCl
Chromic oxide Cr,0,
Nickel, zinc ferrospinel (Ni,Zn)0-Fe 0,
Sodium fluothorate Na,Th,F,,
Embolite Ag(Cl,Br)
Magnesioferrite MgFe 0,
Beryllium palladium BePd
Magnetite Fe.O,
Nickel titanium NiTi

Product formed on
copper during 3-
month immersion
in tap water

Botallackite
livaite

CuCl,-3Cu(0H),-3H,0
Ca(Fe,Mn,Mg),(Fe,Al)
(Si0,),0H

TaBLe 2.1 Results of X-Ray Diffraction of Products Found on Specimens Exposed
to Real Environments [1]
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Corrosion Basics

Sample
Description

Chemical or Mineral Name*

Chemical Formula*

Product from

Ammonium copper fluoride

(NH,),-CuF,-2H,0

exposed to deep-
sea environment

Al-Cu alloy dihydrate

exposed to deep- Potassium cyanide KCN

sea environment Chi alumina ALO,
Calcium aluminate 3Ca0-ALO,
Alpha cadmium iodide Cdl,

Product from Chi alumina ALO,

Al-Zn-Mg-Cu alloy Alpha cadmium iodide Cadl,

Product from
Al-Mn alloy
exposed to deep-
sea environment

Ammonium copper fluoride
dihydrate
Nobleite

(NH,),CuF,-2H,0

CaB,0,,4H,0

* Substances shown in italics are not corrosion products of the primary metals or alloys

involved in the system.

TaBLe 2.1 Results of X-Ray Diffraction of Products Found on Specimens Exposed
to Real Environments [1] (continued)

Metal Oxide Energy (MJ kg?)
Highest Energy Li Li,0 40.94
Al ALO, 29.44
Mg MgO 23.52
Ti TiO, 18.66
Cr Cr,0, 10.24
Na Na,0 8.32
Fe Fe O, 6.71
Zn Zn0 4.93
K K,0 4.17
Ni NiO 3.65
Cu Cu,0 1.18
Pb PbO 0.92
Pt PtO, 0.44
Ag Ag,0 0.06
Lowest Energy Au Au,0, -0.18

TaBLE 2.2 Positions of Some Metals in the Order of Energy Required to Convert
Their Oxides to Produce 1 Kilogram of Metal
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scale, for example, was only invented at the end of the nineteenth
century and objects made of this metal were still considered to be a
novelty when the 2.85-kg aluminum cap was set as the last piece of
the Washington Monument in 1884. Aluminum was then considered
to be a precious metal.

The energy difference between metals and their ores can be
expressed in electrical terms that are in turn related to heats of
formation of the compounds. The difficulty of extracting metals from
their ores in terms of the energy required, and the consequent
tendency to release this energy by corrosion, is reflected by the relative
positions of pure metals in a list, which is discussed later as the
electromotive series in Chap. 4.

Matter Building Blocks

Since metals are the principal materials which suffer corrosive
deterioration, it is important to have an understanding of their atomic
organization in order to fully understand corrosion.

Metals as well as all materials are made up of atoms; metals are
also composed, of course, of those smaller particles which make up
the atoms. These numerous particles arrange themselves so that those
bearing positive charges or those which are neutral cluster together
to form a nucleus around which negatively charged particles or
electrons rotate in orbits or shells.

Chemical shorthand exists to express these atomic states. For
example, Fe is the chemical shorthand for a neutral atom of iron,
whereas Fe* denotes an iron atom that has been stripped of two
electrons and is called a ferrous ion or Fe(Il). Similarly, Fe** denotes
an iron atom stripped of three electrons and is called a ferric ion or
Fe(IlI). The process of stripping electrons from atoms is referred to by
electrochemists as oxidation. Note that the term oxidation is not
necessarily associated with oxygen.

An opposite process can also occur in which extra electrons are
added to the neutral atom giving it a net negative charge. Any increase
in negative charge (or decrease in positive charge) of an atom or ion
is called reduction.

Many chemical compounds, such as salts, are made up of two or
more ions of opposite charge. When these are dissolved in water, they
can readily split into two or more separate ions which display equal
but opposite charges. This process is also called ionization. It is these
particles that are responsible for the conduction of electric currents in
aqueous solutions.

For a non reacted atom, the negative particles exactly balance the
positive charges present in the atomic nucleus. The electrons occupy
shells in an orderly fashion to balance the positive charge of the nucleus.
The electrons in the outermost shell are called valence electrons.

www.iran—mavad.com

Slgo wigo yole @2 30
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These electrons can participate in chemical reactions and be “stripped”
from the atom, therefore drastically changing its properties. Thus, the
charge of the nucleus is unbalanced and the atom that displays a
positive charge is called an ion.

Nearly all metals and alloys exhibit a crystalline structure. The
atoms which make up a crystal exist in an orderly three-dimensional
array. Figure 2.1 is a schematic representation of the unit cells of the
most common crystal structures found in metals and alloys. The unit
cell is the smallest portion of the crystal structure which contains all
of the geometric characteristics of the crystal.

Most metals fall in these three simple crystal structure categories.
For example, V, Fe, Cr, Nb, and Mo have a body-centered cubic
structure while Al, Ca, Ni, Cu, and Ag are face-centered cubic crystal
systems and Ti, Zn, Co, and Mg are hexagonal close packed. The
solubility of one metal into another to create alloys is greatly
determined by the respective similarities between the crystal lattice
of these metals and by other properties such as the size of the atoms.
Noteworthy families of alloys made of iron (Fe, BCC), nickel (Ni,
FCC), and chromium (Cr, BCC) are explained and described by their
crystal structure as illustrated in Fig. 2.2.

()

Ficure 2.1 Schematic representation of the unit cells of the most common
crystal structures found in metals: (a) body-centered cubic; (b) face-centered
cubic; (c) hexagonal close packed.
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Fe

Austenitic

Ferritic stainless steels

stainless steels

Fe-based
superalloys

Cr-based Ni-based
alloys superalloys

Cr Ni

Ficure 2.2 Cr-Fe-Ni ternary phase diagram showing body-centered and face-
centered cubic crystal domains with examples of alloying families.

The crystals, or grains, of a metal are made up of unit cells repeated
in a three-dimensional array. However, the crystalline nature of metals
is not readily obvious because the metal surface usually conforms to
the shape in which it has been cast or formed. In some instances, the
crystal structure can be observed naturally. Figure 2.3 is a photograph
of the surface of a hot-dip galvanized post with characteristic spangle

Ficure 2.3 Hot-dip galvanized steel with spangle patterns that are a form of
crystallized grains.
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FiGure 2.4

Brass door knob
with evidence of
crystal structure
etched by corrosive
perspiration.
(Courtesy of
Kingston Technical
Software)

patterns that are, in fact, large grains visible without any etching. Brass
door knobs are normally bright and shiny, however, after some time
the corrosive perspiration from hands etches the crystalline features of
the alloy on the surface as shown in this second example (Fig. 2.4).

The procedure to determine the grain size or microstructure of a
metal or alloy is to first prepare a sample for microscopic study by
grinding and polishing the surface of a specimen mounted in a plastic
material. The polished surface is then corroded with a suitable etching
reagent, such as those briefly described in Table 2.3, that attacks more
readily the grain boundaries of a metallic microstructure to reveal its
characteristic features.

The grains shown in Figs. 2.3 and 2.4 are extremely large for most
metal crystals. Normally, metal grains are so small they can only be
satisfactorily observed with a microscope. The general range of grain
size usually runs from 25 to 250 um in diameter. The American Society
for Testing and Materials (ASTM) grain number (G), defined in
Eq. (2.1) and illustrated in Fig. 2.5, is a convenient way to describe the
size of grains in a material:

N =2 2.1)

where N is the number of grains per square inch at a magnification of
100 times.
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Uses Etchant Comments

Iron & steel Nital 3% or 5% Most common etchant used. Reveals ferrite grain boundaries, pearlite, martensite, and bainite. Not as good as
picral for high-resolution work with low-temperature transformation products.

Iron & steel Picral As above but more sensitive to carbide than other features. Good for revealing carbides in cold rolled and
annealed strip. Gives superior resolution with fine pearlite, martensite, and bainite.

Iron & steel Brauners reagent Reveals austenite grain boundaries in tempered steels.

Iron & steel Fry’s reagent Reveals deformed regions and flow lines. Temper at 150 to 200°C prior to etching.

Iron & steel SASPA Segregation sensitive etchant. Also good for flow lines.

Iron & steel LePera’s reagent Good for quantitative assessment of martensite and bainite in dual-phase steels. Martensite appears white,

bainite appears black, and ferrite appears tan.

Stainless steels

Aqua regia

Reveals general structure of stainless steels.

Stainless steels

Glycer regia

For austenitic iron-chromium based alloys.

Stainless steels

Acid ferric chloride

General stainless steel etchant.

Stainless steels

Vilella’s reagent

Etches Fe-Cr, Fe-Ni, and Fe-Cr-Mn steels. Use hot to reveal austenite grain boundaries.

Stainless steels

Kalling’s reagent

Develops dendritic pattern. Darkens ferrite and martensite, austenite light, does not attack carbides.

Copper alloys

Acid ferric chloride

General etch for copper, brasses, and bronzes.

Acid ferric chloride (10 g ferric chloride, 30 mL HCl, 120 mL water)

Aqua regia (3 parts HCl plus 1 part nitric acid)
Brauners reagent (2-naphthylamine 6-sulphonic acid)

Fry’s reagent [mixture composed of HCI, copper (II) chloride, ethanol]

Glycer regia (45 mL glycerol, 15 mL nitric acid, 30 mL HCI)

Kalling’s reagent (2 g cupric chloride, 40-80 mL methanol, 40 mL water, 40 mL HCI)
LePera’s reagent (1% aqueous sodium metabisulfite + 4% picral solution)

Nital (1-10 mL nitric acid, 90-99 mL methanol)

Picral (2—4 g picric acid, 100 mL ethanol)

SASPA (saturated aqueous solution picric acid)

Vilella’s reagent (1 g picric acid, 5 mL HCI, 100 mL ethanol)

TaeLe 2.3 Chemical Etchants Used to Reveal the Microscopic Features of Some Common Alloys
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Corrosion Basics

Ficure 2.5 Visual description of various grain ASTM grain sizes.

Grain size has an important effect on physical properties. For
service at ordinary temperatures it is generally considered that fine-
grained steels give a better combination of strength and toughness,
whereas coarse-grained steels have better machinability. The Hall-
Petch relation in Eq. (2.2) describes the relation between the grain size
and the yield strength of a material. This relation indicates that the
smaller the grain size of a metal, the stronger it is and the higher its
yield strength.

ky
O, =0+ 77 (2.2)

where k is a constant specific to a material, 6, is another constant
related to the starting stress for dislocation movement, 4 is the grain
diameter, and o, is the yield strength.

In addition to the influence of impurities, inclusions, and cold
work, grain boundaries and differences in grain orientation may also
result in significantly different electrochemical reactivity in many
metals and alloys. When an alloy is cooled somewhat rapidly, the
grain boundaries may end up having a composition significantly
different than the grain core. This variation in chemical composition
from the interior to the exterior of a grain is referred to as
microsegregation or coring. The dendrites quite visible in Fig. 2.6(a)
are typical to the microsegregation associated with nonequilibrium
solidification. The same alloy, that is, 70-Ni 30-Cu (N04400) (also
known as Monel 400), would normally have in its hot rolled form the
crystalline grain structure revealed in Fig. 2.6(b).
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Ficure 2.6 Surface corrosion of the same 70-Ni 30-Cu alloy (NO4400)
(a) when cast and left to cool and (b) after hot-rolling.

Grain boundary effects are of little or no consequence in most
applications or uses of metals. If a metal corrodes, uniform attack
results since grain boundaries are usually only slightly more reactive
than the matrix. However, under certain conditions, grain interfaces
are very reactive and intergranular corrosion results (see Chap. 6 for
more details).

Acidity and Alkalinity (pH)

When discussing the ionic content of an aqueous medium, the
question often arises as to how acid, or alkaline, is the solution. Quite
simply, this refers to whether there is an excess of H* (hydrogen) or
OH' (hydroxyl) ions present. The H* ion is acid while the OH- ion is
alkaline or basic. The other ionic portion of an acid or alkali added to
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water can increase its conductivity or change other properties of the
liquid, but does not increase or decrease its acidity. For instance,
whether a given amount of H* ion is produced in water by introducing
hydrochloric (HCI), sulfuric (H,SO,), or any other acid is immaterial.
The pH of the solution will be the same for the same number of
dissolved hydrogen atoms.

The pH may be measured with a meter or calculated if certain
parameters are established. Water itself dissociates to a small extent
to produce equal quantities of H* and OH  ions displayed in the
following equilibrium:

H,O0 2 H*+ OH"- (2.3)

pH, originally defined by Danish biochemist Seren Peter Lauritz
Serensen in 1909, is a measure of the concentration of hydrogen ions.
The term pH was derived from the manner in which the hydrogen
ion concentration is calculated; it is the negative logarithm of the
hydrogen ion (H*) concentration:

pH = - logy(a;;.) (2.4)

where log, is a base-10 logarithm and a,,, is the activity (related to
concentration) of hydrogen ions. The “p” in Eq. (2.4) stands for the
German word for power, potenz, so pH is an abbreviation for power
of hydrogen.

A higher pH means there are fewer free hydrogen ions, and that a
change of one pH unit reflects a tenfold change in the concentrations of
the hydrogen ion. For example, there are 10 times as many hydrogen
ions available at pH 7 than at pH 8. The pH scale commonly quoted
ranges from 0 to 14 with a pH of 7 considered to be neutral.

Substances with a pH less that 7 are considered to be acidic, and
substances with a pH equal to or greater than 7 are considered to be basic
or alkaline. Thus, a pH of 2 is very acidic and a pH of 12 very alkaline.
However, it is technically possible to have very acidic solutions with a
pH lower than zero and concentrated caustic solutions with a pH greater
than 14. Such solutions are in fact typical of many ore extracting processes
that require the digestive power of caustics and acids.

Low-pH acid waters accelerate corrosion by supplying hydrogen
ions to the corrosion process. Although even absolutely pure water
contains some free hydrogen ions, dissolved carbon dioxide (CO,) in
the water can increase the hydrogen ion concentration. Dissolved
CO, may react with water to form carbonic acid (H,CO,), as shown in
Eq. (2.5):

CO, +H,0 & H,CO, withK,, = [}[Iégof] = 17x10% at25°C  (2.5)
2

where K_ is the reaction equilibrium expressed in equation.
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As illustrated in the predominance diagram shown in Fig. 2.7,
carbonic acid subsequently dissociates in bicarbonate and carbonate
ions as expressed respectively in Egs. (2.6) and (2.7):

H,CO, = HCO; +H*, pK,= 3.6 (2.6)
HCO; & COZ + H*, pK, =103 2.7)

Care must be taken when quoting and using the dissociation
constant in Eq. (2.6). This equilibrium value is correct for the H,CO,
molecule, and shows that it is a stronger acid than acetic acid or formic
acid as might be expected from the influence of the electronegative
oxygen substituent. However, carbonic acid only exists in solution in
equilibrium with carbon dioxide, and so the concentration of H,CO, is
much lower than the concentration of CO,, reducing the measured
acidity. The equation may be rewritten as follows:

CO, + H,0 & HCO; +H*,K,=4.3 x 107 or pK,=6.36  (2.8)

Even more acidity is sometimes encountered in mine waters and
in water contaminated by industrial wastes. Many salts added to an
aqueous system also have a direct effect on the pH of that mixture
through the following process of hydrolysis, shown here for the
addition of ferric ions to water:

Fe’* + 3H,0 & Fe(OH), + 3H* (2.9)

In this particular example the equilibrium is established
between ferric ions, water, ferric hydroxide or Fe(OH),, and the
acidity of the water. This particular example is quite useful to
explain the severity of a situation that can develop in confined
areas such as pitting and crevices.

Fraction

Fieure 2.7 pH predominance diagram of the chemical species associated
with the dissolution of carbon dioxide in water.
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2.4 Corrosion as a Chemical Reaction

2.4.1 Corrosion in Acids

One of the common ways of generating hydrogen in a laboratory is to
place zinc into a dilute acid, such as hydrochloric or sulfuric. When
this is done, there is a rapid reaction in which the zinc is attacked or
“dissolved” and hydrogen is evolved as a gas (Fig. 2.8). This is shown
in Egs. (2.10) to (2.14):

Zn +2HCl — ZnCl,+ HY(g) (2.10)

Zn+2H*+ 2Cl- — Zn* + 2C1- + H)(g) (2.11)

Equations (2.10) and (2.11) are the chemical shorthand for the
following statement: One zinc atom plus two hydrochloric acid
molecules dissociate as ions H* and Cl” and become one molecule of
zinc chloride in Eq. (2.10) [written as a soluble salt in the form of Zn**
and CI " ions in Eq. (2.11)] plus one molecule of hydrogen gas which is
given off as indicated by the vertical arrow. It should be noted that
the chloride ions do not participate directly in this reaction, although
they could play an important role in real corrosion situations.

Similarly, zinc combines with sulfuric acid to form zinc sulfate
(a salt) and hydrogen gas as shown in Egs. (2.12) and (2.13):

Zn +H,80, — ZnSO, + H)(g) (2.12)
Zn+2H* + SO} — Zn? +S0% + H(g) (2.13)
Ficure 2.8
Bubbling, or
“plating out

of hydrogen” on
zinc immersed in a
0.1 M sulfuric acid
solution. (Courtesy
Kingston Technical
Software)
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Note that each atom of a substance that appears on the left-hand
side of these equations must also appear on the right-hand side.
There are also some rules that denote in what proportion different
atoms combine with each other. As in the preceding reaction, the
sulfate ions that are an integral part of sulfuric acid do not participate
directly to the corrosion attack and therefore one could write both
Egs. (2.11) and (2.13) in a simpler form:

Zn+2H* — Zn + H(g) (2.14)

Many other metals are also corroded by acids, often yielding
soluble salts and hydrogen gas, as shown in Egs. (2.15) and (2.16) for
iron and aluminum, respectively:

Fe+2H* — Fe? + H)(g) (2.15)
2A1+6H* — 2AI% + 3H)(g) (2.16)

Note that zinc and iron react with two H* ions, whereas aluminum
reacts with three. This is due to the fact that both zinc and iron, when
corroding, lose two electrons and display two positive charges in
their ionic form. They are said to have a valence of 2, whereas
aluminum loses three electrons when leaving an anodic surface and
hence displays three positive charges and is said to have a valence
of 3. Some metals have several common valences, others only one.
Figure 2.9 shows some of the oxidation states found in compounds of
the transition-metal elements.

2.4.2 Corrosion in Neutral and Alkaline Solutions

The corrosion of metals can also occur in fresh water, seawater, salt
solutions, and alkaline or basic media. In almost all of these
environments, corrosion occurs importantly only if dissolved oxygen

Sc Ti V CrMnFe Co Ni CuzZn Y Zr Nb Mo Tc Ru Rh Pd Ag Cd La Hf Ta W Re Os Ir Pt Au Hg

: . ’
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: o e!
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T 4
°
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' | : N
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Atomic Number

Ficure 2.9 Oxidation states found in compounds of the transition-metal
elements. A solid circle represents a common oxidation state, and a ring
represents a less common (less energetically favorable) oxidation state.
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is also present. Water solutions rapidly dissolve oxygen from the air,
and this is the source of the oxygen required in the corrosion process.
The most familiar corrosion of this type is the rusting of iron when
exposed to a moist atmosphere.

4Fe + 6H,0 + 30, — 4Fe(OH), { (2.17)

In Eq. (2.17), iron combines with water and oxygen to produce an
insoluble reddish-brown corrosion product that falls out of the
solution, as shown by the downward pointing arrow.

During rusting in the atmosphere, there is an opportunity for
drying, and this ferric hydroxide dehydrates and forms the familiar
red-brown ferric oxide (rust) or Fe,O,, as shown in Eq. (2.18):

2Fe (OH), — Fe,0, +3H,0 (2.18)

Similar reactions occur when zinc is exposed to water or moist air
followed by natural drying:

27Zn +2H,0 + O, — Zn(OH),(s) (2.19)
Zn(OH), — ZnO+ H,0 (2.20)

The resulting zinc oxide is the whitish deposit seen on galvanized
pails, rain gutters, and imperfectly chrome-plated bathroom faucets.

As discussed previously, the iron that took part in the reaction with
hydrochloric acid in Eq. (2.15) had a valence of 2, whereas the iron that
takes part in the reaction shown in Eq. (2.17) has a valence of 3. The clue
to this lies in the examination of the equation for the corrosion product
Fe(OH),. Note that water ionized into H* and OH . It is further known
that a hydrogen ion has a valence of 1 (it has only one electron to lose). It
would require three hydrogen ions with the corresponding three positive
charges to combine with the three OH' ions held by the iron. It can thus
be concluded that the iron ion must have been Fe** or a ferric ion.

Also note that there is no oxidation or reduction (electron transfer)
during the reaction in either Eq. (2.18) or (2.20). In both cases the
valences of the elements on the left of each reaction remain what it is
on the right. The valences of iron, zinc, hydrogen, and oxygen
elements remain unchanged throughout the course of these reactions,
and it is consequently not possible to divide these reactions into
individual oxidation and reduction reactions.

Reference
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CHAPTER 3

Corrosion
Electrochemistry

3.1 Electrochemical Reactions

An electrochemical reactionis defined as a chemical reaction involving
the transfer of electrons. It is also a chemical reaction which involves
oxidation and reduction. Since metallic corrosion is almost always an
electrochemical process, it is important to understand the basic nature
of electrochemical reactions. The discoveries that gradually evolved
in modern corrosion science have, in fact, played an important role in
the development of a multitude of technologies we are enjoying
today. Appendix A provides a list of some of these discoveries.

Animportant achievement early in the history of electrochemistry
was the production of power sources, following the production of the
first batteries by Alessandro Volta. Figure 3.1 illustrates the principle
of a Daniell cell in which copper and zinc metals are immersed in
solutions of their respective sulfates. The Daniell cell was the first
truly practical and reliable electric battery that supported many
nineteenth-century electrical innovations such as the telegraph. In
the process of the reaction, electrons can be transferred from the
corroding zinc to the copper through an electrically conducting path
as a useful electric current. Zinc more readily loses electrons than
copper, so placing zinc and copper metal in solutions of their salts can
cause electrons to flow through an external wire which leads from the
zinc to the copper.

Zinc anode: Zn(s) — Zn** + 2e” 3.1
Copper cathode: Cu?* + 2e~ — Cu(s) (3.2)

The difference in the susceptibility of two metals to corrode can
often cause a situation that is called galvanic corrosion named after
Luigi Galvani, the discoverer of the effect. The purpose of the
separator shown in Fig. 3.1 is to keep each metal in contact with its
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Ficure 3.1
Schematic of
a Daniell cell.

— -
| %2+ Cu2+

\ J

own soluble sulfates, a technical point that is critical in order to keep
the voltage of a Daniell cell relatively constant [1]. The same goal can
be achieved by using a salt bridge between two different beakers as
shownin Fig. 3.2. The salt bridge, in that case, provides the electrolytic
path that is necessary to complete an electrochemical cell circuit. This
situation is common in natural corrosion cells where the environment
serves as the electrolyte that completes the corrosion cell. The
conductivity of an aqueous environment such as soils, concrete, or
natural waters has often been related to its corrosivity.

Copper

Zn2+

Ficure 3.2 Schematic of a Daniell cell with a salt bridge.
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Corrosion Electrochemistry

The short-hand description in Eq. (3.3) is valid for both cells
shown in Figs. 3.1 and 3.2. Such a description is often used to simplify
textual reference to such cells.

(—)ZI’I/ZI’I2+, Soii(COr\cl)//Cuz-*’ Soii(Concz)/Cu(-") (33)

Conc, and Conc, in Eq. (3.3) indicate respectively the concentration
of zinc sulfate and copper sulfate that may differ in the two half-cells
while the two slanted bars (//) describe the presence of a separator.
The same short-hand description also identifies the zinc electrode as
the anode that is negative in the case of a spontaneous reaction and
the copper cathode as positive.

The fact that corrosion consists of at least one oxidation and one
reduction reaction is not always as obvious as it is in chemical power
cells and batteries. The two reactions are often combined on a single
piece of metal as it is illustrated schematically in Fig. 3.3.

In Fig. 3.3, a piece of zinc immersed in hydrochloric acid solution
is undergoing corrosion. At some point on the surface, zinc is
transformed to zinc ions, according to Eq. (3.4). This reaction produces
electrons and these pass through the solid conducting metal to other

Ficure 3.3 Electrochemical reactions occurring during the corrosion of zinc
in air-free hydrochloric acid.
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sites on the metal surface where hydrogen ions are reduced to
hydrogen gas according to Eq. (3.5) (Fig. 2.7 in Chap. 2).

Anodic reaction: Zn(s) — Zn%* + 2e” (3.4)
Cathodic reaction: 2H* + 2e™ — H,(g) (3.5)

Equations (3.4) and (3.5) illustrate the nature of an electrochemical
reaction typically illustrated for zinc in Fig. 3.3. During such a
reaction, electrons are transferred, or, viewing it another way, an
oxidation process occurs together with a reduction process. The
overall corrosion processes are summarized in Eq. (3.6):

Overall corrosion reaction: Zn +2H* — Zn?* + H,(g) (3.6)

Briefly then, for corrosion to occur there must be a formation of
ions and release of electrons at an anodic surface where oxidation or
deterioration of the metal occurs. There must be a simultaneous
reaction at the cathodic surface to consume the electrons generated at
the anode. These electrons can serve to neutralize positive ions such
as the hydrogen ions (H*), or create negative ions. The anodic and
cathodic reactions must go on at the same time and at equivalent
rates. However, what is usually recognized as the corrosion process
occurs only at the areas that serve as anodes.

Anodic Processes

Let us consider in greater detail what takes place at the anode
when corrosion occurs. For instance, reconsider Eq. (3.6). This re-
action involves the reduction of hydrogen ions to hydrogen gas,
according to Eq. (3.5). This hydrogen evolution reaction occurs
with a wide variety of metals and acids, including hydrochloric,
sulfuric, perchloric, hydrofluoric, formic, and other strong acids.
The individual anodic reactions for iron, nickel, and aluminum are
listed as follows:

Iron anodic reaction: Fe(s) — Fe?" + 2e~ (3.7)
Nickel anodic reaction: Ni(s) — Ni%" + 2e~ (3.8)
Aluminum anodic reaction: Al(s) — Al3* + 3e~ (3.9)

Examining the Egs. (3.7) to (3.9) shows that the anodic reaction
occurring during corrosion can be written in the general form:

General anodic reaction: M(s) — M™" + ne~ (3.10)

That is, the corrosion of metal M results in the oxidation of metal
M to an ion with a valence charge of n+ and the release of 1 electrons.
The value of 1, of course, depends primarily on the nature of the metal.
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Some metals such as silver are univalent, while other metals such as
iron, titanium, and uranium are multivalent and possess positive
charges as high as 6 (see Fig. 2.8). Equation (3.10) is general and applies
to all corrosion reactions.

Faraday’s Law

If the current generated by one of the anodic reactions expressed
earlier was known, it would be possible to convert this current to an
equivalent mass loss or corrosion penetration rate with a very useful
relation discovered by Michael Faraday, a nineteenth century
pioneer in electrochemistry. Faraday’s empirical laws of electrolysis
relate the current of an electrochemical reaction to the number of
moles of the element being reacted and the number of moles of
electrons involved. Supposing that the charge required for such
reaction was one electron per molecule, as is the case for the plating
or the corrosion attack of silver described respectively in Egs. (3.11)
and (3.12):

Agt+ e — Ag(s) (3.11)
Ag(s) > Agt+ e (3.12)

According to Faraday’s law, the reaction with 1 mol of silver
would require 1 mol of electrons, or 1 Avogadro’s number of electrons
(6.022 x 10%). The charge carried by 1 mol of electrons is known as 1
faraday (F). The faraday is related to other electrical units through the
electronic charge; the electronic charge is 1.6 x 10" coulomb (C).
Multiplying the electronic charge by the Avogadro number means
that 1 F equals 96,485 C/(mol of electrons). Combining Faraday’s
principles with specific electrochemical reactions of known
stoichiometry leads to Eq. (3.13) that relates the charge Q to chemical
descriptors N and n:

Q=F-ANn (3.13)

where N is the number of moles and AN the change in that amount
nis the number of electrons per molecule of the species
being reacted

The charge Q can be defined in terms of electric current as
in Eq. (3.14),

Q=] 1-dt (3.14)

where I is the total current in amperes (A)
t is the duration of the electrochemical process in seconds (s)
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mA cm mm y+? mpy g m2 day?
mA cm 1 3.28 M/nd 129 M/nd | 8.95 M/n
mm y* 0.306 nd/M 1 39.4 2.74 d
mpy 0.00777 nd/M 0.0254 1 0.0694 d
g m2 day™? 0.112 n/M 0.365 /d 14.4 /d 1

where mpy = milli-inch per year

n = number of electrons freed by the corrosion reaction
M = atomic mass
d = density

*Note: the table should be read from left to right, i.e.,

1 mA cm= = (3.28 M/nd) mm y™* = (129 M/nd) mpy = (8.95 M/n) g m= day™*

TasLe 3.1 Conversion between Current, Mass Loss, and Penetration Rates for

all Metals*
mA cm2 mm y+? mpy g m2day+?
mA cm™ 1 11.6 456 249
mm y?* 0.0863 1 39.4 21.6
mpy 0.00219 0.0254 1 0.547
g m2day* | 0.00401 0.0463 1.83 1

*Note: the table should be read from left to right, i.e.,

1mAcm?=11.6 mmy?*=456 mpy =249 g m2day*

TaBLe 3.2 Conversion between Current, Mass Loss and Penetration Rates for Steel*

3.4

The corrosion current itself can be either estimated by using
specialized electrochemical methods or by using weight-loss data
and a conversion chart (Table 3.1) based on Faraday’s principle.
Table 3.1 provides the conversion factors between commonly used
corrosion rate units for all metals and Table 3.2 describes these
conversion factors adapted to iron or steel (Fe) for which n = 2,
M=55.85g/moland d =7.88 g cm™.

Cathodic Processes

When hydrogen ions are reduced to their atomic form they often
combine, as shown earlier, to produce hydrogen gas through reaction
with electrons at a cathodic surface. This reduction of hydrogen ions at
a cathodic surface will disturb the balance between the acidic hydrogen
(H") ions and the alkaline hydroxyl (OH") ions and make the solution
less acidic or more alkaline or basic at the corroding interface.
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In neutral waters the anodic corrosion of some metals like aluminum,
zinc, or magnesium develops enough energy to split water directly as
illustrated in Fig. 3.4 and Eq. (3.15).

Water splitting cathodic reaction: 2H,O(l) + 2e~ — H, + 20H~ (3.15)

The change in the concentration of hydrogen ions or increase in
hydroxyl ions can be shown by the use of pH indicators, which
change color and thus can serve to demonstrate and locate the
existence of surfaces on which the cathodic reactions in corrosion are
taking place. There are several other cathodic reactions encountered
during the corrosion of metals. These are listed below:

Oxygen reduction:

(acid solutions) O, + 4H* + 4e- — 2H,0 (3.16)
(neutral or basic solutions) O, + 2H,O + 4e” — 40OH~ (3.17)
Hydrogen evolution: 2H* + 2e~ — H,(g) (3.5

Metal ion reduction: Fe3* + e~ — Fe?* (3.18)

Metal deposition: Cu?" + 2e~ — Cu(s) (3.19)

Hydrogen ion reduction, or hydrogen evolution, has already
been discussed. This is the cathodic reaction that occurs during

Magnesium

Ficure 3.4 Electrochemical reactions occurring during the corrosion of
magnesium in neutral water.
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corrosion in acids. Oxygen reduction [Eqgs. (3.16) and (3.17)] is a
very common cathodic reaction, since oxygen is present in the
atmosphere and in solutions exposed to the atmosphere. Although
less common, metal ion reduction and metal deposition, can cause
severe corrosion problems in special situations. One particular case
worth mentioning here is the plating of copper ions, produced
upstream in a water circuit, on the internal aluminum surface of a
radiator, for example.

The plated nodules, which may form even at very low concentra-
tions of copper ions, tend to be dispersed and are thus a good catalyst
for the subsequent reduction of dissolved oxygen. It is therefore high-
ly recommended to avoid using copper tubing in a water circuit where
aluminum is also present. Such deposition corrosion can be avoided
by preventing the pick-up of cathodic ions that will enter the equip-
ment, or by scavenging them by passing the contaminated product
through a tower packed with more anodic metal turnings (such as
aluminum) on which the ions can deposit (Fig. 3.5).

Heavy metals trap

Solution out
—>
(Copper free)
Solution in
—>
(Contains copper ions)
(a)
Waster section Aluminum clad pipe
Solution in Solution out

(b)

Ficure 3.5 Method for removing troublesome ions from solution. (a) Heavy
metal trap: Solutions containing copper ions enter barrel filled with aluminum
shavings; (b) Waster section: Aluminum-clad pipe inserted in a system
removes heavy metal ions. The section is replaced once corroded.
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Note that all of the above reactions are similar in one respect—they
consume electrons. All corrosion reactions are simply combinations of
one or more of the above cathodic reactions, together with an anodic
reaction similar to Eq. (3.10). Thus, almost every case of aqueous
corrosion can be reduced to these equations, either singly or
in combination.

Consider the corrosion of zinc by water or moist air. By multiplying
the zinc oxidation reaction (3.4) by 2 and summing this with the
oxygen reduction reaction, one obtains Eq. (3.21).

27n(s) — 27Zn>*" + 4e” (oxidation) (3.20)
+ O, + 2H,0+ 4e~ - 40H" (reduction) (3.17)
2Zn+2H,0+0, — 2Zn + 40H" — 2Zn(OH), (p) (3.21)

The products of this reaction are Zn* and OH~, which immediately
react to form insoluble Zn(OH),. Likewise, the corrosion of zinc by a
solution containing copper ions is merely the summation of the
oxidation reaction for zinc and the metal deposition reaction involving
cupric ions in Eq. (3.19).

Zn(s) — Zn?" + 2e~ (oxidation) (34)
+ Cu? + 2e~ — Cu(s) (reduction) (3.19)
Zn + Cu?* — Zn* + Cu(p) (3.22)

During corrosion, more than one oxidation and one reduction
reaction may occur. For example, during the corrosion of an alloy, its
component metal atoms go into solution as their respective ions.
Thus, during the corrosion of a chromium-iron alloy, both chromium
and iron are oxidized. Also, more than one cathodic reaction can
occur on the surface of a metal.

Consider the corrosion of zinc in a hydrochloric acid solution
containing dissolved oxygen. Two cathodic reactions are possible:
the evolution of hydrogen and the reduction of oxygen (Fig. 3.6).
Since there are two cathodic reactions or processes which consume
electrons, the overall corrosion rate of zinc is increased. Thus, acid
solutions which either contain dissolved oxygen or are exposed to
air are generally more corrosive than air-free acids. Therefore,
removing oxygen from acid solutions will often make these solutions
less corrosive.

If a piece of mild steel is placed in a solution of hydrochloric
acid, a vigorous formation of hydrogen bubbles is observed. Under
such conditions, the metal corrodes very quickly. The dissolution
of the metal occurs only at anodic surfaces. The hydrogen bubbles
form only at the cathodic surfaces, even though it may appear they
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Ficure 3.6 Electrochemical reactions occurring during the corrosion of zinc
in aerated hydrochloric acid.

come from the entire surface of the metal rather than at well-
defined cathodic areas (Fig. 3.7). The anodic and cathodic areas
may shift from time to time so as to give the appearance of uniform
corrosion.

If this action could be seen through a suitable microscope, many
tiny anodic and cathodic areas would be observed shifting around on
the surface of the metal. These areas, however, are often so small as to
be invisible and so numerous as to be almost inseparable.
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Figure 3.7

Formation of ions

at an anodic area @
and release of

hydrogen at a
cathodic area in @

a local cell on an
iron surface.

Cathode

®
® &

Surface Area Effect

When a piece of metal is freely corroding, the electrons generated at
anodic areas flow through the metal to react at cathodic areas
similarly exposed to the environment where they restore the electrical
balance of the system. The fact that there is no net accumulation of
charges on a corroding surface is quite important for understanding
most corrosion processes and ways to mitigate them. However, the
absolute equality between the anodic and cathodic currents expressed
in Eq. (3.23) does not mean that the current densities for these
currents are equal.

Ianodic = Icathodic (323)

When Eq. (3.23) is expressed in terms of current densities in Eq. (3.24)
by considering the relative anodic (S,) and cathodic (S ) surface areas
and their associated current densities i, and i_expressed in units of
mA cm™?, for example, it becomes clear that a difference in the surface
areas occupied by each reaction will have to be compensated by
inequalities in the current densities as expressed in Eq. (3.25).

I i,x S ix$ (3.24)

anodic ~— ‘a a = Icathodic - c

i, = zg— (3.25)

The implications of the surface area ratio S_/S, in Eq. (3.25) are

particularly important in association with various forms of local cell
corrosion such as pitting and stress corrosion cracking for which
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a large surface area ratio is a serious aggravating factor. It is easy to
understand that the effect of a certain amount of anodic current
concentrated on a small area of metal surface will be much greater
than when the effect of the same amount of current is dissipated over

Copper \ /

] Copper
/1_/
Steel
(@)
Corrosion
Steel
‘ Steel
Copper

(b)

Ficure 3.8 Galvanic coupling caused by riveting with dissimilar metals:
(a) steel rivets on copper plates, (b) copper rivets on steel plates.
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a much larger area. This factor is expressed in Eq. (3.25) which states
that the ratio of cathodic to anodic surfaces is an important amplifying
factor of the anodic current when S /S is >> 1 and a stifling factor
when it is << 1.

This area effect in terms of current density is illustrated by
combinations of steel and copper as either plates or the fasteners used
to join them and immersed in a corrosive solution. If steel rivets are
used to join copper plates, the current density on the relatively large
cathodic copper plates will be low, cathodic polarization of the copper
will be slight, and the voltage of the galvanic couple will maintain a
value close to the open circuit potential. At the same time, the current
density on the small anodic steel rivets will be high and the consequent
corrosion quite severe, giving rise to a particularly vicious form of
corrosion called galvanic corrosion [Fig. 3.8(a)].

With the opposite arrangement of copper rivets joining steel
plates, the current density on the copper cathodes will be high, with
consequently considerable cathodic polarization of the copper reduc-
ing the open circuit potential below its initial value. The diminished
anodic current will be spread over the relatively large steel plates and
the undesirable galvanic effect will hardly be noticeable [Fig. 3.8(b)].

Open circuit potential measurements are grossly inadequate for
predicting the magnitude of galvanic effects since they do not take
into account area and polarization effects. They are reliable only for
predicting the direction of such effects.

Reference

1. Roberge PR. Corrosion Basics—An Introduction. 2nd ed. Houston, Tex: NACE
International, 2006.

www.iran—mavad.com

Slgo wigo yole @2 30



This page intentional ly left blank

www.iran—mavad.com

Slgo wigo yole @2 30



CHAPTER 4

Corrosion
Thermodynamics

4.1 Free Energy

In electrical and electrochemical processes, electrical work is defined
as the product of charges moved (Q) times the potential (E) through
which it is moved. If this work is done in an electrochemical cell in
which the potential difference between its two half-cells is E, and the
charge is that of 1 mol of reactant in which n mol of electrons are
transferred, then the electrical work (w) done by the cell must be —nE.
In this relationship, the Faraday constant F* is required to convert
coulombs from moles of electrons. In an electrochemical cell at
equilibrium, no current flows and the energy change occurring in a
reaction is expressed in Eq. (4.1).

w=AG =-nFE (4.1)

Under standard condition, the standard free energy of the cell
reaction AG’ is directly related to the standard potential difference
across the cell, E:

AGO — _nFEO (4:2)

For solids, liquid compounds, or elements, standard condition is
the pure compound or element; for gases it is 100 kPa pressure; and
for solutes it is the ideal 1 M (mol/L) concentration.

Electrode potentials can be combined algebraically to give cell
potential. For a galvanic cell, such as the Daniell cell shown previously
in Chap. 3, a positive cell voltage will be obtained if the difference is
taken in the way described in Eq. (4.3) and illustrated in Fig. 4.1.

Ecell = Ecathode - Eanode (43)

* The Faraday constant is 96 485 C/ mol.
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Ficure 4.1 Daniell cell instrumented to read its equilibrium potential.

The free energy change in a galvanic cell, or in a spontaneous cell
reaction, is negative and the positive cell voltage is a measure of
available energy. The opposite is true in an electrolytic cell that
requires the application of an external potential to drive the electrolysis
reaction, in which case E_. would be negative.

Other thermodynamic quantities can be derived from electro-
chemical measurements. For example, the entropy change (AS) in a
cell reaction is given by the temperature dependence of AG:

OAG
ss--[6) "
Hence
JE 45
AS= nF(aT)P (4.5)
And
AH = AG +TAS = nl{ (gﬂ E} (4.6)

where AH is the enthalpy change and T the absolute temperature in
degrees Kelvin (K).
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The equilibrium constant (Keq) for the same reaction can be
obtained with Eq. (4.7)

RT InK,, =—AG® = nFE° (47)

Standard Electrode Potentials

The potential difference across an electrochemical cell is the potential
difference measured between two electronic conductors connected to
the electrodes. In the external circuit, the electrons will flow from the
most negative point to the most positive point and, by convention, the
current will flow in the opposite direction. Since the electrode potential
can be either positive or negative, the electrons in the external circuit
can also be said to flow from the least positive electrode to the most
positive electrode. A voltmeter may be used to measure the potential
differences across electrochemical cells but cannot measure directly
the actual potential of any single electrode. Nevertheless, it is
convenient to assign part of the cell potential to one electrode and part
to the other.

There are several potential benchmarks in common use, but the
most ancient is the half-cell in which hydrogen gas is bubbled over a
platinum electrode immersed in a solution having a known
concentration of hydrogen ions. This historically important reference
electrode is called the standard hydrogen electrode (SHE) if a
standard solution of acid is used. By definition, the equilibrium
potential of this electrode is zero at any temperature. However, the
SHE can be somewhat inconvenient to use because of the need to
supply hydrogen gas. Therefore, other reference electrodes are much
preferred for practical considerations.

The potential difference across a reversible cell made up of any
electrode and a SHE is called the reversible potential of that electrode,
E. If this other electrode is also being operated under standard
conditions of pressure and concentration, then the reversible potential
difference across the cell is the standard electrode potential E° of that
electrode.

Tables of standard electrode potentials such as Table 4.1 and
Table 4.2 can be obtained if any one electrode, operated under
standard conditions, is designated as the standard electrode or
standard reference electrode with which other electrodes can be
compared.

Since an electrochemical reaction can be written either as an
oxidation or a reduction causing confusion in relation to the sign of
the potential of that reaction, a convention was adopted in Stockholm
in 1953 to write the standard potential of a reaction in reference to its
reduction (E° ) as shown in Table 4.1 and Table 4.2.
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Half-Reaction E° .,
Agt+e = Ag 0.7996
A+ 3 e =Al -1.706
Aut+e = Au 1.68
Clg+2e =2ClI- 1.3583
Co**+2e =Co -0.28
Cr¥*+3e =Cr -0.74
Cut+e =_Cu 0.522
Cu*+2e =Cu 0.3402
Fe?*+2e = Fe -0.409
Fe’*+3e = Fe -0.036
2H" +2e =H, 0.0000...
H,0,+2e = 20H" 0.88
H,0,+2H"+2e =2H,0 1.776
Hg?* + 2 e = Hg 0.851
Hg2*+2e =Hg 0.7961
Ki+ee=K -2.924
Mgz +2e = Mg -2.375
Mn% + 2 e = Mn -1.04
Na*+e = Na -2.7109
Ni2* + 2 e~ = Ni -0.23
0,+2H,0+4e =40H 0.401
O,+4H +4e =2H),0 1.229
0,8 +2H"+2e =0,g) +H,0 2.07
Pb?* +2e = Pb -0.1263
PbO,+4 H" +2e =Pb*+2H,.0 1.467
Pt>* + 2 e =Pt 1.2
Sn?* +2 e = Sn -0.1364
In*+2e =1In -0.7628

TaeLe 4.1 Standard-State Reduction Half-Cell Potentials in Alphabetical Order
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Half-Reaction E° .

0,8 +2H" +2e =0,g) +H,0 2.07
H2O2 +2H"+2e =2 H2O 1.776
Aut+e = Au 1.68
PbO,+4 H" +2e =Pb*+2H,0 1.467
Clig+2e =2CI 1.3583
O,+4H" +4e =2H0 1.229
Pt?* + 2 e- =Pt 1.2
H,0,+2e = 20H" 0.88
Hg> + 2 e" = Hg 0.851
Agr+e = Ag 0.7996
Hg,> + 2 e = Hg 0.7961
Cur+e =Cu 0.522
0,+2H,0+4e = 40H 0.401
Cu*+2e =Cu 0.3402
2H"+2e =H, 0.0000...
Fe** +3e = Fe -0.036
Pb?* +2 e = Pb -0.1263
Sn%* +2e = Sn -0.1364
Ni2* + 2 e- = Ni -0.23
Co*+2e =Co -0.28
Fe?* + 2 e = Fe -0.409
Cr¥*+3e =Cr -0.74
In*+2e =17n -0.7628
Mn? + 2 e = Mn -1.04
AP+ 3 e =Al -1.706
Mg?* + 2 e = Mg -2.375
Na* + e~ = Na -2.7109
Kr+e =K -2.924

TaBLe 4.2  Standard-State Reduction Half-Cell Potentials by Decreasing Order

of Potential
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4.3 Nernst Equation

The Nernst equation was named after the German chemist Walther
Nernst who established very useful relations between the energy and
the potential of a cell to the concentrations of participating ions and
other chemical species. Equation (4.8) can be derived from the equation
linking free energy changes to the reaction quotient (Q __ .

AG=AG® +RTInQ (4.8)

reaction

Where Qreaction
the form:

is defined in Eq. (4.10) for a generalized equation of

aA+bB+ ... > mM+ nN + ... (4.9)

The capital letters A, B, M, and Nin Eq. (4.9) represent, respectively,
the reactants and products of a given reaction while the small letters
represent the coefficients required to balance the reaction.

Cayay
Qreaction - W (410)

Atequilibrium, AG=0and Q__ . corresponds to the equilibrium
constant (Keq) described earlier in Eq. (4.7).

In the case of an electrochemical reaction, substitution of the
relationships AG = —nFE and AG°® = —nFE° into the expression of a
reaction free energy and division of both sides by —nF gives the
Nernst expression for an electrode reaction described in Eq. (4.11):

E= EO - %anreaction (411)

Combining constants at 25°C (298.15 K) gives the simpler form of
the Nernst equation for an electrode reaction at this temperature:

0.059
E=E°- n loglﬂ Qreach’on (412)

In Eq. (4.12), the electrode potential (E) would be the actual
potential difference across a cell containing this electrode as a half-
cell and a standard hydrogen electrode as the other half-cell.
Alternatively, the relationship in Eq. (4.3) can be used to combine two
Nernst equations corresponding to two half-cell reactions into the
Nernst equation for a cell reaction:

0.059
Ecell = (Egathode - Egnode ) - Tlogm Qreacﬁon (413)

Some of the species that take part in these electrode reactions are
pure solid compounds and pure liquid compounds. In dilute aqueous
solutions, water can be treated as a pure liquid. For pure solid
compounds or pure liquid compounds, activities are constant and
their values are considered to be unity. The activities of gases are
usually taken as their partial pressures and the activities (a) of solutes
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such as ions are the product of the molar concentration and the
activity coefficient of each chemical species (i):

a; = v[il; = [i] (4.14)

The activity coefficient (y) in Eq. (4.14) can be a complex function
highly dependent on a multitude of variables often difficult to even
estimate. For this reason it is usually convenient to ignore (y) and use
the concentration term [i] as an approximation of a,.

Thermodynamic Calculations

The present section illustrates how calculations from basic thermody-
namic data can lead to open-circuit cell potential in any condition
of temperature and pressure. Chemical power sources, with the excep-
tion of fuel cells, are all based on the corrosion of a metal connected to
the negative terminal. The aluminum-air power source, that owes its
energy to the corrosion of aluminum in caustic, was chosen for this
example because of the relative simple chemistry.

4.4.1 The Aluminum-Air Power Source

The high electrochemical potential and low equivalent weight of alu-
minum combine to produce a theoretical energy density* of 2.6 kWh/
kg and make it an attractive candidate as an anode material in metal/
air electrochemical cells. The development of aluminum-based cells
dates back to 1855 when M. Hulot described a voltaic cell containing
aluminum with an acid electrolyte. Since then, many attempts to sub-
stitute aluminum for zinc in zinc/carbon and zinc/manganese diox-
ide cells have been reported.

Figure 4.2 shows a general schematic of a typical aluminum-air
system. Tables 4.3 and 4.4, respectively, contain thermodynamic data

Ficure 4.2
Schematic of
an aluminum-air
power source.

|

Aluminum Air
anode cathode
KOH —TC ‘
electrolyte

* Characteristic parameter of a battery indicating the amount of electrical energy

stored per unit weight or volume.
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i G° (298 ﬂ s° (298 5)1 3 s cp 4 wea G° (333 ﬂ
Species (J mol?) (Jmol?) | A B x 10 Cx10 (J mol™* K?) | (J mol?)
0, 0 205 29.96 4.184 -1.674 29.85 -7234.04
H, 0 131 27.28 3.263 0.502 28.82 -4642.01
H,0 —237000 69.9 10.669 | 42.284 -6.903 18.54 -239483
Al 0 28.325 20.67 12.38 0 24.79 -1040.43
Al(OH), -1136542 0 -1136542
ALLO,H,0 -1825500 96.86 120.8 35.14 0 132.51 -1829152

TasLe 4.3 Thermodynamic Data of Pure Species Involved in the Operation of an Aluminum-Air Power Source
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G® o5k S 20819 s° (298 K) co ® @331
Species | (J mol?) (J mol?) (J mol?) A B (J mol* K?) (J mol?)
H* 0 0 -20.9 0.065 | —-0.005 118.75 -234.9
OH~- -157277 41.888 20.968 | -0.37 0.0055 -452.03 -157849
A3+ -485400 -321.75 -384.45 0.13 -0.00166 372.84 -474876
Al(OH)?>* | -694100 -142.26 -184.06 0.13 —0.00166 267.95 -689651
AI(OH),* -900000 205.35 184.43 0.13 -0.00166 75.06 -907336
AlO,- -838968 96.399 117.31 -0.37 0.0055 -284.94 -841778

TaBLe 4.4 Thermodynamic Data of Soluble Species Involved in the Operation of an Aluminum-Air Power Source
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for pure species and soluble species involved in the equilibria
associated with aluminum, water, and oxygen. Table 4.5 contains the
chemical and electrochemical reactions possibly occurring in a typical
Al-air corrosion cell.

The overall anodic reaction of the aluminum-air battery is the
corrosion of aluminum into a soluble form stable in a caustic
environment, AlO,” in Eq. (4.15), that can subsequently precipitate as
Al,0,-H,0O, as shown in Eq. (4.16), depending on the concentration of
ions in solution, pH, and temperature.

Al + 4OH — AlIO, + 2H,0 + 3e” (4.15)
2A10, + 2H,0 — Al,0,-H,0 + 20H" (4.16)

Water equilibria

2e +2H"=H,

4e +0,+4H"=2H,0

OH +H*=H,0

Equilibria involving aluminum metal
3e + AP =Al

3 e +Al(OH), + 3H"=Al+ 3 H,0
6e + AlLOH,0 + 6 H*=2Al+4H,0
3e +A0, +4H" =AI+2H,0

3 e + Al(OH)** + H* = Al + H,0

3e +AI(OH),"+2H"=Al+2H,0

Equilibria involving solid forms of oxidized aluminum
AI(OH), + H* = AI(OH),* + H,0

ALO,-H,O + 2 H* = 2 Al(OH),*

AI(OH), + 2 H* = AI(OH)>* + 2 H,0

ALLO,H,0 + 4 H" =2 A(OH)** + 2 H,0

AI(OH), + 3 H*=APF*+ 3 H,0

ALO,H,0+ 6 H" =2 AP+ 4 H,0

AI(OH), = AIO,” + H* + H,0

ALLO,-H,0 =2 A0, + 2 H*

Equilibria involving only soluble forms of oxidized aluminum
A0, + 4 H"=AP*+2H,0

TaBLe 4.5 Reactions Describing the Chemistry of an Aluminum-Air
Corrosion Cell
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Corrosion Thermodynamics

There is also a parasitic reaction at the aluminum anode that has
to be considered because it has serious safety implications, that is,
the production of hydrogen gas from the reduction of water
described in Eq. (4.17):

2H,0 + 2¢~ — H, + 20H" (4.17)

There is however only one reaction on the cathode, that is, the
reduction of oxygen shown in Eq. (4.18):

0, +2H,0 + 4e- — 40H- (4.18)

The overall cell voltage can be calculated from thermodynamic
data by computing Gibbs free energy for the individual species
involved in the global reaction described in Eq. (4.19) using the
coefficients expressed in that equation:

4Al+40H- + 30, — 4Al0,” +2H,0 (4.19)

4.4.2 Detailed Calculations

Calculate G° for each species. The free energy of a substance, for
which heat capacity data are available, can be calculated as a function
of temperature using Eq. (4.20):

T2 0 T2
T, [ dT + ]I CdT (4.20)

T1

0 @0 _cgo -
G (T2) — G (T1) S (T”[Tz _Tl]

For pure substances (i.e., solids, liquids, and gases) the heat
capacity C) is often expressed, as in Table 4.3, as a function of the
absolute temperature:

Cy=A+BT+CT? (4.21)

For ionic substances, one has to use another method, such as
proposed by Criss and Cobble in 1964 [1], to obtain the heat capacity,
provided the temperature does not rise above 200°C. The expression
of the ionic capacity in equation (Eq. 4.22) makes use of absolute
entropy values and the parameters a and b contained in Table 4.3.

CO = (4.186a-+bS" po5 (T, ~298.16) / ln(298'16j (4.22)

T,

By combining Egs. (4.21) or (4.22) with Eq. (4.20) one can obtain
the free energy in Eq. (4.23) at any given temperature by using the
fundamental data contained in Table 4.3 and Table 4.4:

Gy =G og ) +(CO =05 ) (T, —298.16)— T, m( jcg (4.23)

298 16
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Although these equations appear slightly overwhelming, they can
be computed relatively simply with the use of a modern spreadsheet.

Step One: Calculate G for Each Species
For species O, the free energy of 1 mol can be obtained from G°
with Eq. (4.24):

Gyry = Gry + 2.303 RT logy,a, (4.24)
For x mol of species O the free energy is expressed by Eq. (4.25):
Gyry = x(GYry + 2.303 RT logyyao) (4.25)

For pure substances such as solids, a,, is equal to 1. For a gas, a,, is
equal to its partial pressure (p,), as a fraction of 1 atm. For soluble
species, the activity of species O (a,), is the product of the activity
coefficient of that species () with its molar concentration ([O]) (i.e.,
a, = yO[O]). The activity coefficient of a chemical species in solution
is close to 1 at infinite dilution when there is no interference from
other chemical species. For most other situations the activity
coefficient is a complex function that varies with the concentration of
the species and with the concentration of other species in solution.
For the sake of simplicity the activity coefficient will be assumed to be
of value 1; hence Eq. (4.25) can be rewritten as a function of [O]:

Gyry = x(GYry + 2.303 RT logy,[O]) (4.26)

Taking the global reaction for the Al-O, system expressed in
Eq. (4.19) and the G° values calculated for 60°C in Table 4.3 and
Table 4.4, one can obtain thermodynamic values for the products
and reactants, as is done in Table 4.6.

Step Two: Calculate Cell AG

The AG of a cell can be calculated by subtracting the G values of the
reactants from the G values of the products in Table 4.6. Keeping the
example of the global reaction at 60°C in mind, one would obtain

AG =G rogucs — Greactans = 3,846,087 —(=670,615) = -3,175,472]  (4.27)

The AG energy can be converted into potential:

£_—AG _ 3,188,818
TThF T 12x 96,485

=274V (4.28)
where n = 12 because each of the four Al in Eq. (4.19) gives off 3 e.
Step Three: Calculate the Specific Capacity (Ah kg!)

The specific capacity relates the weight of active materials with the
charge that can be produced, that is, a number of coulombs or ampere-
hours (Ah). Because 1 A=1Cs™, 1 Ah =3600 C, and because 1 mol of
e =96,485 C (Faraday), 1 mol of e~ =26.80 Ah.
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(333 K)

Species (J mol) a, 2.303-RT-log, a, | xG° ... 2G° 021
Reactants

Al -1040.43 0.00 -4161.72

OH- -157849 0.00 —-631396.00

0, -7234.04 | 0.2 | -4452.02 -35058.17 -670615.89
Products

AlO,~ -841778 0.1 | -6369.39 —-3392589.58

H,0 —-239483 0.00 -478966.00 | —-3846087.21

TaBLe 4.6 Calculated Free Energies for Species Involved in the Global Aluminum-Air Reactions at 60°C
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Chapter 4

By considering the global expression of the cell chemistry
expressed in Eq. (4.19), one can relate the weight of the active materials
to a certain energy and power. In the present case 12 mol of e are
produced by using

4 mol of Al 4 x 26.98 g mol?, or 107.92 g

4 mol of OH™ as KOH 4 x56.11 g mol™, or 224.44 92 g
3 mol of O, (as air) Og

Total 332.4 g or 0.3324 kg for 12 mol e~

The theoretical specific capacity is thus 26.80 x 12/0.3324 = 967.5
Ahkg™.

Step Four: Calculate the Energy Density (Wh kg™!)

The energy density can then be obtained by multiplying the specific
capacity obtained from calculating the specific capacity with the
thermodynamic voltage calculated when translating AG into
potentials: 2.74 x 967.5 = 2651 Wh kg, or 2.651 kWh kg™ if running
on air and, because the voltage for running on pure oxygen is slightly
higher (i.e., 2.78 V), 2.78 x 750.7 = 2087 Wh kg™, or 2.087 kWh kg if
running on compressed or cryogenic oxygen.

4.4.3 Reference Electrodes

The thermodynamic equilibrium of any other chemical or
electrochemical reaction can be calculated in the same manner,
provided the basic information is found. Table 4.7 contains the
chemical description of mostreference electrodes used in laboratories
and field units, and Tables 4.8 and 4.9, respectively, contain the
thermodynamic data associated with the solid and soluble chemical
species making these electrodes. Table 4.10 presents the results of
the calculations performed to obtain the potential of each electrode
at 60°C.

Reference Half-Cells (Electrodes)

As mentioned earlier, the standard hydrogen half-cell is rather
awkward to use under most circumstances. The other half-cells most
frequently used in corrosion studies, along with their potentials
relative to the standard hydrogen half-cell, are listed in Table 4.7.
Reference electrodes are commonly used with a saturated solution
and an excess of salt crystals. The extra salt dissolves into the half-cell
solution as some of the ions diffuse out of the reference cell body
through the liquid junction during normal use. This extra buffer of
salt extends the time before the reference cell starts to drift due to the
depletion of ions as predicted by Nernst equation [Eq. (4.12)].
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Equilibrium reaction

Potential

T coefficient

Name and Nernst equation Conditions (V vs. SHE) (mV °C?)
Standard hydrogen electrode (SHE) | 2H*+2e =H, pH=0 0.00
E° — 0.059 pH
Silver chloride AgCl + e~ = Ag + CI- a,.=1 0.2224 -0.6
E° - 0.059 log, 0.1 M KCI 0.2881
1.0 M KCI 0.235
Saturated (KCl) 0.199
Seawater ~0.250
Calomel Hg,Cl,+2e =2Hg+2Cl- a,-=1 0.268
E° - 0.059 log, 0.1 M KCI 0.3337 -0.06
1.0 M KCI 0.280 -0.24
Saturated 0.241 -0.65
Mercurous sulfate Hg,SO, + 2 e" =2 Hg + SO, A5 =1 0.6151
E° - 0.0295 log,, ay, o
Mercuric oxide HgO +2e +2H"=Hg+H,0 0.926
E° — 0.059 pH
Copper sulfate Cu*? + 2 e~ = Cu (sulfate agr=1 0.340
solution)
E°+0.0295 log, ; a -+ saturated 0.318

TaBLe 4.7 Equilibrium Potential at 25°C of Commonly Used Reference Electrodes
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cp (333K)

Species G og (I mol?) | S° o (Jmol?) | A c (J mol* K*) | G° ... (J mol?)
0, 0 205 29.96 4.184 -1.674 29.85 -7234.04
H, 0 131 27.28 3.263 0.502 28.8 -4642.01
H,0 -237000 69.9 10.669 42.284 -6.903 18.5 -239483.00
Ag 0 42.55 21.297 8.535 1.506 25.5 -1539.69
Cu 0 33.2 22.635 6.276 24.7 -1210.91
Hg 0 76.02 26.94 0 0.795 27.7 -2715.41
AgCl -109805 96.2 62.258 4.184 -11.297 53.5 -113277.00
Hg,Cl, -210778 192.5 63.932 43.514 0 78.4 -217670.00
Hg, SO, -625880 200.66 131.96 132 -633164.00
HgO -58555 70.29 34.853 30.836 0 45.1 -61104.4

TaBLe 4.8 Thermodynamic Data for Pure Species, the Free Energy, and Potential of Commonly Used Reference Electrodes at 60°C
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Go (298 K) so (298 K) s (298 K) cp (333K) Go (333K)
Species (J mol?) (J mol?) (J mol?) a b (J mol* K?) (J mol?)
H* 0 0 -20.9 0.065 | -0.005 118.7525 -234.927
Cu?* 65689 -207.2 -249.04 0.13 -0.00166 301.9618 72343.6
Cl- -131260 -12.6 8.32 -0.37 0.0055 -473.9694 -129881.
8042‘ -744600 10.752 52.592 -0.37 0.0055 -397.1863 -744190.

TaBLe 4.9 Thermodynamic Data for Soluble Species, the Free Energy, and Potential of Commonly Used Reference
Electrodes at 60°C
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66 Chapter 4

AG° AG° AG°

reactants products reaction Potential
Name J mol* J mol* J mol* V vs. SHE
Hydrogen -470 -46,420 -4172 | 0.0216
Silver chloride -113,277 -131,421 -18,144 | 0.1880
Calomel -217,670 -265,193 -47,523 | 0.2463
Mercurous sulfate | —-633,164 —749,621 -116,457 | 0.6035
Mercuric chloride -61,574 —242,199 -180,624 | 0.9360
Copper sulfate 72,344 -1211 -73,555 | 0.3812

*Note: all species considered to be of activity = 1

TaBLe 4.10 Detailed Calculations of the Equilibrium Associated with the Most
Commonly Used Reference Electrodes at 60°C

4.5.1 Conversion between References

When reporting electrochemical potential measurements, it is
always important to indicate which reference half-cell was used to
carry out the work. This information is required to compare these
measurements to similar data that could have been obtained using
any other reference half-cell listed in Table 4.7. The scheme presented
in Figure 4.3 provides a graphical representation to visualize some
of the information listed in Table 4.7.

In the case of the potential measured between a steel pipe buried
in the ground and a saturated copper-copper sulfate reference
electrode (CCSRE) this might show a potential of —0.700 V. To convert
this potential to a value on the scale in which the hydrogen electrode
has a potential of zero, it is necessary to add 0.318 V to the potential
that was measured, making it —0.382 V vs. SHE.

4.5.2 Silver/Silver Chloride Reference Electrode

The silver/silver chloride reference electrode is a widely used
reference electrode because it is simple, relatively inexpensive, its
potential is stable and it is nontoxic. As a laboratory electrode such
as described in Figure 4.4, it is mainly used with saturated potas-
sium chloride (KCl) electrolyte, but can be used with lower concen-
trations such as 1 M KCl and even directly in seawater. As indicated
in Table 4.7, such changes in ionic concentrations also change the
reference potential. Silver chloride is slightly soluble in strong
potassium chloride solutions, so it is sometimes recommended that
the potassium chloride be saturated with silver chloride to avoid
stripping the silver chloride off the silver wire.

Typical laboratory electrodes use a silver wire that is coated with
a thin layer of silver chloride either by electroplating or by dipping
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SHE AgCI SCE CusO,  Hg,SO, HgOo
(Standard) (Standard) (Saturated) (Saturated) (Saturated) (Standard)
1 -
12} T r 06
: r 08} 02}
i 0.8} 0.8 04
3 - 06 or
08F 06 06f 02f
[ 04 -0.2 -
06k 0.45 0.4F ol
L i 02k -04
04l 02f 02r -02F
e : of —0.6 -
02fF———or or -0.4 |-
I i 02} -0.8 |
ob____ —02p _02p -0
i 0.4 -1.0
—0.2 L 04+ 041 08k
? 06 121
04l 06 —06[ —1.0F
7 -0.8 -1.4f

Ficure 4.3 Graphical scheme to compare potentials of the most commonly
used reference electrodes.

the wire in molten silver chloride. Industrial electrodes are fabricated
along the same principle but using other geometries such as planar
electrodes. When the electrode is placed in a saturated potassium
chloride solution it develops a potential of 199 mV vs. SHE. The
potential of the half-cell reaction shown in Eq. (4.29) is determined
by the chloride concentration of the solution, as defined by the
Nernst equation.

AgCl(s)+e- = Ag+Cl- E%,=0.2224 vs. SHE (4.29)

e

Eng/agar = Egg/AgCl —0.059 logyg ac,- (4.30)

The silver-silver chloride half-cell electrode develops a potential
proportional to the chloride concentration, whether it is sodium
chloride, potassium chloride, ammonium chloride, or some other
chloride salt, and remains constant as long as the chloride concentra-
tion remains constant.
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Ficure 4.4
Schematic of

a silver/silver
chloride reference
electrode.

l— AgCl

l«— KCI, AgCl Solution

S

The silver-silver chloride electrode simplicity of fabrication and
fundamental ruggedness makes it a good candidate for many
industrial applications where the electrochemical potential has to be
measured or controlled. An important industrial example where this
half-cell has become indispensable is to provide a measure of applied
potential during the impressed current cathodic protection (ICCP) of
sea-going ships.

Porous Junction

4.5.3 Copper/Copper Sulfate Reference Electrode

Copper/copper sulfate half-cells are typically favored for potential
measurements of systems buried in soils. Figure 4.5 illustrates the
principle of construction of a copper/copper sulfate reference
electrode (CCSRE) used for soil application and Fig. 4.6 shows a
commercial CCSRE ready for field work. What is often referred to as
a pipe-to-soil potential is actually the potential measured between
the pipe and the reference electrode used to make the measurement.
The soil itself has no standard value of potential against which the
potential of a pipe can be measured independently.

The half-cell potential of a CCSRE is dependent only upon the elec-
trochemical equilibrium established between Cu and its ions in solution
as shown in Eq. (4.31) and in its corresponding Nernst equation.

Cu? + 2~ 2= Cu(s) E°, = 0.340 vs. SHE (4.31)

E —E +0.059 10,0 g (4.32)

0
Cu/Cu?* Cu/Cu?*
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Pure copper rod
(Electrolytic copper)

|7 Insulating seal

Inert container Copper sulfate

(Plastic) — saturated solution
Surplus copper sulfate
crystals

Porous plug

(Wood or ceramic) ™~ Ground surface

Ficure 4.5 Schematic of a copper/copper sulfate reference electrode.

For Cu in a saturated Cu/CuSO, solution, this equilibrium is
influenced modestly by temperature and not at all by other factors
except for light. Therefore, this reference electrode has a relatively
constant half-cell potential, making it reliable for field potential
measurements.

Ficure 4.6 Commercial copper/copper sulfate reference electrode.
(Photo Courtesy of Tinker & Rasor)
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Calculation Example

A ssaturated CCSRE can be fabricated with a solution of copper sulfate
made with 40 g of CuSO,-5H,O in 25 mL of distilled water. The
saturated solution should contain approximately 260 g/L of CuSO, at
22°C. The following two sets of measurements were carried out
between a saturated CCSRE maintained at 22°C and a second CCSRE
for which the temperature (Table 4.11 Set 1) or the sulfate concentration
(Table 4.11 Set 2) were changed [2].

To calculate the theoretical voltage of a saturated CCSRE at
22°C with the basic thermodynamic equations, assume that
saturation is achieved with 260 g/L of CuSO, and that all activity
coefficients are one. First use the thermodynamic data in Tables 4.8
and 4.9 to calculate the temperature corrected G° for each chemical
species involved in the CCSRE. Then calculate the G° ... by
summing up the G° of reactants and products following the
aluminum-air example described earlier. Your answer should be
0.3372 V vs. SHE.

Set 1 - Temperature effects

Temperature (°C) Measured Voltage Difference (mV)
3 -16

22 0

36 +11

46 +24

Set 2 - Sulfate concentration effects

Concentration (g/L) Measured Voltage Difference (mV)
Saturated 0
230 -1
100 -6
77 -9
26 -17
10 -24

TaBLe 4.11 Measured Voltage Differences between a Saturated CCSRE
Maintained at 22°C and a CCSRE at Other Temperatures (Set 1) or Sulfate
Concentrations (Set 2)
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For calculating the shift in the CCSRE voltage due to the
temperatures indicated in Set 1 and comparing it to the observed
value see the table below.

Temperature (°C) E° 2.303RT/nF* E° corrected A with 22°C
3 0.3119 | 0.0274 0.3124 -24.76

22 0.3367 | 0.0293 0.3372 0.00

36 0.3538 | 0.0307 0.3544 17.21

46 0.3656 = 0.0317 0.3661 28.95

* Correction due to the activity coefficient.

For calculating the shift in the CCSRE voltage due to the
concentrations indicated in Set 2 and comparing it to the observed
value see the table below.

Concentration (g/L) Molarity Corrected A with 260 g/L
260 1.0417 0.3372 0.00
230 0.9215 0.3356 -1.56
100 0.4006 0.3250 -12.15
77 0.3085 0.3217 -15.48
26 0.1042 0.3079 -29.29
10 0.0401 0.2957 -41.44

4.6 Measuring the Corrosion Potential

The potential of a corroding metal, often termed E__, is probably the
single most useful variable measured in corrosion studies or for
corrosion monitoring. It is readily measured by determining the
voltage difference between a metal in its environment and an
appropriate reference electrode.

Figure 4.7 illustrates an experimental technique for measuring
the corrosion potential of a metal M using a laboratory cell. This is
accomplished by measuring the voltage difference between the
reference electrode and the metal using a high impedance voltmeter
capable to accurately measure small voltages without drawing any
appreciable current. Note that in Fig. 4.7 the reference electrode is
contained in a Luggin capillary to prevent any contamination of the
reference electrode by the environment or the opposite, thatis, leaking
some corrosive agent in the environment being monitored, while
making potential measurements very close to the surface of the metal
being monitored.
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Ficure 4.7
Experimental
set-up to
measure the
corrosion
potential of a
specimen.

S -

In measuring and reporting corrosion potentials, it is necessary to
indicate the magnitude of the voltage and its sign. In the example
shown in Fig. 4.7, the corrosion potential of metal M is —0.405 V. The
minus sign indicates that the metal is negative with respect to the
reference electrode. However, if the metal was connected to the low
point (Lo) and the reference electrode to the high point (Hi) the
reading would be +0.405 V. It is customary to connect the reference
electrode to the low point or the instrumental ground to avoid any
confusion in reporting. Nonetheless, some manufacturers of
electrochemical equipment have done the opposite.

Measuring pH

Measuring pH involves either the use of indicators whose colors are
dependent on pH or the use of pH measuring electrodes. pH indicators
based on color changes are normally used in the form of pH papers.
The paper is wetted with the solution being measured and the resulting
color is compared with color standards to determine the pH.

ApH meter measures the difference in potential between a reference
electrode insensitive to changes in pH and an electrode sensitive to such
changes. A successful pH reading depends upon three components:

Electrodes: A pH electrode consists of two half-cells; an indicating
electrode and a reference electrode. Most applications today use
a combination electrode with both half-cells in one body. Over
90 percent of pH measurement problems are related to the
improper use, storage, or selection of electrodes.

Meters: A pH meter is in reality a high-precision and high-imped-
ance voltmeter capable of reading small millivolt changes from the
pH electrode system. The meter is seldom the source of problems
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for pH measurements. Modern pH meters have temperature com-
pensation (either automatic or manual) to correct for variations in
slope caused by changes in temperature.

Buffers: These solutions of known pH value allow the user to cali-
brate the system to read accurate measurements.

4.7.1 Glass Electrodes

A glass electrode is a potentiometric sensor made from glass of a
specific composition. All glass pH electrodes have extremely high
electric resistance from 50 to 500 MQ. There are different types of pH
glass electrodes. Some of them have improved characteristics for
working in very alkaline or acidic medium. But almost all electrodes
can operate in the 1 to 12 pH range.

A typical pH probe is a combination electrode, which combines
both the glass and reference electrodes into one body. The
measuring part of the electrode, the glass bulb at the bottom of the
pH probe (Figure 4.8), is coated both inside and out with a ~10nm
layer of a hydrated gel. These two layers are separated by a layer
of dry glass and the potential is created by the equilibrium in H*
ions across the membrane.

Ficure 4.8
Schematic
description of a
typical pH glass
electrode: 1) small
amount of AgCl
precipitate
crystals, 2) pH
sensing bulb made
of special glass,

3) internal
electrode, usually
silver chloride
electrode,

4) internal
solution, usually
0.1 M HCI,

5) porous junction
to provide an 7
electrolytic contact
with the solution
being monitored, 6
6) reference
electrode, usually T T
the same type as
3, and 7) body of
electrode, made
from non-
conductive glass
or plastics.

N Wk~ O
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Ficure 4.9 Commercial antimony electrode with a voltage/pH conversion
scale engraved on the body of the electrode. (Courtesy of Kingston Technical
Software)

4.7.2 Antimony Electrode

Antimony is a unique metal in that it can provide a direct relationship
between pH and its measured potential due to the formation of an
oxide film on the metal surface. The potential difference or voltage
developed between antimony and a copper/copper sulfate reference
electrode is typically between 0.1 to 0.7 V for a variation of pH
between 1 and 11.

Antimony electrodes must be cleaned with special cleaning
procedures prior to use. Antimony is very brittle and must be treated
carefully. The antimony tip must be kept smooth, and there must be
no rough surface or pits. A scale for the conversion of voltage to pH
is conveniently engraved on the side of commercial reference half-
cells as illustrated in Fig. 4.9.

Potential-pH Diagram

The stability of a metal when exposed to a given environment depends
on a multitude of factors that may vary greatly with the pH and
oxidizing or reducing power of that environment. One useful concept
to represent the effects of aqueous environments on metals became
known as potential-pH (E-pH) diagrams, also called predominance
or Pourbaix diagrams, which have been adopted universally since
their introduction in late 1940s. E-pH diagrams are typically plotted
for various equilibria on normal Cartesian coordinates with potential
(E) as the ordinate (Y axis) and pH as the abscissa (X axis) [3].

Some interesting uses of such diagrams, which have been
constructed for most metals and a few alloys, are to (1) predict
whether or not corrosion can occur; (2) estimate the composition of
the corrosion products formed; and (3), predict environmental
changes which will prevent or reduce corrosion attack.
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4.8.1 E-pH Diagram of Water

The following example illustrates how the stability or predominance
diagram of water can be constructed from its basic thermodynamic
information. Equation (4.33) describes the equilibrium between
hydrogen ions and hydrogen gas in an aqueous environment:

2H* +2e” 22 H,(g) (4.33)

Adding sufficient OH" to both sides of reaction in Eq. (4.33) results in
Eq. (4.34) in neutral or alkaline solutions:

2H,0+2e” = H,(g)+ 20H" (4.34)

At higher pH than neutral, Eq. (4.34) is a more appropriate
representation. However, since the concentrations of H* and OH-
ions are related by the dissociation constant of water expressed in
Eq. (4.35), Eq. (4.33) and (4.34) basically represent the same reaction
for which the thermodynamic behavior can be expressed by Nernst
equation.

. . _HOHT] L .
H,0 2 H*+ OH w1thKeq_—[HZO] =10 at25°C  (4.35)
RT | [H*P
Enm, = Elpem, + el P (4.36)

that becomes Eq. (4.37) at 25°C and the partial pressure of hydrogen
( pHZ) of value unity.

E E° . . — 0.059 pH (4.37)

H*/H, = H*/H,

Equation (4.33) and its alkaline or basic form, Eq. (4.34), delineate
the stability of water in a reducing environment and are represented
in a graphical form by the sloping line (a) on the Pourbaix diagram in
Fig. 4.10. Below the equilibrium reaction shown as line (a) in this
figure, the decomposition of H,O into hydrogen is favored while
water is thermodynamically stable above the same line (a). As
potential becomes more positive or noble, water can be decomposed
into its other constituent, oxygen, as illustrated in Egs. (4.38) and
(4.39) for respectively the acidic form and neutral or basic form of the
same process.

0, +4H* +4e- = 2H,0 (4.38)
0, +2H,0+4e~ & 40H- (4.39)

And again these equations are equivalent and only reflect the pH
condition of the environment. The corresponding Nernst expression
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1.5 1 O, + 4H* + 4™ = 2H,0

OH™ + H* = H,0

2H*+2e"=H,

Potential (V vs. SHE)
o
1

|
N

pH

Ficure 4.10 E-pH stability diagram of water at 25°C.

of the potential is described in Eq. (4.40) that simplifies as Eq. (4.41) at
25°C and oxygen partial pressure, that is, pozof value unity.

RT
Eo, /1,0 = EOOZ/HZO +oE In (;oo2 X [H*]4) (4.40)
Eo, /m,0 = E, /0 — 0.059 pH (4.41)

The line labeled (b) in Fig. 4.10 represents the behavior of E vs. pH
for Eq. (4.41). The chemical behavior of water across all possible
values of potential and pH as shown in Fig. 4.10 is divided into three
regions. In the upper region, water can be oxidized to produce oxygen
while in the lower region it can be reduced to form hydrogen gas.
Water is therefore only thermodynamically stable between lines (a)
and (b). It is common practice to superimpose these two lines (a) and
(b) on all E-pH diagrams to mark the water stability boundaries.

4.8.2 E-pH Diagrams of Metals

Aluminum E-pH Diagram

The E-pH diagram of aluminum and zinc are quite similar and surely
amongst the simplest E-pH diagrams of all metals. The Pourbaix
diagram of aluminum will be used here to demonstrate how such
diagrams are constructed from basic principles. In the following
discussion, only four species containing the aluminum element will
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be considered, that is, two solid species (Al and Al,O,-H,O) and two
ionic species (Al** and AlO,"). The first equilibrium to consider
examines the possible presence of either AI** or AlO,” expressed in
Eq. (4.42).

AP +2H,0 2 AlO,” + 4H* (4.42)

Since there is no change in valence of the aluminum present in the
two ionic species considered, the associated equilibrium is independent
of the potential and the expression of that equilibrium can be derived in
Eq. (4.43) for standard conditions.

reaction

RT InK,, = RTInQ = ~AG) (4.43)
where Q is expressed in Eq. (4.44).

4
0= Aj0; X A

(4.44)

2
a,p X Ao

Assuming that the activity of H,O is unity and that the activities
of the two ionic species are equal, one can obtain a simpler expression
of the equilibrium in Eq. (4.43) based purely on the activity of H*,
Eq. (4.45) and its logarithmic form, Eq. (4.46).

RT In[H*]* =-AG] (4.45)

reaction

+1_ _ _G?eaction 4.46
logyo [H"]=—pH = 55303 % RT (440

and if G’ is expressed in joules and the temperature is 25°C or 298 K
Eq. (4.46) is even further simplified in Eq. (4.47).

pH=4.38 x 107 X G%, ion (4.47)

By using the standard thermodynamic data from the literature [3],
it is possible to calculate that the free energy of reaction in
Eq. (4.42) is in fact equal to 120.44 k] mol™" when both [Al**] and [AIO,]
are equal. Equation (4.47) then becomes Eq. (4.48).

pH =438 x 107 x 120,440 = 527 (4.48)

This is represented, in the E-pH diagram shown in Fig. 4.11, by
a dotted vertical line separating the dominant presence of AI** at
low pH from the dominant presence of AlO,™ at the higher end of
the pH scale.

The next phase for constructing the aluminum E-pH diagram is
to consider all possible reactions between the four chemical species
containing aluminum retained for this exercise, thatis, Al, ALO,-H,0,
AP, and AlO,". These reactions are summarized in Table 4.12. A
computer program that would compare all possible interactions and
rank the chemical species involved in terms of their thermodynamic
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Ficure 4.11 E-pH diagram showing the soluble species of aluminum in
water at 25°C.

Equilibria involving aluminum metal

3e + AP =Al

3e +AlOH), + 3H"=Al+ 3H,0

6e + ALO,"H,0 + 6 H*=2Al+4H,0

3e +A0, +4H" =AI+2H0

3 e +Al(OH)** + H* = Al + H,0

3e +Al(OH)," + 2 H* = Al + 2 H,0

Equilibria involving solid forms of oxidized aluminum

AI(OH), + H* = AI(OH),* + H,0

ALO,-H,0 + 2 H* = 2 AI(OH),*

Al(OH), + 2 H* = AI(OH)** + 2 H,0

ALLO.-H,0 + 4 H* =2 A(OH)> + 2 H,0

Al(OH), + 3 H* = AP*+ 3 H,0

ALLO.-H,0 + 6 H* = 2 AI** +4 H,0

AI(OH), = AIO,” + H* + H,0

ALLO.-H,0 = 2 AIO,” + 2 H*

Equilibria involving only soluble forms of oxidized aluminum

A0, + 4 H* = Al* + 2 H,0

TasLe 4.12 Possible Reactions in the Al-H,0 System
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Potential (V vs. SHE)

Ficure 4.12 E-pH diagram of solid species of aluminum when the soluble
species are at one molar concentration (25°C).

stability for all conditions of pH and potential was used to carry out
this work [4]. Figure 4.12 illustrates the results of such computation
for aluminum in the presence of water at 25°C when the activities of
all species considered were set at value unity.

However, an additional consideration is necessary to make
such diagrams useful for corrosion situations for which the presence
of soluble species in the environment never reaches values of the
order of 1 M. Figure 4.13 illustrates the results that were computed
by setting the concentrations of soluble species at decreasing values
of one (10°), one hundredth (107?), one in ten thousand (107*), and
one in a million (107°). The apparent stability of the solid species
considered gradually recedes as lower values of soluble species are
used in the calculations.

It is customary to use the lowest boundary (10°) as a practical
indication of the corrosion stability of a metal and its solid products
(Figure 4.14). The usefulness of this graphical representation of
thermodynamic data for corrosion studies was discussed by Pourbaix
who showed three possible states of a metallic material [3]:

o Immunity region: In the conditions of potential and pH of that
region a metal is considered to be totally immune from
corrosion attack and safe to use. Cathodic protection may be
used to bring the potential of a metal closer to that region by
forcing a cathodic shift, as shown for aluminum by the
domain specified in Fig. 4.14 (or —1.0 to 1.2 V vs. CCSRE).
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Ficure 4.13 E-pH diagram of aluminum with four concentrations of soluble
species (25°C).
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Ficure 4.14 E-pH corrosion diagram of aluminum at 25°C with range where
cathodic protection is useful.
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 Passive region: In such region a metal tends to become coated
with an oxide or hydroxide that may form on the metal either
as a compact and adherent film practically preventing all
direct contact between the metal itself and the environment,
or as a porous deposit which only partially prevents contact
between the metal and the environment.

e Corrosion region: Thermodynamic calculations indicate that,
in such region of an E-pH diagram, a metal is stable as an
ionic (soluble) product and therefore susceptible to corrosion
attack. Experience is required to find out the extent and form
of the corrosion attack that may occur in the corrosion
region(s) of a Pourbaix diagram.

These three regions are indicated in Fig. 4.14 where the chemical
reactivity of pure aluminum is noticeable by the small size of
its immunity region. However, there is fortunately a band of stable
oxy-hydroxide product at all potentials above the immunity region at
neutral pH values. As mentioned earlier, the Pourbaix diagram of
zinc is quite similar. Other metals such as beryllium, gallium, indium,
and cadmium also have this column of corrosion product stable
through the highest potential on a Pourbaix diagram.

The presence of a protective oxide layer on aluminum is the main
reason why aluminum alloys are so broadly used with success in
indoor and outdoor environments provided they fall within the
passivation potential/pH boundaries shown in Fig. 4.14. The
aluminum susceptibility to corrode in both acidic and basic
environments is referred to as an amphoteric behavior. While the
aluminum oxide will form naturally on aluminum, it is common
practice to produce this oxide in a controlled process called
anodization. As described in Chap. 5, the quality and properties of
the protective oxide can thus be greatly enhanced, providing various
finishes for a multitude of applications.

Iron E-pH Diagram
Figure 4.15 illustrates the E-pH diagram for iron at 25°C in the
presence of water or humid environments. This diagram was
calculated by considering all possible reactions associated with iron
in wet or aqueous conditions listed in Table 4.13, excluding therefore
drier forms of corrosion products such as magnetite (Fe,O,) or iron
(ferric) oxide (Fe,O,). The various stability regions for these drier
corrosion products are shown in Fig. 4.16 where the predominant
compounds and ions are also indicated.

At potentials more positive than —0.6 and at pH values below
9, ferrous ion (Fe** or Fe II) is the stable substance. This indicates
that iron will corrode under these conditions. In other regions of
the iron E-pH diagram, it can be seen that the corrosion of iron
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Equilibria

2e + 2H'=1H,

4 e +10,+ 4H*=2H,0

2 e + 1Fe(OH), + 2H" = 1Fe + 2H,0
2 e + 1Fe? = 1Fe

2 e + 1Fe(OH),” + 3H* = 1Fe + 3H,0
1 e + 1Fe(OH), + 1H* = 1Fe(OH), + 1H,0
1 e + 1Fe(OH), + 3H" = 1Fe*" + 3H,0
1Fe(OH),” + 1H" = 1Fe(OH), + 1H,0

1 e + 1Fe(OH), = 1Fe(OH),"

1Fe® + 3H,0 = 1Fe(OH), + 3H*

1Fe*" + 2H,0 = 1Fe(OH), + 2H*

1 e + 1Fe® = 1Fe?

1Fe*" + 1H,0 = 1FeOH* + 1H*

1FeOH" + 1H,0 = 1Fe(OH),  + 1H*
1Fe(OH), ., + 1H,0 = 1Fe(OH),” + 1H"
1Fe® + 1H,0 = 1FeOH>" + 1H*
1FeOH?* + 1H,0 = 1Fe(OH),* + 1H*
1Fe(OH)," + 1H,0 = 1Fe(OH),  + 1H*
1FeOH?* + 1H* = 1Fe** + 1H,0

1 e + 1Fe(OH)," + 2H* = 1Fe* + 2H,0

1e + 1Fe(OH), , + 1H* = 1Fe(OH), . + 1H,0
1 e + 1Fe(OH),,, + 2H" = 1FeOH* + 2H,0
le + 1Fe(OH), . + 3H' = 1Fe* + 3H,0

TasLe 4.13 Possible Reactions in the Fe-H,0 System between the Species
Most Stable in Wet Conditions

produces ferric ions (Fe** or Fe III), ferric hydroxide [Fe(OH),],
ferrous hydroxide [Fe(OH),], and at very alkaline conditions,
complex HFeO,™ ions. In Fig. 4.16, the solid corrosion products
considered are ferric oxide (Fe,O,) and magnetite (Fe,O,), both
important iron ore constituents.

The presence of a relatively large immunity region in Fig. 4.15
and Fig. 4.16, where corrosion products are solid and possibly
protective, indicates that iron may corrode much less under these
potential/ pH conditions.

These diagrams also indicate that if the potential of iron is made
sufficiently negative or shifted cathodically below approximately
—0.5 V vs. SHE in neutral or acidic environments, as indicated in
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Potential (V vs. SHE)
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Fieure 4.15 E-pH diagram of iron or steel with four concentrations of soluble
species, three soluble species and two wet corrosion products (25°C).

2

Potential (V vs. SHE)
o
1

Ficure 4.16 E-pH diagram of iron or steel with four concentrations of soluble
species, three soluble species and two dry corrosion products (25°C).
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Ficure 4.17 E-pH diagram of iron with the cathodic protection criterion
at —-053 V vs. SHE (-0.85 V vs. CCSRE).

Fig. 4.17, iron will corrode much less. This explains the generally
accepted cathodic protection criterion of —0.85 V vs. CCSRE used
across industries to protect steel assets buried in soils. The difference
between this cathodic potential and line (a) is indicative that such
potential will also tend to electrolyze water into hydrogen as
indicated in Egs. (4.33) and (4.34).
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CHAPTER 5

Corrosion Kinetics
and Applications of
Electrochemistry to Corrosion

5.1 What Is Overpotential?

Thermodynamic principles can explain a corrosion situation in terms
of the stability of chemical species and reactions associated with
corrosion processes. However, thermodynamic principles cannot be
used to predict corrosion currents or corrosion rates. In reality,
polarization effects control the cathodic and anodic currents that are
integral components of corrosion processes.

When two or more complementary processes such as those
illustrated in Chap. 3 occur over a single metallic surface, the corrosion
potential that results from such situations is a compromise between
the various equilibrium potentials of all the anodic and cathodic
reactions involved. The difference between the resultant potential (E)
and each individual reaction equilibrium potential (E_) is called
polarization and is quantified in terms of overpotential (77q) described
in Eq. (5.1):

n=E-E, (5.1)

The polarization is said to be anodic when the anodic processes
on the electrode are accelerated by moving the potential in the positive
(noble) direction or cathodic when the cathodic processes are
accelerated by moving the potential in the negative (active) direction.
There are three distinct types of polarization and these are additive,
as expressed in Eq. (5.2):

ﬂtotal = ﬂact + nconc +iR (52)
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where 7 is the activation overpotential, a complex function describing
the charge transfer kinetics of an electrochemical reaction.
7. is always present and the main polarization component
at small polarization currents or voltages.

7. is the concentration overpotential, a function describing the
mass transport limitations associated with electrochemical
processes. 77 is dominant at larger polarization currents
or voltages.

iR is the ohmic drop. This function takes into account the elec-
trolytic resistivity of an environment when the anodic and
cathodic elements of a corrosion reaction are separated by
this environment while still electrically coupled.

Activation polarization is usually the controlling factor during
corrosion in strong acids since both 7 _and iR are relatively small.
Concentration polarization wusually predominates when the
concentration of the active species is low; for example, in dilute
acids or in aerated waters where the active component, dissolved
oxygen, is only present at very low levels. The ohmic drop will
become an extremely important factor when studying corrosion
phenomena for which there is a clear separation of the anodic and
cathodic corrosion sites, for example, crevice corrosion. The ohmic
drop is also an important variable in the application of protective
methods such as anodic and cathodic protection that forces
a potential shift of the protected structure by passing a current in
the environment.

Knowing the kind of polarization which is occurring can be very
helpful, sinceitallows an assessment of the determining characteristics
of a corroding system. For example, if corrosion is controlled by
concentration polarization, then any change that increases the
diffusion rate of the active species (e.g., oxygen) will also increase the
corrosion rate. In such a system, it would therefore be expected that
agitating the liquid or stirring it would tend to increase the corrosion
rate of the metal. However, if a corrosion reaction is activation
controlled then stirring or increasing the agitation will have no effect
on the corrosion rate.

Activation Polarization

Activation polarization is due to retarding factors that are an inherent
part of the kinetics of all electrochemical reactions. For example,
consider the evolution of hydrogen gas illustrated previously in
Chap. 3 and described by Eq. (5.3):

2H* +2e~ — H,(g) (5.3)

While this reaction seems to be relatively simple, the rate at which
hydrogen ions are transformed into hydrogen gas is in reality a
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function of several factors, including the rate of electron transfer from
a metal to hydrogen ions. In fact, there is a wide variability in this
transfer rate of electrons on various metals and, as a result, the rate of
hydrogen evolution from different metal surfaces can vary greatly.

The exchange current density (i ) is surely the single mostimportant
variable that explains the large differences in the rate of hydrogen
production on metallic surfaces. Table 5.1 contains the approximate
exchange current density for the reduction of hydrogen ions on a range
of materials. Note that the value for the exchange current density of
hydrogen evolution on platinum is approximately 10 A /cm? whereas
on mercury and lead it is 10 A/cm?, eleven orders of magnitude
difference for the rate of this particular reaction, or one hundred billion
times easier on platinum than on mercury or lead!

This is the reason why mercury is often added to power cells such
as the popular alkaline primary cells to stifle the thermodynamically
favored production of gaseous hydrogen and prevent unpleasant
incidents. This is also why lead acid batteries (car batteries) can
provide power in a highly acidic environment in a relatively safe
manner unless excessive charging currents are used.

Even so, the exchange current density remains an elusive
parameter that may change rapidly with changing conditions at a
metallic surface being naturally modified during its exposure in a
given environment. One problem is that there is no simple method to
estimate the exchange current density for a specific system. The
exchange current density must be determined experimentally by
scanning the potential with a laboratory setup such as shown in
Fig. 5.1. In this experimental arrangement a potenstiostat/galvanostat
power controller is used to pass current through the sample, or
working electrode (W), and an auxiliary electrode (AUX) immersed
in solution while monitoring the potential of the working electrode
with a reference electrode and a Luggin capillary.

Metal log,, i) (A/cm?)
Pb, Hg -13
Zn -11
Sn, Al, Be -10
Ni, Ag, Cu, Cd -7
Fe, Au, Mo -6
W, Co, Ta -5
Pd, Rh -4
Pt -2

Tase 5.1  Approximate Exchange Current Density (i) for the Hydrogen
Oxidation Reaction on Different Metals at 25°C
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Ficure 5.1 Electrochemical instrumentation to carry out potentiodynamic
measurements in which a potenstiostat/galvanostat power controller is used
to pass current through the sample or working electrode (W) and an auxiliary
electrode (AUX), while monitoring the potential of the working electrode with
a reference electrode.

The following theory explains the basic mathematics that may be
used to extract the exchange current density from the results obtained.
A general representation of the polarization of an electrode supporting
one specific reaction is given in the Butler-Volmer equation (5.4):

. . nF nF
Lreaction = fo {exp (_ﬁ ﬁ nreacﬁon) —exp ((1 - ﬂ ) ﬁ ﬂreaction)} (54)

where i . is the anodic or cathodic current
[ is the charge transfer barrier (symmetry coefficient) for the
anodic or cathodic reaction, usually close to 0.5
n is the number of participating electrons
Ris the gas constant, that is, 8.314 ] mol™ K™
T is absolute temperature (K)

F is 96,485 C/(mol of electrons)
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Ficure 5.2 Current versus overpotential polarization plot of the ferric/ferrous
ion reaction on palladium showing both the anodic and cathodic branches of
the resultant current behavior.

The presence of two polarization branches in a single reaction
expressed in Eq. (5.4) is illustrated in Fig. 5.2 for the polarization of a
palladium electrode immersed in a solution containing similar
concentrations of ferric (Fe*) and ferrous (Fe*") ions with a completely
reversible reaction described in Eq. (5.5):

Fe**+ e~ = Fe?* (5.5)

When 77 .. is cathodic, that is, negative, the second term in the
Butler-Volmer equation becomes negligible and the cathodic current
density (i ) can be expressed by a simpler equation [Eq. (5.6)] and its
logarithm [Eq. (5.7)]:

. . nF
Lreaction = Le = g €XP (_ﬂ R_T ”reacﬁon) (56)

i
nreaction = 771: = bc loglo (i) (57)

where b_is the cathodic Tafel coefficient described in Eq. (5.8) that can
be obtained from the slope of a plot of 77 against log |i|, with the
intercept yielding a value for i, as shown in Fig. 5.3.

RT
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Ficure 5.3 Plot of 77 against log |il or Tafel plot showing the exchange
current density can be obtained with the intercept.

Similarly, when 77 . is anodic, that is, positive, the first term in
the Butler-Volmer equation becomes negligible and the anodic
current density (i) can be expressed by Eq. (5.9) and its logarithm in

Eq. (6.10), with b, obtained by plotting versus log |i| [Eq. (5.11)]:

nreacﬁon

. . . F
Leaction = o = ~lg €XP ((1 - ﬂ) % 77reacti0nj (59)
n,= b,logy, (%j (5.10)
RT (5.11)
b =2308x g

Concentration Polarization

Concentration polarization is the polarization component caused by
concentration changes in the environment adjacent to the surface as
illustrated in Fig. 5.4. When a chemical species participating in a
corrosion process is in short supply, the mass transport of that species
to the corroding surface can become rate controlling. A frequent case
of concentration polarization occurs when the cathodic processes
depend on the reduction of dissolved oxygen since it is usually in
low concentration, that is, in parts per million (ppm) as shown in
Table 5.2 [1].
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Temperature Volume Concentration Concentration (M)
(°C) (cm?)* (ppm) (pmol L)

10.2 14.58 455.5
5 8.9 12.72 397.4
10 7.9 11.29 352.8
15 7.0 10.00 312.6
20 6.4 9.15 285.8
25 5.8 8.29 259.0
30 5.3 7.57 236.7

* em® at 0°C per kg of water.

TaBLe 5.2  Solubility of Oxygen in Air-Saturated Water

As illustrated in Fig. 5.5, mass transport to a surface is governed
by three forces, that is, diffusion, migration, and convection. In the
absence of an electrical field the migration term is negligible since it
only affects charged ionic species while the convection force
disappears in stagnant conditions. For purely diffusion controlled

Ficure 5.4 Concentration changes in the vicinity of an electrode causing
a concentration polarization effect.
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Fieure 5.5 Graphical representation of the processes occurring at an
electrochemical interface.

mass transport, the flux of a species O to a surface from the bulk is
described with Fick’s first law in Eq. (5.12):

1]
Jo==Do (%) (5.12)

where |, is the flux of species O (mol s cm™)
D,, is the diffusion coefficient of species O (cm?s™)
0C, is the concentration gradient of species O across the inter-
face between the metallic surface and the bulk environ-
ment (mol cm™)
ox is the Nernst diffusion layer or diffuse layer (cm)

Table 5.3 contains values for D, of some common ions. For more
practical situations the diffusion coefficient can be approximated
with the help of Eq. (5.13), that relates D, to the viscosity of the
solution () and absolute temperature:

_T-A

D
O

(5.13)

where A is a constant for the system.
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D x 10° D x 10°
Cation (cm?s?) Anion (cm?s?)
H* 9.30 OH- 5.25
Li* 1.03 F 1.47
Na* 1.33 Cl- 2.03
Kt 1.95 NO; 1.90
Ca* 0.79 Clo; 1.79
Cu?* 0.71 SO 1.06
Zn* 0.70 Ccoz 0.92
0, 2.26 HSO; 1.33
H,0 2.44 HCOg1 1.11

TaeLe 5.3 Diffusion Coefficients of Selected lons at Infinite Dilution in Water
at 25°C

Figure 5.6 illustrates the concentration-distance profile at the
electrode surface approximated by a simple gradient. In this diagram
the metallic surface is positioned at the ordinate axis while the x-axis
expresses the distance away from the electrode and the y-axis the
concentration of the chemical species being reacted. For well-mixed
solutions, the concentration is constant in the bulk or convective region.
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Ficure 5.6 Nernst diffusion layer for a limiting current situation.
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This is represented by the horizontal line where C = C . There is also a
region where the concentration drops, falling to zero at the electrode
surface. The Nernst diffusion layer associated with this drop has a
specific thickness (0) that depends upon the nature of the solution into
which it extends. For stirred aqueous solutions the thickness of the
diffusion layer varies between 0.01 and 0.001 mm.

For a chemical species O that is consumed by the cathodic reaction
at the corroding surface, the concentration gradient (6C,/dx) is
greatest when the concentration of that species is completely depleted
at the surface, that is, C, = 0. It follows that the cathodic current is
limited in that condition, as expressed by Eq. (5.14).

bulk
i, =iy =—nFDo —5— (5.14)

For intermediate cases, that is, when the cathodic current is
smaller than i, 77, _can be evaluated using an expression [Eq. (5.15)]
derived from Nernst equation:

2.303 x RT i
=——1 1-— 5.15
nconc nFE Oglﬂ( ILJ ( )

where 2.303 x R x T/F =0.059 V when T =298.16 K.

Ohmic Drop

The ohmic overpotential appears in Eq. (5.2) as the simple product of
a resistance and a current between the anodic and cathodic sites of a
corrosion process. For many corrosion situations these sites are
adjacent to each other and the ohmic drop is negligible, particularly
so when the environment itself is a good electrolytic conductor, that
is, seawater. However, there are special conditions where the
separation of the anodic and cathodic sites can be an important factor
in the corrosion progress, for example, galvanic corrosion, or even an
integral part of a particular protection scheme, for example, anodic
and cathodic protection.

5.4.1 Water Resistivity Measurements
The conductivity of an environment can itself be a complex function.
When a salt dissociates, the resulting ions interact with surrounding
water molecules to form charged clusters known as solvated ions.
These ions can move through the solution under the influence of an
externally applied electric field. Such motion of charge is known as
ionic conduction and the resulting conductance is the reciprocal
function of the resistance of an environment.

The dependence upon the size and shape of the conductor can be
corrected by using the resistivity p rather than the resistance R, as
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P
Water (Q cm)
Pure water 20,000,000
Distilled water 500,000
Rain water 20,000
Tap water 1000-5000
River water (brackish) 200
Sea-water (coastal) 30
Sea-water (open sea) 20-25

TaeLe 5.4 Resistivity of Some Typical Waters

expressed in Eq. (5.16) for the simple cell shown in Fig. 5.7. Table 5.4
lists some typical values of water resistivity [1].

P :ﬁ (5.16)

A

where R is the measured resistance across the cell
A s the cross-sectional area of each electrode, provided that
both electrodes have the same dimensions
(¢ is the gap separating the electrodes in Fig. 5.7

The ratio (¢/A) is also called the cell constant or shape factor and
has units of cm™ or m™. A variant of the electrochemical cell shown in
Fig. 5.7 is commonly used to evaluate the conductivity of a solution
between two electrodes by using an alternating current technique.

N

D

A
v

Ficure 5.7 Schematic of a conductivity cell containing an electrolyte and
two inert electrodes of surface A parallel to each other and separated
by distance /.
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Other geometries would require the calculation of appropriate cell
constants. The cell constant of an electrochemical cell with two
concentric tubes as electrodes would be, for example, expressed by
Eq. (5.17). Such an arrangement is a common design in the production
of domestic water heaters in which a central sacrificial magnesium
anode is inserted typically in the center of the hot-water tank to
protect the surrounding tank material.

1 1.
Cell constant = m]n(f) (5.17)
where } is the height of the cylindrical tank

7, is the internal tank radius

r, is the radius of the sacrificial anode

The ohmic drop can be minimized, when carrying out electro-
chemical tests, by placing the reference electrode in a Luggin capil-
lary brought as close as possible to the surface being monitored
(Fig. 5.8). Additionally, the Luggin capillary allows sensing of the
solution potential close to the working electrode without the adverse
shielding effects that may be caused when the reference electrode is
positioned in front of the surface being monitored. A Luggin capillary

Reference Electrode

Surface
Being Monitored

Luggin Capillary

Ficure 5.8 Schematic of a Luggin capillary to position a reference electrode
in close proximity to an electrochemical cell’s working electrode.
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can be made of any material provided it is inert to the electrolytic
environment. It basically consists of a bent tube generally filled with
the test solution with a large enough opening to accommodate a ref-
erence electrode at one end and a usually much smaller opening at
the other end to provide diffusional movement of the electrolyte.

5.4.2 Soil Resistivity Measurements

Soil resistivity is a function of soil moisture and the concentrations of
ionic soluble salts and is considered to be the most comprehensive
indicator of a soil’s corrosivity. Typically, the lower the resistivity, the
higher will be the corrosivity as discussed in more details in Chap. 10.
Typically, soil resistivity decreases with increasing water content and
the concentration of ionic species. Sandy soils, for example, are high
up on the resistivity scale and therefore considered the least corrosive
while clay soils are excellent at retaining water and at the opposite
end of the corrosivity spectrum.

Four-Pin Method (Wenner Method)

Field soil resistivity measurements are most often conducted using
the Wenner four-pin method and a soil resistance meter following the
principles laid out by Wenner nearly one century ago [2]. The Wenner
method requires the use of four metal probes or electrodes, driven
into the ground along a straight line, equidistant from each other, as
shown in Fig. 5.9 and Fig. 5.10. Soil resistivity is a relatively simple
function derived from the voltage drop between the center pair of
pins (P1 and P2 in Fig 5.9), with current flowing between the two
outside pins (C1 and C2 in Fig 5.9) assuming that the measured
resistivity is a measure of the hemispherical volume of earth probed
by the central pins.

Soil Resistivity Meter

oC1 C2o

B1\1/ P2

Listed in Table 2.2

Ground

Pin P1 Pin P2 Pin C2

f————fe—a ple »

Ficure 5.9 Wenner four-pin soil resistivity test setup.
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(b)

Ficure 5.10 Four-pin soil resistivity measurements being made; (a) field
setup and (b) close-up on the instrument. (Courtesy of Tinker & Rasor)
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An alternating current from the soil resistance meter causes
current to flow through the soil, between pins C1 and C2 and the
voltage or potential is measured between pins P1 and P2. Resistivity
of the soil is then computed from the instrument reading, according
to the following formula [1]:

p=2maR (5.18)

where pis the soil resistivity (€2 cm)
a is the distance between probes (cm)
R is the soil resistance (), instrument reading
mis 3.1416

The resistivity values obtained represent the average resistivity of
the soil to a depth equal to the pin spacing. Resistance measurements
are typically performed to a depth equal to that of the buried system
(pipeline) being evaluated. Typical probe spacing is in increments of
0.5to1m.

If the line of soil pins used when making four-pin resistivity
measurements is closely parallel to a bare underground pipeline or
other metallic structure, the presence of the bare metal may cause the
indicated soil resistivity values to be lower than it actually is. Because
a portion of the test current will flow along the metallic structure
rather than through the soil, measurements along a line closely
parallel to pipelines should therefore be avoided.

The recorded values from four-pin resistivity measurements can
be misleading unless it is remembered that the soil resistivity
encountered with each additional depth increment is averaged, in the
test, with that of all the soil in the layers above. With experience,
much can be learned about the soil structure by inspecting series of
readings to increasing depths. The indicated resistivity to a depth
equal to any given pipe spacing is a weighted average of the soils
from the surface to that depth. Trends can be illustrated best by
inspecting the sets of soil resistivity readings in Table 5.5.

Pin Spacing Pin Pacing Soil Resistivity (Q2 cm)

(m) (F) Set A Set B Set C Set D
0.76 2.5 960 1100 3300 760
1.5 5 965 1000 2200 810
2.3 7.5 950 1250 1150 1900
3.0 10 955 1500 980 3800
3.8 12.5 960 1610 840 6900
4.6 15 955 1710 780 12,500

TaBLe 5.5 Examples of Soil Resistivity Readings Using Four-Pin Method
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The first set of data in Table 5.5, Set A, represents uniform soil
conditions. The average of the readings shown (~960 Q cm) represents
the effective resistivity that may be used for design purposes for
impressed current groundbeds or galvanic anodes.

Data Set B represents low-resistivity soils in the first few feet.
There may be a layer of somewhat less than 1000 Q ¢cm around the
1.5m depth level. Below 1.5 m, however, higher-resistivity soils are
encountered. Because of the averaging effect the actual resistivity at
2.3 m deep would be higher than the indicated 1250 Q cm and might
be in the order of 2500 & cm or more. Even if anodes were placed in
the lower-resistivity soils, there would be resistance to the flow of
current downward into the mass of the earth.

If designs are based on the resistivity of the soil in which the
anodes are placed, the resistance of the completed installation will
be higher than expected. The anodes will perform best if placed in
the lower resistance soil. However, the effective resistivity used for
design purposes should reflect the higher resistivity of the underlying
areas. In this instance, where increase is gradual, using horizontal
anodes in the low-resistivity area and a figure of effective resistivity
of ~2500 Q cm should result in a conservative design.

Data Set C represents an excellent location for anode location
even though the surface soils have relatively high resistivity. It would
appear from this set of data that anodes located >1.5 m deep, would
be in low-resistivity soil of ~800 Q cm, such a figure being conservative
for design purposes. A lowering resistivity trend with depth, as
illustrated by this set of data, can be relied upon to give excellent
groundbed performance.

Data Set D is the least favorable of these sample sets of data.
Low-resistivity soil is present at the surface but the upward trend of
resistivity with depth is immediate and rapid. At the 2.3 m depth, for
example, the resistivity could be tens of thousands of ohm-
centimeters. One such situation could occur where a shallow swampy
area overlies solid rock. Current discharged from anodes installed at
such a location will be forced to flow for relatively long distances
close to the surface before electrically remote earth is reached. As a
result, potential gradients forming the area of influence around an
impressed current groundbed can extend much farther than those
surrounding a similarly sized groundbed operating at the same
voltage in more favorable locations such as those represented by
data Sets A and C.

Alternate Soil Resistivity Methods

In the two-pin (Shepard’s Canes) method of soil resistivity
measurement, the potential drop is measured between the same pair
of electrodes used to supply the current [3]. As shown in Fig. 5.11, the
probes are placed 0.3 m apart. If the soil is too hard for the probes to
penetrate, the reading is taken at the bottom of two augured holes.
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Instrument

Augered holes
(If required)

Iron tip

Ficure 5.11 Two-pin (Shepard’s Canes) method for soil resistivity
measurements.

The instrument is calibrated for a probe spacing of 0.3 m and gives a
reading directly in ohm cm. Although this method is less accurate
than the four-pin method and measures the resistivity of the soil only
near the surface, it is often used for preliminary surveys, as it is
quicker than the four-pin method.

A soil rod is essentially a two-pin resistivity-measuring device
where the electrodes are both mounted on a single rod, as shown in
Fig. 5.12. As in the other two-pin method, the resistivity of the soil to
a very shallow depth is measured. Also, the soil must be soft enough
to allow penetration of the rod. Measurements using the soil rod,
however, can be taken quickly when measuring in soft soil.

When it is impractical to make field measurements of soil
resistivity, soil samples can be taken and the resistivity of the sample
can be determined by using a soil box. As shown in Fig. 5.13, the
method of measurement is essentially the four-pin method. Metal
contacts in each end of the box pass current through the sample.

Potential drop is measured across probes inserted into the soil.
The resistivity is calculated using constants provided with the
particular geometry of soil box being used. Due to the disturbance of
the soil during sampling and possible drying out of the soil during
shipment, this method of soil resistivity measurement is less likely to
represent true, in-place soil resistivity than an actual field test.
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Contact terminals
to AC resistance monitor
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Terminal connected
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Metal ti
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Ficure 5.12 Soil rod method for soil resistivity measurements.

Ficure 5.13 Soil box and resistivity equipment. (Courtesy of Tinker & Rasor)
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Graphical Presentation of
Kinetic Data (Evans Diagrams)

The use of polarization curves for the study of corrosion reactions can
be traced back to the 1930s with the work of Wagner and Traud [4].
However the representation of the mixed potential behavior is often
associated with Professor Evans who has popularized this represen-
tation of corrosion polarization measurements [5].

These polarization diagrams can be quite useful for describing or
explaining parallel corrosion processes. According to the mixed-
potential theory underlying these diagrams, any electrochemical
reaction can be algebraically divided into separate oxidation and
reduction reactions with no net accumulation of electrical charge.
Under these circumstances the net measurable current is zero and
the corroding metal is charge neutral, that is, all electrons produced
by the corrosion of a metal have to be consumed by one or more
cathodic processes.

In order to model a corrosion situation with mixed potential
diagrams, one must first gather the information concerning the
(1) activation overpotential for each corrosion process involved and
(2) any additional information for processes that could be affected by
concentration overpotential. The following sections present some
examples that illustrate how the mixed potential theory may be used
toexplain simple cases where corrosion processes are purely activation
controlled or cases where concentration controls at least one of the
corrosion processes.

5.5.1 Activation Controlled Processes

For purely activation controlled processes, each reaction can be
described by a straight line on an E versus Log i plot, with positive
Tafel slopes for anodic processes and negative Tafel slopes for
cathodic processes.

The following example illustrates the polarization behavior of
carbon steel in a deaerated solution maintained at 25°C with a pH of
zero. The solid line in Fig. 5.14 is the polarization plot itself and the
dotted lines in this figure represent the anodic reaction in Eq. (5.19)
and the cathodic reaction in Eq. (5.20) that describe the corrosion
behavior of steel in these conditions. These lines are extrapolated
from the linear sections of the plot on either the anodic or cathodic
sides of the curve.

Fe — Fe? +2e* (5.19)
2H* + 2e* — H,(g) (5.20)

While it is relatively easy to estimate the corrosion potential
(E.,) from the sharp peak observed at —0.221 V vs. standard
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Potential (V vs. SHE)

Fieure 5.14 Polarization behavior of carbon steel in a deaerated solution
maintained at 25°C and a pH of zero.

hydrogen electrode (SHE), when the current crosses zero (infinity
on a log scale), the projected dotted lines are required to find the
interceptindicating where the cathodic and anodic currents actually
cancel each other. The corrosion current density (i) can be
obtained by dividing the anodic current by the surface area of the
specimen, 1 cm? in the present case. According to the conversion
table presented earlier in Chap. 3 (Table 3.2), the current density of
67 LA cm? evaluated in this example corresponds to a penetration
rate of 0.8 mm y ..

The second example shows the carbon steel polarization behavior
when exposed to a deaerated solution maintained at 25°C and pH of
five. The mixed potential diagram of this system is shown in Fig. 5.15.
The shift of the E_ to a more negative value of ~0.368 V vs SHE
should be noted. The modeled projected lines provide an estimate of
the corrosion current density of 4 pA cm™ in this case and this current
translates into a penetration rate of 0.05 mm y™.

5.5.2 Concentration Controlled Processes

When one of the reactions is limited by the rate of transport of the
reactant to the metallic surface being corroded, the situation increases
in complexity as illustrated in the polarization plot of the system in
Fig. 5.16. The system represented here is similar to the previous one,
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Ficure 5.15 Polarization behavior of carbon steel in a deaerated solution

maintained at 25°C and a pH of five.

O, + 4H* + 46~ — 2H,0

(IHS "sA A) [enusiod

Log (lil(A))

Fieure 5.16 Polarization behavior of carbon steel in a stagnant aerated

solution maintained at 25°C and a pH of five.
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that is, pH of five at 25°C, with the exception that the environment is
aerated and stagnant. In this situation the reduction of oxygen shown
in Eq. (5.21) now becomes a possible second cathodic reaction.

O, +4H" +4e~ - 2H,0 (5.21)

In order to model the polarization plot, the total cathodic current
corresponding to the sum of the currents of the hydrogen reaction
and oxygen reduction has to be balanced by the single anodic current.
The intercept where the opposing currents are balanced occurs at an
E,. of —0.33 V vs. SHE and, since the surface area is still 1 cm?, an .
of 8.2 pAcmor 0.1 mm y . It should be noted that the current for the
reduction of oxygen is constant across the potential range shown in
Fig. 5.16 and has the value of 6.3 pA cm™.

The reduction of oxygen depends, among other factors, on the
level of agitation of the environment. If the limiting current of this
reaction is now increased through agitation by a tenfold factor to
reach the value of 63 LA cm™ a new situation emerges as depicted
in Fig. 5.17. The marked positive shift of E_ , now -0.224 V vs.
SHE, is accompanied by a marked increase in current density, now
of 63 A cm?or 0.8 mm y ..

| 0p+4H" + e 2H,0 >

—0.2 Jr 1

ECOTI’ & ICOTI'

Potential (V vs. SHE)

041 NP S
A L N |

0.5 oo N _—

06 4----- Ao R R [ v NG I
1 1 1 2H" +2e” > H, 1

0.7 ; ; ; ; P ;

-5 45 -4 35 -3 25 -2
Log (lil(A))

Fieure 5.17 Polarization behavior of carbon steel in an agitated aerated
solution maintained at 25°C and a pH of five.
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Examples of Applied Electrochemistry to Corrosion

Given the electrochemical nature of corrosion processes it is not
surprising to see that measurements and control methods based on
electrochemical principles are so extensively used across the whole
spectrum of corrosion science and engineering. The following sections
provide some examples to illustrate how these principles are applied
in practice.

5.6.1 Electrochemical Polarization Corrosion Testing
Corrosion testing with polarization methods basically consists in
forcing potential or current changes on a sample under study while
monitoring the resulting response in current or potential. This may
be achieved by using either a direct current (DC) or an alternating
current (AC) source. The instrumentation for carrying polarization
testing as illustrated in Fig. 5.1 consists of

* A potentiostat is needed that will maintain the potential of
the working electrode close to a preset value.

* A current measuring device for monitoring the current
produced by the applied potential. The ability of the current
measuring device to autorange or to change the scale
automatically is also important.

e The ability of the data to be stored directly in a computer, or
plotted out directly is also important.

e Polarization cells: Several test cells are available commer-
cially for making polarization measurements. Polarization
cells can have various configurations specific to the testing
requirements from testing small coupons, to sheet materials,
to testing inside autoclaves. In a plant environment the elec-
trodes may be inserted directly into a process stream. Some
of the features of a cell include [6]

a) The working electrode, that is, the test sample, which
may be accompanied by one or more auxiliary or counter
electrodes.

b) The reference electrode which is often separated from the
solution by a solution bridge or a capillary Luggin probe
(Fig.5.1). This combination eliminates solutioninterchange
with the reference electrode but allows it to be moved
very close to the surface of the working electrode to
minimize the effect of the solution resistance.

¢) A temperature monitoring device.

d) Aninlet and outlet for gas to allow deaeration, aeration, or
the introduction of specific gases into the solution.
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e) An electrical connection can be made directly with the
working electrode, which will not be affected by the
solution.

f) Theworking electrode must be introduced into the solution
completely so as to eliminate any crevice at the solution
interface, unless this is a desired effect.

g) The test cell itself must be composed of a material that
will not corrode or deteriorate during the test, and which
will not contaminate the test solution, the volume of the
cellmustbelarge enough to allow removal of the corroding
ions from the surface of the working electrode without
affecting the solution potential.

h) It may be necessary to include a mechanism for stirring the
solution, such as a stirring bar, or bubbling gas to ensure
uniformity of the solution chemistry.

DC Polarization Test Methods

DC polarization methods involve changing the potential of the
working electrode and monitoring the current that is produced as a
function of time or potential. For anodic polarization, the potential is
changed in the anodic (or more positive) direction causing the
working electrode to become the anode and forcing electrons to be
withdrawn from the metal being tested. For cathodic polarization,
the working electrode becomes more negative and electrons are
added to the metal, sometimes causing electrodeposition. For cyclic
polarization, both anodic and cathodic polarizations are performed
in a cyclic manner [6]. There are several accepted methods to carry
out DC polarization of specimens for corrosion testing.

Potentiodynamic Polarization. Potentiodynamic polarization refers to
a polarization technique in which the potential of the electrode is
varied over a relatively large potential domain at a selected rate by
the application of a current through the electrolyte. Figure 5.18 is an
example of a polarization plot obtained with a 543000 steel specimen
ina 0.05 M H,SO, solution.

A potentiodynamic polarization variant is cyclic voltammetry
which involves sweeping the potential in a positive direction until a
predetermined value of current or potential is reached, then the scan is
reversed toward more negative values until the original value of poten-
tial is reached. In some cases, this scan may be done repeatedly to deter-
mine changes in the current-potential curve produced with scanning.

Another variation of potentiodynamic polarization is the potentio-
staircase method which refers to a technique for polarizing an electrode
in a series of potential steps where the time spent at each potential is
constant, while the current is often allowed to stabilize prior to changing
the potential to the next step. The step increase may be small, in which
case, the technique resembles a potentiodynamic curve [6].
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Ficure 5.18 Typical anodic polarization plot for S43000 steel in a 0.05 M
H,S0, solution.

Electrochemical potentiodynamic reactivation (EPR) is another
polarization method that evaluates the degree of sensitization of
stainless steels such as 530400 and 530403 steels. This method uses a
potentiodynamic sweep over a range of potentials from passive to
active (called reactivation).

However, probably the most popular variantis the cyclic polarization
test. This test is often used to evaluate the pitting susceptibility of a
material. The potential is swept in a single cycle or slightly less than one
cycle usually starting the scan at the corrosion potential. The voltage is
first increased in the anodic or noble direction (forward scan). The
voltage scan direction is reversed at some chosen current or voltage
toward the cathodic or active direction (backward or reverse scan) and
terminated at another chosen voltage. The presence of the hysteresis
between the currents measured in the forward and backward scans is
believed to indicate pitting, while the size of the hysteresis loop itself has
been related to the amount of pitting that has occurred during the scan.

This technique has been especially useful to assess localized
corrosion for passivating alloys such as 531600 stainless steel, nickel-
based alloys containing chromium, and other alloys such as titanium
and zirconium. Though the generation of the polarization scan is
simple, its interpretation can be difficult [7].

In the following example, the polarization scans were generated
after one and four days of exposure to a chemical product main-
tained at 49°C. The goal of these tests was to examine if S31600 steel
could be used for short-term storage of a 50 percent commercial or-
ganic acid solution (aminotrimethylene phosphonic acid) in water.
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A small amount of chloride ion (1 percent) was also present in this
acidic chemical.

In this example, the potential scan rate was 0.5 mV s and the
scan direction was reversed at 0.1 mA cm™. Coupon immersion tests
were run in the same environment for 840 hours. The S31600 steel
specimens were exposed to the liquid, at the vapor/liquid interface,
and in the vapor. The reason for the three exposures was that in most
storage situations, the containment vessel would be exposed to a
vapor/liquid interface and a vapor phase at least part of the time.
Corrosion in these regions can be very different from liquid exposures.
The specimens were also fitted with artificial crevice formers.

Figure 5.19 shows the polarization scan generated after one day and
Figure 5.20 shows the polarization scan generated after four days of
exposure. The important parameters considered were the position of
the “anodic-to-cathodic” transition relative to the corrosion potential,
the existence of the repassivation potential and its value relative to the
corrosion potential, the existence of the pitting potential and its value
relative to the corrosion potential, and the hysteresis (positive or
negative). The interpretation of the results is summarized in Table 5.6.

The presence of the negative hysteresis would typically suggest
that localized corrosion is possible depending on the value of the
corrosion potential relative to the characteristic potentials present in
these polarization plots. After the first day of exposure, pitting was
not expected to be a problem because the pitting potential was far
away from the corrosion potential. The currents generated were much
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Ficure 5.19 Polarization scan for S31600 steel in 50 percent
aminotrimethylene phosphonic acid after one day of exposure
(the arrow indicates scanning direction).
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Ficure 5.20 Polarization scan for S31600 steel in 50 percent
aminotrimethylene phosphonic acid after four days of exposure
(the arrow indicates scanning direction).

higher than those normally associated with S31600 steel in a passive
state. These observations suggested that there was a risk of initiation
of corrosion, particularly in localized areas where the pH can decrease
drastically [7] (see crevice mechanism in Chap. 6).

After 4 days, the risk of localized corrosion increased. At this
time, the repassivation potential and the potential of the change from
anodic to cathodic current were equal to the corrosion potential. The
pitting potential was only about 0.1 V more noble than the corrosion
potential and the hysteresis still negative. The risk of pitting had
increased enough to become a concern.

Value in Value in
Feature Fig. 5.19 Fig. 5.20
Repassivation potential-corrosion 0.12V 0.0V
potential
Pitting potential-corrosion potential 0.22V 0.12V
Potential of anodic-to-cathodic 0.12V 0.0V
transition—corrosion potential
Hysteresis Negative Negative
Active-to-passive transition No No

TaeLe 5.6 Features and Values Used to Interpret Figs. 5.19 and 5.20.
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Coupon immersion tests confirmed the long-term predictions.
Slight attack was found under the artificial crevice formers in the
complete liquid exposure. The practical conclusion of this in-service
study was that, since localized corrosion often takes time to develop,
a few days of exposure to this chemical product could be acceptable.
However, it was recommended to avoid long-term exposure since
both pitting and crevice corrosion would be expected for longer
exposure periods.

Linear Polarization Resistance. Another widely used polarization method
is linear polarization resistance (LPR). The polarization resistance of a
material is defined as the AE/Ai slope of a potential-current density
curve at the free corrosion potential (Fig. 5.21), yielding the polarization

resistance R that can be itself related to the corrosion current (i ) with
the help of the Stern-Geary approximation in Eq. (5.22) [8].
B _(AE) (5.22)

P Teorr (Al) AE—=0

where R is the polarization resistance
1'Cor is the corrosion current
Bis an empirical polarization resistance constant that can be
related to the anodic (b) and cathodic (b)) Tafel slopes with

Eq. (5.23).

bu ~bc
B= 53,45 6-23)

Polarization (E-E 4,

0.3
Current density

Ficure 5.21 Hypothetical linear polarization plot.
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The Tafel slopes in this equation can be evaluated experimentally
using real polarization plots in the fashion described in Fig. 5.3 or
obtained from the literature [8]. The corrosion currents may then be
converted into other corrosion rate units using Faraday’s law or, more
simply, by using a conversion scheme provided in Chap. 3, that is,
Table 3.1 for all metals, or Table 3.2 adapted to iron or steel.

For field measurements, it is necessary to use a probe that enters
the vessel with a special probe retrieving device (Fig. 5.22). Several
commercially available probes (Fig. 5.23) and analyzing systems can
be directly interfaced with remote computer data-acquisition systems.
Alarms can also be used to signal plant operators when high corrosion
rates are experienced [9;10].

The following example illustrates how the corrosion efficiency of an
inhibitor can be evaluated with LPR. Forty years ago, Hugel tested a
variety of inhibitors for steel in 6 M HCl at 60°C and found that alkenyl
and aromatic aldehydes were very effective [11]. Cinnamaldehyde was
one of the best, providing almost 99 percent protection. Numerous
patents have been issued since then on the use of aldehydes, and trans-
cinnamaldehyde (TCA) in particular, as steel corrosion inhibitors in
acid media have been used to reduce the corrosion of steel during
pickling or oil field acidizing treatments.

The polarization curves presented in Fig. 5.24 were obtained
with carbon steel exposed to a solution containing, respectively,
(a) no inhibitor, (b) 250, (c) 1000, and (d) 2000 parts per million of

T — @@

Ficure 5.22 Typical linear polarization resistance probe (a) and probe in
pipe tee (b) [10].
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Ficure 5.23 Commercial sensor elements to carry out linear polarization
resistance (LPR) measurements. (Courtesy of Metal Samples Company)

TCA in a 6 M HCl solution. One can first estimate the R from the
slopes of the polarization curves. Assuming that b, and b, have the
same value, that is, 0.1 mV per decade of current, each R can then
be converted to a corrosion current with the help of Eq. (5.22).

355
360 ~<—

365 1—SSac

370 .

-375 X‘L\?%i
380 =

E (mV vs. SHE)

-385
-390 ‘KX
-395 =
-400 Ixﬁ
-405
-2000  -1500  —1000  -500 0 500 1000

Current Density (uA cm™)
(a)

Ficure 5.24 Corrosion of AISI 1018 carbon steel in 6 M HCI containing

(@) no inhibitor, (b) 250 ppm trans-cinnamaldehyde (TCA), (c) 1000 ppm TCA,
and (d) 5000 ppm TCA. The dotted line in these figures has been added to
estimate the slope of the curves that can be related to the polarization
resistance (Rp).
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Ficure 5.24

(continued)
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The inhibitor efficiency of each solution can subsequently be
calculated using Eq. (5.24).

Inhibitor efficiency (%) = 100 (CRomimities = Rivipies) (5.24)
CRuni.n.hibited

where CR
CR

ninhibitea 18 the corrosion rate of the uninhibited system
hibiteq 1S the corrosion rate of the inhibited system

The results obtained with LPR on these inhibiting solutions
are presented in Table 5.7 along with corrosion rates converted in
mm/year with the help of Table 3.2 in Chap. 3.

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) has been successfully
applied to the study of corrosion systems and proven to be a powerful
and accurate method for measuring corrosion rates for a few decades.
In this approach for determining the polarization resistance of a
metal, a measure of the electrochemical impedance is made at a series
of predetermined frequencies.

An important advantage of EIS over other electrochemical
techniques is the possibility of using very small amplitude signals
without significantly disturbing the properties being measured.
However, in order to estimate the polarization resistance (R ), that is
proportional to the corrosion rate at the monitored interface according
to Eq. (5.22), EIS results have to be interpreted with the help of a
model of the interface.

Amongst the numerous equivalent circuits that have been
proposed to model electrochemical interfaces only a few really apply
in the context of a freely corroding system. The first circuit is the
simplest equivalent circuit that can describe a metal/electrolyte
interface (Fig. 5.25). Its behavior is described by Eq. (5.25).

Z(w)=R, + W (5.25)
TCA Rp Corrosion Current | Corrosion Rate | Efficiency
(ppm) (Q cm?) (mA cm) (mm y?) (%)
0 14 1.55 18 0
250 25 0.87 10.1 44
1000 140 0.155 1.80 90
2000 1400 0.0155 0.18 99

TaBLe 5.7 Inhibitor Efficiency of Trans-Cinnamaldehyde (TCA) to the Corrosion of
Carbon Steel Exposed to a 6 M HCI Solution
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where R _is the solution resistance
R is the polarization resistance
w is the frequency
C,, is the double layer capacitance

The term Q, in Fig. 5.25, describes the “leaky capacitor” behavior
corresponding to the presence of a constant-phase element (CPE)
[12]. Figure 5.26(a) illustrates the complex plane presentation of the
EIS model circuit in Fig. 5.25(a) where R =10 €, Rp =100 kQ and Q
decomposes into C;, = 40 uF and n = 0.8 and Fig. 5.26(b) shows how
the same data would appear in a Bode plot format.

The second circuit [Fig. 5.25(b)] was proposed by Hladky et al. [13].
to take into account a diffusion-limited behavior corresponding to a
Warburg component which can be described by Eq. (5.26). The expo-
nent n in Eq. (5.26) can vary between 0.5 and 0.25 depending on the
smoothness of the metallic surface that is 0.5 for highly polished sur-
faces and 0.25 for porous or very rough materials [14]. R and C in
Eq. (5.26), are the resistance and capacitance associated with the dis-
tributed R-C line of infinite length.

2(@) = (0.5« R/CY5 + " (5.26)

Figure 5.27(a) illustrates the complex plane presentation of
simulated data corresponding to model circuit in Fig. 5.25(b) where
R =109, Rp =100 kQ, C,, =40 uF, and the exponent n of the Warburg
component = 0.4. Figure 5.27(b) shows the same data in a Bode
representation.

Ficure 5.25 The equivalent circuit models proposed for the interpretation
of EIS results measured in corroding systems: (a) simplest representation
of an electrochemical interface, (b) one relaxation time constant with
extended diffusion.
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Ficure 5.26 (a) Complex plane and (b) Bode plots of simulated data
corresponding to the model circuit in Fig. 5.25(a) where R =10 Q, Rp =
100 k<, and Q decomposes into C, = 40 uF and n = 0.8.
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Ficure 5.27 (a) Complex plane and (b) Bode plots of simulated data
corresponding to model circuit in Fig. 5.25(b) where R =10 Q, Rp =100 kQ,
C, =40 puF and the exponent n of the Warburg component = 0.4.
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Complications with Polarization Methods

The widespread use of DC or AC polarization methods in corrosion
studies does not mean that they are without complications. Both
linear polarization and Tafel extrapolation need special precautions
for their results to be valid. The main complications or obstacles in
performing polarization measurements can be summarized in the
following categories:

o Effect of scan rate: The rate at which the potential is scanned
may have a significant effect on the amount of current
produced at all values of potential [6]. The rate at which the
potential is changed is an experimental parameter over
which the user has control. The goal is to set the polarization
scan rate at a slow enough rate to minimize surface
capacitance charging. If not, some of the current being
generated serves to charge the surface capacitance in addition
to the corrosion process with the result that the measured
current can be greater than the current actually generated by
the corrosion reactions alone.

e Effect of solution resistance: The distance between the Luggin
probe and the working electrode is purposely minimized in
most measurements to reduce the effect of the solution
resistance. In solutions that have extremely high resistivity,
for example, concrete, soils, and organic solutions, this can be
an extremely significant effect.

e Changing surface conditions: Corrosion reactions take place
at the surface of a metallic material. When the surface
condition is modified, due to processing conditions, active
corrosion, or any other reasons, the corrosion potential is
usually also changed. This can have a strong effect on the
polarization curves [6].

e Determination of pitting potential: In analyzing polarization
curves the presence of a hysteresis loop between the
forward and reverse scans often indicates that localized
corrosion, for example, pitting or crevice corrosion, is in
progress. This feature can be advantageously used to detect
the susceptibility of an alloy to pitting in certain
environments. However, it also means that the results
obtained cannot be used with confidence to estimate
general corrosion rates.

A critical problem in EIS, as well as any other scientific
measurements, is the validation of the experimental data. The use of
Kramers-Kronig (KK) transforms has been proposed to assess the
quality of the measured impedance data [15]. These integral
transforms were derived assuming four basic conditions:
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e Linearity: A system is said to be linear if the response to a
sum of individual inputs is equal to the sum of the indi-
vidual responses. Practically, this implies that the imped-
ance of a system does not vary with the magnitude of the
probing signal.

® Causality: The response of a system should be solely due to
the probing signal. Physically, this means that the system
being tested responds fully and exclusively to the applied
signal. This is an important consideration in electrochemical
systems, because charge transfer interfaces are often active
and do, in fact, generate noise in the absence of any external
stimulus [15].

e Stability: A system is said to be stable if it comes back to its
original state after a perturbation is removed. This
condition ensures that there is no negative resistance in the
system. This apparent restriction on the presence of
negative resistance has often been associated with the
presence of active-to-passive transitions in the system
being investigated [15].

e Finite value: The real and imaginary components of a complex
impedance must be finite over the entire frequency range
sampled.

If a system satisfies the conditions of linearity, stability, and
causality, it will a priori satisfy the KK transforms, provided that the
frequency range is sufficiently broad for the integrals to be evaluated.
However, a simple validity test is often sufficient to ascertain that the
EIS measurements are indeed meaningful. For measurements made
in real time, that is, by changing the frequency for each frequency
point, the validity of a forward frequency scan can be verified by
scanning in the opposite direction. Repeated measurements during
two successive scans in opposite direction should generally satisfy
KK transforms and represent the actual impedance of the system
being tested.

5.6.2 Corrosion Monitoring

Electrochemical monitoring methods involve the determination of
specific interface properties divided into three broad categories:

e Corrosion potential measurements: The potential at a corroding
surface arises from the mutual polarization of the anodic and
cathodic half-reactions resulting in the overall corrosion
reaction. Corrosion potential is intrinsically the most readily
observable parameter and understanding its behavior may
provide very useful information on the thermodynamic state
of a system.
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® Reaction rate as current density: Partial anodic and cathodic
current densities cannot be measured directly unless they are
purposefully separated into a bimetallic couple. However, by
polarizing a metal immersed in an aqueous environment, it is
possible, with the use of simple assumptions and models of
the underlying electrochemical behavior, to estimate net
currents for both the anodic and cathodic polarizations from
which a corrosion current density can be deduced.

® Surface impedance: A corroding interface can also be modeled
for all its impedance characteristics, therefore revealing sub-
tle mechanisms not visible by other means. EIS is now well
established as a powerful technique for investigating corro-
sion processes and other electrochemical systems.

Corrosion potential or current produced by naturally occurring
or externally imposed conditions can be measured with a variety of
electrochemical techniques. Conversions of the measurements into
corrosion rates or other meaningful data use equations or algorithms
that are specific to each technique.

Limits of operation for field work are more serious than those
experienced in a laboratory environment, mostly for reasons of prac-
tical probe geometry. For example, capillary salt bridges (e.g., Luggin
capillary) commonly used in laboratory setups to reduce the solution
resistance interference are definitively too delicate or cumbersome
for field use [16].

Zero Resistance Ammetry

With this electrochemical technique galvanic currents between
dissimilar electrode materials are measured with a zero resistance
ammeter*. The design of dissimilarities between sensor elements may
be made to target a feature of interest in the system being monitored
(e.g., different compositions, heat treatments, stress levels, or surface
conditions). Zero resistance ammetry (ZRA) may also be applied to
nominally identical electrodes in order to reveal changes occurring in
the corrosivity of the environment.

The main principle of the technique is that differences in the
electrochemical behavior of two electrodes exposed to a process
stream give rise to differences in the redox potential at these electrodes.
Once the two electrodes are externally electrically connected, the
more noble electrode becomes predominantly cathodic, while the
more active electrode becomes predominantly anodic and sacrificial.
When the anodic reaction is relatively stable the galvanic current

* A zero resistance ammeter (ZRA) is a current to voltage converter that produces
a voltage output proportional to the current flowing between its input terminals
while imposing a “zero” voltage drop to the external circuit.
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monitors the response of the cathodic reaction to the process stream
conditions. When the cathodic reaction is stable, it monitors the
response of the anodic reaction to process fluctuations [16].

This technique has been found particularly useful to study
depolarization effects of the cathode of a galvanic pair of electrodes to
obtain feedback of low levels of dissolved gases, particularly oxygen,
or the presence of bacteria, which depolarize the cathode of the
galvanic pair and increase the coupling current. When used for
detection of low levels of oxygen, other dissolved gases may interfere.
Calibration against a dissolved oxygen meter is usually required if
quantitative values are needed.

Electrochemical Impedance Spectroscopy

The measurement cycle time with EIS is quite critical and depends
on the frequency range used, especially the low frequencies.
A single frequency cycle at 1 mHz, for example, takes 15 minutes.
A high-to low-frequency scan going to such a low frequency would
take more than two hours. In order to make routine corrosion
monitoring with EIS certain simplifications are needed to maximize
the use of high frequency data and drastically shorten the
measurement time. It is also important to simplify the data
processing and analysis to make the technique user friendly for
field corrosion monitoring.

In order to simplify the analysis of field EIS results, a method was
developed which consists of finding the geometric center of an arc
formed by three successive data points on a complex impedance
diagram (Fig. 5.28) [17;18]. This technique was designed as an
improvement over the two-point method based on the comparison of
high and low frequency data points for which the impedance would
be proportional to the R at the high frequency point and the
summation of R_and R at the low-frequency point [19]. In real world
situations, one kdifﬁcuft assumption to satisfy with the two-point
method is that data points should contain negligible imaginary
components (i.e., 0 phase shift), a condition usually hard to achieve in
a meaningful manner at low-measuring frequencies.

The three-point analysis technique was further developed by
permuting the data points involved in the projection of centers in
order to obtain a population of projected centers. This improvement
has permitted to automate the data analysis while providing some
information concerning the adherence of the results with the
resistive-capacitive (RC) behavior described in Eq. (5.26) that is
assumed for the evaluation of the parameters associated with
uniform corrosion [18].

More recently, a full-spectrum, relatively low-cost EIS corrosion
monitoring system has been developed, which is wireless, small (5 cm
diameter, 1.2 cm height), requires nominally 10-mW power during its
200-second measurement period, and has an electronic identifier,
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Ficure 5.28 Schematic of the extrapolation method to obtain the polarization
resistance from EIS data.

which allows for a single data logger to monitor multiple devices in
the same general vicinity [Fig. 5.29(a) and ()] [20].

The wireless EIS sensor determines the impedance at 15 to
20 independent frequencies, by measuring amplitude and phase at
each frequency (Fig. 5.30). It computes corrosion rate, conductivity,
and coating impedance and transmits the result wirelessly to a data
logger. The miniature and wireless features make it suitable for
embedding in concrete or placing in hidden and inaccessible locations,
for example, in HVAC systems. Its minimal power consuming aspect
lends itself useful for long-term monitoring of coating integrity. The
miniature EIS system has been tested in various environments,
namely concrete, water, and under coatings [Fig. 5.31(a) and 5.31(b)].

Electrochemical Noise Analysis

Fluctuations of the corrosion potential of a corroding metallic
specimen are a well known and easily observable phenomenon.
Electrochemical noise analysis (ENA) as a corrosion tool has
increased steadily since Iverson’s paper in 1968 [21]. The study of
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Ficure 5.29 (a) Test and demonstration of breadboard coating health
monitor, including wireless communication. Inset shows transceiver unit
attached to laptop computer; (b) Block diagram of the electronics.
(Courtesy of Guy D. Davis, DACCO SClI, Inc.)
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Ficure 5.30 Magnitude of impedance of a coating versus frequency. Low
frequency impedance values show good correlation with long-term exposure
behavior. (Courtesy of Guy D. Davis, DACCO SClI, Inc.)

electrochemical noise (EN) hasbeen found tobe uniquely appropriate
for monitoring the onset of events leading to localized corrosion
and understanding the chronology of the initial events typical of
this type of corrosion.

The EN technique differs in many ways from other electrochemical
techniques used in corrosion. One important difference is that ENA
does not require that the sensing element be polarized in order to
generate a signal. However, it is also possible to measure current
noise under an applied potential, or measure potential noise under
anapplied current. The potential and currentbetween freely corroding
electrodes (in many cases < 1 pV and < 1 nA) are measured with
sensitive instrumentation. A measurement frequency of 1 Hz is
usually appropriate to provide meaningful data. For simultaneous
measurement of electrochemical potential and current noise, a three-
electrode sensor is required. In field corrosion monitoring, the three-
sensor elements are usually made of the same material.

Whilst the measurement of electrochemical noise is relatively
straightforward, the data analysis can be complex and inconclusive.
Even if ENA was first applied in field corrosion monitoring in the late
1960s, an understanding of the method of analysis is still evolving,
partly because the technique has been used to look at several types of
corrosion. The relationships between potential and current noise are
inherently complex to analyze quantitatively because the naturally
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Ficure 5.31 (a) Schematic of the coating health monitor (CHM) with a tape
sensing element mounted on a coated metal and (b) actual sensor tape
electrode and electronics housing mounted on the frame of a commercial
vehicle. (Courtesy of Guy D. Davis, DACCO SClI, Inc.)

occurring fluctuations do not have controlled frequencies as are
applied, for example, in EIS.

There are basically three categories of ENA: visual examination,
sequence-independent methods that treat the collection of voltage or
current values without regard to their position in the sequence of
readings (moments, mean, variance, standard deviation, skewness, and
kurtosis), and those that take the sequence into account (autocorrelation,
power spectra, fractal analysis, stochastic process analysis) [22].
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Visual examination of the time record trace may provide
indications as to the type of corrosion processes that are occurring.
The following example illustrates how a simple examination of EN
measurements could reveal the corrosivity of various points of an
industrial gas scrubbing system where highly corrosive thin-film
electrolytes are known to form [23]. These conditions arise when gas
streams are cooled to a temperature below the dewpoint. The resulting
thin electrolyte layer (moisture) is often highly concentrated in
corrosive species.

The corrosion probe used in this example is illustrated in Figs. 5.32
and 5.33. A retractable probe with flexible depth was selected, in order
to mount the sensor surface flush with the internal scrubber wall
surface. The close spacing of the carbon steel sensor elements was
designed to work with a discontinuous thin surface electrolyte film.
This corrosion sensor was connected to a handheld multichannel data
recorder by shielded multistrand cabling Fig. 5.34. As the ducting of
the gas scrubbing tower was heavily insulated, no special precautions
were taken to cool the corrosion sensor’s surface.

Potential noise and current signals recorded during the first
hour of exposure at the conical base of the gas scrubbing tower are
presented in Fig. 5.35. According to the operational history of the
plant, condensate had a tendency to accumulate at this location
where highly corrosive conditions had been noted. The high levels
of potential noise and current noise in Fig. 5.35 are indicative of a
massive pitting attack which is consistent with the operational
experience. It should be noted that the current noise is actually off-
scale for most of the monitoring period, in excess of 10 mA. The
high corrosivity indicated by the electrochemical noise data from
this sensor location was confirmed by direct evidence of severe

Corrosion sensor-

Ball valve |
— elements

Connection to *
instrument

Ficure 5.32 Corrosion sensor and access fitting used for thin film corrosion
monitoring. (Courtesy of Kingston Technical Software)
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Ficure 5.33 Close-up of corrosion sensing elements used for thin film
corrosion monitoring. (Courtesy of Kingston Technical Software)

pitting attack on the sensor elements, revealed by scanning electron
microscopy (Fig. 5.36). In contrast, both current and voltage signals
remained relatively constantly small at a position higher up in the
tower, where the sensor surface remained mostly dry.

Ficure 5.34 Field corrosion monitoring using electrochemical noise recorded
with a handheld data logger. (Courtesy of Kingston Technical Software)
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Fieure 5.35 Potential and current noise records at two locations in a gas
scrubbing tower.

An improvement over this simple analysis is commonly practiced
in industry by tracking the width of the potential and current signals
as an indication of corrosion activity in the system being monitored.
Fig. 5.37 illustrates how the decrease in the current band obtained
with a monitoring system was interpreted as a reduction in general
corrosion activity in a debutanizer overhead piping where the
interaction between operational changes and the corrosion mechanism
were being investigated.

Fieure 5.36 Scanning electron microscope image of a sensor element

surface after exposure at the base of the scrubbing tower clearly showing
corrosion pits.
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Ficure 5.37 Electrochemical current noise (large band) and potential noise
(lower signal) in a debutanizer overhead piping obtained with the Concerto VT noise
system. (Courtesy of CAPCIS Ltd.)

The analysis of EN results obtained between two working
electrodes (WEs) with animposed or naturally developing asymmetry
can be carried out by considering Eq. (5.27), which indicates that the
noise impedance of a cell (Z ) depends on the impedances of the two
WESs, as well as their noise levels, represented by the power density
spectra (¥i, and ¥i,) obtained by performing the analysis of noise
signals with either fast Fourier transform (FFT) or with the maximum
entropy method (MEM).

Nzl [AGLEAL)
Z,(H=\[g i 1Dz J 2R #, (H+1Z.(NE #,(F)

(5.27)

For the simplest case of two WEs with the same impedance (Z, = Z,)
the noise impedance is equal to the modulus of the electrode impedance
| Z(f)|. This result is valid independently of the origin of the noise
signals (localized or uniform corrosion, bubble evolution due to
the cathodic reaction) and the shape of the impedance plot, even if the
noise levels of the two electrodes are different. In such case, noise
measurements are equivalent to impedance measurements for which
the external signal perturbation has been replaced by the internal noise
generated by the corrosion processes [24].

However, when the two WEs do not have the same impedance,
the noise impedance analysis requires a more cautious interpretation.
Depending on the source of the current noise the measured impedance
may either be that of a quiet cathode or that of a quiet anode while in
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intermediate cases the results of the measurement of Z would show
a mixed behavior and be more difficult to interpret. For example, if
hydrogen bubbles are evolving on the cathode while the anode
undergoes generalized corrosion, the noise of the cathode is orders of
magnitude larger than that of the anode, so that Z becomes equal to
the impedance modulus of the anode, | Z |.In these conditions, while
the time records appear to show only the cathodic processes, the
impedance measured is that of the anode, using the noise of the
cathode as input signal.

An opposite case would be a cell where the anode is undergoing
pitting, while the cathodic reaction is the reduction of dissolved
oxygen or an imposed galvanic situation. Since the anodic noise is
preponderant, Eq. (5.27) shows that Z is equal to the impedance
modulus of the cathode, |Z |. The anodic noise is the internal
signal source utilized for the measurement of the impedance of
the cathode.

Coupled Multielectrode Array Systems and Sensors

The use of multielectrode array systems (CMAS) for corrosion
monitoring is relatively new. The advantages of using multiple
electrodes include the ability to obtain greater statistical sampling of
current fluctuations, a greater ratio of cathode-to-anode areas in order
to enhance the growth of localized corrosion once initiated. CMAS
also provide the ability to estimate the pit penetration rate and obtain
macroscopic spatial distribution of localized corrosion [25].

Figure 5.38 shows the principle of the CMAS in which a resistor is
positioned between each electrode and the common coupling point
[26]. Electrons from a corroding or a relatively more corroding
electrode flow through the resistor connected to the electrode and
produce a small potential drop usually of the order of a few microvolts.
This potential drop is measured by the high-resolution voltage-
measuring instrument and used to derive the current of each electrode.
CMAS probes can be made in several configurations and sizes,
depending on the applications. Figure 5.39 shows some of the typical
probes that were reported for real-time corrosion monitoring.

Because the electrode surface area is usually between 1 and
0.03 mm?, which is approximately 2 to 4 orders of magnitude less
than that of a typical LPR probe or a typical electrochemical noise
(EN) probe, the prediction of penetration rate or localized corrosion
rate by assuming uniform corrosion on the small electrode is realistic
in most applications. CMAS probes have been used for monitoring
localized corrosion of a variety of metals and alloys in the following
environments and conditions:

¢ Deposits of sulfate-reducing bacteria
e Deposits of salt in air

¢ High pressure simulated natural gas systems
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Ficure 5.38 Multielectrode array multiplexed current and/or potential
measurement (adapted from [26]).

* H.,Ssystems

Oil/water mixtures

Cathodically protected systems

Cooling water

Simulated crevices in seawater

Ficure 5.39 Typical CMAS probes used for real-time corrosion monitoring.
(Courtesy of Corr Instruments, LLC)
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¢ Salt-saturated aqueous solutions

¢ Concentrated chloride solutions

¢ Concrete

* Soil

¢ Low-conductivity drinking water

® Process streams of chemical plants at elevated temperatures

¢ Coatings

When CMAS are used in a relatively corrosive environment,
produced data may be reduced to a single parameter so that the probe
can be conveniently used for real-time and online monitoring
purposes. The most anodic current has been used as a one-parameter
signal for the CMAS probes. Because the anodic electrodes ina CMAS
probe simulate the anodic sites on a metal surface, the most anodic
current may be considered as the corrosion current from the most
corroding site on the metal.

In a less corrosive environment or with a more corrosion-resistant
alloy, the most anodic electrode may not be fully covered by anodic
sites until the electrode is fully corroded. Therefore, the most anodic
electrode may still have cathodic sites available, and the electrons
from the anodic sites may flow internally to the cathodic sites within
the same electrode. The total anodic corrosion current, I, and the
measured anodic current, I may be related by Eq. (5.28).

IEX = glcorr (528)
where ¢is a current distribution factor that represents the fraction of
electrons resulting from corrosion that flows through the external
circuit. The value of £ may vary between 0 and 1, depending on
parameters such as surface heterogeneities on the metal, the
environment, the electrode size, and the number of sensing electrodes.
If an electrode is severely corroded and significantly more anodic
than the other electrodes in the probe, the ¢ value for this corroding
electrode would be close to 1, and the measured external current
would be equal to the localized corrosion current.

5.6.3 Cathodic Protection

Cathodic protection is widely used on small to extremely large
structures to protect metals and particularly steel against corrosion.
This can often be accomplished by using a protective current that is
either generated by a power supply in what is called impressed
current cathodic protection (ICCP) or by using another metal that
corrodes more readily than the metal being protected and therefore is
sacrificed is the process. Chapter 13 provides a much detailed
discussion of this important technique.
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5.6.4 Anodic Protection

In contrast to cathodic protection, anodic protection is relatively
new. The feasibility of anodic protection was first demonstrated in
1954 and tested on a small-scale stainless steel boiler designed to
handle sulfuric acid [23]. Anodic protection refers to the corrosion
protection achieved by maintaining an active-passive metal or alloy
in its passive state by applying an external anodic current. The basic
principle for this type of protection is explained by the behavior
shown in Fig. 5.40.

When the potential of a metallic component is controlled and
shifted in the anodic (positive) direction, the current required to cause
that shift will vary. If the current required for the shift has the general
polarization behavior illustrated in Fig. 5.40, the metal has an active-
passive transition and can be anodically protected. Only a few
systems exhibit this behavior in an appreciable and usable way. The
corrosion rate of a metal with an active-passive behavior can be
significantly reduced by shifting the potential of the metal so that it is
at a value in the passive range shown in Fig. 5.40.

The current required to shift the potential in the anodic direction
from the corrosion potential E__can be several orders of magnitude
greater than the current necessary to maintain the potential at a
passive value. The current will peak at the passivation potential value
shown as E_ (Fig. 5.40). To produce passivation the critical current
density (i, ) must be exceeded. The anodic potential must then be
maintained in the passive region without allowing it to fall back in
the active region or getting into the transpassive region, where the

o
) i, (Passive current) Oxygen evolution

|

Transpassive

Potential

iz (Critical current)

Eop
(passivation
potential)

ECOTI'
O wsion potential)

Log (current density)

Active

Ficure 5.40 Generalized polarization diagram showing various potential
regions of a passivable metal.
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protective anodic film can be damaged and even break down
completely. It follows that although a high current density may be
required to cause passivation (> i ), only a small current density is
required to maintain it, and that in the passive region the corrosion
rate corresponds to the passive current density (i, ).

Anodic protection possesses unique features. For example, the
applied currentis usually equal to the corrosion rate of the protected
system. Thus, anodic protection not only protects but also offers a
direct means for monitoring the corrosion rate of a system. The
main advantages of anodic protection are (1) low current
requirements; (2) large reductions in corrosion rate (typically
10,000-fold or more); and (3) applicability to certain strong, hot
acids and other highly corrosive media. It is important to emphasize
that anodic protection can only be applied to metals and alloys
possessing active-passive characteristics such as titanium, stainless
steels, steel, and nickel-base alloys.

Since the potential must be maintained within the passive region,
it is necessary to use a special device called a potential controller
capable of maintaining a constant electrode potential by controlling the
anodic current (Fig. 5.41). The potential controller acts as a potentiostat
with its three terminals connected to the proper electrodes.

Furthermore, anodic protection can only be used in relatively well-
behaved or understood environments since the composition of the
electrolyte and its temperature can greatly influence the passive/active
behavior of a metal or an alloy. The relative tendency for passivation is
strongly dependent on the interactions between a metal and its
environment and it may vary extensively with changes in either.

F—

Hastelloy
o cathode
Hg/HgSO, —
reference electrode Power
supply

Sulfuric acid L_;‘I

Fieure 5.41 Schematic of an anodic protection system for a sulfuric acid
storage vessel.
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Ficure 5.42 Anodic polarization curves of S30400 steel ina 1 M H,SO, at
90°C after sensitization for various times.

The presence in the environment of impurities that retard the formation
of a passive film or accelerate its degradation is often detrimental.

In this context, chloride ions can be quite aggressive for many
alloys and particularly for steels and stainless steels. As an example,
the addition of 3 percent hydrochloric acid to 67 percent sulfuric acid
raises the critical current density for the passivation of a S31600
stainless steel from 0.7 to 40 mA cm™ and the current density to
maintain passivity from 0.1 to 60 pA cm™. Changes in the material
may also affect its passivation behavior. Figure 5.42 illustrates how
the sensitization of a S30400 stainless steel, for example, can affect its
passivation behavior when exposed to sulfuric acid [27].

Anodic protection has been most extensively used to protect
equipment for handling sulfuric acid. Sales of anodically protected
heat exchangers used to cool sulfuric acid manufacturing plants have
represented one of the more successful ventures for this technology.
These heat exchangers are sold complete with the anodic protection
systems installed and have a commercial advantage in that less costly
materials can be used.

5.6.5 Aluminum Anodizing

As explained in Chap. 14, anodizing is a widely use technique to
produce a protective inorganic coating of some engineering materials
such as aluminum, magnesium, titanium and a few other metals and
alloys by the application of an anodic potential that would be normally
quite corrosive if it was not for the barrier created by the process
itself. Of all metals that are routinely anodized, aluminum alloys are
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by far the most widely used for the production of a great variety of
applications. There are many reasons and processes to anodize a part.
Following are a few considerations that may help choose the type
and process:

Appearance: Products look finished, cleaner, better and last
longer.

Corrosion resistance: A smooth surface is retained while
weathering is retarded. Useful for food handling and marine
products.

Ease in cleaning: Any anodized product will stay cleaner
longer and are easier to clean when needed.

Abrasion resistance: The treated metal is tough. It is harder
than many abrasives and is ideal for tooling and air cylinder
applications;

Non-galling: Screws and other moving parts will not seize, drag,
or jam while wear in these areas is diminished. Gun sights,
instruments, and screw threads are typical applications.

Heat absorption: Anodizing can provide uniform or selective
heat absorption properties to aluminum for the food-
processing industry.

Heat radiation: Anodizing is used as a method to finish
electronic heat sinks and radiators.

Anodizing Process

The anodizing process illustrated in Fig. 5.43 consists of a few steps
through which a part is submitted sequentially by being dipped in
baths to achieve the following goals:

Pretreatment: Cleaning is done in a nonetching, alkaline
detergent heated to approximately 80°C. This process removes
accumulated contaminants and light oils.

Rinsing: Multiple rinses, some using strictly deionized water,
follow each process step.

Etching (chemical milling): Etching in a sodium hydroxide
solution to prepare the aluminum for anodizing by chemically
removing a thin layer of aluminum. This alkaline bath gives
the aluminum surface a matte appearance.

Desmutting: Rinsing in an acidic solution to remove unwanted
surface alloy constituent particles not removed by the etching
process.

Anodizing: Aluminum is immersed in a tank containing an
acid electrolyte in which direct electric current is passed

through the electrolytic cell between the aluminum part
serving as the anode and the tank polarized as the cathode.
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T

Ficure 5.43 Sequential steps through which a part is submitted by being
dipped in baths in order to clean, etch, anodize, and seal an aluminum part
being anodized.

e Coloring: Anodic films are well suited to a variety of coloring
methods including absorptive dyeing, both organic and
inorganic dyestuffs, and electrolytic coloring.

® Sealing: In all the anodizing process, the proper sealing of the
porous oxide coating is absolutely essential to the satisfactory
performance of the coating. The pores must be rendered
nonabsorbent to provide maximum resistance to corrosion
and stains.

Many acidic solutions can be used for anodizing aluminum, but
sulfuric acid solutions are surely the most common. Chromic, oxalic,
and phosphoric acids are also used relatively often for specific
applications [28]. The “standard” sulfuric acid anodizing bath (Type II)
produces the best oxides for coloring. The solution consists of
approximately 15 percent sulfuric acid and the anodizing bath is
maintained at 20°C. As the anodizing temperature is increased, the
oxide becomes more porous and improves in its ability to absorb color;
however, it also loses its hardness and its luster, due to the dissolution
action of the acid on the oxide surface.

Hardcoating (Type III) refers to a process that usually employs
higher sulfuric acid concentrations, lower temperatures (between —1
and 4°C), and higher voltages, and current densities. Hardcoating
imparts a very hard, dense, abrasion-resistant oxide on the surface of
the aluminum. The dense oxide is formed due to the cooling effect of
the cold electrolyte. At these temperatures, the sulfuric acid does not
attack the oxide as fast as at elevated temperatures. Because of the
lower temperature, the voltages needed to maintain the higher
current densities also help form smaller, more dense pores, thus
accounting for the hardness and excellent abrasion resistance.

Chromic acid anodizing (Type I) is used for applications in
marine environments, on aircraft as a prepaint treatment, and in
some cases when finishing assemblies where acid may be entrapped.
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Although the film produced is extremely thin, it has excellent
corrosion resistance and can be colored if desired. A typical bath
might contain from 5 to 10 percent chromic acid, and be run at about
35t040°C. There are two main processes, one using 40 V and a newer
process using 20 V.

Oxalic acid is sometimes used as an anodizing electrolyte using
similar equipment. This bath will produce films as thick as 50 pm
without the use of very low temperatures and usually gives a gold or
golden bronze color on most alloys. The typical concentration is from
3 to 10 percent oxalic acid at about 27 to 32°C, using a DC voltage of
about 50 V.

Phosphoric acid baths are used in the aircraft industry as a
pretreatment for adhesive bonding. They are also very good
treatments before plating onto aluminum. A typical bath might
contain from 3 to 20 percent of phosphoric acid at about 32°C, with
voltages as high as 60 V.

Properties of the Oxide Film

Anodized coatings are typically 2 to 25 um thick, and consist of a
thin nonporous barrier layer next to the metal with a porous outer
layer that can be sealed by hydrothermal treatment in steam or hot
water for several minutes. The resultant oxide is also nonconductive.
This particular property of the anodic oxide is useful in the
production of electrolytic capacitors using a special bath of boric
and/or tartaric acids.

By balancing the conditions used in the anodizing process, oxides
with almost any desired properties can be produced, from the thin
oxides used in decorative applications to the extremely hard, wear-
resistant oxides used in engineering applications. The utilization of
electropolishing or chemical bright dipping in conjunction with a thin
anodic oxide produces a finish whose appeal cannot be duplicated by
other means. Matte finishes produced by etching the aluminum surface
provides a “pewter” look that is the finish of choice of many architects.

If the anodic oxide is slightly soluble in the electrolyte, then
porous oxides are formed. As the oxide grows under the influence of
the applied DC current, it also dissolves, and pores develop. It is this
property that provides the ability to color the oxide using organic
dyes, pigment impregnation, or electrolytic deposition of various
metals into the pores of the coating.

The anodizing process conditions have a great influence on the
properties of the oxide formed. The use of low temperatures and acid
concentration yield less porous, harder films. As the anodizing
temperature is increased, the oxide becomes more porous and improves
in its ability to absorb color. However, it also loses its hardness and its
luster, due to the dissolution action of the acid on the oxide surface.
As the pore size increases, sealing becomes more difficult and a greater
amount of color is leached out into the sealing bath.
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Sealing of Anodic Coatings

To achieve the maximum protective qualities and corrosion resistance
required for finished articles, the anodic oxide must be sealed after it
is formed and/or colored. This produces a hydrated oxide layer with
improved protective properties. Figure 5.44 illustrates how the
initially porous anodic film evolves during the sealing process.

The hydrothermal sealing (90 to 100°C) process consists of
immersing the anodized parts in a solution of boiling water or other
solution such as nickel acetate, wherein the aluminum oxide is
hydrated. The hydrated form of the oxide has greater volume than
the unhydrated form and thus the pores of the coating are filled or

Oxide

Hydrated oxide

Oxide

Hydrated oxide

Oxide

Aluminum

Ficure 5.44 Schematic description of the evolution of a porous anodic film
on aluminum as a function of the sealing time at 85°C.
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plugged and the coating becomes resistant to further staining and
corrosion. Nickel containing seals will, in most cases, prevent leaching
of dyes during the sealing operation.

Due to the higher energy costs inherent in hydrothermal sealing,
chemical manufacturers have developed mid-temperature seals (70
to 90°C). These seals, which contain metal salts such as nickel,
magnesium, lithium, and others, have become very popular due to
the lower energy costs and their ease of operation. One disadvantage
of the lower temperature is the tendency of organically dyed parts to
leach during sealing. This can be compensated for by a slight increase
in the bath concentration and by operating the solution at the upper
temperature limits (90°C).

Nickel-free environment-friendly seals are fast becoming the seal
of choice where clear or electrolytically colored parts are concerned.
Because there is nothing to leach, these mid-temperature seals
accomplish hydration of the oxide without the use of the heavy metal
ions. When the seals become contaminated or are no longer effective,
they can be discharged to the sewer without subsequent treatment
(except possible pH adjustment). This offers the finisher a safer
alternative to the effluent treating necessary with heavy metal
containing seals.

A significant modification in the sealing of anodized aluminum
was also developed for room temperature sealing (20 to 35°C). Unlike
the high temperature and mid-temperature seals, which depend on
hydration for sealing, the cold seals rely on a chemical reaction
between the aluminum oxide and the nickel fluoride contained in the
seal solution. Unfortunately, this reaction is slow at ambient
temperatures and the sealing process can require up to 24 hours.
However, it has been found that a warm-water rinse (70°C) after the
cold seal immersion will accelerate the sealing process, allowing for
handling and packing of the sealed parts. The sealing of organically
dyed parts in cold seals has been found to be advantageous. Light
stability testing (fade resistance) has shown that parts sealed in cold
seals gain additional lightfastness.

5.6.6 Chloride Extraction

Electrochemical chloride extraction is a method particularly
appreciated by civil engineers who want to remediate existing
concrete structures contaminated with chlorides from deicing salts or
marine mist. The hardware involved is similar to that involved in
cathodic protection. Electrochemical extraction of chloride ions is
achieved by positioning an anode in contact with a caustic electrolyte
spread on the external concrete surface, and impressing a direct
current between the anode and the reinforcing steel acting as the
cathode (Fig. 5.45). Under the application of this electrical field,
chloride ions migrate away from the negatively charged steel and
toward the positively charged external anode.
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Ficure 5.45 Schematic of electrochemical chloride extraction and
re-alkalization treatments.

Chloride extraction has been recommended for structures that do
not contain pre- or post-tensioned steel and have little damage to the
concrete itself. The current densities and applied voltages involved
are significantly higher than those used in cathodic protection,
therefore increasing the risk of hydrogen evolution and subsequent
hydrogen embrittlement (Chap. 6). The unsuitability of the technique
to prestressed concrete is thus not surprising. Further requirements
are a high degree of rebar electrical continuity and preferably low
concrete resistance. Since several days or even weeks are involved in
the extraction processes using suitable current densities, the technique
is more realistically applicable to highway substructures rather than
bridge decks, where it could cause serious traffic disruptions as
illustrated in Fig. 5.46.

In practice, the chloride extraction process does not remove the
chlorideions from the concrete completely. Rather, a certain percentage
is removed and the balance is redistributed away from the reinforcing
bars. There is also increasing evidence that the protective layer around
the reinforcing steel is considerably enhanced, elevating the threshold
for corrosion.

As with ICCP, the applied current density has to be controlled.
Under excessive current magnitude several problems can arise, such
as reduction in bond strength between rebar and concrete, softening
of the cement paste around the rebar steel, and cracking of the
concrete. Concrete containing alkali-reactive aggregates is not
considered a suitable candidate for the process as the expansive
reactions leading to cracking and spalling associated with these
aggregates tend to be aggravated [29].
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Ficure 5.46 Bridge deck energized for electrochemical chloride extraction.
(Courtesy of Vector Corrosion Technologies)
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CHAPTER 6
Recognizing the
Forms of Corrosion

6.1 Recognizing Corrosion

The previous chapters provide an introduction to the general science
of corrosion processes with some practical applications. In reality, the
principles that govern these scientific concepts are rarely of interest to
people facing corrosion problems. The main questions generally
asked by most people facing a corrosion problem are

¢ How serious is this problem?
e How can it be fixed and how much will it cost?

e What caused the problem in the first place?

The present chapter will focus on answering the first of these
questions and Chap. 7 the last. The following quotation from Fontana
and Greene’s classic textbook on corrosion engineering originally
published in 1967 [1] summarizes a training principle that has been
reused extensively by many instructors and that is central in all
modern training manuals on the subject.

Itis convenient to classify corrosion by the forms in which it manifests itself,
the basis for this classification being the appearance of the corroded metal.
Each form can be identified by mere visual observation. In most cases the
naked eye is sufficient, but sometimes magnification is helpful or required.
Valuable information for the solution of a corrosion problem can often be
obtained through careful observation of the corroded test specimens or failed
equipment.

It is now widely accepted that much can be deduced from
examination of materials which have failed in service and that it is
often possible by visual examination to decide which corrosion
mechanisms have been at work and what corrective measures are
required. In another widely used NACE document, Paul Dillon and
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Group I: Identifiable by visual inspection

Less
NoMe NoMe

Uniform corrosion Pitting Crevice corrosion Galvanic corrosion

Group lI: Identifiable with spemal inspection tools

FIow Load Movement
Erosion Cavitation Fretting Intergranular
Layer Plug
Exfoliation De-alloying

Group llI: Identifiable by microscopic examination

Cracking High temperature attack
Stress corrosion  Corrosion fatigue Scaling Internal attack
cracking

Ficure 6.1 Main forms of corrosion attack regrouped by ease of identification.

his coauthors have grouped the eight forms of corrosion depicted
graphically in Fig. 6.1 in the following three categories [2]:

Group I: Corrosion problems readily identifiable by visual
examination.

1. Uniform corrosion is characterized by an even, regular loss of
metal from the corroding surface.

2. Localized corrosion during which all or most of the metal loss
occurs at discrete areas. In this scheme crevice corrosion is
said to be a particular form of pitting usually due to localized
differences in the environment (pitting, crevice).

3. Galvanic corrosion occasioned by electrical contact between
dissimilar conductors in an electrolyte.

Group II: Corrosion damage that may require supplementary
means of examination for identification.
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4. Velocity effects include erosion—corrosion, a form of attack
caused by high velocity flow; cavitation caused at even higher
flow by the collapse of bubbles formed at areas of low pressure
in a flowing stream; and fretting that is caused by vibratory
relative motion of two surfaces in close contact under load
(erosion—corrosion, cavitation, fretting).

5. Intergranular corrosion at the grain boundaries in the metal
structure (intergranular, exfoliation).

6. Dealloying corrosion due to the selective dissolution of one
component of an alloy.

Group III: Corrosion specimens for these types should usually be
verified by microscopy of one kind or another.

7. Cracking phenomena includes corrosion fatigue, a mechani-
cal phenomenon enhanced by nonspecific corrosive envi-
ronments, and environmental cracking, in which a brittle
failure is induced in an otherwise ductile material under
tensile stress in an environment specific for the alloy system
(stress corrosion cracking, fatique).

8. High-temperature corrosion (scaling, internal attack).

9. Microbial effects caused by certain types of bacteria or mi-
crobes when their metabolism produces corrosive species in
an otherwise innocuous environment, or when they produce
deposits which can lead to corrosion attack.

In this widely distributed guide, Paul Dillon acknowledged
microbial effects as a ninth broad type of corrosion attack. It could also
be argued that many of the forms in the previous list are more families
or multiple forms of corrosion damage. It is obvious that pitting and
crevice corrosion, for example, are quite distinct in how they occur,
have very dissimilar triggering mechanisms, and would be prevented
by totally different methods. Pitting and crevice corrosion were indeed
treated as two distinct forms of corrosion by Fontana and Greene in
their 1967 manual and by many others since then.

Similarly the velocity effects group (erosion—corrosion, cavita-
tion, and fretting corrosion) is a relatively artificial arrangement of
corrosion types that are in fact quite different in appearance. So, if we
count the actual forms of corrosion in Dillon’s document, we have a
total closer to fifteen than to eight! If we add to these forms the ninth
form of corrosion discussed in Fontana and Greene, that is, hydrogen
damage either as blistering or embrittlement, we now have a total of
seventeen corrosion forms!

As Fontana indicated in 1967, “This listing is arbitrary but covers
practically all corrosion failures and problems.” As this statement
clearly acknowledged, the listing popularized by Fontana is an attempt
to summarize all known corrosion types in recognizable categories.
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It is therefore a good yardstick to define the state of knowledge at the
time such a list is created.

These corrosion forms could also have been organized on the basis
of other factors than their visible appearance or inspectability. The
degree of localization, for example, would be a way to organize
corrosion problems as a function of the surface selectivity of attack.
Another method to organize corrosion problems would be by using
metallurgical features of importance such as the grain structure of a
metallic material. A common type of corrosion attack for which the
grain structure is important is intergranular or intercrystalline corrosion
during which a small volume of metal is preferentially removed along
paths that follow the grain boundaries to produce what might appear
to be fissures or cracks. Intergranular and transgranular corrosion
sometimes are accelerated by tensile stress. In extreme cases, the cracks
proceed entirely through the metal, causing rupture or perforation.
This condition is known as stress corrosion cracking (SCC).

While the types of corrosion identified in Fig. 6.1 are described
individually in the following sections it should be recognized at the
onset that during any damaging corrosion process these types often
act in synergy. The unfolding of a crevice situation, for example, will
typically create an environment favorable for pitting, intergranular
attack, and even cracking.

The actual importance of each corrosion type will also differ
between systems, environments, and other operational variables.
However, there are surprising similarities in the corrosion failure
distributions within the same industries as can be seen by comparing
Figs. 6.2(a) and(b). Both corrosion failure distribution charts represent

High temperature,

Wear, erosion, 39,

cavitation, 6%
Pitting, 5%

Intergranular SCC,
6%

General
corrosion,
33%

Transgranular
SCC, 19%

Intergranular
corrosion,

Hydrogen Corrosion fatigue, 4%
embrittlement, 3% 11%

(a)

Ficure 6.2 Failure-statistics of large chemical process plant in Germany
(a), and in the United States (b).

Others, 10%
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Corrosion fatigue,
23%

General corrosion,
22%

High temperature
2%
Erosion,
cavitation, 6% Stress
corrosion
Intergranular cracking, 19%

corrosion, 8%
Pitting, 11% Hydrogen
embrittlement, 1%

(b)

Ficure 6.2 (continued)

data for two large chemical plants on two different continents, one
located in Germany [Fig. 6.2(a)] and the other in the United States
[Fig. 6.2(b)] [3].

General or Uniform Attack

Uniform corrosion corresponds to the corrosion attack with the
greatest metal weight loss and is a common sight where steel
structures are abandoned to rust (Fig. 6.3). In fact, the rich hues
produced by the corrosion of some metals have been put to use in
notable outdoor applications, for example, copper as a long-lasting
roofing material and weathering steel in buildings and sculptures
(Fig. 6.4). From a corrosion inspection point of view, uniform attack is
relatively detectable and its effects predictable hence it is deemed to
be less troublesome than other forms of corrosion unless the corroding
material is hidden from sight. The internal corrosion of pipeline, for
example, or the corrosion of hidden components and that of any other
buried or immerged structures are good examples that even the
simplest corrosion process needs to be monitored.

Designing in a system a corrosion allowance based on the possible
loss of a material thickness is one of the simplest methods for dealing
with uniform attack. Ultrasonic inspection has been used for decades
to measure the thickness of solid objects. A piezoelectric crystal serves
as a transducer to oscillate at high frequencies, coupled directly or
indirectly to one surface of the object whose thickness is to be measured.
The time the wave of known velocity takes to travel through the
material is used to determine its thickness. Since the late 1970s,
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Fieure 6.3 Underground fuel tanks abandoned to rust in a field.

Fieure 6.4 Outdoor sculpture besides City Hall in Kingston, Ontario.
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ultrasonic equipment has been enhanced greatly by combining the
basic electronics with computers. However, many instruments still in
use today are for single-point thickness measurements, which do not
provide the capability of the more sophisticated systems.

Rugged instruments based on portable computers are now
available from many vendors. These systems, complete with motor-
driven robotic devices to manipulate the transducer(s), have created
the ability to measure wall thickness of corroded components at tens
of thousands of points over 0.1 m?, which can be converted into mass
loss and pitting rates. This capability, coupled with increased precision
of field measurements achievable with computer-controlled systems,
has made these automated ultrasonic systems well suited for online
corrosion monitoring [4].

Developments are now being made with individual transducers
or transducer arrays that are left in place to provide continuous
monitoring. Permanently attached transducers improve accuracy
by removing errors in relocating a transducer to exactly the same
point with exactly the same couplant thickness. With proper
transducer selection, equipment setup, and controlled temperature
conditions, the accuracy of controlled ultrasonic inspection can
exceed =0.025 mm in a laboratory setting. Field inspections are
typically to within 0.1 mm.

Uncoated components having a smooth external surface after
cleaning off any biomass or debris can be inspected for internal corrosion
or erosion wall losses with the traditional single backwall echo approach
(Fig. 6.5). Through-coating measurements allow coated systems to be
inspected without removal of the coating after applying echo-to-echo
technique and A-scan imaging provided the coating is well-bonded to
the metal surface and its thickness less than 6 mm (Fig. 6.6).

The thickness of the metal substrate is determined simply by the
time of flight for the ultrasonic signal to reach the back surface and

Single element Dual element
transducer transducer

Ultrasonic waves

Internal corroded surface

Ficure 6.5 Thickness measurements taken using two types of UT probes
(adapted from [2]).
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Dual element
transducer

Paint coating

Ultrasonic waves
Internal corroded surface

Ficure 6.6 Thickness measurements obtained through a paint coating using
a dual UT probe (adapted from [2]).

return to the transducer measured using either signal T, or T, as
shown in Fig. 6.7. Ultrasonic testing (UT) digital gauges with 4- to
5-MHz, dual-element transducers are able to inspect carbon steel or
austenitic stainless steel for walls thicker than 1 mm [5]. Dual-
element transducers can focus the ultrasonic beam at a specific depth
range thus enabling optimum sensitivity on corroded, eroded, or
irregular internal riser surfaces (Fig. 6.6). These transducers are
highly sensitive to small pits in their optimum thickness range.

+

le

y
y

Paint coating

Time —»

Ficure 6.7 Thickness testing using longitudinal waves (wave propagation is
actually perpendicular to the surface, but is spread out in the image to show
the source of ultrasonic probing signals) (adapted from [2]).
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6.3 Localized Corrosion

6.3.1 Pitting Corrosion
Probably the most common type of localized corrosion is pitting, in
which small volumes of metal are removed by corrosion from certain
areas on the surface to produce craters or pits that may culminate in
complete perforation of a pipe or vessel wall (Fig. 6.8). Pitting
corrosion may occur on a metal surface in a stagnant or slow-moving
liquid. It may also be the first step in crevice corrosion, poultice
corrosion, and many of the corrosion cells described in Chap. 7.

Pitting is considered to be more dangerous than uniform corrosion
damage because it is more difficult to detect, predict, and design
against. A small, narrow pit with minimal overall metal loss can lead
to the failure of an entire engineering system. Only a small amount of
metal is corroded, but perforations can lead to costly repair of
expensive equipment.

One spectacular catastrophe resulting from a single pit has been
described in the television series called Seconds from Disaster. The
sewer explosion that killed 215 people in Guadalajara, Mexico, in

Ficure 6.8 Water freely flowing out of a silver-plated water jug with pit
through corrosion.
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Ficure 6.9 Pits in the galvanized water pipe that contributed to the erosion—
corrosion of the gas line and the subsequent leak in a sewer main that
caused the Guadalajara 1992 explosion [6]. (Courtesy of Dr. Jose M. Malo,
Electric Research Institute, Mexico)

April 1992, also caused a series of blasts that damaged 1600 buildings
and injured 1500 people. At least nine separate explosions were heard,
starting at approximately 10:30 a.m., ripping a jagged trench that ran
almost 2 km. The trench was contiguous with the city sewer system
and the open holes at least 6 m deep and 3 m across. In several
locations, much larger craters of 50 m in diameter were evident with
numerous vehicles buried or toppled into them. An eyewitness said
that a bus was “swallowed up by the hole.” Damage costs were
estimated at 75 million U.S. dollars.

The sewer explosion was traced to the installation of a water pipe
by a contractor several years before the explosion. This water pipe
leaked water on a gasoline line lying underneath. The cathodically
protected gasoline pipeline had a hole within a cavity (Fig. 6.9) and
an eroded area, all in a longitudinal direction. A second hole did not
perforate the internal wall. The galvanized water pipe obviously had
suffered stray current corrosion effects which were visible in pits of
different sizes [6]. The subsequent corrosion of the gasoline pipeline,
in turn, caused leakage of gasoline into a main sewer line.

Pitting cavities may fill with corrosion products and form caps
over the pit cavities sometimes creating nodules or tubercles (Fig. 6.10).
While the shapes of pits vary widely (Fig. 6.11) they are usually roughly
saucer-shaped, conical, or hemispherical for steel and many associated
alloys. The following are some factors contributing to initiation and
propagation of pitting corrosion:

® Localized chemical or mechanical damage to a protective
oxide film
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Ficure 6.10 Corrosion products forming nodules or tubercles over pit
cavities. (Courtesy of Drinking Water Services, City of Ottawa)

* Water chemistry factors that can cause breakdown of a passive
film such as acidity, low dissolved oxygen concentrations
which tend to render a protective oxide film less stable and
high chloride concentrations

¢ Localized damage to or poor application of a protective coating

¢ The presence of nonuniformities in the metal structure of the
component, for example, nonmetallic inclusions.

7277 (7 T M

hall i
Narrow, deep Shallow, wide

7 S

Elliptical

W@ z %’w/ G 77 7

Subsurface Undercutting

@ i e
Vertical grain attack

Horizontal grain attack

Ficure 6.11 Typical cross-sectional shapes of corrosion pits.
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The complex interactions between these factors may cause major

differences on how pitting corrosion will initiate and develop in real
situations. Copper, for example, a relatively simple material in terms
of its metallurgy, can suffer three well-documented types of pitting
corrosion depending on specific conditions in the water it carries:

Type I pitting is associated with hard or moderately hard waters
with a pH between 7 and 7.8, and it is most likely to occur in cold
water. The pitting is deep and narrow, and results in pipe failure
(Fig. 6.12).

Type Il pitting occurs only in certain soft waters, with a pH below
7.2 and occurs rarely in temperatures below 60°C. The pitting that
occurs is narrower than Type I, but still may result in pipe failure
(Fig. 6.13).

Type III pitting occurs in cold soft waters having a pH above 8.0.
It is a more generalized form of pitting, which tends to be wide
and shallow and results in blue water, byproduct releases, or pipe
blockage (Fig. 6.14).

The practical importance of pitting corrosion depends on the

thickness of the metal and on the penetration rate. In general, the rate
of penetration decreases if the number of pits increases. This is be-
cause adjacent pits have to share the available adjacent cathodic area,
which controls the corrosion current that can flow. A pit may go
through four separate stages: (1) initiation, (2) propagation, (3) termi-
nation, and (4) reinitiation.

Cu(OH),(S0,), Blue
and
CuCO3Cu(OH), Green

Ficure 6.12 Type | copper pitting corrosion. (Courtesy of Russ Green, TMI)
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Cu(OH)X(SO4)y Blue
and
CuCO3Cu(OH), Green

F:h [l

Ry g Cuprous oxide (Cu,0) Iayer

Ficure 6.13 Type Il copper pitting corrosion. (Courtesy of Russ Green, TMI)

Typically, a local cell will lead to the initiation of a pit due to the
presence of an abnormal anodic site surrounded by normal surface
which acts as a cathode, or by the presence of an abnormal cathodic
site surrounded by a normal surface in which a pit will have

Cu(OH),(SO,), Blue

i Coper
#8 pipe wall

Uty

Ficure 6.14 Type lll copper pitting corrosion. (Courtesy of Russ Green, TMI)
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Ficure 6.15 Pitted surface of aluminum A92519 exposed to a 3.5 percent
NaCl solution for seven days (x100).

disappeared due to corrosion. In the second case, postexamination
should reveal the local cathode, since it will remain unattacked
(Fig. 6.15). Most cases of pitting are believed to be caused by local
cathodic sites in an otherwise normal surface.

In the propagation stage, the rate increases due to changes in the
anodic and cathodic environment which become respectively more
acidic and alkaline. A pit may terminate due to increased internal
resistance of the local cell caused by either filling with corrosion
products, filming of the cathode, and so forth. If a pitted surface is
dried out, pitting corrosion will be stifled, at least temporarily. When
rewetted, some of the pits may reinitiate. Movement of the solution
over a metal surface often reduces and may even prevent pitting that
otherwise would occur if the liquid was stagnant.

As mentioned earlier, pitting is often associated with other forms
of corrosion. Intergranular corrosion and cracks, for example, may
progress from the main pit cavity further into the metal. In the example
shown in Fig. 6.16, pitting at the edge of an aluminum-lithium sheet
has progressed as intergranular corrosion at the root of the pits. In
other cases intergranular corrosion is the precursor to the formation of
cavernous pits as shown in Fig. 6.17. And crevice corrosion described
later can be considered to be an aggravated case of pitting corrosion.
Stray current corrosion that occurs when an electric current leaves
a metal surface and flows into the environment can cause a very
characteristic form of macroscopic pits as explained and illustrated
in Chap. 7.
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Ficure 6.16 Photomicrograph of a section through an edge of the
8090-T851 panel immersed in seawater during four months; (a) at 64x and
(b) at 320x to illustrate the intergranular nature of the corrosion attack.

Pitting corrosion can be assessed by various methods, including
simple visual examination of a corroded specimen or monitoring coupon.
When the sites of attack are numerous, the tedious job of counting pits
can be facilitated by using rating charts, as shown in Fig. 6.18 [7].

Engineers concerned with soil corrosion and underground steel
piping are aware that the maximum pit depth found on a buried
structure is somehow related to the percentage of the structure
inspected. Finding the deepest actual pit requires a detailed inspection
of the whole structure. As the area of the structure inspected decreases,
so does the probability of finding the deepest actual pit.
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Ficure 6.17 Stainless-steel cavernous pits formed on S30400 stainless steel
following an intergranular corrosion attack. (Courtesy of Russ Green, TMI)

Ficure 6.18
Rating charts
that eliminate
tedious counting
of pitting sites.
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The concept of using probabilistic statistics to describe corrosion
processes was first applied in the 1930s [8;9]. In their landmark paper,
U.R. Evans and R.B. Mears described a simple arrangement of metallic
coupons subdivided in a multitude of small squares by masking with
paraffin (Fig. 6.19). The influence of sixteen basic variables on the
probability and relative velocity of corrosion attack was estimated by
carrying out a series of experiments with this arrangement in which
all the factors except one were kept constant, thus isolating the effect
of varying this one factor. The external factors studied were

—
<

11.
12.
13.

Specimen

O 0 Nl b=

Time of duration of the experiment

Area of metal exposed to the liquid

. Oxygen-concentration in the atmosphere during the experiment

Quality of distilled water

Time of preexposure (to dried air)

Temperature of the experiment

Temperature of preexposure

Concentration of salt used (potassium chloride)

Effect of anion (comparison with other potassium salts)

Concentration of inhibitor (potassium carbonate in mixtures
with potassium chloride)

Effect of other inhibitors
Effect of additions of acid or alkali

Effect of sulfur dioxide or carbon dioxide in the gas-phase

Water drop

Paraffin line

Ficure 6.19 Schematic representation of the test specimen used to
demonstrate the probabilistic nature of corrosion phenomena.
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14. Nature of abrasive treatment and preliminary washing with
various liquids

15. Character of the scratch line

16. Effect of corrosion in the neighborhood (protective action of
a recent scratch-line for a less recent one)

A number of statistical transformations have since then been
proposed to quantify the distributions in pitting variables. Gumbel is
given the credit for the original development of extreme value
statistics (EVS) for the characterization of pit depth distribution [10].
The EVS procedure is to measure maximum pit depths on several
replicate specimens that have pitted, then arrange the pit depth
values in order of increasing rank. The Gumbel or extreme value
cumulative probability function [F(x)] is shown in Eq (6.1), where A4
and o are the location and scale parameters, respectively. This
probability function can be used to characterize data sets and estimate
the extreme pit depth that possibly can affect a system.

Fx) = exp (— exp [— %D ©6.1)

6.3.2 Crevice Corrosion

Crevice corrosion occurs in cracks or crevices formed between mating
surfaces of metal assemblies, and usually takes the form of pitting or
etched patches. Both surfaces may be of the same metal or of dissimilar
metals, or one surface may be a nonmetal as shown in Fig. 6.20. It can
also occur under scale and surface deposits and under loose fitting

Ficure 6.20 Large holes created in a bridge structural steel by the presence
of rocks. (Courtesy Kingston Technical Software)
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washers and gaskets that do not prevent the entry of liquid between
them and the metal surface. Crevices may proceed inward from a
surface exposed to air, or may exist in an immersed structure.

The series of events leading to the formation of a severe crevice
can be summarized in the following three stages. Firstly, crevice
corrosion is believed to initiate as the result of the differential
aeration mechanism mentioned earlier. Dissolved oxygen in the
liquid which is deep in the crevice is consumed by reaction with the
metal [Fig. 6.21(a)]. Secondly, as oxygen diffusion into the crevice is
restricted, a differential aeration cell tends to be set up between the

Metal
Crevice
o ‘ \ 4 Ly
Water _/
(@)
Metal

I i

Cathode

©
==

Anode

(b)

Ficure 6.21 Schematic description of the stages of a crevice formation:
(a) first stage; (b) second stage; (c) third stage.
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Cathode

Corrosion products

(c)

Ficure 6.21 (continued)

crevice microenvironment and the external surface. The corrosion
reactions now specialize in the crevice (anodic) and on the surface
more accessible to ambient air (cathodic). The large cathodic surface
(S) versus anodic surface (S,) ratio (S/S)) that forms in these
conditions is a definitive aggravating factor of the anodic (corrosion)
reaction [Fig. 6.21(b)].

The cathodic oxygen reduction reaction cannot be sustained in the
crevice area, making it the anode of a differential aeration cell. This
anodic imbalance may lead to the creation of highly corrosive
microenvironmental conditions in the crevice, conducive to further
metal dissolution. It is also thought that subsequent pH changes at
anodic and cathodic sites further stimulate local cell action [Fig. 6.21(c)].
The aggravating factors present in a fully developed crevice can be
summarized in the following points:

* Metal ions produced by the anodic corrosion reaction readily
hydrolyze giving off protons (acid) and forming corrosion
products. The pH in a crevice can reach very acidic values.
For example, a pH of zero may develop in crevices involving
noble alloys exposed to a neutral environment.

e The acidification of the local environment can produce a
serious increase in the corrosion rate of most metals.

e The corrosion products seal even further the crevice
environment.

e The accumulation of positive charge in the crevice becomes a
strong attractor to negative ions in the environment, such as
chlorides and sulfates that can be corrosive in their own right.
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An Ideal Crevice

Many mathematical models have been developed to simulate the
initiation and propagation of crevice corrosion processes as a function
of external electrolyte composition and potential. Such models are
deemed to be quite important for predicting the behavior of otherwise
benign situations that can progress into serious corrosion situations.
One such model was applied to several experimental datasets,
including crevice corrosion initiation on stainless steel and active
corrosion of iron in several electrolytes [11]. The model was said to
break new ground by

¢ Using equations for moderately concentrated solutions and
including individual ion-activity coefficients. Transport by
chemical potential gradients was used rather than equations
for dilute solutions.

e Being capable of handling passive corrosion, active corrosion,
and active/passive transitions in transient systems.

¢ Being generic and permitting the evaluation of the importance
of different species, chemical reactions, metals, and types of
kinetics at the metal/solution interface.

Solution of the model for a particular problem requires specifica-
tion of the chemical species considered, their respective possible reac-
tions, supporting thermodynamic data, grid geometry, and kinetics
at the metal/solution interface. The simulation domain is then bro-
ken into a set of calculation nodes that may be spaced more closely
where gradients are highest (Fig. 6.22). Fundamental equations de-
scribing the many aspects of chemical interactions and species move-
ment are finally made discrete in readily computable forms. The
model was tested by comparing its output with the results of several
experiments with three systems:

® Crevice corrosion of UNS 30400 stainless steel in a pH-neutral
chloride solution

Nodal interface

I ..

4 i X

g9 a/ j=.
% 7 ﬁ

|
|

2 : j=1
|

Ficure 6.22 Schematic of crevice model geometry.
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¢ Crevice corrosion of iron in various electrolyte solutions

e Crevice corrosion of iron in sulfuric acid

Comparison of modeled and experimental data for these systems
gave agreement ranging from approximate to very good.

Real-World Crevices

There are many examples of crevice chemistries at work in all sorts of
designs and applications. The following section describes a few of
these. Other examples can be found throughout the text and
particularly in Chap. 7, where pack rust of steel components and
pillowing of aluminum fayed structures are described.

Crevice and Poultice Corrosion in Cars. The average life of a car was
about 10 to 12 years in 1990, with a rather large scatter between
manufacturers. Generally speaking, the areas which corrode within a
car are those relatively small areas which are badly designed with
regards to corrosion (Fig. 6.23). These areas could be considerable
improved by better design, and greater attention to detail, and
therefore would represent a minimal cost to the first and subsequent
owners. Some examples of these areas are [12]

¢ Interweld gaps and narrow capillaries which are, by design,
hardly accessible to electrocoat paint;

* Any protruding member at right angle to the direction of
motion will generate spray

* Ledges and vertical panels which are out of the direct wheel
trajectory can suffer from aggravated poultice corrosion

e Raw edged on the formed steel sheets can only be covered by
a thin layer of protective coating

Poultice corrosion is a special form of crevice corrosion which
forms when absorptive debris such as paper, wood, asbestos, sacking,
cloth, and so forth., are in contact with a metal surface that becomes
wetted periodically. No action occurs while the entire assembly is

Ficure 6.23 Diagrammatic view of corrosion prone areas in cars
(adapted from [12]).
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Ficure 6.24 Sand trapped behind trim can wear away the protective paint
coating and expose the steel to the environment and subsequent severe
corrosion damage.

wet, but during the drying period, adjacent wet and dry areas
develop. A differential aeration cell develops near the edges of the
wet zones leading to corrosion.

Areas on automobiles where poultice has occurred, for example,
include the hem flange within doors, wheel wells, and inside frames.
Sand trapped behind trim can wear away the protective paint coating
and expose the steel to the environment and subsequent severe
corrosion damage (Fig. 6.24). These areas remain wet almost
continuously with a highly corrosive liquid due to the moisture
entrapment effect of the poultice. The aggravation caused by deicing
salts can be quite serious in these areas due to wet dry cycling and
accumulation that can reach saturation. A detailed analysis of
poultices collected on 50 cars driven in four major North American
cities has revealed the presence of large quantities of ions such as
sodium, calcium, sulfate, and chloride (Table 6.1) These ions were
thought to be most probably coming from road deicing and dust
control agents [13].

Corrosion under Insulation. Corrosion under insulation (CUI), for
example, is a particularly severe form of localized corrosion that has
been plaguing chemical process industries ever since the energy crisis
of the 1970s forced plant designers to include much more insulation
in their designs [14].
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Chloride Sulfate Calcium Sodium
Boston 33 150 63 42
Dallas 23 133 348 82
Detroit 679 531 431 140
Montreal 63 3390 1404 77

TaBLe 6.1 Average Composition of Poultice (ppm) Found in Fifty Cars

Intruding water is the key problem in CUI. Water entering an
insulation material and diffusing inward will eventually reach a
region of dryout at the hot pipe or equipment wall. Next to this
dryout region is a zone in which the pores of the insulation are filled
with a saturated salt solution. When a shutdown or process change
occurs and the metal-wall temperature falls, the zone of saturated
salt solution moves unto the metal wall. Upon reheating, the wall
will temporarily be in contact with the saturated solution, a very
corrosive situation.

Corrosion may attack the jacketing, the insulation hardware, or
the underlying piping or equipment. The drying or wetting cycles
associated with CUI problems are strong accelerator of corrosion
damage since they provoke the formation of an increasingly aggressive
chemistry that may lead to the worst corrosion problems possible.
Insulated pipes often carry high-pressure gas, oil, hydrocarbon, and
many other highly dangerous chemicals such as used in the
petrochemicals processing. Equipment failures in such applications
mean leakages often causing fires, massive explosions, and fatalities.

Steel Deck Corrosion under Phenolic Roof Insulation. Phenolic foam roof
insulation (PFRI) was hailed as the next panacea of roofing in the
1980s, as it had all the desired qualities of ideal roof insulation. It
exhibited exceptional insulation with no thermal drift, great
dimensional stability and easily passed fire resistance tests [1].
However, severe steel deck corrosion was observed as soon as three
years after commercial PFRI was installed on some steel decks.

According to a study performed by the National Roofing
Contractors Association (NRCA), there are two characteristics of
phenolicinsulation that appear to influence rapid steel-deck corrosion
when the insulation becomes moist. The first is related to the leachate
solution that percolates from wet insulation. Phenolic leachates were
found to have a very low pH (1.8 to 2.1) for phenolic foams with
fiberglass facers and slightly higher (2.4) for fiberglass facers with an
inhibiting agent.

Phenolic foam roof insulation is manufactured with a catalyst
blend of organic sulfonic acids. The pH of PFRI, when ground up in
water, is 2.5 to 3.0. When moisture contacts PFRI, a very acidic
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Ficure 6.25 Section of galvanized roof panel after five years under PFRI.

environment is produced mostly due to residual formic acid from
the manufacturing process. Steel roof decking commonly has either
a prime coat of organic paint or is galvanized. The organic primer is
unable to withstand such acidic environment and quickly breaks
down, exposing bare steel and so does the galvanized coating after a
longer exposure to PFRI as illustrated in Fig. 6.25 showing a
corrugated galvanized deck material after five years under PFRI.
Although the amount of formic acid leaching from the PFRI is small,
it is recycled by the autocatalytic corrosion process.

The second characteristic that explains the rapid corrosion of steel
decks in contact with PFRI is the affinity of the insulating material for
water. PFRI readily absorbs water and retains it for long periods of
time during which the substrate is kept wet and corroding. Laboratory
analysis of PFRI taken from test cuts indicates that the moisture
content by weight can average 250 percent. The high water absorption
rate increases the amount of acid containing leachate that may come
in contact with steel decks.

This high level of water absorption by PFRI can be revealed by
performing a simple experiment in which a small piece of foam
material is placed on distilled water. Figure 6.26 shows a 4 x 4 cm
piece of PFRI that is sinking in water on its own weight only after
24 hours. Figure 6.27 shows how an alternate insulating foam material
made with isocyanurate was still floating six weeks after the start of
a similar experiment. The hydrophobic behavior of the isocyanurate
foam is obviously an asset as a roofing material.

Filiform Corrosion. Filiform corrosion is a special form of crevice or
oxygen cell corrosion occurring beneath organic or metallic coatings
on steel, zinc, aluminum, or magnesium. Filiform corrosion normally
starts at small, sometimes microscopic, defects in the coating.
Lacquers and “quick-dry” paints are most susceptible to the problem.

www.iran—mavad.com

Slgo wigo yole @2 30

11



172

Chapter 6

Ficure 6.26
Sample of PFRI
sinking in water
on its own weight
twenty-four hours
after it was left
to float.

Ficure 6.27
Sample of
isocyanurate
foam still floating
on water after
six weeks.
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Ficure 6.28 Filiform corrosion on an aircraft. (Courtesy of Kingston
Technical Software)

The attack results in a fine network of random “threads” of corrosion
product that develop as a shallow grooving of the metal surface
beneath the coating material (Fig. 6.28).

The microenvironments produced by filiform corrosion on a steel
surface are illustrated in Fig. 6.29 [15]. Essentially, a differential
aeration cell is set up under the coating, with the lowest concentration
of oxygen at the head of the filament since oxygen has to diffuse
through the porous tail to the head region. A characteristic feature of
such a differential aeration cell is the acidification of the environment
with a low level of dissolved oxygen. This leads to the formation of
an anodic metal dissolution site at the front of the head of the corrosion
filament (Fig. 6.29).

For steel, pH values at the front of the head of one to four have
been reported with a corrosion potential around —0.44V (SHE). In
contrast, at the back of the head where the cathodic reaction dominates,
the prevailing pH is around 12. For aluminum, an electrochemical
potential at the front of the head of —0.73 V (SHE) has been reported,
together with a 90 mV difference between the front and the back of
the head [16]. Acidic pH values close to 1 have been reported at the
head and pH values higher than 3.5 have been associated with the
tail. Such low pH environments naturally encourage the formation of
gaseous hydrogen that itself becomes a powerful disbounding force
acting on a coating already damaged.
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Ficure 6.29 Graphical representation of the micro-environments created by
filiform corrosion [7].

Corrosion of Double-Pane Windows. Glass is much more resistant to
corrosion than most materials, so much so that it is easy to think of
it as corrosion-proof. Glass windows after several years of exposure
to the elements remain clear and apparently unaffected. Glass
bottles hold a wide range of liquids that would dissolve other
materials. In the laboratory, reactions are carried out in glass beakers
and flasks without damage to the beakers or contamination of the
solutions reacting. But, in spite of these indications that glass is
indestructible by chemical attack, under certain conditions it will
corrode, even dissolve.

One particular case of glass corrosion is quite similar to the
crevice corrosion of metals with the main difference that the presence
of condensed water in the crevice produces an alkaline environment
instead of the acidic environment in the case of metals. However,
that alkaline environment is particularly corrosive to glass. Such
crevices are commonly produced when the seal of a double-pane
window is broken.

There are two distinct stages to the corrosion process, occurring
together or separately. The first stage is aqueous corrosion, caused by
moisture. It refers to an ion exchange or alkali extraction (leaching)
between sodium ions from the glass silicate network and hydrogen
ions from the condensed water. The remaining components of the
glass are not altered, but the effective surface area in contact with the
solution is increased. This increase in surface area leads to extraction
or leaching of the alkali ions from the glass as shown in Eq. (6.2),
leaving a silica-rich layer on the surface. The pH of the solution in
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contact with the glass will be greatly affected by this ionic exchange
due to the production of hydroxyl ions (OH").

2H,0 + Na,8i0; . — 2Na* + 20H" + H,Si0; 0 (6.2)

The second stage of corrosion is a process of destruction of the
leached surface layers of glass. Glass is resistant to most acids but
is highly susceptible to attack by alkaline materials, especially a
concentration of OH" ions giving a pH greater than 9.0. The result
is an attack of the network forming silica-oxygen (Si-O) bonds,
leading to dissolution and reprecipitation of the glass components
resulting in complete “frosting” of the normally transparent glass
material (Fig. 6.30).

6.3.3 Galvanic Corrosion

Galvanic corrosion (also called “dissimilar metal corrosion” or
wrongly “electrolysis”) refers to corrosion damage induced when
two dissimilar materials are coupled in a corrosive electrolyte. In a
bimetallic couple, the less noble material becomes the anode and
tends to corrode at an accelerated rate, compared with the uncoupled
condition and the more noble material will act as the cathode in the
corrosion cell.

Ficure 6.30 Double-pane window completely “frosted” due to a broken seal
and subsequent corrosion of the glass material.
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The bimetallic driving force was discovered in the late part of the
eighteenth century by Luigi Galvani in a series of experiments with
the exposed muscles and nerves of a frog that contracted when
connected to a bimetallic conductor. The principle was later put into
a practical application by Alessandro Volta who built, in 1800, the
first electrical cell, or battery: a series of metal disks of two kinds,
separated by cardboard disks soaked with acid or salt solutions. The
principle was also engineered into the useful protection of metallic
structures by Sir Humphry Davy in the early part of the nineteenth
century. The sacrificial corrosion of one metal such as zinc, magnesium,
or aluminum has become a widespread method of cathodically
protecting metallic structures.

Galvanic Series

The potential of a metal in a solution is related to the energy that is
released when the metal corrodes. Differences in corrosion potentials
of dissimilar metals can be measured in specific environments by
measuring the direction of the current that is generated by the
galvanic action of these metals when exposed in a given environment.
An arrangement of metals in a galvanic series based on observations
in seawater, as shown in Fig. 6.31 [17], is frequently used as a first
approximation of the probable direction of the galvanic effects in
other environments.

In a galvanic couple involving any two metals in a galvanic series,
corrosion of the metal higher in the list is likely to be accelerated,
while corrosion of the metal lower in the list is likely to be reduced.
Metals with more positive corrosion potentials are called noble or
cathodic, and those with more negative corrosion potentials are
referred to as active or anodic. Note that several metals in Fig. 6.31 are
grouped. The potential differences within a group are not likely to be
great and the metals can be combined without substantial galvanic
effects under many circumstances.

Values of potential can change from one solution to another or in
any solution when influenced by such factors as temperature,
aeration, and velocity of movement. Consequently, there is no way,
other than by direct potential measurements in the exact environment
of interest, to predict the potentials of the metals and the consequent
direction of a galvanic effect in that environment. As an example,
zinc is normally very negative or anodic to steel at ambient
temperatures, as indicated in the galvanic series shown in Fig. 6.31.
However, the potential difference decreases with an increase in
temperature until the potential difference may be zero or actually be
reversed at 60°C [18;19].

Area Effects
Another important factor in galvanic corrosion is the area effect or the
ratio of cathodic to anodic area. The larger the cathode compared
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Ficure 6.31 Galvanic series of some commercial metals and alloys
in seawater.

with the anode, the more oxygen reduction, or other cathodic reaction,
can occur and, hence, the greater the galvanic current.

From the standpoint of practical corrosion resistance, the most
unfavorable ratio is a very large cathode connected to a very small
anode. This effect is illustrated in Figs. 6.32 and 6.33. Figure 6.31
indicates that iron is anodic with respect to copper and therefore is
more rapidly corroded when placed in contact with it. This effect is
greatly accelerated if the area of the iron is small in comparison to
the area of the copper, as shown in Fig. 6.32. However, under the
reverse condition, when the area of the iron is very large compared
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(b)

(c)

Ficure 6.32 Steel rivets on a copper bar: (a) at the start of the experiment;
(b) six months after being submerged in 3 percent sodium chloride solution;
and (c) after ten months in the same solution.

to the copper, the corrosion of the iron is only slightly accelerated as
in Fig. 6.33.

If the electrical conductance of the electrolyte bridging the
galvanic contact is low, either because the bulk conductivity is low or
because the electrolyte is present only as a thin film as is the case in
atmospheric exposure to humid environments, the effective areas
taking part in galvanic cell reactions are small and the total amount of
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(b)

(¢)

Ficure 6.33 Copper rivets on a steel bar: (a) at the start of the experiment;
(b) six months after being submerged in 3 percent sodium chloride solution;
and (c) after ten months in the same solution.

corrosion is generally small or negligible, except maybe in the
immediate vicinity of the metal junction.

Under immersed conditions in many supply waters, which
generally have a relatively low electrical conductivity, adverse effects
are uncommon if the contacting metals are of similar area. Thus
galvanized steel pipes can be used with brass connectors, but serious
corrosion to the pipe end is likely to result if the contact is made
directly to a large area of copper, such as a tank or cylinder. Similarly,
stainless steel and copper tubes can usually be joined without causing
problems, but accelerated corrosion of the copper tube is likely to
occur if it is attached to a stainless-steel tank. Under immersed
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Ficure 6.34 Plating out of copper nodules on an aluminum rod immersed
in a 0.2 M copper sulfate solution.

conditions in a highly conducting electrolyte, such as seawater,
effective areas will be greater and severe corrosion may be encountered
on small anodic areas of many metals.

Deposition Corrosion

Deposition corrosion is a subtle form of galvanic corrosion in which
pitting occurs in a liquid environment following the plating out of
a more cathodic metallic element in solution onto a metal surface
(Fig. 6.34). For example, soft water passing through a copper water
pipe will accumulate some copper ions. If this water then goes in a
galvanized steel or aluminum vessel, particles of metallic copper
may plate out and their deposit on the vessel’s internal surface will
probably initiate pitting corrosion by local cell action.

This plating out action, or deposition corrosion, may be an
important factor in the corrosion of the most active metals such as
magnesium, zinc, or aluminum when they come into contact with
solutions containing ions of more noble metals such as copper. Copper
ionsin concentrations less than one part per million have been observed
to have a significant effect on the corrosion of aluminum by water.

6.3.4 Intergranular Corrosion

Intergranular corrosion is a form of localized attack in which a narrow
path is corroded out preferentially along the grain boundaries of a
metal. It often initiates on the surface and proceeds by local cell action
in the immediate vicinity of a grain boundary. Although the detailed
mechanism of intergranular corrosion varies with each metal system,
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its physical appearance at the microscopic level is quite similar for
most systems (Figs. 6.16 and 6.17). The effects of this form of attack on
mechanical properties may be extremely harmful.

In these cases, the driving force is a difference in corrosion
potential that develops between the grain boundary and the bulk
material in adjacent grains. The difference in potential may be caused
by a difference in chemical composition between the two zones. This
can develop as a result of migration of impurity or alloying elements
in an alloy to the grain boundaries. If the concentration of alloying
elements in the grain boundary region becomes sufficient, a second
phase or constituent may separate or precipitate. This may have a
corrosion potential different from that of the grains (or matrix) and
cause a local cell to form.

The constituent may be anodic, cathodic, or neutral to the base
metal or adjacent zone. Examples of anodic constituents are the
intermetallic phases Mg, Al, and MgZn, in aluminum alloys and Fe,N
in iron alloys. Examples of cathodic constituents are FeAl, and CuAl,
in aluminum alloys and Fe,C in iron alloys. Examples of neutral
constituents are Mg Si and MnAl, in aluminum alloys and Mo,C and
W,C in wrought Ni-Cr-Mo alloys.

6.3.5 Dealloying

Another type of localized corrosion involves the selective removal by
corrosion of one of the elements of an alloy by either preferential
attack or by dissolution of the matrix material. The various kinds of
selective dissolution have been named after the alloy family that has
been affected, usually on the basis of the element dissolved (except in
the case of graphitic corrosion).

Dezincification

Dezincification refers to the selective leaching of the zinc phase in
alloys such as brasses that contain more than 15 percent Zn. The gross
appearance and size of a part that has suffered dezincification is often
unchanged except for the formation of a copper hue. The part,
however, will have become weak and embrittled, and therefore
subject to failure without warning. To the trained observer,
dezincification is readily recognized under the microscope, and even
with the unaided eye, because the red copper color is easily
distinguished from the yellow of brass.

Conditions generally conducive to dezincification include the
presence of an electrolyte (e.g., seawater), slightly acidic conditions,
presence of carbon dioxide or ammonia species, and appreciable
oxygen. There are two general types of dezincification. The most
common is layer dezincification that proceeds uniformly, as shown in
Fig. 6.35. The second type is referred to as the plug dezincification
and occurs at localized areas. The site of plugs may be recognized by
the presence above them of a deposit of brownish-white zinc-rich
corrosion product.
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Ficure 6.35 Layer dezincification of a brass fitting: parent material

Cu 59.3 percent, Zn 35.7 percent, Pb 4.9 percent, leached area:

Cu 95.0 percent, Zn 0.7 percent Pb 4.1 percent. (Courtesy of Defence
R&D Canada-Atlantic)

Graphitic Corrosion

Graphitic corrosion refers to a form of selective leaching specific to
gray cast iron which leaves only the graphite phase of the material.
The term graphitization is commonly used to identify this form of
corrosion but is not recommended because of its use in metallurgy
for the decomposition of carbide to graphite. Gray cast iron pipe
may suffer graphitic corrosion as a result of the selective dissolution
of the ferrite in the alloy leaving a porous matrix made of the
remaining 4 to 4.5 percent graphite. Graphitic corrosion occurs in
salt waters, acidic mine waters, dilute acids, and soils, especially
those containing chlorides from deicing salts or seawater and sulfate
reducing bacteria (SRB).

Graphitic corrosion is quite common on water pipes made of gray
cast iron, a typical material of choice of water utilities until the
availability of ductile iron in the 1950s or plastic pipes later in the
century. The resultant pipe surface looks normal, often exhibiting the
original mill markings. When struck with a hammer or similar metal
object, however, the pipe responds with a rather dull “thunk” rather
than the sharp “clang” usually heard from sound metal. Graphitized
pipe is also relatively soft, and one can carve into it with a chisel or
other sharp object [20].

Graphitic corrosion usually occurs in three ways. Sometimes
just the surface of the pipe graphitizes, forming a graphitic coating on
the exterior. Frequently, this protects the pipe very well, leading
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to long service. At other times, a plug of graphite develops in the pipe
wall. This pipe may serve for years, but if a pressure surge or water
hammer occurs, the plug may blow out. The hole left by the plug is
often greatly enlarged by the out-rushing water, creating a large
penetration. Finally, the whole wall may graphitize, and if the pipe
is subjected to a heavy earth load or perhaps a washout under a joint,
a circumferential break occurs; hence the common term “water
main break.”

6.3.6 Hydrogen-Induced Cracking

Atomic hydrogen, and not the molecule, is the smallest atom of the
periodic table and as such it is small enough to diffuse readily through
ametallic structure. When the crystal lattice is in contact or is saturated
with atomic hydrogen, the mechanical properties of many metals and
alloys are diminished. Nascent atomic hydrogen can be produced as a
cathodic reaction, either during natural corrosion processes or forced
by cathodic protection, when certain chemical species are present
which act as negative catalysts (i.e., poisons) for the recombination of
atomic to molecular hydrogen as shown in Eq. (6.3).

2H° — H,(g) (6.3)

If the formation of molecular hydrogen is suppressed, nascent atomic
hydrogen may diffuse into the interstices of the metal instead of being
harmlessly evolved as a gaseous reaction product. There are many
chemical species which poison this recombination (e.g., cyanides, arsenic,
antimony, or selenium compounds). However, the most commonly
encountered species is hydrogen sulfide (H,S), which is formed in many
natural decompositions, and in many petrochemical processes [21].

Processes or conditions involving wet hydrogen sulfide, that is,
sour services, and the high incidence of sulfide-induced HIC may
result in sulfide stress cracking (SSC), which has been a continuing
source of trouble in the exploration and exploitation of oil and gas
fields, and the subject of many international standards [22]. However,
similar problems are encountered wherever wet hydrogen sulfide is
encountered (e.g., acid gas scrubbing systems, heavy water plants,
and waste water treatment).

Failures have occurred in the field when storage tank roofs have
become saturated with hydrogen by corrosion and then subjected to
a surge in pressure, resulting in the brittle failure of circumferential
welds. In rare instances, even copper and Monel 400 (N04400) have
suffered of HIC. More resistant materials, such as Inconels and
Hastelloys often employed to combat HIC, can become susceptible
under the combined influence of severe cold work, the presence of
hydrogen recombination poisons, and their presence in a galvanic
couple with a more anodic metal or alloy.

www.iran—mavad.com

Slgo wigo yole @2 30

183



184

Chapter 6

The HIC mechanism has not yet fully established. Various factors
are believed to contribute to unlocking the lattice of the metal, such as
hydrogen pressure at the crack tip, the competition of hydrogen
atoms for the lattice-bonding electrons, easier plastic flow of
dislocations in the metal at the crack tip in the presence of hydrogen,
and the formation of certain metal hydrides in the alloy.

6.3.7 Hydrogen Blistering

Hydrogen blistering occurs predominantly in low-strength steel
alloys when atomic hydrogen diffuses to internal defects such as
laminations or nonmetallic inclusions where it may recombine as
molecular hydrogen (H,). When this happens, tremendous internal
pressures can be generated and cause splits, fissures, and even blisters
on the metal surface (Fig. 6.36). Typically 3 cm or so in diameter,
blisters larger than 1 m in diameter have also been observed on some
occasions. The tendency of steel alloys to blister can be prevented by
using sound steels containing few inclusions and defects.

Ficure 6.36 (a) Hydrogen induced cracking with mid-wall cracks running
parallel to the pipeline wall; (b) Surface blisters may also contain cracks.
(Courtesy of MACAW'’s Pipeline Defects, published by Yellow Pencil
Marketing Co.)
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6.4 Velocity Induced Corrosion

Velocity induced corrosion refers to problems caused or accelerated
by the relative motion of the environment and the metal surface. It is
characterized by surface features with a directional pattern which are
a direct result of the flowing media.

With the exception of cavitation, flow-induced corrosion problems
are generally termed erosion—corrosion, encompassing flow enhanced
dissolution and impingement attack. The fluid can be aqueous or
gaseous, single or multiphase [23]. There are several mechanisms
described by the conjoint action of flow and corrosion that result in
flow-accelerated corrosion (FAC) [24;25]:

Mass transport—control: Mass transport—controlled corrosion
implies that the rate of corrosion is dependent on the convective
mass-transfer processes at the metal/fluid interface. When steel
is exposed to oxygenated water, the initial corrosion rate will be
closely related to the convective flux of dissolved oxygen toward
the surface, and later by the oxygen diffusion through the iron
oxide layer. Corrosion by mass transport will often be streamlined
and smooth.

Phase transport—control: Phase transport—controlled corrosion
refers to conditions when wetting of the metal surface by a cor-
rosive phase is flow-dependent. This may occur because one
liquid phase separates from another or because a second phase
forms from a liquid. An example of the second mechanism is the
formation of discrete bubbles or a vapor phase from boiler water
in horizontal or inclined tubes in high heat-flux areas under low
flow conditions. The corroded sites will frequently display rough,
irregular surfaces and be coated with or contain thick, porous
corrosion deposits.

Erosion—corrosion: Erosion—corrosion has been associated with
mechanical removal of the protective surface film resulting in a
subsequent corrosion rate increase via either electrochemical or
chemical processes. It is often accepted that a critical fluid velocity
must be exceeded for a given material. The mechanical damage by
the impacting fluid imposes disruptive shear stresses or pressure
variations on the material surface and/or the protective surface
film. Erosion—corrosion may be enhanced by particles (solids or
gas bubbles) and impacted by multi-phase flows. The morphol-
ogy of surfaces affected by erosion—corrosion and FAC may be in
the form of shallow pits or horseshoes or other local phenomena
related to the flow direction (Fig. 6.37).

Cavitation: Cavitation sometimes is caused by the formation
and collapse of vapor bubbles in a liquid near a metal surface.
Cavitation removes protective surface scales by the implosion of
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(b)

Ficure 6.37 Pipe wall thinning (a) and corrosion patterns (b) caused by flow
accelerated corrosion (FAC) inside a steam line. (Courtesy of Russ Green, TMI)

gas bubbles in a fluid. Calculations have shown that the implo-
sions produce shock waves with pressures approaching 420 MPa.
The subsequent corrosion attack is the result of hydromechanical
effects from liquids in regions of low pressure where flow-velocity
changes, disruptions, or alterations in flow direction have occurred.
Cavitation damage often appears as a collection of closely spaced,
sharp-edged pits or craters on the surface (Figure 6.38).

The destruction of a protective film on a metallic surface exposed
to high flow rates can have a major impact on the acceleration of
corrosion damage. Carbon steel pipe carrying water, for example, is
usually protected by a film of rust that slows down the rate of mass
transfer of dissolved oxygen to the pipe wall. The resulting corrosion
rates are typically less than 1 mm/y. The removal of the film by
flowing sand slurry has been shown to raise corrosion rates tenfold to
approximately 10 mm/y [26].

When corrosion is controlled by dissolved oxygen mass transfer
the corrosion rate can be estimated with the Sherwood number (Sh),
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Ficure 6.38 Cavitation corrosion inside a deaerator unit. (Courtesy of
Defence R&D Canada-Atlantic)

which itself is a function of dimensionless Reynolds and Schmidt
numbers in Eq. (6.4):
Sh=aRef Sc7 (64)
where ¢, £, and y are experimental constants.
One of the most accepted mass transfer correlations gives values
of 0.0165, 0.86, and 0.33 for respectively, ¢, £, and y for fully devel-
oped turbulent flow in smooth pipes [27;28]. The Sherwood number
represents the ratio of total mass transport to diffusion mass trans-
port (D). Sh can therefore be directly related to corrosion rates ([29])
and it can be expressed in terms of the mass transfer coefficient k
with Eq. (6.5):

k,L
Sh=1= (6.5)
where L is a characteristic length (m) describing the system. In the
case of a tube L is the internal diameter of that tube.

The acceleration of corrosion may sometimes be accompanied by
erosion of the underlying metal while in other cases erosion of the
base metal is not a factor [23]. The relative roles of corrosion and
erosion following damage to the protective film have been expressed
in the relationship based on measurable bulk flow [30] expressed as
Eq. (6.6):

Erosion rate + Corrosion rate o« V" (6.6)

The exponent 7 in Eq. (6.6) depends on the relative contributions of
corrosion and erosion to the total metal loss as illustrated in Table 6.2.
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Mechanism of Metal Loss Velocity Exponent, n
Corrosion
e Liquid-phase mass transfer control 0.8-1
e Charge-transfer (activation) control 0
e Mixed (charge/mass transfer) control 0-1
e Activation/repassivation (passive films) 1
Erosion
e Solid-particle impingement 2-3
e Liquid droplet impingement in high-speed gas flow = 5-8
e Cavitation attack 5-8

TaBLe 6.2 Flow Velocity as a Diagnostic Tool for Erosion—-Corrosion Rates Following
Damage to the Protective Film

Sources of various mechanical forces involved in the erosion of
protective films and underlying metal are listed here and illustrated in
Fig. 6.39 [29]:

¢ Turbulent flow, fluctuating shear stresses, and pressure impacts
¢ Impact of suspended solid particles

¢ Impact of suspended liquid droplets in high-speed gas flow
e Impact of suspended gas bubbles in aqueous flow

e The violent collapse of vapor bubbles following cavitation

For single-phase turbulent flow in pipes distinct “breakaway”
velocities above which damage occurs in copper tubes have been
observed, giving rise to the concept of a critical shear stress [31].
The largest values are obtained during quasicyclic bursting events
close to the wall, which are said to be responsible for most of the
turbulent energy production in the entire wall-bounded shear flow
[32]. This is true of both nondisturbed and disturbed pipe flows. In
practice, film removal in single-phase aqueous flow is invariably
associated with the vortices created under disturbed flow conditions
produced by sudden macro or microscale changes in the flow
geometry. Table 6.3 summarizes the critical flow parameters that
should be considered when designing a copper alloy tubing system
for carrying seawater [28].

6.4.1 Erosion-Corrosion

The properties of surface films that naturally form on metals and
alloys are important elements to understand the resistance of metallic
materials to erosion—corrosion. Most metals and alloys used in
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CSS” (' DVf MDVS
Alloy (Nm™2) (ms™?) (ms™?) (ms™?)
Cupro nickel with Cr 297 12.6 8.6 9
70-30 Cupro nickel 48 4.6 3.1 4.5-4.6
90-10 Cupro nickel 43 4.3 2.9 3-3.6
Aluminum bronzes 2.7
Arsenical Al brass 19 2.7 1.9 2.4
Inhib. Admiralty 1.2-1.8
Low Si bronze 0.9
P deoxidized copper 9.6 1.9 1.3 0.6-0.9
* Critical shear stress
¥ Critical velocity in a 25 mm tube

# Design velocity based on 50 percent critical shear stress
§ Accepted or recommended maximum tubular design velocity

TaBLe 6.3 Critical Flow Parameters for Copper Alloy Tubing in Seawater

One Phase

AT

Multiphase

DI

Mass/heat transfer
Flow assisted corrosion

Liquid/solid

Gas/liquid droplets

Solid/liquid particles
Liquid/gas dubbles

1

Erosion/corrosion

DANNMNINNN

DANNMNNNN

Pressure/shear stress

1

Liquid/gas

Liquid/vapor bubbles

=—O

Cavitation

Ficure 6.39
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industry owe their corrosion resistance to the formation and retention
of a protective film. Protective films fall into two categories [28]:

¢ Relatively thick and porous diffusion barriers such as formed
on carbon steel as red rust and copper oxide on copper

¢ Thin invisible passive films such as formed on stainless steels,
nickel alloys, and other passive metals such as titanium.

However, if the flow of liquid becomes turbulent, the random
liquid motion impinges on the surface to remove this protective film.
Additional oxidation then occurs by reaction with the liquid. This
alternate oxidation and removal of the film will accelerate the rate of
corrosion. The resulting erosive attack may be uniform, but quite
often produces pitted areas over the surface that can result in full
perforation (Fig. 6.40).

Obviously, the presence of solid particles or gaseous bubbles in
the liquid can accentuate the attack. Also, if the fluid dynamics are
such that impingement or cavitation attack is developed, even more
severe cOrrosion can occur.

Chromium has proven to be most beneficial toward improving
the properties of the passive film of ferrous and nickel-based alloys
while molybdenum, when added to these alloys, improves their
pitting resistance. Oxide passive films that contain insufficient
molybdenum, such as in many nickel-based alloys and stainless
steels, are susceptible to pitting in stagnant and low-flowing seawater,
but perform well on boldly exposed surfaces at intermediate and
high flow velocities. In oilfield conditions, fluid velocity acts in

Ficure 6.40 Erosion—corrosion of a brass tube carrying out seawater.
(Courtesy of Defence R&D Canada-Atlantic)
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Ficure 6.41 Influence of flow velocity on loss of material in media with huge
levels of hydrogen sulfide and low pH [6].

synergy with corrosive constituents to produce a very demanding
environment. Figure 6.41 illustrates the erosion—corrosion behavior
of various materials exposed to flowing sour brine for a range of fluid
velocities typical of oil and gas exploration [33].

Titanium forms a tenacious TiO, oxide film which is resistant in
most oxidizing and reducing environments. Titanium and some
nickel-chromium-molybdenum alloys perform well in low, inter-
mediate, and high flow velocities. Small alloy additions to carbon
steels can have a marked influence on the resistance to FAC. Carbon
steels are generally susceptible to FAC, while low alloy chromium
steels such as 1.25 Cr-0.5 Mo and 2.25 Cr-1 Mo are very resistant to
FAC. Figure 6.42 shows the effect of steel composition on FAC
developed by Huibregts from tests carried out at 960 m s™ using wet
steam containing 10 percent water [34]. Figure 6.42 was created
using the Eq. (6.7):

FACrate 1 6.7)
FACrate,,, ~ 0.61+2.43[Cr%]+1.64[Cu%]+0.3[Mo%]

The addition of a minor element can also improve the resistance
of copper-nickel alloys to erosion-corrosion. The effect of iron
content on the corrosion and impingement resistance of 90/
10 copper-nickel is maximized with the addition of about 2 percent
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Ficure 6.42 Effect of alloy content on erosion—corrosion rates.

iron to the cupronickel alloy [24]. Solutionized iron is beneficial
and responsible for increased erosion—corrosion resistance through
the incorporation of iron oxides into the corrosion product film.
Nickel and iron incorporate into the corrosion product film in
flowing seawater. If iron is precipitated in cupronickel alloys to
form iron and nickel-iron second phases, deterioration of the
passive film can occur and alter the corrosion behavior of the
cupronickel alloy.

6.4.2 Cavitation

Cavitation damage (sometimes referred to as cavitation corrosion or
cavitation erosion) is a form of localized corrosion combined with
mechanical damage that occurs in turbulent or rapidly moving
liquids and takes the form of areas or patches of pitted or roughened
surface. Cavitation has been defined as the deterioration of a surface
caused by the sudden formation and collapse of bubbles in a liquid. It has
been similarly defined as the localized attack that results from the collapse
of voids or cavities due to turbulence in a liquid at a metal surface. Cavitation
also occurs in areas of high vibration such as on engine pistons and
piston liners (Fig. 6.43).

In some instances, cathodic protection has been successful in
reducing or preventing cavitation damage, but because cavitation
damage usually involves physical as well as electrochemical processes,
it cannot always be prevented by this means. In some cases, inhibitors
have been used successfully to limit cavitation corrosion, as in the
water side of diesel engine cylinder liners. Cavitation is a problem
with ship propellers, hydraulic pumps and turbines, valves, orifice
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Figure 6.43
Cavitation damage
of a diesel engine
piston liner on the
return stroke.
(Courtesy of
Defence R&D
Canada-Atlantic)

plates, and all places where the static pressure varies very abruptly
following the Bernoulli principle Eq. (6.8):

P+ gvz + pgh = Constant (6.8)

where P is the absolute static pressure
h is the elevation
g is the gravitational acceleration

Strictly speaking, the Bernoulli equation applies to flow along a
streamline, however, in turbulent flow the bulk flow velocity can be
used with little error. Thus the increase in the velocity as the liquid is
accelerated through an orifice or over an impeller can result in a drop
of the local static pressure. As the liquid slows down, after it passes a
vena contracta or approaches the volute in a pump, the pressure rises
again, leading to the collapse of the cavities formed by the previous
drop in pressure (Fig. 6.39). Five different types of cavitation can be
observed depending on the flow conditions and geometry [35,36].

e Traveling cavitation is a type of cavitation in which individual
transient cavities or bubbles form in the liquid and move with
itas they expand or shrink during their life cycles. To the naked
eye traveling cavitation may appear as sheet cavitation.

® Cloud cavitation is caused by vorticity shed into the flow
field. It causes strong vibration, noise and erosion. The
shedding of cloud cavitation is periodic and the reentrant jet
is the basic mechanism to generate cloud cavitation.
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e Sheet cavitation is also known as fixed, attached, cavity or
pocket cavitation. Sheet cavitation is stable in a quasi-steady
sense. The liquid vapor interface becomes wavy and breaks
down in the closure region of the cavity. Downstream flow,
which contains large scale eddies, is dominated by bubble
clusters.

® Supercavitation is when the sheet cavity grows in such a way
it envelopes the whole solid body. Ventilation can be used to
create or to enhance a supercavity. Supercavitation is desir-
able to achieve viscous drag reduction on underwater vehi-
cles operating at high speeds. High speeds in excess of
1500 m/s are reported for supersonic operation of underwa-
ter projectiles.

¢ Vortex cavitation occurring on the tips of rotating blades is
known as tip vortex cavitation. Cavities form in the cores of
vortices in regions of high shear. This type of cavitation is not
restricted to rotating blades. It can also occur in the separation
zones of bluff bodies.

The cavitation number (o) is a dimensionless number that
provides an estimate of cavitation tendency in a flowing stream as
described in Eq. (6.9):

_2:(P-P)

- (6.9)

o

where P_is the liquid vapor pressure.
When the cavitation number is null, the pressure is reduced to
the vapor pressure and cavitation will occur. The cavitation number

and the net positive suction head (NPSH) are related according to
Eq. (6.10):

2
NPSH = (o+DV? (6.10)
2

Mechanically Assisted Corrosion

Mechanical forces (e.g., tensile or compressive forces) will usually
have minimal effects on the general corrosion of metals and
compressive stresses even reduce the susceptibility of metals to crack.
In fact, shot peening is often used to reduce the susceptibility of
metallic materials to fatigue, stress corrosion cracking (SCC), and
other forms of cracking. However, a combination of tensile stresses
and a specific corrosive environment is one of the most important
causes of catastrophic cracking of metal structures.

SCC and other types of environmental cracking are also the most
insidious forms of corrosion because environmental cracks are
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microscopic in their early stages of development. In many cases, they
are not evident on the exposed surface by normal visual examination,
and can be detected only by microscopic examination with an optical
or a scanning electron microscope. As the cracking penetrates farther
into the material, it eventually reduces the effective supporting cross
section to the point where the structure fails by overload or, in the
case of vessels and piping, escape (seepage) of the contained liquid or
gas occurs.

Cracking is usually either intergranular (intercrystalline) as
shown in Fig. 6.44 or transgranular (transcrystalline) as illustrated in
Fig. 6.45. Occasionally, both types of cracking are observed in a failure.
Intergranular cracks follow the grain boundaries in the metal.
Transgranular cracks cross the grains without regard for the grain
boundaries. The morphology of the cracks may change when the
same material is exposed to different environments.

Failures are not necessarily the result of ordinarily applied
engineering loads or stresses. However, these loads have to be added
to invisible residual stresses already present in a structure due to
various sources such as fabricating processes (e.g., deep drawing,
punching, rolling of tubes into tubesheets, mismatch in riveting,
spinning, welding, and so forth).

Residual stresses will remain in a structure unless it is annealed
or otherwise thermally stress relieved following fabrication, a
practice that becomes increasingly impractical as a system gets larger

Ficure 6.44 Typical intergranular stress corrosion cracks in cartridge brass
(70 Cu, 30 Zn). Etched 30 percent H,0,, 30 percent NH,0OH, 40 percent
H,0 (x75) (Corrosion Basics: An Introduction, 2nd edn., NACE International,

by permission)
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(b)

Ficure 6.45 Axial or transgranular cracks filled with oxide or scale

(a) observed on the external surface of a pipeline. These cracks may
occur in association with pits and general corrosion (b). (Courtesy of
MACAW’s Pipeline Defects, published by Yellow Pencil Marketing Co.)

or more complex. Cooling from the high temperatures required may
also induce internal stresses because of nonuniform cooling. In fact,
very slow, controlled cooling is a prerequisite for effective stress relief.

Another source of stress may come from corrosion products from
general corrosion or other forms of corrosion may build up between
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Ficure 6.46 Stress corrosion crack in a bronze monument caused by buildup
of rust around an iron rod. (Courtesy of Kingston Technical Software)

mating surfaces and, because they occupy so much more volume
than the metal from which they are produced, generate sufficient
stresses to cause SCC. In the example shown in Fig. 6.46, moisture
working down the iron rod in combination with the galvanic corrosion
due to the contact with the bronze support caused enough rust build-
up to generate high stresses and induce SCC.

6.5.1 Stress Corrosion Cracking

It is not uncommon for growing cracks to be considered acceptable
(Fig. 6.47) so long as they are substantially less than a critical crack
size [Fig. 6.47(a) and Eq. (6.11)] and can be repaired at the next

www.iran—mavad.com

Slgo wigo yole @2 30

197



198

fracture

Chapter 6

K], Stress intensity
A

Fast

— K,C, Critical stress intensity for failure

Slow
growth
K, Threshold range
(environment dependent)
Initiation Initiation processes:
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FiGure 6.47

(a) Schematic view of relative magnitudes of K shown with

transitions and principal dependencies. The K parameter for threshold range
is shown to be variable, (b) Morphological regimes, (c) The Aa/At versus K
for SCC and similar environmentally dependent slow growth (e.g., hydrogen),
(d) Aa/An versus AK for fatigue crack growth showing possible effect of SCC
in increasing the slow growth [37].
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Ficure 6.47 (continued)

outage or shutdown. Unless it is found during an inspection that
the crack growth rate might end up in a failure before the next
outage (with some safety factor), remedial actions are usually not
taken [37].

K, =0,Cna (6.11)

www.iran—mavad.com

Slgo wigo yole @2 30



200

Chapter 6

where ¢ is mean stress
a is depth of defect
C is geometric constant
K, is critical stress intensity at which catastrophic fracture
occurs

SCC is a mechanical-chemical process leading to the cracking of
certain alloys at stresses below their tensile strengths. A susceptible
alloy, the proper chemical environment, plus an enduring tensile
stress are required. It is likely that there are no alloy systems which
are completely immune to SCC in all environments. Usually, there is
an induction period, during which cracking nucleates at a microscopic
level. This period of latency may be quite long (e.g., many months or
years) before progressing to the propagation stage.

Table 6.4 lists some environments in which SCC has been
observed for at least some alloys of the systems listed. This listing
does not imply that all alloys of a given material will be equally
susceptible, or that there are none in the class which may be immune
to the environments listed.

SCC is an anodic process, a fact which can be verified by using
cathodic protection as an effective remedial measure. SCC may
occasionally lead to fatigue corrosion, or the opposite. Usually, the true
nature of the cracking can be identified by the morphology of the
observed cracks. In a failure by SCC there is usually little metal loss due
to general corrosion. Thus, the failure of a stress bolt rusted away until
it eventually cannot sustain the applied load is not classified as SCC.

Aluminum alloys NaCl-H,0, NaCl solutions, seawater, mercury

Copper alloys Ammonia vapors and solutions, mercury

Gold alloys FeCI3 solutions, acetic acid-salt solutions

Inconel Caustic soda solutions

Lead Lead acetate solutions

Magnesium alloys NaCl-K Cr,0, solutions, rural and coastal
atmospheres, distilled water

Nickel Fused caustic soda

Carbon steels NaOH solutions; NaOH-NaSiO, solutions; CaNO,,

NH,NO,, and NaNO, solutions; mixed acids,
(H,SO,-HNO,); HCN; H,S; seawater; NaPb alloy

Stainless steels BaCl,, MgCl, solutions; NaCl-H,0, solutions;

seawater, H,S, NaOH-H,S solutions

Titanium Red fuming nitric acid

TaBLe 6.4 Some Stress Corrosion Cracking Environments for Metals
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However, if products from general corrosion are trapped so as to exert
stress in a structure, they can cause SCC.

The idea, once prevalent, that only alloys and not pure metals
are susceptible to SCC is quite possibly correct. The question is,
“How pure is pure?” Copper containing 0.004 percent phosphorous
or 0.01 percent antimony is reported to be susceptible to SCC in
environments containing ammonia-based ions. Cracking has been
produced in a decarburized steel containing less than 0.01 percent
carbon, but still containing small amounts of manganese, sulfur,
and silicon in a boiling ammonium nitrate solution. SCC has been
produced in commercial titanium containing, among other
constituents, 600 ppm of oxygen and 100 ppm of hydrogen. Hence,
the idea that a given material cannot fail by SCC because it is
commercially pure is not correct [21].

Transgranular SCC progresses by localized subsurface attack in
which a narrow path is corroded randomly across grains without any
apparent effect of the grain boundary on the crack direction.
Transgranular SCC may occur during the SCC of austenitic stainless
steels and less commonly during the SCC of low-alloy steels. It can
also occur in the SCC of copper alloys in certain media (e.g.,ammonia).
It seldom occurs in aluminum alloys.

6.5.2 Corrosion Fatigue

Fatigue is the failure of a metal by cracking when it is subjected to
cyclic stress. The usual case involves rapidly fluctuating stresses that
may be well below the tensile strength. As stress is increased, the
number of cycles required to cause fracture decreases. For steels, there
is usually a stress level below which no failure will occur, even with an
infinite number of cycles, and this is called the endurance limit. In
practice, the endurance limit is defined as the stress level below which
no failure occurs in one million cycles. A typical S-N curve fatigue
curve, commonly known as an S-N curve, is obtained by plotting the
number of cycles required to cause failure against the maximum
applied cyclic stress.

When a metal is subjected to cyclic stress in a corrosive
environment, the number of cycles required to cause failure at a
given stress may be reduced well below the dotted line obtained for
the same metal in air shown in Fig. 6.48. This acceleration of fatigue
called “corrosion fatigue”, is revealed by comparing the solid line in
Fig. 6.48 with the dotted line reference. The solid curve indicates that
metal life under such conditions can be much lower than the reference
curve established in air. The S-N curve with corrosion tends to keep
dropping, even at low stresses, and thus does not level off, as will the
ordinary fatigue curve.

Amarked drop in or elimination of the endurance limit may occur
even in a mildly corrosive environment, especially in the case of a
film-protected alloy. For example, deionized water, which ordinarily
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Ficure 6.48 Fatigue and corrosion fatigue curves for an aluminum alloy [21].

will produce only film growth on an aluminum alloy in which it is
immersed, will appreciably reduce the endurance limit of the same
alloy subjected to cyclic stressing. This is because stress reversals
cause repeated cracking of the otherwise protective surface film, and
this allows access of the water to the unprotected metal below with
resultant corrosion.

Failures that occur on vibrating structures (e.g., taut wires or
stranded cables) exposed to the weather under stresses below the
endurance limit are usually caused by corrosion fatigue. Corrosion
fatigue also has been observed in steam boilers, due to alternating
stresses caused by thermal cycling (Fig. 6.49).

The petroleum industry regularly encounters major trouble with
corrosion fatigue in the production of oil. The exposure of drill pipe
and of sucker rods to brines and sour crudes encountered in many
producing areas results in failures which are expensive both from the
standpoint of replacing equipment and from loss of production
during the time required for “fishing” and rerigging.

For uniaxial stress systems, there will be an array of parallel
cracks which are perpendicular to the direction of principal stress.
Torsion loadings tend to produce a system of crisscross cracks at
roughly 45° from the torsion axis. Corrosion fatigue cracks found in
pipes subjected to thermal cycling will usually show a pattern made
up of both circumferential and longitudinal cracks.
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6.5.3 Fretting Corrosion

Fretting corrosion refers to corrosion damage at the asperities of
contact surfaces (Fig. 6.50). This damage is induced under load and in
the presence of repeated relative surface motion, as induced, for
example, by vibration. Pits or grooves and oxide debris characterize

(b)

Ficure 6.49 (a) As-received appearance of boiler tube section with crack
failure. Note remnants of tack weld to strap on the back of the tube and
that the top of tube is marked for establishing orientation; (b) Close-up of
ID surface of failed tube section showing band of numerous parallel partial
through-wall cracks in line with through-wall crack (arrow). (2x original
maghnification); (c) Photomicrograph showing as polished longitudinal
metallographic specimen through cracked area on failed tube section.
Cracks originate on ID surface. Note wedge- or needle-shaped, nonbranching
cracks typical of corrosion fatigue. Faint black line near bottom of photo is
an inclusion not related to the failure. (125x original magnification)
(Courtesy of Corrosion Testing Laboratories, Newark, Delaware, USA).
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Ficure 6.49 (continued)

this damage, typically found in machinery, bolted assemblies, and
ball or roller bearings. Contact surfaces exposed to vibration during
transportation are exposed to the risk of fretting corrosion.

Damage can occur at the interface of two highly loaded surfaces
which are not designed to move against each other. The most common
type of fretting is caused by vibration. The protective film on the
metal surfaces is removed by the rubbing action and exposes fresh,

Ficure 6.50 Fretting corrosion at the interface of two highly loaded surfaces
which are not designed to move against each other. (Courtesy of Pacific
Corrosion Control Corp)
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active metal to the corrosive action of the atmosphere. Conditions
necessary for the occurrence of fretting are (1) the interface must be
under load, and (2) vibratory or oscillatory motion of small amplitude
must result in the surfaces striking or rubbing together. The results of
fretting are as follows:

1. Metal loss in the area of contact
2. Production of oxide debris

3. Galling, seizing, fatiguing, or cracking of the metal
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CHAPTER 7

Corrosion Failures,
Factors, and Cells

7.1 Introduction

As described in the Chapter 6, corrosion damage may take various
forms triggered themselves by apparently different compounding
factors. The initiation and progression of corrosion processes indeed
depend on the complex interaction of a multitude of factors such as

e Nature of the metal or alloy

® Presence of inclusions or other foreign matter at the surface
¢ Homogeneity of the metallic structure

¢ Nature of the corrosive environment

e Incidental environmental factors such as variations in
the presence of dissolved oxygen, of temperature, and in the
velocity of movement either of the environment or of the
system itself

e Other factors such as stress (residual or applied, steady
or cyclic)

e Oxide scales (continuous or broken)

* Presence of deposits on surfaces

¢ Fayed surfaces and the possibility of corrosion crevices

¢ Galvanic effects between dissimilar metals

e Occasional presence of stray electrical currents from external
sources

The nature of the driving forces behind these factors has been the
subject of scientific studies by many scientists in the early part of the
twentieth century. In a landmark paper, Mears and Brown have
summarized 18 mechanisms, listed in Table 7.1, by which differences
in potential may develop on metal surfaces [1].
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Impurities in the metal

Orientation of grains

Grain boundaries

Differential grain size

Differential thermal treatment

Surface roughness

Local scratches or abrasions

Difference in shape

Differential strain

Differential pre-exposure to air or oxygen

Differential concentration or composition of solution

Differential aeration

Differential heating

Differential illumination

Differential agitation

Contact with dissimilar metals

Externally applied potentials

Complex cells

TaBe 7.1  Causes of Corrosion Currents

There is a vast body of information relating practically all the
previously listed factors to actual field observations and subsequent
analysis of failed components. These failure investigations are
typically carried out in a detailed mechanistic “bottom-up” manner
whereby a failed component would be sent to the laboratory where
analytical techniques would then be used following well-established
protocols. Chemical analysis, hardness testing, metallography, optical
and electron microscopy, fractography, x-ray diffraction, and surface
analysis are specialized tools used in such investigations.

However, this approach alone provides little or no insight into the
real causes of failure. Underlying causes of serious corrosion damage
often include human factors such as lack of corrosion awareness and
inadequate training and poor communication. Further underlying
causes may include weak maintenance management systems,
insufficient repairs due to short-term profit motives, a poor
organizational “safety culture,” defective supplier’s products, or an
incorrect material selection.

It is thus apparent that there can be multiple causes associated
with a single corrosion mechanism. Clearly, a comprehensive failure
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investigation providing information on the root cause of failure is
much more valuable than one merely establishing the corrosion
mechanism(s). Establishing the real causes of corrosion failures (often
related to human behavior) is a much more difficult task than merely
identifying the failure mechanisms.

In contrast to the traditional scientific mechanistic approach,
systems engineers prefer the “top-down” approach that broadens the
definition of the system and is more likely to include causes of
corrosion failures such as human behavior. This is consistent with the
lessons to be learned from the U.K. Hoar Report, which stated that
corrosion control of even small components could result in major cost
savings because of the effect on systems rather than just the
components [2].

Information to Look For

It is not always possible to anticipate the actual environment in which
a metallic structure will operate. Even if the initial conditions were
known completely, there is often no assurance that operating
temperatures, pressures, or even chemical compositions will remain
constant over the expected equipment lifespan. The complexity of
corrosion processes and their impact on equipment often buried or
out-of-sight complicates many situations, rendering simple life
prediction difficult.

Even corrosion tests carried out in controlled conditions often
yield results with more scatter than many other types of materials test
results because of a variety of factors, an important one being the
effect on corrosion rates due to minor impurities in the materials
themselves or in the testing environments [3].

7.2.1 Temperature Effects

In most chemical reactions, an increase in temperature is accompanied
by an increase in reaction rate. A rough rule-of-thumb suggests that the
reaction rate doubles for each 10°C rise in temperature. Although this
rule has many exceptions, it is important to take into consideration the
influence of temperature when analyzing why materials fail.

Changing the temperature of an environment can influence its
corrosivity. Many household hot-water heater tanks, for example,
were historically made of galvanized steel. The zinc coating offered a
certain amount of cathodic protection to the underlying steel, and the
service life was considered adequate. Water tanks seldom were
operated above 60°C. With the development of automatic dishwashers
and automatic laundry equipment, the average water temperature
was increased so that temperatures of about 80°C have now become
common in household hot water tanks.

Coinciding with the widespread use of automatic dishwashers
and laundry equipment was a sudden upsurge of complaints of
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short life of galvanized steel water heater tanks. Electrochemical
measurements showed that in many cases, iron was anodic to zinc
above 75°C, whereas zinc was anodic to iron at temperatures below
60°C. This explained why zinc offered no cathodic protection above
75°C, and why red water and premature perforation of galvanized
water tanks occurred so readily at higher temperatures. This particular
problem was partly solved by using magnesium sacrificial anodes or
protective coatings, and by the replacement with new alloys.

7.2.2 Fluid Velocity Effects

Unless otherwise protected, metals generally owe their corrosion
resistance to a tightly adherent, protective film that builds up on the
metal surface by corrosion processes. This film may consist of reaction
products, adsorbed gases, or a combination of these. Any mechanical
disturbance of this protective film can stimulate attack of the
underlying metals until either the protective film is reestablished, or
the metal has been corroded away. The mechanical disturbance itself
can be caused by abrasion, impingement, turbulence, or cavitation.

Carbon steel pipe carrying water, for example, is usually protected
by a film of rust that slows down the rate of mass transfer of dissolved
oxygen to the pipe wall. The resulting corrosion rates are typically less
than 1 mm/y. The removal of the film by flowing sand slurry has been
shown to raise corrosion rates tenfold to approximately 10 mm/y [4].
Figure7.1illustrates the various states of an oxide-surface film behavior
as liquid velocity or surface shear stresses are increased [5;6].

N e/ N vewa /N et /- N\ Veta /N et/

FAC rate
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m

|
Breakaway velocity
|

w
(@]

Velocity or shear stress

Fieure 7.1 Changes in the corrosion and erosion mechanisms as a function
of liquid velocity [5].
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Fieure 7.2 Various time dependent corrosion/erosion behaviors and
processes: (a) corrosion follows a parabolic time law, (b) FAC follows

a linear time law, (c) erosion and corrosion follows a quasi-linear time law
with repeated breaks in the protective surface film, and (d) erosion linear
time dependency after an initial incubation period [5].

Changes in the corrosion and erosion mechanisms associated
with flow accelerated corrosion (FAC) are summarized in Figs. 7.2
and 7.3. In stagnant water (origin of the plot in Fig. 7.1), the corrosion
rate is low and decreases parabolically with time due to the formation
and growth of a corrosion protective film at the surface (curve a4 in
Fig. 7.2). At low flow velocities for which laminar and turbulent flow
conditions coexist (parts A and B of Fig. 7.1), corrosion stems from a
flow-accelerated process. The protective film that forms on the surface
by corrosion is dissolved by the flowing water. It is generally accepted
that the phenomenon is a steady-state process having linear corrosion
kinetics (curve b in Fig. 7.2), that is, the dissolved layer at the oxide-
water interface is replaced by a new layer of the same thickness.

Erosion—corrosion is encountered most frequently in pumps,
valves, centrifuges, elbows, impellers, inlet ends of heat-exchanger
tubes, and agitated tanks. Locations in flowing systems where there
are sudden changes in direction or flow cross-section, as in heat
exchangers where water flows from the water boxes into the tubes,
are likely places for erosion—corrosion.

7.2.3 Impurities in the Environment

Some impurities present in the environment even in minute amounts
may have more influence on the corrosion behavior of materials than
major constituents of the same environments. Sometimes impurities
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Dissolution dominant

The oxide film grows in static aqueous solutions according to the oxide growth
kinetics. Corrosion rate is a function of the bare metal dissolution rate and
passivation rate. The corrosion kinetics follows a parabolic time law.

Flow thins film to an equilibrium thickness that is a function of both the mass
transfer rate and oxide growth kinetics. The FAC rate is a function of the mass
transfer and the concentration driving force. The FAC kinetics follows a linear
time law.

The film is locally removed by either surface shear stress or dissolution or
particle impact, but it can be repassivated. The damage rate is a function of the
bare metal dissolution rate, passivation rate and the frequency of oxide
removal. The damage kinetics follows a quasi-linear time law.

The film is locally removed by dissolution or surface shear stress and the
damage rate is equivalent to the bare metal dissolution rate. The damage
kinetics follow a quasi-linear time law.

The film is locally removed and the underlying metal surface is “mechanically
damaged” which contributes to the overall loss rate, that is, the damage rate is
equal to the bare metal dissolution rate plus a possible synergistic effect due to
the mechanical damage. The damage rate follows a nonlinear time law.

<4—— Mechanical damage increases
Dissolution increases ——»

The oxide film is removed and mechanical damage to the underlying metal is the
dominant damage mechanism. The erosion kinetics follow a nonlinear time law.

Mechanical-damage dominant

Ficure 7.3 Summary of damage mechanisms experienced with FAC [5].

in trace quantities may accelerate the corrosion attack while at other
times they may act as inhibitors. The introduction of small amounts
of ions of metals such as copper, lead, or mercury can cause severe
corrosion of aluminum equipment, for example, corrosion of
upstream copper alloy equipment can result in contamination of
flowing water in a cooling circuit. In this example, copper can plate
out on aluminum surfaces downstream as small nodules or deposits
setting up local galvanic cells, which can result in severe pitting and
perhaps perforation.

There are many examples of the catastrophic role played by
impurities in the process industries. Conventional corrosion data on
sulfuric acid media, for example, are often based on tests in
chemically pure acid or on field exposures of indeterminate
chemistry and the effects of contaminants are often overlooked.
Serious problems can therefore arise in seemingly straightforward
applications [7].

In the manufacturing of concentrated acid by air combustion of
various feedstocks, small amounts of nitric oxides may be introduced,
depending on burner design, temperature, and so forth. Also, nitric
acid is sometimes added to sulfuric acid as antifreeze. The presence
of nitric acid can promote the oxidation of the ferrous sulfate film
which otherwise protects steel in static exposures. In glacial acetic
acid, corrosion of type 316L can be markedly increased by as little as
a few parts per million of acetic anhydride. Apparently, the anhydride
scavenges the water required to maintain a passive film.
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Contaminants may also drastically change the corrosion charac-
teristics of nitric acid. Although the conventional type 300 series aus-
tenitic stainless steels, such as annealed type 304L and as-welded
types 304L, 321, and 347, are resistant to nitric acid in many instances,
there is a general accretion of hexavalent chromium ions (Cr VI) if the
acid is recirculated with no provision for dilution elevated tempera-
tures, as with nitric acid condensers. In other instances, contamina-
tion of nitric acid with chloride ions results in their being oxidized to
nascent chlorine. This is the basis for aqua regia* used to dissolve
gold. In 42 percent acid, excessive corrosion of stainless steels results
when chloride ion contamination exceeds about 3000 ppm. High ini-
tial rates are observed to diminish with time, probably due to the loss
of volatile chlorine formed by reaction with the chlorides.

7.2.4 Presence of Microbes

Microbes are present almost everywhere in soils, freshwater, seawater,
and air. However, the mere detection of microorganisms in an
environment does not necessarily indicate a corrosion problem.
Nonetheless, it is well-established that numerous buried steel pipes
have suffered severe corrosion as the result of bacterial action.

In unaerated or anaerobic soils, this attack is attributed to the
influence of the sulfate-reducing bacteria (SRB). The mechanism is
believed to involve both direct attack of the steel by hydrogen sulfide
and cathodic depolarization aided by the presence of bacteria. Even in
aerated or aerobic soils, there are sufficiently large variations in aeration
that the action of SRB cannot be neglected. For example, within active
corrosion pits, the oxygen content becomes exceedingly low.

Bacteria, fungi, and other microorganisms can play a major part
in soil corrosion. Spectacularly rapid corrosion failures have been
observed in soil due to microbial action and it is becoming increasingly
apparent that most metallic alloys are susceptible to some form of
microbiologically influenced corrosion (MIC).

The presence of aggressive microbes may also be quite severe in
industrial water-handling systems, for example, cooling water and
injection water systems, heat exchangers, wastewater treatment
facilities, storage tanks, piping systems, and all manner of power
plants, including those based on fossil fuels, hydroelectric, and
nuclear [8]. Table 7.2 lists potential problem areas by industry [9].

7.2.5 Presence of Stray Currents

The corrosion resulting from stray currents coming from external
sources is similar to that from galvanic cells that generate their own
current. However, the amplitude of stray currents may be much

*Aqua regia refers to a mixture in a 3:1 ratio of hydrochloric (HCl) and nitric
(HNO,) acids.
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Industry/Application

Potential Problem Sites for MIC

Organisms Responsible

Pipelines—oil, gas,
water, wastewater

Internal corrosion primarily at the
bottom (6:00) position

Dead ends and stagnant areas

Low points in long-distance pipes

Waste pipes—internal corrosion
at the liquid/air interface

Buried pipelines—on the exterior
of the pipe, especially in wet
clay environments under
disbonded coating

Aerobic and anaerobic
acid producers,
SRB, manganese and
iron-oxidizing bacteria,
sulfur-oxidizing
bacteria

Chemical process
industry

Heat exchangers, condensers,
and storage tanks—especially
at the bottom where there is
sludge build-up

Water distribution systems

(See also “Cooling water
systems,” “Fire protection
systems,” and “Pipelines”
in this table)

Aerobic and anaerobic
acid producers,
SRB, manganese, and
iron-oxidizing bacteria
In oil storage tanks
also methanogens,
oil-hydrolyzing bacteria

Cooling water
systems

Cooling towers

Heat exchangers—in tubes and
welded areas—on shell where
water is on shell side

Storage tanks—especially at the
bottom where there is sludge
build-up

Algae, fungi, and other
microorganisms in
cooling towers

Slime-forming bacteria,
aerobic and anaerobic
bacteria, metal-
oxidizing bacteria, and
other microorganisms
and invertebrates

Fire protection
systems

Dead ends and stagnant areas

Anaerobic bacteria,
including SRB

Docks, piers, oil
platforms, and other
aquatic structures

Just below the low-tide line
splash zone

SRB beneath
barnacles, mussels,
and other areas
sequestered from
oxygen

Pulp and paper

Rotating cylinder machines
Whitewater clarifiers

Slime-forming bacteria
and fungi on paper-
making machines

Iron-oxidizing bacteria
SRB in waste water

Power-generation
plants

Heat exchangers and condensers
Firewater distribution systems
Intakes

As above for heat
exchangers and fire
protection systems

Under mussels and
other fouling
organisms on intakes

Desalination

Biofilm development on reverse
0smosis membranes

Slime-forming bacteria

TaBLe 7.2 Where MIC Problems are Most Likely to Occur [9]
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higher than the current produced by ordinary galvanic cells and as
a consequence corrosion may be much more rapid. Another
difference between galvanic-type currents and stray currents is that
the latter are more likely to operate over long distances since the
anode and cathode are more likely to be remotely separated from
one another. Seeking the path of least resistance, stray currents from
a foreign installation may travel along a pipeline or any other buried
metallic structure causing severe corrosion where it leaves the line
or current carrier.

Stray currents causing corrosion may originate from direct-
current distribution lines, substations, or street railway systems to
damage a metallic structure somewhere in its vicinity as described in
more details later in the present chapter. Alternating stray currents
very rarely cause corrosion.

Investigating the presence of stray currents to prevent or explain
corrosion problems is not a new field in corrosion engineering. In
fact, as mentioned in App. A, such activities were carried out by
probably the first corrosion engineers in North America when the
American Committee on Electrolysis was established at the turn of
the twentieth century to combat the serious effects of railcar stray
currents to underground metal structures (Figs. 7.4 and 7.5).

Ficure 7.4 An electrolysis surveyor using a McCollum earth current meter
from the early 1920s. (Courtesy of East Bay Municipal Utility District).
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Ficure 7.5 Pits in 16-inch sheet iron water main in San Francisco’s East Bay
that failed in one month due to leakage of current from electric streetcars.
(Photo dated August 10, 1926, Courtesy of East Bay Municipal Utility District).

As written in a book published in 1906 [10], “Electrolysis is a disease
most largely peculiar to America. The Europeans have experienced
little trouble from the corrosive action of return currents, but the
reports of the ‘horrible” cases in this country aroused their fears and
they at once set to work to determine the state of affairs in their own
countries.”

Identifying the Corrosion Factors

The factors listed earlier have been organized in a framework of six
categories with anumber of subfactors as shownin Table 7.3. According
to Staehle’s materials degradation model, all engineering materials
are reactive and their strength is quantifiable, provided that all the
variables involved in a given situation are properly diagnosed and
their interactions understood [11]. The corrosion-based design analysis
(CBDA) approach was further developed from the initial framework
as a series of knowledge elicitation steps to guide maintenance and
inspection decisions on the basis of first principles [12].
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Factor

Subfactors and Contributing Elements

Material

Chemical composition of alloy
Crystal structure

Grain boundary (GB) composition
Surface condition

Environment
Chemical definition

Type, chemistry, concentration, phase, conductivity
Velocity, thin layer in equilibrium with relative

Circumstance humidity, wetting and drying, heat transfer boiling,
wear and fretting, deposits
Stress Mean stress, maximum stress, minimum stress,

Stress definition
Sources of stress

constant load/constant strain, strain rate, plane
stress/plane strain, modes I, II, lll, biaxial, cyclic
frequency, wave shape

Intentional, residual, produced by reacted
products, thermal cycling

Geometry

Discontinuities as stress intensifiers
Creation of galvanic potentials
Chemical crevices

Gravitational settling of solids

Restricted geometry with heat transfer leading to
concentration effects

Orientation vs. environment

Temperature

At metal surface exposed to environment
Change with time

Time

Change in GB chemistry
Change in structure

Change in surface deposits, chemistry,
or heat-transfer resistance

Development of surface defects, pitting, or erosion
Development of occluded geometry

Relaxation of stress

TaeLe 7.3  Factors and Contributing Elements Controlling the Incidence of

a Corrosion Situation [11]

The two most important of these steps are described in Figs. 7.6
and 7.7 for respectively, the environment and the material definitions.
Each of the numbers in brackets in Fig. 7.6 identifies an explicit action

that needs to be considered for the environmental definition.
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[2]
Prior chemistry history
1] [5] [7]
: Transformations Inhibition
Nominal | |
chemistry I |

=

major v : :
”"”°r\‘@HOHOHOHOHO
A
: : :
| | |
| | |
Physical features Concentration LA, Result

(4] (6] 8]

System sources

(3]

Ficure 7.6 Analysis sequence for determining environment at a location
for analysis.

The end point of the process is an input to a location for analysis
(LA) matrix that is illustrated in Fig. 7.8 for the locations in a steam
generator. A brief explanation of the individual elements in Fig. 7.6
follows:

[1] Nominal chemistry refers to the bulk chemistry. For
components exposed to ordinary air atmospheres, major
elements mean humid air. Minor elements refer to industrial
contaminants such as SO, and NO,,.

[2] Prior chemistry history refers to exposures to environmental
species that might still reside on the surfaces or inside
crevices.

(1
Major nominal
alloy composition [5] [9]
(6] Structure | A, Result
2] Embrittiement T
Minor nominal '\

|
|
|
alloy composition N |

" 7] Mechanical
Impurities 8]

(3]

Ficure 7.7 Analysis sequence for determining materials at a location for
analysis matrix.
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//—\ Locations for
analysis (LA)

U bend

/-—— U-bend anti-vibration bars (AVB)
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! i Top of tube sheet,

Sludge

Z\——— Tube sheet expansion
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Ficure 7.8 Schematic view of steam generator with different locations
for analysis.

(3]
(4]

(5]

6]

(7]

System sources refer to those environments that do not come
directly from a component but from an outside source.

Physical features include occluded geometries, flow, and
long-range electrochemical cells.

Transformations refer, for example, to microbial actions that
can change relatively innocuous chemicals such as sulfates
into very corrosive sulfide species that may accelerate
hydrogen entry and increase corrosion rates.

Concentration refers to accumulations much greater than that
in the bulk environment due to various actions of wetting
and drying, evaporation, potential gradients, and crevices
actions that prevent dilution.

Inhibition refers to actions taken to minimize corrosive
actions. This usually involves addition of oxygen scavengers
or other chemicals that interfere directly with the anodic or
cathodic corrosion reactions.
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The LA template of the locations that correspond to most likely
failure sites along tubes in a steam generator of a pressurized water
nuclear power plant (Fig. 7.8) is detailed in Table 7.4 for the main
failure modes and submodes considered in such analysis.
Maintenance and inspection actions can be decided upon by
following developing trends monitored in each LA matrix thus
produced.

The framework summarized in Table 7.3, which was initially
developed to predict the occurrence of stress corrosion cracking (SCC),
was extended to other corrosion modes/forms. Additionally, an
empirical correlation was established between the factors listed in
Table 7.3 and the forms of corrosion described earlier in Chap. 6.
Recognized corrosion experts were invited to complete an opinion
poll listing the main subfactors and the common forms of corrosion as
illustrated in the example shown in Fig. 7.9. Background information
on the factors and forms of corrosion was attached to the survey. A
total of sixteen opinion polls were completed in this survey and
subsequently analyzed.

Factor Forms |

Uniform Pitting Crevice Galvanic

Material

Composition

Crystal structure

GB composition

Surface condition

Environment

Nominal

Circumstantial r

Stress

Applied

Residual

Product built-up

Cyclic

Geometry

Galvanic potentials

Restricted geometries

Settling of solids
Temperature

Changing T

T of surface v
Time

Changes over time

Ficure 7.9 Opinion poll-sheet for the most recognizable forms of corrosion
problems.
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Modes (MD)) and Submodes (SDI) to be Considered

Locations
for Analysis

Submodes of SCC

Submodes of IGC

LA

i

oD

LPSCC
(j=1)

HPSCC
(j=2)

AcScc
(j=3)

MRSCC
(j=4)

AkSCC
(Jj=5)

PbsCC
(j=6)

HPIGC
(=1

AclGC
(Jj=8)

AkIGC
(J=9)

Wastage
(j=10)

Pitting
(j=11)

Fatigue
(j=12)

Wear
(j=13)

Tubular expansion
(i=1)

Tubular expansion
(i=2)

Top of tube sheet
(i=3)

Top of tube sheet
(i=4)

Sludge
(i=5)

Free span
(i=6)

Free span
(i=7)

Tube support
(hot leg) (i = 8)

Tube support
(cold leg) (i = 9)

U-Bend
(i=10)

U-Bend AVB
(i=11)

Abbreviations used are low potential (LP), high potential (HP), mid-range pH (MR), alkaline (AK), lead (Pb), stress corrosion cracking (SCC), are intergranular corrosion (IGC).

TaBLe 7.4  Matrix for Organizing Mode-Location Cells
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Figure 7.10 presents the box-and-whisker plots of the results
obtained with pitting corrosion. When presented in this fashion, such
results can provide a useful spectrum of factor and subfactor
confidence levels for each possible corrosion form. Linking the
corrosion factors with possible forms of corrosion in this fashion may
provide guidance to inexperienced corrosion failure investigators

who have typically limited knowledge of corrosion processes.

Material factor

Stress factor

+ — + i
o 1 2 3 4 5 6 7 8 9 10 2 4 6 8 10
Composition Applied stress
— + — — + —
0 2 4 6 8 10 i 2 3 4 5 6 7 8 9 10
Crystal structure Residual stress
P + — — + A
0 2 4 6 8 10 2 4 6 8 10
GB composition Product build-up stress
= + — — + EE—
G S P I T
Surface condition Cyclic stress
Environment factor Geometry factor
’ } ] : —|
o 1 2 3 4 5 6 7 8 9 10 2 4 6 8 10
Nominal environment Galvanic potentials
+ F— + —
0051152253354455556657 75885909510 > 7 5 3 0
Circumstantial environment Restricted geometries
Temperature factor
° 1 + —
] + A
2 4 6 8 10
0 2 4 6 8 10 : f
ttl f sol
Changing temperature Settling of solids
Time factor
F— + —
P + —
o 1 2 3 4 5 6 7 8 9 10

Surface temperature

Ficure 7.10 Box and whisker plots of the survey results obtained for the factors
and subfactors underlying the appearance of pitting corrosion.
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Uniform

Pitting

Crevice
Galvanic
Erosion
Cavitation
Dealloying
Internal attack

Material
Composition
Crystal structure
GB composition
Surface condition
Environmental
Nominal
Circumstantial
Stress
Applied
Residual
Product build-up
Cyclic
Geometry
Galvanic potentials =]
Restricted geometries =]
Settling of solids =]
Temperature
Changing temperature
Temperature of surface
Time
Changes over time \ =] \ \ \ \ \ \ \ \

‘I| Fretting
‘I| Fatigue

] I‘I| Intergranular

:

m
znn mm mm ‘I| scc

Based on response where x>7 and 0<3

Ficure 7.11 Results of compiled survey of corrosion experts highlighting the
most important correlations between corrosion forms and factors.

A listing of the most important factors should therefore improve
the level of awareness on the complexity and interaction of the
variables behind most corrosion failures. Some knowledge of how
the experts have reduced such complexity to a reduced set of variables,
as the compiled results of the survey indicate in Fig. 7.11, may also
help to focus an investigation on the most important variables behind
a specific corrosion case.

An application of the compiled framework could be to test one’s
skills against the experts as illustrated in Fig. 7.12. Another applica-
tion of this practical correlation would be to use the framework of
factors versus forms for archiving data in an orderly manner. Analy-
sis of numerous corrosion failure analysis reports has revealed that
information on important variables is often lacking [13]. The omis-
sion of important information from corrosion reports is obviously
not always an oversight by the professional author. In many cases,
the desirable information will simply not be (readily) available and
require a special investigation to be completed.
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Ficure 7.12 Comparison of the answers of one expert with some of the
compiled expert survey results.

Examples of Corrosion Cells

A difference in potential will be observed if electrically connected
specimens of the same metal are immersed in solutions having
different concentrations of ions of the metals. This is one common
type of concentration cell. Another type is the oxygen concentration
or differential aeration cell.

Local cells may be produced by differences between small nearby
areas on the metal surface. They may also be the result from differences

www.iran—mavad.com

Slgo wigo yole @2 30



Corrosion Failures, Factors, and Cells

in the metal or the environment, from impressed currents, or from local
differences in the many factors described earlier that may cause
corrosion. Metal variations may be the result of composition differences.
A second phase constituent will have a different corrosion potential
compared to that of an adjacent solid solution*. The difference may be
in the thickness of a surface film at adjacent sites which in turn may
reflect metal differences in the substrate.

Any two or more of the cells described in the following sections
can operate at the same time. Sometimes they will work in synergy,
sometimes they will be opposed. For example, in a well casing, there
is usually an oxygen cell and a temperature cell, both tending to make
the deep pipe act as an anode. At the same time, there may be two or
more ordinary concentration cells, as the casing passes through
different strata of soil.

The corrosion of guyed tower anchors such as shown in Fig. 7.13
and Fig. 7.14 and which is becoming an issue of critical importance
will be used in the next sections to illustrate some of these corrosion
cells. In many cases, the loss of one anchor to corrosion (Fig. 7.15) has
resulted in the catastrophic loss of the supported communication
tower (Fig. 7.16).

Ficure 7.13
Basic anchor
support design.
(Courtesy of
Anchor Guard)

Pan plate

Steel anchor shaft

/'

Concrete anchorage

*In metallurgy, a solid solution refers to a homogeneous crystalline structure in
which one or more types of atoms or molecules may be partly substituted for the
original atoms and molecules without changing the structure.
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Ficure 7.14 Typical anchor support with a copper rod ground connection.
(Courtesy of Anchor Guard)

Ficure 7.15 Anchor assembly cut by corrosion at the concrete anchorage.
(Courtesy of Anchor Guard)
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Fieure 7.16 Mangled communication tower fallen due to loss of the anchor
shown in Fig. 7.15. (Courtesy of Anchor Guard)

7.4.1 Galvanic Cells

It is important to realize that galvanic corrosion effects can be
manifested not only on the macroscopic level but also within the
microstructure of a material. Certain phases or precipitates will
undergo anodic dissolution under microgalvanic effects. Because
the principle of galvanic corrosion is widely known, it is remarkable
that it still features prominently in numerous corrosion failures.
Figure 7.17 illustrates the main factors affecting the formation of a
galvanic cell [14].

Any two metals can be used to make a galvanic cell. Whether a
metal will behave as an anode or a cathode in combination with
another metal in the same environment can usually be determined by
its relative position on a galvanic series. Figure 7.18 shows the
galvanic series of many metals and alloys in slow-moving seawater
and Table 7.5 presents the galvanic series which was constructed for
metals exposed to neutral soils and water [15].

Are these corrosion cells common? The answer is yes. Whenever
a copper pipe service line is directly connected to a cast iron gas or
water main, a galvanic cell is formed (Fig. 7.19) the soil is the
electrolyte, the copper service line is the cathode, the iron (or steel)
main is the anode, and the connecting circuit is completed by attaching
the line to the main. Such cells may be relatively harmless when the
anode or corroding metal occupies a much larger surface than the
cathode so that the attack is spread out over a large area.
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Type of join
* Welded
Electrode potentials * Rivets

* Thermodynamics
¢ Scaling
* Deposits

Reaction kinetics
* Polarization
Characteristics
* Complexing reactions
* Precipitation reactions

A 4

/

[ Metal A | Metal B |

* External connection

Geometry
» Surface area ratio (Sa/Sc)

* Surface shape
/ » Separation distance
Bulk solution
Properties

* Oxygen content
0 pH

Alloy composition
* Main phases
* Microstructure

* Impurities Surface characteristics

» Nature of protective film
* Presence of holidays
* Solution dependence

* Conductivity

Mass transport

* Flow rate

* Turbulence

* Presence of bubbles

Ficure 7.17 Factors affecting galvanic corrosion [14].

Metal Potential V (CCSRE)
Commercially pure magnesium -1.75
Magnesium alloy (6% Al, 3% Zn, 0.15% Mn) -1.6

Zinc -1.1
Aluminum alloy (5% zinc) -1.05
Commercially pure aluminum -0.8

Mild Steel (clean and shiny) -0.51t0-0.8
Lead -0.5

Cast iron (not graphitized) -0.5

Mild steel (rusted) -0.2t0-0.5
Mill scale on steel -0.2

High silicon cast iron -0.2
Copper, brass, bronze -0.2

Mild steel in concrete -0.2
Platinum 0to-0.1
Carbon, graphite, coke ¢ +0.3

Typical potentials normally observed in neutral soils and water, measured in relation to

a copper/copper sulfate reference electrode.

TaBLe 7.5 Practical Galvanic Series for Metals in Neutral Soils and Water [15]
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— Graphite

Platinum
Ni-Cr-Mo-Cu-Si alloy G
Ni-Cr-Mo alloy C
Titanium

Alloy 325

316 317 SS (passive)

Monel 400, K-500

Silver

302, 304 321 347 SS (passive)
Nickel 2

I

llllhir

Silver bronze alloys
Alloy 600 (Passive)
Nickel-aluminium bronze
70—30 copper-nickel

— ead
— 430 SS (Passive)
— 80—-20 copper-nickel
— 90-10 copper-nickel
— Nickel silver
—_— 410, 416 SS g’assive)
— Tin bronzes
— Silicon bronze
— Manganese bronze
— Admiralty, aluminium brasses
— Pb-Sn Solder (50/50)
—_ Copper

Tin
Naval, yellow, red brasses
Aluminium bronze
316, 317 SS gActlve)
AIon 600 (Active)
Austenitic nickel cast iron
302, 304, 321, 347 SS (Ac‘lve)
410, 416, 430'SS (Active)
Low alloy steel
Mild steel, cast iron
Cadmium’
Aluminium alloys

Zinc

Magnesium

-2 -15 -1 -0.5 0 0.5

Potential (V vs. SCE)

Ficure 7.18 Galvanic series for slow-moving seawater.

However, the situation can lead to the corrosion of steel when the
surface area of the cathode (copper) approaches that of the anode (steel)
such as shown in Fig. 7.20 or when the surrounding environment is
more conductive or corrosive in the region where the galvanic coupling
exists (Fig. 7.21). In the example shown in Fig. 7.20, the anodic corrosion
of the anchor is partly due to the galvanic corrosion cell formed by the

Cathode site
Copper water service ;

Anode site
A Iron watermaln

Fieure 7.19 Underground corrosion cell involving connection of dissimilar
metals.
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Ground >
copper rod

Concrete

Ficure 7.20 Schematic of the corrosion cells acting on an anchor support
with a ground connection. (Courtesy of Anchor Guard)

Ficure 7.21 Corrosion of a water main ductile iron adjacent to a copper
fitting. (Courtesy of Drinking Water Services, City of Ottawa)
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Electrical insulators

Grade

Corrosion

Ground N
copper rod

/V

Concrete

Ficure 7.22 The addition of insulators between the ground rod and the steel
anchor to stop the galvanic action. (Courtesy of Anchor Guard)

connection of ground copper rods. One way to minimize the dissimilar
metal interaction that causes the corrosion of the structural steel anchor
is to break the electrical path between these two components by adding
insulators as shown in Fig. 7.22. However, this measure alone has
proven to be only a partial solution to this type of problem since another
corrosion cell is still active as will be described in the section
“Concentration Cells.”

7.4.2 Concentration Cells

Concentration corrosion cells may occur when a metal is exposed to
an environment containing varying levels of electrolytes either of
different substances or of the same substance in different amounts.
For example, if one electrolyte is a dilute salt solution and the other a
concentrated salt solution, a concentration cell may be formed. This
takes place because one of the factors that determine an electrode
potential is the electrolyte concentration.

Dissolved salts in a soil environment can be complex mixtures
and include compounds of aluminum, calcium, magnesium, and
other metals combined with sulfates, chlorides, hydroxides, or any
one of quite a variety of anionic species. The role played by these salts
can also vary greatly. Chloride ions, for example, can be quite
aggressive toward steel and sulfate ions can serve as nutrients to
sulfate reducing bacteria (SRB) which themselves can be extremely
damaging to most buried metals.
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In the example shown in Fig. 7.22, the main difference in the
environment surrounding the steel anchor is due to the variation of
pH between the soil typically acidic and the basic pH in the concrete
anchorage (pH > 10). Because this higher pH is protective to steel, it
naturally follows that the steel in concrete becomes the cathode
drawing an anodic current from the adjacent steel in the soil.

A concentration cell common during the corrosion of reinforced
concrete exposed to salts containing chloride ions (marine
environments or road deicing salts) is illustrated in Fig. 7.23. In such
cells the reinforcing steel in contact with the mobile chloride ions may
become vulnerable to corrosion due to the depassivation of the steel.
The process is further accelerated by the presence of bars embedded
deeper in the concrete. These protected bars can then serve as cathodes
because of the attaching strings serving as electrical connection. Such
situations may result in the formation of stress cells due to the
accumulation of corrosion products. Eventually the pressure created*
may be high enough to cause cracks and the degradation of reinforced
concrete (Fig. 7.24).

Cover cracking

Chloride penetration

Expanding rust

Anode
A . . ‘ _
ACathode ™ © =
. n
. S
7 7 (/i 7/ 777 N7/
. h . .

Ficure 7.23 Corrosion Cell in Concrete. (Courtesy of Vector Corrosion
Technologies)

* An equivalent volume expansion ratio of 3.0 to 3.2 has been measured due to the
formation of corrosion products on steel bars embedded in concrete [16].
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Ficure 7.24 Cracking of concrete cover in marine environment.

7.4.3 Differential Aeration: Oxygen Concentration Cells

The oxygen content of any solution ranks high on the list of factors
influencing the corrosion of iron and numerous other metals.
Elimination of oxygen by deaeration is a practical means of reducing
corrosion, as in the case of steam boilers which are operated with
deaerated feed water.

Differential aeration cells can be caused by crevices, lap joints,
dirt and debris, and moist insulation. Under these conditions, the
oxygen starved areas are anodic, while the areas with free access to
oxygen are cathodic. Common terms for this type of corrosion include
crevice corrosion, oxygen screening, and poultice action.

Oxygen not only enables a corrosion reaction by maintaining a
cathodic reaction, but it can promote one. This occurs where there is
a difference in the concentration of dissolved oxygen (DO) between
two points of the same metal surface. Since the direction of the
reaction is toward equilibrium, the only way that equilibrium can be
approached by corrosion will be to reduce the concentration of oxygen
where it is highest. Such reduction can be done by consuming the
oxygen as shown in Eq. (7.1).

0, +2H,0+4e”~ — 40H" (7.1)

The end result is that whenever there is a difference in the
concentration of DO at two points on a metal surface, the surfaces in
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contact with the solution containing the higher concentration of DO
will become cathodic to surfaces in contact with a lower concentration
of DO causing these surfaces to suffer accelerated corrosion as anodes
in an oxygen concentration cell.

It is easy to demonstrate an oxygen concentration cell with an
experimental setup using two containers (Fig. 7.25). In this experiment,
pieces of steel electrically connected are immersed in a sodium-
chloride solution in the two containers. The solution in one container
is saturated with oxygen and the solution in the other container is
saturated with nitrogen. This establishes a difference in the
concentration of DO in contact with the two pieces of steel. The high
concentration of DO in one container makes the steel surface cathodic
to the steel in the other container.

In the following example the concentration cell is caused by
differences in the electrolyte and in oxygen content around a buried
anchor rod (Fig. 7.26). In this illustration, the upper soil layer is a
loose, somewhat gravelly soil, below which there is a dense clay-type
soil. The portion of the shaft in contact with the clay-type soil acts as
an anode to the portion of the shaft in contact with the looser gravelly
soil, which is consequently the cathode.

Such differential aeration cells are also very common on buried
pipes. For example, a pipe usually rests on undisturbed soil at the
bottom of a ditch. Around the sides and on top of the pipe is relatively
loose backfill that has been replaced in the ditch. A corrosion cell is

Nitrogen
i\
Oxygen

o 11 |

Oo
(@)

(m

Ficure 7.25 Experiment to demonstrate generation of corrosion current by
an oxygen concentration cell.
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Loose gravely soil

Dense clay soil .
Corrosion

P

Concrete

Ficure 7.26 Differences in the porosity of the soil that can lead to an
oxygen concentration corrosion cell. (Courtesy of Anchor Guard)

formed because the backfill is more permeable to oxygen diffusing
down from the surface. In this case, the anode is the bottom surface of
the pipe and the cathode is the rest of the surface. The electrolyte is
the soil, and the connecting circuit is the metallic pipe itself.

When a pipe or cable crosses a paved road, as in Fig. 7.27 for
example, the portion under the paving has less access to oxygen than
does the area lying under unpaved soil. Thus, a cell is formed:

¢ The anode is the pipe under the paving
¢ The cathode is the pipe outside the paving
e The electrolyte is the soil

e The connecting circuit is the pipe or cable

In this particular example, although the entire length of pipe
under the paving is anodic, most of the attack will take place close to
the edge due to the normally low resistivity of the soil environment.

7.4.4 Temperature Cells

While concentration and oxygen cells are responsible for perhaps
90 percent of the corrosion in soils and natural waters, other cells,
such as the temperature cell shown in Fig. 7.28, may be still quite
damaging when they get established. In such cells, the two electrodes
are of the same metal, but one is maintained at a higher temperature
than the other by some external means. In most cases, the electrode at
the higher temperature becomes the anode to cause what has been
called thermogalvanic corrosion.
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Ficure 7.27 Oxygen differential cell resulting from burial under paving
producing an oxygen concentration cell.

In the gas transmission line example shown in Fig. 7.28, the
compressed gas coming out of the station is hot, and, as it travels
down the line, it loses heat by transfer to the surrounding soil. The
result creates a cell:

¢ The hot pipe near the compressor is the anode

¢ The cooler pipe down the line is the cathode

Compressor station

Hot gas

Cathodic ar'e_a :

A

2 Coolergas | =7 /.

Ficure 7.28 Concentration cell resulting from heat differential.
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e The soil is the electrolyte
e The pipe itself is the connecting circuit

This is a particularly unfortunate type of cell because the high
temperature just outside the compressor tends to damage the coating,
so that the part of the line which is the anode is also likely to have the
poorest coating.

External corrosion of copper hot water tubing underslab has
resulted in a great deal of construction defect litigations due to this
type of corrosion cell [17]. Oil and gas well casings also experience
similar cell attack. The pipe at some depth below the surface is at a
higher temperature since temperature increases with depth and thus
becomes the anode. The cooler pipe near the surface and the surface
piping make up the cathode, the soil is the electrolyte, and the pipe is
the electrical connection.

7.4.5 Stray Current Cells

In all the cells described so far, the source of the energy which makes
a cell active has been within the cell. However, in stray current cells
the energy comes from an electrical current external to the corrosion
site per se. The source of energy for such cells may be a distant
generator, a direct-current transmission line, a cathodic protection
rectifier on some other line, a street car system, or an electric railway
(Fig. 7.29).

The corrosion effects of stray current can be easily demonstrated
with a simple laboratory setup such as shown in Fig. 7.30(a). After
only a few minutes of passing a small DC current in the cell
containing a dilute saline solution, the formation of hydrogen
bubbles is readily visible on the steel nail connected to the negative
post of the DC power supply [Fig. 7.30(b)], while the nail connected
to the positive post shows signs of rapid corrosion a few minutes
later [Fig. 7.30(c)].

« ot
Substation
Rail current return path
I_

) ~Ground
Stray current Soil current return path
enters Stray current leaves
—>

0" Buried pipeline >; ‘

Stray current corrosion

Ficure 7.29 Stray current corrosion due to the return path of an electric
railway.
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(b)

Fieure 7.30 Experiments to illustrate the effects of stray current showing
(a) the experimental setup containing a DC power supply plus two steel nails
partially immersed in a dilute saline solution and connected to the positive
(left) and negative (right) posts of the DC supply; the effects of imposing a
DC current on the nails (b) after five and (c) ten minutes.
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(©)

Fieure 7.30 (continued)

Impressed current cells in which the soil is the electrolyte are of
two kinds: accidental and deliberate. An example of a deliberate cell
is an impressed current system which supplies cathodic protection to
increase the life of a structure by forcing an anodic current to anodes
in a remote location. Accidental systems, however, may exist under a
variety of circumstances. Any direct current flowing in the soil from
any source whatsoever can, if it finds a pipeline or other metal object
in its path, collect on the pipe in one area and discharge from it in
another. The area where it collects becomes a cathode while the area
where it discharges is an anode, and thus corrosion occurs.

7.4.6 Stress Cells

If an ordinary nail is dropped into a vessel of salt water, it will be
attacked, and, after some time, rust will be observed discoloring the
water. The initial points of attack will be, in almost every case, the
point and the head. This is an example of a type of cell known as a
stress cell. Figure 7.31 shows how dramatic this effect can be on the
heads and nuts used to hold fire hydrants on their base in the soil. In
these cases the two electrodes are of the same metal and the electrolyte
isuniform. The differenceliesin that one electrode is more mechanically
stressed than the other. The area of high stress is always the anode of
the cell, made that way by the extra energy supplied by the stress
itself, and the corrosion reaction is the favored stress relieving path.
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Ficure 7.31 Severe corrosion of fire hydrant bolts and nuts due to stress
cells. (Courtesy of Drinking Water Services, City of Ottawa)

Stress cells can take on three basic forms. One, like the nail just
described, has its anode established by residual internal stress often
produced by cold work or stress left because of something which
has happened to the metal. In the case of the nail, the stress was
caused by cold-forming of the head and point. If these stresses were
relieved by heating the nail at a moderate temperature* and letting
it cool slowly, residual stresses would disappear and this type of
stress cell eliminated.

In the second type of stress cell, the metal is part of a structure
which is under stress. The most highly stressed part of the metal
becomes the anode, with the less-stressed or unstressed metal acting
as the cathode. Metal atoms are at their lowest strain-energy state
when situated in a regular crystal array. Applied stresses may be
static or cyclic.

A third type of stress has already been mentioned in the discussion
on crevice corrosion in Chap. 6 and in the reinforced concrete example
discussed in the previous section on concentration cells.

In these cases, the stresses produced by an accumulation of
corrosion products are typically formed in restricted geometries
where the specific volume of the corrosion product is greater than

*For carbon steels this temperature would be 75 to 80°C below the A transfor-
mation temperature, which is about 727°C. Therefore stress-relieving is done
at approximately 650°C for about one hour or until the whole part reaches the
temperature.
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that of the metal that is corroded. Such stresses can cause cracks to
initiate and grow. Stresses from expanding corrosion products can
readily cause adjacent metals to flow plastically, as occurs in nuclear
steam generators in a process called denting. Denting results from the
corrosion of the carbon steel support plates and the buildup of
corrosion product in the crevices between tubes and the tube support
plates. This process is called denting since, when seen from the inside
of the tubes, these deformations seem to produce dents at the
tubesheet locations.

Pack rust* is another example of the tremendous forces created by
expanding steel corrosion products where forces as high as 70 MPa
have been reported [18]. Figure 7.32 illustrates the effect of pack rust
thathas developed on steel bridge under repair. The force of expansion
in this particular example was sufficient to break three of the bridge
rivets shown in Fig. 7.32. Such corrosion damage may be a serious
derating factor when the load-bearing capacity of a bridge or of any
other infrastructure component is evaluated during inspection.

Ficure 7.32

The effect of
pack rust that has
developed on an
important steel
bridge under
repair. (Courtesy
Wayne Senick,
Termarust
Technologies www
.termarust.com).

*The expression “pack rust” is often used in the context of bridge inspection to
describe built-up members of steel bridges that are showing signs of rust packing
between steel plates.
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Ficure 7.33 Photograph of the Boeing 737 operated by Aloha Airlines that lost
a major portion of the upper fuselage in 1988.

The following example has baffled the airline industry through a
few investigations. In this case, the deformation due to the corrosion
of aluminum in lap joints of commercial airlines was accompanied by
a bulging (pillowing) between rivets, due to the increased volume of
the corrosion products over the original material. This problem was
said to be the primary cause of the Aloha incident (Fig. 7.33) in which
a 19-year-old Boeing 737, operated by Aloha airlines, lost a major
portion of the upper fuselage in full flight at 7300 m [19]. The
“pillowing” process in which the faying surfaces are forced apart is
schematically illustrated in Fig. 7.34.

The prevalent corrosion product in corroded fuselage joints was
found to be hydrated alumina [AI(OH),], with a particularly high
volume expansion relative to aluminum as shown in Fig. 7.35 [20].

Voluminous corrosion products
generate stresses and
lead to “pillowing”

Ingress of corrosive
electrolyte

Ficure 7.34 Schematic description of the “pillowing” of lap splices.
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Ficure 7.35 Relative volume of aluminum corrosion products.

The buildup of voluminous corrosion products when hydrated
alumina is formed can produce an undesirable increase in stress
levels near critical fastener holes (Fig. 7.36) and subsequent fracture
due to the high tensile stresses resulting from the “pillowing.”

7.4.7 Surface Film Cells

The surface of a metallic object can be easily reacted in normal
atmospheres making it behave quite differently from a piece of
unreacted metal, often resulting in a situation resembling dissimilar
metal corrosion. A film may be formed which is invisible, actually
only a few molecules in thickness, but which may have a potential
as much as 0.3 V different from the unfilmed metal. Naturally, such
a potential difference is enough to create an active corrosion cell.
Steels in soil have a tendency to film with time. “Old” steel, that is,
steel which has been in the ground for several years may then
become cathodic with respect to “new” steel, even when the two are
identical in bulk composition (Fig. 7.37). It is thus strictly a surface
phenomenon [21].

A common occurrence of surface film cell is found in older
distribution piping systems where a section of pipe has been replaced
because of corrosion damage. The new piece of pipe, exposed to the
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Fieure 7.36 Advanced stage on the belly of a Boeing 737, where the
corrosion products have expanded to the point where a number of rivets
have actually popped their heads (Courtesy Mike Dahlager, Pacific Corrosion
Control Corp.).

-0.40 —0.65 —0.35
A A A
| Il
Ground
— A 4 A 4 e A 4
f  Oldppe [ ~ Newppe |  Oldpipe |
| Anodic area |
I . 1
Corrosion

Fieure 7.37 Schematic showing a differential corrosion cell created by
replacement of a section of pipe.
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same corrosion conditions, logically would be expected to last as long
as the original section. However, the new section will usually fail
sooner than expected unless it is electrically insulated from the
remainder of the system.

7.4.8 Microbial Corrosion Cells

The anaerobic corrosion of iron was noted in the nineteenth century
and many theories were proposed about its mechanism. Decades of
scientific research projects and investigations on the complex
influence of microbes on increasing or decreasing corrosion rates
have provided a much deeper insight in the role microorganisms play
on the life of systems exposed to waters and grounds where they
proliferate (see Chap. 10 for more details).

Microorganisms tend to attach themselves to solid surfaces,
colonize, proliferate, and form biofilms which may in turn produce an
environment at the biofilm/metal interface radically different from
the bulk environment in terms of pH, dissolved oxygen, organic and
inorganic species. Since the biofilm tends to create nonuniform surface
conditions, localized attack might start at some points on the surface
leading to localized corrosion, usually in the form of pitting [22].

When microorganisms are involved in the corrosion of metals, the
situation is more complicated than for an abiotic environment, because
microorganisms not only modify the near-surface environmental
chemistry via microbial metabolism but also may interfere with the
electrochemical processes occurring at the metal-environment interface.
Many industrial systems are likely to contain various structures where
MIC and biofouling may cause serious problems: open or closed cooling
systems, water injection lines, storage tanks, residual water treatment
systems, filtration systems, different types of pipes, reverse osmosis
membranes, potable water distribution systems and most areas where
water can stagnate.

One noteworthy example that has taken an alarming proportion
in recent years is plugging and corrosion of emergency fire sprinkler
systems that are typically assumed to be functional until one
attempts to use them, often during an emergency situation.
Numerous reports in the past decade have described the rapid
development of pinhole sized leaks and highly obstructive interior
growth developments in sprinkler system piping, fittings, and
supply tanks. Some occurrences have been reported after less than
one year of system service. In many of these cases, the cause has
been attributed to MIC [23].

Such failures can take two forms. First is the failure of a system to
hold water. This is most often seen in the development of the pinhole-
sized leaks, often considered to be a sure sign of MIC infection. This
is also typically the only concern in many treatment investigations.

Second, and more concerning, is the failure of a system to achieve
its designed purpose: that of fire control. Several systems with MIC
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Ficure 7.38 Cavitation downstream side of the service water system
downstream of a valve. (Courtesy of Russ Green, TMI)

have been found with sprinkler drops completely plugged with the
biofilm or biosludge debris generated by the MIC process. Sprinkler
system feed mains have also been found with up to 60 percent
obstruction from biological growth.

The second example relates to service water systems that supply
river water flow through emergency cooling coils used by the nuclear
industry. Water typically passes through a set of coils before being
returned to the river. Such systems are normally kept in standby mode
except for a quarterly test during which water is passed through a
minimum recirculation valve back to the river. In one case that was fully
investigated, cavitation was experienced immediately downstream of
the valve disc, cutting many deep grooves in the valve body and the
outlet piping. Since the leak was discovered as a drip and not a spray it
was postulated that microbiological action caused the final wall break-
through (Fig. 7.38).

Corrosion Avoidance
The forms of corrosion discussed in Chap. 6 are generally triggered
by one or many of the factors described earlier in the present chapter.
Some of these factors are conveniently described as corrosion cells
and corrosion avoidance starts by considering how to reduce the
effects of these factors and cells.
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7.5.1 Pitting Mitigation

Since pitting is an electrochemical process, it can be stopped by
cathodic protection. It can also be prevented by the use of inhibitors
to alter the electrode reactions of the local cell and remove their
driving force. In some cases, agitation of the environment will prevent
environmental differences from developing and will prevent pitting
that otherwise would occur.

Penetration by pitting is often prevented by coating the surface of
a metal with a sacrificial layer of another alloy, such as zinc on steel or
Alclad* on aluminum, or by applying protective coatings. A zinc-rich
paint is sacrificially active and will prevent the pitting of either steel
or aluminum.

Another way to prevent pitting corrosion is simply by choosing a
more corrosion resistant material. An empirical ranking scheme that
describes the corrosion pitting susceptibility of austenitic and duplex
stainless steels can provide some useful guidance. The pitting
resistance equivalent number (PREN) predicts the pitting resistance
of thesealloysasafunction of their contentin chromium, molybdenum,
tungsten, and nitrogen [Eq. (7.2)]:

PREN = Cr +3.3 (Mo + 0.5 W)+ 16N (7.2)

7.5.2 Crevice Corrosion Mitigation

Crevice corrosion is ideally prevented at the design stage by avoiding
them in the first place or during construction by filling uncorroded
dry crevices with a durable jointing compound that will exclude
moisture and remain resilient.

Crevices are present in many types of equipment. Examples are
gasketed flanges, rolled joints between tubes and tube sheets in heat
exchangers, faying surfaces between tanks and supporting structures,
and so forth. Moisture and chemical solutions may be trapped within
crevices and held stagnant. The use of angle iron construction, skip
welding, high outlets in tank bottoms, “dead” flow areas in piping
stubs, heat exchangers, and vessels should be avoided. A number of
procedures may be used to avoid crevice corrosion at the design stage
(see Chap. 11 for more details on this topic).

1. Use butt joints in preference to lap joints

2. Eliminate or carefully seal lap joints so that they will not
/lopen up/I

* A composite wrought product comprised of an aluminum alloy core having on
one or both surfaces a metallurgically bonded aluminum or aluminum alloy
coating that is anodic to the core and thus electrochemically protects the core
against corrosion.
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3. Provide complete drainage
4. Inspect regularly; clean thoroughly

5. Be careful when using packing materials or thermal insulation
which can hold moisture in contact with metals

7.5.3 Galvanic Corrosion Mitigation

There are a number of ways that galvanic corrosion may be prevented.
These can be used singly or in combination. All of these preventive
measures follow directly from the basic mechanism of galvanic
corrosion.

1. Avoid the use of dissimilar metals wherever possible. If this
is not practical, try to use metals which are close together in
the galvanic series (Fig. 6.31 in Chap. 6).

2. Avoid an unfavorable area ratio whenever possible, particularly
in the presence of an electrolytically conductive environment.

3. If dissimilar metals are used, insulate these electrically from
one another.

4. If it is necessary to use dissimilar metals, and these cannot be
insulated, then the more anodic part should be designed for
easy replacement or should be constructed of thick materials
to longer absorb the effects of corrosion.

5. Coat the cathode (or both anode and cathode) near the
junction to reduce the effective cathodic area. Never coat
the anode alone since any pinhole or holiday would be the
site of rapid anodic attack due to the large S /S, surface
area ratio.

7.5.4 Fretting Corrosion Mitigation

Fretting corrosion can be prevented by eliminating any slipping
movement between two surfaces in contact. Thus, it is sometimes
possible to overcome fretting by increasing the load on the surfaces,
if it prevents relative motion. Alternatively, decreasing the load can
minimize the effect of vibratory motion. In other cases, roughening
the surfaces can increase the friction between the surfaces and stop
the movement. Fretting corrosion can also be greatly retarded by
lubricating the contacting surfaces with an oil or grease with sufficient
load-bearing characteristics that it will separate the surface from the
environment.

7.5.5 Mitigation of Stress Corrosion Cracking
In reference to Fig. 7.39, one could be tempted to say that it is easy to
prevent mitigation of SCC. Simply eliminate the stress, isolate the
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Figure 7.39

The three main
factors contributing
to the occurrence
of SCC.

Environmental
conditions

Metallurgical
structure

metal from the environment, or change the environment! This is of
course much easier said than done. Nevertheless, the following basic
methods of corrosion control are attempts to do exactly that.

Change of material: A total or even partial change of material (e.g.,
“safe-ending” of heat-exchanger tubes) is a common approach.
For complete reliability, use of a superior crack-resistant material
is often the most cost-economical approach.

Change of environment: The removal of chlorides, caustic, or other
major cracking-type species is an effective solution where pos-
sible. However, much less drastic changes are often effective as
well, such as

* Removal of oxygen or oxidizing agents.
e Changing the pH.
e Additions of inhibitors may be effective. Nitrates, for

example, have been used as an inhibitor against caustic
embrittlement of steel.

Barrier coatings: Temporary corrosion prevention compounds have
been found helpful against atmospheric cracking of high-strength
steels, although good commercial organic coatings are much more
reliable. Certain silicone-base paints are routinely used to prevent
external chloride induced SCC of insulated stainless steel vessels
and piping.

Electrochemical techniques: Cathodic protection has been found
effective against anodic SCC. Lead-tin solders and nickel plating
have been used to protect stainless steel tube ends against SCC
by water. This technique must be carefully controlled to be effec-
tive. Austenitic stainless steel has been known to suffer chloride
SCC while simultaneously causing galvanic corrosion of steel
components.
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The following are general recommendations to avoid the initiation
of SCC due to the formation of corrosion cells in service.

* Residual stresses may be minimized by careful thermal stress
relief appropriate to the alloy

e Compressive stresses may be introduced by controlled shot
peening
e Stress raisers should be eliminated or at least minimized

e Open crevices should be eliminated, as well as areas where
deposits can accumulate and build up tremendous internal
pressure

e Conditions conducive to evaporation and concentration of
corrosive species should also be minimized

7.6 Visualizing Corrosion Cells

The existence and location of anodes and cathodes in a corrosion
cell can be demonstrated by the changes in color of certain reagents.
Such color changes have been very helpful in the early days of
corrosion science to study the local interplay of local anodes and
cathodes on apparently homogeneous steel surfaces exposed to a
corrosive environment. As noted by Cushman and Gardner in their
1910 textbook, it is a matter of common observation that iron
usually corrodes rapidly at certain weak points in an effect known
as pitting [24].

The interest in using color changes to reveal subtle corrosion
mechanisms is still quite modern as attested by two papers recently
published in a reputable corrosion journal. In one paper, the corrosion
of aluminum and aluminum alloys in chloride-containing agar gels
was studied by using a broad-range pH indicator [25]. Distinct changes
in pH were observed at low-pH anodic sites and at high-pH cathodes.
There was a definite edge effect that occurred when gels were placed
directly on the metal, which dominated the pattern of corrosion. Wet-
abraded surfaces initially showed a general type of corrosion, whereas
dry-abraded surfaces showed localized corrosion under the gel.

In a second paper published recently, paint systems containing
color-change or fluorescing compounds were found to be sensitive to
underlying corrosion processes by reacting to the pH increase
associated with the local cathodic reaction [26]. The sensitivity of
acrylic-based coating systems for detection of cathodic reactions
associated with corrosion was determined by applying constant
cathodic current and measuring the charge at which color change or
fluorescence was detected.

As explained in much detail in Chaps. 2 and 3, the cathodic
reaction in a corrosion process generally produces an increase in the
concentration of hydroxyl ions as a result of removal of hydrogen
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ions or the reduction of oxygen. Phenolphthalein is a well-known
indicator which develops a red color when the concentration of
hydroxyl ions is increased. Therefore, if phenolphthalein turns red as
corrosion proceeds, it will detect the existence of a cathode and reveal
where it is [27].

Similarly, potassium ferricyanide is a reagent which produces, as
described in Eq. (7.3), a blue color by reaction with ferrous ions (Fe II)
as they form at the anodic areas when iron corrodes. The appearance
of this blue color, therefore, demonstrates the existence and location
of anodes on iron.

3Fe2* + 4[Fe(CN)6]f’y’eHOW) — Fe [Fe(CN); 15 - 4H,0 prussian biue) T OCN 7.3)

Fe3+ Fe3+ Fez+

The combination of these two reagents in a gelling agent to which
sodium chloride is added is known as a ferroxyl solution*. Cushman
and Gardner made ample use of this medium to reveal local corrosion
cells and supported their theories with many pictures in their 1910
textbook.

One classic example of a local cell revealed by the ferroxyl agent
is the development and location of the anode and cathode in a cell
established on a steel surface within a drop of ferroxyl gel. Oxygen
from the air is more accessible to the periphery of the drop and sets
up a cathode that becomes visible as a pink color. Simultaneously an
anode that develops near the center of the drop which is less accessible
to oxygen is revealed by the gel turning blue (Fig. 7.40).

These color-changing reagents have also been used to show the
existence and location of anodes and cathodes created by joining
dissimilar metals. For example, upon placing a steel nail with copper

Red
O, reduction produces OH~ (Red color) Blue

(@
Fe?*(blue color)
it/

Corroding steel (Fe)

Side view Top view

Ficure 7.40 Ferroxyl drop experiment on a steel plate.

*How to prepare 250 mL of ferroxyl gel containing 3 percent sodium chloride:
Dissolve 7.5 g sodium chloride in 250 mL distilled water. Add 5 g powdered agar
agar and boil the mixture until the agar is dispersed. Then add 0.5 g potassium
ferricyanide and 5 mL of a 0.1 percent phenolphthalein solution.
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plate on the pointed half of it in a ferroxyl gel it will develop a pink
area around the copper-plated portion and a blue area around the
bare steel half (Fig. 7.41) [27]. In this experiment, the colors become
more intense with time. This shows that iron continues to corrode as
an anode, and, at the same time, there is an increasing concentration
of alkali at the copper cathode.

When a steel nail with zinc plated on the pointed end is placed in
the same gel, the iron now acts as a cathode and the zinc as an anode
(Fig.7.42). Accordingly, the red color identifying the cathode develops
at the iron half. No iron goes into solution on this area, and, therefore,
no blue color develops. The zinc corrodes as an anode at the point
and is consumed in providing protection to the iron. A white area
develops around the zinc because the zinc corrosion products form a
white substance in contact with the potassium ferricyanide reagent.

The local action cell on a single metal surface may be revealed by
placing an ordinary steel nail in the ferroxyl gel (Fig. 7.43). After a
short time, a pink area develops around the shank of the nail,
indicating the formation of a cathode. Blue areas develop around the
cold worked head and point of the nail where the iron goes into
solution, indicating that these areas are the anodes.

Plated copper

Ficure 7.41 Steel nail partially plated with copper with anode and cathode
revealed by colors developed in a Petri dish containing a ferroxyl gel.
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Plated zinc

pr—— %

Ficure 7.42 Location of anode and cathode areas on a steel nail partially
plated with zinc.

= innes =

Ficure 7.43 Location of local anodes and cathode on a single steel nail.
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CHAPTER 8
Corrosion by Water

8.1 Importance of Water

The amazing view of earth from space shows how the blue planet we
live on is unique among the other known celestial bodies. It has water,
which covers three-fourths of its surface and constitutes 60 to
70 percent of the living world. Actually, only one percent of this water
is fresh and directly usable. Approximately 97 percent of the planet
water is salty seawater and two percent is frozen in glaciers and polar
ice caps. However, abundant supplies of fresh water are essential to
industrial development.

Enormous quantities of water are required for cooling systems,
process needs, boiler feed and for sanitary and potable water. It was
estimated, in 1980, that the water requirements for industry in the
United States approximated 525 x 10° L/day. A substantial quantity
of this water was reused. The intake of “new” water was estimated
to be about 140 x 10° L/day [1]. If this water was pure and contained
no impurities, there would be little need for water conditioning or
water treatment.

8.2 Corrosion and Water Quality and Availability

North Americans use a lot of water. Annually, approximately 63 x 10° m?
of drinking water serves approximately 73 million customers in North
America, with the average total water-use rate per customer ranging
between 475 and 660 L/ capita/day. Recent benchmark estimates by the
American Water Works Association (AWWA) on indoor water-use rates,
indicated an average use-rate of 245 L/capita/day. The average con-
sumer cost for clean water ranges from $0.12 to $0.65/m’.

According to the AWWA industry database, there was in 1995
approximately 1.5 X 10° km of municipal water piping in the United
States. The sewer system consisted of more than 16 thousand
publicly owned treatment facilities releasing some 155 x 10°® m?
of wastewater per day. The total annual direct cost of corrosion
for the nation’s drinking water and sewer systems was estimated at
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$36billion, which included the costs of replacing aging infrastructure,
unaccounted-for water through leaks, use of corrosion inhibitors,
internal mortar linings, and the cost of external coatings and cathodic
protection [2].

Based on AWWA data, there was approximately 1.4 x 10° km of
municipal water piping in the United States in 1995. Table 8.1 presents
an estimated profile of the different materials that make up these
water pipes. New pipes are being installed at a rate which extends the
system length by 1.5 percent per year, while an additional 0.5 percent
is being replaced annually.

8.2.1 Corrosion Impact

Water possesses several unique properties, one being its ability to
dissolve to some degree most of the inorganic substances occurring
in nature. Because of this essential property, water typically contains
a variety of impurities that may cause problems through the
formation of deposits in water lines, on boiler tubes, and on any
other surface water comes in contact with. Dissolved oxygen, which
supports the aquatic life, is also responsible for the corrosivity of
water toward metals. Corrosion jeopardizes the reliability of water
delivery systems by causing leaks and breaks and by affecting water
quality. Corrosion can have a variety of impacts grouped into the
following four categories [3].

Health and Regulations

From a health standpoint, the most significant metal that can enter
the drinking water via corrosion is lead. The contribution of drinking
water to the total daily intake of lead in the United States is estimated
to be approximately 20 percent. In drinking water, the primary
sources of lead are lead service lines, lead plumbing, brass fixtures,
and 50:50 tin-lead solder used to join copper piping. Lead enters the
water when the water has been standing motionless in contact with
the lead source for extended time periods.

Material Percentage
Cast iron 48
Ductile iron 19
Concrete and asbestos concrete 17
PVC 9
Steel

Other 2

TaeLe 8.1 Profile of Different Materials Used for U.S. Transmission Water
Pipes, as Determined from the 1992 AWWA Water Industry Database [2]
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Aesthetics and Customer Perception

The metals of most interest from an aesthetic standpoint are copper,
iron, and zinc. The corrosion products of copper piping in drinking
water may cause a metallic taste, blue-green staining particles, and
discoloration of the water. Iron species from the corrosion of unlined
cast-iron piping, unlined steel piping, and galvanized pipe may
discolor drinking water, form precipitates, cause rusty water and red
staining of laundry and fixtures, impart metallic taste to water, and
promote the growth of iron bacteria and sulfate-reducing bacteria.
Rusty or red water is one of the most common customer complaints
received by water utilities.

Zinc can cause bitter or astringent tastes in drinking water at
concentrations of 4 to 5 mg/L. High concentrations may give water a
milky appearance at room temperature and a greasy appearance
when boiling.

Premature Piping Deterioration and Economic Impacts

Internal corrosion can have significant adverse economic impacts on
the water transmission and distribution systems and consumer
plumbing. Typically, consumer plumbing is most seriously affected
by internal corrosion because piping is normally unlined and its
diameter is small. Such piping will have a tendency to leak or develop
tubercles that may reduce both flow and pressure (Fig. 8.1).

Ficure 8.1 Tubercles in a small diameter water pipe. (Courtesy of Public
Works and Services, City of Ottawa)
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In recent years, many owners of large-diameter transmission and
distribution piping systems typically have protected their investment
by installing pipe with internal linings, by cleaning and lining pipe in
place, or by adding a cathodic protection system for external corrosion
(see Chap. 13 for some examples). However, there are still many
thousands of kilometers of unlined metallic piping in use throughout
North America and Europe. Costs to maintain operability over and
above the normal accrue when this piping must be replaced
prematurely or cleaned and lined in place.

Environmental Concerns

Corrosion of water distribution piping raises environmental concerns
mostly due to the presence of lead, cadmium, zinc, and copper in
drinking water. These metals enter the wastewater collection system
and eventually accumulate in the sludge and end up in a landfill, on
croplands, or other locations, depending on the disposal method.
Metals corroded from water piping are the largest source of these
contaminants in the wastewater of many communities.

8.2.2 Corrosion Management

System reliability is of the utmost importance to water suppliers and
their customers. However, corrosion problems can vary greatly
within a single system because many variables affect corrosion, for
example, pipe material, pipe age, pipe wall thickness, water additives,
corrosion inhibitor treatment, soil chemistry, soil moisture content
and/or local groundwater level, and stray currents [2]. Table 8.2
summarizes some of the physical, environmental, and operational
factors that can affect the deterioration rate of water distribution
systems and lead to their failure [4].

Factor Explanation

Physical

Pipe material Pipes made from different materials fail in different ways

Pipe wall thickness Corrosion will penetrate thinner walled pipe more quickly

Pipe age Effects of pipe degradation become more apparent over time

Pipe vintage Pipes made at a particular time and place may be more
vulnerable to failure

Pipe diameter Small diameter pipes are more susceptible to beam failure

Type of joints Some types of joints have experienced premature failure

(e.g. leadite joints)

TaBLe 8.2 Factors that Contribute to Water System Deterioration [4]
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Factor

Explanation

Thrust restraint

Inadequate restraint can increase longitudinal stresses

Pipe lining and
coating

Lined and coated pipes are less susceptible to corrosion

Dissimilar metals

Dissimilar metals are susceptible to galvanic corrosion

Pipe installation

Poor installation practices can damage pipes, making them
vulnerable to failure

Pipe manufacture

Defects in pipe walls produced by manufacturing errors can
make pipes vulnerable to failure

Environmental

Pipe bedding

Improper bedding may result in premature pipe failure

Trench backfill

Some backfill materials are corrosive or frost susceptible

Soil type Some soils are corrosive; some soils experience significant
volume changes in response to moisture changes, resulting
in changes to pipe loading

Groundwater Some groundwater is aggressive toward certain pipe
materials

Climate Climate influences frost penetration and soil moisture.
Permafrost must be considered in the north

Pipe location Migration of road salt into soil can increase the rate of

corrosion

Disturbances

Underground disturbances in the vicinity of an existing pipe
can lead to actual damage or changes in the support and
loading structure on the pipe

Stray electrical
currents

Stray currents cause electrolytic corrosion

Seismic activity

Seismic activity can increase stresses on pipe and cause
pressure surges

Operational

Internal or transient
water pressure

Changes to internal water pressure will change stresses
acting on the pipe

Leakage

Leakage erodes pipe bedding and increases soil moisture in
the pipe zone

Water quality

Some water is aggressive, promoting corrosion

Flow velocity

Rate of internal corrosion is greater in unlined dead-ended
mains

Backflow potential

Cross connections with systems that do not contain potable
water can contaminate water distribution system

O&M practices

Poor practices can compromise structural integrity
and water quality

TaBLe 8.2 (continued)
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The AWWA has developed a six-step procedure shown in Fig. 8.2
for the assessment and control of internal corrosion of water
distribution systems [3]. Although the application of this method
appears straightforward, working out the details for each system in
an actual network can be quite complex. The procedure specifically
focuses on older systems and does not consider corrosion prevention
for new systems. It assumes that corrosion is already present and

* Water quality impact
* Piping deterioration
* Environmental issues

Document Extent and
Magnitude of Corrosion

Step 1

Determine * Water quality characteristics
Step 2 Possible Causes of « Susceptible piping
Corrosion » Workmanship and materials

* pH and alkalinity

* CaCOj saturation

* Inhibitors

* Material replacement

Develop and
Step 3 Assess Corrosion Control
Alternatives

Evaluate Alternatives ¢ Performance
Step 4 and Select Corrosion ¢ Cost
Control Strategy e Side effects

Document Findings * Formal documentation

Step 5 in Engineering Report * Regulatory requirements

Implement Corrosion * Design, construction, start-up
Step 6 Control and Monitoring » Treatment monitoring
Effectiveness « Distribution system monitoring

Ficure 8.2 Corrosion control program implementation flowchart.
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that the corrosion occurs only internally. Although the cost per
system can be calculated reasonably accurately using this method,
interactions with other systems are difficult to evaluate. The system
size, location, population served, materials used, water quality, and
soil conditions all significantly influence corrosion susceptibility.

Short-Term Corrosion Management

Short-term corrosion problems are often indicated by customer
complaints, such as the occurrence of red or yellow “rusty” water or
a sudden decrease in water pressure. A reason for rust-colored water
is generally the presence of corrosion products that have flaked off of
the internal pipe walls, while a water pressure drop may be caused
by a leak in the transmission or distribution system.

Finding a leak in an underground pipe system is often difficult
because the leak may start small and go undetected for a period of
time. Once the leak is so severe that water is literally coming from the
ground, it may cause a local flood. In addition to the lost water, the
damage can be significant and the repair work is more than what
would have been needed to fix a small leak [2].

Long-Term Corrosion Management

Long-term corrosion impact is generally indicated by system integrity
studies in which maintenance and inspection teams are tasked to find
leaks and failures. Some large utilities have a specialized corrosion
team to monitor the water quality, using corrosion loops in which
treated water circulates over weight-loss coupons. These coupons are
often made from different materials and exposed to various water
flow rates. The coupons would be periodically measured to determine
average corrosion rates.

Water samples would also be routinely tested to ensure that
the water quality is acceptable. The test results are used to make
assessments about corrosion as well. For example, the water pH is
important both for water consumers and for system integrity. The
pH is kept within a predetermined range by adding pH adjusters to
the treatment process.

Necessity of Long-Term Corrosion Planning

Because of the long life expectancy of water systems, a long-term vision
for corrosion management is required. Unfortunately, some managers
give in to short-term cost savings over long-term investments. As an
example, the average thickness of cast iron and ductile iron pipe has
been continuously decreased over the last 100 years because thinner,
higher strength pipe has become available [2]. Unfortunately, corrosion
rates are not significantly dependent on the strength of ductile iron or
steel as was demonstrated by extensive corrosion studies [5]. As a
result, thinner wall pipe will have a smaller corrosion tolerance than
thicker wall pipe and will show more frequent failures. The time to
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corrode through a pipe wall was found to be directly proportional to
the square of the wall thickness, for example, for a wall thickness
reduction of 50 percent the corrosion life will be reduced to 25 percent
of the life of the original pipe thickness.

Framework for Water Pipeline Management

The major tools for managing and preventing pipeline failures until
recently have been simple statistical approaches based on numbers of
pipe breaks per kilometer and reactive inspection techniques such as
leak detection. While these approaches have been useful for managing
pipeline failures, new technologies and knowledge about water system
piping make it possible to develop more efficient and accurate
approaches to maintaining pipeline integrity. The framework illustrated
in Fig. 8.3 was recently proposed to help the introduction of these new
techniques in service and use them even before the required research
and development has been completed [6].

A major component of this framework is the use of nondestructive
evaluation techniques to provide information about the condition of
the pipeline. All pipes will eventually fail, but the rate of failure will
depend on both the pipe material and the actual exposure to
environmental and operational conditions. The most important feature
of the framework relates to the cyclical nature of pipeline management.
Each pipe in the system must be examined periodically, and its
condition reassessed in order to determine what action should be taken
to maintain or upgrade its condition. The entry point to the cycle is the
pipe selection area labeled as “Prioritize Pipes for Analysis” in Fig. 8.3.

Inspection o
techniques Prioritize

pipes for

analysis

Monitoring )
techniques Inspection Repair
replace
data habili
gathering rehabilitate

Data gathering
methods
Cost of
renewal
Condition Decision
Failure assessment making Available
mechanisms funds
Probability
of failure Conseqluences
of failure

Deterioration
rates

Ficure 8.3 Water pipeline management cycle [6].
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A pipeline must first be selected for analysis before any additional
work can be done on it.

A second important point is that the maintenance and inspection
strategy should differ between distribution and transmission systems
to reflect the much higher failure consequences for transmission
pipelines compared to those of a typical distribution line. Approaches
that may not be economically viable for a distribution system could
be employed advantageously in a transmission system to prevent
failures. Essentially, the low consequences associated with a single
distribution failure also mean that the emphasis in distribution
systems should be on failure management in order to minimize
life-cycle costs while a more proactive failure prevention approach
would be better suited for transmission systems due to the high
consequences of associated failures [6].

8.2.3 Condition Assessment Techniques
The pipes in water distribution and transmission systems are difficult
to inspect for damage due to their location below the surface of the
ground. This difficulty has led water utilities to rely on techniques
such as breakage records, leak detection, and water audits to
determine the health of their systems. While these techniques have
been shown to be very useful in prioritizing repairs and replacements,
they have the disadvantage of being reactive in nature. In each case,
problems with the water system only become apparent after the pipes
have failed in some manner [7].

Table 8.3 provides a comparative listing of the different techniques
for inspecting metallic water pipes. Each technique is named and the
relative advantages and disadvantages of the technique are given.

Technique Advantages Disadvantages
Zone water Cheap Does not give the precise
audits Covers large areas of a location of leaks

city quickly Requires isolation of zones

Allows for a comparison Work must be performed at
of water losses between night

individual districts Only gives an overview of
Useful as a screening current problems

process for other

techniques

Can be used to evaluate
the effectiveness of
repair programs

TaBLe 8.3 Comparison of Diagnostic Techniques for Metallic Water Mains [7]
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Technique

Advantages

Disadvantages

Sonic/acoustic
leak detection

Widely practiced
Known to find leaks
accurately

Known to find leaks of
different sizes
Operates from outside
the water line

Percentage of leaks missed by
the technique is unknown
Currently works best in metal
water lines

Only gives information on the
current condition of the line (the
tool has little predictive value)
Background noise problems

Remote field
inspection
(hydroscope)

Most advanced
technique currently
available

Detects areas of
corrosion pitting, as
well as through holes
Can be used to give an
estimate of the future
life of a line

More expensive than leak
detection

Requires access to the inside
of the water line, which may
require cleaning

Knowledge of the relationship
between pit size and residual life
of the pipe is not yet complete
Limited to pits of less than

3 cm?din size.

Magnetic flux

Established technology

Not yet commercially available

technique

Established technology
in oil industry

leakage in oil and gas industry for water lines
Known to be capable of Requires access to and
detecting small defects complete cleaning of the
and through holes in inside of the pipe
steel pipe

Ultrasound Most versatile NDE Technique will not work

through tuberculation

Not yet commercially available
for water lines

Requires access to and
complete cleaning of the
inside of the pipe

Soil corrosivity

Simple to conduct

Cities may have similar levels

measurements May act as a screening | Of corrosivity across their
mechanism for more region, making use difficult
expensive methods Do not always correlate with

corrosion reality

Half-cell Simple to conduct Factors such as stray currents

potential May act as a screening | and soil conditions may affect

measurements mechanism for more readings
expensive methods Accuracy of results depends on
Well established as distance between readings
method to detect Small areas of localized
corrosion activity in corrosion can not be detected
buried objects

TaBLe 8.3 (continued)
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Table 8.4 shows a similar listing for prestressed concrete pipes. It is
apparent from Table 8.3 that most of the techniques available for
inspecting metallic water pipes complement, rather than compete
with each other. Water audits provide broad, reactive information
about the condition of a wide area of a water distribution network.

Technique Advantages Disadvantages
Half-cell Standard technique Experience suggests the
potential Results easy to method is ineffective for use
measurements interpret with these lines in an urban
Simple to perform set.tlng
Does not require pipe Indlcat.es the.p.resence of
entry corrosion activity on or nearby
the pipe, but not the extent of
the damage.
Visual Longest record of Requires man entry into pipes
inspection and successfully detecting Does not provide direct
sounding damaged pipes information on wire breaks
Examines condition of Unclear whether all wire
concrete breaks will produce
noticeable concrete damage
Subjective in nature and
dependent on skill of
inspection team
Acoustic Works in an operating Only detects damage that
monitoring pipeline occurs during monitoring
Can detect wire breaks | Pperiod
during monitoring
period and locate them
Works in all types of
prestressed concrete
pipes
Remote field Can detect single or Currently only available
inspection multiple broken wires for use in embedded type
Inspection gives pipelines
complete picture of Requires man entry into pipes
damage to the pipeline
Impact echo/ Examines condition of Does not give direct
spectral concrete information on wire breaks
analysis of Objective measurement | Slower inspections than
surface waves system remote field effect
Requires an empty pipeline

TaeLe 8.4 Comparison of Inspection Methods for Prestressed Concrete Pipes [7]
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Winch system

Electronic
control box

Droud

e= Water flow
Hydrophone N

Large diameter pipe

Ficure 8.4 Schematic description of the Water Research Center’s large-
diameter pipe leak detection system [7].

Acoustic leak detection methods such as illustrated in Fig. 8.4 may
find already broken or damaged pipes [7]. However, corrosion
monitoring possibly may identify areas where corrosion activity on
pipes is likely while the remote field effect can inspect pipes to find
damage before they fail. A complete diagnostic program is likely to
use all these inspection methods.

8.3 Types of Water

Water is commonly described either in terms of its nature, usage, or
origin. The implications in these descriptions range from being highly
specific to so general as to be non-definitive. A more practical description
consists in classifying waters according to composition, for example,
fresh containing less than 1000 ppm chlorides, brackish having 1000 to
25,000 ppm chlorides, seawater having between 2.5 and 3.5 percent
sodium chloride, and brines with still higher chloride concentrations [8].

The corrosive nature of waters varies considerably depending
largely on their composition and on the alloy exposed to the aqueous
environment. Also very important in many cases is the biological
activity of myriad aquatic organisms, whose metabolic products are
directly or indirectly corrosive to many metals.

8.3.1 Natural Waters

Natural waters have large seasonal variations in physical, chemical,
and biological characteristics. Oxygen, nutrients, pH, and other
factors important for fouling and corrosion vary on a more or less
predictable schedule during what is known as the “turnover.” Any
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monitoring program that does not consider these changes will have
an incomplete picture of the biology and chemistry of the system.

Fresh Water

Fresh water may come from either a surface or ground source, and
typically contains less than 0.1 percent sodium chloride (<1000 ppm). It
may be either “hard” or “soft” (rich or poor in calcium and magnesium
salts) and thus possibly forming insoluble curds with ordinary soap.
Actually, there are gradations of hardness, which can be estimated from
the Langelier or Ryznar indexes discussed later or accurately determined
by titration with standardized chelating agent solutions (e.g., versenates).

The two most important sources of fresh water are surface water
and groundwater. A portion of the rain or melting snow and ice at the
earth’s surface soaks into the ground while part of it collects in ponds
and lakes or runs off into creeks and rivers. This latter portion is termed
surface water. As the water flows across the land surface, the flow-
ing water dissolves some minerals and carries along finely divided
particles and organic matter in suspension. The character of the terrain
and the nature of the geological composition of the area influence the
nature and quantity of the impurities found in these surface waters.

That portion of water which percolates into the earth’s crust and
collects in subterranean pools and underground rivers is called
groundwater. Thisis the source of well and spring water. Underground
supplies of fresh water differ from surface supplies in three important
aspects, two of which are advantageous for industrial use. These are
arelatively constant temperature and the general absence of suspended
matter. However, groundwater may be higher in mineral content than
surface supplies in the same geographic area because of the added
solubilizing influence of dissolved carbon dioxide and the long
residence time.

The concentrations of various substances in water in dissolved,
colloidal, or suspended form are typically low but vary considerably.
A hardness value of up to 400 ppm of calcium carbonate, for example,
is sometimes tolerated in public supplies, whereas 1 ppm of dissolved
iron would be unacceptable. In treated water for high-pressure boilers
or where radiation effects are important, as in nuclear reactors, impurities
are measured in very small units such as parts per billion (ppb) or 1 ug
of contaminant per liter of water. Water analysis for drinking water
supplies is concerned mainly with pollution and bacteriological tests.
For industrial supplies a mineral analysis is of more interest. The
important constituents can be classified as follows [9]:

¢ Dissolved gases (oxygen, nitrogen, carbon dioxide, ammonia,
sulfurous gases)

e Mineral constituents, including hardness salts, sodium salts
(chloride, sulfate, nitrate, bicarbonate, and so forth), salts of
heavy metals, and silica
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¢ Organic matter, including that of both animal and vegetable
origin, oil, trade waste (including agricultural) constituents
and synthetic detergents

e Microbiological forms, including various types of algae and
slime-forming bacteria

Table 8.5 lists typical analytical determinations made in the
examination of most natural waters. The list in Table 8.5 describes
the general categories of substances, the difficulties commonly
encountered by their presence and water treatment methods used to
alleviate the difficulties.

The pH of natural waters errs rarely outside a fairly narrow range
between 4.5 and 8.5. High values, at which corrosion of steel may be
suppressed, and low values, at which gaseous hydrogen evolution
occurs, are not often found in natural waters. Copper exposed to
acidic waters might suffer a slight corrosion attack putting small
amounts of copper ions in solution that may in turn cause green
staining of fabrics and sanitary ware. In addition, redeposition of
copper on aluminum, a common radiator material, or on galvanized
surfaces might set up a very aggressive corrosion cell resulting in
severe pitting of the metal.

Pure water, without dissolved gases (e.g., oxygen, carbon
dioxide, and sulfur dioxide) does not cause undue corrosion attack
on most metals and alloys at temperatures up to the boiling point of
water. Even at temperatures of about 450°C, almost all of the
common structural metals, with the exception of magnesium and
aluminum, offer adequate corrosion resistance to high-purity water
and steam.

From a corrosion standpoint, a significant water component is
dissolved oxygen (DO) from ambient air. Oxygen acts both as a
cathodic depolarizer and as an oxidizer. As a cathodic depolarizer, DO
can remove hydrogen from the cathode during electrochemical
corrosion and accelerate the corrosion attack. As an oxidizer, DO can
be reduced on the metallic surface and participate directly to the
electrochemical processes as described in many examples of Chap. 5.

The effect of DO on the corrosion of carbon steel is illustrated
in Fig. 8.5 [10]. It should be noted in Fig. 8.5 that an increasing
temperature is accompanied by an increase in corrosion rate of
the steel due to faster reaction kinetics. The decreasing solubility
of oxygen with temperature and salinity depicted in Table 8.6
only explains the upper limits of each of the three curves in
Fig. 8.5.

The effect of oxygen on corrosion with increasing temperature is
also shown in Fig. 8.6 that compares the results obtained in a closed
vessel with those obtained with an open container that favored deaera-
tion of the water by ebullition [10]. In a closed vessel, the solubility of
DO increases with pressure and corrosion continues to increase with

www.iran—mavad.com

Slgo wigo yole @2 30



Constituent Chemical Formula Difficulties Caused Means of Treatment

Turbidity None—expressed in Imparts unsightly appearance to water. Deposits Coagulation, settling, and filtration.
analysis as units. in water lines, process equipment, and so on.

Interferes with most process uses.

Hardness Calcium and Chief source of scale in heat exchange Softening. Demineralization.
magnesium salts equipment, boilers, pipelines, and so on. Forms Internal boiler water treatment.
expressed as CaCO, curds with soap, interferes with dyeing, and so on. | Surface active agents.

Alkalinity Bicarbonate (HCO,"), Foaming and carry over of solids with steam. Lime and lime soda softening.
carbonate (CO,*), Embrittlement of boiler steel. Bicarbonate and Acid treatment. Hydrogen zeolite
expressed as CaCO, carbonate produce CO, in steam, a source of softening. Demineralization.

corrosion in condensate lines. Dealkalization by anion exchange.

Free mineral H,SO,, HCI, Corrosion. Neutralization with alkalies.

Acid expressed as CaCO,

Carbon Co, Corrosion in water lines and particularly steam Aeration. Deaeration.

dioxide and condensate lines. Neutralization with alkalies.

pH (H) pH varies according to acidic or alkaline solids in pH can be increased by alkalies and

water. Most natural waters have a pH of 6.0-8.0. decreased by acids.

Sulfate (80,%) Adds to solids content of water, but in itself is Demineralization.

not usually significant. Combines with calcium to
form calcium sulfate scale.

Chloride Cl- Adds to solids content and increases corrosive Demineralization.

character of water.
TaeLe 8.5  Difficulties and Means of Treatment for Common Impurities Found in Fresh Water

114

www.iran—-mavad.com

Slgo wigo ole @2 0




(414

Constituent Chemical Formula Difficulties Caused Means of Treatment
Nitrate (NO,) Adds to solids content, but is not usually Demineralization.
significant industrially. High concentrations
cause methemoglobinemia in infants. Useful for
control of boiler metal embrittlement.
Fluoride F Cause of mottled enamel in teeth. Also used for Adsorption with magnesium
control of dental decay. Not usually significant hydroxide, calcium phosphate, or
industrially. bone black. Alum coagulation.
Sodium Na* Adds to solid content of water. When combined Demineralization.
with OH-, causes corrosion in boilers under
certain conditions.
Silica Sio, Scale in boilers and cooling water systems. Hot process removal with
Insoluble turbine blade deposits due to silica magnesium salts. Adsorption by
vaporization. highly basic anion exchange resins,
in conjunction with demineralization.
Iron Fe?* (ferrous) and Discolors water on precipitation. Source of Aeration. Coagulation and filtration.
Fe3* (ferric) deposits in water lines, boilers, and so on. Lime softening. Cation exchange.
Interferes with dyeing, tanning, papermaking, and | Contact filtration. Surface-active
SO on. agents for iron retention.
Manganese Mn2z* Same as iron. Same as iron.
Aluminum Al Usually present as a result of floc carryover from Improved clarifier and filter
clarifier. Can cause deposits in cooling systems operation.
and contribute to complex boiler scales.
TaBLe 8.5 (continued)
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Constituent Chemical Formula Difficulties Caused Means of Treatment
Oxygen 0, Corrosion of water lines, heat exchange Deaeration. Sodium sulfite.
equipment, boilers, return lines, and so on. Corrosion inhibitors.
Hydrogen H,S Cause of “rotten egg” odor. Corrosion. Aeration. Chlorination. Highly basic
Sulfide anion exchange.
Ammonia NH, Corrosion of copper and zinc alloys by formation Cation exchange with hydrogen
of complex soluble ion. zeolite. Chlorination. Deaeration.
Dissolved None A measure of total amount of dissolved matter, Various softening processes,
Solids determined by evaporation. High concentrations such as lime softening and cation
of dissolved solids are objectionable because of exchange by hydrogen zeolite,
process interference and as a cause of foaming will reduce dissolved solids.
in boilers. Demineralization.
Suspended None A measure of undissolved matter, determined Subsidence. Filtration, usually
Solids gravimetrically. Suspended solids cause preceded by coagulation and
deposits in heat exchange equipment, boilers, settling.
water lines, and so on.
Total Solids None The sum of dissolved and suspended solids, See “Dissolved Solids” and
determined gravimetrically. “Suspended Solids.”

TaLe 8.5 (continued)

314

www.iran—-mavad.com

Slgo wigo ole @2 0




214

Chapter 8

0.8

o
o

50°C

o
w

Corrosion rate (cm/y)
o
w

o
no
\
A
\

0.0
0 1 2 3 4 5 6 7 8 9 10

Dissolved oxygen (ppm)

Ficure 8.5 Effect of oxygen concentration on the corrosion of low-carbon
steel in tap water at different temperatures.

temperature, hence the requirement for removing DO from hot water
systems and boilers.

Other constituents that contribute to corrosion are chlorides, carbon
dioxide and carbonates, and sulfides or ammonia from industrial or

Chlorinity* (°/,,) | 0 5 10 15 20
Salinity™ (°/,,) 0 9.06 18.08 27.11 36.11
Temperature(°C) ppm
0 14.58 13.70 12.78 11.89 11.00
5 12.79 12.02 11.24 10.49 9.74
10 11.32 10.66 10.01 9.37 8.72
15 10.16 9.67 9.02 8.46 7.92
20 9.19 8.70 8.21 7.77 7.23
25 8.39 7.93 7.48 7.04 6.57
30 7.67 7.25 6.80 6.41 5.37

* chlorinity refers to the total halogen ion content as titrated by the addition of silver
nitrate, expressed in parts per thousand, that is %/ .

* salinity refers to the total proportion of salts in sea water, often estimated empirically as
chlorinity x 1.80655, also expressed in parts per thousand, that is %,

TaBLe 8.6 Dissolved Oxygen in Water Exposed to Air at Different Temperatures and
Water Salinity
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Ficure 8.6 Effect of oxygen on corrosion of steel.

natural sources. Of course, many other man-made contaminants and
pollutants can be found in local areas if industries are permitted to
discharge their waste products into water resources. As with other
chemical reactions, corrosion increases with elevated temperature,
unless stifled by insoluble scales, the removal of corrosive gases, or
the addition of corrosion inhibitors.

The formation of scale on a surface plays an ambivalent role. It
can be positive by providing a protection of the substrate or negative
by forming a poorly adherent deposit accentuating pitting at pores,
cracks, or other voids in the scale. If the scale grows to any significant
thickness, the loss of heat transfer through the metal and deposited
scale can also be a problem in certain applications requiring heat
exchange across the metal. Thus, the formation and growth of scales
on metal surfaces is an important consideration when using metals in
waters.

The effect of oxygen and pH on the corrosion rate of steel at two
temperatures is shown in Fig. 8.7 [11]. In a broad range of about pH
5 to 9, the corrosion rate can be expressed simply in terms of the
amount of DO present (e.g., micrometer per year per milliliter DO
per liter of water). At about pH 4.5, acid corrosion is initiated,
overwhelming the corrosion rate by DO. At about pH 9.5 and above,
deposition of insoluble ferric hydroxide, Fe(OH),, or magnetite,
Fe,O,, tends to slow down the corrosion attack. Amphoteric metals
such as aluminum, zinc, and lead, are however additionally sensitive
to high pH situations and show a corrosion rate increase in alkaline
environments. Figure 8.8 compares the behavior of steel and aluminum
as a function of pH.
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Ficure 8.7 Corrosion of steel in water containing 5 ppm of dissolved oxygen at two
different temperatures as a function of the water pH.
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Corrosion by Water

Brackish Water

Brackish water contains between 0.1 and 2.5 percent sodium chloride
(1000 and 25,000 ppm), either from natural sources (e.g., salt deposits)
around otherwise fresh water or by dilution of seawater (e.g., tidal
rivers). Brackish water differs from open seawater in other respects.
The biological activity, for example, can be significantly modified
by higher concentrations of nutrients and fouling is likely to be
more severe as a consequence of the greater availability of these
nutrients.

Within harbors, bays, and other estuaries, marked differences
can exist in the amount and type of fouling agents present in the
water. The main environmental factors responsible, singly or in
combination, for these differences are the salinity, the degree of
pollution, and the prevalence of silt. Moreover, the influence of these
factors can be very specific to the type of organism involved. Apart
from differences that can develop between different parts of the same
estuary, there can also be differences between fouling in enclosed
waters and on the open coast. In this respect, the extent of offshore
coastal fouling is strongly determined by the accessibility to a natural
source of infection. Local currents, average temperature, seasonal
effects, depth, and penetration of light are operative factors. The
presence of pollutants can also be quite important and highly variable
in coastal areas.

Depending on composition brackish waters can be more
aggressive than seawater. In tidal estuaries, the highest corrosion rate
of carbon steel is just below the tidal zone, while in open seawater the
highest corrosion rates are in the splash zone [8].

Seawater

Seawater systems are used by many industries, such as shipping,
offshore oil and gas production, power plants, and coastal industrial
plants. The main use of seawater is for cooling purposes, but it is also
used for firefighting, oilfield water injection, and desalination plants.
The corrosion problems in these systems have been well-studied over
many decades, but despite published information on materials
behavior in seawater, failures still occur.

Most of the elements that can be found on earth are present in
seawater, at least in trace amounts. However, 11 of the constituents
account for 99.95 percent of the total solutes, as indicated in Table 8.7,
with chloride ions being by far the largest constituent. Seawater
typically contains about 3.5 percent sodium chloride, although the
salinity may be weakened in some areas by dilution with fresh water
or concentrated by solar evaporation in others.

Alarge part of the dissolved components of seawater is present as
ion pairs or in complexes, rather than as simple ions. While the major
cations are largely uncomplexed, the anions other than chloride are to
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Concentration

Species mmol— kg gkg™
Na* 468.5 10.77

K* 10.21 0.399
Mg2* 53.08 1.290
Ca* 10.28 0.4121
Sr2* 0.090 0.0079
Cl- 545.9 19.354
Br- 0.842 0.0673
F 0.068 0.0013
HCO,~ 2.30 0.140
S0,* 28.23 2.712
B(OH), 0.416 0.0257

TaBLe 8.7 Average Concentration of the 11 Most Abundant lons and
Molecules in Clean Seawater (35.00%o Salinity, Density of 1.023 g mL™ at
25°C)

varying degrees present in the form of complexes. About 13 percent
of the magnesium and nine percent of the calcium in ocean waters
exist as magnesium sulfate and calcium sulfate, respectively. More
than 90 percent of the carbonate, 50 percent of the sulfate, and
30 percent of the bicarbonate exist as complexes. Many minor or trace
components occur primarily as complex ions at the pH and the redox
potential of seawater. Boron, silicon, vanadium, germanium, and iron
form hydroxide complexes. Gold, mercury, and silver, and probably
calcium and lead, form chloride complexes. Magnesium produces
complexes with fluorides to a limited extent.

Seawater is normally more corrosive than fresh water because of
the higher conductivity and the penetrating power of the chloride ion
through surface films on a metal. The rate of corrosion is controlled
by the chloride content, oxygen availability, and the temperature. The
3.5 percent salt content of seawater produces the possibly most
corrosive chloride salt solution (Fig. 8.9) [10]. The combination of
high conductivity and oxygen solubility is at a maximum at this point
(as shown in Table 8.6, the solubility of oxygen is reduced with
increasing salt concentration). The corrosion of numerous metals in a
wide range of saline waters is reported in Table 8.8.

Salinity was defined, in 1902, as the total amount of solid
material (in grams) contained in 1 kg of seawater when all halides
have been replaced by the equivalent of chloride, when all the
carbonate is converted to oxide, and when all organic matter is
completely oxidized. The definition of 1902 translates in Eq. (8.1),
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Ficure 8.9 Corrosion of steel in various sodium chloride solutions. Note the
peak in corrosion rate at approximately 3 percent sale.

where the salinity (S) and chlorinity (Cl) are expressed in parts per

thousand (%o).

S (%o) = 0.03 + 1.805 CI (%)

(8.1)

The concern over the fact that the 1902 equation gives a salinity
of 0.03%o for zero chlorinity led the creation of a special United

Deepest Pit Average Corrosion Rate

(mm) (mmy—)

Quiet Seawater Flowing Seawater
Alloy 82ms™* 35-42ms™
Carbon steel 2.0 0.075 Nil 4.5
Grey cast iron (graphitied) 4.9 0.55 4.4 13.2
Admiralty gunmetal 0.25 0.027 0.9 1.07
85/5/5/5 Cu Zn Pb Zn 0.32 0.017 1.8 1.32
Ni resist cast iron type 1B Nil 0.02 0.2 0.97
Ni Al bronze 1.12 0.055 0.22 0.97
70/30 Cu Ni + Fe 0.25 <0.02 0.12 1.47
Type 316 stainless steel 1.8 0.02 <0.02 <0.01
6% Mo stainess steel Nil 0.01 <0.02 <0.01
Ni-Cu alloy 40 1.3 0.02 <0.01 0.01

TaBLe 8.8 Effect of Velocity on the Corrosion of Metals in Seawater
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Nations Scientific, Education, and Cultural Organization (UNESCO)
committee to determine a more precise relation between chlorinity
and salinity. The definition of 1969 produced by UNESCO is written
in Eq. (8.2):

S (%o) = 1.80655 CI (%) (8.2)

The definitions of 1902 and 1969 give identical results at a salinity
of 35%0 and do not differ significantly for most applications. The
definition of salinity was reviewed again when techniques to
determine salinity from measurements of conductivity, temperature,
and pressure were developed. The Practical Salinity Scale defined in
1978 is a complex function related to the ratio (K) of the electrical
conductivity of a seawater sample to that of a potassium chloride
(KCI) solution with a mass fraction in KCI of 0.0324356, at the same
temperature and pressure.

S =0.0080 — 0.1692K%5 + 25.3853 K

+14.0941 K15 —7.0261 K2 + 2.7081 K25 (8.3)

Note that %o is no longer used in this definition. In fact, a value of
35%o0 would simply correspond to a value of 35 on the Practical Salinity
Scale.

Precipitation of Calcareous Deposits. The natural presence of calcium
and magnesium in seawater has been advantageously used to coat
internal walls of vessels such as ballast tanks with a protective film of
calcareous deposits. These films, once they are formed by the cathodic
polarization of metal surfaces in seawater, greatly reduce the current
density needed to maintain a prescribed cathodic potential. For most
cathodic surfaces in aerated waters, the main reduction reaction is
described by Eq. (8.4):

0,+2H,0 + 4e~ — 40H" (8.4)

In cases where the potential is more negative than the reversible
hydrogen electrode potential, the production of hydrogen as described
in Eq. (8.5) becomes possible:

2H,0+2e~ — H, +20H" (8.5)

In either case, the production of hydroxyl ions results in an
increase in pH for the electrolyte adjacent to the metal surface. This
situation causes the production of a pH profile in the diffuse layer
where the equilibrium reactions can be quite different from the bulk
seawater conditions. Temperature, relative electrolyte velocity and
electrolyte composition will all influence this pH profile. In seawater,
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pH is controlled by the carbon dioxide system described in the
following Egs. (8.6) through (8.8).

CO, + H,0 — H,CO, (8.6)
H,CO, — H*+ HCO," (8.7)
HCO,” — H* + CO2 (8.8)

If OH" is added to the system as a consequence of one of the above
cathodic processes, then the reactions described in the following Eqgs.
(8.9) and (8.10) become possible, with Eq. (8.11) describing the
precipitation of a calcareous deposit.

CO, + OH- — HCO," (8.9)
OH- + HCO,~ — H,0 + CO,* (8.10)
CO,> + Ca* — CaCOs(s) (8.11)

The reactions represented by Egs. (8.6) through (8.11) further
indicate that as hydroxyl ions (OH") are produced, then reactions in
Egs. (8.7) and (8.8) are displaced to the right, resulting in proton
production. This opposition to the rise in pH accounts for the buffering
capacity of seawater. Irrespective of this, however, these reactions
indicate that the buffering action is accompanied by the formation of
calcareous deposits on cathodic surfaces exposed to seawater as
shown in Eq. (8.11). It is the main reason why the behavior of CaCO,
in seawater has been so extensively studied. Calcium carbonate
sediments are prevalent and widespread in the oceans in two
crystalline forms, that is, calcite and aragonite[12].

Magnesium compounds, Mg(OH), in particular, can also
contribute to the protective character of calcareous deposits.
However, calcium carbonate is thermodynamically stable in surface
seawater, where it is supersaturated, while magnesium hydroxide is
unsaturated and less stable. In fact, Mg(OH), would precipitate only
if the pH of seawater was to exceed a pH threshold of 9.5.

Since calcite and magnesium carbonate have similar structures,
these compounds tend to form solid solutions, the Ca:Mg ratio of
these compounds depend on the ratio of these ions in seawater.
Theoretical calculations suggest that calcite in equilibrium with
seawater should contain between 2 and 7 mol percent MgCO,. But
although low magnesium calcite is the most stable carbonate phase in
seawater, its precipitation and crystal growth are strongly inhibited
by dissolved magnesium. Consequently aragonite is the phase that
actually precipitates when seawater is made more basic. The degree
of saturation for aragonite is described in Eq. (8.12):

K = (Ca%*)CO,>) (8.12)

sp, aragonite

www.iran—mavad.com

Slgo wigo yole @2 30

281



282

Chapter 8

Where (Ca*) and (CO,*) are the molalities of the Ca* and CO~
ions, respectively, and K, ,.eonite 18 the solubility product of aragonite
(at 25°C Ksp, aragonite = 6.7 X 107)

In order to understand the buildup of carbonate ions at a metallic
surface under cathodic protection (CP), one can consider the simplified
electrochemical production of carbonate ions described in Eq. (8.13) that

summarizes the effect of CP in the presence of dissolved carbon dioxide.
H,0 + CO, +2¢” —» H, + CO,> (8.13)

An expression for the limiting current corresponding to this
reaction is described in Eq. (8.14).

surface __ (~bulk
C C

. CO,2- CO,2"
lL = nFDCO327 T (8.14)

where D, is the diffusion coefficient of carbonate ions and &
the thickness of the diffuse layer as illustrated in Fig. 8.10.

At neutral bulk pH, the concentration of carbonate ions in
seawater is basically zero, and the expression of i, simplified as

described in Eq. (8.15).

surface

~
i, =nFDey, » Cgs (8.15)
%
Csurface Bulk solution

Electrode
Concentration

x=0 x;6

»

Distance from electrode

Ficure 8.10 Schematic of a diffuse layer concentration buildup when a
chemical species is produced at an electrode surface.
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Calculation Example. For this problem, imagine a situation where
you would have to design a sacrificial CP system for the protection of
the four main pillars of an oil-drilling platform. These pillars are
basically sealed steel cylinders, 1 m in diameter and 25 m long in their
immerged section. The sacrificial anodes are zinc bars 100 cm long, 12
cm wide and 12 cm thick, with their back tightly screwed onto the
steel surface. This problem is a particular application of the blocking
or passivation of an electrode surface by forcing the accumulation of
some ions that can eventually precipitate and block the surface.
Answer the following questions knowing that the temperature of
the seawater decreases exponentially as a function of depth, changing
from 25°C at the surface to 10°C at a depth of 25 m and that the diffusion
coefficient of CO,>" can be described by the following expression:

D, = D, (1 - 0.043x (25 — 1)) (8.16)

25°C (
where D, is the diffusion coefficient of CO,* at temperature ¢

t is the temperature in °C

D, is the diffusion coefficient of CO,* at 25°C (5x 10~ cm, s™')

Question 1: Given that the corrosion rate of unprotected steel is 1.1 mm y~,
estimate the total corrosion current for one pillar.

Answer

Surface area of one pillar = 7 x diameter x length = 3.1416 x 1 x 25 m?
Surface area of one pillar = 78.54 m?

Corrosion current = surface area X corrosion rate in current density units
Since 1 mm y ' = 0.0863 mA cm™ or 0.863 A m~

Corrosion current = 1.1 X 0.863 x 78.54 = 74.56 A

Question 2: Given that the zinc anodes can provide a sacrificial current
corresponding to a corrosion rate of zinc of 7 mm y !, evaluate the number of
anodes that would be required to reduce the corrosion of steel by a factor of ten.
Assume that the total corrosion current calculated in Question 1 remains the
same to balance a constant cathodic process, the reduction of oxygen.

Answer

Surface of each anode = face + sides + ends

Surface of each anode = (12 x 100) + 2 X (12 x 100) + 2 x (12 x 12) = 3888 cm?
Conversion of corrosion rate into current units: 1 mm y ' =1 x density x 0.306/M
For zinc, n =2, density = 7.133 g cm=, M = 65.38 g mol ™

Corrosion current density of anode =7 x 2 x 7.133 x 0.306/65.38 = 0.4674 mA cm™>
Corrosion current/anode = 0.4574 x 3888 = 1.817 A

The current required is 90 percent of the current calculated in Question 1
or 0.9 x74.56 A, that is, 67.1 A

Number of anodes required = 67.1/1.817 = 36.9 anodes

Question 3: In order to reduce the consumption of anodes over time you would
like to force the precipitation of calcareous deposits onto your steel surface
because you know that by doing so you can cut down the corrosion of steel a
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hundredfold. Knowing that the level of Ca?" ions in seawater is 0.01 molal and
that the diffuse layer is approximately 5 #m thick, calculate:

a) The current density that would be required to force the precipitation of
insoluble aragonite onto the steel close to the water line.

Answer

One has to use Eq. in which n =2, F =96485, D =5 X 10° cm? s, and § =5 x
10 cm.

The concentration of CO,* ions C can be obtained with the solubility product of
aragonite K_ described in Eq. (8.12).

c - Ky _67x 107

w0 =C T 6.7 x 10°mol kg™! =6.7 x 10®¥mol cm™

Ca2+

Hence the limiting current density when the concentration of carbonate ions
is high enough to precipitate with the calcium ions is 1.29 10 A cm™ or
1.29 mA cm™

b) The number of sacrificial anodes/m? required to provide this initial
protective current.

Answer

For a 1 m? surface the required current would be 10 000 x 1.29 x 10° A=12.93 A
Each anode provides 1.817 A

The number of anodes required is therefore = 12.93/1.817 = 7.1 anodes

) Whatwould be the impact on the current density requirements of attempting
to deposit aragonite in an agitated sea?

Answer
Agitation would force the limiting current to increase and the number of anodes
to do the same.

Question 4:  Calculate the current density required to precipitate aragonite at the
bottom of the pillar. Assume that the K of aragonite has not changed.

Answer

Only the diffusion coefficient for the carbonate ions would change.

Since D,/ D, = 0.355

The new limiting current density would therefore be 1.29 x 0.0355 = 0.459 mA cm™2.

8.3.2 Treated Waters

Potable Water

Potable water is fresh water that is sanitized with oxidizing biocides
such as chlorine or ozone to kill bacteria and make it safe for
drinking purposes. In general, this is done by public water utilities
that are responsible for the treatment and distribution of water to
communities. Although in developed countries less than 1 percent
of potable water is consumed, all water delivered to homes for food
preparation, bathing, washing, watering gardens, heating, and
cooling is treated to potable standards.
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Water has been treated for thousands of years, but only when the
connection between bacteria in sewage and severe epidemics was
made were procedures developed for safe water in the nineteenth
century [8]. Today the World Health Organization (WHO), European
Union (EU), and the United States Environmental Protection Agency
(U.S. EPA), along with many other organizations, have a well-defined
set of limits and standards for microorganisms and toxic substances
in drinking water.

The resistivity of potable water is usually between 1000 and 5000
Q cm. By definition, certain mineral constituents are also restricted.
For example, the chlorinity will be not more than 250 ppm chloride
ion in the United States or 400 ppm on an international basis.

Distilled or Demineralized Water

The total mineral content of water can be removed by either distillation
or mixed-bed ion exchange. The level of purification may be described
qualitatively (e.g., triple-distilled water). However, the most accepted
description for both distilled and demineralized water is in terms of
its specific conductivity or resistivity. Demineralization actually
removes the dissolved minerals and represents the most efficient
treatment of hard water. The two most common and cost-effective
methods are deionization and reverse osmosis.

Deionization removes minerals by passing water through a mixed
resin bed in which two ion exchange resins selectively remove both
cations and anions. Cations are replaced by hydronium ions and
anions are replaced by hydroxyl ions. Mixed-bed units are extremely
effective in reducing hardness levels to almost zero ppm. Such water
exhibits a zero ECA* value (neutral ionic charge). Resin beds need to
be flushed orbackwashed onaregularbasis toremoveall contaminants
and to prevent microbiological interference. Beds also need to be
regenerated on a regular basis.

Reverse osmosis forces water through a semipermeable membrane
under high pressure and varying flow conditions. This process can
remove as much as 95 percent of dissolved minerals. Reverse osmosis
units are often used in conjunction with a water softener pretreatment
stage to reduce the demand on the osmosis process itself. Filters need
tobe flushed and replaced asnecessary. Microbiological contamination
also needs to be regularly monitored.

Steam Condensate

Steam condensate produced from industrial steam approaches
distilled water in purity, except for contamination by dissolved
gases and the deliberate presence of additives (e.g., neutralizing
or filming amines). Corrosion in steam condensate systems is

* ECA (electrokinetic charge) is an indication of the charge strength of the water
(degree of anionic or cationic charge).
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frequently a severe problem mostly caused by dissolved carbon
dioxide (CO,) and aggravated by the presence of DO. Carbon
dioxide is produced in the boiler as a result of thermal breakdown
of the natural alkalinity, principally bicarbonate ions, which enter
with the feedwater. The following reactions are produced at boiler
operation temperatures:

2NaHCO, — Na,CO, + CO,(g)+ H,O (8.17)

Na,CO; + H,0 — 2NaOH + CO,(g) (8.18)

The conversion of bicarbonate alkalinity to gaseous carbon dioxide
in Eq. (8.19) is a function of boiler temperature, pressure, and residence
time. Because it is extremely volatile, the carbon dioxide exits the boiler
with the steam produced. At points of condensation, some fraction of
the carbon dioxide present in the steam dissolves in the condensate,
forming carbonic acid that hydrolyzes into hydrogen ions:

CO,(g)+ H,0 - H,CO, » H*+ HCO; (8.19)

The hydrogen ions cause acidic corrosion of both iron and copper
alloy surfaces in the steam condensate system. The simplified corrosion
reaction for iron is

Fe(s)+ 2H,CO, — Fe (HCO,), + H,(g) (8.20)

The Fe(HCO,), formed in this redox reaction is relatively soluble,
dissociated and its formation is competing with the formation of
insoluble iron(Il) oxides such as Fe(OH), or colloidal associations
such as Fe (OH) " [13].

Dissolved oxygen may be another major cause of condensate
system corrosion. Oxygen contamination of steam condensate can
occur due to inefficient or improper feedwater deaeration, air leakage
at pump seals, receivers and flanges, leaking heat exchangers, and
ingress into systems that are under vacuum. In the presence of
oxygen, in addition to providing another possible cathodic reaction
to pair with the iron oxidation, one more oxidative step is possible as
shown in Eq. (8.21). This reaction releases carbon dioxide which
makes the process self-perpetuating.

4Fe(HCO,), + Oy gusanen) = 2Fe,05(5) + 4H,0 + 8CO,(g)  (8.21)

Excessive corrosion of the condensate system can lead not only to
costly equipment failure and increased maintenance costs, but can
also cause deposition of metal oxide corrosion products on boiler
heat transfer surfaces if the condensate is recovered as feedwater.
Metal oxide deposition on boiler heat transfer surfaces will result in
lower fuel to steam efficiency and higher fuel costs. The deposition
may also lead to tube failure due to long-term overheating.
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8.4 Cooling Water Systems

Most of the water used industrially removes heat from production
processes. It is one of the major applications for water and is a major
factor in siting plants and processes. Cooling systems suffer many
forms of corrosion and failure. The diversity of attack stems from
wide differences in cooling water system design, temperature, flow,
water chemistry, alloy composition, and operation. An almost endless
variation of process stream chemistries may be involved in cooling
water systems. Refinery and chemical process industries can employ
hundreds of heat exchangers at a single plant, each with a different
process stream chemistry [14].

The three basic types of cooling water systems are once-through,
closed recirculating (nonevaporative), and open recirculating
(evaporative). True closed systems neither lose nor gain water during
service. Open systems, however, must have water added to make up
for losses. Open recirculating systems employing cooling towers and
spray ponds allow the dissipation of enormous heat loads while
limiting the amount of water consumed.

In closed systems (nonevaporative) where water loss is low, the
total waterborne material entering the system is limited. Thus,
deposited minerals accumulate at a much slower rate than in systems
in which large amounts of makeup water are added. Open recirculat-
ing (evaporative) and once-through systems are exposed to large
quantities of solutes, suspended solids, and biological materials. As a
consequence, fouling and associated corrosion are generally more
significant in open systems than in true closed systems.

8.4.1 Once-Through Systems

Traditionally, industry has tended to develop in areas with an
adequate supply of cooling water. Originally, it was sufficient to pipe
water through the plant and discharge it back to its natural source.
Only nominal attention was paid to control of water chemistry, and it
is in fact economically ridiculous to attempt the chemical treatment of
large volumes of once-through water.

However, even such minor additions as the “threshold” treatment
with 1 to 2 ppm sodium hexametaphosphate, for example, would be
unacceptable to modern environmental standards. Many countries,
states, or provinces now forbid the return to source even when the
concentrations of natural constituents were higher in the intake water
than in the return water. In some areas, thermal pollution is forbidden
since the discharge of the same water at a higher temperature than
the inlet temperature may be harmful to certain marine species (e.g.,
oyster beds).

The consensus today for once-through cooling systems seems to
be that, where permitted, the materials of construction must be chosen
to be resistant to the water, be it fresh water or seawater. All natural
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waters must be presumed to be corrosive to iron and steel by virtue
of aeration. River waters which were once noncorrosive have become
corrosive as they are sufficiently cleaned to provide a suitable
environment for game fish. Biocidal control is likewise inimical.
Treatments against bacteria are incompatible with environmental
considerations, unless the effluent is treated for their removal, a
somewhat very expensive proposition in most cases.

8.4.2 Recirculated Systems
Closed

Closed recirculated systems are characterized by an essentially
permanent charge of water, greatly facilitating the selection of chemical
control and permitting the use of relatively large amounts of chemical
additives. Typical closed recirculated systems are automobile radiator
cooling systems, which are air cooled, and engine jacket cooling
systems, which may either be air cooled or have the sensible heat
removed by exchange with another type of cooling water system. In
some locations, plants may be cooled with a closed loop of treated
fresh water, and the fresh water in turn cooled in large exchangers
carrying a once-through seawater coolant.

All-weather ethylene glycol-type solutions that automobile radia-
tors require complex mixtures of additives, including corrosion inhib-
itors, stabilizers, and buffering agents. Without proper commercial
inhibition, a 40 percent glycol solution at 70°C would corrode iron and
steel at 250 to 500 ym/y, while also attacking the copper, brass, solder,
and/or aluminum components at 25 to 50 ym/y.

Open

Open recirculated cooling water systems remove the heat picked up
in plant by evaporative cooling. This may be done by a spray pond,
for example, combining air conditioning needs with aesthetic
considerations in industrial parks. The most common type of
evaporative cooling, however, is effective in cooling towers of one
type or another (Fig. 8.11).

Cooling towers may operate on natural draft, as in the case of wind-
cooled towers for small home air-conditioning systems or the large
concrete hyperbolic towers used in power generating stations (Fig. 8.12).
In process plants, the towers are more often aided by fans, either forced or
induced draft operations, to improve the cooling capacity (Fig. 8.13).

There are certain fundamental considerations which should be
understood in relation to open recirculated systems. First is the
concept of cycles of concentration. If three cups of boiling water in a
tea kettle were allowed to boil away to one cup, the residual cup
would contain a threefold concentration of soluble water salts,
assuming that only pure steam was driven off. The water would be
said to be at three cycles of concentration.
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Ficure 8.11 Schematic of a forced draught cooling tower.

To prevent this accumulation from becoming unacceptable from
the standpoint of scale and corrosion, a small amount of blowdown
(bleeding of the system) is maintained to control the number of cycles
of concentration from evaporation. This means that makeup water
must be added to equal the evaporation and blowdown losses, but
this is a minor amount compared to the volume of the total system.

For example, if 19,000 Lpm* of cooling water was needed in a
system, the cost for treatment in a once-through design would be
excessive. However, in a recirculating system, the makeup may only
be 380 Lpm, of which only 95 Lpm may need to be treated with
inhibitors. This brings chemical treatment into the range of economic
feasibility, as compared with a once-through system.

The limits imposed by water chlorinity and hardness on how far
the water can be concentrated are such that the savings affected by a

* Liters per minute.
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Ficure 8.12 Natural draft cooling towers with their characteristic height
and distinctive hourglass shape. (Courtesy of Russ Green, TMI)

Ficure 8.13 Three cell induced draft counterflow cooling tower made of
seamless double wall polyethylene construction. (Courtesy of Delta Cooling
Towers)
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recirculating system versus a once-through system are maximized at
about 4 to 6 cycles of concentration. Below this range, treatment costs
become prohibitive. At high cycles (e.g., 8 to 10), the additional water
savings are not commensurate with the increased difficulty of
effective treatment. If the blowdown is shut off entirely, there is still
an effective upper limit of concentration dictated by water losses
from drift or windage. The normal upper limits might be about 20 to
22 cycles of concentration for a mechanical-draft tower.

The advantages of water savings affected by the cooling tower also
impose certain inherent disadvantages. The water becomes air
saturated, ensuring its full corrosion potential, its natural alkalinity
tends to increase and aggravate scaling tendencies. The air scrubbing
action can contaminate the water with airborne materials, notably dust
fines, which form silt in the tower basin, and spores of slime, algae, and
fungi that can reproduce in the warm nutrient water of the system.

8.4.3 Heat Exchangers

Heat is removed from exothermic processes, hot gases, and liquids,
and to control operating temperatures through heat exchangers
cooled with water. Shell and tube heat exchangers consist of a bundle
of tubes connected to tube sheets which are then installed into a shell
(Fig. 8.14). Tube bundles can be parallel with once-through flow from

(a)

Ficure 8.14 Shell and tube heat exchangers being dismantled (a) and close-up
of heat exchangers head (b). (Courtesy of Kingston Technical Software).
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Ficure 8.14 (continued)

one end to the other, or with U-tube in which the hot and cooled fluid
enter and exit from the same end of the exchanger.

The selection of materials for these applications is often a
compromise between the requirements of the process flow and
the type of water. Associated with such heat exchangers are
pumps, pipes, and valves to distribute the water and return it to
source. The various metals commonly used in heat exchangers
have quite different thermal conductivities (Table 8.9). However,
the thermal conductivity of the metal wall is only one component
of the resistance to heat transfer in a heat exchanger tube. In a
condenser (i.e., where steam is condensing on cold tubes), for
example, the resistance to heat transfer through a tube wall is
made up of five main components as illustrated in Fig. 8.15 [8].
The tube wall resistance is comparatively small so that changes in
thermal conductivity from the use of different metals in not
necessarily very significant.

Most metals used in heat exchangers perform well in clean water,
that is, free of sediment, debris, fouling organisms, and pollutants.
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Thermal Conductivity

Alloy (W m?tK?)
Admiralty metal 111
Aluminum brass 100
Aluminum bronze 79.5
90/10 Cu/Ni 44.9
70/30 Cu/Ni 29.4
S30400 15.0
NO8367 11.0
S44735 17.0
S44660 17.0
Commercially pure titanium 21.6

TaBLe 8.9 Thermal Conductivity of Various Alloys Used in Heat Exchangers

Sediment or debris can cause underdeposit corrosion or turbulence
that can damage or remove the protective film, particularly on the
less resistant copper-based alloys. Effective screening or filtering can
limit this problem. Copper alloys are, in general, better at resisting

the attachment of organisms than stainless steels or nickel alloys.

Water side film

film

Steam side
fouling

Tube wall

Water side fouling

Steam side water

Ficure 8.15 Breakdown of the components making up the resistance to
heat transfer in a heat exchanger tube.
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Chlorides in the water can cause corrosion, particularly in the case
of stainless steels. Typically 304 is satisfactory up to about 200 ppm
chlorides, while 316 can withstand around 1000 ppm and 4.5 percent
molybdenum austenitic stainless steels and duplex stainless steels are
known to have suffered from crevice attack at 2000 to 3000 ppm
beneath fouling. Titanium and the six percent molybdenum stainless
steels have been shown to resist crevice attack in seawater (1900 ppm
chlorides) under deposits.

Operational problems can cause corrosion of stainless steel and
copper alloy heat exchangers. Stagnant water left from hydrotesting or
from inadequate draining at shutdown can cause fouling and/or
microbiologically influenced corrosion (MIC). The design and production
of the tube to tubesheet joint are critical factors in the successful use of
shell and tube heat exchangers. Roll-leaks can be caused by tubes being
pulled out of the tubesheet under the action of thermal stresses. This
is particularly so where different metals with different expansion
coefficients are used for the tubes and the tubesheet. This effect can be
prevented by using an expansion joint in the shell. Properly designed
and executed seal or strength welds may prevent leakage at this joint.
Seamless, as-welded, bead-worked (locally cold-worked) or cold-drawn
joints are equally likely to perform well in most services. In critical
applications or where localized corrosion may be initiated by surface
defects, adequate inspection and testing are recommended regardless of
method of tube manufacture.

Steam Generating Systems

The greatest use of high-temperature water and steam is in electrical
power generation. Historically, fossil fuels (i.e., wood, coal, gas, and
oil) were used almost exclusively to heat water and make steam until
the introduction of nuclear-power steam generators in the second
part of the twentieth century. The two types of power plants have
much in common, but are sufficiently different to be discussed
separately. Both, however, presuppose technically advanced water
treatment and control for successful operation.

8.5.1 Treatment of Boiler Feedwater Makeup

Boiler feedwater make-up and boiler feedwater must be softened to
prevent scaling and deaerated to reduce the water corrosivity. The
extent of the treatment depends on the specific requirements based
on a boiler operating temperature and pressure ranges.

A number of lime-softening treatments were used in the past,
but these have given way to more sophisticated treatments. Probably
the most common for boilers up to 2.8 to 4.0 MPa is Zeolite softening.
In this treatment, a sodium salt of a long-chain polymeric organic
molecule comprises the ion exchange bed. As the feedwater passes
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through the bed, sodium ions are exchanged for the calcium and
magnesium ions which comprise the water hardness. Other cations
are also exchanged. The water then exits from the Zeolite bed
softened and at a higher pH than it entered. The beds are regenerated
intermittently with sodium chloride solution to backwash the
hardness salts and reform the sodium salt.

For purer water quality, the water may be totally demineralized by
mixed beds of polymeric resins which exchange in turn hydrogen ions
for all cations and hydroxyl ions for all anions, effectively producing
pure H O from a raw water stream. Such highly purified waters are
required for boilers operating from about 6 MPa and for all nuclear
boilers (to avoid radioactive half-life of water-borne salts).

The softened water is now in its most corrosive state, being still
saturated with DO and having no hardness to form a protective
scale. For reasons of economy, the removal of DO is usually first
effected in part by thermomechanical deaeration. The boiler
feedwater is preheated, then flashed in a deaerator to remove any
free carbon dioxide and most of the dissolved oxygen. Then the last
traces of DO are chemically scavenged with sodium sulfite (Na,SO,)
that reacts with oxygen to form sodium sulfate (Na,SO,) as
described in Eq. (8.22):

2Na,SO, + O, — 2Na,SO, (8.22)

or, if acomplete absence of solid precipitates is desired, with hydrazine
(N,H,) that forms water and gaseous nitrogen in the presence of
oxygen:

2N,H, + O, = 2H,0 + 2N,(g) (8.23)

Both sulfite and hydrazine are available in catalyzed form to
promote more rapid reaction rates. A boiler designed to be operated
with a catalyzed oxygen scavenger must never be operated on the
uncatalyzed grades, or severe corrosion will be encountered in the
economizers or even the steam drum.

A final step in boiler feedwater treatment consists of pH
adjustment as a further aid to corrosion control. Usually the pH
is adjusted to a range of 10 to 11 with trisodium phosphate (or
combinations of caustic with sufficient mono- or disodium
phosphate to form trisodium phosphate upon inadvertent
evaporation of the water). This “coordinated phosphate” treatment
is intended to preclude the environmental cracking of steel by free
sodium hydroxide (caustic embrittlement), a catastrophic form of
corrosion described in Chap. 6. Caustic carryover with the steam
can present severe corrosion problems (Fig. 8.16).

Nuclear requirements are such that zero solids treatment is
required, precluding the addition of sodium salts and necessitating
the use of ammonium hydroxide for pH adjustment.
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Ficure 8.16 Type 321 stainless steel expansion joint in 2.8 MPa (400 psi)
steam service cracked from caustic carryover in the steam. (Corrosion
Basics: An Introduction, 2nd edn., NACE International, by permission)

8.5.2

Fossil Fuel Steam Plants

Conventional steam generation plants or more modern cogeneration
steam plants (Fig. 8.17) consist of many sections operating at different
temperatures and pressures:

Feedwater heaters with water inside and steam outside the
tubes

A boiler (water inside the tubes, hot combustion product
gases outside), where water is heated to high temperatures
under pressure and is sometimes flashed to steam

A steam drum, wherein steam is formed from water and
water is separated from the steam (note: the steam drum is
omitted in certain once-through systems)

A superheater, where the steam is further heated to even
higher temperatures

A turbine, where the steam expands against the vanes of a
wheel to drive the turbine which generates electricity

A condenser, where the low-pressure steam is condensed to
water and returned to the feedwater heaters

In such plants, there are special corrosion problems in each of
these sections. There are also special problems associated with
exposure to hot combustion gases. The materials used in high-
temperature steam and water include steels, stainless steels, and
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Ficure 8.17 Schematic of a 123-MW natural gas-fueled cogeneration plant that
produces electrical power and industrial use steam. (Courtesy of Mighty River Power,
New Zealand)

nickel-basealloys. Copper-basealloys areemployed in theintermediate
and low temperature ranges. Aluminum alloys generally are not used
because of their poor performance above about 200°C.

8.5.3 Supercritical Steam Plants

Supercritical steam plants operating above the water critical
temperature (375°C) and pressure (22 MPa) have the same mechanical
components as conventional steam plants. Major differences are
greater wall thicknesses to withstand the pressure, more corrosion
resistant materials, and lower dissolved solids in the water and
steam.
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Almost all of the components in a supercritical steam plant are
made of austenitic stainless steels of the 18-8 variety, for example,
530403 or 31603. These materials are employed to minimize corrosion
products and their transport through the system. The steam
temperature is no higher than in an ordinary superheater, but the
pressures are such that many chemicals and corrosion products may
show appreciable solubility in the steam.

Many chemicals exhibitaninverse solubility when the temperature
of the steam is above the critical temperature and will therefore
deposit out at these higher temperatures. In one supercritical plant,
about 140 ppm caustic was accidentally introduced into the plant.
Within 30 minutes, caustic stress corrosion cracking (SCC) occurred
in that part of the plant where the temperature was about 425°C. This
temperature corresponds to the minimum in the caustic solubility-
temperature curve. The supercritical steam also undergoes a marked
density increase above this temperature range which could accelerate
the deposition of chemicals.

For such reasons, the dissolved solids content of the water must
be kept as close as possible to zero. A large fraction of the water is
continuously cleaned up in a bypass circuit containing ion exchange
(demineralizer) beds. At start-up, 100 percent of the water may be
passed through the cleanup beds. Chlorides and caustic are the most
undesirable salts because they are known to cause SCC of the
austenitic stainless steels. Dissolved oxygen may be reduced by the
methods described previously to a few parts per billion.

Copper deposition on turbine blades was an early problem with
supercritical units. It was found that trace amounts of copper were
dissolved from the condenser tubes and recirculated into the boiler
section. Because of its excellent solvent properties, the superheated steam
carried the dissolved copper into the turbine where, at the lower pressure,
copper was deposited upon the turbine blades. This not only affected the
efficiency, but threatened to destroy the turbine by mechanical imbalance
due to uneven deposition. The problem has been largely eliminated by
using stainless steel or titanium in the condenser.

8.5.4 Waste Heat Boilers

In many chemical or petrochemical processes, economy dictates that
superfluous exotherms be utilized to generate steam as an energy
conservation measure. Examples are the cooling of a butane oxidation
reaction or the condensation of hot sulfur vapors, steam pressure being
generated on the shell side of specially designed heat exchangers.
Corrosion problems in waste heat boilers usually arise either from
unusual materials of construction or from inattention to the required
details of water treatment. Austenitic stainless steels may be required
from the process-side corrosion aspects, yet be highly susceptible to
SCC from boiler feedwater. The most frequent problem, however, is
that the operating department personnel, whose primary concern is
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the manufacture of marketable products, simply do not give adequate
technical attention to the details of boiler feedwater chemistry. Many
chemical converters, catalytic converters, or other waste heat boilers have
failed from steam-generating side corrosion due to such inattention.

8.5.5 Nuclear Boiling Water Reactors

In a nuclear boiling water reactor (BWR), the nuclear fuel boils the
water and the steam goes directly to the turbine (Fig. 8.18). Temperatures
are approximately 230 to 290°C, and with saturated steam from 2.8 to
7.2 MPa. As with conventional boilers, silica and copper content of the
water must be kept low to prevent their transport by steam and
deposition on the turbine. Additionally, high-purity neutral water
must be used because of the possible deposition of solid chemicals on
the fuel elements and the stripping of volatile components from any
chemicals that would otherwise be used in water treatment.

Although the water and steam contain appreciable amounts of
oxygen, carbon steels and stainless steels exhibit equivalent or
superior corrosion resistance to that observed in pressurized water at
the same temperatures. However, special problems do exist. Stainless
steel fuel cladding has failed by SCC in boiler water reactors.

SCC has also occurred in sensitized stainless steels (i.e., those
with chromium carbide precipitation at the grain boundaries) as a
result of heating the steel in the 425 to 825°C range by welding or
stress relieving. For this reason, Zircaloys are the preferred cladding
materials. However, care must be exercised that alkaline components
do not enter the water and become concentrated by boiling on the
cladding surface because Zircaloys have poor corrosion resistance in
high-temperature caustic solutions.
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Ficure 8.18 Boiling water reactor.
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Boiling water reactor designs can be modified to accommodate a
superheater to raise the steam temperature for improved efficiency.
Experimental nuclear superheaters have been built to superheat the
steam from the boiling water reactor. Corrosion rates for stainless steels
and nickel alloys under heat transfer in the 600°C temperature range are
about 25 um/y. However, experience has shown that even minute
amounts of entrained moisture in the entering steam can carry sufficient
chlorides that cracking of the stainless steel cladding of the nuclear fuel
elements may ultimately ensue. Alloys with higher nickel contents (e.g.,
N08800, N06600, or N06690) have resisted SCC under these conditions.

8.5.6 Nuclear Pressurized Water Reactors

In a pressurized water reactor (PWR) (Fig. 8.19), high-purity water is
pumped past nuclear fuel elements where it becomes heated. The heated
water then goes to the tube side of a heat exchanger, giving up its heat to
boil water on the shell side. Steam is generated from the boiler water.

The water adjacent to the core is called primary water. It is usually
treated with hydrazine to remove oxygen, with lithium hydroxide or
ammonium hydroxide to pH 10 to 11 to minimize corrosion product
transport, and with 25 to 50 cc hydrogen per kg of water to suppress
radiolytic decomposition of water (thereby minimizing corrosion
product transport).

The nuclear fuel must be clad with a corrosion-resistant material to
prevent the release of radioactive gases and fission products to the
primary water. The fuel itself is usually uranium oxide, which is quite
resistant to the primary water. The fuel is clad with austenitic stainless
steel or Zircaloy-2 (R60802) or the extra-low nickel Zircaloy-4 (R60804).
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Ficure 8.19 Pressurized water reactor.
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Zircaloys are preferred because they do not “poison” the nuclear
reaction as much as do the stainless steels. The Zircaloys perform
well in the 285 to 315°C temperature of the primary water for the two
to three-year expected life of a nuclear core. They develop a shiny,
adherent black oxide film, which is protective and has excellent heat
transfer properties. However, after long exposure times (two to four
years), or shorter times at higher temperatures, for example, 40 to 120
days at 360 to 400°C, Zircaloys corrosion rate increases and a white,
relatively nonadherent insulating film develops.

Stainless steels, on the other hand, develop a relatively thick tarnish
film with a thin, powdery surface film. Both films have a nominal
composition of M,O, where M represents iron, nickel, or chromium. The
corrosion rate of stainless steel is not greatly affected by temperature in
the range of 260 to 400°C, and it does not exhibit the marked effect of
temperature on corrosion rate that is characteristic of Zircaloys.

The piping, steam generator, and pressure vessel comprise much
of the total exposed area in the primary section of a pressurized water
reactor. The internal surface of the pressure vessel is clad with
austenitic stainless steel. The piping and steam-generator components
are primarily austenitic stainless steel or Alloy 600 (N06600). Carbon
steel has been used in a few systems.

The corrosion rates of austenitic stainless steels and Alloy 600 are
about the same, approximately 1.5 ym/y. The corrosion rate of carbon
steels is 5 to 10 times higher, to a maximum of about 13 ym/y. These
rates are acceptable from a structural standpoint. However, as much
as half of this oxide may not remain on the surface, but becomes a
radioactive “crud” in its passage through the reactor core. Its
subsequent deposition constitutes a personnel hazard.

The isotopes in the corrosion products which contribute most to
radioactivity are Co-60, Co-58, Fe-59, Mn-54, and Cr-51. These
isotopes are formed from the elements in stainless and nickel-base
alloys. Their half-lives* range from 27 days to more than five years.
Co-60 has a long half-life, and this is the reason for minimizing cobalt
content in nuclear-grade alloys.

It is generally agreed upon that pH in the range of 6 to 10, oxygen
up to 5 ppm, or irradiation have little or no effect on the corrosion
rate of stainless steels. However, these factors do affect the amount of
crud released into the water, the amount increasing with decreasing
pH, increasing oxygen content, and irradiation.

Since the primary water is pressurized, it does not boil. Traces of
chloride contamination or caustic from the water treatment may
therefore concentrate enough to cause SCC. The dissolved chloride
content is usually restricted to less than 0.1 ppm. Flow rates are of the
order of 7 to 10 m s, and the temperature is about 260 to 290°C, with

* Ahalf-life of a radioactive element is the period over which one-half of the initial
activity decays.
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water treatment as described for boiling water reactors. Most
structural components are also fabricated from stainless steel with
corrosion characteristics as described for the piping.

8.5.7 Corrosion Costs to the Power Industry
A detailed example of cost data for corrosion problems affecting the
various broad sectors of the electric power industry has recently been
published for the United States [15;16]. The compiled and sorted costs
are presented in Table 8.10 with the highest cost listed first. These
dollar amounts include corrosion-related costs associated with both
operations and maintenance and depreciation. They also include

both direct and indirect corrosion-related costs.

superheater and reheater tubes

Corrosion Problem Sector $ million %
Corrosion product activation Nuclear 2205 18.80
and deposition
Steam generator tube corrosion Nuclear 1765 15.05
including IGA and SCC
Waterside/steamside corrosion Fossil 1144 9.76
of boiler tubes
Heat exchanger corrosion Fossil & nuclear 855 7.30
Turbine corrosion fatigue (CF) Fossil & nuclear 792 6.75
and SCC
Fuel clad corrosion Nuclear 567 4.83
Corrosion in electric generators Fossil & nuclear 459 3.91
Flow-accelerated corrosion Fossil & nuclear 422 3.60
Corrosion of service water Fossil & nuclear 411 3.51
Intergranular SCC of piping and Nuclear 363 3.10
internals
Oxide particle erosion of turbines Fossil 360 3.07
Fireside corrosion of waterwall Fossil 326 2.78
tubes
Primary water SCC of non— Nuclear 229 1.95
steam-generator alloy 600 parts
Corrosion of concentric neutrals Distribution 178 1.52
Copper deposition in turbines Fossil 149 1.27
Fireside corrosion of Fossil 149 1.27

TaBLe 8.10 1998 Costs of Corrosion: Problems from All Power Industry Sectors [16]
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Corrosion Problem Sector $ million %
Corrosion of underground vault Distribution 142 1.21
equipment
Corrosion of flue gas Fossil 131 1.12
desulfurization system
Corrosion in valves Nuclear 120 1.03
Liquid slag corrosion of cyclone Fossil 120 1.02
boilers
Back-end dewpoint corrosion Fossil 120 1.02
Atmospheric corrosion of Distribution 107 0.91
enclosures
Hot corrosion of combustion Combustion 93 0.79
turbine (CT) blades and vanes turbine
Boric acid (H3BO3) corrosion of Nuclear 93 0.79
CS and low-alloy steel parts
Irradiation-assisted SCC of Nuclear 89 0.76
reactor internals
Corrosion in pumps Nuclear 72 0.61
Corrosion of tower footings Transmission 45 0.38
Hot oxidation of CT blades and Combustion 35 0.30
vanes turbine
Corrosion of boiling water Nuclear 32 0.27
reactor control blades
Corrosion of anchor rods Transmission 27 0.23
Corrosion of tower structures Transmission 27 0.23
Heat recovery steam generator Combustion 20 0.17
(HRSG) CF turbine
Conductor deterioration Transmission 18 0.15
HRSG flow-accelerated Combustion 10 0.09
corrosion turbine
HRSG underdeposit corrosion Combustion 10 0.09

turbine
Corrosion of CT compressor Combustion 9 0.08
section turbine
Corrosion of CT exhaust section Combustion 9 0.08
turbine
Corrosion of splices Transmission 0.08
Corrosion of shield wires Transmission 0.08
Corrosion of substation equipment | Transmission 0.04

TaeLe 8.10

(continued)

www.iran—mavad.com

Slgo wigo yole @2 30

303



304

Chapter 8

The total cost of the listed items is approximately $11.7 billion or
76 percent of the total $15.4 billion cost of corrosion for 1998. The
balance of the corrosion cost ($3.7 billion) likely stems from many
miscellaneous less costly corrosion problems. As shown in Table 8.10,
corrosion costs in the nuclear power and fossil steam power sectors
dominate corrosion costs in the electric power industry. The very
large cost problems in the nuclear and fossil sectors at the top of the
list warrant serious attention.

Some special monitoring techniques are available to supplement
normal water chemistry control in these important industrial applications.
These tools are designed to help operators carry out specific monitoring
tasks, for example, scale and deposits, composition of moisture droplets
and liquid film in two-phase regions, in situ corrosion potential, at-
temperature pH, and exfoliation in the superheater and reheater. Table 8.11
provides a brief description of the results that can be obtained with such
devices and Fig. 8.20 illustrates where, for example, the measurement
points would be for monitoring a PWR steam generator [17].

Device Applications Monitoring Results
Steam turbine High-pressure (HP), Deposit composition,
deposit collector/ | intermediate-pressure (IP), morphology, and rate of
simulator and low-pressure (LP) turbines | deposition vs. operation
Converging- Fossil and nuclear LP Quantity and types of
diverging nozzle | turbines. Simulates HP impurities depositing on
for LP turbines turbine deposition LP turbine blades and
corrosiveness of the
environment
Converging Simulates moisture drying Types of impurities
nozzle for HP on hot surfaces in LP depositing on HP turbine
turbines turbines blades
Drying probe Boilers/turbines Deposits of low-volatility
for wet steam impurities in LP turbines
stages are collected
Boiler carryover LP turbines, boilers, Mechanical carryover
monitors condensers
Early Piping, turbines; also used Chemistry of water
condensate to monitor effectiveness droplets formed in the
samplers of steam blow and foreign final stages of the LP
object damage turbine, and so on.
Particle flow Condensers, cooling Number and size
monitor for towers, piping, heat distribution of oxide
exfoliated exchangers, boilers particles in superheated
oxides and reheated steam

TasLe 8.11 Monitoring Related to Water and Steam Chemistry, Scale, and Deposits [17]
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Device Applications Monitoring Results
Biofouling Boiler tubes Detection of biofouling,
monitor collection of organic matter
In situ pH Boiler tubes Susceptibility to general
and corrosion and localized corrosion
potential

Heat flux gauge

Deposit buildup in turbines

Value of local heat flux,
type of boiling, potential
for impurity concentration

Chordal
thermocouples

Deposits and erosion in
turbines

Boiler tube temperature
vs. scale

Rotor position
and thrust
bearing wear

Damage to thrust bearing
caused by deposit
accumulation on blades

Turbine first-
stage pressure

Degree of deposition or
erosion of control stage

TaeLe 8.11

(continued)

T Steam temperature
«— & pressure

Fluid level

Temperature

Mass flow

Feedwater temperature
(Local distribution)

Primary outlet
temperature

Primary entry
Temperature, pressure

Ficure 8.20 Measurement points for monitoring of a pressurized water
reactor (PWR) steam generator.
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Two factors that are not monitored often enough in the power
producing industry are thermal stresses in heavy sections, which can
lead to low-cycle corrosion fatigue (CF), and vibration in rotating
machinery, which can lead to high-cycle CF. Table 8.12 summarizes
the applications of inspection and corrosion monitoring tools that can
be used for field monitoring these problems.

As also revealed in Table 8.10, the corrosion costs of some
distribution, transmission, and combustion turbine sector problems
may be substantial and warrant attention. Detailed discussions of the

Device

Applications

Monitoring Results

Corrosion product
monitor

Feedwater systems
including feedwater
heaters

Quantitative
determination of
corrosion product
transport

Erosion—corrosion
(flow accelerated

Piping components

Thinning rate for
materials of concern in

corrosion) the specific suspected
areas of piping

U-bend and LP turbines, piping, Detects general

double U-bend feedwater heaters, corrosion, pitting, and

specimens condensers, boilers SCC; double U-bends
simulate crevice and
galvanic effects

Fracture LP turbine disks and Stress corrosion and CF

mechanics rotors, piping, headers, crack growth rate and

specimens deaerators crack incubation times

Heat exchanger
or condenser test
tube

Condensers, feedwater
heaters, and other heat
exchangers; installed
within the circuit

Accumulation of scale
and corrosion pertinent
to plant-specific
conditions

Model crevice

Studies of crevice
chemistry and corrosion
heat exchangers, PWR
steam generators

Crevice chemistry and
corrosion data for
specific conditions

Corrosion
hydrogen monitor

Boiler tubes, feedwater
system, and PWR steam
generator corrosion

Detect general corrosion
vs. load and chemistry;
hydrogen damage,
caustic gouging in boiler
tubes, potential for
impurity concentration

Vibration
signature

Turbines and pumps—
periodic monitoring

Detection of cracks and
other distress

TaeLe 8.12 Summary of Devices for Field Corrosion Monitoring in Power Plants [17]
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Corrosion by Water

Device

Applications

Monitoring Results

Boiler tube leak
monitor

Fossil boilers

Early detection and
location of a tube leak

Acoustic emission
leak detector

Feedwater heaters and
other heat exchangers

Early detection of tube
leaks

Cavitation monitor

Feedwater piping and
pumps

Early detection of
cavitation noises

Stress and
condition
monitoring system

All types of steam cycles
and major components

Actual on-line stresses,
temperatures, and
other conditions; used

to determine damaging
conditions and residual
life

Turbine blade
telemetry

LP turbines Resonant frequencies

and alternating stresses

TaBLE 8.12

8.6

(continued)

items listed in Table 8.10 can be found in a special Electric Power
Research Institute (EPRI) report [16].

Water Treatment

Through the natural water cycle, the earth has recycled and reused
water for millions of years. Water recycling, though, generally refers
to projects that use technology to speed up these natural processes.
Water recycling is often characterized as unplanned or planned. A
common example of unplanned water recycling occurs when cities
draw their water supplies from rivers, such as the Colorado River
and the Mississippi River, that receive wastewater discharges
upstream from those cities. Water from these rivers has been reused,
treated, and piped into the water supply a number of times before the
last downstream user withdraws the water. For example, it is
estimated that the water flowing in the Mississippi River has been
used approximately seven times by the time it reaches the Gulf of
Mexico. Planned projects are those that are developed with the goal
of beneficially reusing a recycled water supply.

In many areas, the availability of new intake water is limited.
Thus, in those industries requiring large amounts of cooling water, it
is necessary to conserve available supplies by recirculating water.
Industries producing primary metals, petrochemicals and paper
typically require large volumes of water in the manufacturing
processes. Recycled water can satisfy most water demands, as long as
it is adequately treated to ensure water quality appropriate for the
use. In uses where there is a greater chance of human exposure to the
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water, more treatment is required. As for any water source that is not
properly treated, health problems could arise from drinking or being
exposed to recycled water if it contains disease-causing organisms or
other contaminants.

There is no single valid solution with regard to water treatments.
The specific conditions of water supplies can be vastly different, even
in systems separated by only a few meters. The evaluation of the
water quality is typically determined by a chemical water analysis [9].
As shown in Table 8.13, there are basically two general categories of
water treatment methods:

a) Chemical procedures based on material modifications due to
chemical reactions. These can be monitored by analyzing the
water before and after the treatment (softening, respective
demineralization).

b) Physical treatments to alter the crystal structure of the
deposits.

Chemical procedures

Pretreatment Methods for clarifying:

e Coagulation

e Flocculation

e Sedimentation to clear floating and grey particles

In operation Softening methods:

e Lime milk/soda principle

e Cations exchange (full softening)

e Acid dosage (partly softening)

Demineralization method:

e Cation and anion exchanges (presently the most
effective and economical method).

Hardness stabilization:

¢ Inhibitor dosage, also as dispersion and corrosion
protection agents.

Post-treatment Acid and caustic solution for cleaning of polluted
thermal systems inclusively the neutralization of applied
chemical detergents.

Physical procedures

Pretreatment Filtration of the subsoil water predominantly sand as
filtering medium, in pressure and gravity filters.

TaBLe 8.13 Methods of Water Treatment
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Physical procedures

In operation Reverse osmosis for demineralization by use of
diaphragms.

Transformation of the crystal structures of the
hardening causing substances:

e Magnetic field method by means of electrical
alternating or permanent magnet

e Electrostatic method by applied active anodes

Post-treatment Automatic cleaning of tubes heat exchangers by sponge
rubber balls or brushes without operating interrupt of
the plant.

TaLe 8.13 (continued)

8.6.1 Corrosion Inhibitors

By definition, a corrosion inhibitor is a chemical substance that, when
added in small concentration to an environment, effectively decreases
the corrosion rate. The efficiency of an inhibitor can be expressed by
a measure of this improvement as indicated in Eq. (8.24):

CR ... . —CR. ..
Inhibitor efficiency (%) = 100 (R e intbie) (8.24)
CR inbibited
where CR .. is the corrosion rate of the uninhibited system and
CR, , ;iq the corrosion rate of the inhibited system

In general, the efficiency of an inhibitor increases with an increase
in inhibitor concentration (e.g., a typically good inhibitor would give
95 percent inhibition at a concentration of 0.008 percent and 90 percent
at a concentration of 0.004 percent). There is often some positive
synergism between different inhibitors and therefore mixtures are
commonly chosen in commercial formulations. The scientific and
technical corrosion literature has descriptions and lists of numerous
chemical compounds that exhibit inhibitive properties. Of these, only
very few are actually used in practice. This is partly because the
desirable properties of an inhibitor usually extend beyond those
simply related to metal protection. Considerations of cost, toxicity,
availability, and environmental friendliness are of considerable
importance.

The use of chemical inhibitors to decrease the rate of corrosion
processes is quite varied. In the oil extraction and processing industries,
for example, corrosion inhibitors have always been considered to be
the first line of defense against corrosion. Table 8.14 presents some
inhibitors that have been used with success in typical water
environments to protect the metallic elements of industrial systems.
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Commercial formulations generally consist of one or more inhibitor
compounds with other additives such as surfactants, film enhancers,
de-emulsifiers, oxygen scavengers, and so forth. The inhibitor solvent
package used can be critical in respect to the solubility /dispersibility
characteristics and hence the application and performance of the

products.

Type of Water Inhibitor Metals Concentration

Potable Ca(HCO,), Steel, cast iron | 10 ppm
Polyphosphate Fe, Zn, Cu, Al 5-10 ppm
Ca(OH), Fe, Zn, Cu 10 ppm
Na,SiO, 10-20 ppm

Cooling Ca(HCO,), Steel, castiron | 10 ppm
Na,CrO, Fe, Zn, Cu 0.1%
NaNO, Fe 0.05%
NaH,PO, 1%
Morpholine 0.2%

Boilers NaH,PO, Fe, Zn, Cu 10 ppm
Polyphosphate 10 ppm
Morpholine Fe variable
Hydrazine 0, scavenger
Ammonia neutralizer
Octadecylamine variable

Engine coolants Na2CrO4 Fe, Pb, Cu, Zn 0.1-1%
NaNoO, Fe 0.1-1%
Borax 1%

Glycol/water Borax + MBT All 1% + 0.1%

Oil field brines Na,SiO, Fe 0.01%
Quaternaries 10-25 ppm
Imidazoline 10-25ppm

Seawater Na,SiO, Zn 10 ppm
NaNO, Fe 0.5%
Ca(HCO,), All pH dependent
NaH,PO, + NaNO, Fe 10 ppm + 0.5%

MBT = mercaptobenzotriazole

TaeLe 8.14 Modified Typical Water Systems and the Inhibitors Used to Protect Them
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Corrosion inhibition in recirculated cooling water systems
historically depended on the oxidizing inhibitors such as chromates
and nitrites. These days are gone since nitrites have been found to be
highly conducive to organic growths and chromates have been
phased out for environmental toxicity reasons.

The higher the chlorinity of the water, the more it requires a good
dosage of corrosion inhibitors. Traditional glassy metaphosphates
lose much of their effectiveness because they revert in time to
orthophosphates. There is also an attendant possible danger of
precipitation of tricalcium phosphate. This is a function of pH,
calcium, orthophosphate, and solids concentration of the water.
Silicates have also been used in water systems, but tend to have an
adverse effect on heat transfer because of the deposition of relatively
heavy films.

8.6.2 Scale Control

Encrustation of tubing, boilers, coils, jets, sprinklers, cooling towers,
and heat exchangers arise wherever hard water is used. Scale
formation can greatly affect heat transfer performance. One mm thick
scale, for example, can add 7.5 percent to energy costs, while 1.5 mm
adds 15 percent and 7 mm can increase cost by over 70 percent. Many
factors can affect scaling. Scaling, which is basically the deposition of
mineral solids on the interior surfaces of water lines and containers,
most often occurs when water containing the carbonates or bicarbonates
of calcium and magnesium is heated. There are basically three alternatives
to prevent scale deposition:

¢ pH control
e the addition of scale inhibitors

e removal of scaling species

One of the most effective methods for controlling crystallization
fouling is by adding chemical inhibitors to a scaling water. Commonly
used antiscalants are derived from chemicals such as condensed
polyphosphates, organophospates, and polyelectrolytes.

Scale control in open recirculated systems is affected primarily
by limiting the concentration of the scale-forming species and
related parameters, especially by controlled acid additions to
bring the water to a suitable pH range. Many of the commercial
inhibitor formulations include scale-controlling additives (e.g.,
polyphosphates and chelating agents).

8.6.3 Microorganisms

Algae and slimes are naturally occurring where sunlight and airborne
contamination are to be expected. Slimes normally contain fungi,
yeasts, bacteria, and entrapped quantities of inorganic and /or organic
material. Some of these are described in more details in Chap. 10.
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Conditions at the base of even thin slime films (biofilms) can be
ideal for the growth of anaerobic bacteria, with high organic nutrient
status, no oxygen, low redox potential, and protection from biocides.
Figure 8.21 illustrates the steps in biofilm formation [18]. Sulfate
reducing bactreria (SRB), for example, can produce active sulfide
corrosion even in systems where the bulk liquid phase has a low
nutrient status, a high oxygen concentration, and will not support
growth of anaerobic aerobic bacteria [19]. Slime deposits can cause
oxygen concentration cell-type corrosion and pitting. If sloughed off,
they can contribute toward fouling of filters and other equipment
(Fig. 8.22).

Chlorination to residual chlorine content of a few tenths of a ppm
is the usual treatment for control of biological growths in open
recirculated systems. In order to discourage the development of
chlorine-resistant strains, it is advisable to surprise the microbes at
irregular intervals with other biocides (e.g., quaternary amines).
Other oxidizing biocides (e.g., chlorine dioxide and ozone) used in
municipal waters are normally too expensive for cooling water
systems.

Historically, copper sulfate had been used to control algae in
some specific applications. It is effective at concentrations as low as 1
ppm, but mustbe used at a sufficiently low pH to prevent precipitation
of insoluble copper hydroxide. The use of copper sulfate as a biocide
is incompatible with aluminum equipment because of deposition and
subsequent galvanic corrosion. Copper plating may also occur on
zinc, on galvanized steel, and even steel.

Metallic surface

Ficure 8.21 Steps in biofilm formation. Formation is initiated when small organic
molecules become attached to an inert surface (1) and microbiological cells are
adsorbed onto the resulting layer (2). The cells send out hair like exopolymers to
feed on organic matter (3), adding to the coating (4). Flowing water detaches some
of the formation (5), producing an equilibrium layer.
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Ficure 8.22 Fouled chiller unit. (Courtesy of Defence R&D, Canada-Atlantic)

Scaling Indices

The saturation level (SL) of water in a mineral phase is a good
indicator of the potential for scaling due to that specific scalant.
Saturation level is a ratio between the ion activity product (IAP) and
the thermodynamic solubility product (K ) of a specific compound in
that water. For example, when calcium carbonate (CaCQO,) is the
scalant SL is defined as

a,, -a

Ca2+

SL= K—CO? (8.25)

sp
where a Ao 18 the IAP of the two ions involved in the formation
of CaCO,, that is, Ca* and CO,*.

K_ is a measure of ionic concentration when dissolved ions and
undissolved ions are in equilibrium. When a saturated solution of
sparingly or slightly soluble salt is in contact with undissolved salt,
equilibrium is established between the dissolved ions and the
undissolved salt. In theory, this equilibrium condition is based upon
an undisturbed water maintained at constant temperature and
allowed to remain undisturbed for an infinite period of time.

Water is therefore said to be undersaturated (SL value less than 1.0)
if it can dissolve the scalant, that is, calcium carbonate in the present
example. When water is at equilibrium, SL will be 1.0 by definition.
Supersaturated water (SL value greater than 1.0) will precipitate
calcium carbonate from water if allowed to rest. As the saturation
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level increases beyond 1.0, the driving force for the precipitation of
calcium carbonate increases.

The following sections describe some indices that are used to
indicate the tendency of given waters to deposit scales on metal
substrates and by extension to predict the corrosivity of specific waters.
Generally speaking, scales precipitated onto metal surfaces can provide
protection of the substrate from general corrosion. If on the other hand,
the scales are defective and contain voids and/or cracks, they could
lead to localized corrosion. However, the assumption that water below
saturation with respect to calcium carbonate is corrosive, while
occasionally correct, is not always reliable.

8.7.1 Langelier Saturation Index

The Langelier saturation index (LSI) is probably the most widely used
indicator of a water scale potential. This index indicates the driving force
for scale formation and growth in terms of pH as a master variable. In
order to calculate the LSI, it is necessary to know the alkalinity (mg L as
CaCO, or calcite), the calcium hardness (mg L™ Ca* as CaCQO,), the total
dissolved solids (mg L™, TDS), the actual pH, and the temperature of the
water (°C). If TDS is unknown, but conductivity is, one can estimate mg
L TDS using a conversion table (Table 8.15). LSI is defined as

LSI = pH - pH, (8.26)

where pH is the measured water pH
pH_ is the pH at saturation in calcite or calcium carbonate and
is defined as:

pH, = 93+ A +B)- (C + D) (8.27)
4= Logn 009 — 1) (8.28)
B =-13.12 x Log,, (°C + 273) + 34.55 (8.29)
C = Log,, (Ca?as CaCO,) — 0.4 (8.30)
D = Log,, (alkalinity as CaCO,) (8.31)

As for the SL reasoning described earlier, the LSI indicates three
situations:

¢ IfLSIis negative: No potential to scale, the water will dissolve
CaCO,.

¢ IfLSlis positive: Scale can form and CaCO, precipitation may
occur.

e If LSlis close to zero: Borderline scale potential. Water qual-
ity or changes in temperature, or evaporation could change
the index.

www.iran—mavad.com

Slgo wigo yole @2 30



Corrosion by Water 315

Conductivity TDS

(uS/cm) (mg/L as CaCO,)
1 0.42

10.6 4.2

21.2 8.5

42.4 17.0

63.7 25.5

84.8 34.0

106.0 42.5

127.3 51.0

148.5 59.5

169.6 68.0

190.8 76.5

212.0 85.0

410.0 170.0

610.0 255.0

812.0 340.0

1008.0 425.0

TaBLe 8.15 Conversion Table between the Conductivity of Natural Water and
the TDS It Contains

Calculation example. Suppose the drinking water supplied to animals
has the following analysis:

pH=75
TDS =320 mg/L
Calcium =150 mg L' (or ppm) as CaCO,
Alkalinity = 34 mg L™ (or ppm) as CaCO,

The LSI index is calculated at two temperatures, that is, 25°C (room
temperature) and 82°C (cage wash cycle). The colder incoming water will
warm to room temperature in the manifolds. Residual water in the rack
manifold can be heated to 82°C when the rack is in the cage washer.

LSI formula:
LSI=pH - pH,

pH =(9.3+A+B)-(C+D)
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where A = [Log, (TDS) —1]/10=0.15
B=-13.12 x Log,(°C + 273) + 34.55
=2.09 at 25°C and 1.09 at 82°C
C=Log,(Ca*as CaCO,)-0.4=1.78
D = Log, (alkalinity as CaCO,) = 1.53

Calculation at 25°C:

pH, =(9.3+0.15+2.09) - (1.78 + 1.53) = 8.2
LSI=75-82=-0.7

Hence no tendency to scale
Calculation at 82°C:

pH, =(9.3+0.15+1.09) - (1.78 + 1.53) = 7.2
LSI=75-72=+0.3

Hence slight tendency to scale

8.7.2 Other Indices

The Ryznar stability index (RSI) uses a correlation established between an
empirical database of scale thickness observed in municipal water systems
and associated water chemistry data. As with the LSI, the RSI has its basis
in the concept of saturation level. The RSI takes the following form:

RSI=2(pH) - pH
The empirical correlation of the RSI can be summarized as follows:

® RSI < 6 the scale tendency increases as the index decreases

e RSI > 7 the calcium carbonate formation probably does not
lead to a protective corrosion inhibitor film

® RSI > 8 mild steel corrosion becomes an increasing problem

The Puckorius scaling index (PSI) is based on the buffering capacity
of the water, and the maximum quantity of precipitate that may form
in bringing water to equilibrium. Water high in calcium, but low in
alkalinity and buffering capacity can have a high calcite saturation
level that increases the ion activity product. Such water might have a
high tendency to form scale, but the scale itself might be of such a small
quantity as to be unobservable. The water has the driving force but not
the capacity and ability to maintain pH as precipitate matter forms.

The PSI index is calculated in a manner similar to the RSL
Puckorius uses an equilibrium pH rather than the actual system pH
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to account for the buffering effects:

PSI=2(pH) - pH,,
where pH._is still the pH at saturation in calcite or calcium carbonate

pH, =1.465 x log, [Alkalinity] + 4.54
[Alkalinity] = [HCO,] + 2 [CO,*] + [OH]

The Larson-Skold index is based upon evaluation of in situ corrosion
of mild steel lines transporting Great Lakes waters. Extrapolation to
other waters than the Great Lakes, such as those of low alkalinity or
extreme alkalinity, goes beyond the range of the original data. The
index is the ratio of equivalents per million (epm) of sulfate (5O,*)
and chloride (CI) to the epm of alkalinity in the form bicarbonate
plus carbonate:

Larson-Skold index = (epm Cl~ + epm SO,>")/

(epm HCO;™ + epm CO,*) (8.32)

The index has proven a useful tool in predicting the aggressiveness
of once-through cooling waters. The Larson-Skold index might be
interpreted by the following guidelines:

¢ Index < 0.8 chlorides and sulfate probably will not interfere
with natural film formation.

* 0.8 < index < 1.2 chlorides and sulfates may interfere with
natural film formation. Higher than desired corrosion rates
might be anticipated.

¢ Index > 1.2 the tendency toward high corrosion rates of a
local type should be expected as the index increases.

The Stiff-Davis index attempts to overcome the shortcomings of
the LSI with respect to waters with high total dissolved solids and
the impact of “common ion” effects on the scale formation driving
force. Like the LSI, the Stiff-Davis index has its basis in the concept
of saturation level. The solubility product used to predict the pH at
saturation (pHs) for a water is empirically modified in the Stiff-
Davis index. The Stiff-Davis index will predict that water is less
scale forming than the LSI calculated for the same water chemistry
and conditions. The deviation between the indices increases with
ionic strength. Interpretation of the index is by the same scale as for
the LSI.

The Oddo-Tomson index accounts for the impact of absolute
pressure and partial pressure of carbon dioxide on the pH of water,
and on the solubility of calcium carbonate [20]. This empirical model
also incorporates corrections for the presence of two or three phases
(water, gas, and oil). Interpretation of the index is by the same scale as
for the LSI and Stiff-Davis indices.
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lon-Association Model

The saturation indices discussed previously can be calculated based upon
total analytical values for all possible reactants. Ions in water, however, do
not tend to exist totally as free ions [21]. Calcium, for example, may be
paired with sulfate, bicarbonate, carbonate, phosphate, and other species.
Bound ions are not readily available for scale formation and such binding,
or reduced availability of the reactants, decreases the effective ion-activity
product. Saturation indices such as the LSI are based upon total analytical
values rather than free species primarily because of the intense calculation
requirements for determining the distribution of species in water.
Speciation breakdown of all species in a given water requires numerous
computer iterations to achieve the following [22]:

¢ The verification of electroneutrality via a cation-anion balance,
and balancing with an appropriateion (e.g., sodium or potassium
for cation-deficient waters; sulfate, chloride, or nitrate for anion-
deficient waters).

e Estimating ionic strength; calculating and correcting activity
coefficients and dissociation constants for temperature;
correcting alkalinity for noncarbonate alkalinity.

e Jterative calculation of the distribution of species in the water
from dissociation constants. A partial listing of possible ion
pairs is given in Table 8.16.

¢ Verification of mass balance and adjustment of ion concentrations
to agree with analytical values.

® Repeating the process until the desired resolution is achieved.

e Calculation of saturation levels based upon free concentrations
of ions estimated using the ion-association model (ion pairing).

Theion-association model has been used by major water treatment
companies since the early 1970s. When indices are used to establish
operating limits such as maximum concentration ratio or maximum
pH, the differences between indices calculated using ion pairing can
have some serious economic significance. For example, experience on
asystem with high-TDS water may be translated to a system operating
with a lower-TDS water. The high indices found acceptable in the
high-TDS water may be unrealistic when translated to a water where
ion pairing is less significant in reducing the apparent driving force
for scale formation. Table 8.17 summarizes the impact of TDS upon
LSI when it is calculated using total analytical values for calcium and
alkalinity, and when it is calculated using the free calcium and
carbonate concentrations determined with an ion-association model.

Indices based upon ion-association models provide a common
denominator for comparing results between systems. For example,
calcite saturation level calculated using free calcium and carbonate
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ALUMINUM

[Aluminum] = [AI®*] + [AI(OH)>"] + [A(OH), "] + [AI(OH), ] + [AIF] + [AIF,*] +
[AIF,] + [AIF, ] + [AISO,"] + [AI(SO,), ]

BARIUM
[Barium] = [Ba*] + [BaSO,] + [BaHCO,'] + [BaCO,] + [Ba(OH)*]
CALCIUM

[Calcium] = [Ca*'] + [CaSO,] + [CaHCO,*] + [CaCO,] + [Ca(OH)*] + [CaHPO,] +
[CaPO, ] + [CaH,PO,’]

IRON

[Iron] = [Fe'] + [Fe*] + [Fe(OH)"] + [Fe(OH)>"] + [Fe(OH),"] + [FeHPO,"] +
[FeHPO,] + [FeCI>*] + [FeCl,’] + [FeCl,] + [FeSO,] + [FeSO,*] +
[FeH,PO,"] + [Fe(OH),"] + [Fe(OH),] + [Fe(OH), ] + [Fe(OH),] +
[FeH,PO,2]

MAGNESIUM

[Magnesium] = [Mg2] + [MgSO0,] + [MgHCO,] + [MgCO,] + [Mg(OH)*] +

[MgHPO,] + [MgPO,] + [MgH,PO,*] + [MgF']

POTASSIUM
[Potassium] = [K*] + [KSO, ] + [KHPO, ] + [KCI]
SODIUM

[Sodium] = [Na*] + [NaSO,] + [Na,S0,] + [NaHCO,] + [NaCO,] + [Na,CO,] +
[NaCl] + [NaHPO ]

STRONTIUM
[Strontium] = [Sr**] + [SrSO,] + [SrHCO,*] + [SrCO,] + [Sr(OH)*]

TaBLe 8.16 Example of lon Pairs Used to Estimate Free lon Concentrations

LSl

Water Low TDS High TDS TDS Impact on LSI
High chloride

e No pairing 2.25 1.89 -0.36

e With pairing 1.98 1.58 -0.40

High sulfate

* No pairing 2.24 1.81 -0.43

e With pairing 1.93 1.07 -0.86

Ficure 8.17 Impact of lon Pairing on the Langelier Scaling Index (LSI).
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concentrations has been used successfully as the basis for developing
models which describe the minimum effective scale inhibitor dosage
that will maintain clean heat-transfer surfaces [23]. The following
cases illustrate some practical usage of the ion-association model.

8.8.1 Limiting Halite Deposition in a Wet
High-Temperature Gas Well

There are several gas-well fields that produce hydrocarbon gas
associated with very high TDS connate waters. Classical oilfield scale
problems (e.g., calcium carbonate, barium sulfate, and calcium
sulfate) are minimal in these fields. Halite (NaCl), however, can be
precipitated to such an extent that production is lost in hours. As a
result, a bottom-hole fluid sample is retrieved from all new wells.
Unstable components are “fixed” immediately after sampling, and
pH is determined under pressure. A full ionic and physical analysis is
also carried out in the laboratory.

Some of the analyses were run through an ion-association model
computer program to determine the susceptibility of the brine to halite
precipitation. If a halite precipitation problem was predicted, the ion-
association model was run in a “mixing” mode to determine if mixing the
connate water with boiler feedwater would prevent the problem. This
approach has been used successfully to control salt deposition in the well
with the composition outlined in Table 8.18. The ion-association model
evaluation of the bottom-hole chemistry indicated that the water was
slightly supersaturated with sodium chloride under the bottom-hole
conditions of pressure and temperature. As the fluids cooled in the well
bore, the production of copious amounts of halite was predicted.

Bottom Hole Connate | Boiler Feed Water

Temperature (°C) 121 70
Pressure (bars) 350 1
pH (site) 4.26 9.10
Density (kg/m?3) 1.300 1.000
TDS (mgl?) 369,960 <20
Dissolved CO, (mgl™) 223 <1
H,S (gas phase) (mgl™) 50 0
H,S (aqueous phase) (mgl™) <0.5 0
Bicarbonate (mgl?) 16 5.0
Chloride(mgl) 228,485 0

TaBLe 8.18 Hot Gas-Well Water Analysis
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Bottom Hole Connate | Boiler Feed Water
Sulfate (mgl) 320 0
Phosphate (mgl) <1 0
Borate (mgl?) 175 0
Organic acids <C(mgl™) 12 <5
Sodium (mgl?) 104,780 <1
Potassium (mgl?) 1600 <1
Calcium (mgl) 30,853 <1
Magnesium (mgl=2) 2910 <1
Barium (mgl?) 120 <1
Strontium (mgl=) 1164 <1
Total iron (mglt) 38.0 <0.01
Lead (mgl?) 5.1 <0.01
Zinc (mgl?) 3.6 <0.01

32

TaBLe 8.18 (continued)

In this case, the ion-association model predicted that the connate
water would require a minimum dilution with boiler feedwater of
15 percent to prevent halite precipitation (Fig. 8.23). The model also
predicted that over-injection of dilution water would promote barite
(barium sulfate) formation (Fig. 8.24). Although the well produced
H.S at a concentration of 50 mg/L, the program did not predict the
formation of iron sulfide because of the combination of low pH and
high temperature. Boiler feedwater was injected into the bottom of
the well using the downhole injection valve normally used for
corrosion inhibitor injection. Injection of dilution water at a rate of 25
to 30 percent has allowed the well to produce successfully since start-
up. Barite and iron sulfide precipitation have not been observed, and
plugging with salt has not occurred.

8.8.2 Identifying Acceptable Operating

Range for Ozonated Cooling Systems
It has been well-established that ozone is an efficient microbiological
control agent in open recirculating cooling-water systems (cooling
towers). It has also been reported that commonly encountered scales have
not been observed in ozonated cooling systems under conditions where
scale would otherwise be expected. The water chemistry of 13 ozonated
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Ficure 8.23 Hot gas-well halite degree of saturation as a function of
temperature and reinjected boiler water (DownHole SAT).

cooling systems was evaluated using an ion-association model. Each
system was treated solely with ozone on a continuous basis at the rate of
0.05 to 0.2 mg/L based upon recirculating water flow rates [24].

The saturation levels for common cooling-water scales were
calculated, including calcium carbonate, calcium sulfate, amorphous
silica, and magnesium hydroxide. Brucite saturation levels were
included because of the potential for magnesium silicate formation as
a result of the adsorption of silica upon precipitating magnesium
hydroxide. Three categories of systems were encountered [24]:

e Category 1: The theoretical chemistry of the concentrated
water was not scale-forming (i.e., undersaturated).

e Category 2: The concentrated recirculating water would have
amoderate to high calcium carbonate scale-forming tendency.
Water chemistry observed in these systems was similar to
that in systems run successfully using traditional scale
inhibitors such as phosphonates.

e Category 3: These systems demonstrated an extraordinarily
high-scale potential for at least calcium carbonate and brucite.
These systems operated with a recirculating water chemistry
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Ficure 8.24 Hot gas-well barite degree of saturation as a function of
temperature and reinjected boiler water.

similar to that of a softener rather than of a cooling system. The
Category 3 water chemistry was above the maximum saturation
level for calcium carbonate for which traditional inhibitors
such as phosphonates are able to inhibit scale formation.

Table 8.19 outlines the theoretical versus actual water chemistry
for the 13 systems evaluated. Saturation levels for the theoretical and
actual recirculating water chemistries are presented in Table 8.20. A
comparison of the predicted chemistries to observed system
cleanliness revealed the following:

e Category 1 (recirculating water chemistry undersaturated).
The systems did not show any scale formation.

¢ Category 2 (conventional alkaline cooling system control
range). Scale formation was observed in eight of the nine
Category 2 systems evaluated.

e Category 3 (cooling tower as a softener). Deposit formation
on heat-transfer surfaces was not observed in most of these
systems.
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System Calcium Magnesium Silica
(Category) T? A® A° T? A® A° T® AP A° System Cleanliness
1(1) 56 43 13 28 36 -8 40 52 -12 No scale observed
2(2) 80 60 20 88 38 50 24 20 4 Basin buildup
3(2) 238 288 -50 483 168 315 38 31 7 Heavy scale
4 (2) 288 180 108 216 223 -7 66 48 18 Valve scale
5(3) 392 245 147 238 320 -82 112 101 11 Condenser tube scale
6 (3) 803 163 640 495 607 -112 162 143 19 No scale observed
7 (3) 1464 200 1264 549 135 414 112 101 11 No scale observed
8 (3) 800 168 632 480 78 402 280 78 202 No scale observed
9 (3) 775 95 680 496 78 418 186 60 126 No scale observed
10 (3) 3904 270 3634 3172 508 2664 3050 95 2995 Slight valve scale
11 (3) 4170 188 3982 308 303 5 126 126 0 No scale observed
12 (3) 3,660 800 2860 2623 2972 -349 6100 138 5962 No scale observed
13 (3) 7930 68 7862 610 20 590 1952 85 1867 No scale observed

T" = theoretical (ppm)

A' = actual (ppm)

A = differencel (ppm)

TaBLe 8.19 Theoretical vs. Actual Recirculating Water Chemistry
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System Calcite Brucite Silica
(Category) T? A’ T? A’ T? A’ Observation
1(1) 0.03 0.02 <0.001 <0.001 0.20 0.25 No scale observed
2(2) 49 5.4 0.82 0.02 0.06 0.09 Basin buildup
3(2) 89 611 2.4 0.12 0.10 0.12 Heavy scale
4 (2) 106 50 1.3 0.55 0.13 0.16 Valve scale
5 (3) 240 72 3.0 0.46 0.21 0.35 Condenser tube scale
6 (3) 540 51 5.3 0.73 0.35 0.49 No scale observed
7 (3) 598 28 10 0.17 0.40 0.52 No scale observed
8 (3) 794 26 53 0.06 0.10 0.33 No scale observed
9 (3) 809 6.5 10 <0.01 0.22 0.27 No scale observed
10 (3) 1198 62 7.4 0.36 0.31 0.35 Slight valve scale
11 (3) 1670 74 4.6 0.36 0.22 0.44 No scale observed
12 (3) 3420 37 254 0.59 1.31 0.55 No scale observed
13 (3) 7634 65 7.6 0.14 1.74 0.10 No scale observed

T" = theoretical (ppm)
A' = actual (ppm)

TaBLe 8.20 Theoretical vs. Actual Recirculating Water Saturation Level
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The study revealed that calcium carbonate (calcite) scale formed
most readily on heat-transfer surfaces in systems operating in a calcite
saturation level range of 20 to 150 mg/L, the typical range for
chemically treated cooling water. At much higher saturation levels, in
excess of 1000, calcite precipitated in the bulk water. Because of the
overwhelming high surface area of the precipitating crystals relative
to the metal surface in the system, continuing precipitation would
lead to growth on crystals in the bulk water rather than on heat-
transfer surfaces. The presence of ozone in cooling systems did not
appear to influence calcite precipitation and/or scale formation.

8.8.3 Optimizing Calcium Phosphate Scale Inhibitor
Dosage in a High-TDS Cooling System

A major manufacturer of polymers for calcium phosphate scale
control in cooling systems has developed laboratory data on the
minimum effective scale inhibitor (copolymer) dosage required to
prevent calcium phosphate deposition over a broad range of calcium
and phosphate concentrations, and a range of pH and temperatures.
The data were developed using static tests, but have been observed to
correlate well with the dosage requirements for the copolymer in
operating cooling systems. The data were developed using test waters
with relatively low levels of dissolved solids. Recommendations from
the data were typically made as a function of calcium concentration,
phosphate concentration, and pH. This database was used to project
the treatment requirements for a utility cooling system that used
geothermal brine for makeup water. An extremely high dosage (30 to
35 mg/L) was recommended based upon the laboratory data [22].

It was believed that much lower dosages would be required in
the actual cooling system because of the reduced availability of
calcium anticipated in the high-TDS recirculating water. As a result, it
was believed that a model based upon dosage as a function of the
ion-association model saturation level for tricalcium phosphate
would be more appropriate, and accurate, than a simple lookup table
of dosage versus pH and analytical values for calcium and phosphate.
Tricalcium phosphate saturation levels were calculated for each of
the laboratory data points. Regression analysis was used to develop a
model for dosage as a function of saturation level and temperature.

The model was used to predict the minimum effective dosage for
the system with the makeup and recirculating water chemistry found
in Table 8.21. A dosage in the range of 10 to 11 mg/L was predicted,
rather than the 30 mg/L derived from the lookup tables. A dosage
minimization study was conducted to determine the minimum
effective dosage. The system was initially treated with the copolymer
at a dosage of 30 mg/L in the recirculating water. The dosage was
decreased until deposition was observed. Failure was noted when
the recirculating water concentration dropped below 10 mg/L,
validating the ion-association-based dosage model.
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Deposition Potential
Water Analysis at 6.2 Cycles Indicators
e Cations e Saturation Level
Calcium (as CaCO,) 1339 Calcite 38.8
Magnesium (as CaCO,) 496 Aragonite 32.9
Sodium (as Na) 1240 Silica 0.4
e Anions Tricalcium phosphate | 1074
Chloride (as Cl) 620 Anhydrite 1.3
Sulfate (as SO,) 3384 Gypsum 1.7
Bicarbonate (as HCO,) 294 Fluorite 0.0
Carbonate (as CO,) 36 Brucite <0.1
Silica (as SiO,) 62 e Simple Indices
Parameters Langelier 1.99
PH 8.40 Ryznar 4.41
Temperature (°C) 36.7 Practical 4.20
1/2 Life (hours) 72 Larson-Skold 0.39
Recommended Treatment
100% Active Copolymer (mg/L) | 10.53

TaBLe 8.21 Calcium Phosphate Inhibitor Dosage Optimization Example
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CHAPTER 9

Atmospheric
Corrosion

9.1 Introduction

Atmospheric corrosion is surely the most visible of all corrosion
processes, for example, rusty bridges, flag poles, buildings, and outdoor
monuments. The large segment of the paint industry committed to the
manufacture and application of products for the protection of metals,
as well as the large-scale operations of the galvanizing industry attest
to the importance of controlling atmospheric corrosion.

Economiclosses caused by atmospheric corrosion are tremendous
and therefore account for the disappearance of a significant portion
of metal produced. Consider, for instance, agricultural machinery,
steel structures, fences, exposed metals on buildings, automobile
mufflers or bodies, and the myriad of other metal items that are sent
to the scrap yard when they become unusable as a result of corrosion.
These constitute direct losses from corrosion.

Atmospheric corrosion has been reported to account for more
failures in terms of cost and tonnage than any other type of material
degradation processes. This particular type of material degradation
has recently received more attention, particularly by the aircraft
industry, since the Aloha incident in 1988, when a Boeing 737 lost a
major portion of the upper fuselage in full flight at 7300 m [1].

All of the general types of corrosion attack occur in the atmosphere.
Since the corroding metal is not bathed in large quantities of electrolyte,
most atmospheric corrosion operates in highly localized corrosion cells,
sometimes producing patterns difficult to explain as in the example of
the rusting galvanized roof shown in Fig. 9.1.

Thus, calculation of the electrode potentials on the basis of ion
concentration, the determination of polarization characteristics, and
other electrochemical operations are not as simple in atmospheric
corrosion as they are in liquid immersion corrosion. However, all of
the electrochemical factors which are significant in corrosion processes
do operate in the atmosphere.
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Ficure 9.1 Rusting galvanized roof with regular bands of rust.

Types of Corrosive Atmospheres

While atmospheres have been traditionally classified into four basic
types, most environments are in fact mixed and present no clear
demarcation. Furthermore, the type of atmosphere may vary with the
wind pattern, particularly where corrosive pollutants are present, or
with local conditions (Fig. 9.2) [2].

9.2.1 Industrial

An industrial atmosphere is characterized by pollution composed
mainly of sulfur compounds such as sulfur dioxide (S0O,), a precursor to
acid rain, and nitrogen oxides (NO ), the backbone of smog in modern
cities. Sulfur dioxide from burning coal or other fossil fuels is picked up
by moisture on dust particles as sulfurous acid. This is oxidized by some
catalytic process on the dust particles to sulfuric acid, which settles in
microscopic droplets and fall as acid rain on exposed surfaces. The
result is that contaminants in an industrial atmosphere, plus dew or fog,
produce a highly corrosive, wet, acid film on exposed surfaces.

In addition to the normal industrial atmosphere in or near
chemical plants, other corrosive pollutants may be present. These are
usually various forms of chloride which may be much more corrosive
than the acid sulfates. The reactivity of acid chlorides with most
metals is more pronounced than the reactivity of other pollutants
such as phosphates and nitrates.
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Ficure 9.2 Bird damage to a 1931 bronze statue commemorating the 21st
Battalion battles in WW I. (Courtesy of Kingston Technical Software)

9.2.2 Marine

A marine atmosphere is laden with fine particles of sea mist carried
by the wind to settle on exposed surfaces as salt crystals. The quantity
of salt deposited may vary greatly with wind velocity and it may, in
extreme weather conditions, even form a very corrosive salt crust,
similar to what is experienced on a regular basis by sea patrolling
aircraft or helicopters [Figs. 9.3(a) and (b)].

The quantity of salt contamination decreases with distance from the
ocean, and is greatly affected by wind currents. The marine atmosphere
also includes the space above the sea surfaces where splashing and
heavy sea spray are encountered. The equipment exposed to these splash
zones are indeed subjected to the worst conditions of intermittent
immersion with wet and dry cycling of the corrosive agent (Fig. 9.4).

9.2.3 Rural

Rural atmospheres are typically the most benign and do not contain
strong chemical contaminants, that is unless one is close to a farm
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(a)

®

Ficure 9.3 Sea salt deposited on the external surface (a) of a Cormorant
sea and rescue helicopter radar antenna, and (b) salt causing corrosion to
the internal components of the antenna due to a broken seal. (Courtesy
Major S.J.R. Giguére)
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Ficure 9.4 Aircraft carrier’s top deck. (Courtesy of Mike Dahlager, Pacific
Corrosion Control Corporation)

operation where byproducts made of various waste materials can be
extremely corrosive to most metals.

Arid or tropical atmospheres are special variations of the rural
atmosphere. In arid climates there is little or no rainfall, but there
may be a high relative humidity and occasional condensation. This
situation is encountered along the desert coast of northern Africa. In
the Tropics, in addition to the high average temperature, the daily
cycle includes a high relative humidity, intense sunlight, and long
periods of condensation during the night. In sheltered areas, the
wetness from condensation may persist long after sunrise. Such
conditions may produce a highly corrosive environment.

9.2.4 Indoor

Normal indoor atmospheres are generally considered to be quite
mild when ambient humidity and other corrosive components are
under control. However, some combinations of conditions may
actually cause relatively severe corrosion problems. While there is no
typical contaminant or set of conditions associated with an indoor
atmosphere, any enclosed space which is not evacuated or filled with
a liquid can be considered an indoor atmosphere. If not ventilated,
such an environment may contain fumes, which in the presence of
condensation or high humidity could prove to be highly corrosive.
Even in the absence of any other corrosive agent, the constant
condensation on a cold metallic surface may cause an environment similar
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Ficure 9.5 Electric junction box badly corroded only four years after a new
residence was completed. (Courtesy of Kingston Technical Software)

to constant immersion for which a component may not have been chosen
or prepared for. Such systems are commonly encountered in confined
areas close to ground level or, worse, below ground where high humidity
may prevail. Figure 9.5 shows the advanced corrosion of the frame and
contacts in an electric junction box only four years after a building was
completed. While the junction box in this example was only at the ground
level, the wires coming to the box were buried without additional
insulation and in constant contact with much cooler ground than ambient
air in the room. The repeated condensation of ambient humidity on the
electrical box support and on many of its connections caused enough
corrosioninsuch a short period of time to require the complete replacement
of the system to avoid unscheduled power interruptions.

Factors Affecting Atmospheric Corrosion

The most important factor in atmospheric corrosion, overriding the
presence of any other surface contamination, is moisture, either in the
form of rain, dew, condensation, or high relative humidity (RH).
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In the absence of moisture, most contaminants would have little or
no corrosive effect.

Rain is not always corrosive. It may even have a beneficial effect
by washing away atmospheric pollutants that have settled on exposed
surfaces. This effect is particularly noticeable in marine environments.
On the other hand, if the rain collects in pockets or crevices, it may
accelerate corrosion by supplying continued wetness in such areas as
shown in Fig. 9.6.

Dew and condensation are undesirable from a corrosion stand-
point if they are not accompanied by frequent rain washing to dilute
or eliminate surface contamination. A film of dew, saturated with
sea salt or acid sulfates (acid rain), and acid chlorides coming from
an industrial atmosphere provide an aggressive electrolyte for the
promotion of corrosion.

Temperature plays an important role in atmospheric corrosion in
two ways. First, there is a normal increase in corrosion activity which
can theoretically double for each 10° increase in temperature. Secondly,
a little-recognized effect is the temperature lag of metallic objects, due
to their heat capacity, behind changes in the ambient temperature. The
period of wetness is often much longer than the time the ambient air is
at or below the dew point and varies with the section thickness of the
metal structure, air currents, RH, and direct radiation from the sun.

Ficure 9.6 Galvanized bolting assembly after 10 years of exposure to
a deicing salt environment.
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Cycling temperature may accelerate these processes and produce
severe corrosion on metal objects in unheated warehouses, and on
metal tools or other objects stored in humid environments. Since the
dew point of an atmosphere indicates the equilibrium condition of
condensation and evaporation from a surface, it is advisable to
maintain the temperature some 10 to 15°C above the dew point to
ensure that no corrosion will occur by condensation on a surface that
could be colder than the ambient environment.

As the ambient temperature drops during the evening, metallic
surfaces tend to remain warmer than the humid air surrounding them
and do not begin to collect condensation until some time after the dew
pointhasbeenreached. As the temperaturebegins torisein the surrounding
air, the lagging temperature of the metal structures will tend to make them
act as condensers, maintaining a film of moisture on their surfaces.

In the following example, a complete truckload of expensive
vehicle parts were lost due to this effect. In the “Just in Time”
manufacturing era, system parts can be produced at different plants
within a few driving hours of the final assembly line. These parts will
therefore only be in transit for a few hours and usually do not require
much protection against corrosive elements.

On a spring Friday, two trailer trucks were loaded at the part-
manufacturing facility, with engine parts packed in their habitual
dunnage* for delivery at the assembly plant seven driving hours away.
The first truck left early that morning and the parts were received in
good condition at the assembly plant. The second truck was loaded later
during the day. However, a long weekend was coming and the decision
was made by the transport company to park the trailer truck near the
manufacturing area for delivery to the assembly plant the following
week. The second truck left the manufacturing area on the following
Monday afternoon to be delivered the next day to the assembly plant
where it was discovered that all the parts were surface rusted and
deemed unusable for production.

Figure 9.7 shows a plot of the ambient and dew-point temperatures
extracted from the weather data file for the three days the loaded truck
spent in the manufacturing area while parked outside without any
particular care or attention. An obvious feature in Fig. 9.7 is the very small
difference between the ambient and dew-point temperatures during the
three nights the truck was parked idle in the manufacturing area.
However, this factor alone would not be sufficient to explain the serious
corrosion experienced by all the parts stored in the second truck.

Amore dramatic situation is revealed by considering that a certain
timelag existed between the ambient temperature and the temperature
of the steel parts enclosed in their donnage. The five hours lag
between these two temperatures, shown as a dotted line in Fig. 9.8, is

* Dunnage is the name for the materials used in holds and containers to protect goods
and their packaging from moisture, contamination, and mechanical damage.
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Ficure 9.7 Ambient and dew point temperatures as a function of the time
of loading of steel parts stored in a truck parked outdoor for three days.

realistic considering the mass of the steel parts and their partial
insulation from the ambient environment. Figure 9.8 clearly shows
that surface condensation on the vehicle parts was highly probable
during the three nights spent by the truck in the parking lot, with the
second night being the most dramatic.
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Ficure 9.8 Difference between ambient, with and without a time lag, and
dew point temperature as a function of the time of loading of steel parts
stored in a truck parked outdoor for three days.
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9.3.1 Relative Humidity and Dew Point

Relative humidity is defined as the ratio of the quantity of water vapor
presentin theatmosphere to the saturation quantity ata given temperature,
and itis expressed as percent. A fundamental requirement for atmospheric
corrosion processes is the presence of a thin film electrolyte that can form
on metallic surfaces when exposed to a critical level of humidity. While
this film is almost invisible, the corrosive contaminants it contains are
known toreachrelatively high concentrations, especially under conditions
of alternate wetting and drying.

The critical humidity level itself is a variable that depends on the
nature of the corroding material, the tendency of corrosion products and
surface deposits to absorb moisture, and the presence of atmospheric
pollutants [3]. It has been shown, for example, that this critical humidity
level is 60 percent for steel when the environment is free of pollutants.

In the presence of thin film electrolytes, atmospheric corrosion
proceeds by balanced anodic and cathodic reactions described,
respectively, in Egs. (9.1) and (9.2). The anodic oxidation reaction
involves the corrosion attack of the metal, while the cathodic reaction
is naturally the oxygen reduction reaction (Fig. 9.9).

Anode reaction: 2Fe — 2Fe? + 4e” 9.1)

Cathode reaction: O, +2H,0 + 4e- — 40H- (9.2)

Marine environments typically have high RH, as well as salt rich
aerosols. Studies have shown that the thickness of the adsorbed layer
of water on a zinc surface increases with percent RH and that corrosion
rates increase with the thickness of the adsorbed layer. There also seems
to be a finite thickness to the water layer that, when exceeded, can limit
the corrosion reaction due to limited oxygen diffusion [4]. However,
when metallic surfaces become contaminated with hygroscopic salts
their surface can be wetted at a lower RH. The presence of magnesium
chloride (MgCl,) on a metallic surface can make a surface apparently
wet at 34 percent RH while sodium chloride (NaCl) on the same surface
requires 77 percent RH to create the same effect [5].

Atmosphere

Thin film electrolyte

3D E0) )
Corroding metal (Fe)

Ficure 9.9 Schematic description of the atmospheric corrosion of iron.
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In absence of any particular surface effects, the dew point
corresponds to the temperature at which condensation occurs. A high
RH would therefore be associated with a dew point close to the current
air temperature. If the RH was 100 percent, for example, the dew point
would be equal to the current temperature. Given a constant dew point,
an increase in temperature will lead to a decrease in relative humidity.
Equation (9.3) provides a convenient way to calculate the dew point as
a function of temperature to within +0.4°C [6]:

B lnRH+i
B+t (9.3)

fa = Af

A—]nRH—m

where A =17.625
B =243.04°C
RH is the relative humidity as a fraction (not percent)
t is the surface temperature (°C)
t,is the dew point temperature (°C)

Equation (9.3) is valid for 0°C < t <100°C, 0.01 < RH < 1.0, and 0°C <
T, < 50°C. Figure 9.10 illustrates the relationship between the dew point
temperature and relative humidity for selected surface temperatures.

9.3.2 Pollutants

Sulfur dioxide (SO,), a gaseous product of the combustion of fuels
containing sulfur such as coal, diesel, gasoline, and natural gas, has
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Ficure 9.10 Relationship between dew point temperature and relative
humidity for selected surface temperatures.
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been identified as one of the most important air pollutants that
contribute to the corrosion of metals.

Less recognized as corrosion promoters, are the nitrogen oxides
(NO,), which are also products of combustion. A major source of NO_in
urban areas is the exhaust fumes from vehicles. Sulfur dioxide, NO, and
airborne aerosol particles can react with moisture and UV light to form
new chemicals that can be transported as aerosols. A good example of
this is the summertime haze over many large cities. Up to 50 percent of
this haze is a combination of sulfuric and nitric acids.

9.3.3 Deposition of Aerosol Particles

The behavior of aerosol particles in outdoor atmospheres is explained
by laws that govern their formation, movement, and capture. These
particles are present throughout the planetary boundary layer and
their concentrations depend on a multitude of factors including
location, time of day or year, atmospheric conditions, presence of
local sources, altitude, and wind velocity.

The highest concentrations are usually found in urban areas,
reaching up to 10® and 10° particles per cm?, with particle size ranging
from around 100 #m to a few nanometer. Size is normally used to
classify aerosol because it is the most readily measured property and
other properties can be inferred from size information [7]. The highest
mass fraction of particles in an aerosol is characterized by particles
having a diameter in the range of 8 to 80 xm [8].

Some studies have indicated that there is a strong correlation
between wind speed and the deposition and capture of aerosols. In
such a study of saline winds in Spain a very good correlation was
found between chloride deposition rates and wind speeds above a
threshold of 3 m s or 11 km h™ [9].

Aerosols can either be produced by ejection into the atmosphere,
or by physical and chemical processes within the atmosphere (called
primary and secondary aerosol production, respectively). Examples
of primary aerosols are sea spray and wind-blown dust. Secondary
aerosols are produced by atmospheric gases reacting and condensing,
or by cooling vapor condensation. Once an aerosol is suspended in
the atmosphere, it can be altered, removed, or destroyed.

Aerosol particles do not stay in the atmosphere indefinitely, and
average lifetimes are of the order of a few days to a week, depending
on their size and location. Aerosol particles have a finite mass and are
subject to the influence of gravity, wind resistance, droplet dry-out,
and possibilities of impingement on a solid surface. Studies of the
migration of aerosols inland of a sea coast have shown that typically
the majority of the aerosol particles are deposited close to the shoreline
(typically 400 to 600 m) and consist of large particles (>10ym diameter),
which have a short residence time and are controlled primarily by
gravitational forces [8;9].

www.iran—mavad.com

Slgo wigo yole @2 30



Atmospheric Corrosion

9.3.4 Deicing Salts

Snow fighting has a long history. The first use of salt for deicing roads
can be traced back to the 1930s. However it was not until the 1960s that
the use of salt in conjunction with plowing became widespread after
winter maintenance personnel learned its effectiveness. Figure 9.11
presents the usage of deicing salt or rock salt (mostly sodium chloride)
in the United States between 1940 and 2005 (Data from the Salt Institute
www.saltinstitute.org). Initially confined to the “snowbelt,” ice fighting
has become a priority activity in the “sunbelt” too.

The Benefits of Salting

There is a vast international experience in effective snow fighting and
the efficient use of deicing salts. A 1972 study by Paul ]. Claffey presented
to the Highway Research Board (now Transportation Research Board)
concluded that the roughness of road ice and slippage of wheels can
result in an increase in fuel consumption around 35 percent in averages
and as much as 50 percent when there is 5 cm of snow on the road. A
1976 report by the Institute for Safety Analysis (TISA) listed the following
cost benefits (reported here using 1976 prices and rates) of using salt in
the United States to deice highways:

* Reduces wages lost due to lateness to work by $7.6 billion
e Saves $3 billion in wage loss because of absenteeism

* Reduces production losses by $7 billion
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Ficure 9.11 Usage of rock salt for deicing in the United States in thousands
of tons.

www.iran—mavad.com

Slgo wigo yole @2 30


www.saltinstitute.org

342

Accidents per million vehicle km of travel

Chapter 9

¢ Reduces losses in goods shipment by $600 million
® Saves 1.4 to 4.5 billion L of fuel

e Has an 18:1 benefit/cost ratio

A study published in 1993 [10] concluded that “As a winter
maintenance service, deicing pays for itself within the first 25 minutes
after the first hour that salt is spread on two-lane highways. Then,
during the first four hours after the hour of application of salt, the direct
road user benefits were $6.50 for every $1.00 spent on direct maintenance
costs for the operation.” The study found that costs related to accidents,
including medical expenses, emergency services, workplace costs,
travel delay, property damage, and administration and legal expenses
decrease by 88 percent after the application of deicing salt. Figure 9.12
illustrates the results of two studies of traffic accident rates carried out
in two different countries (Germany and the United States) before and
after salt spreading at the onset of a snow storm.

Use of salt, in conjunction with a good plowing program, is the
fastest and most efficient means of snow and ice removal. The use of
abrasives requires at least seven times more material to treat a given
distance of roadway. Therefore, it takes seven loads and seven round
trips to the loading point, compared to just one for salt, resulting in a
greater use of fuel, increased manpower and more time to treat roads
during a storm. Studies by the Salt Institute have determined that a
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Ficure 9.12 Statistics revealing the number of accidents before and after applying
deicing salts.
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loaded salt truck, spreading at the generally accepted rate of 140 kg per
two-lane km for general storm conditions, can treat a 36 km stretch of
roadway, traveling a total of 72 km. A sand truck requires seven loads,
must travel a total distance of 300 km to treat the same section of road
and that truck requires four times more fuel. In more ways than one,
salt used in snow and ice control contributes to energy savings.

The Bad and the Ugly Corrosion

The massive spreading of salt on roads and highways unfortunately
alsohassome serious negative effects. Besides environmental concerns,
one of the major criticisms of salt use for deicing is its contribution to
corrosion of metal in steel bridges (Fig. 9.13), road vehicles (Fig. 9.14),
reinforced concrete (Fig. 9.15) (bridge decks, parking garages), and
any other metallic objects in close proximity to roads and highways
(lampposts, statues, buildings, and so forth).

Although another effective but less corrosive deicing agent is
commercially available (calcium magnesium acetate or CMA), its
price seems to be too high for wide usage. One ton of CMA costs $300
to $600 as opposed to $20 to $70 for rock salt. The use of CMA has

Ficure 9.13 Pack rust under a steel bridge.
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Ficure 9.14 A truck all corroded on the driver side due to salt on the road.

Ficure 9.15 Reinforced concrete spalling off due to corrosion of steel
rebar.
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thus been confined to areas where corrosion could cause critically
important damage such as for airport winter maintenance. It can
therefore be expected that the road environment will likely remain
corrosive well into the future.

The impact of salts on protective coatings is widely recognized.
Any breach or holiday in the coating will let salts reach the metallic
substrate and initiate a very aggressive environment that in turn will
force the coating to blister and peel off (Figs. 9.16 and 9.17), sometimes
until complete perforation of the metal (Fig. 9.18).

The effect of deicing salts extends much beyond the immediate
vicinity where the salts are spread because these salts can travel as aerosol
particles generated by the traffic circulation. Figure 9.19 summarizes the
results of a study using standard corrosion coupons [11] deployed on a
pedestrian walkway across a well-traveled road during the winter
months of a moderately cold Canadian city where rock salt is the deicing
agent of choice. These results clearly indicate that the corrosion rates
(percent mass loss) while being highest closer to the ground (at the bottom
of the pillars) are still appreciable many meters above the traffic level. For
comparison, similar measurements made in non-trafficked areas of the
same city typically showed corrosion rates fifty times smaller during the
same exposure period, that is, 0.2 percent mass loss.

In another study, it was demonstrated that high corrosion rates
could be measured more than 100 m downwind of a major highway in
similar winter conditions Fig. 9.20 [12]. The corrosion trends measured

Ficure 9.16 Blistering and peeling of protective coating subjected to regular
deicing salt application.
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Ficure 9.17 Filiform corrosion and paint blistering accelerated by deicing salt.

Ficure 9.18 Fallen blister showing complete perforation.
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Ficure 9.19 Results of a study investigating the transport and effects of deicing
salt-laden aerosols.
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Ficure 9.20 The corrosion impact of deicing salts downwind of a major
highway.

www.iran—mavad.com

Slgo uwsigo ol @2 30



348

Chapter 9

Ficure 9.21 Decreasing corrosion of a sign post as a function of height.

in these studies also leave a visible imprint on many structures adjacent
to roads and highways. The shop sign post shown in Fig. 9.21, for
example, has a decreasing level of coating blistering and peeling as a
function of height while the overpass bridge in New York (Fig. 9.22)
shows a clear imprint of the corrosion due to chloride rich aerosols.

Ficure 9.22 Corroded overpass steel bridge above the most traveled lane
of a two-lane highway, a telltale symptom of deicing salt corrosion.
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9.4 Measurement of Atmospheric Corrosivity Factors

Various methods have been developed for measuring many of the
factors that influence atmospheric corrosion. The quantity and
composition of pollutants in the atmosphere, the amount collected on
surfaces under a variety of conditions, and the variation of these with
time have been determined. Temperature, RH, wind direction and
velocity, solar radiation, and amount of rainfall are easily recorded.
Not so easily determined are dwelling time of wetness (TOW), and
the surface contamination by corrosive agents such as sulfur dioxide
and chlorides. However, methods for these determinations have been
developed and are in use at various test stations. By monitoring these
factors and relating them to corrosion rates, a better understanding of
atmospheric corrosion can be obtained.

9.4.1 Time of Wetness

Time of wetness is an estimated parameter based on the length of
time when the relative humidity is greater than 80 percent at a
temperature greater than 0°C. It can be expressed as the hours or days
per year or the annual percentage of time.

Amethod of measuring the TOW has been developed by Sereda and
correlated with the corrosion rates encountered in the atmosphere [13].
The moisture sensing elements in this sensor are manufactured by
plating and selective etching of thin films of appropriate anode
(copper) and cathode (gold) materials in an interlaced pattern on a thin
nonconductive substrate (Fig. 9.23). When moisture condenses on the
sensor it activates the cell, producing a small voltage (0 to 100 mV) across
a 107 Q resistor.

Ficure 9.23 Interlocking combs of gold and copper electrodes in a Sereda
humidity sensor.
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Thin sensing elements are preferred in order to preclude influencing
the surface temperature to any extent. Although a sensor constructed
using a 1.5-mm thick glass-reinforced polyester base has been found to
be satisfactory on plastic surfaces, this will not be the case with the
same sensing element ona metal surface with a high thermal conductivity
[14]. For metal surfaces, the sensing element should be appreciably
thinner. Commercial epoxy sensor backing products of a thickness of
1.5 mm, or less, are suitable for this purpose.

9.4.2 Sulfur Dioxide

Sulfur dioxide is usually measured in terms of its concentration in air in
units of jig/m?®. Precise methods are available to monitor continuously the
amount of sulfur dioxide in a given volume of air. The pollution levels
may also be measured in terms of the concentration of dissolved sulfate
(SO,%) in rain water. However, this is only indirectly related to the effect of
sulfur dioxide on corrosion since only the actual amount of hydrated
sulfur dioxide or sulfur trioxide deposited on metal surfaces is important.

There are two widely used methods for determining the sulfur
dioxide (SO,) concentration in the atmosphere of interest. Both
employ the affinity of lead oxide to react with gaseous SO, to form
lead sulfate. The most common method used in corrosion work is the
sulfation. These devices can be either purchased or prepared in the
laboratory. They consist of small disks of lead oxide that are exposed
facing the ground under a small shelter to prevent the reactive paste
from being removed by the elements [15].

The disk surface is thus exposed only to gaseous SO, not
particulates. The American Society for Testing of Materials (ASTM)
procedure suggests a 30-day exposure, followed by a standard sulfate
analysis [16]. The other method sometimes used is the peroxide
candle, similar in its function to the chloride candle, but again using
lead peroxide to capture SO,. In this procedure, a lead peroxide paste
is applied to a paper thimble in the laboratory, and allowed to dry
thoroughly before exposure. The thimble is then exposed in an
instrument shelter to the test yard environment. In both cases, the
SO, deposited results are appropriately reported in terms of deposition
rate on the surface in units of mg/m?/day.

9.4.3 Airborne Chlorides

Airborne salinity refers to the content of gaseous and suspended salt
in the atmosphere. It is measured by the concentration in the air in
units of g/ m?. Since it is the salt that is deposited on the metal surface
that affects the corrosion, it is usually reported in terms of deposition
rate in units of mg/m?/day. Chloride levels can also be measured in
terms of the concentration of the dissolved salt in rain water.

A number of methods have been employed for determining the
contamination of the atmosphere by aerosol transported chlorides,
for example, sea salt and road deicing salts. The wet candle method, for
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example, is relatively simple, but has the disadvantage that it also
collects particles of dry salt that might not deposit otherwise [17].
This technique uses a wet wick of a known diameter and surface area
to measure aerosol deposition (Fig. 9.24). The wick is maintained wet
using a reservoir of water or 40 percent glycol/water solution.
Particles of salt or spray are trapped by the wet wick and retained. At
intervals, a quantitative determination of the chloride collected by
the wick is made and a new wick is exposed.

In reality, the wet candle method gives an indication of the salinity
of the atmosphere rather than the contamination of exposed metal
surfaces. The technique is considered to measure the total amount of
chloride arriving to a vertical surface and its results may not be truly
significant for corrosivity estimates.

In order to understand the chloride deposition rates in a confined
spaces, such as ventilated subfloors in a sea coastal area, a special
collecting box shown in Fig. 9.25 was used in which the airborne
chlorides were collected on horizontal and vertical filter papers
positioned at different locations from the box openings (Fig. 9.26).

Roof

Test tube

Ficure 9.24 Schematic of a wet candle chloride apparatus.

www.iran—mavad.com

Slgo wigo yole @2 30

351



352

Chapter 9

Ficure 9.25 Subfloor simulation box surmounted by a wet candle chloride
measuring device that has been installed at several sites in Australia and
New Zealand. (Courtesy of Branz, New Zealand)

Ficure 9.26 Horizontal and vertical filter papers installed inside a subfloor
simulation box. (Courtesy of Branz, New Zealand)
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The roof protected the surface from direct rain but the filter papers
were still exposed to deposition of the airborne chlorides and possibly
some rain. Filter papers were removed every month for chemical
analysis. A wet candle with its own roof cover was installed on each
box (Fig. 9.25) to provide a measure of the level of chlorides outside
the boxes.

9.4.4 Atmospheric Corrosivity

The simplest form of direct atmospheric corrosion measurement is by
coupon exposures. Subsequent to their exposure, coupons can be subjected
to weight-loss measurements, pit density and depth measurements
and to other types of examination. The main drawback associated with
conventional coupon measurements is that extremely long exposure times
are usually required to obtain meaningful data, even on a relative scale. It
is not uncommon for such programs to run for 20 years or longer.

Some variations of the basic coupon specimens can provide rapid
material corrosivity evaluations. The helical coil adopted in the ISO
9226 methodology is a high surface area/weight ratio coupon that
gives a higher sensitivity than panel coupons of the same material.
The use of bimetallic specimens in which a helical A91100 aluminum
wire is wrapped around a coarsely threaded bolt may provide
additional sensitivity and forms the basis of the Classify Industrial
and Marine Atmospheres (CLIMAT) coupon [11;18].

The mass loss of the aluminum wire of a CLIMAT coupon after
90 days of exposureis considered to be a relative measure of atmospheric
corrosivity. However, the results vary greatly between the various
combinations of materials suggested in the ASTM standard [11]. The
aluminum wire on copper bolts has been found by many to be the most
sensitive of the three proposed arrangements in the ASTM standard.
The use of triplicate coupons on a single holder additionally provides
an indication of the reproducibility of the measurements and the use of
vertical rods can reveal directional information on the corrosive agents
as will be illustrated in the following examples.

A CLIMAT coupon with three copper rods installed at the NASA
Kennedy Space Center (KSC) beach corrosion test site (Fig. 9.27) is
shown immediately after it had been installed [Fig. 9.28(a)], after 30 days
[Fig. 9.28(b)], and after 60 days [Fig. 9.28(c)]. KSC having the highest
corrosivity of any test site in the continental United States [19], the
mass loss recorded even after a shorter exposure than usual can be very
high. In the present example it was already 16 percent of the original
aluminum wire after 60 days. The base support of these CLIMATs
having been purposefully installed parallel to the sea coast the directional
effect of the marine salts may be illustrated by comparing the front and
back of the exposed CLIMATSs [Fig. 9.29(a) and (b)].

In another study focused on the shielding effects of buildings in a
marine environment, the directional impact of marine aerosols was
revealed by comparing the level of patina on CLIMAT’s copper rod
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Ficure 9.27 Aerial view of the NASA Kennedy Space Center beach
corrosion test site where atmospheric corrosivity is the highest corrosivity
of any test site in the continental United States.

Ficure 9.28 A CLIMAT coupon with three copper rods immediately after it
was installed at the Kennedy Space Center beach corrosion test site (a),
after 30 days (b), and after 60 days (c).
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(b)

Ficure 9.28 (continued)
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(a)

(b)

Ficure 9.29 Close-up pictures of a CLIMAT coupon exposed at KSC for
two months: (a) seaside and (b) backside.
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exposed for three winter months at facilities on the Pacific coast [20].
What became evident in that study was that the pattern of the bluish-
green patina attributed to the corrosion product CuCl,-2H,O was not
uniformly distributed around the circumference of each copper rod.
A template with 16 points of the compass was placed onto the
outside of each copper rod that was on the most boldly exposed CLIMATs
of that study in order to visually quantify the intensity of the bluish-
green color. The relative degree of corrosion for each compass point was
assessed by assigning a number between 0 and 10 with 0 corresponding
to 0 bluish-green patina and 10 corresponding to 100 percent coverage of
the colored corrosion product. The average corrosion index for each of
the 16 points of the compass for the copper rods is shown in Fig. 9.30.
One attempt to correlate the directional corrosivity observed on
the copper rods with weather data was to plot the fraction of time

SSwW SSE

[ Patina index
O wWind speed (knots)
! Wind direction

Ficure 9.30 Average corrosion index for the copper rods exposed on the
rooftop and the average wind speed recorded at the local weather station as
a function of the 16 points of the compass.
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that winds came from the 16 points of the compass during the three-
month exposure period. The dominant direction was the north to
north-east. However, the pattern of corrosion product did not
correspond to the most frequent wind direction but did correspond
to the direction with the highest wind speeds, which are in the west
to south quadrant at this particular site (Fig. 9.30).

Atmospheric Corrosivity Classification Schemes

9.5.1 Environmental Severity Index

An environmental corrosivity scale, based on atmospheric parameters,
has been developed over the years for the maintenance management of
structural aircraft systems [21]. A corrosion damage algorithm (CDA)
was proposed as a guide for anticipating the extent of corrosion damage
and planning maintenance operations. This classification scheme was
developed primarily for uncoated aluminum, steel, titanium, and
magnesium alloys exposed to the external atmosphere at ground level.

The section of the CDA algorithm presented in Fig. 9.31 considers
the distance to salt water, leading either to the very severe AA rating for
close distance to seashore or a consideration of moisture factors. Following
the moisture factors, pollutant concentrations are compared with values
of Working Environmental Corrosion Standards (WECS). The WECS
values were adopted from the 50th percentile median of a study aimed at
determining ranges of environmental parameters in the United States
and represent “average of averages.” For example, a severe A rating
would be given if any of the three pollutants considered in this scheme,
that is, sulfur dioxide, total suspended particles, and ozone levels, would
exceed the WECS values in combination with a high moisture factor.

The environmental corrosivity, predicted from the CDA algorithm,
of six marine air bases has been compared to the actual corrosion
maintenance effort expended at each base. Considering the simplicity
of the algorithms and simplifying assumptions in obtaining relevant
environmental and maintenance data the correlation obtained was
considered to be reasonable. However, subsequent attempts to enhance
the PACER LIME algorithm by using the results obtained from broad-
based corrosion testing programs have failed to provide enough
differentiation between moderately corrosive environments [22].

In order to remedy the deficiencies in the CDA scheme, Battelle
Memorial Institute has been tasked to monitor the atmospheric corro-
sivity of air force and other sites worldwide [23]. The database describ-
ing the relative corrosive severity levels of different locations and actual
corrosion rates of a variety of metals has now grown to more than
100 sites worldwide. The metals included in that study are three alumi-
num alloys (A92024, A96061, and A97075), copper, silver, and steel.

Data have been collected for metals directly exposed to the
outdoor environment in a standard sample mounting configuration
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Distance
to sea

<4.5km .

<125 cmlyr > 125 cm/yr

Expected corrosion damage
AA Very Severe B Moderate
A Severe C Mild

Ficure 9.31 The PACER LIME algorithm for determining the corrosion
severity for a given location.

and test package. A typical plastic test rack with its metallic coupons
is shown in Fig. 9.32 besides a CLIMAT coupon exposed at the KSC
beach corrosion test site. Figure 9.33(a) shows a close-up view of the
coupons before exposure. Once exposed to the environment for a
given period of time, the corroded metal strips [(Fig. 9.33(b)] are
sent back to the laboratory for mass loss measurements following
standard methods [24] and further analysis.

These efforts established a correlation between the corrosivity of
various air force base environments to aluminum and the costs
associated with the maintenance of various aircraft. Figure 9.34
summarizes three years of corrosion data compared to maintenance
records.
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Ficure 9.32 Metal coupons in a plastic test rack exposed at the Kennedy
Space Center beach corrosion test site besides a CLIMAT coupon. (Courtesy
of Battelle)

(a)

Ficure 9.33 Metal coupons before exposure to the environment (a) and
after a three month exposure in a rural environment (b). (Courtesy of Battelle)
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(b)

Ficure 9.33 (continued)
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Ficure 9.34 Maintenance costs for various aircraft as a function of the
corrosivity of air force base environments toward the corrosion of aluminum.
(KC 135 is the refueling support aircraft; CC130 is the Hercules airlift
mission aircraft; F15 and F16 are fighter aircraft).
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9.5.2 IS0 Classification of Corrosivity of Atmospheres

The International Organization for Standardization (ISO) has implemented
a worldwide atmospheric exposure program known as ISO CORRAG.
This program included exposure of steel, copper, zinc, and aluminum for
one, two, four, and eight years at 51 sites located in 14 nations in order to
generate the necessary data to produce a classification system for predicting
atmospheric corrosivity from commonly available weather data [25].

Triplicate specimens were used for each exposure. The metals selected
were a low carbon steel from a single supplier and commercially pure
zinc, copper, and aluminum. These nonferrous metals were obtained
from local sources in each of the participating nations. The program was
initiated in 1986 and closed in 1998. After a planned exposure, each
specimen was sent to the laboratory that had done the initial weighing for
cleaning and evaluation.

Mass loss values were obtained and converted to corrosion thickness
loss values [25]. Based on these data, a simple classification scheme of five
corrosivity classes was established for each metal (Table 9.1). The
environmental and weather data gathered in this program are based on
S0O,,and CI” deposition rates (Table9.2) combined with TOW measurements
(Table 9.3) at each site to provide an estimated corrosivity class (Table 9.4).

Experience from applying the ISO classification system has
shown, however, that certain observations need further clarification.
Substantial corrosion has, for example, been measured on specimens
exposed at temperatures well below 0°C, which is in direct
contradiction with the ISO criterion which assumes that no corrosion
occurs when the temperature falls below 0°C [26]. It has been proposed
on the basis of such results, that the TOW in these environments be
estimated as the length of time that relative humidity exceeds 50
percent and the ambient temperature exceeds —10°C.

9.5.3 Maps of Atmospheric Corrosivity

Maps are powerful tools for communicating information related to
geographical landscapes and corrosivity maps of various countries
have been drawn to illustrate the corrosion severity of regions of these

Corrosion @ Steel Copper Aluminum Zinc
Category | (g/m?y) (g/m?y) (g/m?y) (g/m?y)
C, <10 <0.9 negligible <0.7
C, 11-200 0.9-5 <0.6 0.7-5
C, 201-400 5-12 0.6-2 5-15
C, 401-650 12-25 2-5 15-30
C, 651-1500 25-50 5-10 30-60

TaBLe 9.1 SO 9223 Corrosion Rates after One Year of Exposure Predicted for
Different Corrosivity Classes
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Sulfur Dioxide Chloride
Sulfur Dioxide | Deposition Rate Chloride Deposition Rate
Category (mg/m? day) Category = (mg/m?day)
P, <10 S, <3
P, 11-35 S, 4-60
P, 36-80 S, 61-300
P, 81-200 S, 301-1500
TaBLE 9.2 SO 9223 Classification of Sulfur Dioxide and Chloride Pollution
Levels
Time of
Wetness Wetness Time of Wetness | Examples of
Category (percent) (hours per year) Environments
T, <0.1 <10 Indoor with
climatic control
T, 0.1-3 10-250 Indoor without
climatic control
T, 3-30 250-2500 Outdoor in dry,
cold climates
T, 30-60 2500-5500 Outdoor in other
climates
T, >60 >5500 Damp climates
TaBLe 9.3 IS0 9223 Classification of Time of Wetness
TOW Cl- SO, Steel Cu & Zn Al
T, S,orS, P, 1 1 1
P, 1 1 1
P, 1-2 1 1
S, P, 1 1 2
P 1 1 2
P, 1-2 1-2 2-3
S, P, 1-2 1 2
P 1-2 1-2 2-3
P, 2 2 3
T, S,0rS, P, 1 1 1
P, 1-2 1-2 1-2
P, 2 2 3-4
TaBLe 9.4 SO 9223 Corrosivity Categories of Atmosphere
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TOW | CI- So, Steel Cu&Zn | Al
S, P, 2 1-2 2-3
P, 2-3 2 3-4
P, 3 3 4
S, P, 3-4 3
P, 3-4 3 4
P, 4 3-4 4
T, S,orS, | P, 2-3 3 3
P, 3-4 3 3
P, 4 3 3-4
S, P, 3-4 3 3-4
P, 3-4 3-4 4
P, 4-5 3-4 4-5
S, P, 4 3-4 4
P, 4-5 4 4-5
P, 5 4 5
T, S,orS, | P, 3 3 3
P, 4 3-4 3-4
P, 5 4-5 4-5
S, P, 4 4 3-4
P, 4 4 4
P, 5 5 5
S, P, 5 5 5
P, 5 5 5
P, 5 5 5
T, S,orS, | P, 3-4 3-4 4
P, 4-5 4-5 4-5
P, 5 5 5
S, P, 5 5 5
P, 5 5 5
P, 5 5 5
S, P, 5 5 5
P, 5 5 5
P, 5 5 5

TaBLe 9.4 (continued)
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[ Extremely
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[] severe
[ Moderate
] Mild

[_] Negligible

Ficure 9.35 Corrosivity map of North America showing the particular
aggressiveness of the snowbelt region.

countries [27]. One of the very first atmospheric corrosivity maps was
produced to summarize many years of results obtained by exposing
bare steel coupons attached to different vehicles in the northeastern
United States and Canada (Fig. 9.35) [28]. The results presented in this
figure reveal the corrosive effects of using deicing salts since this is the
main factor that can explain the higher level of vehicle corrosion in the
snowbelt region when compared to adjacent non-marine regions.
Similar corrosivity maps have been created from data available in
the literature, such as the corrosivity map of Mexico shown in Fig. 9.36
[29], the map of Japan (Fig. 9.37) that shows an increasing corrosivity
from north to south regions [30], and the map of India (Fig. 9.38) [31].

Tijuanale®

[ Extremely Severe

Endenada 9y [ Severe
e Chihuahua O Moderate
[ mild
Monterrey o [] Negligible

o Guadalajata Cancun

Acapulco™e.

Tapachura\e,

Ficure 9.36 Corrosivity map of Mexico.
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[ Severe
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[ Mild

[] Negligible

Sendai

v

Ficure 9.37 Corrosivity map of Japan.

Atmospheric Corrosion Tests

For many years, different individuals and organizations have been
putting specimens out in the atmosphere in all kinds of tests and
shapes. There has been an attempt to standardize some of these tests,
as well as the method of reporting the results. When initiating
corrosion tests in the atmosphere, these standardized procedures
should be consulted and used whenever possible.

Flat panels exposed boldly to the environment on special exposure
racks are a common method for testing materials and protective
coatings (Fig. 9.39). Various other specimen configurations have been
used, including stressed U-bend or C-ring specimens for stress
corrosion cracking (SCC) studies, and crevice assemblies to verify the
susceptibility of specific configurations (Fig. 9.40).
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e Delhi

- Extremely severe

- Severe

|:| Moderate
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Ficure 9.38 Corrosivity map of India.

Ficure 9.39 Atmospheric test rack exposed to marine West Coast
environments. (Courtesy Defence R&D Canada-Atlantic)
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Figure 9.40 Aluminum and magnesium test specimens equipped with
crevice spacers and mounted on a rack to be exposed at the previous test
station. (Courtesy of DSTO Australia)

In addition to the atmospheric corrosivity conditions at the test
site the following factors are important for the design and interpretation
of atmospheric corrosion tests:

e Shape of the specimen

¢ Direction it faces

* Amount of shelter, drip, or runoff from other specimens
¢ Elevation

¢ Shading

¢ Unusual contamination

Panel specimens are typically placed in racks at a 30-degree angle
to the horizontal, facing the source of corrosive elements. They are
electrically insulated from the racks on which they are mounted and
are arranged so that drip from neighboring panels does not contaminate
them (Fig. 9.39). Cylindrical specimens are mounted horizontally,
facing the same direction as the panels. They may be exposed fully to
the weather or be partially sheltered, depending upon the requirements
of the test. There is a great variety of test fixtures and shape of specimens
used for environmental cracking tests. Figures 9.41 and 9.42 show
respectively a full exposure and a semi-sheltered test stations equipped
with TOW galvanic sensors, temperature, and SO, level recorded with
a data logger.

In most exposure tests, enough specimens are used so that
removals may be made after predetermined periods of 1 to 20 years.
Very short-term tests usually can be misleading in that the condition
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Ficure 9.41 Outdoor exposure test station with specimen rack on top and
data logger attached below at an army base in Northern Australia. (Courtesy
of DSTO Australia)

Ficure 9.42 Semisheltered test station with test coupons, wet candle
apparatus, and data logger attached at an army base in Northern Australia.
(Courtesy of DSTO Australia)
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Ficure 9.43 Coated panels exposed on an atmospheric test rack in a
marine environment with CLIMAT coupons for corrosivity calibration.
(Courtesy of Defence R&D Canada-Atlantic)

of the metal surfaces during the first few days of exposure may affect
the initial corrosion rate, or average weather conditions may not be
encountered during the initial exposure period.

Some tests are continued until failure, as in SCC testing. However,
in tests of protective coatings, as well as in others, periodic measure-
ments of typical properties such as degree of undercutting are more
adequate (Fig. 9.43).

9.7 Corrosion Behavior and Resistance

The following sections contain a brief description of the atmospheric
corrosion performance of some metallic materials commonly used in
atmospheric conditions.

9.7.1 Iron, Steel, and Stainless Steel

Iron, in its various forms, is exposed to all kinds of environments. It
tends to be highly reactive with most of them because of its natural
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tendency to form iron oxide. When it does resist corrosion it is due to
the formation of a thin film of protective iron oxide on its surface by
reaction with oxygen in the air. This film can prevent rusting in air at
99 percent RH, but a contaminant such as acid rain may destroy the
effectiveness of the film and permit continued corrosion. Thicker
films of iron oxide may act as protective coatings, and after the first
year or so, could reduce the corrosion rate, as shown in Fig. 9.44.

While the corrosion rate of bare steel tends to decrease with time,
the difference in corrosivity of different atmospheres toward unal-
loyed cast irons or steels can be quite dramatic. The relative corrosiv-
ity for open-hearth steel in atmospheres ranging from a desert to the
spray zone on an ocean beach is shown in Table 9.5. Similar ranges in
corrosivity were determined by the ISO 9223 corrosion rates for steel
(Table 9.1). In a few cases, the corrosion rates of ferrous metals have
been reported as increasing with time, and careful analysis of the
exposure conditions generally reveals that an accumulation of con-
taminating corrosive agents has occurred, thus changing the severity
of the exposure.

It is generally conceded that steels containing only very low
amounts of copper are particularly susceptible to severe atmospheric
corrosion. In one test over a 3%-year period in both a marine and an
industrial atmosphere, a steel containing 0.01 percent copper corroded
at a rate of 80 #m/y, whereas increasing the copper content by a factor
of five reduced the corrosion rate to only 35 #m/y. Further additions
of small amounts of nickel and chromium reduced the corrosion rate
to 10 um/y.

250

200

-

150
Copper steel

100

Cor-ten steel

50

Average thickness reduction (um)

Time (years)

Ficure 9.44 Time—corrosion curves of three steels in industrial
atmosphere, Kearny, N.J.
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Khartoum, Egypt
Abisco, North Sweden
Singapore, Malaysia
Daytona Beach, Fla. (Inland) 11
State College, Pa. 25
South Bend, Pa. 29
Miraflores, Canal Zone, Panama 31
Kure Beach, N.C., 250 m. from ocean 38
Sandy Hook, N.J. 50
Kearny, N.J. 52
Vandegrift, Pa. 56
Pittsburgh, Pa. 65
Frodingham, U.K. 100
Daytona Beach, Fla., near ocean 138
Kure Beach, N.C., 25 m. from ocean 475

TaBLE 9.5 Relative Atmospheric Corrosion Susceptibility of
Open-Hearth Steel

As shown in Table 9.5, it is impossible to give a corrosion rate for
steel in the atmosphere without specifying the location, composition,
and certain other factors. If one can relate exposure conditions to
those described in the literature, a fairly good estimate can be made
of the probable corrosion behavior of a selected material. However,
all aspects of the exposure of the metal surface must be considered.

A high-strength low-alloy (HSLA) steel, also called weathering
steel, may show an advantage in corrosion resistance of 12:1 over
carbon steel when freely exposed in a mild environment. This is why
weathering steel has been the choice of many designers for the
construction of boldly exposed surfaces, from buildings to utility poles
(Fig. 9.45). While weathering steel does not require any particular care
once installed, it may suffer surprising corrosion attack in crevice
areas. As the severity or the physical conditions of exposure change,
the HSLA steel will show less superiority. In crevices or on the backside
of structural forms in a corrosive atmosphere, HSLA steel will in fact
not perform better than plain carbon steel (Fig. 9.46).

Very little needs to be said about the behavior of stainless steels
(Types 200 and 300), which contain high percentages of nickel and
chromium, except that they can keep their shiny aspect without tar-
nishing for many decades, as illustrated in “The Triad,” a tall sculpture
erected in the busy part of Toronto, Canada in 1984 (Fig. 9.47). Stainless
steel has also been used to great advantage in more notorious buildings
and monuments.
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Ficure 9.45 A 35-m-high highway lamppost made of weathering steel.

The Chrysler Building completed in New York, in 1930 was the
first high-profile stainless steel application in the world. Type 302
stainless steel was used for the production of six rows of arches
topped with a stainless steel spire. Stainless steel gargoyles were
installed on the 31st and 61st floors. The present day condition is
estimated to be very good. Only small dents from the cleaning
equipment have been observed. Minor pitting above the 61st floor
balcony has been removed with polishing.

The exterior of the Empire State Building completed one year later
(1931), only a few blocks from the Chrysler Building, was made of
stainless steel, gray limestone, and dark gray aluminum. Over 300 t of
1.3-mm-thick Type 302 stainless steel have been used for its construction.
This historic landmark with a height of 282 m was the world’s tallest
building for 41 years. The stainless steel was estimated to be in excellent
condition 70 years after the construction of this historical landmark.

804 metric tons of Type 304 stainless steel plates, 6.3 mm thick, were
used more recently for the construction of the Gateway Arch erected in
1965 in St. Louis, Mo. on the bank of the Mississippi River. The 190-m-high
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Ficure 9.46 Pack rust developing at the base of the weathering steel highway
lamppost shown in Fig. 9.45, only 15 years after its installation.

monument is presently the tallest memorial in the United States and surely
St. Louis most famous icon. The arch is exactly as wide as it is tall.

The excellent performance of austenitic stainless steel in normal
atmospheres combined with the possibility to spot-weld this struc-
tural material, tempted a major manufacturer of stainless steel trains
in the United States to bid for a contract to build two hundred all-
stainless steel air freighters to carry troops, tanks, and guns during
the World War II efforts. In fact, the first entry of the Budd Company
in the world of aeronautics was made in 1930 through the contract
manufacture of aircraft wheels and stainless steel wing ribs, follow-
ing which a complete aircraft was designed and built by the company
in 1931, the BB-1 Pioneer amphibian (Fig. 9.48).

The first stainless steel air freighter, named RB-1 Conestoga, first
flew on October 31, 1943. During testing the RB-1 crashed but the test
pilot reported that the stainless steel construction of the plane contributed
to saving his life. However, the RB-1 had poor flying characteristics and
was plagued with construction delays due to cost overruns and problems
with stainless steel fabrication. Two other prototypes were built followed

www.iran—mavad.com

Slgo wigo yole @2 30



Atmospheric Corrosion

Ficure 9.47 Triad by Ted Bieler completed in 1984 using stainless steel.

by a short production of 17 planes for the U.S. Navy. Unfortunately, the
Conestoga was not a success, due to undesirable handling qualities, and
a further contract for 180 planes was canceled.

9.7.2 Copper and Copper Alloys
Copper and its alloys are not exposed to the atmosphere in great quantities
when compared with steel. However, this material brings aesthetic value
to building construction, in addition to excellent corrosion resistance. The
black and then green patina formed on the surface provides an attractive
decorative finish, while sealing the metal from further corrosion. As a
consequence, some copper has been used for roofs, gutters, and as
flashings on wood or composition shingled roofs.

Extensive tests have been made of the corrosion resistance of copper
and its alloys. Various alloys were exposed in rural, industrial, and marine
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Ficure 9.48 The Budd BB-1 Pioneer built in 1931 and mounted on a pylon
outside the Franklin Institute Science Museum in Philadelphia. The lower
wing and empennage fabric has been lost to the weather.

atmospheres for periods of up to 20 years. From data accumulated in
these tests and the calibrations of relative corrosivity of the test sites, a
fairly clear picture can be obtained of the corrosion behavior of copper.

In addition to the corrosion penetration rates, one must be mindful
of dezincification of brasses and selective attack on some bronzes as
well as SCC of yellow brass or bronze (Fig. 6.46 in Chap. 6). These
types of corrosion contribute to the failure of the material in mechanical
respects without significant weight changes or losses in thickness.

Where copper is used as flashing on roofs, corrosion has been
encountered at the edge of the shingles as a continuous groove. This
effect is more pronounced when the atmosphere contains both chlorides
and sulfides, and with wood shingles as compared with roofs of other
composition. Tests indicate that all-copper roofs 0.5 mm or more in
thickness would last several centuries in urban atmospheres.

If the green patina on copper alloys is desired for aesthetic reasons,
pretreatment of the surface with appropriate passivating solutions is
recommended. If oxidation by sulfur compounds precedes the desired
reaction, the surface will present only a dark brown color for many years.
The behavior of copper and copper alloys in three typical atmospheres is
summarized in Table 9.6.

9.7.3 Nickel and Nickel Alloys

Electrodeposited nickel and electroless nickel are widely used as a
protective coating for atmospheric exposure, and some nickel alloys, while,
selected for other reasons, are also exposed to atmospheric corrosion.
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Material Urban industrial® Rural® Marine$
T.P. copper 1.42 0.58 1.45
Phosphor bronze 1.91 0.56 2.51
Red brass 1.80 0.51 0.58
Yellow brass 2.16 0.58 0.46
90-10 Cupro Ni 3.78 2.08 2.90
Tin brass 1.73 0.76 0.61
Admiralty metal 2.51 0.51 0.33
Manganese bronze 8.64 0.48 2.02
Si Al bronze 1.27 0.33 0.33
10% Ni silver 1.96 0.64 0.58
18% Ni silver 2.01 0.61 0.53
Advance 1.55 0.25 0.46
Be copper 1.75 0.76 1.02
12 different coppers 0.81 0.46 1.35
* Newark, N.J.

t State College, Pa.
§ Kure Beach, N.J.; La Jolla, Calif.

TaBLe 9.6 Corrosion of Copper and Copper Alloys in um/y

The results shown in Table 9.7 were obtained for several representative
alloys. As can be concluded from these data, nickel tends to be passive in
a marine atmosphere. The ratio between the corrosion rate for nickel
exposed to the industrial atmosphere and that exposed to rural or marine
atmospheres was 28:1.

9.7.4 Aluminum and Aluminum Alloys
Aluminum, in its many forms is exceeded only by steel in tonnage
directly exposed to the elements. It is produced in the form of wrought
products, extrusions, and castings with a large variety of alloying
elements to impart desired mechanical properties. Before anodizing®,
the atmospheric corrosion behavior of aluminum products fits into
some fairly well-defined patterns that are related to composition.
While pure aluminum has excellent atmospheric corrosion
resistance and is used extensively as a cladding materials for this very

* See Chap. 5 for a detailed description of aluminum anodizing and Chap. 4 for a
description of the thermodynamic corrosion stability of pure aluminum.
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Material Urban industrial” | Ruralf Marine*
Nickel 0.15 3.66 0.22
0.24 1.65 0.23
Monel 0.16 1.57 0.17
3.56 0.81 0.21
Incoloy 0.06 0.02 0.02
Inconel 0.05 0.03 0.02
Nionel 0.03 0.02 0.02

* Newark, N.J.; New York City
* State College, Pa.
# Kure Beach, N.C.; La Jolla, Calif.

TaBLe 9.7  Corrosion in um/y of Nickel and Its Alloys in Various
Atmospheres

reason, alloys containing copper and silicon as the principal alloying
constituents are susceptible and should be used with care.

In a rural atmosphere, the corrosion rate for most alloys is
approximately 0.06 #m/y, while those containing large amounts of
copper about double this low rate. In a marine environment, the
differences between alloys appear as a tenfold increase, from about
0.6 um/y for the less corrosion-resistant materials, to about 0.7 #m/y
for the better materials. Pitting also is about 10 times greater in marine
atmospheres and corrosion can be much greater in a severe industrial
atmosphere than in the marine atmosphere.

Some aluminum alloys develop severe pitting and a voluminous
white corrosion product under some exposure conditions such as
marine atmospheres. Aluminum roofs have been known to corrode
severely at the overlaps. Some aluminum alloys may also be attacked in
their intergranular regions when exposed after certain manufacturing
processes involving cold work or precipitation hardening. General
intergranular attack or exfoliation can then occur. In extreme cases, the
edges of the affected area are leaf-like and resemble the separated pages
of a wetted book that has become swollen and begun to open up
(Fig. 9.49). The attack tends to start at sheared edges or punched holes,
but is not restricted to these areas. Aircraft manufacturers, in particular,
must guard against this type of corrosion.

In designing aluminum equipment, care must be exercised to
avoid dissimilar metal couples and the attendant galvanic corrosion.
Copper and rusty steel are particularly detrimental to aluminum.
Where it is impractical to avoid dissimilar metals, the aluminum
should be electrically insulated from the more noble metal by means
of washers, sleeves, and so forth. In some instances, covering the
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Ficure 9.49 Leaf-like exfoliation corrosion of corrugated A92024 aluminum
alloy. (Courtesy of Kingston Technical Software)

noble metal with an organic finish is sufficient to greatly reduce
galvanic couple corrosion. Due to the passive film on stainless steel,
it has been used in contact with aluminum with little expectation of
accelerated corrosion, despite the difference in potential.

As would be expected, constant exposure to moisture with a
limited supply of oxygen to the aluminum surface leads to the rapid
corrosion of any aluminum apparatus or equipment component. This
is due to the highly reactive nature of aluminum that leads to
formation of oxides or hydroxides. In the presence of oxygen, a
protective aluminum oxide film which is substantially unreactive,
develops on any aluminum surface. If the film is removed by
mechanical or chemical means and the aluminum exposed to water, a
rapid reaction sets in and the fresh aluminum surface is converted to
the hydroxide and subsequently to the oxide.

9.7.5 Zinc and Zinc Alloys

Zinc is exposed to the atmosphere in the form of galvanized sheet, as
in flashings on roofs; as die castings, and as coatings on steel, either
hot-dipped or electroplated. The general behavior of zinc metal and
zinc coatings is described in the ISO tables presented earlier. Note the
particularly low rates of attack on zinc as compared with steel in
marine exposures where chloride deposition is important. Such
excellent resistance is acquired by the hard, dense, protective products
of corrosion in a chloride atmosphere. Similar results cannot be
obtained in a sulfurous atmosphere where the corrosion products are
soft, voluminous, and non-protective.
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Ficure 9.50 Close-up of corrosion pits in a water jug (Fig. 6.8) made of a
silver-plated zinc casting.

Zinc-base die castings are not usually exposed boldly to the outside
atmosphere without a protective coating. When breaks or pits occur in
plated coatings such as nickel, chromium, or even silver (Fig. 9.50), the
corrosion of the die casting may be accelerated due to galvanic corrosion
and thus give a false impression of the corrodibility of zinc. Many small
parts of machinery, household appliances, and hardware are made of
zinc-base die castings or “white metal”* and are exposed to indoor
atmospheres where their corrosion behavior is usually very good. In
these cases where severe corrosion is encountered in this relatively
noncorrosive environment, the cause may be improper alloy selection or
the use of material containing too high a percentage of impurities.

Galvanized steel is the most important zinc application. Galvanizing
produces a zinc coating on the steel surface and is one of the most
effective methods for corrosion protection of steel. Worldwide, the use
of zinc for galvanizing is estimated at more than 3 x 10° ton/y,
constituting nearly one-half of the world production [32]. Most of these
coatings are hot-dipped galvanized coatings containing a small amount
of aluminum. The thickness of electroplated coatings is considerably
lower than those applied by the hot-dip process.

Corrosion rates for zinc may vary by as much as two orders of
magnitude depending on the specific environmental conditions. It is

* White metal is typically 93 to 96 percent Zn, 4 percent Al, 0.05 percent Mg, and
sometimes 1 to 3 percent Cu.
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Ficure 9.51 Service life of hot-dipped galvanized coatings as a function of
zinc thickness and specific environments.

therefore important to know the specific corrosion rate in a given
application environment in order to effectively use zinc-coated steels in
outdoor structures. A widely used method for corrosion life estimation
of the various types of galvanized steels provides generalized corrosion
rate values for five predetermined atmospheric environments as a
function of zinc coating thickness (Fig. 9.51) [33]. Service life in Fig. 9.51
is defined as the time to 5 percent rusting of the steel surface. This
method may be used to estimate the service life of a given coating
thickness or to specify a coating for a given environment.

This graphical method is applicable to zinc-coated steel produced
by batch or continuous galvanizing, including hot-dip, electrogalva-
nized, and thermal sprayed coatings. However, it does not apply to
coatings containing more than one percent alloying elements. The
method also assumes that the galvanized product is free of significant
defects that could accelerate corrosion. Additionally, the service life
prediction does not consider issues of water entrapment that can create
severe crevice chemistry as shown earlier in Fig. 9.6.

9.7.6 Polymeric Materials

Essentially all polymers freely exposed to the elements will change in
some manner. The active rays of the sun become potent agents of
change in the organic materials. Further polymerization of the resin
can occur to produce embrittlement. Other types of new bonding can
betriggered tomake polymers more crystalline. Any volatile component
of the material, such as a plasticizer, can be evaporated. The polymer
chains may be simply oxidized and broken up to destroy the product.
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The external evidence of attack may be blushing (loss of gloss),
chalking, change in color of the product, or extreme brittleness as in
Fig. 9.52. These effects are often readily observed on epoxy and
polyester polymers when they have been boldly exposed to the
environment. However, mechanical tests will usually be required to
reveal the extent of degradation of either thermoplastic or thermosetting
resins unless they have been exposed for decades to direct sunlight, as
in Fig. 9.52.

The effect of high atmospheric temperatures or heating from direct
exposure to the sun can be particularly severe on thermoplastic poly-
mers. Creep or distension of the polyvinyl chloride and polyethylene
plastics will occur readily unless provision is made to prevent over-
heating or stressing of the materials.

Polymeric materials should be thoroughly tested if they are to be
exposed freely in the atmosphere. ASTM Recommended Practice
D1435 describes the appropriate conditions for such test exposures and
suggests tests that might be used to evaluate changes in the materials.

Ficure 9.52 Polycarbonate (Nalgene) bottle and polypropylene funnel
degraded over a few years of exposure to sun rays on a window sill.
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Changes in mechanical and physical properties of the polymers are
determined for definitive results. Weight gains or losses may be of
interest, but typically do not provide substantive results.

Accelerated cabinet testing of plastic materials can be performed
with essentially the same validity as when testing metallic materials.
Poor materials can be eliminated, but extrapolation of data to forecast
the life of plastic parts in the atmosphere should not be attempted.
ASTM D1499, D2565, and G26 may be used for guidance on the
control of the test cabinet when testing plastics and ASTM D750
should be used for the evaluation of elastomers.

The preventive measures used to ensure the integrity of polymeric
materials are similar to those for metals, that is, the external surface should
be either painted or metal plated to provide a barrier between the material
and the atmosphere. Alloying of the basic material with small amounts of
other resins can often upgrade the stability of these materials.
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CHAPTER 10

Corrosion in Soils
and Microbiologically
Influenced Corrosion

10.1 Introduction

Microbiologically influenced corrosion (MIC) is not restricted to soils
and as illustrated in Fig. 10.1 [1] may occur in most environments
where deposits can form. The muddy bottom of any relatively
stagnant body of water with a high biological oxygen demand often
supports massive growth of sulfate reducing bacteria (SRB), as may
waterlog soils. Any metallic installations buried or immersed in such
environments can be expected to suffer badly from microbiological
corrosion. The most serious economic problem is the corrosion of
pipelines, although sheet piles and piers are frequently attacked. In
some instances, cast iron pipes of 6.3 mm thickness have perforated
within the first year of operation under such conditions, while
perforation in three years is common. Even if MIC problems are not
restricted to soils, MIC is such an important factor in understanding
the corrosivity of most soils that it was decided to combine these two
topics in a single chapter.

10.2 Corrosion in Soils

It has long been observed that a piece of iron buried in a dry soil suffers
much less corrosion than when it is buried in a wet soil. However, soils
are commonly wet due to rain, natural springs, and rivers soils.
Corrosion in soils is a major concern, especially as much of the buried
infrastructure is aging. Increasingly stringent environmental protection
requirements are also bringing corrosion issues to the forefront for
many systems either buried or aboveground and possibly in contact

385

) _www.iran-mavad.com
Copyright © 2008 by The McGraw-Hill Companies, Inc. Click here for terms of use.
Slgo wigo ole @2 30



386 Chapter 10

Air

Soil

Protective coatings

Ficure 10.1 Schematic illustration of the principal methods of microbial
degradation of metallic alloys and protective coatings. 1: Tubercle leading to
differential aeration corrosion cell and providing environment for “2”; 2: Anaerobic
SRB; 3: Sulfur oxidizing bacteria, producing sulfates and sulfuric acid; 4:
Hydrocarbon utilizers, breaking down aliphatic and bitumen coatings and allowing
access of “2” to underlying metallic structure; 5: Various microbes producing
organic acids as end-products of growth, attacking mainly nonferrous metals/alloys
and coatings; 6: Bacteria and molds breaking down polymers; 7: Algae forming
slimes on above-ground damp surfaces; 8: Slime forming molds and bacteria, which
may produce organic acids or utilize hydrocarbons, providing differential aeration
cells and growth conditions for “2”; 9: Mud on river bottoms providing matrix for
heavy growth of microbes (including anaerobic conditions for “2”); 10: Sludge
(inorganic debris, scale, corrosion products, and so on) providing matrix for heavy
growth and differential aeration cells, and organic debris providing nutrients for
growth;11: Debris (mainly organic) on metal above ground providing growth
conditions for organic acid-producing microbes.

with soils. The following applications are typical examples where
corrosion is a concern:
¢ Qil, gas, and water pipelines
¢ Buried storage tanks (a vast number are used by gas stations)
¢ Electrical communication cables and conduits

* Anchoringsystems for communication and power transmission
(see Chap. 7 for more details and examples)
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¢ Road culverts
¢ Steel piling for the foundations of bridges and buildings
e Well and shaft casings.

The equipment in these systems is typically expected to function
reliably and continuously over several decades.

10.2.1 Soil Classification

Soil is an aggregate of minerals, organic matter, water, and gases
(mostly air). It is formed by the combined weathering action of wind
and water, and also organic decay. The proportions of the basic
constituents vary greatly in different soil types. For example, humus
has very high organic matter content, whereas the organic content of
beach sand is practically nil. The properties and characteristics of soil
obviously vary as a function of depth. A vertical cross-section taken
through the soil is known as a soil profile, and the different layers of
soil are known as soil horizons. The following soil horizons have
been classified:

A: Surface soil (usually dark in color due to organic matter)

O: Organic horizon (decaying plant residues)

E: Eluviation horizon (light color, leached)

B: Accumulation horizon (rich in certain metal oxides)

C: Parent material (largely nonweathered bedrock)

The distribution and size of mineral particles in a soil is described
by its texture. Sand (rated from coarse to very fine), silt, and clay refer
to textures of decreasing particle coarseness (Table 10.1). Soils with a

high proportion of sand have very limited storage capacity for water,
whereas clays are excellent in retaining water. A popular soil

Category Diameter (mm)
Sand (very coarse) 1.00-2.00
Sand (coarse) 0.50-1.00
Sand (medium) 0.25-0.50
Sand (fine) 0.10-0.25
Sand (very fine) 0.05-0.10

Silt 0.002-0.05
Clay < 0.002

TaBLe 10.1  Particle Sizes in Soil Texture
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identification scheme defines eleven soil types on the basis of their
respective proportions of clay, silt, and sand, that is, sand, loamy
sand, sandy loam, sandy clay loam, clay loam, loam, silty loam, silt,
silty clay loam, silt clay, and clay.

A newer soil classification system has evolved in the United
States to classify soils globally, at any location. In this universal
classification system, soils are considered as individual three-
dimensional entities that may be grouped according to their
physical, chemical, and mineralogical properties. The system uses a
hierarchical approach, with the amount of information about a soil
increasing down the classification ladder. From top to bottom, the
hierarchy is structured in the following categories: order, suborder,
great groups, subgroups, families, and series. Further details are
provided in Table 10.2.

Basis for
Category Classification Example(s) Comments
Order Differences in Entisol, Vertisol, Nine orders for
measurable Inceptisol, mineral soils and
and visible Aridisol, Mollisol, one order for all
characteristics Spodosol, organic soils.
of soil horizons. Alfisol, Ultisol,
Oxisol, Histosol
Suborder Differences in Aquod, Udult Grouping according
development to accumulation of
characteristics. soluble materials,
presence or
absence of
B horizons,
mineralogy, and
chemistry.
Great Presence or Kandihumult Relative thickness
group absence of of horizons is
certain horizons important.
Subgroup Typical or Typic Coded as either
dominant Kandihumult the great group
concept of the name with the
great group. “typic” prefix, or a
combination of great
group names.

TaeLe 10.2 Soil Classification System Using Hierarchical Approach
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Basis for
Category Classification Example(s) Comments
Family Differences in Clayey oxidic Plants generally
textural classes, isothermic Typic react in a similar
mineralogy, Kandihumult manner to the same
acidity, and soil family.
temperature.
Series Differences in Paaola Usually named after
texture. the location where
the soil was first
described.

TaBLe 10.2 (continued)

10.2.2 Soil Parameters Affecting Corrosivity

Several variables are known to have an influence on corrosion rates
in soil; these include water, degree of aeration, pH, redox potential,
resistivity, soluble ionic species (salts), and microbiological activity.
The complex nature of selected variables is presented graphically in
Fig. 10.2 [2].

Type of soil

Sulfate
reducing
Degree of aeration —— Anaerobic conditons ——» bacteria

l (SRB)

Drainage ___—% Moisture
groundwater

lonic specie

Passive film formatioAn

Rate of Corrosion

Alkaline species

s — Resistivity «+—— pH<—Total acidity «—

and breakdown -

L» Amount of dissolved oxygen

Weak acids

—— Cathodic reaction ¢———

Strong acids
Organic acids
Inorganic acids

v
Sulfides

Fieure 10.2 Relationship of variables affecting the rate of corrosion in soil.
For simplicity, only the MIC effects of sulfate reducing bacteria are shown.
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Water

Water constitutes the essential electrolyte that supports electro-
chemical corrosion reactions in water saturated or unsaturated soils.
The groundwater level is important in this respect. It fluctuates
from area to area, with water moving from the water table to higher
soil, against the direction of gravity. Saturated water flow is depen-
dent on pore size and distribution, texture, structure, and organic
matter. Water movement in soil can occur by gravity, capillary
action, osmotic pressure (from dissolved species), and/or electro-
static interaction with soil particles. The water-holding capacity of a
soil is strongly dependent on its texture. Coarse sands retain very
little water, while fine clay soils store water to a high degree.

Degree of aeration

Oxygen concentration typically decreases with increasing soil
depth. In neutral or alkaline soils, oxygen concentration has an
important effect on corrosion rate as a result of its participation in
the cathodic reaction. However, in the presence of certain microbes
(such as sulfate-reducing bacteria), corrosion rates can be very
high, even under anaerobic conditions. Oxygen transport is more
rapid in coarse-textured, dry soils than in fine, waterlogged tex-
tures. Excavation can obviously increase the degree of aeration in
soils. It is generally accepted that corrosion rates in disturbed soil
with greater oxygen availability are significantly higher than in
undisturbed soil.

pH

Soil pH typically varies between 5 and 8. In this range, pH is generally
not considered to be the dominant variable affecting corrosion rates.
More acidic soils produced by mineral leaching, decomposition of
acidic plants (e.g., coniferous tree needles), industrial wastes, acid
rain, and certain forms of microbiological activity represent a serious
corrosion risk to common construction materials such as steel, cast
iron, and zinc coatings. On the other hand, alkaline soils tend to have
high sodium, potassium, magnesium, and calcium contents, with the
latter two elements forming possibly protective calcareous deposits
on buried structures.

Soil resistivity

Resistivity has historically been used as an indicator of soil corrosivity.
Since ionic current flow is associated with soil corrosion reactions,
high soil resistivity will usually slow down corrosion reactions. Soil
resistivity generally decreases with increasing water content and the
concentration of ionic species. Soil resistivity is by no means the only
parameter affecting the risk of corrosion damage and a high soil
resistivity alone will not guarantee the absence of corrosion. Soil
resistivity variations along the length of a pipeline, for example, may
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lead to the formation of macro corrosion cells. Therefore, for
structures such as pipelines, the merit of a corrosion risk classification
based on an absolute value of soil resistivity is limited. Soil resistivity
can be measured by a few traditional techniques such as the Wenner
four-pin method described in Chap. 5 or, more recently, by
electromagnetic measurements. The latter allows measurements in a
convenient manner and at different soil depths. Another option for
soil resistivity measurements is the soil box method, also described
in Chap. 5, in which a sample is taken during excavation, preferably
in the immediate vicinity of the buried structure being investigated.

Redox potential

The redox potential is essentially a measure of the degree of aeration
in a soil. A high redox potential indicates a high oxygen level. Low
redox values may provide an indication that conditions are conducive
to anaerobic microbiological activity. Sampling of soil will obviously
lead to oxygen exposure, and unstable redox potentials are thus likely
to be measured in disturbed soil.

Chlorides

Chloride ions generally participate in the dissolution reactions of
many metals. Furthermore, their presence tends to decrease the soil
resistivity. Chlorides may be found naturally in soils as a result of
brackish groundwater and historical geological seabeds or come from
external sources such as deicing salts applied to roadways.

Sulfates

Sulfate ions are generally considered to be more benign in their direct
corrosive action toward metallic materials than chlorides. However,
concrete may be attacked as a result of high sulfate levels. The
presence of sulfates also poses a major risk for metallic materials since
these ions are nutrients to SRBs that convert these benign ions into
highly corrosive sulfides.

10.2.3 Soil Corrosivity Classifications

For design and corrosion risk assessment purposes, it is desirable to
estimate the corrosivity of soils without necessarily conducting
exhaustive corrosion testing. Corrosion testing in soils may be
complicated by the need of long exposure periods since buried
structures are usually expected to last for several decades during which
many soil conditions may be encountered. Considering the complexity
of the parameters affecting soil corrosion, it is obvious that the use of
relatively simple soil corrosivity models is bound to be inaccurate.
One of the simplest classifications is based on a single parameter,
soil resistivity. Table 10.3 shows the generally adopted corrosion
severity ratings. Sandy soils are high on the resistivity scale and
therefore are considered to be the least corrosive. Clay soils, especially
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Soil Resistivity (Q cm)

Corrosivity Rating

> 20,000

Essentially noncorrosive

10,000 to 20,000

Mildly corrosive

5,000 to 10,000

Moderately corrosive

3,000 to 5,000

Corrosive

1,000 to 3,000

Highly corrosive

<1,000

Extremely corrosive

TaBLe 10.3 Corrosivity Ratings Based on Soil Resistivity

those contaminated with saline water, are on the opposite end of the
corrosivity scale. The soil resistivity parameter is very widely used
in practice and is generally considered to be the dominant variable
in absence of microbial activity.

The American Water Works Association (AWWA) has developed
a more complex numerical soil corrosivity scale that is applicable to
cast iron alloys. A severity ranking is generated by assigning points
for different variables presented in Table 10.4 [3]. When the total

Soil Parameter Assigned Points

Resistivity (Q2 cm)
<700 10
700-1000
1000-1200
1200-1500
1500-2000
> 2000

O |k, [N O

PH

0-2
2-4
4-6.5
6.5-7.5
7.5-8.5
> 8.5

W OO |0 w u

TasLe 10.4 Point System for Predicting Soil Corrosivity According to the
AWWA C-105 Standard
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Soil Parameter Assigned Points
Redox Potential (mV)
> 100

50-100 3.5
0-50
<0 5

Sulfides
Positive 3.5

Trace

Negative

Moisture

Poor drainage, continuously wet

Fair drainage, generally moist

Good drainage, generally dry

TaBLe 10.4 (continued)

points of a soil in the AWWA scale are 10 or higher, corrosion protective
measures such as cathodic protection (CP) would be recommended.
It should be appreciated that this rating scheme remains a relatively
simplistic and subjective procedure. It should therefore be used as
a broad indicator of local soil corrosivity.

A 25-point scoring risk assessment method was also proposed that
considers, in addition to soil properties, pipe factors such as: pipe
location and leak repair difficulty, pipe minimum design life, pipe
maximum design surge pressure, and pipe size. In this method, the soil
corrosivity potential is divided into four categories: mild, moderate,
appreciable, and severe [4]. The methodology is not intended to be
definitive, but it provides a preliminary outline that may be modified
to meet individual project or owner needs. This method may be used,
for example, as a checklist to prioritize various inspection and
maintenance tasks.

An extensive soil evaluation program carried in Europe has
resulted in the production of a worksheet method for estimating the
probability of corrosion damage to metallic structures in soils [5]. The
worksheet consists of 12 individual ratings (R1 to R12), listed
in Table 10.5. This methodology is very detailed and comprehensive.
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Rating

Number Parameter Rating

R1 Soil type See Table 10.6

R2 Resistivity (Q) > 50,000 (+4); > 20,000 (+2); >
5000 (0); > 2000 (-2); 1000 to
2000 (-4); < 1000 (-6)

R3 Water content (%) < 20% (0); >20% (1)

R4 pH > 9 (+2); > 5.5 (0); 4.0 to 5.5 (-1);
<4 (-3)

R5 Buffering capacity See Table 10.6

R6 Sulfide content (mg/kg) <5(0); 5to 10 (-3); > 10 (-6)

R7 Neutral salts (mmol/kg) | < 3 (0); 3to 10 (-1); > 10 to 30
(=2); > 30 to 100 (=3); > 100 (-4)

R8 Sulfates (mmol/kg) <2(0);2t05(-1); > 5to 10 (-2);
> 10 (-3);

RO Groundwater no groundwater (O); presence of
groundwater (=1)

R10 Horizontal homogeneity See Table 10.6

R11 Vertical homogeneity See Table 10.6

R12 Redox potential See Table 10.6

TaeLe 10.5 Variables Considered in Dechema Soil Corrosivity Worksheet [5]

For example, the effects of vertical and horizontal soil homogeneity are
included, as outlined in Table 10.6. Even details such as the presence of
coal or coke and other pollutants in the soil are considered.

The assessment is directed at ferrous materials (steels, cast irons,
and high-alloy stainless steels), hot-dipped galvanized steel, and
copper and copper alloys. Summation of the individual ratings
produces an overall corrosivity classification into one of four catego-
ries with scores less than —10 indicating a highly corrosive soil and
positive values (>0), a noncorrosive environment (Table 10.7). It has
been pointed out that sea or lake beds cannot be assessed using this
worksheet.

10.2.4 Auxiliary Effects of Corrosion Cells

Chapter 7 has provided many examples of corrosion cells that may
happen in a soil environment. The following sections illustrate some
effects these corrosion cells may have on buried structures with a
particular focus on pipelines which are, by far, the greater portion of
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R1—Type of Soil (Texture and Structure) (%) Rating
Coherency: elutriable fraction <10% +4
> 10 to 30% +2
> 30 to 50% 0
> 50 to 80% -2
> 80% -4
Soils containing organic carbon, e.g., muddy > 5% -12
or swampy soils: peat, fen, mud, marsh, and
organic carbon
Severely polluted soil: pollution by fuel -12
ash, slag coal, coke, refuse, rubbish or
waste water
R5—Buffering Capacity mmol/kg Rating
Acid capacity to pH 4.3: (alkalinity K, 4.3) > 1000 +3
200 to 1000 +1
<200
Base capacity to pH 7 : (acidity K, 7.0) <25
25t05 -2
>5.0to 10 -4
> 10 to 20 -6
> 20 to 30 -8
>30 -10
R10—Horizontal Soil Homogeneity Rating
Resistivity variation between adjacent domains (all positive R2 values are
treated as equal)
R2 difference < 2 0
R2 difference >=2 and <=3 -2
R2 difference > 3 -4
R11—Vertical Soil Homogeneity
Adjacent soils with same resistivity Embedded in soils 0
with same structure or
in sand
Embedded in soils -6
with different
structure or containing
foreign matter
Adjacent soils with different resistivity R2 difference >= 2 -1
and <=3
R2 difference > 3 -6

TasLe 10.6 Ratings 1, 5, 10, 11, and 12 in Dechema Soil Corrosivity Worksheet [5]
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R12—Redox Potential* Rating
mV vs. Cu/CuSO,
-500 to —40 -3
> -400 to —300 -8
> =300 -10

* When no measurement is possible (e.g., soil survey with no structure present) R12 should be set at
—10 when pieces of coal or coke are present (e.g., foreign cathodes).

TaBLe 10.6 (continued)

the metal threatened by corrosion in soils. For example, when a new
line is laid in the earth a vast number of cells come into being:

¢ The line passes through a variety of soils giving rise to
concentration cells

e There are variations in oxygen access setting up oxygen cells

e There are impurities and differences on the surface of the
pipe creating galvanic cells

¢ Cold bends and welding stresses set up stress cells

e Other less known types of cells may also exist given the
complexity of most soils

These cells are of various sizes and shapes. In some cases, anodes
and cathodes are separated by only a few centimeters apart; in others,
they may be kilometers apart. The cells may also greatly vary in
strength, from a few millivolts to sometimes 0.5 V. Anodic areas are of
all sizes, tiny to large, as are the cathodes.

As soon as these areas become active, they begin changing. On
cathodic areas, hydrogen may begin to form, as described in Chap. 2.
These changes may affect both cell resistance and potential. Anodes
begin corroding, which puts new ions into solution at the surface and
as these react with various components in the environment, their
respective concentrations change.

Summation of R1 to R12 Ratings Soil Classification
>=0 Virtually noncorrosive
-1to -4 Slightly corrosive
-5to -10 Corrosive

<=-10 Highly corrosive

TaeLe 10.7 Overall Soil Corrosivity Classification in Dechema Soil
Corrosivity Worksheet [5]
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Cell potentials also change; some increase, while others decrease.
Some areas which were initially anodic become cathodic. The reverse
also may take place, although not as often. Generally, as time passes,
the total anodic area on a line gets smaller, although total activity
does not decrease at the same rate. The result is that the rate of attack
at the worst locations tends to increase. Finally, among all of the
various cells along the entire line, the most active anode loses enough
metal by corrosion to penetrate the pipe wall completely.

When an impressed current cathodic protection (ICCP) system is
in full operation there is a high possibility for oxygen to be produced
atthe anode, and in nearly all cells, hydrogen is formed at the cathode.
If chloride ions are present, chlorine gas may be formed at the anode.
This generation of gas, either oxygen or chlorine, at the anode is not
nearly as likely to occur in a natural corroding cell as it is when an
ICCP system is used, particularly when inert anodes are used.

Hydrogen
The formation of hydrogen at the cathode, however, can occur during
both normal corrosion and under sacrificial CP or ICCP. Initially, it
may be formed as nascent hydrogen, that is, single hydrogen atoms
are produced. These single atoms may then combine with oxygen to
form water, or with some other ion in the environment to form
another compound. Nascent hydrogen may also dissolve in the metal
(cathode area), or combine to form ordinary gaseous hydrogen.
Atomic hydrogen formed at the cathode may diffuse into the steel
and recombine at some depth in the metal to form molecular gaseous
hydrogen that unlike atomic hydrogen cannot migrate any further
through the metal crystal structure. Consequently, an accumulation
of hydrogen gas within the metal may build up to generate enough
pressure to blister or split the solid steel. Hydrogen can also react
with the metal causing hydrogen induced cracking. Chapter 6
provides more details on this particular type of corrosion damage.
When gaseous hydrogen is formed on the metallic surface, it
normally escapes readily in the environment without leaving a trace.
After all, hydrogen is the lightest gas known. However, if the production
of the gas happens to be under a partially defective coating, the formation
of this hydrogen gas may contribute to disbondment and acceleration of
the coating deterioration as explained in more details in Chap. 14.

Electroendosmosis

Another side effect of the passage of electrical current through a
porous medium like soil is electroendosmosis, during which water
is “carried along” with the current. Normally this effect is significant
only with higher current densities than natural corrosion cells
would produce. Like hydrogen formation, it is more likely to be
associated with the use of ICCP in which case water molecules
would be carried to the cathode and away from the anode resulting
in an unwanted increase in anode resistance.
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Cathode Scale

A third auxiliary effect is the deposition of compounds from the soil
on the buried system. This effect is extremely pronounced in seawater,
where a cathode scale resembling hard glossy enamel can build up
over time and grow as thick as 2 cm. When deposited in seawater, this
material is a complex mixture of calcium and magnesium oxides,
hydroxides, and carbonates. The composition of this hard deposit
depends upon CP current density, among other factors (see Chap. 8
for details on calcareous deposits).

In fresh or brackish water cathode scale composition is even more
variable than the scale formed in seawater since its formation is based
on highly variable ion concentrations. This is also true in soils.
Some soils will not form a visible scale, although there is enough
calcium present in most soils to favor scale formation. Often, when a
system has been polarized by CP, no scale will be visible until the
system surface dries out. It then appears as a whitish coloration. On a
buried system which has not been under CP, cathode scale is
frequently found in an irregular mottled pattern; this makes the
actually active cathodic areas visible to the eye.

Pitting

When a buried system that has been in corrosive soil without adequate
protection for some time is examined, it is usually found that by far
the greater part of the area is unaffected. Where corrosion has taken
place, it is in the form of pits, which are relatively small areas where
the attack has been deep (Fig. 10.3).

In general, there will always be one spot on any buried system
where all of the conditions combine to give the highest rate of
penetration. This hot spot is exactly where the first pit through
perforation will occur. Since the underground system is invisible to
the observer, the resulting leak will be the first place where corrosion
will make its presence known.

10.2.5 Examples of Buried Systems

Pipelines

Pipelines carrying oil, gas, and water are surely the most considerable
assets buried in soils from the deepest subsea exploitation fields to
the most remote tropical regions of the world. The subject of both
external and internal gas pipeline corrosion is covered in many details
in Chap. 12 and many details of the corrosion management of water
lines are discussed in Chap. 8.

Some pipelines deteriorate slowly, and in certain cases pipeline
life has been reliably targeted at 70 years or more. Other pipelines
have been built which have exhausted their useful life after one year
of operation. Apart from the quality of the construction, coatings,
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Ficure 10.3 Typically deep, sharp-sided pits usually found under disbonded
coatings or hard accumulations on a pipe surface. When disturbed the area
may smell of hydrogen sulfide, a telling sign of microbial activity. (Courtesy of
MACAW'’s Pipeline Defects, published by Yellow Pencil Marketing Co.)

CP systems, and so forth, the factors which affect pipeline life include
nature of the product, nature of the external environment, operating
conditions, and quality of maintenance. Regular inspections to assess
the rate of change in physical condition provide a more accurate
assessment of how much longer a pipeline can be expected to operate
safely and productively. These inspections may also provide the
essential information to plan for remedial action if the estimated life
is below requirement [6].

Inaddition to corrosion protection, many pipelines require thermal
insulation to prevent hydrocarbons to produce waxes or hydrates.
These heavier components can clog lines and require immediate
attention. There is thus a continuous need of improvements in coating
as oil and gas operations extend to unprecedented depths and
temperatures [7]. As indicated in Fig. 10.4, pipelines have been coated
with a variety of protective coatings with a wide performance range
over the past 50 years. The advantages and disadvantages of the main
coatings used for pipeline protection are summarized in Table 10.8.
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Coating type Advantages Disadvantages

Asphalt/coal tar Easy to apply Subject to oxidation
Minimal surface and cracking
preparation required Soil stress has been

Long track record in certain an issue

environments without failure Limitations at low
Permeable to cathodic application temperatures
protection in event of failure Environmental and
exposure concerns
Associated with corrosion
and stress crack corrosion
failures

Tape wrap (two layer) Simple application Poor shear stress
resistance

Many documented failures
related to corrosion and
stress crack corrosion
Shielding of cathodic
protection

Adhesives subject

to biodegradation

Two-layer extruded Excellent track record Limited temperature range
polyethylene Good handling Poor shear stress
resistance
Limited pipe sizes
[< 24 in (60 cm)
outside diameter]
Fusion-bonded epoxy Excellent adhesion and Low impact resistance
corrosion resistance High moisture absorption
Does not shield and permeation
cathodic protection
Three-layer polyotefin Excellent combination Best suited for electrical
of properties resistance welded pipes
High thickness to eliminate
weld tenting
Composite coating Excellent combination Suitable only for large
of properties diameter pipes and is not
Conforms well to external designed for small diameter
raised weld profiles pipes (< 40 cm OD)

TaeLe 10.8 Comparison of Pipeline Coatings Systems Used in Recent History

Distribution Systems

Distribution systems generally are composed of pipes of many different
sizesand ages. The age factor is surely the mostimportant consideration.
Distribution systems are much more subject to accidental contacts with
other lines, typically water lines. It is also common for distribution
systems to be made of a greater variety of materials. For example,
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Fieure 10.4 External pipeline coating development.

copper service lines may be used. Because of these differences, the
approach to the protection of such components is likely to differ in that
more emphasis is placed on the use of small ICCP units and galvanic
anodes, even when the metal surface is protected by a coating.

Gathering Systems

Gathering systems do not ordinarily differ much from pipelines.
They offer more variety and often have more accidental contacts.
ICCP systems may encounter more interference problems in both
directions. One common problem is that gathering lines, particularly
in the early development of a field, may be laid in great haste, with
little or no thought to the corrosion control problem. Although this is
not, strictly speaking, a difference in corrosion behavior, it does
account for some serious problems.

Plant Piping
The corrosion activity in a refinery complex piping network or in any
other industrial plant has several unique features:

e First, there are always combinations of aboveground and
underground piping
e A considerable variety of sizes, materials, and functions

e Almost invariably a great variety of coatings applied in
original construction, creating a range of surfaces from bare
to very well-coated

Another factor present in almost every plant is the large amount
of bare copper in the ground system, typically a collection of ground
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rods all possibly interconnected. This can cause much difficulty, both
in causing corrosion when no protective measures are taken, and
again as a complicating factor when CP is applied. Further problems
may arise because of the presence of many paved and unpaved areas
that set up troublesome aeration cells. Furthermore, the usual
construction activity ultimately results in badly mixed soils. Soil
resistivity maps, covering entire plant areas, are useful both in
anticipating trouble areas and in planning control measures.

Well Casings

Although a well casing may be considered as merely a vertical
pipeline, it also has several unique features. It costs much more per
unit length, so that leak repair is enormously expensive, if at all
possible. The corrosive exposure is also complicated by the variety of
soil strata through which it passes. Normally, these are much more
varied than would be found on an equal length of horizontal pipeline
and casings are usually bare. Any investigation is severely hampered
by the fact that only one end of the pipe is accessible, so that most
conventional surveys cannot be conducted.

Underground Tanks

Underground tanks usually are large enough to contact more than
one stratum of soil, so they may be subject to concentration cell action.
They are almost always subject to oxygen cell attack, even when
under pavement. Often, there are fittings of different metals, and
seldom is the coating as good as that used on pipelines. One of the
major problems in dealing with these structures is that it is difficult to
justify an engineering study for each tank, yet they cannot all be
treated alike.

Steel Piling

An important difference with steel piling is that a few pits or even
holes have little effect on its structural strength. Consequently, much
more corrosion can be tolerated than with pipelines or any other
vessels for which leaks cannot be tolerated. Piling is almost always
bare, vertical, and hence subject to the same kinds of cells that attack
oil well casings. Bonding often may be a problem because individual
piles may not be interconnected electrically, a condition that makes
both investigation and protection a problem.

Transmission and Communication Towers

Electrical lines often have built-in problems because of the common
use of extensive copper ground wire. The galvanic cells thus created
can be ruinous. While this problem can be avoided by not
interconnecting, there is still a problem with the corrosion of a large
number of small units, which makes both study and protection
difficult (see Chap. 7 for some examples).
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10.2.6 Corrosion of Materials Other Than Steel

Cast Iron

The corrosion rates of pure iron, wrought iron, or mild steel are quite
similar in soil environments. However, as described under graphitic
corrosion in Chap. 6, when grey cast iron corrodes only a network of
graphite particles may be left behind by the dealloying process. Some
cast iron water mains that are almost one century old are in this
condition and continue to adequately serve their purpose. Once the
cast iron is graphitized, the exterior becomes an extremely noble
electrode in any galvanic couple. Thus, care should be used in
attaching uncoated or unprotected cast iron to other metals in the
soils. Cast iron may also suffer pitting and depending on soil
corrosivity and the presence of bacteria can lead to complete
perforation of the pipe wall as in Fig. 10.5.

Coating of the exterior of cast iron pipe with bituminous or lower
oil coatings has often been used to provide a measure of protection.
More recently tape wrapping with self adherent tapes have been
found to be a very cost-economical method of providing an efficient
barrier between the metal and a corrosive soil Fig. 10.6. CP can then
be applied provided the pipe sections are electrically joined.

Ficure 10.5 A corrosion pit that led to the perforation and leak of a water
main. (Courtesy of Drinking Water Services, City of Ottawa)
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Ficure 10.6 Wrapping a water main pipe with adhesive tape to provide
a barrier against soil corrosion. (Courtesy of Drinking Water Services,
City of Ottawa)

Aluminum

Aluminum alloys are used relatively rarely in buried applications,
although some pipelines and underground tanks have been
constructed from these alloys. Like stainless steels, aluminum alloys
tend toundergolocalized corrosion damage in chloride-contaminated
soils. Protection by coatings is essential to prevent localized corrosion
damage. Cathodic protection criteria for aluminum alloys to
minimize the risk of generating undesirable alkalinity are available
(see Fig.4.14). Aluminum alloys can undergo accelerated attack
under the influence of microbiological effects. Documented
mechanisms include attack by organic acid produced by bacteria
and fungi and the formation of differential aeration cells [8].

Zinc

Zinc may be used as a reference half-cell in soils. However, the main
application of zinc in buried applications is in galvanized steel, for
example, in the fabrication of culverts. Performance may be adequate
unless soils are poorly aerated, acidic, or highly contaminated with
chlorides, sulfides, and other corrosive ions. Well-drained soils with
a coarse texture (the sandy type) provide a high degree of aeration. It
should also be borne in mind that zinc corrodes rapidly under highly
alkaline conditions. Such conditions can arise on the surface of
cathodically overprotected structures. The degree of corrosion
protection afforded by galvanizing obviously increases with the
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thickness of the galvanized coating. Additional protection can be
afforded by so-called duplex systems, in which additional paint
coatings are applied to galvanized steel.

Lead

At one time, lead was used extensively as sheathing for telephone
cables, but it has been phased out in favor of plastics in most
applications, in great part due to the toxicity of lead ions. Although
lead is amphoteric*, a reasonable corrosion resistance was shown in
most soils. The corrosion resistance of lead and lead alloys in soils is
generally regarded as being in-between those of steel and copper. The
corrosion resistance of buried lead sheathing for power and
communication cables has usually been satisfactory. Caution needs to
be exercised in soils containing nitrates and organic acids such as
acetic acid. Excessive corrosion is also found under highly alkaline
soil conditions. Silicates, carbonates, and sulfates tend to retard
corrosion reactions by their passivating effects on lead.

Stainless Steels

Stainless steels are rarely used in soil applications, as their corrosion
performance in soil is generally poor and not better than bare steel.
Localized corrosion attack is a particularly serious concern. The
presence of chloride ions and concentration cells developed on the
surface of these alloys tends to induce localized corrosion damage.
Since pitting tends to be initiated at relatively high corrosion potential
values, higher redox potentials increase the localized corrosion risk.
Common grades of stainless steel and even the very highly alloyed
versions are certainly not immune to MIC.

Copper and Alloys
Copper is generally considered to have good resistance to corrosion in
soils. Corrosion concerns are mainly related to highly acidic soils and the
presence of carbonaceous contaminants such as cinder. Sulfides, often
produced by SRBs, also greatly increase the risk of corrosion damage.
In the case of brasses, consideration must be given to the risk of
dezincification, especially at high zinc levels. Soils contaminated with
detergent solutions and ammonia also pose a higher corrosion risk for
copper and copper alloys. Additional corrosion protection for copper
and copper alloys is usually considered only in highly corrosive soil
conditions. CP, the use of acid-neutralizing backfill such as limestone,
and protective coatings can be used in these applications.

Concrete
Concrete is extensively used underground as footings, piers, tanks,
piping, and so forth. The material is normally used with reinforcing steel.

* Amphoteric signifies that the metal is attacked by either acidic or basic
environments.
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Concrete is stable in most soils but serious corrosion can occur from a
number of sources. When appraising the potential corrosivity of a soil
toward concrete, both the soil chemistry and the effect of groundwater
must be considered. The soil must be judged aggressive if

1. pHis less than 6
2. Sulfate or sulfide content is high
3. Magnesia content is high

Sulfate and magnesium ions can be corrosive to concrete even in
neutral soils. Reactions occur with the calcium salts in the concrete to
destroy the cohesion and produce a soft, porous mass. A Type-V
Portland will resist the sulfate more capably, but aluminate cements
are typically used to prevent magnesium salt attack.

Organic compounds, particularly esters, can rapidly degrade the
usual concrete. Detergents can accelerate the rate of degradation. The
freezing of absorbed water in the concrete can cause spalling or
cracking. Thus, when proposing the use of concrete underground one
should be attentive to water levels in the ground, the selection of the
proper concrete, the proper cure of the material, the density of the
finished product, the cleanliness of the water and sand used, the
depth of coverage of the reinforcing metal, the possible need to seal
the exterior, and the need to maintain the reinforcing metal as an
electrically continuous structure if CP is considered.

The surface can be treated chemically with fluoride treatments or
sodium silicate washes to densify and harden the exterior as a method
of corrosion protection. Bituminous coatings are often applied to seal
the exterior. Epoxy coatings are most compatible with the concrete as
a coating, patching compound, or adhesive.

Polymeric Materials

Polymeric materials or “plastics” of construction have revolutionized
many of the underground materials applications. Although certainly
not immune to failure, the use of plastics negates the pitting, galvanic
action, and other forms of localized attack experienced when using steel
in buried applications. The smooth interior of tubing material will
normally remain clean for the easy conveyance of liquids or gases. In
diameters of 15 cm or less, the laying of pipe in the ground can be
accomplished at the pace of a slow walk, which is an important economic
advantage when combined with the savings from unneeded external
protection.

The three major polymeric materials used in soils are
thermoplastics: polyvinyl chloride (PVC), acrylonitrile-butadiene-
styrene (ABS), and polyethylene (PE) of various densities. These
materials are not attacked by the concentration of acids, alkalies, or
solvents encountered in soil environments. Mechanical support of
the materials by soil at a constant temperature overcomes two of the
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major problems associated with the use of plastics: the low modulus
and strength, and the large thermal expansion property. When
installed at sufficient depth to prevent collapse from heavy topsoil
loading by trucks or tractors, for example, these materials will provide
many years of trouble-free service.

When piping installations are made, care should be used in
making up the joints to ensure their integrity. Extra care should be
taken to avoid making notches on the outer surface and the pipe
should be laid on a uniform base free of rocks or any other hard,
irregular pieces.

Other plastics, such as polypropylene, polybutylene, and glass-
reinforced polyester or epoxy, are also used for specific services at
greater expense. The glass-reinforced thermosetting plastics have
been particularly successful as tank materials or the underground
storage of a wide range of products from water to gasoline. Long
exposures in wet soils show only a superficial attack on the exterior
of such thermoset polymers.

10.3 Microbiologically Influenced Corrosion

As mentioned in Chap. 7, microbes are present in almost all
environments. These potentially corrosive agents flourish in a wide
range of habitats and show a surprising ability to colonize water-rich
surfaces wherever nutrients and physical conditions allow.
A significant feature of microbial problems is that they often appear
when conditions are favorable to an exponential growth of the
organisms [9]. Because they are largely invisible, it has taken
considerable time to establish a solid scientific basis for defining their
role in materials degradation. Many engineers still continue to be
surprised that such small organisms can lead to spectacular failures
of large engineering systems.

Figure 10.7 shows the pitted area of a 15-cm circulating water line
from the supply to the auxiliary vacuum pumps. Note the cluster of
hemispherical pits and the long striated grooves due to the MIC
attack. Each pit represents a localized cluster of anaerobic bacteria
that have become destructive to the pipe wall. The grooves are the
results of bacteria attacking along the steel structure probably due to
the drawing process in manufacturing the pipe. Figure 10.8 shows a
pit and perforation of 6.3-cm internal diameter carbon steel pipe
carrying heavy oil. The pit morphology is typical of sulfate reducing
MIC attack.

As illustrated in the form of a pipe cross-section in Fig. 10.1,
MIC is responsible for the degradation of a wide range of materials
[1]. Most metals and their alloys, for example, stainless steels,
aluminum and copper alloys, polymers, ceramic materials, and
concrete can be attacked by microorganisms. The synergistic effect
of different microbes and degradation mechanisms should also
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Ficure 10.7 Circulating water MIC cell corrosion footprint. (Courtesy of
Russ Green, TMI)

Ficure 10.8 Pit and perforation of 6.3-cm internal diameter carbon steel
pipe carrying heavy oil. The pit morphology is typical of sulfate reducing
MIC attack [8]. (Courtesy of Kingston Technical Software)
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be noted in Fig. 10.1. The mechanisms potentially involved in MIC
are summarized as

¢ Cathodic depolarization, whereby the cathodic rate limiting
step is accelerated by microbiological action

e Formation of occluded surface cells, whereby microorganisms
form “patchy” surface colonies. Sticky polymers attract and
aggregate biological and nonbiological species to produce
crevices and concentration cells, the basis for accelerated attack

e Fixing of anodic reaction sites, whereby microbiological
surface colonies lead to the formation of corrosion pits, driven
by microbial activity and associated with the location of these
colonies

¢ Underdeposit acid attack, whereby corrosive attack is
accelerated by acidic products of the MIC “community
metabolism,” principally short-chain fatty acids.

In order to influence either the initiation or the rate of corrosion in
the field, microorganisms usually must become intimately associated
with the corroding surface. In most cases, they become attached to
the metal surface in the form of either a thin, distributed film, or a
discrete biodeposit. The thin film, or biofilm, is most prevalent in
open systems exposed to flowing seawater, although it can also occur
in open freshwater systems. Such thin films start to form within the
first 2 to 4 hours of immersion, but often take weeks to mature. These
films will usually be spotty rather than continuous but will
nevertheless cover a large portion of the exposed metal surface [10].

Biodeposits differ from distributed films and may be up to several
square centimeters covering typically only a small fraction of the total
exposed metal surface, possibly leading to localized corrosion effects.
The organisms in these deposits have generally a large effect on the
chemistry of the environment at the metal/film or the metal/deposit
interface without having any measurable effect on the bulk electrolyte
properties. However, organisms will occasionally be concentrated
enough in the environment to influence corrosion by changing the
bulk chemistry. This is sometimes the case in anaerobic soil
environments, where the organisms do not need to form either a film
or a deposit in order to influence corrosion [10].

10.3.1 Planktonic or Sessile

Microorganisms that are attached to a surface are termed sessile
organisms and these are most often present as a consortium or
community of organisms, collectively referred to as a biofilm.
Complex assemblages of various species may occur within both
planktonic and sessile microbial populations. The environmental
conditions largely dictate whether these microorganisms exist in
a planktonic or sessile state.
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Sessile microorganisms do not attach directly to the actual surface,
but rather to a thin layer of organic matter adsorbed on the surface
(Fig. 10.9, Stages 1 and 2). As microbes attach to and multiply,

Planktonic bacteria

./O/L Conditioning film
%

Stage 1 Sessile bacteria =
) Exopolyner

Stage 2

Stage 3

.140.‘

Stage 5 O (& [

Stage 6

Ficure 10.9 Different stages of biofilm formation and growth. Stage 1: Conditioning
film accumulates on submerged surface; Stage 2: Planktonic bacteria from the bulk
water colonize the surface and begin a sessile existence by excreting exopolymer
that anchors the cells to the surface; Stage 3: Different species of sessile bacteria
replicate on the metal surface; Stage 4: Microcolonies of different species continue
to grow and eventually establish close relationships with each other on the surface.
The biofilm increases in thickness. Conditions at the base of the biofilm change;
Stage 5: Portions of the biofilm slough away from the surface; Stage 6: The exposed
areas of surface are recolonized by planktonic bacteria or sessile bacteria adjacent
to the exposed areas [11].
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a biofilm composed of immobilized cells and their extracellular
polymeric substances builds up on the surface.

The growing biofilm increasingly prevents the diffusion of
dissolved gases and other nutrients coming from the bulk
environment. These changing conditions become inhospitable to
some microorganisms at the base of the biofilm and eventually
many of these cells die, for example, on the internal wall of a water
handling system. As the foundation of the biofilm weakens, shear
stress due to adjacent fluid flow may cause sloughing of cell
aggregations exposing the bare surface to the bulk fluid in localized
areas (Fig. 10.9, Stage 5). The exposed areas are subsequently
recolonized and new microorganisms and their exopolymers are
woven into the fabric of the existing biofilm (Fig. 10.9, Stage 6). This
phenomenon of biofilm instability occurs even when the physical
conditions in the bulk liquid remain constant. Thus, biofilms are
constantly in a state of flux [11].

Depending on the type of industrial system, planktonic organisms
may include, besides bacteria, unattached algae, diatoms, fungi, and
other microorganisms present in a system bulk fluids. In most cases,
itis planktonic bacteria that are the focus of monitoring for MIC using
microbiological detection techniques since system fluids are generally
easier to sample than metallic surfaces. Unfortunately, the levels of
planktonic bacteria present in the liquids are not necessarily indicative
of MIC problems or their severity [12].

Monitoring sessile organisms either requires that the system be
regularly opened for sampling or that accommodations be made in
the system to allow for regular collection or on-line tracking of
attached organisms while the system continues to operate. Because
the presence of viable sessile organisms rarely correlates to the
corrosivity of an environment, it is a good practice to use additional
methods that directly determine the presence of active MIC. At
best, the detection of viable planktonic bacteria may serve as an
indicator that living microorganisms are present in a particular
system, some of these organisms being capable of participating in
the microbial attack.

10.3.2 Microbes Classification

One useful microbe classification consists in describing microorgan-
isms according to their oxygen tolerance [10]:

e Strict (or obligate) anaerobes, which will not function in the
presence of oxygen
¢ Aerobes, which require oxygen in their metabolism

e Facultative anaerobes, which can function in either the
absence or presence of oxygen

* Microaerophiles, which use oxygen but prefer low levels
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Strictly anaerobic environments are quite rare in nature. However,
strict anaerobes are commonly found flourishing within anaerobic
microenvironments (under deposits and fouling) even in highly
aerated systems. The pH conditions and availability of nutrients also
play a role in determining what type of microorganisms can thrive in
a particular soil environment. Another way of classifying organisms
is according to their metabolism:

¢ The compounds or nutrients from which they obtain their
carbon for growth and reproduction

® The chemistry by which they obtain energy or perform
respiration

* The elements they accumulate as a result of these processes

All microorganisms are not equally aggressive to metals. What is
important, from a corrosion standpoint, is the number of
microorganisms of the specifically corrosive types. Microorganisms
associated with corrosion damage are classified as

e Fungi that may produce corrosive byproducts in their
metabolism, such as organic acids. Apart from metals and
alloys these can also degrade organic coatings and wood.

¢ Slime formers that may produce concentration corrosion cells
on surfaces.

* Anaerobic bacteria that produce highly corrosive species as
part of their metabolism.

* Aerobic bacteria that produce corrosive mineral acids.

Fungi

Fungi can be separated into yeasts and molds. Certain fungi are
capable of producing organic acids and have been blamed for
corrosion of steel and aluminum, as in the corrosion failures of
aluminum aircraft fuel tanks. In addition, fungi may produce
anaerobic sites for SRB and produce metabolic byproducts that help
the growth of various bacteria leading to fouling and associated
corrosion problems. In general, molds are considered to be of greater
importance in corrosion problems than yeasts [13].

Algae

Algae are photosynthetic organisms with relatively simple nutritional
requirements of light, water, air and certain inorganic compounds.
Algae are found in wide ranges of salinity, from seawater to distilled
water, and survive in different degrees of light intensity. Algae have
been associated with fouling and related corrosion problems through
the photosynthetic production of gaseous oxygen when exposed to
light and the production of corrosive species such as organic acids.
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Bacteria

Bacteria are generally small, with lengths typically under 10 pm.
Collectively, they tend to live and grow under wide ranges of
temperature, pH, and oxygen concentration. Carbon molecules
represent an important nutrient source for bacteria.

Bacteria can exist in several different metabolic states. Bacteria that
are actively respiring, consuming nutrients, and proliferating are said
to be in a growth stage while bacteria that are simply existing, but not
growing because of unfavorable conditions, are said to be in a resting
state. Some strains, when faced with unacceptable surroundings, form
spores that can survive extreme temperatures and long periods without
moisture or nutrients, yet produce actively growing cells quickly when
conditions again become acceptable. Cells that actually die are usually
consumed rapidly by other organisms or enzymes. When looking at an
environmental sample under a microscope, therefore, it should be
assumed that most or all of the cell forms observed were alive or
capable of life at the time the sample was taken.

Sulfate Reducing Bacteria SRBs have been implicated in the corrosion
of cast iron and steel, ferritic stainless steels, 300 series stainless steels
and other highly alloyed stainless steels, copper nickel alloys, and
high nickel molybdenum alloys. They are almost always present at
corrosion sites because they are in soils, surface water streams and
waterside deposits in general. The key symptom that usually indicates
their involvement in the corrosion process of ferrous alloys is localized
corrosion filled with black sulfide corrosion products.

SRBs are anaerobes that are sustained by organic nutrients.
Generally they require a complete absence of oxygen and a highly
reduced environment to function efficiently. Nonetheless, they
circulate (probably in a resting state) in aerated waters, including
those treated with chlorine and other oxidizers, until they find an
ideal environment supporting their metabolism and multiplication.

SRBs are usually lumped into two nutrient categories, those that
can use lactate and those that cannot. The latter generally use acetate
and are difficult to grow in the laboratory on any medium. Lactate,
acetate, and other short chain fatty acids usable by SRB do not occur
naturally in the environment. Therefore, these organisms depend on
other organisms to produce such compounds.

SRBs reduce sulfate to sulfide, which usually shows up as hydrogen
sulfide or, if iron is available, as black ferrous sulfide (Fig. 10.10). In the
absence of sulfate, some strains can function as fermenters and use
organic compounds such as pyruvate to produce acetate, hydrogen,
and carbon dioxide. Many SRB strains also contain hydrogenase
enzymes, which allow them to consume hydrogen. Most common
strains of SRB grow best at temperatures from 25 to 35°C. A few
thermophilic strains capable of functioning efficiently at more than
60°C have been reported.
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Fieure 10.10 The sulfur cycle showing the role of bacteria in oxidizing elemental
sulfur to sulfate and in reducing sulfate to sulfide [27].

Tests for the presence of SRB have traditionally involved growing
the organisms on laboratory media, quite unlike the natural
environment in which they were sampled. These laboratory media
will only grow certain strains of SRB, and even then some samples
require a long lag time before the organisms will adapt to the new
growth conditions. As a result, misleading information has been
obtained regarding the presence or absence of SRB in field samples.

Sulfur/Sulfide Oxidizing Bacteria This broad family of aerobic bacteria
derives energy from the oxidation of sulfide or elemental sulfur to
sulfate (Fig. 10.10). Some types of aerobes can oxidize sulfur to sulfuric
acid, with pH values as low as one reported. These Thiobacillus strains
are most commonly found in mineral deposits, and are largely
responsible foracid minedrainage, whichhasbecome anenvironmental
concern. They proliferate inside sewer lines and can cause rapid
deterioration of concrete mains and the reinforcing steel therein.
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They are also found on stone buildings and statues and probably
account for much of the accelerated damage commonly attributed to
acid rain. Where Thiobacillus bacteria are associated with corrosion,
they are almost always accompanied by SRB. Thus, both types of
organisms are able to draw energy from a synergistic sulfur cycle.

Iron/Manganese Oxidizing Bacteria Bacteria that derive energy from
the oxidation of Fe?* to Fe* are commonly reported in deposits
associated with MIC. They are almost always observed in tubercles
(discrete hemispherical mounds) over pits on steel surfaces. The most
common iron oxidizers are found in the environment in long protein
sheaths or filaments. While the cells themselves are rather indistinctive
in appearance, these long filaments are readily seen under the
microscope and are not likely to be confused with other life forms.
The observation that filamentous iron bacteria are omnipresent in
tubercles might be, therefore, more a matter of their easy detection
than of their relative abundance. An intriguing type of iron oxidizers
is the Gallionella bacterium, which has been blamed for numerous
cases of corrosion of stainless steels.

Besides the iron/manganese oxidizers, there are organisms that
simply accumulate iron or manganese. Such organisms are believed
to be responsible for the manganese nodules found on the ocean
floor. The accumulation of manganese in biofilms is blamed for
several cases of corrosion of stainless steels and other ferrous alloys
in water systems treated with chlorine or chlorine/bromine
compounds.

Methane Producers Methane producing bacteria (methanogens) have
only been added in recent years to the list of organisms believed
responsible for corrosion. Like many SRB, methanogens consume
hydrogen and thus are capable of performing cathodic depolarization.
While methane producers normally consume hydrogen and carbon
dioxide to produce methane, in low nutrient situations these strict
anaerobes will become fermenters and consume acetate.

Organic Acid Producing Bacteria Various anaerobic bacteria such as
Clostridium are capable of producing organic acids. Unlike SRBs,
these bacteria are not usually found in aerated macroenvironments
such as open, recirculating water systems. However, they are
a problem in gas transmission lines and could be a problem in closed
water systems that become anaerobic.

Aerobic Slime Formers Aerobic slime formers are a diverse group of
aerobic bacteria. They are important in managing corrosion mainly
because they produce extracellular polymers that make up what is
commonly referred to as slime, a natural polymer that is actually a
sophisticated network of sticky strands that bind cells to the surface
and control what permeates through the deposit.
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The stickiness of slime formers traps all sorts of particulates that
mightbe floating by, which, in dirty water, can result in the impression
that the deposit or mound is an inorganic collection of mud and
debris. Slime formers can be efficient “scrubbers” of oxygen, thus
preventing oxygen from reaching the underlying surface. This creates
an ideal site for SRB growth.

10.3.3 Monitoring Microbiologically Influenced Corrosion
An effective biocorrosion mitigation program needs to include
corrosion monitoring as a periodic or continual means of assessing
whether program goals are being achieved. Monitoring techniques
that detect the presence of microbes, especially on metallic surfaces,
can provide an early indication of incipient MIC or the potential for
MIC. A number of methods for the detection of microorganisms,
including specific types of organisms and estimates of their numbers
and activity, have been developed [12].

The first biocorrosion monitoring systems were focused on
assessing the number of microbes per unit volume of water sampled
from a system. Data obtained with these systems were combined
with electrochemical corrosion measurements, using electrical
resistance (ER) or linear polarization resistance (LPR) probes in
addition to coupon weight loss measurements. The problem with this
approach is that the number of free-floating planktonic organisms in
the water does not correlate well with the organisms present in
biofilms on the metal surface where the corrosion actually takes place.
An effective monitoring scheme for controlling both biofouling and
biocorrosion should include data gathering using as many of the
following techniques as possible [14]:

® Sessile bacterial counts, by either conventional biological
techniques or optical microscopy of organisms present in the
biofilm, on the metal surface.

e Direct observation of the community structure of the biofilm.
Several types of probe systems are commercially available for
holding and inserting metallic coupons into the system.
Examination of the biofilm has been done by scanning
electron microscopy, epifluorescence optical microscopy, or
confocal laser scanning microscopy.

¢ Identification of the microorganisms found in both the process
water and on the metal surface.

¢ Surface analysis to obtain chemical information on corrosion
products and biofilms.

e Evaluation of the morphology of the corrosive attack on the
metal surface after removal of biological and corrosion
product deposits with conventional macrophotography,
stereomicroscopy, optical and scanning electron microscopy,
or other metallographic techniques.
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¢ Electrochemical corrosion measurements.
e Water quality and redox potential measurements.

e Other types of information specific to each operational
system, including duty cycle and downtime information,
concentrations, and timing for addition of biocides and other
chemical inputs, local sources and nature of pollutants, and
so forth.

Sampling

Samples for analysis are usually obtained by scraping accessible
surfaces. In open systems or on external surface of pipelines or other
underground facilities this can be done directly. For low pressure water
systems, bull plugs, coupons or inspection ports can provide a way to
expose specimens representative of internal surfaces [15]. However,
more sophisticated devices are required for pressurized systems to
allow mounting an assembly on a standard pressure fitting [16].

If the biofilm developing is to be representative of the behavior
in a system it is important for the sampling coupons to be made of a
material similar to the system material and that the coupons be flush-
mounted in the wall of the system to have the same flow effects as
those of the surrounding surface. While pressure fittings allow
inserting coupons directly in process units, these fittings can be
expensive. Pressure vessel codes and accessibility can also restrict
possible locations. For these reasons sidestream installations are
often preferred.

Handling of field samples should be done carefully to avoid
contamination with foreign matter including biological materials.
Many different types of sterile sampling tools and containers are
available and for anaerobic systems, special handling and transport
tools are essential to avoid exposure to oxygen from the air. One
option is to analyze samples on the spot with special kits. Where
transportation to a laboratory is required, Torbal jars or similar
anaerobic containers can be used [17]. In many cases, simply placing
samples directly in a large volume of the process water in a completely
filled screw cap container is adequate.

Processing in the lab should also be done anaerobically using
special techniques or in anaerobic chambers designed for this
purpose. Because viable organisms are involved, processing should
be done quickly to avoid growth or death of cells stimulated or
inhibited by changes in temperature, oxygen exposure, or other
factors [9].

Biological Assessment

Biological assays are performed on liquid samples or on suspensions
of solid deposits to identify and enumerate viable microorganisms,
quantify metabolic or specific enzyme activity, or determine the
concentration of key metabolites [18]. Table 10.9 summarizes some
of the methods that have been used to detect and describe
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Assay

Method

Comments

Microorganisms
Cell numbers
Specific organisms

Microscopic examination: Cell numbers are
obtained with a Petroff-Hausser counting
chamber. Fluorescent dyes can light up specific
microbes.

Requires a microscope with high magnification, phase
contrast, and ultraviolet fluorescence, as appropriate.
Cell counts are straightforward, but particulates and
f