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PREFACE

The idea for the Handbook of Environmental Degra-
dation of Materials originated several years ago
when Bill Woishnis, the founder of William Andrew
Publishing, and I met at my upstate New York office
to discuss materials information needs at the practi-
tioner level, an area that Bill and I had been involved
in for some time. Several handbooks that I had
already published or was then working on dealt en-
tirely with materials or had substantial numbers of
chapters devoted to materials. Bill and his partner,
Chris Forbes, were embarking on a new electronic
publishing venture, Knovel Corporation, that would
deliver technical information, much of it on materi-
als, to engineers’ desktops. We thought that a hand-
book that dealt with the harm that environmental fac-
tors could cause to a wide range of engineering
materials would be useful to practitioners, and that
my expertise at developing handbooks could be com-
bined successfully with his companies’ capabilities
for delivering information in print and electronically.

The aim of this handbook is to present practical
aspects of environmental degradation of materials
(which I shall call “EDM” here): what causes EDM;
how to detect and measure it; how to control it—
what remediation strategies might be employed to
retard damage caused by EDM; and how to possibly
even prevent it. Because an engineer, no matter the
industry he or she is employed in, may have to work
with multiple materials, including metals, plastics,
composites (such as reinforced concrete), even tex-
tiles and wood, it is useful to know how many dif-
ferent kinds of industrial materials degrade environ-
mentally, what the principal environmental agents of
degradation are for each class of materials, and the
degradation control and prevention strategies and
techniques that are most successful for each class of
materials. The handbook deals with a broad range of
degradation media and environmental conditions,
including water and chemicals, weather, sunlight
and other types of radiation, and extreme heat gen-
erated by explosion and fire.

The handbook has a design orientation. I want the
handbook to be useful to people with questions such
as these:

I’m designing a structure, which will have to operate
under adverse environmental conditions. What
materials should I specify?

How can I protect the surface of a product from de-
grading in the environment in which consumers
will use the product?

What protective measures can I apply to structural
materials if they are subjected to a potentially cat-
astrophic attack by intense heat?

The handbook has a practical, not a theoretical,
orientation. A substantial portion includes chapters
on preventive and remedial aspects of industrial
and commercial applications where EDM can have
major and, in some cases, even catastrophic conse-
quences. [ want this handbook to serve as a source of
practical advice to the reader. I would like the hand-
book to be the first information resource a practicing
engineer reaches for when faced with a new problem
or opportunity—a place to turn to even before turn-
ing to other print sources, including officially sanc-
tioned ones, or to Internet search engines. So the
handbook is more than a voluminous reference or
collection of background readings. In each chapter,
the reader should feel that he or she is in the hands
of an experienced consultant who is providing sen-
sible engineering-design-oriented advice that can
lead to beneficial action and results.

But why develop such a handbook? The data
in a single handbook of the scope outlined above can
be indicative only, not comprehensive. After all,
this handbook cannot purport to cover any of the
subjects it addresses in anywhere near the detail that
an information resource devoted to a single subject
can. Moreover, no information resource—I mean no
handbook, no shelf of books, not even a web site
or an Internet portal or search engine (not yet, at
least!)—can offer an engineer, designer, or materials
scientist complete assurance that he or she will, by
consulting such a resource, gain from it all the
knowledge necessary to incorporate into the design
of a part, component, product, machine, assembly,
or structure measures that will prevent its constituent
materials from degrading to the point of failure or
collapse when confronted by adverse environmental
conditions, whether anticipated, such as weathering,
or unexpectedly severe, such as the heat generated
by a fire resulting from an explosion.

Nevertheless, when a practitioner is considering
how to deal with any aspect of EDM, whether in the
design, control, prevention, inspection, or remedia-
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tion phase, he or she has to start somewhere. The
classic first step, which I have confirmed in surveys
and focus groups of engineering professionals, was,
in the pre-Internet era, either to ask a colleague (usu-
ally, the first choice), open a filing cabinet to look for
reports or articles that might have been clipped and
saved, scan the titles on one’s own bookshelves or,
when all else had failed, go to an engineering library,
where one would hope to find more information
sources than in one’s own office, sometimes with the
help of a good reference librarian.

To be sure, there are numerous references that
deal with separate aspects of EDM. Corrosion, for
example, is a topic that has been covered in great de-
tail in voluminous references, from the points of
view of materials themselves, of corroding media,
and of testing and evaluation in various industries.
Professional societies—NACE, ASM International,
and ASTM—have devoted great energy to develop-
ing and disseminating information about corrosion.
The topic of environmental degradation of plastics,
to take another example, has been covered in other
reference books, albeit to a lesser extent. So there are
many print references where a practitioner can begin
the study of many individual topics within the sub-
ject of EDM.

Of course, this is the Internet era. Many, if not
most, practitioners now begin the search for EDM
information by typing words or phrases into a search
engine. Such activity, if the search has been done
properly (a big if, just ask any reference librarian)
will yield whatever the search engines have indexed,
which, of course, may or may not be information
useful to the particular situation. And a search en-
gine will not connect practitioners and students to
the content of valuable engineering references, un-
less one has access to web sites where such refer-
ences are offered in full text.

Moreover, engineers, designers, and materials sci-
entists also practice in an era of innovative materials
selection and substitution that enable them to develop
new versions of products, machines, or assemblies
that are cheaper and more efficient than older ver-
sions made with more expensive, harder to form, and
heavier materials. There can be competition for the
attention of practitioners. For example, while steel
may still account for slightly more than half of the
material in an automobile, the rest is made from a
wide variety of metallic and non-metallic materials,
and the competition among suppliers of these non-
ferrous materials for inclusion by automobile manu-
facturers is, to judge by the wars of words waged by
materials trade associations, intense.

So here is the situation with regard to EDM
knowledge and information that practitioners find
themselves in: they must have access to information
that covers numerous materials, as well as numerous
degradation media and environments, but it has not
been easy to find information of such broad scope
in a single, easily accessible resource. What I have
sought to do with this handbook is to deal with the
EDM knowledge and information situation by in-
cluding enough information about a broad range of
subjects that deal with multiple aspects of EDM so
that the handbook will be positioned at the hub of an
information wheel, if you will, with the rim of the
wheel divided into segments, each of which includes
the wealth of information that exists for each of the
topics within the subject of materials’ environmental
degradation. Each individual chapter in the hand-
book is intended to point readers to a web of infor-
mation sources dealing with the subjects that the
chapter addresses. Furthermore, each chapter, where
appropriate, is intended to provide enough analytical
techniques and data so that the reader can employ a
preliminary approach to solving problems. The idea,
then, is for the handbook to be the place for practi-
tioners, as well as advanced students, to turn to when
beginning to look for answers to questions in a way
that may enable them to select a material, substitute
one material or another, or employ a protection tech-
nique or mechanism that will save money, energy, or
time.

I have asked contributors to write, to the extent
their backgrounds and capabilities make possible, in
a style that will reflect practical discussion informed
by real-world experience. I would like readers to feel
that they are in the presence of experienced teachers
and consultants who know about the multiplicity of
technical and societal issues that impinge on any
topic within the subject of environmental degrada-
tion of materials. At the same time, the level is such
that students and recent graduates can find the hand-
book as accessible as experienced engineers.

I have gathered together contributors from a wide
range of locations and organizations. While most of
the contributors are from North America, there are
two from India, one from Hong Kong, two from
Russia (who collaborated on a chapter), and one
from Sweden. Personnel from the Royal Thai Navy
contributed to the chapter on oil tankers. Sixteen
chapters are by academic authors; 11 are by authors
who work in industry, are at research organizations,
or are consultants.

The handbook is divided into six parts. Part I,
which deals with an assessment of the economic cost



of environmental degradation of materials, has just
one chapter, a recapitulation of the work done by a
team including Mike Brongers and Gerhardus Koch,
both at CC Technologies, a corrosion consultancy in
Dublin, Ohio. Part II contains three chapters on fail-
ure analysis and measurement, by K.E. Perumal, a
consultant in Mumbai, India, Sean Brossia, who
works on corrosion at the Southwest Research Insti-
tute in Can Antonio, Texas, and Jim Harvey, a plas-
tics consultant in Corvalis, Oregon.

Part III deals with several different types of degra-
dation. Professors Raymond Buchanan and E.E.
Stansbury of the University of Tennessee and A.S.
Khanna of the Indian Institute of Technology in
Bombay cover metallic corrosion. Jim Harvey, in his
second chapter in the handbook, treats polymer
aging. Neal Berke, who works at WR Grace in Cam-
bridge, Massachusetts, writes about the environmen-
tal degradation of reinforced concrete. Professor J.D.
Gu of the University of Hong Kong deals with bio-
degration. Part III concludes with a chapter on mate-
rial flammability by Marc Janssens, also at South-
west Research Institute.

In Part IV, the handbook moves on to protective
measures, starting with a chapter on cathodic protec-
tion by Prof Richard Evitts of the University of Sas-
katchewan in Saskatoon, Canada. In addition to met-
als, Part IV deals with polymers, textiles, and wood.
Professors Gennadi Zaikov and S.M. Lomakin of the
Institute of Biochemical Physics in Moscow cover
polymeric flame retardants. Hechmi Hamouda, at
North Carolina State University in Raleigh, North
Carolina, writes about thermal protective clothing.
The contributors of the two chapters on wood and
measures that can be taken to protect it are from the
Pacific Northwest—Phil Evans and his colleagues,
Brian Matthews and Jahangir Chowdhury, are at the
University of British Columbia in Vancouver and Jeff
Morrell is at Oregon State in Corvalis.

Protection issues are also the subjects of Part V,
which is called Surface Engineering and deals with
coatings. Gary Halada and Clive Clayton, professors
at SUNY in Stony Brook, set the stage for this sec-
tion of the handbook with a chapter on the intersec-
tion of design, manufacturing, and surface engineer-
ing. Professor Tom Schuman at the University of
Missouri—Rolla, continues with a discussion of pro-
tective coatings for aluminum alloys. Professor Rudy
Buchheit, at the Ohio State University in Columbus,
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writes about anti-corrosion paints, and Mark
Nichols, at Ford Motor Company in Dearborn,
Michigan, writes about paint weathering tests, a topic
of great interest to auto makers. Mitch Dorfman, who
works at Sulzer Metco in Westbury, Long Island,
covers thermal spray coatings. Professor “Vipu” Vip-
ulanandan, with his colleague, J. Liu, deals with con-
crete surface coatings issues. Ray Taylor of the Uni-
versity of Virginia closes Part V with a discussion of
coatings defects.

The handbook concludes with five chapters that
cover industrial applications with, collectively, a
wide variety of materials. The chapters are meant to
illustrate in a hands-on way points made more gen-
erally elsewhere in the handbook. The first of these
chapters, on degradation of spacecraft materials,
comes from a Goddard Research Center group, in-
cluding Bruce Banks, Joyce Dever, Kim de Groh,
and Sharon Miller. Branko Popov of the University
of South Caroline in Columbia wrote the next chap-
ter, which deals with metals, and is on cathodic pro-
tection for pipelines. The next chapter is also on
metals. David Olson, a professor at the Colorado
School of Mines in Golden headed a team, including
George Wang of Mines, John Spencer of the Ameri-
can Bureau of Shipping, and Sittha Saidararamoot
and Brajendra Mishra of the Royal Thai Navy, that
provides practical insight into the real-world prob-
lem of tanker corrosion. Mikael Hedenqvist of Insti-
tutionen for Polymerteknologi, Kungliga Tekniska
Hogskolan in Stockholm deals with polymers in his
chapter on barrier packaging materials used in con-
sumer products. Steve Tait, an independent consult-
ant in Madison, Wisconsin, closes the handbook
with a chapter on preventing and controlling corro-
sion in chemical processing equipment.

My undying thanks to all of the contributors:
I salute their professionalism and perseverance. I
know how difficult it is to fit a writing project into a
busy schedule. Chapters like those in this handbook
do not get written in an evening or in a few hours
snatched from a weekend afternoon. Thanks also to
Millicent Treloar, the acquisitions editor at William
Andrew Publishing. And, of course, many thanks to
my wife Arlene, who successfully cushions each
day, no matter how frustrating it’s been.

Myer Kutz
Delmar, New York
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CHAPTER 1

COST OF CORROSION IN THE

UNITED STATES

Gerhardus H. Koch
Michiel P. H. Brongers

Neil G. Thompson
CC Technologies Laboratories, Inc., Dublin, Ohio

Y. Paul Virmani

Federal Highway Administration, Turner-Fairbank Highway Research Center, McLean, Virginia

Joe H. Payer

Case Western Reserve University, Cleveland, Ohio

1.1 INTRODUCTION 3

1.2 OBJECTIVES AND SCOPE 3
1.3 APPROACH 3

1.4 RESULTS 6

1.1 INTRODUCTION

The latest Cost of Corrosion Study® (2001) con-
ducted by CC Technologies for the Federal Highway
Administration (FHWA) focused on infrastructure,
utilities, transportation, production and manufactur-
ing, and government. It was determined that the total
direct cost of corrosion in the United States is ap-
proximately $276 billion per year, which is 3.1 per-
cent of the nation’s gross domestic product (GDP).
This chapter presents the results of this recent study.

Corrosion costs result from equipment and struc-
ture replacement, loss of product, maintenance and
repair, the need for excess capacity and redundant
equipment, corrosion control, designated technical
support, design, insurance, and parts and equipment
inventories. Previous studies in the United States>#
and abroad®-®) had already shown that corrosion is
very costly and has a major impact on the economies
of industrial nations. While all these studies empha-
sized the financial losses due to corrosion, no sys-
tematic study was conducted to investigate preventive
strategies to reduce corrosion costs.

1.2 OBJECTIVES AND SCOPE

The primary objectives of this study were:

1. Develop an estimate of the total economic impact
of metallic corrosion in the United States.

1.5 DISCUSSION 20

1.6 PREVENTIVE STRATEGIES 21
1.7 ACKNOWLEDGMENTS 22
1.8 REFERENCES 22

2. Identify national strategies to minimize the im-
pact of corrosion.

The work to accomplish these objectives was con-
ducted through the following main activities:

e Determination of the cost of corrosion, based on
corrosion control methods and services.

* Determination of the cost of corrosion for specific
industry sectors.

e Extrapolation of individual sector costs to a na-
tional total corrosion cost.

* Assessment of barriers to progress and effective
implementation of optimized corrosion control
practices.

e Development of implementation strategies and
recommendations for the realization of cost sav-
ings.

1.3 APPROACH

A critical review of previous national studies was
conducted. These studies have formed the basis for
much of the current thinking regarding the cost of
corrosion to the various national economies, and
have led to a number of recent national studies.®-1D

The earliest study was reported in 1949 by Uhlig,
who estimated the total cost to the economy by sum-
ming materials and procedures related to corrosion

3
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control. The 1949 Uhlig report, which was the first
to draw attention to the economic importance of cor-
rosion, was followed in the 1970s by a number of
studies in various countries, such as the United
States, the United Kingdom, and Japan. The national
study by Japan, conducted in 1977, followed the
Uhlig methodology. In the United States, Battelle-
NBS estimated the total direct cost of corrosion
using an economic input/output framework. The
input/output method was adopted later by studies in
two other nations, namely, Australia in 1983 and
Kuwait in 1995. In the United Kingdom, a commit-
tee chaired by T. P. Hoar conducted a national study
in 1970 using a method where the total cost was es-
timated by collecting data through interviews and
surveys of targeted economic sectors.

Although the efforts of the above-referenced
studies ranged from formal and extensive to infor-
mal and modest, all studies arrived at estimates of
the total annual cost of corrosion that ranged from
1 to 5 percent of each country’s GNP.

In the current study, two different approaches
were taken to estimate the cost of corrosion. The
first approach followed a method where the cost is
determined by summing the costs for corrosion con-
trol methods and contract services. The costs of ma-
terials were obtained from various sources, such
as the U.S. Department of Commerce Census Bu-
reau, 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 organi-
zations, educational institutions, and individual ex-
perts. 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 spe-
cific industry sectors and then extrapolated to calcu-
late a national 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 the data were avail-
able. In order to determine the annual corrosion
costs for the reference year of 1998, data were ob-
tained for various years in the last decade, but
mainly for the years 1996 to 1999.

The industry sectors for corrosion cost analyses
represented approximately 27 percent of the U.S.
economy gross domestic product (GDP), and were
divided among five sector categories: infrastructure,

utilities, transportation, production and manufactur-
ing, and government.

The total cost of corrosion was estimated by de-
termining the percentage of the GDP of those indus-
try sectors for which direct corrosion costs were es-
timated and extrapolating these numbers to the total
U.S. GDP. The direct cost used in this analysis was
defined as the cost incurred by owners or operators
of the structures, manufacturers of products, and
suppliers of services.

The following elements were included in these
costs:

* Cost of additional or more expensive material
used to prevent corrosion damage.

* Cost of labor attributed to corrosion management
activities.

* Cost of the equipment required because of corro-
sion-related activities.

* Loss of revenue due to disruption in supply of
product.

e Cost of loss of reliability.
* Cost of lost capital due to corrosion deterioration.

For all analyzed industry sectors, the direct corro-
sion costs were determined. Indirect costs are in-
curred by individuals other than the owner or opera-
tor of the structure. Measuring and valuing indirect
costs are generally complex assessments, and sev-
eral different methods can be used to evaluate po-
tential indirect costs. Owners or operators can be
made to assume the costs through taxation, penal-
ties, litigation, or payment for cleanup of spills. In
such cases, these expenses become direct costs. In
other cases, costs are assumed by the end user or the
overall economy. Once assigned a dollar value, the
indirect costs are included in the cost of corrosion
management of the structure and treated the same
way as direct costs.

1.3.1 Data Collection

Data collection for the sector-specific analyses dif-
fered significantly from sector to sector depending
on the availability of data and the form in which the
data were available. For many of the public sectors,
such as infrastructure and utilities, much of the in-
formation is public and could be obtained from gov-
ernment reports and other publicly available docu-
ments. The advice of experts in the specific sectors
was sought in order to obtain further relevant infor-
mation. Discussions with industry experts provided



the basis of the industry sector data collection. Cor-
rosion-related cost information from the private in-
dustry sectors was more difficult to obtain directly,
because either the information was not readily avail-
able or could not be released because of company
policies. In those cases, information from publicly
available industry records on operation and mainte-
nance costs was obtained and, with the assistance of
industry experts, corrosion-related costs could be es-
timated.

While a general approach for corrosion cost cal-
culations was followed, it was recognized that each
of the individual industry sectors had its own eco-
nomic characteristics, specific corrosion problems,
and methods to deal with these problems. For some
sectors, a multitude of reports was found describing
the mechanisms of corrosion in detail for that partic-
ular area. In some cases, formal cost data were not
available and a “best estimate” had to be made based
on experts’ opinions. In other cases, a convenient
multiplier was determined, and a cost per unit was
calculated. By multiplying the cost per unit by the
number of units used or made in a sector, a total cost
could be determined. It was found that by analyzing
each sector individually, a corrosion cost could be
determined using a calculation method appropriate
for that specific industry sector. After the costs were
calculated, the components of the cost determined
which Bureau of Economic Analysis (BEA) indus-
try category would be the best match for correlating
that industry sector to a BEA subcategory.

1.3.2 Correlation Between BEA
Categories and Industry Sectors

The basic method used for extrapolating the cost
analysis performed in the current study to the entire
GDP was to correlate categories defined by the BEA
to the industry sectors that were analyzed in the cur-
rent study. For clarification, BEA “categories” and
“subcategories” were used to specify BEA classifi-
cations, and “industry sectors” was used to classify
industries that were analyzed for the current study.

1.3.2.1

Each BEA category represents a portion of the U.S.
GDP. In 1998, the total GDP was $8.79 trillion, di-
vided into the major BEA categories as follows:
Services (20.90 percent), Finance, Insurance, and
Real Estate (19.22 percent), Manufacturing (16.34
percent), Retail Trade (9.06 percent), State and
Local Government (8.48 percent), Transportation

BEA Categories
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and Utilities (8.28 percent), Wholesale Trade (6.95
percent), Construction (4.30 percent), Federal Gov-
ernment (4.10 percent), Agriculture (1.45 percent),
and Mining (1.20 percent). These figures are sum-
marized in Table 1.1 and graphically shown in Fig-
ure 1.1.

1.3.2.2 Analyzed Industry Sectors

Table 1.2 shows the list of 26 industry sectors that
were analyzed in the current study, which were di-
vided into five sector categories (not to be confused
with the BEA categories).

The basis for selecting the industry sectors was
done to represent those areas of industry for which
corrosion is known to exist. This was accomplished
by examining the Specific Technology Groups
(STGs) within NACE International (The Corrosion
Society). Table 1.3 shows the listing of current
STGs. Each STG has various Task Groups and Tech-
nology Exchange Groups. It can be expected that
these groups are formed around those industrial
areas that have the largest corrosion impact, because
the membership of NACE represents industry corro-
sion concerns.

A comparison of the industry sectors (Table 1.2)
with the STGs (Table 1.3) shows that the industry
sectors selected for analysis in the current study
cover most industries and technologies represented
in NACE’s STGs. One exception was noted—the
absence of an industry sector that would represent
the NACE STG of “Building Systems.” Some of the
NACE STGs do not have a direct sector related to

TABLE 1.1 Distribution of 1998 U.S. Gross Domestic
Product for BEA Industry Categories.

GDP

$ x billion percentage

Services 1,837.2 20.90

Finance, Insurance, and Real Estate 1,689.4 19.22

Manufacturing 1,435.9 16.34
Retail Trade 796.8 9.06
State and Local Government 745.1 8.48
Transportation and Utilities 727.9 8.28
Wholesale Trade 610.9 6.95
Construction 378.1 4.30
Federal Government 360.7 4.10
Agriculture 127.3 1.45
Mining 105.6 1.20
Statistical Discrepancy -24.8 -0.28
TOTAL GDP $8,790.1 100%
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FIGURE 1.1 Distribution of 1998 U.S. gross domestic product for BEA industry categories.

them; however, those STGs were generally covered
in the section on Corrosion Control Methods and
Services of the study.

The method used for the extrapolation of corro-
sion cost per industry sector to total corrosion cost
was based on the percentages of corrosion costs in
the BEA categories. If a non-covered BEA category
or subcategory was judged to have a significant cor-
rosion impact, then an extrapolation was made for
that non-covered BEA category or subcategory by
multiplying its fraction of GDP by the percentage of
corrosion costs for subcategories that were judged to
have a similar corrosion impact. If a non-covered
sector was judged to have no significant corrosion
impact, then the direct corrosion cost for that non-
covered sector was assumed to be zero.

For complete details on the correlation between
BEA categories and industry sectors, the reader is
referred to the full report by CC Technologies.(

1.4 RESULTS

Two different methods are used in the current study
to determine the total cost of corrosion to the United
States. Method 1 is based on the Uhlig method®
where the costs of corrosion control materials, meth-

ods, and services are added up. Method 2 analyzes in
detail the specific industry sectors that have a signif-
icant impact on the national economy. The percent-
age contribution to the nation’s GDP is estimated,
and the total cost of corrosion is then expressed as a
percentage of the GDP by extrapolation to the whole
U.S. economy. It is noted that this extrapolation is
non-linear because most of the analyzed sectors
have more corrosion impact than the non-analyzed
industrial sectors.

1.4.1 Method 1—Corrosion Control

Methods and Services

The corrosion control methods that were considered
include organic and metallic protective coatings, cor-
rosion-resistant alloys, corrosion inhibitors, poly-
mers, anodic and cathodic protection, and corrosion
control and monitoring equipment. Other contribu-
tors to the total cost that were reviewed include cor-
rosion control services, corrosion research and de-
velopment, and education and training.

1.4.1.1

Both organic and metallic coatings are used to pro-
vide protection against corrosion of metallic sub-

Protective Coatings



TABLE 1.2 Summary of the Industry Sectors Analyzed in
the Current Study.
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TABLE 1.3 Summary of Specific Technology Groups in
NACE International.

26 ANALYZED INDUSTRY

SECTOR CATEGORY SECTORS

Infrastructure Highway Bridges

Gas and Liquid Transmission
Pipelines

Waterways and Ports

Hazardous Materials Storage

Airports

Railroads

Gas Distribution

Drinking Water and Sewer
Systems

Electrical Utilities

Telecommunications

Motor Vehicles

Ships

Aircraft

Railroad Cars

Hazardous Materials Transport

Oil and Gas Exploration and
Production

Mining

Petroleum Refining

Chemical, Petrochemical,
Pharmaceutical

Pulp and Paper

Agricultural

Food Processing

Electronics

Home Appliances

Defense

Nuclear Waste Storage

Utilities

Transportation

Production and
Manufacturing

Government

strates. These metallic substrates, mostly carbon
steel, will corrode in the absence of the coating, re-
sulting in the reduction of the service life of the steel
part or component. The total annual cost for organic
and metallic protective coatings is $108.6 billion.
According to the U.S. Department of Commerce
Census Bureau, the total amount of organic coating
material sold in the United States in 1997 was 5.56
billion L (1.47 billion gal), at a cost of $16.56 bil-
lion.(!? The total sales can be broken down into ar-
chitectural coatings, product Original Equipment
Manufacturers (OEM) coatings, special-purpose
coatings, and miscellaneous paint products. A por-
tion of each of these was classified as corrosion coat-
ings at a total estimate of $6.7 billion. It is important
to note that raw material cost is only a portion of a
total coating application project, ranging from 4 to
20 percent of the total cost of application.(13-14)

NACE SPECIFIC

TECHNOLOGY SPECIFIC TECHNOLOGY

GROUP NUMBER GROUP NAME

01 Concrete and Rebar

02 Protective Coatings and Linings—
Atmospheric

03 Protective Coatings and Linings—
Immersion/Buried

05 Cathodic/Anodic Protection

06 Chemical and Mechanical Cleaning

09 Measurement and Monitoring Tech-
niques

10 Nonmetallic Materials of Construction

11 Water Treatment

31 Oil and Gas Production—Corrosion
and Scale Inhibition

32 Oil and Gas Production—Metallurgy

33 Oil and Gas Production—Nonmetallics
and Wear Coatings (Metallic)

34 Petroleum Refining and Gas Processing

35 Pipelines, Tanks, and Well Casings

36 Process Industry—Chemicals

37 Process Industry—High Temperature

38 Process Industry—Pulp and Paper

39 Process Industry—Materials Applica-
tions

40 Aerospace/Military

41 Energy Generation

43 Land Transportation

44 Marine Corrosion and Transportation

45 Pollution Control, Waste Incineration,
and Process Waste

46 Building Systems

60 Corrosion Mechanisms

61 Corrosion and Scaling Inhibition

80 Intersociety Joint Coatings Activities

When applying these percentages to the raw materi-
als cost, the total annual cost of coating application
ranges from $33.5 billion to $167.5 billion (an aver-
age of $100.5 billion).

The most widely used metallic coating for corro-
sion protection is galvanizing, which involves the
application of metallic zinc to carbon steel for cor-
rosion control purposes. Hot-dip galvanizing is the
most common process, and as the name implies, it
consists of dipping the steel member into a bath of
molten zinc. Information released by the U.S. De-
partment of Commerce in 1998 stated that about 8.6
million metric tons of hot-dip galvanized steel and
2.8 million metric tons of electrolytic galvanized
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steel were produced in 1997. The total market for
metallizing and galvanizing in the United States is
estimated at $1.4 billion. This figure is the total ma-
terial costs of the metal coating and the cost of pro-
cessing, and does not include the cost of the carbon
steel member being galvanized/metallized.

1.4.1.2 Corrosion-Resistant Metals
and Alloys

Corrosion-resistant alloys (CRAs) are used where
corrosive conditions prohibit the use of carbon steels
and protective coatings provide insufficient protec-
tion or are economically not feasible. CRAs include
stainless steels, nickel-base alloys, and titanium
alloys.

According to U.S. Census Bureau statistics, a
total of 2.5 million metric tons of raw stainless steel
was sold in the United States in 1997.(159 With an es-
timated cost of $2.20 per kg ($1 per 1b) for raw stain-
less steel, a total annual production cost of $5.5 bil-
lion (1997) was estimated. It is assumed that all
production is for U.S. domestic consumption. The
total consumption of stainless steel also includes im-
ports, which account for more than 25 percent of the
U.S. market. The total consumption of stainless steel
can therefore be estimated at $7.3 billion.

Where environments become particularly severe,
nickel-base alloys and titanium alloys are used.
Nickel-base alloys are used extensively in the oil
production and refinery and chemical process indus-
tries, and other industries where high temperature
and/or corrosive conditions exist. The annual aver-
age price of nickel has steadily increased from less
than $2.20 per kg in the 1960s to about $4.40 per kg
in 1998.09 Chromium and molybdenum are also
common alloying elements for both corrosion-resis-
tant nickel-base alloys and stainless steels. The price
of chromium has increased steadily from $2 per kg
in the 1960s to nearly $8 per kg in 1998, while the
price of molybdenum has remained relatively con-
stant at $5 per kg.(!” With the average price for
nickel-base alloys (greater than 24 percent nickel) at
$13 per kg in 1998, the total sales value in the United
States was estimated at $285 million.

The primary use of titanium alloys is in the aero-
space and military industries where the high
strength-to-weight ratio and the resistance to high
temperatures are properties of interest. Titanium and
its alloys are, however, also corrosion resistant to
many environments, and have therefore found appli-
cation in oil production and refinery, chemical
processes, and pulp and paper industries. In 1998, it

was estimated that 65 percent of the titanium alloy
mill products were used for aerospace applications
and 35 percent for non-aerospace applications.(!®) In
1998, the domestic consumption of titanium sponge
(the most common titanium form) was 39,100 met-
ric tons, which, at a price of approximately $10 per
kg, sets the total price at $391 million. In addition,
28,600 metric tons of scrap were used for domestic
consumption at a price of approximately $1 per kg,
setting the total price at $420 million. As mentioned
previously, only 35 percent of mill products were for
non-aerospace applications, which leads to a tita-
nium consumption price estimate of $150 million
for titanium and titanium alloys with corrosion con-
trol applications.

The total consumption cost of the corrosion-resis-
tant stainless steels, nickel-base alloys, and titanium
alloys in 1998 is estimated at $7.7 billion ($7.3 bil-
lion + $0.285 billion + $0.150 billion).

1.4.1.3 Corrosion Inhibitors

A “corrosion inhibitor” may be defined, in general
terms, as a substance that when added in a small
concentration to an environment effectively reduces
the corrosion rate of a metal exposed to that envi-
ronment. Inhibition is used internally with carbon
steel pipes and vessels as an economic corrosion
control alternative to stainless steels and alloys,
coatings, or non-metallic composites. A particular
advantage of corrosion inhibition is that it can be
implemented or changed in situ without disrupting a
process. The major industries using corrosion in-
hibitors are the oil and gas exploration and produc-
tion industry, the petroleum refining industry, the
chemical industry, heavy industrial manufacturing
industry, water treatment facilities, and the product
additive industries. The largest consumption of cor-
rosion inhibitors is in the oil industry, particularly in
the petroleum refining industry.(!”) The use of corro-
sion inhibitors has increased significantly since the
early 1980s. The total consumption of corrosion in-
hibitors in the United States has doubled from ap-
proximately $600 million in 1982 to nearly $1.1 bil-
lion in 1998.

1.4.1.4 Engineering Plastics and Polymers

In 1996, the plastics industry accounted for $274.5
billion in shipments.?? It is difficult to estimate the
fraction of plastics used for corrosion control, be-
cause in many cases, plastics and composites are
used for a combination of reasons, including corro-



sion control, light weight, economics, strength-to-
weight ratio, and other unique properties. Certain
polymers are used mostly, if not exclusively, for cor-
rosion control purposes. The significant markets for
corrosion control by polymers include composites
(primarily glass-reinforced thermosetting resins),
PVC pipe, polyethylene pipe, and fluoropolymers.
The fraction of polymers used for corrosion control
in 1997 is estimated at $1.8 billion.

1.4.1.5 Cathodic and Anodic Protection

The cost of cathodic and anodic protection of metal-
lic buried structures or structures immersed in sea-
water that are subject to corrosion can be divided
into the cost of materials and the cost of installation,
operation, and maintenance. Industry data have pro-
vided estimates for the 1998 sales of various hard-
ware components, including rectifiers, impressed
current cathodic protection (CP) anodes, sacrificial
anodes, cables, and other accessories, totaling
$146 million. The largest share of the CP market is
taken up by sacrificial anodes at $60 million, of
which magnesium has the greatest market share.
Major markets for sacrificial anodes are under-
ground pipelines, the water heater market, and the
underground storage tank market. The costs of in-
stallation of the various CP components for under-
ground structures vary significantly depending on
the location and the specific details of the construc-
tion. For 1998, the average total cost for installing
CP systems was estimated at $0.98 billion (range:
$0.73 billion to $1.22 billion), including the cost of
hardware components. The total cost for replacing
sacrificial anodes in water heaters and the cost for
corrosion-related replacement of water heaters was
$1.24 billion per year; therefore, the total estimated
cost for cathodic and anodic protection is $2.22 bil-
lion per year.

1.4.1.6 Corrosion Control Services

In the context of the 1998 Cost of Corrosion study,
services were defined as companies, organizations,
and individuals that are providing their services to
control corrosion. By taking the NACE International
membership as a basis for this section, a total num-
ber of engineers and scientists that provide corrosion
control services was estimated. In 1998, the number
of NACE members was 16,000, 25 percent of whom
are providing consulting and engineering services as
outside consultants or contractors. Assuming that
the average revenue of each is $300,000 (including
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salary, overhead, benefits, and the cost to direct one
or more non-NACE members in performing cor-
rosion control activities), the total services cost can
be calculated as $1.2 billion. This number, however,
is conservative since many professionals who follow
a career in corrosion are not members of NACE
International.

1.4.1.7 Research and Development

Over the past few decades, less funding has been
made available for corrosion-related research and
development, which is significant in light of the cost
and inconvenience of dealing with leaking and ex-
ploding underground pipelines, bursting water
mains, corroding storage tanks, aging aircraft, and
deteriorating highway bridges. In fact, several gov-
ernment and corporate research laboratories have
significantly reduced their corrosion research staff
or even have closed down their research facilities.
Corrosion research can be divided into academic
and corporate research. NACE International has
listed 114 professors under the Corrosion heading.
Assuming an average annual corrosion research
budget of $150,000, the total academic research
budget is estimated at approximately $20 million.
No estimates were made for the cost of corporate or
industry corrosion-related research, which is likely
to be much greater than the annual academic budget.

1.4.1.8 Education and Training

Corrosion-related education and training in the
United States includes degree programs, certifica-
tion programs, company in-house training, and gen-
eral education and training. A few national universi-
ties offer courses in corrosion and corrosion control
as part of their engineering curricula. Professional
organizations such as NACE International (The Cor-
rosion Society)?!D and SSPC (The Society for Pro-
tective Coatings)?? offer courses and certification
programs that range from basic corrosion to coating
inspector to cathodic protection specialist. NACE
International offers the broadest range of courses
and manages an extensive certification program. In
1998, NACE held 172 courses with more than 3,000
students, conducted multiple seminars, and offered
publications, at a total cost of $8 million.

1.4.1.9 Summary

A total annual direct cost of corrosion was estimated
by adding the individual cost estimates of corrosion
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TABLE 1.4 Summary of Annual Costs of Corrosion Control
Methods and Services.

RANGE AVERAGE COST
MATERIAL AND
SERVICES ($ x billion)  ($ x billion) (%)
Protective Coatings
Organic Coatings 40.2-174.2 107.2 88.3
Metallic Coatings 14 1.4 1.2
Metals and Alloys 7.7 7.7 6.3
Corrosion Inhibitors 1.1 1.1 0.9
Polymers 1.8 1.8 1.5
Anodic and Cathodic 0.73-1.22 0.98 0.8
Protection
Services 1.2 1.2 1.0
Research and Develop- 0.020 0.02 <0.1
ment
Education and Training 0.01 0.01 <0.1
TOTAL $54.16-$188.65 $121.41 100%

control materials, methods, services, and education
and training (see Table 1.4). The total cost was esti-
mated at $121 billion, or 1.381 percent of the $8.79
trillion GDP in 1998. In some categories, such as or-
ganic coatings and cathodic protection, a wide range
of costs was reported based on installation costs.

When taking these ranges into account, the total cost
sum ranges from $54.2 billion to $188.7 billion. The
table shows that the highest cost is for organic coat-
ings at $107.2 billion, which is approximately 88 per-
cent of the total cost. Notably, the categories of Re-
search and Development and Education and Training
indicate unfavorably low numbers.

1.4.2 Method 2—Industry Sector Analysis

For the purpose of the 1998 Cost of Corrosion study,
the U.S. economy was divided into five sector cate-
gories and 26 industrial sectors, selected according
to the unique corrosion problems experienced within
each of the groups. In this study, the sector cate-
gories were: (1) infrastructure, (2) utilities, (3) trans-
portation, (4) production and manufacturing, and (5)
government. The sum of the direct corrosion costs of
the analyzed industrial sectors was estimated at
$137.9 billion. Since these sectors only represent a
fraction of the total economy, this cost does not rep-
resent the total cost of corrosion to the U.S. econ-
omy, and therefore was extrapolated to calculate the
total cost. Figure 1.2 shows the percentage contribu-
tion to the total cost of corrosion for the five sector
categories analyzed in the current study.

Cost Of Corrosion
In Industry Categories Analyzed In Current Study
($137.9 BILLION)

Infrastructure
16.4%

Government
14.6%

Production &
Manufacturing
12.8%

Utilities
34.7%

Transportation
21.5%

FIGURE 1.2 Percentage contribution to the total cost of corrosion for the five sector categories.
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Infrastructure, $22.6 billion

Highway Bridges
37%

$7.0 billion

Hazardous Materials
Storage
31%

$0.3 billion

Gas and Liquid
Transmission
Pipelines
31%

$7.0 billion

Waterways and Ports
1%

FIGURE 1.3 Annual cost of corrosion in the Infrastructure category.

1.4.2.1

Figure 1.3 shows the annual cost of corrosion in the
Infrastructure category to be $22.6 billion, which is
16.4 percent of the total cost of the sector categories
examined in the study. The U.S. infrastructure and
transportation system allows for a high level of mo-
bility and freight activity for the nearly 270 million
residents and 7 million business establishments.?3)
In 1997, more than 230 million motor vehicles, tran-
sit vehicles, ships, airplanes, and railroad cars using
more than 6.4 million km (4 million mi) of high-
ways, railroads, and waterways connecting all parts
of the United States were used. The transportation
infrastructure also includes more than 800,000 km
(approximately 500,000 mi) of oil and gas transmis-
sion pipelines, and 18,000 public and private air-
ports.

Infrastructure

Highway Bridges. There are 583,000 bridges in
the United States (1998). Of this total, 200,000
bridges are steel, 235,000 are conventional rein-
forced concrete, 108,000 are constructed using pre-
stressed concrete, and the balance is made using

other materials of construction. Approximately 15
percent of the bridges are structurally deficient, pri-
marily due to corrosion of steel and steel reinforce-
ment. The annual direct cost of corrosion for high-
way bridges is estimated at $8.3 billion, consisting
of $3.8 billion to replace structurally deficient
bridges over the next 10 years, $2.0 billion for main-
tenance and cost of capital for concrete bridge
decks, $2.0 billion for maintenance and cost of cap-
ital for concrete substructures (minus decks), and
$0.5 billion for maintenance painting of steel
bridges. Life-cycle analysis estimates indirect costs
to the user due to traffic delays and lost productivity
at more than 10 times the direct cost of corrosion
maintenance, repair, and rehabilitation.

Gas and Liquid Transmission Pipelines. There
are more than 528,000 km (328,000 mi) of natural
gas transmission and gathering pipelines, 119,000
km (74,000 mi) of crude oil transmission and gath-
ering pipelines, and 132,000 km (82,000 mi) of
hazardous liquid transmission pipelines.?¥ 25 For
all natural gas pipeline companies, the total invest-
ment in 1998 was $63.1 billion, from which a total
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revenue of $13.6 billion was generated. For liquid
pipeline companies, the investment was $30.2 bil-
lion, from which a revenue of $6.9 billion was
generated. At an estimated replacement cost of
$643,800 per km ($1,117,000 per mi), the asset re-
placement value of the transmission pipeline system
in the United States is $541 billion; therefore, a sig-
nificant investment is at risk, with corrosion being
the primary factor in controlling the life of the asset.
The average annual corrosion-related cost is esti-
mated at $7.0 billion, which can be divided into the
cost of capital (38 percent), operation and mainte-
nance (52 percent), and failures (10 percent).

Waterways and Ports. In the United States,
40,000 km (25,000 mi) of commercial navigable wa-
terways serve 41 states, including all states east of
the Mississippi River. Hundreds of locks facilitate
travel along these waterways. In January 1999, 135
of the 276 locks had exceeded their 50-year design
life. U.S. ports play an important role in connecting
waterways, railroads, and highways. The nation’s
ports include 1,914 deepwater ports (seacoast and
Great Lakes) and 1,812 ports along inland water-
ways. Corrosion is typically found on piers and
docks, bulkheads and retaining walls, mooring
structures, and navigational aids. There is no formal
tracking of corrosion costs for these structures.
Based on figures obtained from the U.S. Army Corps
of Engineers and the U.S. Coast Guard, an annual
corrosion cost of $0.3 billion could be estimated. It
should be noted that this is a low estimate since the
corrosion costs of harbor and other marine structures
are not included.

Hazardous Materials Storage. The United States
has approximately 8.5 million regulated and non-
regulated aboveground storage tanks (ASTs) and un-
derground storage tanks (USTs) for hazardous mate-
rials (HAZMAT). While these tanks represent a
significant investment and good maintenance prac-
tices would be in the best interest of the owners, fed-
eral and state environmental regulators are con-
cerned with the environmental impact of spills from
leaking tanks. In 1988, the U.S. Environmental Pro-
tection Agency set a December 1998 deadline for
UST owners to comply with requirements for corro-
sion control on all tanks, as well as overfill and spill
protection. In case of non-compliance, tank owners
face considerable costs related to cleanup and penal-
ties. As a result, the number of USTs has decreased
from approximately 1.3 million to 0.75 million in

that 10-year period.?® The total annual direct cost of
corrosion for HAZMAT storage is $7.0 billion, bro-
ken down into $4.5 billion for ASTs and $2.5 billion
for USTs.

Airports. According to Bureau of Transportation
statistics data, there were 5,324 public-use airports
and 13,774 private-use airports in the United States
in 1999. A typical airport infrastructure is complex,
and components that might be subject to corrosion
include the natural gas distribution system, jet fuel
storage and distribution system, de-icing storage and
distribution system, vehicle fueling system, natural
gas feeders, dry fire lines, parking garages, and run-
way lighting. Generally, each of these systems is
owned or operated by different organizations or
companies; therefore, the impact of corrosion on an
airport as a whole is not known or documented.

Railroads. In 1997, there were nine Class I freight
railroads accounting for 71 percent of the industry’s
274,399 km (170,508 mi) track operated. In addi-
tion, there were 35 regional railroads and 513 local
railroads. The elements that are subject to corrosion
include metal members, such as rail and steel spikes;
however, corrosion damage to railroad components
is either limited or goes unreported. Hence, an ac-
curate estimate of the corrosion cost could not be
determined.

1.4.2.2 Utilities

Figure 1.4 shows the annual cost of corrosion in the
Utilities category to be $47.9 billion. Utilities form
an essential part of the U.S. economy by supplying
end users with gas, water, electricity, and telecom-
munications. All utility companies combined spent
$42.3 billion on capital goods in 1998, an increase of
9.3 percent from 1997.27 Of this total, $22.4 billion
was used for structures and $19.9 billion was used
for equipment.

Gas Distribution. The natural gas distribution
system includes 2,785,000 km (1,730,000 mi) of rel-
atively small-diameter, low-pressure piping, which
is divided into 1,739,000 km (1,080,000 mi) of dis-
tribution main and 1,046,000 km (650,000 mi) of
services.(?829) There are approximately 55 million
services in the distribution system. A large percent-
age of the mains (57 percent) and services (46 per-
cent) are made of steel, cast iron, or copper, which
are subject to corrosion. The total annual direct cost



Utilitics, $47.9 billion

Water & Sewer
T8%

Gas Distribution
10%

Electrical Utilities
14%y

FIGURE 1.4 Annual cost of corrosion in the Utilities
category.

of corrosion was estimated at approximately $5.0
billion.

Drinking Water and Sewer Systems. According
to the American Water Works Association (AWWA)
industry database, there is approximately 1.483 mil-
lion km (876,000 mi) of municipal water piping in
the United States.(9 This number is not exact, since
most water utilities do not have complete records of
their piping system. The sewer system is similar in
size to the drinking water system with approxi-
mately 16,400 publicly owned treatment facilities
releasing some 155 million m3 (41 billion gal) of
wastewater per day during 1995.GD

In March 2000, the Water Infrastructure Network
(WIN)B2 estimated the current annual cost for new
investments, maintenance, operation, and financing
of the national drinking water system at $38.5 billion
per year, and of the sewer system at $27.5 billion per
year. The WIN report was presented in response to a
1998 study3 by AWWA and a 1997 study®# by the
U.S. Environmental Protection Agency (EPA). Those
studies had already identified the need for major in-
vestments to maintain the aging water infrastructure.

The total annual direct cost of corrosion for the
nation’s drinking water and sewer systems was esti-
mated at $36.0 billion. This cost consists of the cost
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of replacing aging infrastructure and the cost of un-
accounted-for water through leaks, corrosion in-
hibitors, internal mortar linings, external coatings
and cathodic protection.

Electrical Utilities. The electrical utilities indus-
try is a major provider of energy in the United States.
The total amount of electricity sold in the United
States in 1998 was 3.24 trillion GWh at a cost to
consumers of $218 billion.3> Electricity generation
plants can be divided into seven generic types: fossil
fuel, nuclear, hydroelectric, cogeneration, geother-
mal, solar, and wind. The majority of electric power
in the United States is generated by fossil fuel and
nuclear supply systems.3® The total annual direct
cost of corrosion in the electrical utilities industry in
1998 is estimated at $6.9 billion, with the largest
amounts for nuclear power at $4.2 billion and fossil
fuel at $1.9 billion, and smaller amounts for hy-
draulic and other power at $0.15 billion, and trans-
mission and distribution at $0.6 billion.

Telecommunications. According to the U.S. Cen-
sus Bureau, the total value of shipments for com-
munications equipment in 1999 was $84 billion.
Important corrosion cost factors are painting and
galvanizing of communication towers and shelters,
and underground corrosion of buried copper ground-
ing beds and galvanic corrosion of the grounded
steel structures. No corrosion cost was determined
because of the lack of information on this rapidly
changing industry.

1.4.2.3 Transportation

Figure 1.5 shows the annual cost of corrosion in the
Transportation category at $29.7 billion. The Trans-
portation category includes vehicles and equipment
used to transport people and products (i.e., automo-
biles, ships, aircraft).

Motor Vehicles. U.S. consumers, businesses, and
government organizations own more than 200 mil-
lion registered motor vehicles. Assuming the aver-
age value of an automobile is $5,000, the total in-
vestment Americans have made in motor vehicles
can be estimated at $1 trillion. Since the 1980s, car
manufacturers have increased the corrosion resis-
tance of vehicles by using corrosion-resistant mate-
rials, employing better manufacturing processes,
and designing corrosion-resistant vehicles. Al-
though significant progress has been made, further
improvement can be achieved in corrosion resis-
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FIGURE 1.5 Annual cost of corrosion in the Transportation category.

tance of individual components. The total annual di-
rect cost of corrosion is estimated at $23.4 billion,
which is broken down into the following three com-
ponents: (1) increased manufacturing costs due to
corrosion engineering and the use of corrosion-
resistant materials ($2.56 billion per year); (2) re-
pairs and maintenance necessitated by corrosion
($6.45 billion per year); and (3) corrosion-related
depreciation of vehicles ($14.46 billion per year).

Ships. The U.S. flag fleet consists of the Great
Lakes with 737 vessels at 100 billion ton-km (62 bil-
lion ton-mi), inland with 33,668 vessels at 473 bil-
lion ton-km (294 billion ton-mi), ocean with 7,014
vessels at 563 billion ton-km (350 billion ton-mi),
recreational with 12.3 million boats, and cruise ships
with 122 boats serving North American ports (5.4
million passengers). The total annual direct cost of
corrosion to the U.S. shipping industry is estimated
at $2.7 billion. This cost is broken down into costs
associated with new ship construction ($1.1 billion),
maintenance and repairs ($0.8 billion), and corro-
sion-related downtime ($0.8 billion).

Aircraft. In 1998, the combined commercial air-
craft fleet operated by U.S. airlines was more than
7,000 airplanes.? At the start of the jet age (1950s
to 1960s), little or no attention was paid to corrosion
and corrosion control. One of the concerns is the
continued aging of the airplanes beyond the 20-year
design life. Only the most recent designs (e.g., Boe-
ing 777 and late-version 737) have incorporated sig-
nificant improvements in corrosion prevention and
control in design and manufacturing. The total an-
nual direct cost of corrosion to the U.S. aircraft in-
dustry is estimated at $2.2 billion, which includes
the cost of design and manufacturing ($0.2 billion),
corrosion maintenance ($1.7 billion), and downtime
($0.3 billion).

Railroad Cars. In 1998, 1.3 million freight cars
and 1,962 passenger cars were operated in the
United States. Covered hoppers (28 percent) and
tanker cars (18 percent) make up the largest segment
of the freight car fleet. The type of commodities
transported range from coal (largest volume) to
chemicals, motor vehicles, farm products, food



products, and ores and minerals. Railroad cars suffer
from both external and internal corrosion. The total
annual direct cost of corrosion is estimated at
$0.5 billion, broken down into external coatings
($0.25 billion) and internal coatings and linings
($0.25 billion).

Hazardous Materials Transport. According to
the U.S. Department of Transportation, there are ap-
proximately 300 million hazardous materials ship-
ments of more than 3.1 billion metric tons annually
in the United States.® Bulk transport over land in-
cludes shipping by tanker truck and rail car, and by
special containers on vehicles. Over water, ships
loaded with specialized containers, tanks, and drums
are used. In small quantities, hazardous materials re-
quire specially designed packaging for truck and air
shipment. The total annual direct cost of corrosion
for hazardous materials transport is more than $0.9
billion. The elements of the annual corrosion cost in-
clude the cost of transporting vehicles ($0.4 billion
per year), specialized packaging ($0.5 billion per
year), and the direct and indirect costs of accidental
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releases and corrosion-related transportation inci-
dents.

1.4.2.4 Production and Manufacturing

Figure 1.6 shows the annual cost of corrosion in the
Production and Manufacturing category to be $17.6
billion. This category includes industries that pro-
duce and manufacture products of crucial impor-
tance to the economy and the standard of living in
the United States. These include gasoline products,
mining, petroleum refining, various chemical and
pharmaceutical products, paper, and agricultural and
food products.

Oil and Gas Exploration and Production. Do-
mestic oil and gas production can be considered to
be a stagnant industry, because most of the signifi-
cant available onshore oil and gas reserves have been
exploited. Oil production in the United States in
1998 consisted of 3.04 billion barrels.*” The signif-
icant recoverable reserves left to be discovered and
produced are probably limited to less convenient lo-

Production and Manufacturing, $17.6 billion
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FIGURE 1.6 Annual cost of corrosion in the Production and Manufacturing category.



16 DEGRADATION ECONOMICS

cations, such as in deep water offshore, remote arc-
tic locations, and difficult-to-manage reservoirs with
unconsolidated sands. The total annual direct cost of
corrosion in the U.S. oil and gas production industry
is estimated at $1.4 billion, broken down into $0.6
billion for surface piping and facility costs, $0.5 bil-
lion in downhole tubing expenses, and $0.3 billion
in capital expenditures related to corrosion.

Mining. In the mining industry, corrosion is not
considered to be a significant problem. There is a
general consensus that the life-limiting factors for
mining equipment are wear and mechanical damage
rather than corrosion. Maintenance painting, how-
ever, is heavily relied upon to prevent corrosion,
with an annual estimated expenditure for the coal
mining industry of $0.1 billion.

Petroleum Refining. The U.S. refineries represent
approximately 23 percent of the world’s petroleum
production, and the United States has the largest re-
fining capacity in the world, with 163 refineries.*?
In 1996, U.S. refineries supplied more than 18 mil-
lion barrels per day of refined petroleum products.
The total annual direct cost of corrosion is estimated
at $3.7 billion. Of this total, maintenance-related ex-
penses are estimated at $1.8 billion, vessel turn-
around expenses at $1.4 billion, and fouling costs
are approximately $0.5 billion annually.

Chemical, Petrochemical, and Pharmaceutical.
The chemical industry includes those manufacturing
facilities that produce bulk or specialty compounds
by chemical reactions between organic and/or inor-
ganic materials. The petrochemical industry in-
cludes those manufacturing facilities that create sub-
stances from raw hydrocarbon materials such as
crude oil and natural gas. The pharmaceutical indus-
try formulates, fabricates, and processes medicinal
products from raw materials. The total annual direct
cost of corrosion for this industry sector is estimated
at $1.7 billion per year (8 percent of total capital ex-
penditures). No calculation was made for the indi-
rect costs of production outages or indirect costs re-
lated to catastrophic failures. The costs of operation
and maintenance related to corrosion were not read-
ily available; estimating these costs would require
detailed study of data from individual companies.

Pulp and Paper. The $165 billion pulp, paper, and
allied products industry supplies the United States
with approximately 300 kg (661 1b) of paper per per-

son per year.*D More than 300 pulp mills and more
than 550 paper mills support its production. The
total annual direct cost of corrosion is estimated at
$6.0 billion, with the majority of this cost in the
paper and paperboard industry, and calculated as a
fraction of the maintenance costs. No information
was found to estimate the corrosion costs related to
the loss of capital.

Agricultural Production. Agricultural opera-
tions are producing livestock and crops. According
to the National Agricultural Statistics Service, there
are approximately 1.9 million farms in the United
States.“? Based on the 1997 Farm Census, the total
value of farm machinery and equipment is approxi-
mately $15 billion per year. The two main reasons
for replacing machinery or equipment include up-
grading old equipment and replacement because of
wear and corrosion. Discussions with experts in this
industrial sector resulted in an estimate of corrosion
costs in the range of 5 percent to 10 percent of the
value of all new equipment. Therefore, the total an-
nual direct cost of corrosion in the agricultural pro-
duction industry is estimated at $1.1 billion.

Food Processing. The food processing industry is
one of the largest manufacturing industries in the
United States, accounting for approximately 14 per-
cent of the total U.S. manufacturing output.43 Sales
for food processing companies totaled $265.5 bil-
lion in 1999. Because of food quality requirements,
stainless steel is widely used. Assuming that the
stainless steel consumption and cost in this industry
are entirely attributed to corrosion, a total annual di-
rect cost of corrosion is estimated at $2.1 billion.
This cost includes stainless steel usage for beverage
production, food machinery, cutlery and utensils,
commercial and restaurant equipment, appliances,
aluminum cans, and the use of corrosion inhibitors.

Electronics. Corrosion in electronic components
manifests itself in several ways, and computers, in-
tegrated circuits, and microchips are being exposed
to a variety of environmental conditions. Corrosion
in electronic components is insidious and cannot be
readily detected; therefore, when corrosion failure
occurs, it is often dismissed as just a failure and the
part or component is replaced. Particularly in the
case of consumer electronics, devices would become
technologically obsolete long before corrosion-
induced failures would occur. Although it has been
suggested that a significant part of all electric com-



ponent failures is caused by corrosion, no corrosion
cost could be estimated.

Home Appliances. The appliance industry is one
of the largest consumer products industries. For
practical purposes, two categories of appliances are
distinguished: “Major Home Appliances” and
“Comfort Conditioning Appliances.” In 1999, 70.7
million major home appliances and 49.5 million
comfort conditioning appliances were sold in the
United States, for a total of 120.2 million appliances.
The cost of corrosion in home appliances was esti-
mated at $1.5 billion per year.

1.4.2.5 Government

Federal, state, and local governments play increas-
ingly important roles in the U.S. economy, with a
1998 GDP of approximately $1.105 trillion. While
the government owns and operates large assets
under various departments, the U.S. Department of
Defense (DoD) was selected because of its signifi-
cant direct and indirect impact on the U.S. economy.
A second government sector that was selected is nu-
clear waste storage under the U.S. Department of
Energy (DoE). The cost of corrosion in these two
sectors was used to estimate the cost of corrosion for
the Government category. This cost was $20.1 bil-
lion per year (see Figure 1.7).

Defense. Corrosion of military equipment and fa-
cilities has been, for many years, a significant and
ongoing problem. The corrosion-related problems
are becoming more prominent as the acquisition of
new equipment is decreasing and the reliability re-
quired of aging systems is increasing. The data pro-
vided by the military services (Army, Air Force,
Navy, and Marine Corps) indicate that corrosion is
potentially the number one cost driver in life-cycle
costs. The total annual direct cost of corrosion in-
curred by the military services for systems and in-
frastructure is approximately $20 billion.“4

Nuclear Waste Storage. Nuclear wastes are gen-
erated from spent nuclear fuel, dismantled nuclear
weapons, and products such as radio pharmaceuti-
cals. The most important design item for the safe
storage of nuclear waste is effective shielding of ra-
diation. Corrosion is an important issue in the design
of the casks used for permanent storage, which have
a design life of several thousand years. A 1998 total
life-cycle cost analysis™ by the U.S. Department of
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Energy for the permanent disposal of nuclear waste
in Yucca Mountain, Nevada, estimated the total
repository cost by the construction phase (2002) at
$4.9 billion with an average annual cost (from 1999
to 2116) of $205 million. Of this cost, $42.2 million
is corrosion-related.

Summary of Sector Studies. Table 1.5 shows the
costs of corrosion for each industry sector analyzed
in the current study. The dollar values are rounded to
the nearest $0.1 billion because of the uncertainty in
the applied methods. The total cost of corrosion in
the analyzed sectors was $137.9 billion per year.
Figure 1.8 shows the data in graphical form. The
cost of $137.9 billion was believed to be a very con-
servative estimate. In each sector, only the “major”
corrosion costs were considered. In addition, even
major costs were left out when no basis for an esti-
mate was found. Most notable of these were the fol-
lowing: (1) no operation and maintenance costs were
included for the Chemical, Petrochemical, and Phar-
maceutical sectors; (2) no capital costs were in-
cluded for the Pulp and Paper sector; (3) no capital
costs were included for the Gas and Distribution sec-
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TABLE 1.5 Summary of Estimated Direct Cost of Corrosion for Industry Sectors Analyzed in This Study.

ESTIMATED DIRECT
COST OF CORROSION
PER SECTOR
CATEGORY INDUSTRY SECTORS APPENDIX $ x billion  percent*
Infrastructure (16.4% of total) Highway Bridges D 8.3 37
Gas and Liquid Transmission Pipelines E 7.0 31
Waterways and Ports F 0.3 1
Hazardous Materials Storage G 7.0 31
Airports H ok ok
Railroads I o o
SUBTOTAL $22.6 100%
Utilities (34.7% of total) Gas Distribution J 5.0 10
Drinking Water and Sewer Systems K 36.0 75
Electrical Utilities L 6.9 14
Telecommunications M o o
SUBTOTAL $47.9 100%
Transportation (21.5% of total) Motor Vehicles N 234 79
Ships o 2.7 9
Aircraft P 2.2 7
Railroad Cars Q 0.5 2
Hazardous Materials Transport R 0.9 3
SUBTOTAL $29.7 100%
Production and Manufacturing Oil and Gas Exploration and Production S 1.4 8
(12.8% of total) Mining T 0.1 1
Petroleum Refining U 3.7 21
Chemical, Petrochemical, Pharmaceutical \% 1.7 10
Pulp and Paper w 6.0 34
Agricultural X 1.1 6
Food Processing Y 2.1 12
Electronics Z ok ok
Home Appliances AA 1.5 9
SUBTOTAL $17.6 100%
Government (14.6% of total) Defense BB 20.0 99.5
Nuclear Waste Storage CC 0.1 0.5
SUBTOTAL $20.1 100%
TOTAL $137.9

*Individual values do not add up to 100% because of rounding.
*#*Corrosion costs not determined.

tor; and (4) replacement costs were considered only
for water heaters in the Home Appliances sector. In
most cases, conservative estimates were made when
no basis was available. Most notable was that only 5
percent of water heaters are replaced due to corro-
sion. Therefore, the total cost of corrosion is a con-
servative value and is probably higher.

These data show that the highest corrosion costs
are incurred by drinking water and sewer systems.
The largest value of $36.0 billion per year for both
types of systems together is due to the extent of the
water transmission and distribution network in the

United States. For the U.S. population of 265 mil-
lion people, an average of 550 L (145 gal) per per-
son per day is used for personal use and for use in
production and manufacturing. The metal piping
systems are aging and will require increased mainte-
nance in the future. For the Drinking Water sector,
large indirect costs are expected as well, but are not
quantified in the current study.

The second largest corrosion cost ($23.4 billion
per year) was found in the Motor Vehicles sector.
With more than 200 million registered vehicles, the
corrosion impact consists of corrosion-related de-
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FIGURE 1.8 Summary of estimated direct cost of corrosion for industry sectors analyzed in this study.

preciation costs (62 percent), corrosion-resistant
materials of construction (10 percent), and the cost
of increased maintenance because of corrosion (28
percent). The indirect cost in this sector is expected
to be large, especially because of the time users of
motor vehicles lose when having to deal with car
maintenance and repair.

The third largest corrosion cost ($20 billion per
year) was observed in defense systems. Reliability
and readiness are of crucial importance, and thus
military vehicles, aircraft, ships, weapons, and facil-
ities must be continuously maintained. A determin-
ing factor in the Defense sector is the readiness for
operation under any circumstance and in corrosive
environments such as seawater, swamps or wetlands,
and in rain and mud.

Large corrosion costs were also found in the sec-
tors for highway bridges ($8.3 billion per year), gas
and liquid transmission pipelines ($7.0 billion per
year), electrical utilities ($6.9 billion per year), pulp
and paper ($6.0 billion per year), and gas distribu-

tion ($5.0 billion per year). There were two factors
that were important for these sectors: (1) large num-
ber of units, and (2) severely corrosive environ-
ments. The following lists specific concerns regard-
ing corrosion for some of the sectors that have large
COTTrosion costs:

* The national system of highways requires many
bridges to be maintained. With the commonly
used approach that bridges are constructed to
have a design life, rather than “being there for-
ever,” the burden to maintain and repair this infra-
structure will continue to grow because of aging
components.

* The network of transmission pipelines is quite
large [779,000 km (484,000 mi)] and transports
potentially corrosive liquids and gas, which
makes their operation sensitive to public opinion
related to environmental spills and highly publi-
cized ruptures. Although pipelines have proven to
be the safest way to transport large quantities of
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product over long distances, controlling corrosion
comes at a significant cost.

* The same argument for potential spills (oil) holds
for the hazardous materials storage sector. Corro-
sion protection is a significant cost per tank for
both underground and aboveground tanks, and
the total number of HAZMAT storage tanks is es-
timated at 8.5 million.

* Electrical utilities have large corrosion costs due
to the affected operation and maintenance costs,
depreciation costs, and the cost of forced outages.
The greatest cost is found for nuclear power-gen-
erated plants, because of the higher inspection
frequency in nuclear plants as opposed to fossil
fuel plants.

* The pulp and paper industry uses corrosive media
to make pulp from wood. Changes in processing
conditions over the last decades have had a sig-
nificant impact on the materials used for con-
struction. Paper quality and processing reliability
are driving spending in this sector.

In the following discussion, the individual sector
analyses will be extrapolated to calculate total cor-
rosion costs in the United States.

1.5 DISCUSSION

1.5.1 Extrapolation to Total Cost
of Corrosion

The total cost of corrosion in the analyzed sectors
was $137.9 billion per year. This estimate was based
on detailed analysis of industrial sectors that are
known to have a significant corrosion impact. The
sum of these sectors represented 27.55 percent of the
GDP. Based on the procedure for extrapolation,
which used the percentage of cost of corrosion for
BEA subcategories, an estimated total direct cost of
corrosion of $275.7 billion per year was calculated.
This is 3.1 percent of the 1998 U.S. GDP (see Figure
1.9).

Figure 1.10 illustrates the impact of corrosion on
the nation’s economy. The purpose of this figure is to
show the relative corrosion impact (3.1 percent) with
respect to the total GDP. In fact, corrosion costs are
as great as or greater than some of the individual cat-
egories, such as agriculture and mining.

The non-linear extrapolation shows a stepwise,
cumulative calculation for total corrosion cost. Fig-
ure 1.11 shows the non-linear extrapolation graphi-
cally.

Extrapolated Corrosion Costs: $276 billion, 3.1% of GDP
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FIGURE 1.9 Total direct corrosion costs for BEA categories.
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FIGURE 1.10 Diagram illustrating the impact of cor-
rosion on the U.S. economy.

At 3.1 percent of the GDP, the cost of corrosion to
the U.S. economy is already significant if only based
on the direct cost of corrosion. However, the impact
of corrosion can be significantly greater when indi-
rect costs are included. The assumption can be made
that the indirect costs over the entire industry can be
equal to, if not greater than, the direct costs. This
would result in a total direct and indirect impact of
corrosion of approximately $551.4 billion annually,
or 6.3 percent of the GDP.

1.5.2 Summary of Total Cost of
Corrosion Calculation

The research presented in this chapter showed that
the direct cost of corrosion in the United States was
approximately $275.7 billion per year, which is 3.1
percent of the GDP. This percentage lies in the range
that previous studies for various countries showed in
the past. However, the 1998 CC Technologies Cost
of Corrosion study was more detailed and specified
corrosion costs using two methods: (1) cost of cor-
rosion control methods and services, and (2) corro-
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sion costs in individual industrial sectors. It is esti-
mated that the indirect cost to the end user can dou-
ble the economic impact, making the cost of corro-
sion, including indirect costs, $551.4 billion or
more.

1.6 PREVENTIVE STRATEGIES

The current study showed that technological changes
have provided many new ways to prevent corrosion
and the improved use of available corrosion manage-
ment techniques. However, better corrosion manage-
ment can be achieved using preventive strategies in
non-technical and technical areas. These preventive
strategies include: (1) increase awareness of signifi-
cant corrosion costs and potential cost-savings; (2)
change the misconception that nothing can be done
about corrosion; (3) change policies, regulations,
standards, and management practices to increase cor-
rosion cost-savings through sound corrosion man-
agement; (4) improve education and training of staff
in the recognition of corrosion control; (5) imple-
ment advanced design practices for better corrosion
management; (6) develop advanced life prediction
and performance assessment methods; and (7) im-
prove corrosion technology through research, devel-
opment, and implementation.

While corrosion management has improved over
the past several decades, the United States is still far
from implementing optimal corrosion control prac-
tices. There are significant barriers to both the de-
velopment of advanced technologies for corrosion
control and the implementation of those technologi-
cal advances. In order to realize the savings from re-
duced costs of corrosion, changes are required in
three areas: (1) the policy and management frame-
work for effective corrosion control; (2) the science
and technology of corrosion control; and (3) the
technology transfer and implementation of effective
corrosion control. The policy and management
framework is crucial because it governs the identifi-
cation of priorities, the allocation of resources for
technology development, and the operation of the
system.

Incorporating the latest corrosion strategies re-
quires changes in industry management and govern-
ment policies, as well as advances in science and
technology. It is necessary to engage a larger con-
stituency composed of the primary stakeholders,
government and industry leaders, the general public,
and consumers. A major challenge involves the dis-
semination of corrosion awareness and expertise
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FIGURE 1.11 Illustration of non-linear extrapolation of cost of corrosion based on assumption that non-analyzed sec-
tors have a different corrosion impact, depending on industry category

that are currently scattered throughout government
and industry organizations. In fact, there is no focal
point for the effective development, articulation, and
delivery of corrosion cost-savings programs.

Therefore, the following recommendations are
made:

1. Form a Committee on Corrosion Control and Pre-
vention of the National Research Council.

2. Develop a national focus on corrosion control and
prevention.

3. Improve policies and corrosion management.

4. Accomplish technological advances for corrosion
savings.
5. Implement effective corrosion control.
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2.1 INTRODUCTION

In a Handbook of Environmental Degradation of
Materials, inclusion of the chapter “Analysis of Fail-
ures Due to Environmental Factors” assumes great
importance. This is because unless the failures are
analyzed in a systematic, detailed manner, the main
causative factor arising from the environment cannot
be determined. If such determination is not made
and appropriate remedial measures are not imple-
mented, there is no guarantee that the failure would
not repeat itself on the replaced structure, column,
vessel, pipe, tube, and so forth. This chapter presents
certain case studies of recent failures, analyzed by
the author, attributable to environmental factors. All
the case studies are concerned with process equip-
ment used in chemical process industries and made
of metallic materials, carbon steel, stainless steel or
nickel base alloy.

2.2 CLASSIFICATION OF FAILURES

The word “failure” in chemical process equipment
denotes unexpected unsatisfactory behavior of the
equipment leading to non-functioning with respect
to desired operation within the design life period of
the equipment. Such behavior is often referred to as
“premature failure.” The causative factors can be
classified into two main categories:

2.5 CONCLUSIONS 45
2.6 REFERENCES 45

1. Material/Manufacturing-related
2. Environment/Operation-related

2.2.1 Material/Manufacturing-Related

Causes

These causes arise from defects in material of con-
struction (MOC) of the equipment and the fabrica-
tion steps through which the material was shaped
and processed to arrive at the desired equipment.
This chapter will not discuss this category of causes.

2.2.2 Environment-Related Causes

These causes arise from the environment to which
the equipment is exposed during service, both the in-
ternal chemical process medium and the external
medium, such as the prevailing atmosphere, insula-
tion, and so forth. The operation-related causes are
closely linked to the environment in that failures
arise if the actual operating conditions fall short of or
exceed the specified limits.

2.2.3 Environment-Related Categories

The environmental factors can be further classified
into five categories, as follows:

1. Deviations within the chemical composition of
the fluid being handled in the chemical process,
such as the following:

27
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* Condensation occurring within the vapor
phase

» Concentration of aggressive species suddenly
increasing

2. Unexpected impurities present within the fluid
being handled, such as the following:

* Chloride and oxygen in boiler feed water
* Sulfur in petroleum crude

3. Operating temperatures different from those de-
signed and specified
* Exceedingly high temperatures leading to
creep, oxidation, sulfidation, etc.
4. Operating pressures different from those de-
signed and specified, such as high pressures in au-
toclaves and boilers

5. The environment external to the process equip-
ment becoming aggressive, such as marine and
humid atmospheres attacking uninsulated exter-
nal surfaces of the equipment

* Insulations becoming wet and corrosive

2.2.4 Environmentally Induced Failures

The environmentally induced failures in process
equipment can be also classified into the following,
based on the final appearance or mode in which the
failure presents itself:

1. High temperature failures (temperatures higher
than the boiling point of the process medium to
which the equipment is exposed)

. Oxidation

. Sulfidation

. Carburization

. Chlorination

. Creep
Plastic deformation—yielding, warping, sag-
ging, bowing, etc.

2. Ambient temperature failures (temperatures less

than the above-mentioned boiling point)

a. Corrosion in its various forms
¢ General uniform corrosion
* Pitting
¢ Crevice corrosion
¢ Galvanic corrosion
* Intergranular corrosion
* Selective leaching

* Stress corrosion cracking (including hydro-
gen-related cracking)

* Corrosion fatigue

- 0 o0 o

* Erosion corrosion by high velocity and by
slurry movement

b. Overload mechanical failure
3. Low temperature failures (temperatures lower
than ambient, including sub-zero)
a. Brittle mechanical failures at temperatures
lower than ductile brittle transition tempera-
ture (DBTT)

2.3 ANALYSIS OF FAILURES

This chapter presents a few case studies illustrating
some of the above-listed environmental factors lead-
ing to premature failures of chemical process equip-
ment. Each failure has been analyzed by the author
to the extent the case merits, so as to arrive at the ac-
tual cause of the failure and to make appropriate rec-
ommendations to avoid the repetition of the same
failure in the future.

The detailed failure analysis involves roughly the
following steps.

2.3.1 SITE Visit

Site visits are for the following purposes:

* Inspect the failed equipment and also the nearby
upstream and downstream equipment to the ex-
tent accessible.

* Closely examine the failed area and record rele-
vant features.

* Obtain representative cut samples containing the
failed spots and the failure features, and also sam-
ples from typical unfailed areas. Cutting of sam-
ples may not be possible and/or may not be nec-
essary in many cases. Detailed records of the
appearance of the failure must be relied upon in
such cases, and at times such records are them-
selves sufficient. If necessary, non-destructive
tests such as radiography, ultrasonic, or dye-pen-
etrant tests need to be performed on the equip-
ment in position at the failed locations.

* Obtain representative samples of scales, deposits,
corrosion products, etc. in loose or adherent con-
tact with the inside surface (process side) of the
equipment.

* Thoroughly discuss with plant personnel the de-
sign, material of construction, specified and oper-
ating service conditions, and operational/inspec-
tion history of the failed equipment. The service
conditions would include the chemical composi-
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tions of the fluids being handled, and the equip-
ment’s design, operating temperatures, and pres-
sures. Variations in these factors over a meaning-
ful period of time prior to the failure should also
be noted.

2.3.2 TESTING OF SAMPLES

Some of the more frequently used tests are listed
below, but not all of these need to be performed. De-
pending upon the merit of each case, select from the
following:

* Non-destructive tests like radiography, ultrasonic,
dye-penetrant, etc.

e Chemical and/or X-ray diffraction analysis of
both the metal and deposit samples

* Mechanical tests—strength, ductility, hardness,
toughness, etc.

e Microscopic examination (optical and/or scan-
ning)

The purpose of the tests is to trace the progress of the
failure mode, to check the nature and purity of the
metal and deposit samples, to determine whether
any unusual impurity has been present in the
medium, and to verify whether the equipment con-
forms to the stated specification under which it was
designed, fabricated, and put to use.

2.3.3 Analysis, Interpretation, and
Diagnosis of the Failure

The site observations and sample test results should
be analyzed as a whole package. If necessary, sup-
port from published literature should be obtained.
All these should be viewed together, with the aim of
arriving at the right diagnosis and the root cause of
the failure.

2.3.4 Submission of Failure
Analysis Report

The report should contain the following:

e Statement of why the said failure analysis was
necessary, verifying that the failure was prema-
ture

e Factual summary of the site observations and dis-
cussions

* Actual sample test results

* Interpretation, discussion and analysis of all the
input information

* Diagnosis of the failure

» Explanation of all the observed symptoms using
the stated diagnosis

* Easily implementable, practical recommenda-
tions to prevent similar failures in the particular
site

2.4 CASE HISTORIES OF
ENVIRONMENT-RELATED
FAILURES

This section deals with the actual case studies con-
ducted by the author. In the presentation of each case
study, the environmental factor that was responsible
for the failure is discussed in detail. In all the cases,
the material and manufacturing quality of the equip-
ment were checked during the failure analysis pro-
cedure, and were found to be not responsible for any
failures. Hence, the material and manufacturing
quality of the equipment are not discussed here.

2.4.1 Failure of A Natural Gas Feed
Preheater in a Fertilizer Plant

A fertilizer plant producing ammonia and urea uses
natural gas (NG) as the feedstock. The waste heat
from the primary reformer is used to heat various
streams for different purposes. One such purpose is
to preheat the feedstock NG from ambient tempera-
ture to some elevated temperature prior to different
processing steps. The preheating is done in a set of
parallel coils. The coils are made of seamless pipes
of low-alloy steel conforming to ASTM Specifica-
tion A-335/P-11, a chromium-molybdenum alloy
steel containing 1.0-1.5% Cr, 0.44-0.65% Mo and
0.05-0.15% C. The pipes are of size 4.5 in. outside
diameter (OD) and 6.03 mm wall thickness (WT).
The pipes failed by leaking at several places after
about 23 months of operation, and this was consid-
ered a premature failure.

The pipe is finned on the outside surface with car-
bon steel strips. The source of heat, namely, the flue
gas from the reformer, flows along the outside sur-
face of the pipe. Its heat is dissipated through the
wall to the NG feed gas flowing along the inside sur-
face of the pipe. The preheater was designed for
NG feed inlet and outlet temperatures of 30 °C and
370 °C, respectively.
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FIGURE 2.1 The leaking pipes of the NG Feed Pre-
heater Coil. Water-leaks during testing are seen.

The leakage spots were so wide that during water
testing after the pipes were removed, the water pro-
fusely leaked out in thick streams (see Figure 2.1).
The pipe was longitudinally cut and its inside sur-
face examined. Formation of thick corrosion product
scale, its breaking after a certain thickness followed
by hole formation could be seen on the inside sur-
face (see Figures 2.2 and 2.3). A close-up view of
one of the leaking holes on the inside surface re-
vealed that it initiated on the inside surface and prop-
agated toward the outside surface (see Figure 2.4).

The outside surface of the pipe showed warping
of the fins at many places. At a few places where
leakage has occurred, heavy scales could be seen.
The latter is considered a post-leakage occurrence.

The scale on the inside surface was collected, ex-
amined and analyzed. It was highly magnetic.
Chemical analysis of the scale for certain elements
gave the following results:

W\

FIGURE 2.2 View of localized heavy scale with a
leaky spot on the inside surface.

FIGURE 2.3 Close view of the inside thick scale show-
ing areas of localized rupture leading to hole formation.

FIGURE 2.4 Close-up view of the leaky hole on the cut
sample, as seen on the inside surface. Initiation of the hole
on the inside surface and growth towards the outside sur-
face can be seen.

Elements Wt. (%)
Carbon 19.56
Sulfur 10.06
Chromium 0.32
Molybdenum 0.25
Iron 60.00

From the magnetic nature of the scale and pre-
dominance of iron and sulfur, it was inferred that the
scale was mainly iron sulfide. There was entrapment
of hydrocarbon from the NG and trace quantities of
chromium and molybdenum from the pipe steel.
Figure 2.5 shows penetration by some species of the
NG gas into the metallic structure of the pipe
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FIGURE 2.5 Microstructure of the wall of the coil
pipe, near the inside surface showing penetration by some
species (sulfur) from the NG. (100x).

through the inside surface; the species was appar-
ently sulfur.

The sulfur content in the NG feed is not routinely
measured, but was said to be about 0.3 ppm. This
level is considered normal by the plant personnel
and was taken into account during design of the pre-
heater with respect to choosing the material of con-
struction (MOC), sizing, and establishing operating
parameters.

Figure 2.6 shows the microstructure of a longitu-
dinal section of the wall of the pipe near a leaking
hole. The pipe wall is seen in the bottom half, with
thickness reducing from right to left. The fin is

FIGURE 2.6 Microstructure of the wall of the coil
pipe, longitudinally cut across a place close to the leaky
hole. Gradual wall thinning of the coil, grain growth on
the coil outside surface, the outside fin and the scale on
the outside fin, all can be seen. (50X).

shown in the top half covered with heavy oxide
scale. Heavy grain growth can be seen on the outside
surface of the pipe close to the fin.

Figure 2.7, at a higher magnification, shows ex-
cessive grain growth on the outside surface of the
pipe, at a place between the fins where there is direct
flue gas contact.

This excessive grain growth indicates that there
had been some continuous exposure to some ele-
vated temperatures (much higher than the design
value) for a long period of time. Scrutiny of the
records of the operating parameters revealed actual
temperatures much higher than the design values, as
shown in the table below.

Parameter Design °C  Actual °C
NG outlet temperature 370 490
Flue gas inlet temperature. 425 521
Flue gas outlet temperature. 350 428

The reader’s attention is drawn to the following
three observations:

1. The scale was mostly iron sulfide.

2. Finite quantity of sulfur was present in the NG
feedstock.

3. Operating temperatures, and hence the pipe wall
temperatures, were much higher than the design
values.

From these three significant observations it was
diagnosed that the leakage was due to excessive sul-
fidation on the inside surface of the pipe due to the

FIGURE 2.7 Microstructure of the wall of the coil
pipe, near the outside surface showing excessive grain
growth on areas between the fins. (100x).
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actual operating temperatures being much higher
than the design values. This was an environmental
factor. Direct reaction of organic sulfur compounds,
present in the petroleum crude with the metal sur-
face was the predominant mechanism of high tem-
perature sulfidation.

Figure 2.8, from Reference 1, shows the effect of
temperature on the corrosion rate by sulfur on carbon
and alloy steels. The figure is a summary of actual in-
dustrial experience. The strong effect of temperature
on the corrosion rate can be seen. One can notice that
1-3% Cr steels corrode at an average rate of 2.54
mm/year at 400 °C, while the pipe under considera-
tion has corroded at a much higher rate of 3.15
mm/year (6.03 mm in 23 months). This means that
the tube wall temperatures must have gone to values
much higher than 400 °C. This had actually hap-
pened, as shown in the table of comparison above.

Iron sulfide film on steel surfaces is initially pro-
tective. But after a certain thickness, particularly at
elevated temperatures, film breaks up locally and ex-
poses the base metal. More and more sulfidation
takes place preferentially at these localized places.
The film thus formed at these localized places breaks
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FIGURE 2.8 Average Corrosion rates of high tempera-
ture sulphur corrosion in a hydrogen-free environment as
compiled from 1961 A.P.I questionnaire data from indus-
try desulfurizing processes and published or reported
data—nondesulfurizing processes (Ref. 1).

up after a certain thickness. This cycle continues,
leading to hole formation followed by leakage.

The following recommendations were made for
remedial measures:

1. Sulfur in the feedstock NG must be checked on a
routine basis. Any abnormally high value should
be noted and corrective actions should be taken at
the source of NG to reduce the level of sulfur to
acceptable levels.

2. Operating temperatures must be kept well below
the maximum design values.

3. As a long-term measure, alloy steels with higher
alloy content should be considered for replace-
ment with a better MOC.

2.4.2 Failure of a Reformer Tube in a
Fertilizer Plant

Fertilizer plants that produce ammonia use reformer
tubes to reform the feedstock gas into synthetic gas
in the presence of steam for further processing to
produce ammonia. These are a series of centrifu-
gally-cast, thick-walled, high-alloy stainless steel
tubes installed in a furnace. The inside of the tubes
is packed with a catalyst through which the process
gas travels, while the outside of the tubes is exposed
to the furnace atmosphere. The process gas enters
the tubes at the top at about 530 °C. It gets reformed
within the tubes at a pressure of 38 kg/mm? while
traveling downward, and exits at about 730 °C at the
bottom.

Recently, in one such plant, a reformer tube sud-
denly cracked after about 10 years of service; its ex-
pected service life was about 20 years. Since the
cracking was sudden and unexpected, a detailed fail-
ure analysis study was carried out.

The tubes were made of high-alloy austenitic
stainless steel, 25/35CrNiNbTi, and were of size 152
mm OD, 12.0 mm WT and 11.0 m long. The cracked
tube was inspected in position within the reformer. It
had been split by two diagonally opposite longitudi-
nal (vertical) cracks, one on the “east” side and the
other on the “west” side. A close examination of the
cracked tube in position within the reformer showed
that the cracks initiated in the bottom-most segment
and propagated to the next top segment above across
a butt weld (see Figure 2.9).

The crack was first detected during a fire on the
east side. During the process of shutting off the re-
former and putting out the fire, the crack on the west
side occurred. The entire cracked length with 6 in.
above and below was cut from the 11-meter long
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FIGURE 2.9 A close-up of the top portion of the re-
former tube crack extending into the second segment
from the bottom across a butt weld.

tube (see Figure 2.10). On this cut length, measure-
ments of wall thickness and circumference on the
east and west split portions were made at short in-
tervals over the entire length. From the measured
circumference, outer diameter values were com-
puted. Thickness and OD values are given in Table
2.1.
One can notice the following in this table:

1. Wall thickness is consistently lower on the east-
ern crack tip (average 12.46 mm) and higher on
the western crack tip (average 12.86 mm).

2. A maximum OD of 157.18 mm wasmeasured.
This corresponds to 2.7% circumferential elonga-
tion, considering 153 mm as the originally in-
stalled OD. This is quite a high amount of plastic
deformation in the cracked portion.

Two samples were cut for detailed microscopic
examination. Sample 1 is from the cracked bottom-
most segment, while Sample 2 is from the next seg-
ment on the top, at a section well away from the
crack. A close examination of the inside surface of
Sample 1 showed a series of bubbles on the surface
(see Figure 2.11). Such bubbles were present only
on the east half of the cracked portion and not on the
west half. Sample 1 was highly magnetic while
Sample 2 was totally non-magnetic.

Transverse (radial) and longitudinal (along the
length) cross sections were cut from both samples
and microscopically examined. Figure 2.12 shows,
in the as-polished condition, the transverse cross
section near the inside surface across the bubble
areas of Sample 1. One can notice localized carbur-

FIGURE 2.10 The length containing the cracks cut
from the reformer tube.

TABLE 2.1 Outside Diameter, OD, and Wall Thickness at
Various Locations Along the Cracked Portion of the Failed
Reformer Tube

Wall Thickness (mm)

Circumference

(mm) OD (mm) East West
489 155.59 12.6 12.7
488 155.27 12.5 12.6
479 152.41 12.6 12.8
483 153.68 12.7 12.8
490 155.91 12.6 13.3
487 154.95 12.7 13
490 155.91 12.4 12.9
488 155.27 12.2 12.8
489 155.95 12.4 12.8
491 156.23 12.5 12.7
490 155.91 12.4 12.6
489 155.59 12.1 12.8
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FIGURE 2.11 A close-up view of the bubbles on the
inside surface of Sample 1 cut from the bottom segment
of the reformer tube.

FIGURE 2.12 Photomicrograph, in the as polished
condition, of the transverse cross section near the inside
surface of Sample No. 1, from the cracked segment (50x).

ization and sections of longitudinal cracks. These
cracks are within the wall of the tube, not necessar-
ily starting from the inside or outside surface of the
tube. Figure 2.13 shows two such cracks well within
the interior of the wall of the tube. Figure 2.14 shows
the transverse cross section, in the as-etched condi-
tion, well within the wall. Cracks could be seen
along grain boundaries not connected to the inside or
outside surface.

The longitudinal cross sections showed long cav-
ities rather than sharp cracks. This indicates that the
cracks observed in the transverse cross section run
parallel to the central axis, not radially.

The microstructural features described above for
Sample 1 (from the cracked portion on the bottom

FIGURE 2.13 Photomicrograph of cracks in the mid-
wall of Sample No. 1. (50x).

FIGURE 2.14 Photomicrograph, in the as etched con-
dition, of the transverse cross section of Sample No. 1
from the cracked segment, within the mid-wall. (100x).

segment) were not observed in Sample 2 (from the
uncracked next top segment). No unusual features
were seen.

The following diagnosis was drawn from the
above observations: The sudden cracking was the re-
sult of “accumulated localized creep” at the bottom-
most segment of the tube, particularly on the east
half. The presence of multiple longitudinal grain
boundary cracks within the body of the wall, not
connected to inside or outside surface, strongly
points to this diagnosis.

The ASM Metals Handbook (Reference 2) de-
fines “creep” as follows: “The flow or plastic defor-
mation of metals held for long periods of time at
stresses lower than the normal yield strength. The ef-
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fect is particularly important if the temperature of
stressing is in the vicinity of the recrystallization
temperature of the metal.”

As is clear from the above definition, creep results
in plastic deformation, and the partitioning of grains
leads to cracks along the grain boundaries. The cir-
cumferential elongation of 2.7% measured at the
maximum diameter position at the cracked bottom
segment demonstrates the gross plastic deformation
the tube had undergone. Consistent lower wall thick-
ness along the east side, where crack initiated, was a
result of such plastic deformation. Apparently the
net creep was much higher on the east side than on
the west side. Presence of bubbles on the internal
surface of the tube on the east side also indicated lo-
calized plastic deformation (creep) within the wall
close to the internal surface.

The observed cracks were all longitudinal, run-
ning along the length of the tube, not radially. This is
also evidence of the creep phenomenon. The stress
necessary for the creep was the hoop stress due to in-
ternal operating pressure of 38 kg/mm?. Since the
stress acted circumferentially, the cracks occurred in
a perpendicular direction, namely, along the length
of the tube.

Creep occurs at elevated temperatures—the
higher the temperature, the faster the creep rate.
The creep rate of centrifugally-cast, high-alloy
austenitic stainless steel 25/35CrNiNbTi at the re-
former operating temperature of 730 °C maximum
is well within limits (well below 0.05% per year).
Hence, it would not be expected to show excessive
creep at operating conditions of 730 °C temperature
and 38 kg/mm? pressure, since the latter introduces
a stress well below the allowable stress. Therefore,
the observed high creep must have occurred due to
some localized undetected “very high tempera-
tures,” an environmental factor. Localized carburiza-
tion on the inside surface of the bottom-most seg-
ment, resulting in this segment becoming magnetic,
suggests exposure to very high temperatures in this
segment.

During routine periodic inspection (every two
weeks in the service period of 10 years), hot spots
had often been observed in this tube and corrective
actions were taken immediately. Similarly, the tube
had shown outside skin temperatures exceeding the
normal maximum limit of 880 °C, quite often reach-
ing 930 °C. Though these were considered normal
and preventive steps were taken as soon as they were
detected, the accumulated damage (creep) could not
be removed. Creep is very sensitive to slight in-
creases in temperatures.

The following recommendation was made as a
preventive measure: For tubes which show accu-
mulated creep of 1.5% and above, monitor hot spots
and outside skin temperatures more frequently than
the current schedule and take corrective actions im-
mediately.

2.4.3 Failure of a Furnace Tube in a
Petrochemical Plant

In a petrochemical plant, one of the processes in-
volves thermal cracking of organic chloride in the
vapor phase at temperatures well above 250°C in a
furnace, producing the organic monomer chloride
and hydrogen chloride gas. The feedstock is pre-
heated in a preheater coil from 35 °C to 160 °C, va-
porized in a vapor coil at about 240 °C, and then
cracked in the radiant coil. The cracked products
leave the furnace at about 510 °C. A schematic
sketch of this process is shown in Figure 2.15. The
NiCrFe alloy (Alloy 800HT, as per UNS NO8811) is
the normally accepted material of construction for
the radiant coil. The coil in this case was made of
seamless pipes of this material, of size 152.4 mm
OD by 12.5 mm WT.

In this case of failure, several portions of the bot-
tom three turns of the radiant coil started leaking
within nine to 10 months of service. In several other
places on the same coil, wall thickness was reduced
to less than 5.00 mm (from the original 12.5 mm).
Observations on cut samples established that wall
thickness reduction, followed by leakage, was the
result of general corrosion. This was followed by
hole formation on the inside surface of the pipes (the
process side), and not on the outside surface of the
pipe (the furnace side). A wall of 12.5 mm thickness
which leaks in 10 months due to thickness reduction
corresponds to a corrosion rate of 15.00 mm/year.
This was an abnormally high corrosion rate, never
expected of any material of construction (not even
carbon steels). A high-nickel alloy such as UNS
NO08811 exhibiting such a high corrosion rate was
quite unusual and demanded a detailed study.

Representative samples of the pipe containing the
leaking area were cut and split open, and the inside
surface examined. The latter showed heavy coke
deposition, brownish corrosion product and gradual
reduction in the wall thickness near the leaking hole
(see Figure 2.16). Such features were not present on
the outside (furnace side) surface of the coil. Figure
2.17 shows the sample of a coke lump collected
from the inside surface of the coil. Coke formation is
a part of the process. A decoking operation using
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FIGURE 2.15 Furnace coil for cracking organic chloride.

FIGURE 2.16 The inside surface of the radiant coil
near the leaked area.

FIGURE 2.17 A sample of a coke lump collected from
the inside surface of the radiant coil.
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steam is often carried out. Interconnecting network
of cracks and heavy porosity could be seen in the
coke lump.

While affected pipe samples and the coke lump
were being handled, droplets of some liquid oozed
out from the pipe inside surface, from the cross sec-
tion of the wall, and from the coke lump. The liquid
actually produced a burning sensation on one’s
hands, and was chemically determined to be very
highly acidic. It also responded positively to tests for
acidity and chlorides. The parameters given in the
following table were obtained through chemical
analysis of the deposit collected from the inside
surface:

pH of 1% solution 3.7

Cr 0.035 wt.%
Ni 0.042 wt.%
Fe 0.058 wt.%
Chloride 0.048 wt. %

These observations indicate that liquid hydrochlo-
ric acid had been present, in contact with the tube’s
internal surface. This led to corrosion of the tube ma-
terial, contributing to the metallic constituents in the
deposit. Apparently liquid hydrochloric acid had
been entrained into the coke deposits.

Figure 2.18 shows a typical metallographic cross
section of the pipe, cut across the leaking hole in the
wall near the inside surface of the coil. Three layers
can be seen. The bottom-most layer is that of the par-

FIGURE 2.18 Photomicrograph of a cross section
across a leaked hole near the inside surface of the radiant
coil. (50x).

ent metal. Next is a carbide layer with porosity of
significant size. The next layer is that of the adherent
coke deposit, also porous. Corrosive attack can be
seen on the parent metal just below the carbide layer.
The attack is general, uniform, and not localized.
Liquid hydrochloric acid from the process environ-
ment had trickled through the pores in the coke de-
posit and attacked the base metal, a typical case of
corrosion by an environmental factor.

The nickel base alloy UNS NO8811 is not resis-
tant to corrosion by liquid hydrochloric acid. It is re-
sistant to dry HCI gas, but not to wet HCl acid. As
per the data sheet on “INCOLOY 800/800HT” (Ref-
erence 3), these alloys have “only limited usefulness
for applications involving exposure to sulfuric and
hydrochloric acids.”

The liquid hydrochloric acid developed in the fol-
lowing way: For some reason, the auxiliary burners
for the upstream vaporizer coils had not been in op-
eration. This caused incomplete vaporization, result-
ing in liquid organic chloride carryover to the radi-
ant sections of the furnace. A look at the operational
history of the furnace showed that the extent of va-
porization in the feedstock to the radiant section was
varying from only 30-58%, while 100% is the satis-
factory and expected value.

The moisture in the feedstock was about 50 ppm.
In addition, as mentioned earlier, steam is frequently
used for removing coke deposit, the latter invariably
forming during cracking operations. Some of the
steam was entrapped as moisture in the porosity of
the adherent coke deposit.

In the radiant section, HCI gas is generated as a
byproduct as soon as cracking starts. This HCI gas
dissolves in the moisture and forms liquid hy-
drochloric acid in the first few turns of the radiant
coil, where the temperatures are in the lower crack-
ing range. This liquid hydrochloric acid attacks the
coil wall from inside. As mentioned above, UNS
NO08811 is not a suitable material of construction for
liquid HCI.

In the farther turns of the radiant coil, the gener-
ated HC1 gas and the moisture are both in vapor form
because of increasing temperatures. The alloy UNS
NO8811 is resistant to this vapor, being a material
basically developed for high temperature service.
Hence, there was no attack on the upper turns of the
coil.

This was an unusual occurrence because this par-
ticular alloy has been a proven material for the said
service under design conditions. Unfortunately, dur-
ing operation, the environmental conditions devi-
ated from those of design, resulting in the failure.
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As a remedial measure, it was recommended that
the upstream vaporizer should be always on line so
that the feedstock organic chloride does not enter the
radiant section of the coil in liquid form.

2.4.4 Failure of Plate Elements in a
Plate Type Heat Exchanger in a
Sulfuric Acid Plant

In plants producing sulfuric acid, the final product
(the concentrated acid) is cooled either through a
shell and tube cooler or through a plate-type heat ex-
changer (PHE). Alloy C-276, a nickel-base alloy
containing Mo, Cr, Fe, W and Co as major alloying
elements corresponding to UNS N10276, is a com-
mon acceptable material of construction for such
PHEs in sulfuric acid plants. This alloy has ex-
tremely good corrosion resistance to both concen-
trated sulfuric acid and cooling water. In this case
study, plate elements of Alloy C-276, 0.63 mm thick,
developed pinhole leaks within one year of opera-
tion, a very premature failure.

On one side of the plate elements of the PHE,
concentrated sulfuric acid (92-99%) enters at 90 °C
and gets cooled to 70 °C. On the other side of the el-
ement, cooling water enters at 32 °C, extracts heat
from the acid through the element and leaves at
43 °C.

Within a year of operation, pinholes developed in
the elements, allowing water to enter the acid (see
Figure 2.19). On the acid side, sharp holes and cor-
rosive attack downstream of the holes could be seen.
On the acid side, immediately downstream of the
leaking hole, mixing of water with acid made the

acid dilute and increased the local temperature. Hot
dilute sulfuric acid corrodes Alloy C-276. Other than
this corroded region, the rest of the element area
(which was also in contact with the acid) was corro-
sion-free. A close examination of the affected area
near the leaking holes on the acid side showed gen-
eral uniform acid corrosion (see Figure 2.20).

Interesting observations were made when the
cooling water side of the affected plate elements
near the leaking holes was closely examined. Thin
deposit-like material interspersed with white circles
was the main observation (see Figures 2.21 and
2.22). Within each of the white circles, shiny central
spots could be seen.

FIGURE 2.20 A closer view of the leaky pinholes and
the nearby affected area on the acid side.

FIGURE 2.19 The leaky pin holes along with the cor-
roded area on the acid side.

FIGURE 2.21 Appearance of the waterside surface
near the leaky pinholes.
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FIGURE 2.22 A closer view of the pinholes and the
nearby affected area on the waterside.

These shiny white areas were bacterial colonies
on the cooling water side. Microscopic bacteria
thrive in such colonies, generating highly acidic se-
cretions. Since bacteria strongly cling to the metal
surface, such acidic secretions remain stagnant, ini-
tiating and propagating pitting corrosion of the un-
derlying metal, and very quickly lead to pinhole
leaks. In this case, these pinholes were the starting
points of the leakage problem, undoubtedly an envi-
ronmentally-induced failure.

The cooling water used for industrial purposes is
a good medium for fostering microbacterial organ-
isms. As these organisms thrive, they grow large and
cause fouling as well as localized pitting corrosion,
as described above.

The usual preventive action against this phenom-
enon is to kill these microbial organisms by adding
biocides, either gaseous chlorination or proprietary
chemical biocides.

Apparently the cooling water used in the plant
under consideration had not been treated properly
against microbial organisms. Proper chlorination
with specially studied and formulated biocide treat-
ment would have prevented the plate failures. Such
actions were recommended as remedial measures.

2.45 Failure of Tubes in an
Alcohol Superheater in a
Petrochemical Plant

In petrochemical plants where alcohol is used as a
raw material, it is preheated, vaporized and also su-
perheated in shell and tube heat exchangers. The
equipment in this case was a vertical heat exchanger

used for superheating alcohol vapor. The equipment
was in operation for only seven months when leak-
age occurred in almost 30% of the tubes. Since this
is a highly premature failure, a detailed failure
analysis study was conducted.

The seamless tubes were made of Type 304 stain-
less steel (304SS) (UNS S30400), manufactured per
ASTM Specification A-213/304. They were of size
19.05 mm OD, 2.77 mm WT, and 2,500 mm length.
There were 195 of them in this case. The shell was
made of carbon steel and the top and bottom tube-
sheets were also made of Type 304SS. Alcohol
vapor enters the inside of the tubes at the bottom at
about 115°C and leaves at the top at about 185°C.
The necessary heat was supplied through high-pres-
sure steam flowing on the shell side (outside of the
tubes) from top to bottom.

The positions of the leaking tubes were random,
as shown in Figure 2.23, without any pattern or pref-
erence to locations. Every leaking tube that was
pulled out was found to have a completely penetrat-
ing circumferential crack at a distance of about
5 mm from the top side of the bottom tube-sheet, as
shown in Figure 2.24.

The cracked tubes could be easily separated into
two pieces along the cracked section. Examination
of the fracture surface at the crack of one of the
failed tubes showed the following: (1) there was no
thickness reduction on the wall of the tubes at the
fractured section; (2) the fracture did not conform to

FIGURE 2.23 Random location of the leaky tubes in
the alcohol vapor superheater.
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FIGURE 2.24
circumferential cracks in the alcohol vapor superheater.

FIGURE 2.25 Fracture surface at the crack of a failed
tube of the alcohol vapor superheater.

any mechanical overload ductile/brittle failure; and
(3) the crack was not clean shear—it was step-wise
grain breakage (see Figure 2.25).

One of the cracked tubes was sectioned longitudi-
nally and examined inside. There was heavy brown-
ish rust deposit on the inside surface for a short dis-
tance on either side of the crack (see Figure 2.26).
When the rust was removed by light rubbing, local-
ized deep pits and circumferential cracks could be
seen on the inside surface. These features were not
present on the outside (steam side) surface of the
tubes. This means the cracks initiated on the inside
surface.

The process-side input was said to consist of
roughly 80% alcohol vapor and 20% steam. There

Longitudinal sketch of the bottom portion of tubes and bottom tube-sheet showing the location of the

FIGURE 2.26 Inside surface of a failed tube of the al-
cohol vapor superheater longitudinally cut across the
main crack.

was some carryover of liquid alcohol and moisture
droplets from the equipment upstream, namely, the
alcohol vaporizer. The raw alcohol obtained from
distilleries is routinely checked for purity and mois-
ture content among other factors. The following table
gives typical specifications for purity and moisture,
and the actual test results in this case study:

Test Result Specification
Purity (% by weight) 91.30  91.96 minimum
Purity (% by volume) 94.06  94.68 minimum

Moisture (% by weight) 07.64 Trace

One can notice that this particular batch of alco-
hol did not meet the required specification with re-
spect to both purity and moisture content. Similar
quantities of moisture, 7-11%, were reported for
certain months within the completed operating pe-
riod prior to the failure.
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FIGURE 2.27 Microstructure of the longitudinal cross
section of the inside surface of a failed tube of the alcohol
vapor superheater showing localized deep pits, (200x).

A sample of the tube cut longitudinally across the
leak location was examined under a metallurgical
microscope. Figure 2.27 shows a section of the in-
side surface, a short distance from the main leaking
crack. Localized deep pits can be seen, starting from
the inside surface and growing in depth and width.
These are corrosion pits typical of chloride attack on
austenitic stainless steels.

Figures 2.28 and 2.29 show, in the as-polished
condition, many cracks starting from several loca-
tions on the inside surface. Cracks initiate both on
smooth portions and on the bottom of corrosion pits
on the inside surface, and propagate toward the out-

FIGURE 2.28 Microstructure of the longitudinal cross
section of the inside surface of a failed tube of the alcohol
vapor superheater showing multiple cracks initiating on
localized pits, (50x).

pri
FIGURE 2.29 Microstructure of the longitudinal cross
section of the inside surface of a failed tube of the alcohol
vapor superheater showing crack initiation on a smooth
portion of the surface free from pits, (100x).

side surface. The locations where these cracks initi-
ate are about 10-15 mm above the main leaking
crack. Figure 2.30 is a composite photomicrograph
of two neighboring cracks in the as-etched condition
showing the initiation on the inside surface and
propagation toward the outside surface. One can no-
tice multiple initiation sites, transgranular path, and
branching during propagation of the cracks. These
features are typical of chloride stress corrosion
cracking (CSCC) of austenitic stainless steels of
which Type 304 is one.

The occurrence of CSCC in stainless steels re-
quires the simultaneous presence of the following
factors:

* An operating skin temperature above approxi-
mately 60 °C

» Dissolved chloride ion in an aqueous phase, even
in a small quantity

» Tensile stress, applied or residual, even at low val-
ues

In the present case, the skin temperature on the in-
side surface just above the bottom tube-sheet was
well above 60 °C.

Due to carryover of liquid alcohol with the asso-
ciated water, along with the vapor and steam, there
was an aqueous phase present in the areas where
cracks occurred. As the process fluid moved verti-
cally up on the tube-side (inside), the water evapo-
rated and there was no further problem in the re-
maining length of the tubes. The chemical analysis
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FIGURE 2.30 Composite photomicrograph of two
neighboring cracks on the longitudinal cross section of
the inside surface of a failed tube of the alcohol vapor su-
perheater, (100x).

was performed for the extent of chloride present
both in the as-received alcohol and in the process
condensate somewhere downstream from the sub-
ject superheater, along with pH measurements of the
corresponding liquids. The following are the results:

Sample pH Chloride (ppm)
As-received alcohol from tank 4.8 43.0
Downstream condensate 3.5 9.0

One can notice that the water associated with the
inlet to the superheater under study is acidic in na-
ture and contains an appreciable amount of chloride.
As soon as the evaporation within the superheater

starts, the remaining liquid in contact with the hot
tube surface at the lower portions becomes much
higher in chloride.

Regarding the presence of tensile stress, even a
small level of stress (much lower than the mechani-
cal code allowable level) is sufficient to initiate
CSCC. Austenitic stainless steels crack by CSCC
even at stress levels of about 0.1-0.2 times their ul-
timate tensile strength. In the present case, a small
amount of residual stress was present in the tubes at
positions close to the tube-sheet, where the tubes are
expanded to the tube-sheet. Stress also arose due to
differential expansion of carbon steel and stainless
steel. Although these were within the mechanical de-
sign limits, they were sufficient to initiate stress cor-
rosion cracks.

Thus, it was diagnosed that the problem was that
of stress corrosion cracking due to chloride, an envi-
ronmental factor.

These were the suggested remedial measures:

* Avoid liquid (alcohol and the associated water)
carryover to the evaporator.

* Change the source of alcohol to one free from
chloride.

e If the above two measures are not feasible, then
change the material of construction to a cost-
effective “duplex stainless steel” which has much
higher resistance to CSCC than austenitic stain-
less steels.

2.4.6 Failure of Package Boiler Tubes in
an Alcohol Distillery

In distilleries manufacturing alcohol, package boil-
ers are used for meeting steam requirements. The
steam condensate from the plant is recycled to the
boiler as part of the boiler feed water. In this case,
the subject boiler was a fire tube boiler in which the
fuel gas flows within the tube while water flows
along the outside (shell side) of the tubes. The tubes
are made of boiler-quality carbon steel.

After regular commissioning of the boiler, first
major inspection of the outside surface (water side)
of the accessible boiler tubes was made after about
11 months. Heavy localized rust trees (tubercles)
were found to be present at several places. These
were mechanically brushed off to the extent they
were accessible and the boiler was put back into op-
eration. Tubes showed leakage after an additional
operation of about two months, followed by further
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leakages after about two and six more months of op-
eration. At that time it was decided to replace the
tubes with fresh ones and subject the leaking tubes
to a detailed failure analysis study.

The outside surface of the affected tubes showed
localized pitting corrosion, with loose brownish rust
(corrosion product) within the pits along with gray-
ish black metal (the steel of the tube) underneath
(see Figures 2.31 and 2.32). These localized pits had
grown in depth and resulted in leakage. Figure 2.33
is the microstructure of a longitudinal section of an
affected tube cut across a pit. Localization of pitting
corrosion can be seen very clearly. Corrosion was
occurring not uniformly throughout the surface, but
randomly at localized spots. The depth of the pit
seen in this micrograph is about 0.15 mm. Localiza-
tion of corrosion resulting in deep pitting is typical
of attack by chloride, an environmental factor.

The brownish rust collected from the pits was
chemically analyzed. The following are the results:

pH of 1.0% solution 3.5

Iron 67.62%
Calcium 0.14% (1,400 ppm)
Sodium 0.074% (740 ppm)
Chloride 0.030% (300 ppm)

FIGURE 2.32 Close-up view of the pits on the outside
surface of one of the affected package boiler tubes.

These results indicate that the deposit was highly
acidic and consisted of corrosion product (iron
oxide) along with appreciable quantities of calcium,
sodium and chloride. Acidity and chlorides are not
expected to be present in boiler tube deposits and are
not acceptable. Their presence indicated that there
had been some ingress of acidic chloride salts into
the boiler water circuit. These salts dissolved in
water and their solubility limits were exceeded on
the hot surface of the boiler tubes, resulting in local-

FIGURE 2.31 The outside surface of one of the affected package boiler tubes showing localized pitting.
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FIGURE 2.33

Microstructure of the longitudinal cross
section of a pit on the outside surface of one of the af-
fected package boiler tubes, (50x).

ized deposition of salts. The water trapped under
these deposits remained stagnant instead of flowing
with the bulk water. The deposits were acid-forming
and the trapped water became acidic and corroded
the tubes locally, leading to leakage over a period of
time. This is called “under deposit corrosion.” This
would have continued to occur until the deposits

200

were chemically cleaned and the water chemistry
was controlled to avoid entry of acid-forming salts,
the chlorides.

The formation of acidic deposits in the boiler
under consideration occurred for a long period,
some time prior to the first inspection at 11 months
after commissioning. Figure 2.34 shows the varia-
tion of daily average chloride level in the blow-down
water in a month when leakage occurred. One can
notice that the chloride increased slowly from about
50 ppm in the beginning (first day of the month) to
as high as 180 ppm on the eleventh day of the month.
Leakage occurred on fifteenth day, forcing boiler
shutdown. Attempts seem to have been made to re-
duce the chloride level. The boiler was commis-
sioned again on the twenty-sixth day of the month,
with about 30 ppm chloride in the blow-down water.
This again slowly rose and then fell to a low value of
about 20 ppm at the end of the month. One can draw
the following inferences from this figure:

* There was a source of chloride contributing to the
boiler water. The entire boiler feed water chemi-
cal treatment prior to the addition of condensate
was found to be satisfactory without contributing
chloride. Hence, the chloride came from leakage
of distillery process chemicals into the conden-
sate.
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FIGURE 2.34 Variation of chloride in the blow down water over a period of one month in which leakage has occurred

in the package boiler tube



ANALYSIS OF FAILURES OF METALLIC MATERIALS DUE TO ENVIRONMENTAL FACTORS 45

* High content of chloride in the boiler water led to
leakage in a short time.

e The plant personnel were capable of identifying
the source of chloride and controlling it, but not to
a desired low value (nil).

It was concluded that the leakage of boiler tubes
was due to ingress of chlorides to the boiler water
through distillery process chemicals via the steam
condensate, which is recycled to the boiler feed
water circuit.

It was recommended that this source of leakage
within the distillery processes be identified and

plugged.

2.5 CONCLUSIONS

This chapter has given some case histories of failure
analysis investigations of chemical process equip-
ment made of metallic materials due to certain en-
vironmental factors. These environmental factors
include:

1. Operating temperatures higher than the design
values, either intentional or unnoticed, leading to
the high temperature problems of sulfidation and
creep

2. Presence of aqueous phase (condensed moisture)
in high temperature process gases such as organic
chloride gas and alcohol vapor

3. Presence of external acidic chloride salts in boiler
water

4. Presence of micro-organisms in cooling water.

These contributory elements cropped up unex-
pectedly in the operating environment, and therefore
were not incorporated in the original design of the
equipment. In this respect, the control and mainte-
nance of environmental factors deserve more careful
attention than they are presently being given.
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3.1 INTRODUCTION

Corrosion is normally defined as the interaction of a
material with its environment through which a
chemical or electrochemical reaction takes place,
thereby degrading the material. Although there are
several alternative (and in many cases similar) defi-
nitions, the overall effect of corrosion is that mate-
rial properties are degraded from interactions with
the environment, or the structure itself becomes
compromised due to a breach or hole induced by
corrosion. Because of the destructive nature of cor-
rosion, there is a considerable economic cost associ-
ated with it. A recent study has estimated the annual
cost of corrosion in the United States to be at least
$270 billion (1). To minimize long-term costs and
other consequences, selection of appropriate materi-
als for construction is particularly vital. To accom-
plish this, laboratory (as well as field) corrosion tests
are often performed to aid in the selection.

In addition to aiding in material selection, labora-
tory corrosion tests are often utilized to better un-
derstand observed failures. In such situations, expo-
sure to the nominal service environment may not be
sufficient to induce the in-service corrosion failures
observed. This arises because in many cases failure
occurs due to upset conditions in which a deviation
from the nominal service conditions are encoun-
tered. Under these circumstances, a clear under-
standing of the nominal and upset (or possible upset)
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conditions is critical to conducting a laboratory test
that is viable and provides the required information.

Selection of appropriate testing conditions, how-
ever, can be difficult and is dependent on the antici-
pated corrosion modes that the structure may en-
counter while in service. There are many forms
(modes, mechanisms) of corrosion that may be en-
countered. These include the following:

* General corrosion

* Localized corrosion (typically referring to pitting
or crevice corrosion, but has also been applied to
exfoliation and intergranular corrosion)

e Environmentally assisted cracking (including
stress corrosion cracking, hydrogen embrittle-
ment, hydrogen-induced cracking)

General corrosion refers to the overall thinning of
the material when it is exposed to the environment of
interest (Fig. 3.1). In many respects, general corro-
sion can be “engineered” around because often
times the corrosion rate can be measured in suitable
laboratory tests and the subsequent life expectancy
calculated. If a longer life is desired, the gage thick-
ness can be increased. For localized corrosion, the
corrosion attack is confined to particular locations
on the metal and tends to propagate significantly
faster than what is observed in general uniform
corrosion. An example of pitting corrosion is shown
in Fig. 3.2. Consequently, perforation and potential

47
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Original Surface

Corroded Surface

FIGURE 3.1 Schematic illustration of general, uni-
form corrosion.

Passive Surface {low corrosion rate)
Pits (high corrosion rate)
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FIGURE 3.2 Schematic illustration of pitting corro-
sion.

Stress Corrosion Cracking

xS

FIGURE 3.3 Schematic illustration of stress corrosion
cracking.

loss of adequate strength tends to occur very rapidly.
Similarly, environmentally assisted cracking (Fig.
3.3) tends to result in the formation of cracks in the
material that propagate much more rapidly than the
corrosion rates typically encountered in general cor-
rosion. What makes localized corrosion and envi-
ronmentally assisted cracking particularly insidious
is the fact that they often occur under conditions
where the material chosen is expected to perform
well and the attack (or at least its extent) can be hid-
den. Thus, the failures encountered tend to be unan-
ticipated and in many cases catastrophic.

Because corrosion can occur under a variety of
conditions, there is a wide array of laboratory tests

that can be performed. These include tests intended
to study atmospheric corrosion, corrosion during
episodic wet/dry conditions, corrosion under fully
immersed conditions, corrosion in soil, corrosion in
aqueous solutions, corrosion in non-aqueous solu-
tions (e.g., organic solvents), and molten salts. Be-
cause of the wide range in types of corrosion tests
available, it is important to consider the in-service
environment and the objectives of the tests being
performed. If the main objective of the test is to es-
tablish anticipated performance or to select a suit-
able material, then the test environment should
closely mimic the expected environment. Care
should also be taken to ensure that the expected in-
service corrosion failure mechanism is reflected in
the laboratory test (e.g., if crevice corrosion is ex-
pected in service then the laboratory test should also
be conducted with crevices present). Because of the
wide range of possible test environments and condi-
tions that may be encountered and used in conduct-
ing laboratory corrosion tests, the discussion of
various test methods is not all-inclusive. The follow-
ing sections are intended to provide a general
overview of the types of methods that may be used,
to illustrate the effects of some test variables on
the observed results, and to highlight caveats and po-
tential pitfalls in interpreting the results. As the body
of corrosion literature on any given method tends to
be vast, a comprehensive review of each method
and its various nuances is beyond the scope of this
chapter. A bibliography has been provided to offer
other suggested reading material on the subject.
What is noted are the specific standards that have
been developed concerning most of these tests and it
is recommended that the standards be consulted
prior to conducting the tests. The test methods have
been broadly grouped into three main classifications
in the following sections:

¢ Immersion tests
e Cabinet tests
¢ FElectrochemical tests

3.2 IMMERSION TESTS

Immersion tests tend to be the most straightforward
and easiest to accomplish. They involve the expo-
sure of a material to an environment of interest in an
immersed condition. The simplest manifestation of
this test is the placement of a specimen in a beaker
or other container filled with a solution or the envi-
ronment of interest. From this simplest form, more
complex variations have been designed, including



those that intentionally include the presence of a
crevice and those that include a stress component to
examine environmentally assisted cracking. These
tests are often used to aid in materials selection for
applications in various processing plants for piping
and other equipment. The main advantage of immer-
sion tests is that with minimal effort and equipment,
a wide range of conditions and materials can be eval-
vated simultaneously. This offers the advantage of
establishing “safe operating” conditions where a
particular material can be used. For example, the
corrosion rate of Type 303 stainless steel in 65% ni-
tric acid has been reported to be <0.5 mm/y at tem-
peratures less than 120 °C. If the temperature, how-
ever, is increased to 135 °C the measured corrosion
rate increased to 5 mm/y with further temperature
increases leading to accelerated corrosion (2). The
implication from these results then is that Type 303
stainless steel may be acceptable for use if the tem-
perature is closely controlled and known to be less
than 120 °C. If the operating temperature is known
or expected to exceed this value, then Type 303
stainless steel may not be an acceptable material
choice and another material must be selected for
construction. Similar tests exploring a range of ex-
pected environmental variables can be conducted to
aid in the material selection/suitability process.
Some commonly examined variables include:

* Temperature

« pH

e Halide concentration (chloride, fluoride, bro-
mide, etc.)

* Acidic gases (e.g., CO,, H,S)

¢ Pressure

* Flow rate and type (e.g., single phase, multi-
phase)

In many cases, conducting such tests can lead to
surprising results. Recent tests of an as-fabricated
material in a relatively benign environment revealed
the presence of significant residual stresses. These
stresses, when combined with the environment, led
to unexpected stress corrosion cracking (Fig. 3.4)
and possible disqualification of this material for its
intended purpose.

Immersion tests, in addition to their utility in con-
ducting material selection and environmental
screening tests, are often specified in acceptance cri-
teria for use of various chemicals. For example, to
accept new fire retardant chemicals used in airdrop
fire fighting equipment (e.g., fixed wing and rotary
aircraft) the U.S. Forest Service (part of the U.S. De-
partment of Agriculture) specifies no significant cor-
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FIGURE 3.4 Stress corrosion cracking resulting from
residual stresses encountered during immersion testing.

rosion after 90-day partial and full immersion test-
ing (3). Because immersion tests are so prevalent,
there are a large number of standardized procedures
that have been developed and published, as summa-
rized in Table 3.1.

For immersion testing, there are a number of eval-
uation criteria that are often used to quantify the ef-
fect of corrosion. The most commonly used criteria
are appearance (simply, what the specimen looks
like after testing) and weight change. For the most
part, the standard method used to conduct the test
also includes information regarding evaluation and
pass/fail criteria. In addition, there are a number of
relevant standard evaluation procedures, including:

* ASTM GI1
* ASTM G46

Some evaluation procedures tend to be specific to
a form of corrosion. For example, ASTM G31
(weight change or weight loss) can be applicable to
any mode or form of corrosion, and converted to a
corrosion rate via Eq. (3.1):

8.76x10*W
CR(mm/y) = T (3.1)

where CR = corrosion rate
W =masslossing
A = exposed area in cm?
t =time in hours
p = material density in g/cm?

However, measurement of a weight loss will gen-
erally lead to an underestimation of the true corro-
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TABLE 3.1 Partial List of Standardized Immersion Tests

Designation Title

ASTM G31 Standard Practice for Laboratory Immersion Corrosion Testing of Metals

ASTM G438 Standard Test Methods for Pitting and Crevice Corrosion Resistance of Stainless Steels and Related Alloys by
Use of Ferric Chloride Solution

ASTM G36 Standard Practice for Evaluating Stress-Corrosion-Cracking Resistance of Metals and Alloys in a Boiling
Magnesium Chloride Solution

ASTM G49 Standard Practice for Preparation and Use of Direct Tension Stress-Corrosion Test Specimens

ASTM G30 Standard Practice for Making and Using U-Bend Stress-Corrosion Test Specimens

ASTM G38 Standard Practice for Making and Using C-Ring Stress-Corrosion Test Specimens

ASTM G41 Standard Practice for Determining Cracking Susceptibility of Metals Exposed Under Stress to a Hot Salt En-
vironment

ASTM G44 Standard Practice for Exposure of Metals and Alloys by Alternate Immersion in Neutral 3.5% Sodium Chlo-
ride Solution

ASTM G78 Standard Guide for Crevice Corrosion Testing of Iron-Base and Nickel-Base Stainless Alloys in Seawater and
Other Chloride-Containing Aqueous Environments

ASTM G35 Standard Practice for Determining the Susceptibility of Stainless Steels and Related Nickel-Chromium-Iron

Alloys to Stress-Corrosion Cracking in Polythionic Acids

NACE MRO0174-95
NACE TM0198-98
field service

Recommendations for Selecting Inhibitors for Use as Sucker-Rod Thread Lubricants
Slow strain rate test method for screening corrosion-resistant alloys for stress corrosion cracking in sour oil-

NACE TM0169 Laboratory Corrosion Testing of Metals

NACE TM0171 Autoclave corrosion testing in high-temperature water

USFS 5100 Standard Test Procedures For the Evaluation of Wildland Fire Chemical Products
NACE TMO0177

Standard Practice for Determining the Susceptibility of Stainless Steels and Related Nickel-Chromium-Iron

Alloys to Stress-Corrosion Cracking in Polythionic Acids

sion rate if localized corrosion is the dominant cor-
rosion mechanism. This arises because the corrosion
rate of the localized corrosion sites tends to be sev-
eral orders of magnitude greater than the rest of the
material surface. Another difficulty with weight
change methods is establishing quantitative infor-
mation on corrosion resistant materials in relatively
benign environments. Such situations result in neg-
ligible changes in specimen weight, making inter-
pretation and extrapolation of performance difficult.
To help overcome this, ASTM G31 recommends
a minimum test duration given by the following
expression:

: 787.4

Test Time (h) =~ ————

CR(mm/yr)
Thus, if a corrosion rate of 1 mm/y is measured, the
recommended minimum test time is 787 hours, or ap-
proximately 32 days. Very small corrosion rates,
therefore, require longer test times to verify their ac-
curacy. Because of this, any minor fluctuation may
disproportionately alter the measured corrosion rate.
Such fluctuations may arise from the effects of post-

test cleaning procedures and possible deposition
of environmental species (e.g., scale or deposits).
For example, if a passive material (e.g., a Ni-Cr-
Mo alloy) exhibits a very low corrosion rate of
1075 mm/y in a given natural environment, the
weight loss experienced by a 40 cm? specimen after
a one-year exposure was only 0.35 mg. To offset this
weight loss, the Cr-oxide film on the material would
have to grow only 17 nm thicker or, alternatively,
deposition of asilica layer (found in many natural en-
vironments) would only need to be 37 nm (4). As
these changes in thickness are quite small, it is obvi-
ous that care must be taken when utilizing gravimet-
ric or weight change methods to determine the cor-
rosion rate. In addition, special care must be taken
when establishing the corrosion rate in environments
in which deposition is possible, and in verifying that
the post-test cleaning procedure (i.e., ASTM Gl)
does not remove the underlying substrate material.
Classification of corrosion mode is nearly always
determined (or at least confirmed) using some sort of
visual examination. In this context, visual examina-
tion includes all magnifications of optical as well as
electron microscopy (e.g., scanning electron mi-
croscopy). Though this form of evaluation is used



with all laboratory corrosion test methods, it is in-
cluded here for discussion because in many cases
this is a primary means of noting the effects of cor-
rosion during immersion testing. Beyond the mere
classification of the form of corrosion, there are
some specifications to quantify the corrosion ob-
served. For example, ASTM G46 describes a
method to quantify localized corrosion based on a
visual observation of the depth and density of corro-
sion pits that are present. This is illustrated in Fig.
3.5. Using this classification process, the pit nucle-
ation kinetics of Type 316L stainless steel compared
to Alloy 600 as a function of time were determined
for a variety of environments (Fig. 3.6). This infor-
mation was then used to establish how different en-
vironmental variables (e.g., temperature, chloride
concentration, pH) influenced the observed pit nu-
cleation rate as measured by pit density.

Because localized corrosion tends to be a sto-
chastic process, statistical information pertaining to
its initiation is also important. One of the aims of
ASTM G438 is to provide that information by form-
ing multiple crevice locations simultaneously, using
a multiple crevice assembly (Fig. 3.7). After testing,
relative ranking of materials (or, alternatively, a
ranking of the environmental severity) can be ac-
complished by comparing the fraction of crevice
sites that initiated. For example, the results in Fig.
3.8 clearly show that Alloy 625 is more resistant to
localized corrosion (in this case, crevice corrosion)
in that, at any given time, the fraction of sites initi-
ated is lower than the other two materials.

Environmentally assisted cracking tests are also
often conducted under nominally immersed (or
sometimes alternate immersion) conditions. The
only principle difference between cracking tests and
the other types of tests is the requirement for an in-
duced stress. There exist several methods to induce
the stress component, including the use of jigs (e.g.,
3-point bend, 4-point bend, static tensile) that are
immersed with the sample. In such cases, care must
be taken so as to not induce galvanic corrosion in-
fluences between the jigs and the sample. Further-
more, the jig itself must be resistant to the environ-
ment of the test so it can reliably induce the stress
without itself becoming compromised over time. In
addition, significant corrosion of the test jig changes
the chemical composition of the test environment,
thereby potentially influencing the performance of
the test material. Other methods, such as C-ring and
wedge-open loaded specimens that rely on a bolt and
nut and wedges, respectively, have similar concerns
regarding possible galvanic corrosion and integrity
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FIGURE 3.5 Pit classification index from ASTM G46.

of the stressing member. Slow strain rate and frac-
ture mechanics methods can also be employed and,
in many cases, the connections to the specimen can
be made outside the test environment, thereby elim-
inating any such influences.

There is a wide range of specimen geometries that
have been employed in conducting environmentally
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FIGURE 3.6 Pit density determined using ASTM G46 for Type 316L stainless steel and Alloy 600 exposed to two en-

vironments.

assisted cracking tests, ranging from bolts to tradi-
tional dog-bone tensile samples, ring-shaped speci-
mens, and well-defined fracture mechanics-based
geometries. Each geometry has advantages and lim-
itations and should be chosen according to the de-
sired intent and objective of the test. In many cases,
it is often preferred to fabricate a test specimen in
such a way that closely mimics the actual in-service
situation. An example of this is evaluation of tubular
products by fabricating C-ring specimens and induc-
ing a stress to mimic either internal or external pres-
sures. In most cases, the test method standard will
have specific information regarding acceptable spec-
imen geometries. For example, NACE TMO0177 con-
tains four different test methods using four different
specimen geometries (tensile, bent beam, C-ring,

double cantilever beam) along with specific instruc-
tions on how to conduct tests using each geometry.
There are additional variations on the overall
theme of immersion testing which include alternate
immersion and high pressure/high temperature test-
ing. The real motivation behind such variations is to
conduct tests under conditions more representative
of the actual in-service environment. The principle
differences between these types of tests and the more
simple tests previously discussed are that the equip-
ment needed to conduct them tends to be more ex-
pensive, and the test complexity tends to be greater.
Otherwise, the same evaluation criteria are often
used. For alternate immersion, there is a prescribed
residence time in the solution and the remainder of
the time is outside the environment. Sometimes the
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conditions for the outside solution time period are
also defined in terms of temperature, relative humid-
ity, and so forth. For high pressure and high temper-
ature testing, autoclaves are typically used. For such
tests, there are specific safety considerations as well
as steps needed to ensure that the autoclave will be
suitable under the temperatures and pressures of in-
terest for the environment under consideration.

The influence of microorganisms on corrosion
and materials performance is receiving ever-increas-
ing attention. Microorganisms in the form of bacte-
ria and fungi have been shown to both increase and
decrease corrosion, depending on the environment,
organism, and material. Conducting tests to study
microbially influenced corrosion (MIC) is essen-
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tially no different than any of the previous test meth-
ods described. The only significant differences arise
from particular requirements associated with cultur-
ing specific bacteria (e.g., some bacteria cannot live
in the presence of oxygen) and the need to foster ses-
sile bacteria (those that attach to the metal surface)
over planktonic (free floating) bacteria. Evaluation
procedures are similar, as well, in that if general cor-
rosion results, then weight loss can be used to quan-
tify the effects. Alternatively, if localized corrosion
occurs, then the standard evaluation procedures for
pitting can be used.

3.3 CABINET TESTS

Cabinet tests generally refer to tests in which speci-
mens are placed in a testing apparatus where the ex-
posure conditions can be controlled. These tests are
usually aimed at examining the performance of ma-
terials to corrosive atmospheres that may be encoun-
tered in various locations, including coastal and in-
dustrial areas. Thus, these tests can include the
effects of moisture (RH), salt, corrosive gases (e.g.,
SO,, H,S, CO,), temperature, and UV radiation. A
partial list of standardized test methods can be found
in Table 3.2. The main objective of cabinet tests is
often to accelerate material degradation in order to
eliminate the long time period needed to induce sig-
nificant corrosion during in-service exposure. In
practice, however, the objective of accelerated du-
plication of in-service corrosion damage in cabinet
tests is rarely achieved. That being said, cabinet tests
have proven to be a useful indication of possible cor-
rosion performance in natural environments and, in
many cases, can be used to provide a relative com-
parison of material performance.

The level of complexity of the tests extends over
a wide range, as does the complexity of the test
chambers. In its simplest form, a cabinet can be con-
structed to maintain a constant temperature and hu-
midity. More complicated cabinets introduce vari-
ous controls and instrumentation to facilitate sprays
of different solutions (e.g., salt solutions), introduc-
tion of different gases, and the possibility of control-
ling these variables independently and in a cyclic
fashion. Because of the widespread use of cabinet
tests, there are a number of commercial vendors that
produce different cabinets to conduct such tests.

The post-test evaluation methods and criteria are
similar to those employed for immersion tests and
include weight loss, appearance, metallographic ex-
amination, and changes in electrical and mechanical
properties. Often the evaluation criteria are de-
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FIGURE 3.8 Fraction of multicrevice assembly locations that experience crevice corrosion for different alloys as a

function of time.

TABLE 3.2 Partial List of Standard Cabinet Test Methods

Designation Title

ASTM B117 Standard Practice for Operating Salt Spray

(Fog) Apparatus

ASTM G60  Standard Test Method for Conducting Cyclic
Humidity Tests

ASTM G85  Standard Practice for Modified Salt Spray (Fog)
Testing

ASTM G87  Standard Practice for Conducting Moist SO2
Tests

SAE J2334  Cosmetic Corrosion Lab Test

GM9540P Accelerated Corrosion Test

scribed in the test specification and are dependent on
the purpose of the test. For example, if the purpose
of the test is to evaluate coating integrity and adher-
ence during exposure, then delamination, blister for-
mation, and scribe creep back are key parameters of
interest, as illustrated in Fig. 3.9. Any localized cor-
rosion that develops can again be classified and eval-
uated using standards such as ASTM G46. Evalua-
tion based on appearance in many cases tends to be
subjective. There are methods that can be used in an
attempt to quantify the corrosion damage. One ex-

‘ Blister

FIGURE 3.9 Appearance of damaged (x-scribe) and
undamaged carbon steel coupons after exposure to salt
spray testing.

ample of such an approach is the use of image analy-
sis to quantify the fractional surface rust coverage
for different materials subjected to different envi-
ronments (Fig. 3.10). Such methods minimize the
subjective nature of the analysis and tend to mitigate
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FIGURE 3.10 Fractional surface coverage of red rust on several stainless steel alloys after outdoor oceanfront expo-

sure.

any inherent bias introduced by utilizing different
personnel to conduct the analysis. They can also
provide a finer differentiation and ranking between
similar performing materials. The main focus of
post-test evaluation should be to ensure that the eval-
uation is relevant to the intended purpose of the ma-
terial and its in-service use.

Another example of results obtained using cabi-
net testing is shown in Fig. 3.11. Two different fer-
ritic stainless steels, one with 11% Cr and the other
with 18% Cr, were exposed to a test regimen de-
signed to mimic and yet accelerate the anticipated
in-service conditions. For this test, each test cycle
consisted of periods of salt spray, high temperature-
high relative humidity exposure, and a weekly high
temperature thermal treatment. In this case, the most
important parameter of interest was pit depth lead-
ing to perforation of the material. Comparison of the
performance of the two materials clearly shows that
the 18% Cr stainless steel performed much better
than the 11% Cr material in this test and would be
expected to do so again in-service (which was sub-
sequently found to be the case).

3.4 ELECTROCHEMICAL TESTS

Because metallic corrosion is usually electrochemi-
cal in nature and involves the transfer of electrons
during the process, many test methods have been
developed to capitalize on this phenomenon. In
many cases, this enables very sensitive measures of
corrosion rates and reactions to be conducted. This
is illustrated in the following equation representing
the corrosion of a metal M:

M —> M + ne”

The dissolution of the metal following the above re-
action sequence can then be translated into an elec-
trical current density by the expression:

i =nFJ

where i = current density in A/cm?
n = number of electrons transferred in
equivalents/mol
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FIGURE 3.11 Pit penetration depth for two ferritic stainless steels subjected to a cyclic cabinet test designed to mimic
and yet accelerate corrosion induced during in-service operations.

J = reaction rate in mol/cm?2-s
F = Faraday’s constant (96,484 C/equiva-
lent)

To facilitate measurement of this electrical cur-
rent resulting from metal dissolution (or any electro-
chemical reaction, including the oxidation or re-
duction of any electroactive species), specialized
instrumentation has been developed. The most com-
mon is the potentiostat that controls and measures
the potential and current supplied to a material.
When the potentiostat is coupled with specialized
software, standardized electrochemical corrosion
tests can be conducted relatively easily.

Most electrochemical tests are conducted in a test
vessel utilizing three main electrodes: reference,
counter, and working. A schematic illustration of a
typical configuration is shown in Fig. 3.12. The work-
ing electrode (WE) is the specimen that undergoes
corrosion and is made from the material of interest. In
general, there is no standardized specimen geometry
for all tests, though some specific test methods do

specify sample shape and dimensions. As a result,
there is a wide range of geometries that have been ex-
amined, including square blocks, cylinders, disks,
wire loops, and flat sheets, to name a few. The refer-
ence electrode (RE) is designed to provide a stable
reference potential against which other potential
measurements are conducted. Several reference elec-
trodes are commercially available, but the most com-
monly used electrodes in laboratory tests are the sat-
urated calomel electrode (SCE) and the silver-silver
chloride electrode (SSE). For most tests, the selection
of a reference electrode is arbitrary since reference
electrodes can be likened to thermometers reading on
different temperature scales. The potential that is
being measured is the same but the scale is different.
In cases where high temperatures will be examined,
the SCE system tends to be unstable and should be
avoided. The reference electrode does not pass any
significant current in the arrangement; otherwise, it
would no longer provide a stable reference point. As
a result, the counter electrode (CE) is present to pro-
vide the current to the working electrode, thereby in-
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FIGURE 3.12 Typical electrochemical test cell configuration.

ducing through the instrument the corrosion (or any
other electrochemical) reactions under investigation.
Because the counter electrode itself may undergo cor-
rosion (since it is providing all the current in the sys-
tem), inert materials are generally used. The most
common materials used for counter electrodes are
graphite rods, platinum or gold (as foil, mesh, or
wire), and platinized niobium or titanium. Graphite
rods are the least expensive but, since they are porous,
can occlude the test solution, resulting in contamina-
tion of subsequent tests if not carefully cleaned (e.g.,
ultrasonic agitation in deionized water). Platinum and

gold are the most expensive, but are easily cleaned
and can provide higher currents than graphite and can
therefore be physically smaller. Platinized niobium
and titanium are less expensive than pure platinum,
provide comparable current capability, and are easier
to utilize because of the stiffness offered by the nio-
bium or titanium substrate.

There are a number of standard electrochemical
laboratory corrosion tests that have been developed.
A partial list is shown in Table 3.3. The overall
premise of these methods is described in the follow-
ing paragraphs.

TABLE 3.3  Partial Listing of Standard Electrochemical Corrosion Tests

Test Designation

Title

Standard Reference Test Method for Making Potentiostatic and Potentiodynamic Anodic Polarization Measure-
Standard Test Method for Conducting Cyclic Potentiodynamic Polarization Measurements for Localized Corro-
Standard Practice for Calculation of Corrosion Rates and Related Information from Electrochemical Measure-

Standard Practice for Verification of Algorithm and Equipment for Electrochemical Impedance Measurements
Standard Test Method for Electrochemical Reactivation (EPR) for Detecting Sensitization of AISI Type 304 and

ASTM G3 Standard Practice for Conventions Applicable to Electrochemical Measurements in Corrosion Testing
ASTM G5
ments
ASTM G61
sion Susceptibility of Iron-, Nickel-, or Cobalt-Based Alloys
ASTM G102
ments
ASTM G106
ASTM G108
304L Stainless Steels
ASTM G150

Standard Test Method for Electrochemical Critical Pitting Temperature Testing of Stainless Steels
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Linear polarization resistance (LPR) is a method
in which the electrochemical response of a corrod-
ing metal is investigated near its open circuit, or cor-
rosion, potential. Typically, this involves polariza-
tion of the material of interest 15-30 mV below the
corrosion potential and a slow increase (or scan) of
the potential to the comparable potential above the
corrosion potential. Within this potential region, it is
assumed that the relationship between potential and
log-current is linear, thereby allowing the calcula-
tion of the corrosion rate via:

iCl)ri‘EW
CR = C; 2~
p

and

where CR = corrosion rate
C, =aconstant depending on the units of
measure used
i, = corrosion current density
EW = equivalent weight (g/equivalent)
p = metal density

B = Stern-Geary coefficient
R, = polarization resistance obtained from
the LPR test

Example LPR test results are shown in Fig. 3.13
in comparisons to weight loss measurements. Under

10

LPR Measurements

Average Corrosion Rate, mils per year
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FIGURE 3.13 Effect of environment on the initiation
of crevice corrosion of 304 stainless steel using potentio-
static testing.

identical conditions, the LPR results indicate signif-
icantly higher corrosion rates than those noted using
gravimetric methods. This arises in many cases be-
cause of the complications discussed previously
with respect to immersion tests.

One of the potential complications with LPR (and
any scanning electrochemical tests) is the effect of
scan rate. Scan rates (the rate of change of the ap-
plied potential) tend to be on the order of 0.167
mV/sec (or 0.6 V/h). A slow scan rate is usually used
to ensure that the test closely mimics steady state
conditions.* LPR can be a valuable method to de-
termine the corrosion rate of a material because it
provides an instantaneous measurement without
having to conduct long experiments to achieve sig-
nificant weight loss, and can be conducted at high
temperatures and pressures. The main assumption in
conducting LPR tests is the corrosion occurring is
not localized in nature. Additionally, if the material
is highly passive (e.g., stainless steels, Ti-, Al-, and
Ni-based alloys) and the passive corrosion rate is de-
sired, LPR can provide misleading results. In such
cases, other methods such as potentiostatic polariza-
tion should be examined.

Potentiostatic polarization involves adjusting the
potential of the metal in the environment away from
its corrosion potential and holding it constant for
some specified period of time. When polarized and
maintained for extended periods of time, the true
steady state condition of the material at that poten-
tial can be obtained. This can be done to examine the
long-term passive corrosion rate, but also can be
used to determine long-term susceptibility to local-
ized corrosion or stress corrosion cracking (in the
case of a stressed sample). Localized corrosion
would be manifested by an eventual increase in the
measured current that is then maintained over an ex-
tended period of time. By comparison of the time
needed to observe the current increase, the relative
resistance of different materials to localized corro-
sion can be obtained. Furthermore, the effects of
corrosion inhibitors and possible corrosion acceler-
ants on localized corrosion can be examined.

*If faster scan rates are utilized in any potentiodynamic related
test, the results will tend to be skewed toward higher than actual
currents. This occurs because the metal-solution interface in its
simplest form is composed of a resistor in parallel with a capac-
itor (the current through which is directly dependent on the volt-
age change with time) and the total current flowing through the
circuit is the sum of the current in the resistor and the current in
the capacitor.
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corrosion initiation determined using potentiostatic tests

(6).

For example, Fig. 3.14 illustrates the effects of so-
lution chemistry in the form of the chloride/sulfide
ratio on the initiation of crevice corrosion of Type
304 stainless steel (6). Potentiostatic tests, although
useful, can also prove to be problematic. First, it is
unclear a priori how long such tests need to be run.
Cases have shown that polarization for periods of up
to several years may be necessary to achieve the de-
sired answers. In other cases, polarization for peri-
ods as brief as a few minutes were needed. Secondly,
when using potentiostatic polarization to make sen-
sitive measures of very low currents, it is critical to
eliminate as best as possible any sources of parasitic
current. For making measurements of the passive
corrosion rate, extreme care must be taken to remove
all traces of oxygen in the system, since any cathodic
reduction of oxygen will result in an underestima-
tion of the passive corrosion rate.

Potentiodynamic, or cyclic, polarization as the
name implies, involves a continuous sweeping or
changing of the potential. This method is similar to
the LPR method, except the range of potentials ex-
amined goes far beyond the limited range near the
open circuit potential of the LPR approach. Poten-
tiodynamic polarization can provide information on
the overall electrochemical behavior of a material in
a given environment. Because of this, the general
corrosion performance and rate can be estimated by
examining the behavior near the open circuit poten-
tial; the reaction kinetics of any cathodic species can
be explored through cathodic polarization; the pas-
sive corrosion rate (if the material is passive) can be
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examined; and, finally, the localized corrosion be-
havior can also be determined.

A schematic of a typical potentiodynamic polar-
ization curve for a passive material that undergoes
localized corrosion is shown in Fig. 3.15. Again, the
same concerns regarding the effects of scan rate on
measurements raised previously apply here. The re-
sults from conducting a series of potentiodynamic
tests can be utilized to compare the relative perfor-
mance of different materials as well as define “safe”
environmental operating regions. Fig. 3.16 illus-
trates this by comparing the repassivation potential
(the potential above which localized corrosion is
possible) of different materials as a function of chlo-
ride concentration. If the system in question is con-
structed of Alloy 825 and the environment contains
1072 M chloride at 95 °C, no localized corrosion
would be expected if the corrosion potential in that
process stream did not exceed approximately O V on
the saturated calomel scale (SCE). If, on the other
hand, either the corrosion potential or the chloride
concentration was higher, Alloy 825 would be ex-
pected to suffer from localized corrosion and, thus,
selection of another material such as Alloys 625 or
22 would be warranted.

Galvanostatic and galvanodynamic polarization
are identical to potentiostatic and potentiodynamic
polarization except instead of controlling the poten-
tial, the current is controlled. Although much less
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FIGURE 3.15 Schematic illustration of a potentiody-
namic polarization test result (5).
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frequently used than potential-controlled methods,
control of the current enables the precise control of
the total amount of charge that is passed during the
experiment. This level of control is useful in mini-
mizing the overall damage that is done to a given
specimen, thereby facilitating post-test analyses.
Electrochemical Impedance Spectroscopy (EIS)
is a method that utilizes an alternating voltage or
current (AC) source as the input to the system rather
than the purely direct current (DC) source used in
the methods previously discussed. The simplest
manifestation of the metal-solution interface is a re-
sistor and capacitor in parallel, as illustrated in Fig.
3.17, known as Randle’s circuit. Because electrical
components (e.g., resistors, capacitors, inductors,
etc.) have certain characteristics, and because elec-
trochemical (and thus corrosion) processes can be
mimicked as electrical components, EIS offers a
valuable tool to study these reactions (Fig. 3.18).
EIS is particularly adept at examining corrosion in
low conductivity environments (such as organic lig-
uids) because the measurement of corrosion rate (as
R,) is relatively unaffected since the individual com-
ponents can, in many cases, be separated out. In con-

Relationship between the repassivation potential for different materials and chloride concentration defin-
ing regions where localized corrosion will and will not occur.

e

FIGURE 3.17 Circuit diagram of Randle’s Circuit (5).

trast, accurate measurements of the corrosion rate
using the DC methods described above can be com-
promised in high resistivity media. EIS is also effec-
tive at examining the integrity of coatings and films,
including organic coatings and paints, on metal sur-
faces. Though EIS has proven to be a powerful
method to study corrosion under a wide range of
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FIGURE 3.18 Typical results obtained using EIS (for Randle’s Circuit) (5).

conditions, it has also been found to be highly diffi-
cult to interpret in many cases, and often requires
highly specialized and expensive equipment to
conduct.

For example, because the EIS response of the ac-
tual metal-environment under study is compared to a
circuit model, any number of circuit models can be
designed that generate identical or highly similar re-
sponses. Thus, to develop a suitable model, some
knowledge of the corrosion and other reactions tak-
ing place is needed. Furthermore, just because the
model compares well with the system under study
does not mean that the model is correct, since the
physical meaning of the model may not be accurate.
Despite its limitations, EIS is gaining in acceptance
and is now widely used.

Electrochemical noise (EN) measurements con-
sist of spontaneous fluctuations in the current and
potential during various corrosion processes. These
fluctuations, depending on their frequency and mag-
nitude, have been linked with many corrosion
processes including:

* Propagation of stress corrosion cracks via disso-
lution of freshly exposed metal at the crack tip

* Pit initiation and eventual growth
¢ Crevice corrosion

* Particulate impingement (erosion)
¢ Microbial corrosion

¢ Uniform corrosion

* Inhibitor efficacy screening
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Though typically used in in-service monitoring for
corrosion, EN has been utilized in laboratory testing.
EN is often utilized in an attempt to determine un-
derlying electrochemical mechanisms associated
with corrosion. That being said, however, EN has
been used for more routine testing. For example, EN
has been used to rapidly screen corrosion inhibitors
for efficacy as well as to evaluate the performance of
many organic coatings as a function of time. The
primary limitations associated with EN testing are:
(1) the requirements for rather specialized testing
equipment; (2) there is no existing standardized
method currently available; and (3) interpretation of
the results obtained can be complicated. Of these,
the fact that there is no existing standardized method
to conduct and interpret EN tests is the greatest lim-
itations to its widespread use. It should be noted,
however, that efforts are underway to develop stan-
dardized EN methods and, in time, these should
make conducting these tests easier.

In addition to the methods described above, there
also is a considerable amount of ancillary equipment
and variations that can be explored. For example, the
effect of fluid flow on corrosion is often studied
using rotating specimens as cylinders, disks, and
rings in conjunction with nearly all electrochemical
test methods. New methods to study flow, including
jet impingement, are also used in conjunction with
these methods. Furthermore, other conditions such
has high temperature and pressure can also be ex-
plored utilizing many electrochemical corrosion test
methods, provided that adequate steps are taken to
ensure proper functionality of various components
(especially the reference electrode).

3.5 CONCLUSIONS

In summary, the selection of a suitable laboratory
corrosion test and the conditions under which it is
run depends on many factors, including:

* Expected in-service environment

* Type of information desired

* Life expectancy of the component

* How sensitively the corrosion can be measured

* Whether quantitative information is needed, or if
qualitative comparison is sufficient

In many cases, there exist standardized methods and
procedures for conducting such tests. It should be
noted, however, that just because a method is stan-
dardized does not mean it is the best or most appro-

priate test to conduct in a given situation. Standard-
ized test methods generally cannot capture the wide
range of environments, materials, and conditions
that are encountered in service. Thus, care should be
taken when selecting which tests will be conducted
and how they will be carried out. In some cases,
using a standard method and making modifications
to suit the particular needs of the application is often
quite effective. Furthermore, use of test methods in
combination has also proven to be highly valuable.
For example, Fig. 3.19 shows the results from utiliz-
ing a sensor system based on EIS. The condition of
different paint coatings was evaluated during cyclic
environmental exposure (similar to SAE J2334). In
this case, the sensor provided a quantitative measure
of coating performance that was more accurate than
traditional visual inspection, even detecting degra-
dation that was not evident visually. Due to the in-
herent complexity of many in-service systems, it can
be difficult to properly design a test and interpret the
results effectively, and it is suggested that trained
corrosion professionals be consulted.

In addition, it may be necessary to develop test
methods and parameters to suit specific needs and
desires. A good example of this was shown in Fig.
3.11, in which a new test methodology was devel-
oped over time that fairly accurately reproduced in a
short period of time the corrosion damage observed
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FIGURE 3.19 Coating integrity as a function of expo-
sure time measured using a sensor based on EIS illustrat-
ing the utility of using multiple test methods in combina-
tion [1].



in-service over much longer time frames. By putting
forth this effort, the new test method that was devel-
oped allowed rapid screening of different processing
steps, alloy modifications, and other treatments for
improved corrosion performance without going
through the expense of conducting full fabrication
runs and placing components in service for several
years. In this case, no standard test method would
have provided the same information in terms of a re-
liable estimate of in-service life—the accelerated
testing produced the same corrosion modes at the
same locations as those seen from failed components.
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4.1 INTRODUCTION

When one puts a product into service, the ability to
predict its lifetime or failure rate would be highly
beneficial. The plastic part should be tested in real
time and in environments similar to those in which
the part will be exposed. However, this is not always
possible. Complicating factors include development
times, time to market considerations, and the service
life. We will discuss some methods in which lifetime
predictions “may” be predictable. Accurate predic-
tions are highly dependent on the testing methodol-
ogy, the type and form of the plastic used, and the
plastic’s processing history.

Plastics are defined as polymers with additives.
The behavior of the material changes as the additive
package changes. The material from company A
might perform totally differently in comparison with
a material from company B, even though they be-
long to the same polymer family with similar prop-
erties, such as molecular weights and distributions
and thermal behavior. Thus, whenever we look at
lifetime predictions, we must have the same material
throughout the plastics testing protocol. Also, we
must have testing methods that are amenable to the
end use of the product. The handbooks are full of
tensile and compression types of test data; however,
in actuality very few products are pulled apart or
pushed together. We may not have the luxury of
making a part, subjecting it to normal usage, and
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monitoring the time to failure. We need tests for per-
forming some sort of accelerating testing.

Another unusual twist in knowing the lifetime or
failure rates of plastics involves solid waste materi-
als. Each year, tons of plastics are disposed of in
landfills. A lot of work is being done to controllably
degrade the waste plastic materials to conserve land-
fill space. The two principle mechanisms for accom-
plishing this are photodegradation and photother-
modegradation.

As we follow the performance of a product, its
data may take different forms. The data may be lin-
ear, semi-logarithmic, logarithmic, or cyclic. Metals
offer simpler solutions because S/N (signal to the
number of cycles to failure) curves can be generated.
In the case of polymers, we do not have that luxury.
As previously mentioned, a plastic is highly depen-
dent upon the manufacturer, the additive package,
and its thermal history. Slight composition and man-
ufacturing changes can cause drastic changes in per-
formance and results. Metals are more forgiving in
predicting lifetimes.

Metals also have the advantage over plastics in
that they are stable over a wider temperature range.
Plastics have a useful temperature range of less than
200 °C. Thus, the testing of plastic parts must be per-
formed within the useful temperature of the mate-
rial. A simple explanation of what could happen can
be illustrated with a chicken and an egg. Place an
egg under its mother; in a few days we have a baby
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chick. Place the egg in boiling water; in a few min-
utes we have a hardboiled egg. Place the egg in an
isolated spot; in a few weeks we have a smelly, rot-
ten egg. The same starting material with three dif-
ferent thermal histories produces three different re-
sults. The traditional accelerated testing protocol (1)
may not be an option for the chemical and physical
aging of plastics.

Some of the criteria for failure or lifetime predic-
tions can be quite arbitrary. For example, PMR-15, a
thermosetting polyimide used in advanced compos-
ite applications, has a requirement of a less than 10
percent weight loss at elevated temperatures, inde-
pendent of time of exposure.

In this chapter we have selectively chosen pub-
lished aging studies with testing data and have
transformed the results into meaningful lifetime
predictions.

4.2 MASTER CURVES

One of the most useful analytical techniques for
determining lifetime predictions is the generation
of master curves utilizing the dynamic mechanical
analyzer (DMA). This technique involves time-
temperature superimposition (TTS).

In polymer literature, a set of experimental curves
can frequently be translated along a given direction
to form a master curve. One of the most famous ex-
amples is the time-temperature superimposition,
where the translation is generally performed along
the horizontal axis. The superimposition of the dif-
ferent experimental curves is normally made graph-
ically, leading to some ambiguities in the construc-
tion of the master curve and in the determination of
the translation paths. Starting from the analytical
conditions to be satisfied by a set of curves that were
related by a translation along a given direction, a
computer program can be developed to obtain the
master curve from a set of experimental data. Fi-
nally, some examples can be obtained of the appli-
cability of the computer program developed for sim-
ulated storage, shear compliance, viscosity against
shear rate, and stress relaxation data (2).

Dynamic mechanical testing involves subjecting
the plastic specimen to an alternating strain, and si-
multaneously measuring the stress. For linear vis-
coelastic behavior, at equilibrium, stress and strain
vary sinusoidally, but the strain lags behind the
stress. Thus we write

strain e = e sino? “.1

and
stress G = G,sin(®f + 0), 4.2)

where  is the angular frequency and the d the phase
lag.
Thus, we can we can rewrite stress to be equal to

G = G, sinwrcosd
+ G_COosMIsind. 4.3)

Stress has two components: (1) magnitude (G,c0sd)
in phase with the strain; and (2) magnitude (o,sind)
out of phase with the strain.

Now we may define two new quantities: G, is in
phase with the strain, and the quantity G, is 90 de-
grees out of phase with the strain. We may rewrite
strain as

6 =e,G;sinot + e,G,cosmt, 4.4)

where
G, = (o /e,)cosd and G, = (G,/e,)sind.

If we construct a phasor diagram (see Fig. 4.1)
with G; and G,, we may define a new quantity G*,
complex modulus.

If e = e exp(io 1), then ¢ = G exp[i(wr + )], so
that

G2
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FIGURE 4.1 Phasor diagram for complex modulus G*
= G, +1G, and phase lag, tan dlllll = G,/G,.



G* = 6le = (0, /e,) exp(id) (4.5)
= o /e, (cosd + isind) 4.6)

where G, which is in phase with the strain, is called
the storage modulus because it defines the energy
stored in the specimen due to the applied strain, and
G,, which is 7/2 out of phase with the strain, defines
the dissipation of energy and is referred to as the loss
modulus. The energy (AFE) dissipated per cycle can
be defined as

27w
AE = J (6de)=J (o(delddt.  (4.8)
0

Substituting for stress and strain, solving the inte-
gration, and evaluating AE over a quarter cycle
rather than the entire period, we can reduce the vari-
ables to

E=1/2(G,e ), (4.9)

which is independent of frequency.
G, and G, can rewritten as

G, = (2Ele?).

and
G, = (AE/me ?).
Hence,
G,/G, = tand = SE/(2nE). (4.10)
The ratio AE/E is called the specific loss
AE/E = 2 mtand. (4.11)

Typical values of G,, G, and tand for a polymer are
10° Pa, 107 Pa, and 0.01, respectively. In such cases,
|G*| is approximately equal to G;. It is customary to
define the dynamic mechanical behavior in terms of
the “modulus,” G,, and the phase angle, 9, or tand =
G,/G,.

A complementary treatment can be developed to
define a complex compliance, J* = J,-iJ, which is
directly related to the complex modulus, as G* =
1/J*. Consider the variation of G;, G, and tand with
frequency for a viscoelastic solid that shows no flow
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FIGURE 4.2 The complex modulus G* = G, +iG, as a
function of frequency (3).

(Fig. 4.2). At very low frequencies, the polymer is
rubber-like and has a low modulus (G, is probably
about 103 Pa), which is independent of frequency. At
the highest frequencies, the rubber is glassy, with a
modulus around 10° Pa, which is again independent
of frequency. In the intermediate region, where the
material behaves viscoelastically, the modulus will
increase with increasing frequency. The loss modu-
lus will be zero at low and high frequencies, where
stress and strain are in phase for the rubbery and
glassy states. In the intermediate viscoelastic region,
G, rises to a maximum value, close to the frequency
at which G, is changing most rapidly with fre-
quency. The loss factor, tand, also has a maximum in
the viscoelastic region, but this occurs at a slightly
lower frequency than that in G,, since tand = G,/G/,
and G, is also changing rapidly in that frequency re-
gion. An analogous diagram shows the variation of
the compliances J; and J, with frequency (3).

Professors Miyano and Kimpara and their groups
at Kanazawa Institute of Technology have proposed
an accelerating testing methodology for assessing
long-term mechanical performance of carbon fiber
reinforced polymer (CFRP) composites. The meth-
odology was composed of constructing the master
curve for several deformation modes based on four
hypotheses:

1. Same failure mechanisms of CFRP composites
under constant strain rate (CSR), creep and cyclic
loading over the same time and temperature,
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which is controlled by the viscoelastic instability
of polymer resins

2. Same time-temperature superimposition princi-
ple for all the failure modes

3. Linear cumulative damage law for monotonic
loading

4. Linear dependence of fatigue strength under var-

ious stress ratios (R, = 0,,;,/Onax)

The master curves for CSR, creep (constant load-
ing), and fatigue tests were constructed by applying
the time-temperature superimposition principle. The
variations of the CSR strength (o,), creep strength
(0.) and fatigue strength (o) to the time to failure (¢,
t. and 7)) is shifted by the time-temperature shift fac-
tor [a,(T)] given in Eq. (4.12), which is independent
of the loading modes.

ap(T) exp[AHR3R(/T(IT,)],  (4.12)

where R is the gas constant and 7, is the reference
temperature. The value of AH for the CFRP failure
and storage modulus of the polymer resin are found
to be identical due to the failure mechanism of CFRP
composites controlled by the viscoelastic flow of
polymer resins. To determine the master curves

[ot : T,), ot : T)andcsf(t o/ T,)], the re-
duced failure time (¢, 7" and #/) is deﬁned by
t, =tJlay(T) for CSR, (4.13a)
t.’ =tJlap(T) for creep, (4.13b)

and tf’ = tf/aTo(D = Nf/f‘aTo(D

= N//f” for fatigue, (4.13¢)

where Nyis the number of cycles to failure and fis the
frequency of cyclic loading. The master curve can be
applied in a wide temperature range above and below
the glass transition temperature, although AH be-
comes different, depending on the polymer structure.

For the CSR tests, the variations of o, to f, are
measured under various loading rates and tempera-
tures. For the creep test, ¢, is determined as a func-
tion of constant G, at various temperatures. Different
cumulative damage proceeds in CFRP composites
subjected to rising (CSR) and constant (creep) load-
ing. In order to estimate z,. from the CSR tests, linear
cumulative damage for monotonic loading (approx-
imated stepwise) is defined by

2n-1

J dt/t[o(0)] = X Ayt [o(1)] = [t(o,,)/n]

[l/tc(cl) + -t 1/t0(62n71)] - 1’ (414)

where t* [= 1,(0,,)] is the failure time under stress
history, At (= t*/n) is the time interval for stepwise
loading, and ¢,[0;(?)] is the creep failure time under
o;(t). Thus, 7.(0,, ;) can be determined from
1(0,,») and t(0,,) using Eq. (4.15) derived from
Eq. (4.14):

= tS(GZn) ts(GanZ)/l:n ts(GanZ)

— (n = 1) (o)}

tc(Gan l)
(4.15)

The linear cumulative damage law for the loading
history [hypothesis (c)] has been proven by good
agreement of the master curves for the CRS and
creep observed in many CFRC systems.

In order to construct the fatigue master curve, the
value of 7.is converted from N, using f, and ¢/ is de-
fined by the shifted frequency (f’) (Eq. 4.13c).
Moreover, changing f and R, as well as tempera-
tures, affects the relatlonshlps of oy to 7" By apply-
ing a linear dependence of the fatigue strength on R,
[hypothesis (d)], the fatigue master curve [G; (tf: R
f, D] for the various R is estimated by

Gf (tf Rs’f’ T)
=0 (11, T) Ry + Ot f. T)(1 = Ry), (4.16)
where 6., is the fatigue strength for R=1 and G, is
the CSR strength (R, = 0, Ny = 1/2 or 1,=1/2f). As N,
is increased, Oy drastically decreases when 7/ is rela-
tively short.

The hypothesis (d) is verified by series of fatigue
experiments performed under various R,. The appli-
cability of the hypotheses (a—d) for several CFRP
composite systems is summarized in Table 4.1. In
various GFRP/metal joining systems (conical shaped
joints, brittle and ductile adhesive joints, and bolted
joints), it is possible to construct the master curves as
well. Based on the study performed, it is unequivocal
that the accelerating testing methodology is applica-
ble when polymer resins fracture in a brittle manner
and the deformation behavior in carbon fibers is time
independent. Moreover, the environmental degrada-
tion of CFRP composites can be assessed using the
time-temperature-water adsorption superimposition
principle.

Polymer-modified asphalt is a highly temperature
sensitive material. To obtain the master curves, the
material was tested over a temperature interval from
=30 °C to at least 90 °C. Since the polymer-modified
asphalt undergoes the transition from a glass-like to
a Newtonian-like material in this temperature range,
three testing geometries were studied. The geome-
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TABLE 4.1 Applicability of Master Curve for Various CFRP Composites Subjected to Various Loading Modes (4).

Loading Hypothesis
Fiber Matrix Type Fiber/matrix Mode a b c d
Carbon PAN Epoxy UD T400/828 LT (0] (0] (0] (0]
T300/2500 LB (0] (0] (0] (0]
TB (0] (0] (0] o
SW T400/3601 LB (0] (0] (0] (0]
PEEK UD T300/PEEK LB (0] X X A
TB A X X X
Pitch Epoxy UD XN40/25C LB (0] A X (0]
Glass Epoxy SW E-glass/epoxy LB (0] A (0] X
Vinylester PW E-glass/vinylester LB (0] (0] (0] X

Type of fibers: UD: Unidirectional, SW: Strain woven, PW: Plain woven

Loading modes: LT: Longitudinal tension, LB: Longitudinal bending, TB: transverse bending

tries used were as follows: plate-plate (PP) for the
mid-range temperatures; torsion bar (TB) for the low
temperatures; and bob and cup (BC) for the high tem-
peratures. The shift from one fixture to another must
be done at a temperature that depends on the vis-
coelastic properties of the material. In the case of as-
phalt, it is theoretically possible to measure rheolog-
ical properties using PP for the whole range of
temperatures. However, when close to the glass tran-
sition temperature, slippage and breakage can occur,
thus leading to very scattered and noisy data. Such
problems were eliminated with TB. On the other
hand, close to room temperature asphalt started to be-
come soft so it was unable to support its own weight
and keep the bar shape; whereas slipping and break-
ing were no longer a problem for PP. Plate-plate and
BC geometries remained the best until the material
approached the liquid state. In this case, the problems
were the tendency to flow out from the space between
the plates and the low torque values (due to the lim-
ited PP surface). Both problems were solved with a
BC fixture. In conclusion, this paper showed exam-
ples of how isotherms obtained with three sample
geometries and two rheometers followed the time-
temperature-superimposition principle. This gave a
solid confirmation of how data from different sources
was combined to build reliable master curves cover-
ing a very wide range of reduced frequency. Master
curves obtained from these geometries covered up to
20 decades of reduced frequencies (5).

4.3 CHEMICAL KINETICS

Another means of predicting lifetimes involves
chemical kinetics and the use of the Arrhenius rela-

tionship, which shows that the chemical rate con-
stant varies as a negative exponential of the recipro-
cal absolute temperature. In this procedure, we are
monitoring the change in concentration of one or
more of the reactants with respect to time. There are
some fundamental rules for being able to apply
chemical kinetics. One is that the reaction or the
aging process involved must be chemical in nature.
Many times individuals will apply the same rules
and procedures to nonchemical events. And, with
luck, they (and this author) were able to obtain
meaningful lifetime predictions or failure rates.

Another principle involves the establishment of
reaction order. We will define zero-, first-, second-
and ntt- order reactions. With zero-order, the rate can
be written as follows:

R = —kd[A)/dt = K[A]° =k, (4.17)
where k is a proportionality constant; A is equal to
reactant A.

Zero-order reactions are mainly homogeneous re-
actions on surfaces. The rate of reaction for a zero-
order is independent of concentration.

We can rewrite the above equation as

d[A] = —kdt. (4.18)
If we integrate over ¢; and 7, and assume the concen-
tration for A,;= 0 and A,, =1, then

[A], = [A], = —k(z-0). (4.19)
Rewriting the above we have
[A], = [A] )kt (4.20)
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A plot of [A] versus time should yield a straight line
with an intercept of [A], and slope k.

A first-order reaction is the case in which the rate
of reaction is dependent upon one reactant. We may
write the rate of change of A as

R =—(1/a)(d[A)/dr) = d[A]". “4.21)
Since A equals 1, the equation becomes
—d[A]/dt = k[A]. (4.22)

Now if we integrate that equation we end up with

—(In[A]~In[A]O) = kt. (4.23)
Manipulation of the equations will result in
In([A]/[A]y) = —kt (4.24)
or
[A]/[A]y= e, (4.25)

where e is the base of the natural log, which is equal
to 2.178. Again, with manipulation of the equations
we end up with

log,o[A], = log,,[A],~k/2.303. (4.26)
Now, a semi-log plot of [A], versus ¢ will give us a
straight line with a slope of—k/2.303 and an intercept
of [A],.

There are two special cases for second-order re-
actions. The first case involves A + A, yielding the
product, and the second case involves A + B. The
rates in the first case may be written as

R =—(1/2)(k[A]/dt = k[A]>. 4.27)

In the second case, the rate expression may be

written as
R =—(d[A)/dt = k[A]|B]. (4.28)
By performing the appropriate mathematical treat-
ments, in the first case we end up with
1/[A], = 1/[A], + 2kt. (4.29)
A plot of the inverse concentration of A ([A]!) ver-

sus time will give us a straight line with a slope equal
to 2k and an intercept of 1/[A],.

And in the second case, we end up with

1/([Aly~[Blp) In (([Blo[A1)/([A)o[B]) = kt.  (4.30)
The left-hand side of the equation is plotted against
t, the slope being equal to k.

For the n™-order, the rate expression may be writ-

ten as
R =—(1/n)d[A])/dt = k[A]". (4.31)

Now, if we conduct experiments at different tem-
peratures, preferably using three different tempera-
tures, we will end up with a family of rates at differ-
ent times and temperatures. This can be translated
into lifetimes or survival rates. This author has em-
ployed this technique on numerous occasions, in
particular in the absorption of water in plastics. The
kinetics obtained were very useful in designing plas-
tic parts based upon the observations (6).

An extremely useful extension of kinetic data can
be illustrated in Fig. 4.3. After the rate was deter-
mined at one temperature, a series of rates was de-
termined at different temperatures. The result of this
was translated into a lifetime prediction. By plotting
the difference in yellowing index versus 1/Tempera-
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FIGURE 4.3 The effect of temperature on the thermal
oxidative yellowing of BPA-PC. The different symbols
represent data points obtained from four different studies.
[Reprinted with permission from A. Factor, Ch 5 in Poly-
mer Durability, Degradation, Stabilization and Lifetime
Prediction, edited by R. L. Clough, N. C. Billingham and
K. T. Gillen, Advances in Chemistry Series 249, American
Chemical Socity, Wash, D.C., pp. 59-76 (1993). (c) Amer-
ican Chemical Society.]



ture, an effective life of the BPA-PC over time was
determined (7).

This extremely useful work of the thermal and
photodegradation of bisphenol A-polycarbonate was
performed by the manufacturer. The data generated
were the result of four different studies at six differ-
ent temperatures. A graph of this nature gave a high
degree of confidence of lifetime performance of
BPA-PC over a wide range of conditions with a min-
imum of experimentation.

The Arrhenius methodology has been used for
many years to predict polymer lifetimes in various
applications. However, it should be pointed out that
there are numerous potential limitations associated
with this technique. Many of the results indicated
non-Arrhenius behavior. A publication reported on
the limitations of the Arrhenius methodology. The
report included a mention of diffusion-limited oxi-
dation effects and a discussion of the implication of
changes in the effective Arrhenius activation energy,
or in the dominant reactions as temperature changes.
Changes in the activation energies or in the domi-
nant reactions with temperature can happen for any
material, making extrapolations beyond the experi-
mental temperature range challenging. However,
when mechanistic changes occur, they invariably re-
sult in a reduction in effective Arrhenius activation
energy, leading to lower than expected material life-
times. Thus, it is critically important to derive meth-
ods for testing the Arrhenius extrapolation assump-
tion. One approach that the authors have developed
involves ultrasensitive oxygen consumption mea-
surements. Results from the application of this ap-
proach were reviewed (8).

Accelerated heat aging tests were carried out to
predict the useful lifetimes of ethylene-propylene-
diene monomer (EPDM) vibration-isolating rubber
components of ventilation fan motors used in clean
rooms. The Arrhenius plot was derived from the re-
ciprocal absolute temperature to predict the lifetimes
of the rubbers, and the compression set of 20 percent
was used as a threshold. The useful lifetimes at vari-
able temperatures and activation energy were ob-
tained from the Arrhenius relationship. An acceler-
ated test program to predict useful lifetimes was
designed to reduce time. The effect of antioxidant
agents on the lifetimes of the rubbers was also stud-
ied (9).

Conventional high temperature compression
stress-relaxation (CSR) experiments, using a Shaw-
bury-Wallace relaxometer, can measure the force
periodically at room temperature. An experiment de-
scribing modifications that allow the force measure-
ments to be made isothermally and showing that the
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measurements lead to more exact estimates of seal-
ing force decay was performed. Using conventional
Arrhenius analysis and linear extrapolation of the
high temperature (80-100 °C) CSR results for two
butyl o-ring elastomers showed that the second butyl
was predicted to have a lifetime of approximately
three times longer at room temperature. Testing the
linear extrapolation assumed by the Arrhenius ap-
proach, a test was conducted for ultrasensitive oxy-
gen consumption measurements from 110 °C to
room temperature for the two butyl elastomers. The
results demonstrate that linear extrapolation of the
high temperature CSR results for the first butyl elas-
tomer was acceptable; whereas a considerable cur-
vature to a lower activation energy was observed for
the second butyl below 80 °C. Using the oxygen con-
sumption to extrapolate the CSR from 80 °C to 23 °C
resulted in the conclusion that the second butyl de-
graded faster than the first butyl at 23 °C; which is
opposite the earlier result based solely on extrapola-
tion of the high temperature CSR results. Since sam-
ples of both materials that had aged in the field for
approximately 20 years at 23 °C were available, it
was possible to verify the prediction using compres-
sion set measurements (10).

One of the most critical aspects of this type of
analysis is the ability to draw a straight line through
the various data points. However, a discontinuation
in the linear line also gives us a great amount of in-
formation. Once the discontinuation is realized, this
can be translated into a change of mechanism within
the chemical kinetics phenomena. We may have one
or more events or mechanisms occurring; and if we
have a discontinuation, we have two or more events
or mechanisms occurring.

4.4 THERMAL DECOMPOSITION
EXPERIMENTS

Attempts were made to use kinetics parameters from
thermal decomposition experiments at high temper-
atures to predict service lifetimes of polymeric ma-
terials at lower temperatures. However, besides the
obvious measurement and extrapolation errors
(which can be considerable), there were two funda-
mental reasons why quantitative long-range extrap-
olations cannot be made for complex softening tem-
peratures. They are as follows: (a) Arrhenius kinetics
parameters cannot be extrapolated through phase
transitions or softening temperatures; and (b) Arrhe-
nius kinetics parameters cannot be extrapolated
through the ceiling temperature region. Satisfactory
lifetime prediction methods can be developed only
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after a thorough analysis of the causes of service
failure. A real method was taken from the literature
to illustrate the correct procedures (11).

The lifetime of carbon fiber-reinforced plastics
was estimated using thermogravimetric analytical
kinetics. However, weight-loss kinetics was initially
assumed as evidence. However, weight loss oc-
curred without degradation, and degradation oc-
curred without weight loss. Also, the degradation of
composites by thermoxidative means was very com-
plex, with =2 volatilization reactions taking place.
Additionally, the method assumed that thermal ox-
idative degradations of composites were not auto-
catalytic reactions (12).

An approximation was developed of an integral
method for analysis of thermogravimetric data, sim-
ilar to but simpler than that of Doyle. The equations
incorporated the heating rate A, giving the expres-
sions —log A1-0.4567 AE/RT, = —log A2-0.4567
AE/RT, for equivalent weight losses at different
heating rates. Log A plotted versus 1/7 for a given
value of fractional residual weight gave a straight
line, the slope of which gave the activation energy.
Plotting fractional residual weight versus 1/T for
various heating rates provided a series of identical
curves with lateral displacement proportional to log
A. Superimposition of such curves provided a mas-
ter thermogravimetric curve, which is a standard and
is more accurate than individual curves. The proce-
dure was applied to pyrolysis of CaC,0, and nylon
6. Results were in good agreement with reported val-
ues (13).

A method for determining the activation energy
from thermogravimetric analysis plots involved only
the reading of the temperature at a constant weight
loss from several integral thermograms at different
heating rates. From the slope of log 3 versus 1/7, the
activation energy may be closely approximated by
the equation equal or nearly to —4.35 d log B/d 1/T.
(14).

Based on the works of Ozawa, d Flynn, and Wall,
their efforts were combined into what is now known
as the Ozawa-Flynn-Wall method.

By thermogravimetric analysis, the decomposi-
tion processes and reaction mechanisms of the ther-
mal degradation of nylon 1212 in N, were studied.
The thermogravimetric analysis plot of nylon 1212
indicated that the thermal degradation process of
nylon 1212 was a one-step reaction. The activation
energy of this solid state process was determined by
means of Kissinger and Ozawa-Flynn-Wall methods
(which did not require knowledge of the reaction
mechanism); it was 227.5-228.2 kJ/mol. Different

integral methods and reaction mechanisms reported
in the literature were used and compared with these
values (15).

The thermal stability of polypropylene was inves-
tigated by thermogravimetry and differential scan-
ning calorimetry. Two different forms of polypropy-
lene, as well as a polypropylene-glass composite
material, made from pellets and commingled fibers
were evaluated. Compression molded plates were
made and tested. The determination of the apparent
activation energy of each system, using the Ozawa-
Flynn-Wall method, delivered information about the
effect of polymer processing on the thermal degra-
dation behavior (16).

Another study using thermogravimetric analysis
and the Ozawa-Flynn-Wall method was conducted
on cellulose. Mass decrease of cellulose powders
and cotton fabrics was investigated at different heat-
ing rates and other different flow rates of air and ni-
trogen. The relationships between the lifetime of
cotton, holding temperature and mass decrease were
obtained. The lifetime of 10 percent mass decrease
varied from several hundred years to several seconds
in temperatures ranging from room temperature to
300 °C. The effect of the atmosphere was significant
in a high temperature range (17).

Nonisothermal kinetic experiments of polymeric
wastes, such as polyethylene (PE), polypropylene
(PP), polystyrene (PS), and polyethylene terephtha-
late (PET), were studied in a nitrogen atmosphere,
and kinetic parameters were analyzed using the
Ozawa-Flynn-Wall method. The mixture containing
polymeric wastes, which were combined to the ratio
of 2:2:2:1 for PE, PP, PET, and PS from weight frac-
tion, was also studied and analyzed in the same way.
Theoretical activation energies of mixtures were cal-
culated and compared with experimental activation
energy obtained by the Ozawa-Flynn-Wall method.
The nonisothermal kinetic results of polymeric
wastes showed that most of the polymeric wastes had
single-step reactions and similar activation energies
for observed conversion ranges, respectively. In ki-
netic parameter analysis of the mixtures, the activa-
tion energy showed lower values than values of acti-
vation energies for all observed conversion ranges.
This meant that lower activation energies were the re-
sult of interaction among polymeric wastes during
thermal decomposition of mixtures (18).

Using differential scanning calorimetry under
isothermal and dynamic conditions, the kinetics of
curing of bisphenol A diglycidyl ether containing
various amounts of poly(ether imide) (PEI) with 1,3-
bis(aminomethyl)cyclohexane at 80-105 °C were



studied. Kinetic analysis was performed using three
kinetic models: Kissinger, Ozawa-Flynn-Wall, and
Kamal. Diffusion control was incorporated to de-
scribe the cure in the latter stages, predicting the
cure kinetics over the whole range of conversion.
The values of the activation energies for all the
PEl/epoxy blends were higher than the values for the
neat system. The autocatalytic mechanism was ob-
served in the neat system as in the blends. The reac-
tion rates were higher with PEI; however, the con-
versions decreased with the PEI content (19).

Thermogravimetric analysis was used to predict
the respective lifetimes of two three-component sys-
tems of diglycidyl ether of bisphenol A (n=0/1,2-
diamine cyclohexane [DGEBA (n=0/1,2-DCH]
modified with different concentrations of an epoxy
reactive diluent, vinylcyclohexene dioxide (VCHD).
Experimental results were treated using two meth-
ods. The first method was independent of the degra-
dation mechanism, and the second was based on the
thermodegradation kinetic mechanism. The activa-
tion energies of the reaction were determined using
the Ozawa-Flynn-Wall method. These values were
compared with those obtained using Kissinger’s
method. From experimental results, it was found that
the optimum temperatures of service for these mate-
rials were different, so one or the other must be se-
lected, depending on the application temperature
considered (20).

The kinetics of thermal decomposition of
poly(phenylene sulfide) (PPS) were studied by ther-
mogravimetry of two different manufactured poly-
mers. The kinetic parameters, such as activation en-
ergy and Arrhenius pre-exponential factor, were
calculated using three methods: the Kissinger, the
Ozawa-Flynn-Wall, and the Day methods. All meth-
ods indicated first-order reaction kinetics. Half-time
estimation of the materials indicated that one was
more stable than the other (21).

Four kinetic techniques were evaluated for pre-
dicting service lifetime of polymers from weight
loss data: (a) factor-jump thermogravimetry, (b) iso-
conversional diagnostic plots, (c) varied heating rate
analysis, and (d) analysis at low conversion. The
methods were illustrated by examples of polystyrene
and polyurethane degradation. The factor-jump
method gave high precision and values for the acti-
vation and values for the activation energy, which
were independent of one another and of sample his-
tory (22).

The thermostability of carbon-fiber/epoxy-
cyanate composites prepared from an autoadhesive
and autoextinguish prepreg were tested. Dynamic
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and isothermal aging tests were carried out to evalu-
ate the composite thermal stability. Thermal degra-
dation products were identified by chromatography
and mass spectrometry analysis, and the results ob-
tained were compared with data known on the mate-
rial network structure. The physico-chemical net-
work structure changes and the thermal aging data
were correlated with the interlaminar shear strength
(ILSS) mechanical results. For epoxy-cyanate com-
posites, cracking appeared at longer times of aging
in comparison to epoxy composites. This new
epoxy-cyanate material isothermal stability seemed
to be more thermally stable, particularly after it was
post-cured. The comparison of chemical, mechani-
cal, and crack formation results obtained by acceler-
ated aging tests allowed us to determine models to
predict long-term behavior (23).

4.5 MECHANICAL EXPERIMENTS

The long-term durability of polymeric composites
was associated with the gradual change in physical
properties, which occurs with the passage of time
and with loading. The many mechanisms that effect
composite long-term durability were grouped into
three categories: (1) nonlinear constitutive behavior
(such as viscoelastic or viscoplastic behavior); (2)
mechanical degradation (such as matrix cracking,
fiber failures, and delaminations); and (3) aging ef-
fects. The latter was further divided into physical
and chemical aging phenomena. Analytical and/or
empirical models were developed, which accounted
for each of these factors separately. The challenge
before the composites community was to develop
predictive methodologies that would account for all
factors acting simultaneously (24).

A method for predicting the time to brittle failure
of polyethylenes was proposed. The method in-
cluded modeling slow crack-growth in polyethyl-
enes and the experimental determination of material
parameters for the model. The model was based on
the concept of the crack layer, such as a system con-
sisting of the strongly interacting crack and process
zone and the kinetic equations that govern the crack
layer growth. The process zone in polyethylenes
usually appeared to be a thin strip of drawn material
extending along the crack line. This permitted a
characterization of the crack layer by two parame-
ters: the crack and process-zone lengths. The two-
parameter crack layer kinetic model allowed de-
scription of slow crack growth as the discontinuous
(stepwise) process, which is commonly observed in
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the brittle fracture of polyethylenes. The model also
predicted a relationship between time to failure and
applied stress, identical to the established experi-
mental stress. The material parameters of the kinetic
model can be determined by experiments on smooth
specimens relating to slow crack growth, requiring
relatively short-term observations. Thus, the combi-
nation of the material testing and the mathematical
modeling of the crack layer evolution were proposed
as a method for lifetime prediction in the brittle frac-
ture of polyethylenes (25).

The aim of a published study was to analyze the
creeping process of polysulfone and its composites
reinforced with carbon fibers in vitro conditions. All
samples were observed as load-bearing implants.
The investigations were carried out at room temper-
ature in air and in vitro in Ringer’s solution. Me-
chanical testing was carried out on a Zwick 1435
machine, with the force between 300-1,800 New-
tons. The nominal strain and the time of failure were
observed. As a result, long-term behavior was ob-
served for the samples under mechanical tension and
in biological environments. On the basis of the com-
pleted experimental data, the critical force was de-
termined, under which the material could work for
extended times without failure, and the lifetime for
remote load and acceptable deformation were esti-
mated (26).

To evaluate the degradation in stiffness for deter-
mining a damage function, flexural fatigue tests with
different stress levels were first conducted on the
carbon fiber reinforced plastics cross-ply laminates.
Then, based on the damage function, a cumulative
fatigue damage rule for predicting the lifetime for
the composites subjected to a multi-stress level fa-
tigue loading was proposed. Finally, the two-stress
level fatigue tests were performed to verify the pro-
posed rule. From the present study, the damage func-
tion was found to increase cubically with an increas-
ing number of cycles for each stress level. It was also
found that the lifetime obtained from the two-stress
level fatigue tests was longer than the predicted one
for the stress increasing case, while it was shorter for
the stress-decreasing case (27).

A study was conducted based upon creep of com-
posites used in implant applications during in vitro
conditions. Samples were prepared from polysul-
fone and its carbon-reinforced composites and ap-
plied to load-bearing implant applications. Testing
was conducted at room temperature in air and in
vitro Ringer’s solutions. Mechanical property test-
ing was conducted on a Zwich 1465 machine with
forces between 300 and 1,800 Newtons. Both nomi-

nal strains and the time to failure were measured.
The results of the testing indicated that the data en-
abled estimation for long-term sample behavior
under mechanical tension and the biological envi-
ronment’s influence on it. Critical forces were deter-
mined under which the material can work for ex-
tended time without failure, and the lifetime for
remote load and acceptable deformation of investi-
gated samples was estimated (28).

A comprehensive analytical model for predicting
long-term durability of resins and of fiber-reinforced
plastics was presented. It took into account visco-
elastic/viscoplastic creep, hydrothermal effects and
the effects of physical and chemical aging on poly-
mer response. An analytical tool consisting of a
specialized test-bed finite element code, NOCA-
3D, was used for the solution of complex stress ana-
lytical problems, including interactions between
non-linear material constitutive behavior and en-
vironmental effects. Computer simulations of the
hydrothermal cycling of a woven graphite/epoxy
laminate and transverse creep response of a unidirec-
tional IM7/5260 (graphite/epoxy) composite were
presented as benchmark problems to demonstrate
some of the predictive capabilities of the proposed
durability prediction model. Good agreement was
obtained between the proposed model predictions,
the exact solutions, and the published results for
cases where physical aging was not considered.

When physical aging was included in the pro-
posed model using an effective-time parameter, the
predicted increase in the rate of stiffening was found
to be small when compared with actual test data. It
was therefore likely that in addition to physical
aging, there were other aging processes that may
have caused the IM7/5260 specimen to become in-
creasingly “stiff”” with continued thermomechanical
cycling. However, the accuracy of the aging predic-
tions could be completely verified only after the mo-
mentary creep properties for the IM7/5260 compos-
ite were determined from short time tests (29).

The creep behavior of a longitudinal polymer
liquid crystal (PLC) was examined in the region of
nonlinear viscoelacticity. The creep compliance
D curves at nine different stress o levels, from 10-50
J.cm™3 at a constant temperature were determined
and shifted along the log time axis for ¢, = 20
J.em™ to produce the D versus t/ag master curve. A
fairly general formula for stress shift factor a; based
on free volume v/ and the chain relaxation capability
(CRC) derived by one of the authors was applied.
The formula predicted values that agreed with the
experimental ones within the limits of the experi-



mental accuracy. Thus, experiments at several stress
levels could serve for prediction of long-term behav-
ior from short-term tests. The same value of the
Doolittle constant B was obtained separately from
temperature shift and stress experiments for the PLC
(30).

An excellent study based upon the prediction of
adhesive fatigue vulnerability using dynamic me-
chanical analysis (DMA) has recently been reported
in the literature. The vulnerability of an adhesively-
bonded joint to fatigue effects is difficult to assess.
Many physical tests were performed to determine or
predict the useful lifetime of an adhesive bond. Most
of these tests are destructive and are based on multi-
ple samples and a statistical analysis of results. It is
impossible to test all conditions and loads.

Adhesive failure under fatigue was traced to
many compounding factors. DeGennes has shown
that the Tg at the adhesive interface differs from the
bulk Tg by as much as 50 °C lower than the bulk ma-
terial (31). Further, adhesive failure under fatigue
was linked to frequency effects, with low-frequency
fatigue being more detrimental than higher strain
rates, and the attendant creep was the principal con-
tributor to failure (32).

Since creep is more prevalent in lower modulus
materials, the low surface Tg, low-frequency fatigue
rates, and creep-dominant failure support the notion
that adhesive failure is time dependent (creep domi-
nant) rather than cycle dependent, as is the case for
metals or other materials (33-35).

Creep is difficult to measure and is usually mea-
sured with a static load test (for example, per ASTM
D1780). One manifestation of creep is a reduction in
the Tg of a material. As creep exerts its influence, the
apparent Tg of a material will decrease due to the
“stretched” polymer chains or the reduction of bulk
steric interactions resulting from creep. The resis-
tance to creep flow was particularly evident at low
strain rates, where the creep-affected polymer chains
exhibited their poorest response to stress, having be-
come more “plastic.” After a “creep-inducing fa-
tigue event,” measurement of the shift in apparent Tg
of the adhesive, or a miniature bonded joint, at low
strain rate can provide an indication of the relative
susceptibility of the material or the joint to fatigue
effects.

For several years, dynamic mechanical analysis
tests on bulk adhesive samples and small test joints
were studied to determine their relative susceptibil-
ity to fatigue effects. This involved a series of Tg
measurements and a comparison of the shift in Tg
after a fatigue event. The general practice was to
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measure the Tg of the adhesive or joint at 1 Hz ini-
tially, then at 0.1 Hz, using a standard temperature
sweep program. A fatigue cycle was then performed
at some predetermined series of load cycles. The Tg
was then re-measured at 0.1 Hz. Shifts in Tg at 0.1
Hz before and after the fatigue cycle were used to
evaluate the relative tendency of the adhesive or
joint system to fatigue effects (36).

4.6 MISCELLANEOUS
EXPERIMENTATION

Nonisothermal crystallization kinetic data obtained
from differential scanning calorimetry (DSC) for a
poly(ethylene terephthalate) were corrected for
the effects of temperature lag between the DSC sam-
ple and furnace, using the method of Eder and
Janeshitz-Kriegl. This method was based on experi-
mental data alone, without resorting to any kinetic
model. The method was presented for shifting the
corrected nonisothermal crystallization kinetic data
with respect to an arbitrarily chosen reference tem-
perature to obtain a master curve (37).

Vickers micro-indentation was utilized to follow
the changes in microhardness and to evaluate the
chemical aging and oxidation phenomena in high-
performance carbon fiber-reinforced thermoplastic-
toughened thermoset composite (a modified cyanate
ester resin) and a semicrystalline thermoplastic com-
posite. Oxidation profiles with aging were obtained
on [00°]8 (unidirectional) composite specimens by
indenting across the thickness of the samples in the
fiber direction. Samples were aged up to six months
in environmental chambers at 150 °C in three differ-
ent environments: an inert nitrogen environment, a
reduced air pressure of 13.8 KPa (2 psi air), and am-
bient air pressure. The experimental results showed
a considerable drop in overall hardness of both ther-
moset and thermoplastic composites after a week of
aging in all of the three environments. This was at-
tributable to a thermal stress-relieving effect. Very
little additional change was observed after six
weeks’ aging. Thereafter, the hardness profiles
showed drops in hardness starting at the specimen
edges initially, and then gradually spreading to the
specimens’ interiors with time. These observations
were indicative of diffusion-controlled oxidation in
the samples. Also, the hardness drops in the com-
posites appeared to be sensitive to oxygen partial
pressure in the aging environment. Samples aged in
ambient air were the most affected, while those in
nitrogen were least affected. A similar diffusion-
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controlled oxidative process was also developed
from Vickers indentation results on aged thermoset
(bismaleimide) composites (38).

A simple mathematical equation based on a diffu-
sion model was utilized to estimate migration of
both acrylonitrile and styrene from polymers pro-
duced from these monomers, which were used under
a wide variety of food-contact applications. These
calculated migration values have subsequently been
used to estimate U.S. consumers’ exposure to acry-
lonitrile and styrene from food stored in these mate-
rials. The basic assumptions integral to the model
were discussed in relation to potential errors in mi-
gration estimates that could be experienced if the as-
sumptions were not true. In addition to the discus-
sion of the basic assumptions, factors affecting the
migration predictions were evaluated in this study,
including polymer “aging”; temperature changes
during the lifetime of the polymeric item; the effects
of polymer-modifying materials, such as plasticiz-
ers; impact modifiers; and the physical form of the
article or test sample (39).

An area of medical applications related to denture
lining materials was studied. Soft denture lining ma-
terials are an important treatment option for patients
who have chronic soreness associated with dental
prostheses. Three distinctly different types of mate-
rials are generally used. These are plasticized poly-
mers or copolymers, silicones, or polyphosphazene
fluoroelastomers. The acceptance of these materials
by patients and dentists is variable. The objective of
this study was to compare the tensile strength, per-
cent elongation, hardness, tear strength, and tear en-
ergy of eight plasticized polymers or copolymers,
two silicones, and one polyphosphazene fluoroelas-
tomer. Tests were run at 24 hours after specimen
preparation and repeated after 900 hours of acceler-
ated aging in a Weather-Ometer device. The data in-
dicated a wide range of physical properties for soft
denture lining materials and showed that accelerated
aging dramatically affects the physical and mechan-
ical properties of many of the elastomers. No soft
denture liner proved to be superior to all others. The
data obtained provided clinicians with useful infor-
mation for selecting soft denture lining materials
(40).

4.7 SUMMARY

In the preparation of this chapter on lifetime predic-
tions of plastics, many different sources were used.
The author wishes to point out several for the

reader’s perusal. One includes a chapter on lifetime
predictions that contains a review with 16 references
on plastic degradation testing with emphasis on
standardized procedures, models for change of pa-
rameters with time, time-dependent mechanical
properties, environmental degradation tests, test lim-
itations and simulated design life by accelerated ex-
posure of products (41).

Another set of references was found by searching
the Internet. It was located in a Google search of a
professional society—the Society For the Advance-
ment of Materials and Processes (SAMPE). This
useful and informative site includes lifetime predic-
tions of fiber reinforced plastics, especially those
used in advanced composite applications.

A good reference for lifetime predictions can
be found in a treatise on the subject. This treatise
covers various aspects of the types of testing involved
in performing lifetime predictions. It covers the fol-
lowing subjects: (a) standardized procedures; (b)
models for change of parameters with time; (c) time-
dependent mechanical properties which include
creep and stress relaxation, fatigue, and abrasion; (d)
environmental degradation tests which include mod-
els for effect of level of degradation agents, Arrhenius
relationships, time/temperature shifts based upon the
Williams-Landel-Ferry equation, artificial weather-
ing, ionizing radiation, effect of liquids, and dynamic
conditions; (e) limitations; and (f) simulated design
life exposure of products. This treatise gives the
reader a good general overview of all the mathemati-
cal techniques available to determine lifetimes (41).

In the determination of lifetime predictions, key
factors must be observed. One includes the ability to
draw a straight line through the data points, depend-
ing on how they are plotted. A slight deviation in the
drawn line can reflect major changes in the time of
life of a product. This becomes more evident in the
determination of lifetime by chemical kinetics meth-
ods. In some cases, attempts have been made to
force data to fit into a particular pattern that may be
incorrect. Chemical kinetics techniques should be
reserved only for chemical-caused events. This au-
thor finds the generation of master curves the best
overall technique, if it can be employed.
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ELECTROCHEMICAL CORROSION
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CORROSION PROCESSES 92

5.4 EXPERIMENTAL POLARIZATION CURVES 96

5.1 INTRODUCTION

The term corrosion for a metallic material in a liquid
environment normally refers to the loss-of-mass of
the material as a function of time through interaction
with the environment. The loss of mass may be uni-
form over the material surface or highly localized, as
in crevice and pitting corrosion. Furthermore, the
loss of mass may result in simple or complex metal
ions dissolved in the solution, or as solid corrosion
products formed at the metal/solution interface,
often as metal hydroxides or oxides. If solid corro-
sion products are formed, and if they are adherent to
the metal surface, nonporous, and have good resis-
tance to electron and/or ion transport, a “passive
film” will be developed that can drastically reduce
the corrosion rate of the metal.

The fundamental mechanisms that control the
metallic aqueous-corrosion processes (corrosion
in acids, bases, salt solutions, etc.) are electrochem-
ical in nature. To understand the electrochemical
mechanisms, one must understand the underlying
sciences of electrochemical thermodynamics and
electrochemical kinetics. Electrochemical thermo-
dynamics allows the prediction of whether corrosion
will occur for a given metal in a given solution at a
given temperature. If corrosion does occur, thermo-
dynamics allows prediction of the form of the corro-
sion products (ionic or solid) and whether passive
film formation is possible. Electrochemical kinetics
(in combination with thermodynamics) is the basis

5.5 EXAMPLES OF ELECTROCHEMICAL CORROSION
MEASUREMENTS AND CHARACTERIZATIONS 98

5.6 SUMMARY 102

5.7 REFERENCES 103

for rapid electrochemical corrosion measurements,
including characterizations of corrosion rates, uni-
form verses localized corrosion, and passivation
behaviors.

Most of the following information is presented in
more detail in Fundamentals of Electrochemical
Corrosion by E. E. Stansbury and R. A. Buchanan.!

5.2 ELECTROCHEMICAL
THERMODYNAMICS

5.2.1 Electrochemical Reactions, the
Electrochemical Cell, and the
Gibb’s Free-Energy Change

Electrochemical reactions may be divided into at
least two half-reactions, with each half-reaction
involving loss or gain of electrons by chemical spe-
cies that, as a result, undergo valence changes. The
half-reactions involve metal surfaces at which (1)
metal ions either pass into or are deposited from so-
lution, or (2) the valence state of another species is
changed. If the half-reactions occur on physically
separated metals in an appropriately conducting
medium (usually an aqueous solution), a difference
in electrical potential is generally observed to exist
between them. For example, consider the following
corrosion reaction:

F, +2HCI — F.Cl, + H,, (5.1)

81
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or, if the ionized states of the HCI and FeCl, are
taken into account, the equivalent reactions of

Fe + 2H* + 2CI” — Fe?* + 2CI” + H, (.2)
and
Fe + 2H* — Fe?* + H,. (5.3)

Reaction 5.3 is the sum of the following half-
reactions:

Fe — Fe?t + 2¢ (5.4)
and
2H* + 2e —- H,, 5.5)

in which the iron, having lost electrons to form fer-
rous ions, is oxidized, and the hydrogen ions are re-
duced to hydrogen gas. Conceptually, these two
half-reactions may be caused to occur at physically
distinct surfaces by placing iron into a solution of
ferrous ions and platinum, which is normally chem-
ically inert, in a solution of hydrogen ions into which
hydrogen gas is bubbled. The arrangement is shown
in Figure 5.1. A porous barrier is indicated between
the two electrodes, across which ionic electrical
conduction can occur (but with minimum mixing of
solutions). There is a potential difference at this lig-
uid/liquid junction, but it is generally small com-
pared to other potential differences and will not be
considered in the present discussion.

The electrochemical cell (or battery) that results
will have a difference in electrical potential between
the metal electrodes.?3 This potential difference is a
function of the concentrations of Fe** and H* ions

MaToR |
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FIGURE 5.1 Electrochemical cell.

and the pressure of the hydrogen gas, at a given tem-
perature. If these variables are adjusted to unit activ-
ity (essentially unit molality for the ions in dilute so-
lution, and one atmosphere pressure for the
hydrogen), the potential difference in the limiting
idealized case at 25 °C, with the electrodes not elec-
trically connected, is 440 mV, with the platinum on
which the hydrogen reaction occurs being positive.
It is noted that when the two electrodes are not elec-
trically connected, each half-cell reaction is at equi-
librium (Fe = Fe?* + 2e and 2H* +2e = H,). It is im-
portant to note that measurement of the potential
difference with an electrometer does not constitute
electrical connection, since the internal resistance is
extremely high (>10!4 ohms) and essentially no cur-
rent is allowed to flow. Also, the assumption is made
here that the spontaneous hydrogen reaction on Fe is
negligible compared to that on Pt. The overall reac-
tion (Reaction 5.3) will not occur until the two elec-
trodes are connected externally, either directly or
through some device utilizing the current to perform
work.

For example, upon connection of an electrical
motor (Figure 5.1), electrons will flow from the iron
electrode (at which net oxidation occurs, Fe — Fe?*
+ 2e), through the motor, to the platinum electrode
(at which net reduction occurs, 2H* + 2e — H,).
(Unfortunately, we are accustomed to considering
electrical current as a flow of positive charge from
the positive to the negative terminal—just the oppo-
site of the electron flow direction.) If the motor is
mechanically and electrically perfect, then the elec-
trochemical energy released by the cell reaction re-
sults in an equivalent amount of work; otherwise,
part or all of this energy may be dissipated as heat.

The maximum amount of work that can be ob-
tained per unit of reaction (i.e., per unit overall reac-
tion—here, per mole of iron) is that of the reversible
transfer of the electrons (electrical charge) through
the potential difference between the electrodes. It
can be shown that this maximum work,w, is equal to
the decrease in Gibb’s free energy, AG,,., for the
overall reaction at constant pressure and tempera-
ture, as follows:*

W/ =—AG (5.6)

Conventional electrical circuit analysis considers
that positive electricity (positive charge) flows as a
consequence of the difference in potential. If unit
positive charge (with magnitude equal to that of the
electron charge) is designated as e* and c charges are
transferred per unit of reaction, then the reversible
electrical work is given by

react*



w, = ce"E_. s (5.7)
where E_, is defined such as to be positive when w’
work is done as a consequence of the spontaneous
reaction (i.e., work done by the system). If each
symbol for a chemical species in a reaction is inter-
preted to represent a mole of the species, then in the
present example the unit of reaction involves one
mole, or Avogadro’s number (N,) of iron atoms,
which produces 2N, charges upon reaction. In gen-
eral then, ¢ =nN, where n is the number of moles of
unit charges (electrons) transferred per unit of reac-
tion. The reversible electrical work, therefore, is

w,=nN_e*E (5.8)

cell
Wlf = nFEceH, (5.9)

where N e*=F is Faraday’s constant or the absolute
value of the charge of N electrons. Substitution of
Equation 5.9 into Equation 5.6 gives

AG

—nFE (5.10)

react — cell

Since E_; is defined to be positive for a spontaneous
reaction, this equation correctly expresses a de-
crease in Gibb’s free energy (negative value of
AG,.,.), which is the thermodynamic criterion for a
spontaneous reaction at constant temperature and
pressure.

An electrochemical cell, such as that represented
in Figure 5.1, will have a difference in potential,
E .1, between the metallic conductors extending out
of the solution (i.e., Fe and Pt). This difference in po-
tential is a consequence of the electrochemical reac-
tion at each metal/solution interface and the accom-
panying potential difference established across each
interface. If these individual interface potential dif-
ferences could be measured, then the cell potential
for any combination of electrochemical reactions
could be calculated.

Unfortunately, a single metal/solution interface
potential difference cannot be measured directly,
since the metal probe from an electrometer used to
measure the potential difference will, on contacting
the solution, introduce another metal/solution inter-
face. Hence, the electrometer will indicate only the
difference in potential between the metal under in-
vestigation and the metal probe in contact with the
same solution. A practical solution to this dilemma
is provided by selecting one of several specific
metal/aqueous-environment combinations that will
give a highly reproducible interface potential differ-
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ence, and therefore function as a standard reference
electrode. More specifically, these combinations are
referred to as standard reference half-cells, since
they must be used in conjunction with the metal
under investigation to produce a complete electro-
chemical cell, with metal contacts between which a
difference in potential can be determined.

The accepted primary reference electrode is the
hydrogen half-cell described in association with Fig-
ure 5.1.5 It consists of platinum (which serves as an
inert conductor) in contact with a solution at 25 °C,
saturated with hydrogen gas at one atmosphere pres-
sure, and containing hydrogen ions at pH = 0 (hy-
drogen-ion activity, ay+ = 1). In practice, the major
use of the standard hydrogen electrode (SHE) is for
calibration of secondary reference electrodes that
are more convenient to use. Two common reference
electrodes are the saturated calomel electrode (SCE)
or mercury/saturated-mercurous-chloride half-cell
with a potential of +241 mV relative to the SHE, and
the silver/saturated-silver-chloride half-cell with a
relative potential of +196 mV. Both of these elec-
trodes are saturated with potassium chloride to
maintain a constant chloride and hence metal-ion
concentration.

5.2.2 The Generalized Cell Reaction

It is useful to establish a more generalized repre-
sentation for the electrochemical cell reaction, as
follows:

XM + mX*t < xM™ + mX, (5.11)

which is the sum of the following two half-cell
reactions:

XM < xM™* + (xm)e (5.12)
mX** + (xm)e <> mX, (5.13)
or
X(M < M™ + me) (5.14)
m(X**t + xe < X), (5.15)

where the parentheses above contain the usual repre-
sentations of the half-cell reactions (except for the <>
symbol) that are tabulated in reference tables for the
equilibrium condition (i.e., for example, M = M™* +
me).58 The standard equilibrium half-cell potentials
for several reactions are given in Table 5.1. The <>
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TABLE 5.1 Standard Equilibrium Half-Cell Potentials

Standard Equilibrium Half-Cell
Potentials, E°, mV(SHE)

Zn =7Zn* + 2e -763
Fe = Fe?* + 2e —440
Pb = Pb%+ + 2¢ —126
Cu=Cu? +2e +342
Ag=Agt+e +799
H'+e=1/2 H, 0
H,0 +¢=1/2 H, + OH- 820
0, + 4H* + 4e = 2H,0 11,229
0, + 2H,0 + 4e = 40H- +401

symbol is used in this text to denote the stoichiomet-
ric relationship between reactive species. It is specif-
ically employed to indicate that no assumption is
being made regarding the spontaneous direction of
the overall reaction—Reaction 5.11 (i.e., it could be
either left-to-right or right-to-left). If, for example,
the spontaneous direction for Reaction 5.11 is left-to-
right, the spontaneous direction for the half reactions,
5.12-5.15, also will be left-to-right.

It is convenient to use an abbreviated cell repre-
sentation for the generalized reaction, as shown in
Figure 5.2. The reduced species on the left side of
the overall reaction (M) and its associated ion (M™*)
are identified as the left-hand-electrode (LHE); the
reduced species on the right side (X) and its asso-
ciated ion (X**) are identified as the right-hand-
electrode (RHE).

If Reaction 5.11 occurs spontaneously from left-
to-right, then

AG,., <0, (5.16)

react

where AG,,, always applies to the left-to-right di-
rection of Reaction 5.11. For this condition, if the

Ecell

LHE RHE

M = MM* + me Xxt +xe =X

FIGURE 5.2 Abbreviated cell representation showing
E . and half-cell reactions.

€ — e =

- - |

M Mm+ xx+ [ x

LHE RHE

M — MM + me X** +xe > X

FIGURE 5.3 Abbreviated cell representation showing
current flow when the half-cell reactions are coupled.

electrochemical cell reaction is allowed to occur, the
electron flow and conventional-current flow direc-
tions will be as shown in Figure 5.3. According to
electrical circuit convention, X (in this case) is at a
higher potential than M, and the flow of current from
X to M provides electrical energy capable of doing
work. As discussed previously, this work is related to
the change in Gibb’s free energy through Equation
5.10, namely:
AG

—nFE_,; (n = xm) (5.17)

react =
In this relationship, n is the number of moles of elec-
trons transferred per unit of the reaction (i.e., per x
moles of M, etc).

Care must be exercised in assigning a sign to E_;;
such that the cell potential and the change in the
Gibb’s free energy for the reaction are consistent
with Equation 5.17. This is one of the most critical
points with respect to notation in electrochemistry. If
Reaction 5.11 occurs spontaneously from left-to-
right, AG,, must be negative (Equation 5.16).
Then, in order to be consistent with Equation 5.17,
E..; must be positive. For these conditions, as shown
in Figure 5.3, the half-cell potential of the RHE
is greater than that of the LHE. Therefore, a posi-
tive E ), value is accomplished by defining E ., =
E'rue — E'Lug, Where E'gyp and E'| i are the equi-
librium half-cell potentials of the right-hand and
left-hand electrodes, respectively. Indeed, for all
conditions, E_; will have the proper sign if the fol-
lowing convention is adopted:

Ecan :E,RHE - EILHE (5.18)
It follows from the above discussion that if calcu-
lations result in E'ypyp < E'} g, Eq Will be negative.

A negative value of E_ results in AG,,,., > 0 and,



hence, the conclusion is that the reaction will not
proceed from left-to-right, but rather that the sponta-
neous direction is from right-to-left. Similarly, if
calculations result in E'gyp = E'; yg, Ee Will be
zero. Therefore, AG,,, = 0, and the overall reaction
will be at equilibrium.

During the corrosion process, it is important to re-
alize that both the anodic reaction (oxidation, e.g.,
M — M™ + me) and the cathodic reaction (re-
duction, e.g., 2H* + 2e — H,) occur on the same
metal. In this case, therefore, the electron-conduct-
ing phase for both the LHE and the RHE would be
the metal, M.

5.2.3 The Nernst Equation: Effect of
Concentration on Equilibrium
Half-Cell Potential 2°

Again consider the generalized overall electrochem-
ical reaction

XM + mX**t <5 xM™+ +mX. (5.19)
To determine whether the reaction proceeds from
left-to-right, from right-to-left, or is at equilibrium,
one must determine the equilibrium potentials (E’
values) for the two half-reactions:

XM = xM™ + (xm)e (5.20)

mX**t + (xm)e = mX (5.21)
One of the most significant equations derived
from chemical thermodynamics permits calculation
of the change in the Gibb’s free energy for the over-
all reaction at constant total pressure and tempera-
ture as a function of change in Gibb’s free energy of
the reactant and product species in their standard
states, and the concentrations of those species whose
concentration can be varied. The equation is:

o ay * ayme
AG = AGrye + RTIn ———. (5.22)

Ay Ay
In this equation, AGY,,. is the change in the
Gibb’s free energy for the overall reaction as written
for reactants and products in their standard states.
The a’s are the activities of the species indicated by
the subscripts—each activity is raised to a power
equal to the stoichiometric coefficient of the species
as it appears in the reaction. The activity is fre-
quently called the effective concentration of the
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species since it naturally arises as a function of the
concentration that is necessary to satisfy the changes
in the thermodynamic functions (here, the Gibb’s
free energy). In electrochemical systems, the activ-
ity is usually related to the molality of the species
(moles per 1,000 grams of solvent) by the following
equation:
a=ym, (5.23)
where 7y is the activity coefficient and m the molality.
The standard state for reactants and products in
Reaction 5.19 is pure solid for solid species, one at-
mosphere pressure for gas species, and unit activity
(approximately unit molality) for ionic species. The
activity is unity in each of these standard states. If
one or more species are solids under the actual con-
ditions of the reaction, or a gas exists at one atmos-
phere pressure, then unit activity for each of these
species is substituted in Equation 5.22, which effec-
tively removes these activities from the log term.
Also, the activity of water can usually be set equal to
unity, since its concentration changes insignificantly
in most reactions in aqueous solution. Thus, taking
M and X as solids, Equation 5.22 reduces to

aK/Ier

AG,,c = AGp, + RT In (5.24)

agx +

Another significant equation, previously derived
in this section, permits calculation of the change in
Gibb’s free energy for the overall reaction from the
electrochemical cell potential, E

AG -nFE (5.25)

react — cell>

where n = xm in the present case.
Therefore, relative to the generalized overall re-
action of Equation 5.19,

AG ., = —(Xm)FE (5.26)
AGS o = —(xm)FEQ;. (5.27)
On substituting into Equation 5.24,
RT . aym
Een = Bl — — 5 1In (5.28)

xmF ~ aRe

Also,

Ecen = Ei{HE - EiHE = E/X,X"* - Efv[,Mm+ (5.29)
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E(():ell = E(}){HE - E%HE = E())(,XX+ - E%/I,Mm-h (530)
Substitution into Equation 5.28 yields

’
EM,M"H

RT
Eg( XX+ + — “F In Ayx+

’
EX’X)H» -

RT
EM 1Y + F ln aM (531)
or
, R
EX,X + EXX + + F ln aX x+ (532)
E{VI,M"H = EIOVI,M"” + 7F ln aMm+. (533)

Equations 5.32 and 5.33 are Nernst half-cell
equations. For example, with Equation 5.33, when
aype = 1, By e = ER e Hence, By yyme is the half-
cell potential at unit activity of the ions (i.e., the
standard equilibrium half-cell potential). Values of
the standard potentials of many electrode reactions
are available in the literature, some of which are
given in Table 5.1.8 All values are given in sign
and magnitude relative to the standard hydrogen
electrode (SHE). Many half-cell reactions involve
species on both sides of the reaction that have vari-
able concentrations in solution. These circumstances
are handled by using the Nernst half-cell equation in
the following more general form:

, . RT II[Ox;]"
Exvz = Exyz + — oF In W

(5.34)

In this equation, X, Y, and Z are symbolic repre-
sentatives of the species involved in the reaction;
I1[Ox;]i is the product of the activities of the species
on the “oxidized side” of the reaction (the side show-
ing electrons produced), each raised to its stoichio-
metric coefficient (v;); I1[Red;]"i has similar mean-
ing for the “reduced side” of the reaction; and n
is the number of moles of electrons produced (or
consumed) per unit of the half reaction. Application
of Equation 5.34 is illustrated in the following
examples:

OH 1/2H,0 + 1/40, + e
reduced

5.35
oxidized ( )

E T | ng 5.36
o =B o +— : )
OH 0, OH",0, 1F n for ( )

When the values of the constants R and F are inserted,
the natural logarithm converted to base-ten loga-
rithm, and the temperature assumed to be 298 °K
(25 °C, essentially room temperature), Equation 5.36
becomes

59 P1/4

Eon 0,[MV(SHE)] = Egy- o, + — 1 log

Ao (5.37)

Similarly, for

HNO, + H,0 NOj + 3H" + 2e

5.38
reduced oxidized ( )
E,HNOZ,Nog,H*[mV(SHE)]
59 aNOg aI3_I+
= Eino,nosns + 5 log———— (5.39)
2 anNo,

5.2.4 Examples of Electrochemical
Cell Calculations in Relationship
to Corrosion

In most corrosion calculations, the metal-ion con-
centration in the environment is usually unknown. In
the absence of specific values of activity, a reason-
ably low activity of 1076 is usually assumed. This
corresponds to less than one ppm (parts per million)
by weight. Also, most environments will not contain
hydrogen and the question arises as to the value of
Py, to use in calculations on cathodic reactions in-
volving hydrogen evolution. Since hydrogen bub-
bles cannot form unless the hydrogen pressure is
about one atmosphere (the usual approximate pres-
sure of the surroundings), it is common practice to
assume Py, = 1 atm. Assuming zero for either the
metal-ion concentration or the pressure of the hy-
drogen leads to an infinite potential because the ac-
tivity appears in the log term of the Nernst half-cell
equation. This implies that some corrosion should
always occur initially, since E_; would be infinite
corresponding to an infinite decrease in AG. There-
fore, it is reasonable to assume that activities of the
above magnitude are quickly established on contact
of a metal with an aqueous environment if corrosion
is thermodynamically possible at all.



5.2.4.1

Determine the thermodynamic tendency for silver to
corrode in a deaerated acid solution of pH = 1.0. As-
SUme ay g+ = 1076 and Py, = 1.0 atm. Cell reaction:

Example 1

1
Ag + H < Ag" + EHZ.

Cell representation and calculations:

H*(pH = 1)|H A
Ag|Ag+(aAg+ — 10*6) (p ) » ON g
H, dissolved [Py, = 1 atm.
LHE RHE
At LHE:
Ag=Agr+e

59
Blue = Ehgage = 799 + =~ log 107

E] 4 = 445 mV(SHE).
At RHE:

1
H++e:EH2

Ejue = Bjn- = 0 + 51910g<a1;+>
pH = —log a;+
El = —59 pH = —59 mV(SHE)
Ecei = Egpg — Ef g = —59 — (445) = =504 mV.

E..; 1s found to be negative, which means that
AG =-nFE_ is positive. Therefore, the spontaneous
direction for the cell reaction is right-to-left; conse-
quently, silver will not corrode due to the acidity
represented by pH = 1.0.

5.2.4.2 Example 2

Determine the thermodynamic tendency for silver to
corrode in an aerated acid solution at pH = 1.0. As-
sume a, - = 1076, Py = 1.0 atm., and Py, = 0.2 atm.
Compare the result to that of Example 1 (deaerated
solution). Cell reaction:

4Ag + O, + 4H* <> 4Ag* + 2H,0.
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Cell representation and calculations:

H*(pH=1) |O A
Ag|Ag+(aAg+ — 1076) (p ) > 0N AZ
O, dissolved | Po, = 0.2 atm.
LHE RHE

At LHE, same as Example 1:

El ys = 445 mV(SHE).
At RHE:

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

E;{HE = E,OZH*
, 59 4
ERHE = 1,229 + 7 log POZaH+

Elue = 1,229 =59 pH + 15 log 0.2
Ejye = 1,160 mV(SHE)

cel

Ecell = 715 mV

E..; is found to be positive, which means that AG
is negative. Therefore, the spontaneous direction for
the cell reaction is left-to-right; consequently, silver
will corrode in this aerated acid solution (pH = 1.0)
due to the dissolved oxygen.

5.2.4.3 Example 3

Determine the pH at which silver will not corrode in
an aerated aqueous solution. Refer to Example 2 and
set E..; = 0, with the pH as the unknown variable.

Ecn = Ei{HE - EiHE
0=(1,229 - 59 pH + 15 log 0.2) — 445

pH = 13.1.

5.2.5 Graphical Representation of
Electrochemical Equilibrium:
Pourbaix Diagrams

The equilibrium electrochemistry of an element in
aqueous solution can be represented graphically uti-
lizing coordinates of equilibrium half-cell potential,
E’ and pH. These graphical representations, known
as Pourbaix diagrams in honor of Marcel Pour-
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baix,!0 are essentially phase diagrams from which
the conditions for thermodynamic stability of a sin-
gle aqueous phase, or equilibrium of this phase with
one or more solid phases, may be determined. The
objective of these diagrams is to provide a large
amount of information in a convenient form for
quick reference.

A somewhat simplified Pourbaix diagram for the
iron/water system is shown in Figure 5.4. In this
case, the possible solid phases are restricted to
metallic iron, Fe;O,, and Fe,0;.

Interpretation of the Pourbaix diagram in Figure
5.4 requires discussion of the experimental condi-
tions under which, at least in principle, it would be
determined. The coordinates are pH and electrode
potential, and it is implied that each of these may be
established experimentally. Their values will locate
a point on the diagram and from this point the equi-
librium state of the system is determined. It is as-
sumed that the pH may be established by appropri-
ate additions of an acid or base.

To establish any predetermined electrode poten-
tial, the experimental arrangement shown in Figure

o
IS
Jin

1

5.5 is used. The components and their functions in-
clude the following:

. The aqueous solution of controlled pH. This solu-
tion may contain dissolved oxygen (aerated), or
the container may be closed and an inert gas such
as N, or He bubbled through the solution to re-
move the oxygen present from contact with air
(deaerated).

. The working electrode which is the electrode
under study. It may be an active metal such as iron,
with iron ions being exchanged between the elec-
trode and the solution. This electrode may also be
an inert metal such as platinum, which supplies a
conducting surface through which electrons pass
to oxidize or reduce species in solution.

. The auxiliary or counter electrode, usually plat-
inum, against which the potential of the working
electrode is established.

. The reference electrode, against whose known
half-cell potential the electrode potential of the
working electrode is measured.

a 9 1 I 12 13 14 15 15
T T T T T T 2.2

E' (V(SHE}]

=020
-0.4

2

418

1.6

-06

-0.8f

-l.2L
=14
=16k

-1,8

-2 I 0 1

FIGURE 5.4 Pourbaix diagram for the iron/water system.
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FIGURE 5.5 The potentiostatic-circuit/polarization-
cell arrangement.

e. The electrometer or high-impedance voltmeter
that is used to measure the potential of the work-
ing electrode relative to the reference electrode.
The impedance of these instruments should be
approximately 10'# ohms or greater, such that the
current required to allow measurement will have
a negligible effect on the working electrode.

f. The potentiostat that establishes the potential of
the working electrode. The potential between the
working and auxiliary electrodes is changed until
the electrometer indicates the desired potential
for the working electrode relative to the reference
electrode. Potentiostats are usually electronic in-
struments that may be set to the desired potential;
and this potential is maintained by feedback con-
trol from the reference electrode.

In the following discussion of the Pourbaix dia-
gram for the system iron/water (Figure 5.4), it is
convenient to consider that the potentials repre-
sented along the ordinate axis have been established
by a potentiostat. Thus, if the potential is established
at —0.44 V(SHE) on an iron working electrode in
contact with an aqueous solution at pH < 6.0, then
the equilibrium condition is that of Line 23(0) on the
diagram with the “0” representing a Fe* activity of
10°. Further interpretations of this line, and other
lines and areas (all labeled in accordance with Pour-
baix’s published diagrams'?), are as follows:

1. Lines 23 (i.e., 23(0), 23(-2), etc.) represent the
equilibrium half-cell or electrode potential of
iron as a function of Fe2* activity (Fe = Fe2*+ +
2e) (i.e., by application of the Nernst equation):
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59
Ei:e,Fe2+ = —440 + ? 10g ape+ (5.40)

The parallel lines are identified by the exponent
of 10 of the activity of Fe?* ions in solution (i.e.,
=10°,10-2, 104, 10-°, and others, which are not
shown, at greater dilution). The lines are hori-
zontal, since the half-cell potential is indepen-
dent of the pH at lower values of pH. If the po-
tential that is applied to the iron is below the
equilibrium potential corresponding to the in
contact with iron, the iron will be stable and will
not corrode. Rather, iron will tend to be de-
posited from solution (i.e., ferrous ions will be
reduced to metallic iron). If E, .4 is above
E’ for a given ion concentration, then iron will
tend to pass into solution, increasing the con-
centration of iron ions up to the equilibrium
value corresponding to the applied potential. In-
deed, if B, ;. > E_, net oxidation will occur.

If B, ypriea < E’, net reduction will occur.

. Atagiven ap., increasing the pH eventually re-

sults in the reaction:

E’=+980 - 236pH — 89 log ag.»  (5.42)
Lines 26 therefore represent the equilibrium of

Fe?* ions with Fe;0,, at various Fe?* activities
(i.e., 109, 102, etc.).

. Conditions along Line 13 correspond to a film

of Fe;0, on Fe. That is, Fe and Fe;0, coexist at
equilibrium with water containing Fe?* ions at
an activity given by the appropriate Line 23. Ac-
tually, Line 13 is the locus of intersections of
Lines 23 and 26.

. Above Lines 23, the stable state of the system is

virtually all iron in solution (i.e., ag.. > 10°),
with ag.. > agg..

. Line 4’ corresponds to ap.+ = ap.- and is located

at the equilibrium half-cell potential for the FeZ*
= Fe3* + e reaction.

E¢eper = 770 mV(SHE)  (5.43)

. Below Line 4/,

aFe2+ > aFe3+ (544)

Above Line 4’,
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aFeZ+ < aFe3+ (5.45)

7. Lines 28 correspond to the reaction
2Fe?* + 3H,0 = Fe,0, + 6H* +2e  (5.46)

E’ =-728 - 177pH — 59 log ag..  (5.47)

These lines give the conditions for precipitation
of Fe,O; from solution. Again, the lines are
identified by the exponent of 10 for the ap-.

8. Lines 20 correspond to the formation of Fe,O,
from solutions of ag.+ > ag... Here, the curves
identified as 0, —2, —4, and —6 correspond to
apes = 109, 1072, 104, and 10-°.

9. Line 17 corresponds to the equilibrium of
Fe;0,, Fe,03, and solutions of indicated ag .+ as
a function of potential and pH. With increasing
potential, Fe;O, is oxidized to Fe,0;.

10. Lines a and b correspond to the following equi-
librium reactions:

Line a: 2H*+2e=H, (pH<7) (5.48)

or

- -1 ]
T T T

W 11 13 14 15 16
T T

2H,0 +2e =H, +20H- (pH=7) (5.49)

Line b: 2H,0 =0, + 4H* + 4e
(pH<7) (5.50)

or
4OH =0, +2H,0+4e (pH=7) (5.51)

Therefore, below Line a, H, is produced by re-
duction of H* or H,O, and above Line b, O, is
produced by oxidation of H,O or OH . Between
Lines a and b, water is stable (i.e., it is neither
reduced to H, nor oxidized to O,).

The Pourbaix diagram can be used to make pre-
liminary predictions of the corrosion of metals as a
function of electrode potential and pH. It is empha-
sized that the predictions are very general and the
method has been criticized in leading to incorrect
conclusions, since reference only to the diagram
does not recognize other often-controlling factors
such as rate and non-equilibrium conditions. Figure
5.4 is reproduced in Figure 5.6a with Pourbaix’s
areas of corrosion, immunity and passivation indi-
cated.!0 Figure 5.6b shows the form frequently used

E' [V(SHE)]

-0.2)

oe -2 0 2 4 6 @8 10 12 14 16
U,E 2_ 1 T T T 1 1 ] 1 2
M, 0.4
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i
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-0.8} . . -0/ i
. immunity 59708
al il

. ;3'4
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-1,4L 114 1,21 . _ 4,2
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(a)

(b)

FIGURE 5.6 Pourbaix diagrams for the iron/water system showing regions of corrosion, immunity, and possible pas-

sivation.



to represent these areas, assuming that the activity of
reacting ions is 10-°. The terms are defined as fol-
lows:

o Immunity: If the potential and pH are in this re-
gion, the iron is thermodynamically immune
from corrosion. At a point such as “X” in Figure
5.6a, it is estimated that the Fe2+ activity should
adjust to about 10719 and no corrosion should
occur. H2 would be evolved.

e Corrosion: In these regions of potential and pH,
the system should ultimately become virtually all
ions in solution, and therefore iron existing at
these conditions should corrode.

e Fassivation: In this region, the equilibrium state
is one of oxide plus solution. If iron is placed in
this potential-pH environment, oxide will form on
the surface. If this oxide is adequately adherent,
non-porous, and has high resistance to ion and/or
electron transport, it will significantly decrease
the rate of corrosion. Under these conditions,
the iron is said to have undergone passivation.
These regions in Pourbaix diagrams would be
more accurately identified as regions of “possible
passivation.”

Based on previous discussions, one can determine
from analysis of the Pourbaix diagram whether a
given metal will corrode in aerated (oxygenated) so-
lutions or deaerated (de-oxygenated) solutions at a
given pH. For deaerated solutions, with reference to
the generalized overall reaction,

XM + mX** <> xXM™ + mX, (5.52)

the specific equilibrium half reactions are

M = (Corrosion products) + electrons E . (5.53)

Line a in the Pourbaix diagram represents Exyp
for half-reactions 5.54 and 5.55 as a function of pH,
for =1 atm. The criterion for corrosion is that E_,
= (Exge — ELpp) > 0 (AG,, < 0). Therefore, for cor-
rosion to occur in deaerated solutions, Line a must
be above the metal equilibrium half-cell potential,
E{ e It is reasonable to use the upper metallic
boundary for Ej.g [i.e., Lines 23(-6), 13, and
24(-6) in the case of iron]. Consequently, iron is
predicted to corrode in deaerated solutions at all pH
values.
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For aerated solutions, the specific equilibrium
half-cell reactions are

M = (Corrosion products) + electrons E ;. (5.56)

0, + 4H* + 4¢ = 2H,0 Ejyyp forpH<7  (5.57)

0, + 2H,0 + 4¢ =40H~  Ejyp forpH>7  (5.58)

Line b in the Pourbaix diagram represents Exyp
for half-reactions 5.57 and 5.58 as a function of pH,
for Py, =1 atm. Again, the criterion for corrosion is
that E_;; = (Expyg — E1gg) > 0. Therefore, for corro-
sion to occur in aerated solutions, Line b must be
above the metal equilibrium half-cell potential,
E{ yg, which again is taken to be the upper boundary
of the metal region in the Pourbaix diagram. Conse-
quently, iron is predicted to corrode in aerated solu-
tions at all pH values.

If corrosion is predicted to occur, one can de-
termine from analysis of the Pourbaix diagram
the nature of the corrosion products. First, how-
ever, one must be aware that the potential of the
metal while it is freely corroding, E_,, (i.e., in this
condition, the potential of the metal is not being
externally influenced by, for example, a potentio-
stat) must be between the two equilibrium half-cell
potentials:

EltE < Ecorr < ERue (3.59)

On labeling E| y as E); (since it refers to the
metal equilibrium half-cell potential), and recogniz-
ing that Efyyp; refers to Line a for the deaerated con-
dition and Line b for the aerated condition, Equation
5.59 can be rewritten as

EV<Eioy <Elie. Deaerated  (5.60)

or
EM <Eion <Elinep, Aecrated. (5.61)
E., is known as the corrosion potential, the

open-cell potential, or the open-circuit potential. Its
exact location between Ey; and E7;,. ,, or between
Ey and Ej ., is determined by thermodynamics
and kinetics factors, and will be further discussed in
a subsequent section.

Nevertheless, with regard to prediction of corro-
sion products under freely-corroding conditions, for
iron in a deaerated solution at pH = 2, as an example
(refer to Figure 5.4), the corrosion products are fer-

rous ions (Fe?*) since E ., must lie between Line
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23(—6) and Line a. Under these conditions, passiva-
tion is impossible, since passivation requires the for-
mation of solid corrosion products, not ions in solu-
tion. As another example, consider the corrosion of
iron in an aerated solution at pH = 12. In this case,
the corrosion product is either solid Fe;O, or solid
Fe,0; since E_, must lie somewhere between
Line 13 and Line b. Therefore, passivation is possi-
ble, depending on the characteristics of Fe;O, and
Fe,05. Obviously, these principles can be applied in
the analyses of Pourbaix diagrams for all metals of
interest.

5.3 ELECTROCHEMICAL KINETICS AND
CORROSION PROCESSES

5.3.1 The Elementary Electrochemical
Corrosion Circuit

The elementary electrochemical corrosion circuit is
schematically represented in Figure 5.7. At the an-
odic site, the net oxidation reaction is M — M™+ +
me. At the cathodic site, the generalized net reduc-
tion reaction is X** + xe — X. Actually, at the anodic
and cathodic sites, both oxidation and reduction re-
actions are occurring, as indicated below with re-
spective currents:

M—->—-—->—>M™ +me I\ Anodic Site(5.62)
M« M™ +me 4y Anodic Site(5.63)
X +xe 5—>—>—> X I 4x Cathodic Site(5.64)

Cathodic Site.
(5.65)

X*+xe e X Ix

| —=
Area = Ag cor Area = Ag

Anodic Cathodic
Site  M™ Rs XX Site
Abg (Ei) la SOLUTION le | Age (E)

METAL A+t
/ Rm \

M — M™* + me me XX+ + xe - X

—_—
P S—
ICOIT

FIGURE 5.7 The elementary electrochemical corro-
sion circuit.

The net anodic and cathodic currents (or reaction
rates) are

Ia = on,M - Ired,M (566)

Ic = Ired,X - on,X' (5.67)

However, at the anodic site, the metal-ion reduc-
tion rate is normally quite small compared to the
metal-atom oxidation rate, as indicated by the ar-
rows in Reactions 5.62 and 5.63. Similarly, at the ca-
thodic site, the oxidation rate of X is normally quite
small compared to the reduction rate of X**. There-
fore, the net anodic and cathodic currents are given
approximately by

(5.68)

Ia = on,M

I =legx (5.69)

As a consequence of the transfer of ions and elec-
trons at each interface, differences in electrical po-
tential, A9, and A¢_, develop between the metal and
the solution at the anodic and cathodic sites, respec-
tively, where

Aq)a = ¢M,a _(I)S,a (570)

A¢c = (bM,c _(I)S,c'

The subscripts a and ¢ designate the anodic and
cathodic sites, and the subscripts M and S designate
the metal and solution phases. These differences in
potential, coupled as shown, constitute the electro-
chemical cell in which electrons are caused to flow
from the anodic to the cathodic site in the metal;
conventional electrical current (positive charge)
flows in the opposite direction. In the solution, cur-
rent flows from the anodic to the cathodic site as a
consequence of the potential in the solution being
higher above the anodic site than above the cathodic
site (i.e., §g , > g o). This current is defined as a pos-
itive quantity for the spontaneous corrosion process
represented in Figure 5.7. In practice, individual in-
terface differences in potential, A¢, are assigned val-
ues relative to the standard hydrogen electrode
(SHE). In this chapter, these values are designated
by E for the general case, by E’ for the case of no
current passing (equilibrium), and by E’ for the case
of a corrosion current passing the interface. If the
potential of the standard reference electrode is taken
as zero (as is true for the SHE), then for the general
case, Ap, = Ey; and Ad, = Ex.

(5.71)



The driving potential for the current in the solu-
tion, Adg, is

Ads = 5, = 05 c = Oy = ADy) = Oy — AD ) (5.72)

If it is assumed that the metal path is a good electri-
cal conductor (as is the general case), the potential
difference in the metal will be small and ¢y , = Oy .-
The driving potential for the current in the solution
is then

Adg = Ad, — A, = E% — E} (5.73)
where the Es are now double superscripted to em-
phasize that their values are associated with the cor-
rosion current. Recognizing that Ohm’s law must
apply, the corrosion current is given by

Icorr = (Eg{ - EK/I)/(RS + RM + Rinlerface)’ (574)

where Rg and Ry, are the resistances of the solu-
tion and metal paths of the current, and R; . f,ce 15
the resistance of any interface film that may form.
The current is called the corrosion current, I,
When the area of the anode through which the
current flows is taken into consideration, the corro-
sion penetration rate (CPR) can be calculated, for
example in micrometers per year or mils (0.001
inch) per year. The total path resistance, R,,,; = Rg +
Ry + Rigterfaces 15 Obviously an important variable
in determining the corrosion rate. Generally, how-
ever, the solution resistance dominates the total path
resistance.

The relative sizes and locations of anodic and ca-
thodic areas are important variables affecting corro-
sion rates. These areas may vary from atomic di-
mensions to macroscopically large areas. In Figure
5.7, areas have been depicted over which the anodic
and cathodic reactions occur, designated as A, and
A.. If the current is uniformly distributed over these
areas, then the current densities, i, = [/A, and i, =
I/A., may be calculated. The current density is fun-
damentally more important than the current for two
reasons. First, through Faraday’s law, the anodic
current density, i,, relates directly to corrosion inten-
sity (CI) as mass loss per unit time per unit area, or
to corrosion penetration rate (CPR) as a linear di-
mension loss per unit time. Second, it is observed
that interface potentials (E) are functions of current
density of the form (assuming charge-transfer polar-
ization or Tafel behavior):

L/A,

1o,M

Ey = Ey + Boxm log
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1
= Ey + Boxu log (5.75)
1o,M
, L/A.
EX = EX - Bred,X log .
1o,X
i,
= E;( - Bred,X 10g 17 (5.76)

0,X

In these expressions, Ex and E,; become the po-
tentials and if the current is zero and therefore re-
late to the potential differences across the individual
interfaces at equilibrium (i.e., no net transport of
ions or electrons). The B and i, values are Tafel con-
stants and exchange current densities, respec-
tively—all constants for a given system. Equations
5.75 and 5.76, therefore, indicate that the existing
potential with current flow is the equilibrium value
plus or minus a term representing the shift in poten-
tial, or polarization, resulting from the current den-
sity. In other words, the corrosion process polarizes
the potentials from the equilibrium E’ values to the
E’ values. During corrosion, the anodic current must
equal the cathodic current, I, =1, and this current is
the corrosion current, I (see Figure 5.7). Thus,
Ohm’s law can be written as (assuming that the so-
lution resistance is the dominant resistance term)

" o_w"
_Ex—Eu

I =
corr R
total

, Icurr/ Ac ’ Icnrr/ Au
EX — Breax log 17 — |Em + Boxmlog ———

0.X Iom

Rs (5.77)

If theoretically- or experimentally-based expres-
sions for the polarized potentials (Equations 5.75
and 5.76) are available, the Ohm’s law equation can
be solved for the corrosion current, I . I, is a
measure of the fotal loss of metal from the anode
surface during corrosion. The anodic current density
during corrosion, i, = I.,,/A,, is a measure of the
corrosion intensity from which the corrosion pene-
tration rate can be calculated.

Equation 5.77 can be interpreted in relationship to
the conventional plotting of linear or Tafel polariza-
tion behavior of the anodic and cathodic reactions.
For this purpose, the individual anodic and cathodic
curves (Equations 5.75 and 5.76) are plotted in Fig-
ure 5.8 as functions of the current rather than current
density. At the anode interface, the current is I, =
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FIGURE 5.8 Tafel polarization curves for anodic and
cathodic reactions illustrating the dependence of the cor-
rosion current, I on the solution resistance, Rg.

corr?

i,A,, where A_ is the area at the anode/solution in-
terface. Similarly, for the cathode interface, the cur-
rent is I, = i A_. The polarization curves are plotted
using exchange currents, I, obtained by multiplying
the exchange current densities by the respective
areas, and the Tafel slopes. Any vertical separation
between the anodic and cathodic polarization curves
is a potential difference driving the current in the so-
lution from the anodic to the cathodic surface. This
difference in potential must be such that Equation
5.77 is satisfied. The difference is determined graph-
ically by determining (E% — E%,) at selected values
of the current until a potential difference is found
such that when divided by R, = Ry, the resulting
current has the same value as given along the log I
axis. This current will be I, and, on division by A,
will give the corrosion current density, i,. The cor-
rosion rate can be calculated from this corrosion cur-
rent density through Faraday’s law.

As the solution resistance decreases, the above
analysis indicates that the conditions satisfying
Equation 5.77 move toward the intersection of the
two polarization curves in Figure 5.8. A decrease in
resistance between the anodes and cathodes results
when the specific resistivity of the solution is de-
creased, and will occur even for higher resistivity
environments if the anodic and cathodic areas are
very small and separated by small distances. Under

these conditions, corrosion will appear to be uniform

on a macroscopic scale. Movement of a reference
electrode in the solution will measure a single corro-
sion potential, E_, independent of position with a
value approaching the potential at which the anodic
and cathodic polarization curves intersect in Figure
5.8. To appreciate how small this driving potential
difference may be, consider an anodic area of 1 cm?
(10* m?) in a large cathodic area exposed to a rela-
tively low resistivity environment such that Rg =
10 ohms, and that the conditions are such as to cause
the practically small current of 102 mA. The anodic
current density is then 100 mA/m?, which for iron
would be a corrosion penetration rate of about
125 pm/y (5 mpy). The driving potential supporting
this corrosion would have the very small value of
(102 mA)(10 ohm) = 0.1 mV, a difference so small
that it cannot be represented graphically in Figure
5.8.

5.3.2 Types of Polarization Behavior

Not all half-cell reactions obey the charge-transfer
type of polarization behavior (Tafel behavior) repre-
sented in Figure 5.8. At higher reaction rates
(currents or current densities), the polarization be-
havior is often controlled by diffusion or concen-
tration effects, as indicated schematically in Figure
5.9, where limiting diffusion currents (I ,, \y and
Ip req x) for the individual anodic and cathodic polar-
ization curves are shown.>!! Furthermore, many
metals and alloys can undergo active-passive type
anodic polarization behavior, as indicated in Figure
5.10. In this case, at lower potentials, Tafel behavior
is demonstrated, but at a critical anodic current
density (i.y), the anodic current density (and cor-
rosion rate) decreases drastically due to the forma-
tion of a passive film. The passive film may break
down at a higher potential, resulting in high anodic
current densities, either uniformly (transpassive
behavior) or non-uniformly (localized pitting or
crevice corrosion).

5.3.3 Faraday’s Law

Faraday’s law is the connecting relationship be-
tween the corrosion current density, i, = I.,./A,,
and other expressions of “corrosion rate” such as
corrosion intensity (CI), in units of mass-loss per
unit area per unit time, and corrosion penetration
rate (CPR) in units of loss-in-dimension perpendicu-
lar to the corroding surface per unit time.

To retain emphasis on corrosion processes, Fara-
day’s law will be derived with reference to the gen-
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FIGURE 5.9 Influence of relative positions and shapes
of anodic and cathodic polarization curves on the corro-
sion current, I.,.: (a) anodic diffusion control, (b) ca-
thodic diffusion control.

eralized metal oxidation reaction, M — M™* + me.
In Figure 5.11, an anodic area, A,, is shown over
which I, = I v = Leam = Lo = Loxm- The current
flows to the surface counter to the electrons and en-
ters the solution as positive ions (cations), M™*,
Consider that the corrosion current, I, is ex-
pressed in amperes (A) or coulombs (C) per second.
The unit of positive electricity (equivalent to the
magnitude of the charge on the electron but with op-
posite sign) has a charge of 1.60 x 10-'° coulombs
and will be designated e*. Each ion formed by de-
tachment from the surface contributes me* coulombs
to the current. W grams of metal entering the solution
in t seconds contributes W/Mt moles per second,
where M (g/mol) is the atomic mass. Multiplying by
Avogadro’s number, N, gives (W/Mt)N, ions per
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FIGURE 5.10 Active-passive type anodic polarization
behavior.
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FIGURE 5.11 Components of ionic and electron flow
at an area of metal surface referenced in the derivation of
Faraday’s law.

second. The product of the ions per second and the
charge per ion gives the current. Thus,

Low = (WN,/Mt)(me™) (5.78)
Lor = (Wm/M)(Nee")(1/t) = (Wm/M)(F)(1/1),
(5.79)

where F = N e* is Faraday’s constant (the charge of
one mole of electrons, F = 96,490 C/mole of elec-
trons).

If Equation 5.79 is solved for W/t and then di-
vided by the anode area, A, (cm?), an expression for
the corrosion intensity (CI) is obtained, as follows:
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Cl(g/cm? - s) = M(IH;TF/A) (5.80)
Cl(g/cm? « s) = Micon (5.81)

mF ’

where i, is the corrosion current density in A/cm?.
If Equation 5.81 is divided by the density of the

material, p (g/cm?), an expression for the corrosion

penetration rate (CPR) is determined, as follows:

% (5 82)
mFp )

CPR (cm/s) =

The expressions for CI and CPR (Equations 5.81
and 5.82) can be easily converted to more conven-
ient and traditional sets of units. Other expressions

for CI and CPR in various sets of units are given in
Table 5.2.

5.4 EXPERIMENTAL POLARIZATION
CURVES

Experimental electrochemical corrosion studies to
determine both corrosion rates and behaviors fre-
quently employ a potentiostatic circuit, which in-
cludes a polarization cell, as schematically shown in
Figure 5.12. The working electrode (WE) is the cor-
rosion sample (i.e., the material under evaluation).
The auxiliary electrode (AE), or counter electrode,
is ideally made of a material that will support elec-
trochemical oxidation or reduction reactions with re-
actants in the electrolyte, but will not itself undergo
corrosion and thereby contaminate the electrolyte.
The AE is usually made of platinum or high-density

TABLE 5.2 Faraday’s Law Expressions

Corrosion Intensity (CI)

Mi,,
ClI(g/m? - y) = 0.327 ﬁ
Micor
CI(mg/cm?® « y) = 0.0327 ﬁ
Corrosion Penetration Rate (CPR)
MiCUI\'
CPR(um/y) = 0.327 Tp
Micor

— -3
CPR(mm/y) = 0.327 X 10 mp

lCUﬂ'

CPR(mpy) = 0.0129 “mp

Units: M (g/mol), m (oxidation state or valence), p (g/cm?),
(mA/m?), mpy = mils (0.001 inch) per year.

Leorr
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<« e (-) Polarity for Cathodic Polarization (+) Ireg,m —

| Electrometer, Eqgxp, meas,ref

|GX |ex
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Electrode or
(Electrode Undergoing Study) Counter
Electrode

FIGURE 5.12 The potentiostatic circuit.

graphite. The reference electrode (RE) maintains a
constant potential relative to which the potential of
the WE is measured with an electrometer, a high-
impedance (>10'4 ohms) voltmeter that limits the
current through the electrometer to extremely small
values that negligibly influence either the RE or WE
potential. The potentiostat is a rapid response direct
current (DC) power supply that will maintain the po-
tential of the WE relative to the RE at a constant
(preset or set point) value, even though the external
circuit current, I, may change by several orders of
magnitude. When the potentiostat is disconnected
from the corrosion sample (WE), the open-circuit or
open-cell condition exists, the WE is freely corrod-
ing, the potential measured is the open-circuit corro-
sion potential, E_,., and, of course, I, = 0.

The potentiostat can be set to polarize the WE ei-
ther anodically, in which case the net reaction at the
WE surface is oxidation (electrons removed from
the WE), or cathodically, in which case the net re-
action at the WE surface is reduction (electrons
consumed at the WE). With reference to the poten-
tiostatic circuit in Figure 5.12, determination of a
polarization curve is usually initiated by first mea-
suring the open-circuit corrosion potential, E .,
until a steady-state value is achieved (e.g., less than
1.0 mV change over a five-minute period). Next, the

potentiostat is set to control at E_ . and connected to



the polarization cell. Then, the setpoint potential is
reset continuously or stepwise to control the poten-
tial-time history of the WE while I, is measured. If
the setpoint potential is continuously increased
(above E_ ), an anodic polarization curve is gener-
ated. Conversely, if the potential is continuously de-
creased (below E__ ), a cathodic polarization curve
is produced.

Interpretation of an experimentally-determined
polarization curve, including an understanding of
the information derivable therefrom, is based on the
form of the polarization curve that results from the
polarization curves for the individual anodic and ca-
thodic half-cell reactions occurring on the metal sur-
face. These individual polarization curves, assuming
Tafel behavior in all cases, are shown in Figure 5.13
(dashed curves) with E_ . and I, identified. It is as-
sumed that over the potential range of concern, the
L x and I .4 \s contributions to the net anodic and ca-
thodic curves are negligible. Consequently, [, =1 \,
and I, = I .4 x- At any potential of the WE established
by the potentiostat, the experimentally-measured ex-
ternal current, I, is the difference between I, \s and

» Ltex?
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FIGURE 5.13 Schematic experimental polarization
curves (solid curves) assuming Tafel behavior for the in-
dividual oxidation, and cathodic-reactant reduction polar-
ization curves (dashed curves).
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Leqx- This difference, in terms of the Tafel expres-
sions for the individual reactions, is

23(E-Ey) ~23(E-Ey)
Iy = IOX,M - Ired,X = Io,Me Pt — Io,Xe fex.(5.83)

It is evident that I, changes from positive to neg-
ative when Iy becomes greater than I, .. This
change in sign occurs as I, passes through I, = 0, at
which point E = E . and I, \; = Ieqx = Ico- Thus,
two current ranges can be identified: I., > O (over
which the anodic or oxidation reaction is dominant)
and I, < 0 (over which the cathodic or reduction re-
action is dominant). The properties of these two
ranges are summarized below.

In the current range, I, > 0, the WE potential set
by the potentiostat is greater than E_,.. The electrons
produced per unit time by the M — M™* + me reac-
tion exceed those consumed per unit time by the
X*+ + xe — X reaction, and net oxidation occurs at
the WE. A positive current is consistent with the sign
convention that assigns a positive value to the exter-
nal circuit current when net oxidation occurs at the
WE. For I, > 0, a plot of E versus log I, takes the
form of the upper solid curve in Figure 5.13, the an-
odic branch of the experimental polarization curve.
When E is increased sufficiently above E_, to cause
L4 x to become negligible with respect to I, y; (nor-
mally 50-100 mV),

Ly = Loxm (5.84)
and I, becomes a direct measure of the oxidation
rate, [, \j, of the metal in this potential range. This
linear portion of an experimental curve reveals the
Tafel curve of the anodic metal reaction, and extrap-
olation of the Tafel curve to E}; provides an estimate
from experiment of the metal exchange current den-
sity, I, m/A,, where A, is the area of the WE.

In the current range, I, <0, the WE potential set
by the potentiostat is less than E_ . At the metal sur-
face, electrons consumed per unit time by the X*+ +
xe — X reaction exceed those produced per unit time
by the M — M™* + me reaction. Net reduction is oc-
curring and electrons must be supplied to the WE by
the external circuit; the external circuit current (I.,)
will be negative. A plot of E versus log II,| takes the
form of the lower solid curve in Figure 5.13. When E
is decreased sufficiently below E_ to cause L, ; to
become negligible (normally 50-100 mV),

Iex = _Ired,X (585)
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or
(5.86)

and I, becomes a direct measure of the rate of the
cathodic reaction, L4y, on the metal. This linear
portion of an experimental curve reveals the Tafel
curve of the cathodic reaction, and extrapolation of
the Tafel curve to E provides an estimate from ex-
periment of the cathodic reaction exchange current
density, [ /A, where A_ is the area of the WE.

It is emphasized that, more generally, I, is the ex-
perimentally-measured current representing the net
difference between the sum of all oxidation-reaction
currents and the sum of all reduction-reaction cur-
rents at the interface:

Iex = z“on - z“Ired'

|Iex| = Ired,X

(5.87)

For the two half-cell reactions under consideration,
Iex = (IOX,M + on,X) - (Ired,X + Ired,M)' (588)

Under the condition that I,y and I.4, are
negligible,

(5.89)

The above relationship is equally applicable if ei-
ther the metal oxidation-rate curve or the reduction-
rate curve for the cathodic reactant does not obey
Tafel behavior. To illustrate this point, three addi-
tional schematic pairs of individual anodic and ca-
thodic polarization curves are examined. In Figure
5.14, the metal undergoes active-passive oxidation

Iex = on,M - Ired,X'

POTENTIAL

LCG CURRENT

FIGURE 5.14 Schematic experimental polarization
curves.

LOG CURRENT

FIGURE 5.15 Schematic experimental polarization
curves.

behavior and E_, is in the passive region. In Figure
5.15, where the total reduction-rate curve involves
reduction of both dissolved oxygen (O, + 4H* +
4e — 2H,0) and hydrogen ions (2H* + 2e — H,),
and their respective limiting diffusion currents, the
metal shown undergoes active-passive oxidation be-
havior and E_, is in the passive region. It is to be
noted for the example in Figure 5.15 that if the dis-
solved oxygen were removed from the electrolyte,
E_.; would be in the active region, I, would be
considerably larger, and the experimental polariza-
tion curves would appear as in Figure 5.16.

5.5 EXAMPLES OF ELECTROCHEMICAL
CORROSION MEASUREMENTS
AND CHARACTERIZATIONS

The thermodynamic and kinetic principles along
with measurement techniques described in previous
sections provide the basis for both predicting and
measuring rates of corrosion. All electrochemical
techniques for corrosion-rate determinations are di-
rected to measurement of the corrosion current, I

> ~corr?
from which the corrosion current density (i, =
I../A,), the corrosion intensity, and the corrosion
penetration rate are calculated, providing the area of
the anodic sites (A,) also can be determined. In the
limit, these sites are assumed to be uniformly dis-
tributed on a scale approaching atomic dimensions
and indistinguishable from sites of the cathodic re-
action supporting the corrosion. In this limit, the cor-
rosion is uniform and the area of the anodic sites
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FIGURE 5.16 Schematic experimental polarization
curves.

(A, is taken to be the total specimen area (A). From
this limit, anodic sites can vary from microscopic to
macroscopic dimensions, thus leading to localized
corrosion. Hence, polarization measurements lead-
ing to a value for the corrosion current density [by
dividing the corrosion current by the total specimen
area (i, = I.,,/A)] must be accompanied by a sur-
face examination to determine the actual anodic
areas.

Furthermore, if there is a distribution over both
anodic and cathodic sites with respect to the current
density of these respective reactions, the calcula-
tions are obviously more difficult. Frequently, the
heterogeneity of these reactions over the surface
must be evaluated qualitatively, recognizing that the
calculated corrosion current density, i, = I.,/A,
gives only a lower limit to the actual current density
and, hence, that local corrosion intensities and pen-
etration rates can be much higher. Assuming that a
specimen surface undergoing measurement contains
at least a statistical distribution of anodic and ca-
thodic sites, and that the intersite electrical resis-
tance is small, previous discussions have shown that
the intersection of the extrapolated Tafel regions of
the anodic and cathodic polarization curves gives
I To establish this intersection experimentally re-
quires determination of the anodic and cathodic po-
larization curves in the vicinity of the intersection.
Since the data analysis techniques involve extrapo-
lations and measurements of slopes of these curves,
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the accuracy of their experimental determination is
important. Thus, the experimental methods must be
critically evaluated with respect to their sensitivity
to the polarization variables and how various condi-
tions established at the interface by the variables
contribute to an electrochemical measurement.
These variables include exchange current densities,
Tafel slopes, diffusion of species to and from the in-
terface, corrosion-product formation, and the poten-
tial scan rate.

5.5.1 Tafel Extrapolation

The most fundamental procedure for experimentally
evaluating I, . is by Tafel extrapolation. This
method requires the presence of a linear or Tafel sec-
tion in the E versus log 1., curve. A potential scan of
approximately = 300 mV about E_,, is generally re-
quired to determine if a linear section of at least one
decade of current is present, such that a reasonably
accurate extrapolation can be made to the E_ . po-
tential. Such linear sections are illustrated for the ex-
perimental cathodic polarization curves in Figures
5.13, 5.14, 5.15, and 5.16. The current value at the
E.,, intersection is the corrosion current, I, as
shown in Figure 5.17. Assuming uniform corrosion,
the corrosion current density is obtained by dividing
I, by the specimen area (i.e., i, = I.,,/A). Anodic
polarization curves are not often used in this method
because of the absence of linear regions over at least
one decade of current for many metals and alloys ex-
hibiting active-passive behavior.

For example, inspection of Figure 5.16 shows that
extrapolation of the linear portion of the cathodic
curve would yield more accurate results than at-
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FIGURE 5.17 The Tafel extrapolation method.
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tempted extrapolation of the anodic curve. In many
cases, a linear region may not be observed even in
the cathodic curve. This can be a result of the corro-
sion being under diffusion control or, on decreasing
the potential, entering into the diffusion-control re-
gion, or even that the nature of the interface changes
with changing potential.

The time required to determine I, by Tafel ex-
trapolation is approximately three hours, which cor-
responds to the approximate time required for ex-
perimental setup and generation of a cathodic
polarization curve at a commonly employed, slow
scan rate of 600 mV/h. In comparison, a comparable
gravimetric evaluation (mass-loss measurement) on
a corrosion-resistant metal or alloy could take
months, or longer. A limitation of the Tafel extrapo-
lation method is the rather large potential excursion
away from E_ ., which tends to modify the WE sur-
face such that if the measurement is to be repeated,
the sample should be re-prepared following initial
procedures and again allowed to stabilize in the elec-
trolyte until a steady-state E_ . is reached. Conse-
quently, the Tafel extrapolation method is not
amenable to studies requiring faster, or even contin-
uous, measurements of I ..

5.5.2 Polarization Resistance12-18

The polarization resistance or Stern-Geary method
allows faster corrosion rate measurements. The
theoretical justification for this method will be
briefly outlined. Recall that the external current is
given by Equation 5.83. At the corrosion potential,
E=E . lx =0, and I, = I, \f = Lieq x- Therefore,

corr’ “ex

+2.3(Bgo,—E'y)
ox,M p—
- IO,Xe

~2.3(EnEy)

Breax . (5 90)

Icorr = Io,Me

On dividing Equation 5.90 into Equation 5.83,

23(EEup)  —23(E-Eu)
I — I [e Boxm —e Breax ]

ex — ~corr

(5.91)

On dividing by the specimen area to convert to cur-
rent density,

+2.3(E-E)
E

“23(E-Eqyy)
Poxm —e ]

P (5.92)

iCX = iCOIT
This equation has the form of the solid curve in Fig-
ure 5.18 when plotted near E__, (usually within * 25
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FIGURE 5.18 The polarization resistance method.

Differentiation of Equation 5.92, with respect to
E yields

- B 4 (5.93
4B e (5.93)

ﬁox,M IBred,X

. ] -2.3(E-E,
dig, . [ 23 23w 93 2EE
_— o o

At E = E_,,, the exponential terms are unity and
upon rearrangement, Equation 5.93 reduces to

<dE> _ R _ Box,M Bred,X
diex E P 2'3icorr(Box,M + Bred,X)

corr

, (5.94)

where (dE/di.E,, is known as the polarization re-
sistance, R, . It has dimensions of resistance X area
(total specimen area, as in ohms-m?). As seen by
Equation 5.94 and indicated in Figure 5.18, R is the
slope of the experimental E versus i, curve at E
The curve tends to be linear near E
tates determination of the slope.
Equation 5.94 may be rewritten in the following
form, since the desired quantity in the polarization
resistance analysis is the corrosion current density:

i _ Box,M Bred,X — E
corr 2.3 Rp(Box,M + BTEd,X) RP‘

corr*

corr» Which facili-

(5.95)

This equation is used directly to determine i.,.
The analysis procedure involves evaluating the slope

of the E versus i, curve at E_,, as shown in Figure



5.18, to determine R . From R and known or exper-
imentally-determined Tafel constants (3 values), i,
is calculated.

As previously stated, once R is determined, cal-
culation of i, requires knowledge of the Tafel con-
stants. In the absence of these values, an approxima-
tion is often used.

In terms of rationalizing an approximation for B
in Equation 5.95, it is convenient to express B as

1

1 1
2.3( + )
BOX,M Bred,X

It has been observed that experimental values of
Boxy normally range between 60 and 120 mV;
whereas, values of 3.4 x normally range between 60
mV and infinity (the latter corresponding to diffu-
sion control for the cathodic reaction).!”-1° Given the
ranges in 3 values, the extreme values of B are 13
and 52 mV, corresponding to B, 1 = Bregx = 60 mV
and B, \y = 120 mV, B, x = infinity, respectively. If
one uses as an approximation, B, v = Brqx = 120
mV, then B = 26 mV. The expected error in the cal-
culated value of i, . (Equation 5.95) when using B =
26 mV as an approximation (as compared to extreme
values of 13 and 52 mV) should be less than a factor
of two. Therefore, the following approximation pro-
vides a reasonably good estimate of i, from polar-
ization resistance measurements:

B:

(5.96)

CorTr
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26 mV
1 = .

5.97
corr R ( )

p

In generating an E versus i, curve for polariza-
tion resistance analysis, only very small potential
excursions about E_ . are employed, normally on
the order of +£10 mV. The general assumption is that
on scanning through this small potential range, the
material surface remains unchanged. Consequently,
repeat measurements may be made as a function of
time without removing the sample and re-preparing
the surface.

5.5.3 Cyclic-Anodic-Polarization Behavior
Relative to Localized Corrosion

By analyzing cyclic-anodic-polarization behavior,
information on localized corrosion susceptibility
can be obtained rather rapidly for a given metal or
alloy in a given electrolyte.?0 In this regard, certain
parameters are identified in the schematic cyclic-
anodic-polarization curves of Figure 5.19, which il-
lustrate typical behaviors with regard to localized
corrosion susceptibilities. It is noted that Figure 5.19
has the general form of Figure 5.14, where passive
corrosion is taking place at E_ .. The plots in Figure
5.19 are potential (relative to the saturated calomel
reference electrode [SCE]) versus the logarithm of
the external-circuit current density, where the cur-
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FIGURE 5.19 Cyclic anodic polarization curves illustrating localized corrosion behaviors.
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rent density is the measured external-circuit current
divided by the specimen area. The controlled speci-
men potential can be regarded as the “driving force”
for corrosion, and the anodic current density is di-
rectly related to the specimen corrosion rate.

In Figure 5.19, the potential scan is started below
the corrosion potential, E. . At E_, the external
current density goes to zero, and then increases
to a low and approximately constant anodic value
(~10 mA/m?) in the passive range. In this range, a
thin oxide/hydroxide film, a passive film, protects
the material from high corrosion rates. At higher po-
tentials, the passive film may undergo uniform dis-
solution (transpassive behavior) or localized disso-
lution (pitting or crevice corrosion), which results in
higher corrosion rates and higher external current
densities. The passive film breakdown potential in
Figure 5.19 is labeled either as the transpassive po-
tential, E,, or the critical pitting potential, E;. It
is noted that the breakdown potential also could cor-
respond to a critical crevice corrosion potential, but
such tests would involve specimen geometries with
carefully designed synthetic crevices. The pitting
form of localized corrosion will be emphasized in
the present discussion.

In the cyclic-anodic-polarization test, the poten-
tial scan direction is reversed at a pre-selected an-
odic current density above the breakdown potential
(often 10* mA/m?). If, on potential-scan reversal, the
current density decreases as in path 1, the material is
shown to be immune to pitting corrosion. In this
case, the breakdown potential corresponds to E,
and, above E_, ., the passive film undergoes uniform
dissolution because it is no longer thermodynami-
cally stable at these potentials. Moreover, on the
downscan, the passive film immediate reforms and is
again stable below E, .

Alternatively, if, on the potential downscan, the
current density remains high until finally decreasing
to the passive-region value, as in path 2, the material
is shown to undergo a form of localized corrosion
(pitting corrosion in this discussion).

The breakdown potential in this case corresponds
to the pitting potential, E; (i.e., the potential at
which pits initiate locally on the surface—Ilocalized
passive film dissolution). The potential at which the
current density returns to the passive value is known
as the repassivation potential or the protection po-
tential, Ep o Between By and E,, existing pits are
propagating and new pits may initiate with time. In
the case of path 2, pits will neither initiate nor prop-
agate at E_ ., the natural corrosion potential. There-
fore, the material will not undergo pitting corrosion
under natural corrosion conditions. If, on the other

hand, path 3 is exhibited, where E , is below E,.
the material may undergo pitting corrosion at sur-
face flaws or after incubation time periods at E_ .
In terms of overall resistance to pitting corrosion,
two parameters are important: (E; — E_ ) and

E..r)- Higher values of both are desirable to

(E rot .
reﬁect high values of E; and E . relative to E..

5.6 SUMMARY

Some of the important electrochemical principles
and mechanisms controlling the aqueous corrosion
of metals and alloys have been summarized. It was
shown how to use principles in electrochemical ther-
modynamics to predict whether or not corrosion will
occur for a given metal in a given electrolyte (with
pH and oxygen content as principal variables) at a
given temperature. Sufficient detail was provided to
allow these calculations. The thermodynamics cal-
culations also were related to Pourbaix (or potential-
pH) diagrams in order to provide an understanding
of the source of these useful, summary diagrams. It
also was shown that, if corrosion is predicted to
occur, the electrochemical thermodynamics (as rep-
resented in Pourbaix diagrams) allow prediction of
the form of the corrosion product, either ions dis-
solved in the electrolyte or solids precipitated at the
surface. Because many metals rely on passivation to
maintain low corrosion rates, and because passiva-
tion can occur only with solid corrosion products,
this analysis allows prediction of whether passiva-
tion is possible for a given metal/electrolyte system.

In moving to the analyses of corrosion rates and
corrosion behaviors, the basic electrochemical cor-
rosion circuit was described in terms of anodic sites
and reactions, cathodic sites and reactions, interface
potentials, resistances to current flow in the circuit,
and the corrosion current. Simple Tafel or charge-
transfer polarization behavior was defined for anodic
and cathodic half-reactions, and appropriate equa-
tions were given. This simple behavior was expanded
to include diffusion effects and active-passive behav-
ior. Analyses of individual polarization curves, and
experimentally determined polarization curves, were
discussed relative to determining the open-circuit
corrosion potential, E_ ., and the corrosion current
density, i,. Faraday’s law was derived, which al-
lows calculation of the corrosion intensity or corro-
sion penetration rate from i, under the assumption
of uniform corrosion.

And finally, several examples of specific types of
electrochemical corrosion measurements and char-
acterizations were described: Tafel extrapolation to



determine i_,,; polarization resistance to determine

I, more rapidly; and cyclic-anodic-polarization
tests to examine for localized corrosion susceptibili-
ties. It is suggested that sufficient background is
given in this chapter for the reader to understand
many additional types of electrochemical corrosion

tests.
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6.1 INTRODUCTION

Oxidation is a special form of corrosion degradation
of metals and alloys that occurs when the metals or
alloys are exposed to air or oxygen. Oxidation can
also take place in other environments, such as sulfur
dioxide and carbon dioxide, which have relatively
low oxidation potentials. The degradation is gener-
ally in the form of scale formation. Sometimes,
along with scale formation on the surface, there is
oxide formation within the substrate next to the ex-
ternal scale.

Oxidation, in real sense, is the formation of the
oxide scale. If the formed oxide scale is thin, slow-
growing, and adherent, it protects the substrate from
further oxidation. However, if the scale spalls fre-
quently, the metal is consumed continuously and the
material ultimately fails. The other form of degrada-
tion at high temperatures is sulfidation, in which ei-
ther a thick sulfide scale is formed and/or sulfur pen-
etrates deeper into the matrix through grain
boundaries. Certain metals, such as titanium, zirco-
nium, chromium, and so forth, form protective ni-
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tride scales when exposed to nitrogen-containing en-
vironments. Carbon dioxide and carbon monoxide
environments sometimes cause carburization and
decarburization problems, leading to either embrit-
tlement or loss in strength of the component. An-
other form of degradation that is known to occur at
high temperatures is hot corrosion, where oxidation
or sulfidation occurs beneath a salt melt deposit on
the surface of the substrate.

What should one know about high temperature
oxidation? A beginner needs to know why oxidation
occurs. What is the life of a metal and alloy in a par-
ticular environment at a particular temperature?
What type of products form due to oxidation? And,
finally, what is the mechanism of the oxidation
process?

In addition, it is important to know what causes
the scale growth. What is the role of defect structure
of an oxide, diffusion through oxide scales, and
stress generation during the oxide growth process.
Reasons for scale spallation and methods to improve
oxidation behavior by active element effects are
equally important. All these topics will be covered in

105
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this chapter, with a few examples from important

industries on the degradation of metals at high
temperatures.

6.2 CRITERIA OF METAL OXIDATION

An oxidation reaction between a metal (M) and the
oxygen gas (O,) can be written as

M(s) + O,(g) = MOL(s). 6.1)

Thermodynamically, an oxide will form on the sur-
face of a metal when the oxygen potential in the en-
vironment is greater than the oxygen partial pressure
in equilibrium with the oxide. This equilibrium oxy-
gen pressure, also called the dissociation pressure of
the oxide in equilibrium with the metal, is deter-
mined from the standard free energy of formation of
the oxide. The standard free energy of the oxidation
Reaction 6.1 can be written as

AG®°=—=RT Inp (ayo,/ ay p(Oy),  (6.2)

where ayjo, and ay, are the activities of the oxide and
the metal, respectively, and p(O, ) is the partial pres-
sure of the oxygen gas. In general, element activity
in alloy is given by ay; = 7 Xum» Where 7}y and X, are
the activity coefficient and mole fraction, respec-
tively, of M in the alloy. If the value of coefficient vy,
is not available, ideal behavior is assumed, and vy, is
assigned the value of unity. Assuming unit activity
of the solid constituents (i.e., the metal and oxide),
Equation 6.2 becomes

AG° =RT In p(O,) (6.3)
or
p(O,) =exp (AG°/RT). (6.4)

Equation 6.4 permits the determination of the par-
tial pressure of oxygen in equilibrium with the oxide
from the standard free energy of formation. Plots of
the standard free energies for the formation of ox-
ides as a function of temperature are known as
Ellingham/Richardson diagrams, which are used to
obtian information about the partial pressure of oxy-
gen required for any metal to form oxide at any tem-
perature (Fig. 6.1). A linear behavior is expected for
all the metals. The strong oxide former is shown at
the bottom of the plot, while the weakest oxide
forming metal is shown on the upper part of the

curve. The partial pressure of oxygen required for
oxidation at various temperatures can be read from
the nomographic scale given on the right side of the
plot.

6.3 KINETICS OF OXIDATION

One of the limitations of Ellingham diagrams is that
they do not take into account the kinetics of reaction.
These equilibrium diagrams only tell us whether
oxide formation is possible under certain conditions
of temperature and partial pressure of oxygen.
Sometimes it is possible that the kinetics of the
process are so slow that even if there is a possibility
of the reaction to occur thermodynamically, it will
take very long to form. Thus, it appears that the
oxidation reaction has not occurred. Therefore, it is
imperative to know about the kinetics of oxidation
reactions. Furthermore, if formation of more than
one oxide is possible, the diagrams cannot a priori
tell us which oxide will form in the given environ-
ment. The reaction kinetics of formation of different
oxides need to be considered. A combination of
thermodynamic and kinetic information can give a
better understanding about the behavior of the oxide.
Moreover, knowledge of reaction rates is an impor-
tant basis for elucidation of the reaction mechanism.
Rates of the reactions and the corresponding rate
equations for the oxidation of a metal depend upon
a number of factors. The most important are temper-
ature, oxygen pressure, surface preparation, and
pretreatment of the metal. For engineering design,
kinetics of the oxidation is very important, as it
gives an estimate of the design life of the metal to be
used as a particular component at a specific temper-
ature and environment. The following different
rate laws are commonly encountered: linear, para-
bolic, logarithmic and combinations of them, such
as paralinear (combination of linear and parabolic),
etc.

6.3.1 Logarithmic Law

Logarithmic law usually represents oxidation in thin
layer regime. In the case of most of metals heated at
low temperatures, the kinetics usually obey logarith-
mic behavior. The rate of reaction rises very fast in
the beginning and then slows down, either following
a direct or inverse logarithmic law:

Direct logarithmic law  x=Klogt+A (6.5)
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FIGURE 6.1 Ellingham diagram, showing the variation of free energy with temperature for various oxides.

and

Inverse logarithmic law 1/x=B + K| log ¢, (6.6)

where x can be the change in weight as a result of
oxidation, thickness of the oxide formed, the amount
of oxygen consumed per unit surface area of the

metal, or the amount of metal transformed to oxide.
Time is denoted by ¢, and K and K are the rate con-
stants for logarithmic and inverse logarithmic
process. A and B are the integration constants. The
variation of x with time is shown in Fig. 6.2. There
are a number of theories to explain the two logarith-
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FIGURE 6.2 The kinetics of logarithmic oxidation.

mic laws. These are based on the transport of either
ions or electrons. These are discussed in a subse-
quent chapter dealing with the oxidation in thin layer
regime.

6.3.2 Parabolic Oxidation

From the standpoint of oxidation of engineering al-
loys, the parabolic law is of great importance. As per
this law, the oxide growth occurs with a continuing
decreasing oxidation rate. The rate of the reaction,
therefore, is inversely proportional to the scale thick-
ness or the weight of oxide formed. This is repre-
sented as

dx/dt = Kp / x 6.7)

or, after integrating,

x?=2Kpt+C, (6.8)
where Kp is called the parabolic rate constant, and
the variation of x versus ¢ is given in Fig. 6.3. Most
metals and engineering alloys follow parabolic ki-
netics at elevated temperatures. The oxide growth
process is usually governed by the diffusion of ions
or electrons through the initially formed oxide scale.
The parabolic law was first derived by Wagner, as-
suming diffusion of charged species through the
oxide layer. This will be discussed in detail in a sub-
sequent section.

6.3.3 Linear Equation

There are certain metals where the rate of oxidation
remains constant with time and is independent of the
amount of gas or metal previously consumed in the
reaction. In such cases, the rate of reaction is directly
proportional to the time:

dxldt =K't (6.9)

or

x=K't+D, (6.10)

where K’ is the linear rate constant of the reaction.
Such reactions usually take place by surface or
phase boundary reactions. These may involve, for
example: a steady state reaction limited by the sup-
ply (adsorption) of reactant at the surface; a reaction
governed by a steady state formation of oxide at the
metal/oxide interface; or diffusion through a protec-
tive layer with constant thickness. In addition to a
few metals, such as alkali metals and alkaline earth
metals, the linear rate law is usually followed when
a protective scale cracks or spalls, leading to direct
access of gas to metal. This results in very fast oxi-
dation rates, invariably following linear kinetics.

6.4 TECHNIQUES INVOLVED IN
MEASURING OXIDATION BEHAVIOR

Oxidation studies involve a combination of both the-
oretical and experimental knowledge. Topics such as



HIGH TEMPERATURE OXIDATION 109

S

L

—“‘;

= Paraholic oxidation
Iy dx Kp

o ax _ &b

i dt X

-

Time, L

FIGURE 6.3 The kinetics of parabolic oxidation.

defect structure and diffusion need a sound mathe-
matical background. An in-depth study of transport-
ing species through oxide layers requires a sound
knowledge of modeling a process and computer ex-
pertise to solve differential equations. But to obtain
a viable model of the process, experiments are
needed to generate data on the kinetics of the oxida-
tion reactions, characterization of the corrosion
products formed during oxidation, and information
on the structure of the interface between oxide and
the substrate metal or alloy. The most important ox-
idation data needed are the kinetics or rate laws for
the oxidation process. Experimental techniques to
determine oxidation kinetics are discussed first. This
is followed by a brief discussion on the techniques
utilized for scale characterization.

6.5 MEASUREMENT OF
OXIDATION KINETICS

The most important method of measuring oxidation
kinetics is the gravimetric method. The principle of
the gravimetric method is to measure weight change
due to oxidation as a function of time. A simple
gravimetric technique involves the exposure of a
known area of the sample in a furnace, followed by
measuring the weight change at definite intervals of

time, using a sensitive balance. In this technique, the
experiment is interrupted each time the weight
change is measured. As a result, the sample experi-
ences various thermal cycles each time it is cooled
and heated again. This causes some changes in the
scale behavior, such as formation of cracks, spalla-
tion of scale, etc. However, the advantage is that
many samples can be exposed at one time and their
weight changes can be measured simultaneously
during each interruption. Hence, a number of alloys
with various compositions, or a single alloy with dif-
ferent treatments, can be studied very quickly. One
of the main limitations of this technique is that a sig-
nificant change in the scale growth process can
occur as a result of intermediate interruptions. This
is due to the thermal stresses arising during cooling
and heating at each interruption. The scale formed
during the initial period may spall or crack due to
thermal cycling. Therefore, an alternative way is to
measure the weight change continuously during ox-
idation. This is conducted using a special type of
thermobalances which continuously record the
change in weight while the sample is heated.
Thermogravimetry is the measurement of mass
change as a function of temperature or mass change
as a function of time at a constant temperature. The
former is known as a dynamic mode of thermo-
gravimetry, where from a single curve of mass
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change as function of temperature, one can get in-
formation about the activation energy of the reac-
tion. This technique is more common for chemical
or decomposition reactions and is usually not em-
ployed for oxidation studies. Oxidation studies are
usually carried out by exposing the specimen in a
furnace at a fixed temperature and measuring the
weight change as function of time. This is called
isothermal oxidation. Many such isothermal oxida-
tion curves are generated at various temperatures
and then utilized to determine the activation energy
of the oxidation reaction.

In addition to isothermal tests, sometimes oxida-
tion tests are carried out under cyclic conditions
of temperature. In these tests, the sample is exposed
to a cyclic program (i.e., exposure for a fixed dura-
tion of time at a high temperature, followed by cool-
ing with a specific cooling rate; holding it for a cer-
tain time period; reheating and holding it at high
temperature under similar conditions). Such tests are
carried out for a number of cycles ranging from
10-20 to 100-200. Weight changes are measured
after each cycle. Such tests are known as cyclic oxi-
dation tests, and they give the information about the
stability of the oxide scale under severe oxidation
conditions (not only of heating at a particular tem-
perature but also under the effect of thermal
stresses), such as those generated during thermal
cycles.

A thermobalance consists of a sensitive balance
through which a sample is hung in a reaction cham-
ber that is exposed to a furnace. In addition to these
essential components, a sophisticated balance can
have a vacuum system, so that oxidation is carried
out in a vacuum or at various pressures, and a gas
inlet and outlet system to carry out the tests in dif-
ferent atmospheres. It is also possible to have special
modifications of the balance to carry out tests even
in corrosive atmospheres, such as water vapor,
steam, sulfur dioxide, chlorine, etc. A schematic of a
bottom-loading balance is shown in Fig. 6.4.

Among the other methods of measuring oxidation
kinetics are oxygen consumption rate measurement,
the ellipsometric technique, solid state oxygen sen-
sors, metallographic techniques of measuring scale
thickness, the interference color technique, etc.

6.6 IDENTIFICATION AND
CHARACTERIZATION OF SCALES

Reaction kinetics gives information regarding how
fast the oxidation will occur or how long a metal will

survive in an atmosphere at a particular temperature.
If the aim is to understand the mechanism of oxida-
tion so that the oxidation behavior of the metal or
alloy can be improved, then detailed information
about the scale constituents, scale structure, and
composition must be known. There are now a num-
ber of techniques that can be used to obtain this in-
formation.

The simplest techniques are visual and stereo-
microscopic analysis, which give information about
the scale cracks, spallation, exfoliation, etc. The
scale is then subjected to either X-ray diffraction
analysis to identify the various oxides formed during
oxidation, or subjected to Secondary Ion Electron
Microscopy (SIMS) coupled with Energy Dispersive
X-ray Analysis (EDAX) for surface topography, sur-
face morphology, and surface composition. Informa-
tion such as nodule formation, convoluted layers, and
type of oxide (whether it is crystalline or amorphous)
can be obtained from SEM. Analysis of scale cross-
section using optical microscopy, SEM/EDAX gives
information about the number of oxide layers, scale
adherence, interlayer scale adherence, and distribu-
tion of various elements in the scale.

Electron Spectroscopy (AES)/Electron Spec-
troscopy for Chemical Analysis (ESCA), and Scan-
ning Ion Mass Spectrometry (SIMS) are used to
gather information about the first few layers of the
scale formed. Oxide structure and its concentration,
along with depth profiles, can be obtained using
these techniques. Another technique that is quite im-
portant is the Acoustic Emission Technique (AET),
which is used to gain information on scale spalla-
tion, scale adherence or, in general, about the in-
tegrity of scale and coatings. It is based totally on the
acoustics of the process during oxide growth and,
therefore, the information obtained is complemen-
tary to the information obtained from kinetics and
the other analyzing techniques [1].

6.6.1 Role of Defect Structure and
Diffusion in Oxide Scales

When a metal is exposed to an oxidizing environ-
ment, an initial thin film of oxide is formed first,
which covers the whole surface. As the oxide layer
continues to grow, either the metal ions from the
substrate or oxygen ions from the atmosphere must
pass through the initial thin film. Transport of the
ions through the oxide film usually occurs via solid
state diffusion, which, in turn, depends upon the im-
perfections in the solid or its defect structure.
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Knowledge of the defect structure is important,
therefore, to understand the growth of the oxide
scales.

The most common imperfections in oxides are
vacancies, interstitials, and impurities. Diffusion of

ions through oxide is generally favored by these de-
fects. Fig. 6.5 shows various diffusion mechanisms
generally found in solids, viz.: (a) exchange, (b)
ring, (c) interstitialcy, (d) interstitials, and (e) va-
cancy mechanisms. These defects are termed as vol-
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FIGURE 6.5 The various displacement mechanisms of diffusion: (a) place exchange; (b) ring mechanism; (c) intersti-
tialcy mechanism; (d) interstitial atom movement; and (e) vacancy mechanism.

ume defects or lattice defects; they require high ac-
tivation energy and usually occur at relatively higher
temperatures. The other more common defects are
grain boundaries, cracks, or surface diffusion. These
are relatively easy paths, called short circuit diffu-
sion paths, and are generally favored at lower tem-
peratures.

The diffusion coefficient D, (the subscript v
represents volume diffusion) of silver is about five
orders of magnitude lower than that of grain bound-
ary diffusion (D). Similarly, the activation energy
for the latter is about half that of the former. The
lower value of activation energy explains why short
circuit diffusion plays an important role only at tem-
peratures below three-quarters of the absolute melt-
ing point. Since the total grain boundary area is
much smaller than the overall area of a polycrys-
talline alloy, the material transported by grain
boundaries will also be much less than that trans-
ported by volume diffusion. A rough estimate shows
the ratio of the grain boundary area to the overall
area as 107>, Thus, if a comparable amount of mate-
rial is to be transported by grain boundaries and bulk
diffusion, then the ratio of D,/D, should be about
105. At high temperatures, this ratio is less than this
value, but with a decrease in temperature, D, de-
creases much less than D,, because of a much lower
value of activation energy for the grain boundary
diffusion.

6.7 WAGNER HAUFFE RULES

Depending upon the defects in an oxide, they can be
classified into n or p type oxides :

6.7.1

Addition of foreign cations of a valence higher than
the cations of the parent oxide, a nonstoichiometric
n-type oxide (M,,,O or MO,_,) will decrease the
concentration of oxygen vacancies in MO,_,, or the
concentration of interstitial metal ions in an oxide
M, ,,O. This will then result in decrease in the con-
ductivity in the oxide, leading to lower oxidation
rates. Conversely, additions of cations of a lower va-
lency would increase the corresponding defects and,
hence, the conductivity, leading to higher oxidation
rates.

n-Type Oxides

Examples. Addition of Cr*3 to ZnO will reduce
the number of Zn interstitials and, hence, lower
its oxidation rate, while addition of Lit! will in-
crease the oxidation rate due to an increase in Zn
interstitials.

6.7.2 p-Type Oxides

For p-type oxides (M,_,O or MO,,,), addition of
cations of higher valence increases the concentration



of vacancies in M,_,O, or the concentration of inter-
stitials in MO, . In the same way, cations of a lower
valence would decrease the corresponding defect
concentrations.

Example. Addition of trivalent Cr ions in FeO
would increase the concentration of iron vacancies
and would, therefore, cause an increase in the con-
ductivity and, hence, the oxidation rate. It is seen
that the addition of small amounts of Cr always in-
creases the oxidation rate of iron at first. Only when
a higher level of Cr (beyond the doping limit) is
present, does it help in reducing its oxidation rate.

Corresponding rules for the addition of foreign an-
ions have also been set up. A good example is the
change in the oxidation rate of zirconium when the
environment is shifted from pure oxygen to air. Air
contains nitrogen, which replaces some of the oxy-
gen anions. ZrO, is n-type oxide, having oxygen va-
cancies. Replacement of higher valent N3~ with diva-
lent O%~ would increase the oxygen vacancies and,
hence, the oxidation rate. It is observed that oxidation
of Zr is higher in air than in pure oxygen. Table 6.1
classifies the various oxides, sulfides, and nitrides
into p-type, n-type, or amphoteric semiconductors.

To know the mechanism of oxidation, it is neces-
sary to find the dominating transporting species.
Two methods, based upon the diffusion of ionic
species, are marker studies and oxygen tracer stud-
ies described below.

6.8 MARKER TECHNIQUE

In this technique, inert metal in the form of either a
small wire or as metal deposited by plating or other
deposition methods is placed at the original metal
surface prior to the start of the oxidation test. After
oxidation, the position of the marker is used to ascer-
tain the mechanism of diffusion. In case the mecha-
nism is dominated by inward diffusion, the marker
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after oxidation will be located at the oxide/gas inter-
face. If the scale grows by outward movement of
metal ions, it will be located at the metal/oxide inter-
face. If the marker is found in the scale, the growth
mechanism involves both inward diffusion of oxygen
ions and outward diffusion of metal ions. The relia-
bility of this method can be influenced by the marker
element, which is an outside body and can interfere
with the growth process. In addition, sometimes the
marker thickness is more than the scale thickness,
and the location of markers after an oxidation test
may not be accurate.

Currently, methods based on tracer diffusion are
more reliable and provide reliable information, al-
though interpretation is generally difficult. Tracers
involving metal ions are also employed and may be
easier to use. But not all metals have stable radioiso-
topes. Thus, an exchange during gaseous oxidation
has become more practical and easy. The technique
involves a two-stage oxidation involving '30 tracers.

6.9 OXYGEN TRACER TECHNIQUE

The use of 180 tracers to ascertain the mechanism of
diffusion of an ionic species during the oxide growth
process has become a successful method. The dou-
ble oxidation technique is used to identify the diffu-
sion processes involved. The alloy is sequentially
oxidized, first in natural oxygen and then in oxygen
gas containing '80 as tracers. The oxide growth dur-
ing the natural oxygen oxidation is referred to as the
old oxide, while the oxide grown during tracer oxi-
dation is referred to as the new oxide.

The position of the new oxide growth is deter-
mined from the concentration profile of the tracer
across the oxide scale, which is determined either by
Secondary Ion Mass Spectroscopy (SIMS) or by
proton activation techniques. The oxide growth
process could be either inward diffusion of oxygen
ions or outward diffusion of metal ions. In several
oxides, the mechanism involves diffusion of both

TABLE 6.1 Classification of Electrical Conductors: Oxides, Sulfides, and Nitrides

Metal-excess semiconductors (n-type)

BeO, MgO, Ca0, SrO, BaO, Ba$S, ScN, CeO,, ThO,, UO;, TiO,, TiS,, TiN, ZrO,,

V,05, VN, M0,0s, T2,05, MoO;, WO5, WS,, MnO,, Fe,0s, ZnO, CdO, CdS,
AL,O;, T1,05, In,05, Si0,, SnO,, PbO,

Metal-deficit semiconductors (p-type)

UO0,, Cr,0;, MgCr,0,, FeCr,0,, CoCr,0,, ZnCr,0,, WO,, MoS,, MnO,, Mn;0,,

Mn,0;, FeO, FeS, NiO, NiS, CoO, C0;0,, PdO, Cu,0, Cu,S, Ag,0, CoAl,0,,
NiALO,, GeO, SnS, Sb,S,

Amphoteric conductors

TiO, Ti,0s, VO, Cr,0; (>1,250°C), M00,, FeS,, RuO,, PbS
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ions. Such identification is not that difficult by the
tracer method. However, as the tracer diffuses down
the grain boundaries, it exchanges with 190, already
existing in the grains. To get any quantitative infor-
mation from the tracer concentration profiles, it is
necessary to model the process of inward diffusion
of tracer along grain boundary with exchange. The
advantage of a quantitative model is that the grain
boundary and the lattice diffusion coefficients are
obtained from the shape of the tracer concentration
profiles. The effect of structural parameters such as
oxide grain size on tracer profiles can also be evalu-
ated. The most important information obtained is re-
garding inward or outward growth.

In case the scale growth is a combination of both
mechanisms, a simple mass balance test can be used
to separate the two processes. In the model, the
shape of the tracer concentration profile depends
upon three parameters: grain size, grain boundary
diffusion coefficient D, and lattice diffusion coef-
ficient D,. By choosing appropriate values for the
three parameters, a family of curves can be gener-
ated, which define a range of 180 concentration pro-

B

E

]

[

|
= L
2 | New oxide Old oxide } 38

=
o e

r
Ounward Al transport
{a)

=
" , , | O
5 Old oxjde - New oxide | 3

Inward oxygen (LB trunsport
with cxchange

[c)
FIGURE 6.6 Oxygen tracer profiles of oxides formed.

files, which are quantitatively compatible with the
mechanism of inward diffusion of oxygen. Con-
versely, if an experimental tracer profile is given, it
should be possible to determine the values of the
three parameters. Fig. 6.6 shows a schematic of 130
profiles for several transport mechanisms. The new
oxide is shown by the dotted area, and the old oxide
by a region without shading. In an outward growth
mechanism, the new oxide will appear next to the
oxide/gas interface, without disturbing the old oxide
formed under natural oxygen (Fig. 6.6a). In case the
mechanism is dominated by inward transport of
oxygen ions, the new oxide will appear next to the
metal/oxide interface, while the old oxide at the
gas/oxide interface appears as shown in Fig. 6.6b. In
these ideal cases, no exchange of tracers occurs with
natural oxygen. When exchange occurs, the inward
diffusion profile is slightly modified to account for
this exchange process and is shown in Fig. 6.6c. Fi-
nally, if the diffusion mechanism is a combination of
the outward movement of metal ions and the inward
movement of oxygen ion the profile appears as
shown in Fig. 6.6d.
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6.10 INITIAL OXIDATION OR
THIN LAYER OXIDATION

The study of initial oxidation is the most important,
as it is the first step of metal reaction when the metal
is exposed to an aggressive environment. At high
temperatures, the reaction is so fast that it is difficult
to estimate the gas/metal interactions in the initial
stages. Thus, in order to know the mechanism of ox-
idation at the initial stages, experiments are con-
ducted at either low temperatures or low pressures at
high temperatures. In both these cases, the high tem-
perature oxidation process is viewed at a slow speed
in a manner similar to observing a movie in slow
motion. The rate of reaction and, hence, the kinetics
are quite different under these conditions and some-
times match the kinetics of noble metals, which usu-
ally exhibit very low oxidation rates.

The nature of the oxygen species adsorbed on a
metal has been studied extensively using different
analytical techniques, such as infrared (IR), electron
spin resonance (ESR), XPS, LEED, and AES. Oxy-
gen adsorbed on a metal or on a stable oxide surface
at room temperature converts it to several sub-
species. On the metal, a charged species exists, as in-
dicated by surface potential charges. On the oxide
surface, both neutral O, and O as well as ionic
species O~1, O, and O3 may exist alone or in equi-
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librium with each other. Molecular oxygen has been
found on Pt(111) at 120 °K. Molecules dissociate
into atoms at higher temperatures, illustrating the ac-
tivated nature of chemisorption. On copper (100)
and (111) surfaces, chemisorbed molecular oxygen
and weakly bonded atomic oxygen were detected
between 100 °K and room temperature, while
strongly chemisorbed atomic oxygen was identified
at room temperature.

Most of the theories put forward by several re-
searchers describe low temperature oxidation in
terms of logarithmic kinetics. The kinetic law is ei-
ther of the direct logarithmic or inverse logarithmic
type. The first theory of low temperature oxidation
was put forward by Cabrera in 1949. Since then, this
theory has been elaborated by others, and several
models have been proposed. A comprehensive list of
these theories, compiled by Kofstad, is reproduced
in Table 6.2. We will first explain the most simplified
theory proposed by Cabrera and Mott. Most of these
theories start after the oxygen has been adsorbed on
the clean metal and a monolayer or a few layers of
oxide have formed. As discussed previously, this
step follows a linear behavior and will be treated
separately afterwards.

In the Cabrera and Mott Theory of Inverse Loga-
rithmic Kinetics, the following assumptions were
made:

TABLE 6.2 Summary of Theories for Initial Oxidation and Oxide Scale Formation [2]

Kinetics, rate equation

Rate-determining processes, etc.

Linear Adsorption on clean metal surfaces with constant sticking efficiency

Increasing reaction rate
and oxide growth
Logarithmic
Inverse Logarithmic
Logarithmic
trons
Logarithmic linear, etc.

Adsorption on clean metal surfaces with increasing sticking coefficient. Simultaneous adsorption
Adsorption. Elovich equation. Increasing activation energy with gas uptake
Electric field-inducted transport of ions through thin oxide films

Electric field-inducted transport of ions through thin oxide films; rate determining transport of elec-

Electric field-inducted transport of ions through thin oxide film

Parabolic Electric field-inducted transport of metal ions through thin oxide films

Cubic Electric field-inducted transport of metal ions through thin p-conducting oxide films
Logarithmic Electron flow controlled by space charge in oxide film

Logarithmic, xn _t Coupled diffusion homogenous field approximations

Logarithmic Adsorption/chemisorption model

Logarithmic Diffusion along pores, mutual blockage of pores

Asymptotic Diffusion along pores, self blockage of pores

Logarithmic, Asymptotic Diffusion along pores, simultaneous self blockage and mutual blockage of pores
Logarithmic Cavity formation

Logarithmic, etc. Nonisothermal process

Logarithmic Nucleation and growth increasing activation energy

Sigmoid, pseudo-logarithmic
Quasi-cubic

Lateral growth of oxide crystal coupled with linear, parabolic growth normal to surface
Dissolution of oxygen in metal with a concentration-dependent diffusion coefficient
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* Oxide growth is by cation movement

* Oxygen molecules dissociate on the oxide sur-
face, giving rise to traps with an energy eV below
the fermi level of the metal.

* The density of such traps is sufficient to provide
enough electron levels to give a potential drop V
across the film and, thus, a field F, such that F =
V/x. It is known from changes in surface potential
that a field often exists across an oxide film grow-
ing at low temperature.

The activation energy W for the movement of a
cation in the oxide drops to W — 1/2 qaF, where ¢ is
the charge of the ion, a is the jump distance, and F’
is the field. An alternative assumption is that Wis the
energy needed for accommodating a metal atom into
oxide. The growth rate can be written as

dx/dt = Na*n exp [— (W-1/2 qaVIx)IkT), (6.11)

where N is the number of mobile ions per unit vol-
ume in the oxide and »n is a phonon frequency. On in-
tegration, this leads to an inverse logarithmic law:

1/x=(A + Clogy),

where A and C are constants.

According to Ely and Wilkinsin, irrespective of
the mechanism of movement of ions, activation en-
ergy will be of form

W, =Wo + x, (6.12)
where L is a constant that depends upon the film
structure.

As a matter of fact, many oxides formed at low
temperature are of amorphous and glassy structures.
Depending upon their bond strength, there have
been two main categories in which these oxides can
be divided: network formers and network modifiers.
Network formers have higher bond strength than
network modifiers. An example of a network former
is Si0,, which has a three-dimensional network
structure having a five- or six-member ring structure
(Fig. 6.7).

An example of a network modifier is Na,O when
added to SiO,. This is shown in Fig. 6.8. The non-
bridging oxygen atoms (due to the presence of
Na,O) tend to weaken the network structure of SiO,.
In such a structure, no large channels are likely to
form for anion transport and, since the cations are
weakly bound, their transport is expected in the net-
work modifiers. Thus, it is amply proved by the

FIGURE 6.7 Schematic of SiO, network structure.

above discussion that the oxide structure plays an
important role in ionic movement. Now, if one uses
the expression of activation energy to determine the
rate of oxidation:

dx/dt = C, exp [ — (Wo + wo)/kD)],  (6.13)

which, on integration, gives a direct logarithmic law,
x=Alogt+B.

Ely and Wilkinsin described low temperature ox-
idation in terms of the movement of a single ion,
cation, or anion by a process known as place ex-
change mechanism. This simply involves the inter-
change of two ions over a spacing of a few
angstroms, particularly in non-crystalline structures.
It is possible that the rearrangement of the whole
chain of atoms can occur simultaneously:

M—-O0-M-0-M-0~
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FIGURE 6.8 Schematic of network modifier structure.

A small activation energy is required for place ex-
change. However, this increases with an increase in
the thickness of the oxide, thus resulting in a de-
crease in the rate, leading to logarithmic kinetics.
Unlike the case of the Cabrera-Mott model, this ac-
tivation energy is not limited to movement of any
specific ion.

6.10.1 Mott Theory of Direct

Logarithmic Law

The direct logarithmic law during the initial oxide
growth process has also been explained by tunneling
of electrons from the metal to the oxide as the rate-
determining step. In principle, growth at low tem-
peratures could be limited by electron or ion pene-
tration. In the former case, Mott suggested the
following equation for the rate of electron tunneling:

dx/dt = Cyexp [- 2x 2mU)Y?/h],  (6.14)

where C; is 107 cm/sec and U is the barrier height.
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There is however, no evidence of growth limited
by electron tunneling. Initially, it was thought that at
very thin oxide scales, perhaps the migration of
cations (as explained by the Cabrera and Mott the-
ory) appears fine, but as the oxide scale gets thicker,
this migration could be difficult. Hence, at a limiting
thickness it is possible that the ion migration shifts
to the electron tunneling process. Mott calculated
the limiting thickness and found it to be approxi-
mately 30 °A.

6.10.2 Thick Layer Oxidation—
Wagner’s Theory

When a metal is exposed to a high temperature, the
first monolayer of the oxide is formed instantly.
However, after the formation of the initial oxide
layer, further growth process requires transport of ei-
ther metal ions from the substrate or oxygen ions
from the gaseous side. The former move from the
metal/oxide interface to the oxide/gas interface,
while the latter move from the gas/oxide interface to
the metal/oxide interface. The transport of these
species is controlled by the diffusion laws, and the
diffusion is facilitated by the defect structure of the
oxide. For a thicker scale, the ionic species have to
travel a longer distance; whereas, the transport dis-
tance is shorter for thinner scales. Kinetics are gen-
erally parabolic in nature. Wagner’s model for thick
oxide layers begins with following assumptions:

1. The oxide scale is compact and adherent.

2. Migration of charged species, ions (cations or an-
ions), electron, or electron holes is the rate-
controlling process.

3. Thermodynamic equilibrium is established at
both the metal/scale and scale/gas interface.

4. The oxide is more or less stochiometric—there is
very little deviation from stochiometry.

5. Oxygen solubility in the metal may be neglected.

Because the thermodynamic equilibrium condi-
tion is established at both interfaces (metal/scale and
scale/gas), the activity gradients of both metal and
oxygen result across the scale (Fig. 6.9). Conse-
quently, metal ions and oxygen ions will tend to mi-
grate across the scale in opposite directions. Because
the ions are charged, this migration will cause an
electric field to be set up across the scale, moving
from the metal side to atmosphere. The net result of
the migration of ions (+ve or —ve) and electrons or
electron holes, therefore, is to be balanced for an
electroneutrality condition. As charged particles,
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FIGURE 6.9 Schematic of scale formation according
to Wagner’s model.

ions will respond to both chemical and electrical po-
tential gradients that, together, provide the net driv-
ing force for ionic migration. Based upon these con-
siderations, the parabolic rate constant of a thick
oxide scale controlled by cation movement can be
given as

Kp =1/22aF>C, | 6, 6,/6,+ G, du, (6.15)

where Kp is the parabolic rate constant, Za is the
charge on cations, ¢, and 6, are the conductivities of
cations and electrons, respectively, F is Faraday con-
stant and W, is the chemical potential across the
oxide scale. This can further be simplified by relat-
ing conductivities with diffusion coefficients and ex-
pressing chemical potential in terms of oxygen par-
tial pressures as given below:

Kp = 1/RT [ Dy, In p(O,). (6.16)

6.11 OXIDATION OF PURE METALS

It is well known that most metals, with exception of
the noble metals, form tarnishing layers of oxides,
even at room temperature. Their reaction with oxy-

gen is expected to be very rapid at high tempera-
tures. It is very difficult to classify metals into vari-
ous groups on the basis of their interaction in oxi-
dizing environments, due to vast differences in terms
of their mechanisms of oxidation, type of scale
formed, etc. Perhaps the simplest classification
would be in terms of their oxidation resistance.
Noble metals, such as platinum, gold, palladium,
etc., can be grouped into one class. They are the
most resistant to oxidation.

Another group consists of transition elements,
such as iron, nickel, cobalt, etc., which have moder-
ate oxidation resistance but are the base elements for
important alloys for high temperature applications.
Alkali and alkaline-earth elements are the most re-
active elements and, therefore, are not important for
discussion in terms of their oxidation resistance.

Another method used to classify metals is in
terms of the temperature of application: those used
at low temperatures, such as copper, aluminum,
zinc, etc.; those used at intermediate temperatures,
such as iron, nickel, and cobalt; and those used at
high temperatures, such as the refractory metals
tungsten, molybdenum, etc., as well as a few noble
metals, such as platinum and palladium. However,
except at low temperatures, the use of pure metals is
very limited at higher temperatures (except for plat-
inum and palladium used as heating elements or
thermocouples). Many refractory elements are used
at high temperatures, but their use is limited to only
reducing environments or in a vacuum.

Metals can also be classified in terms of their ten-
dency to dissolve oxygen. In this classification, ele-
ments such as titanium, tantalum, zirconium, and
hafnium can be considered. They dissolve consider-
able amounts of oxygen and, hence, make the oxida-
tion process more complicated. Another way of clas-
sification may be in terms of the type of scale
formed, whether single or multiple. Nickel is the
best example to illustrate a single oxide-forming
metal.

The oxidation behavior of the metals is highly de-
pendent upon the physical properties of the metal,
such as the melting point, structure, and the molar
volume. For high temperature service, the melting
point of the metal dictates the limits of practical use
and structural changes that occur during heating and
cooling, which affect the oxide adherence.

Among various metals, oxidation of nickel is per-
haps the simplest. It forms a single oxide, NiO, when
oxidized at high temperature. Oxidation behavior is
governed by the defect structure of NiO, which is
p-type and, hence, scale growth occurs by outward
diffusion of nickel ions. If there are some impurities



in nickel (e.g., carbon), a two-layered NiO scale is
formed—an inner compact NiO formed by inward
diffusion of oxygen and an outer loose layer formed
by outward diffusion of nickel ions.

Many other important metals, such as iron and
cobalt, form multilayer oxides. Iron oxidation forms
a scale, which is a mixture of three oxides—wustite/
FeO; magnetite/Fe;O,, and haematite/Fe,O;. The
composition of the scale varies with temperature and
with the oxygen partial pressure. Wustite does not
form below 570 °C, and the scale consists of mag-
netite and hematite below this temperature. Above
570 °C, the scale consists of all three oxides in the
following sequence: FeO next to the metal; Fe;O,
next to FeO, and Fe,O; as the outermost layer. This
gradation arises because FeO is metal-rich and re-
quires the lowest oxygen partial pressure, while
Fe,O; is oxygen-rich and requires a higher partial
pressure of oxygen to form.

Waustite/FeO is a p-type of semiconductor, with
metal vacancies. It exists over a wide range of stoi-
chiometry, from Fe, 450 to Fe, 5O at 1,000 °C. With
such high cation vacancies, the mobility of cations
and electrons via metal vacancies and electron holes
is extremely high. The magnetite/Fe;0, has inverse
spinel structure (i.e., all the Fe*? ions and half of the
trivalent Fe*3 ions are occupied by octahedral sites,
and the other half of the trivalent ions Fe*3 occupy
tetrahedral sites). Defects occur on both sites and,
consequently, iron ions may diffuse over both tetra-
hedral and octahedral sites. The oxide has very little
deviation from stoichiometry, especially at high
temperatures. It however, behaves as a p-type semi-
conductor, with metal ions moving outwards.

Haematite/Fe,O; exists in the o and B forms,
which are rhombohedral and cubic in structure re-
spectively. Generally, at T > 400 °C, Fe;0, is oxi-
dized to 0-Fe,Os. In the rhombohedral form, the
oxygen ions exist in a close-packed hexagonal
arrangement with iron ions in the interstices. With
such a structure, it may be expected that iron ions
would be mobile. However, experimental results
have shown disorder on an anion sublattice only,
from which only the oxygen ions are expected to be
mobile. In general, Fe,05 behaves as an n-type semi-
conductor, but there is some evidence of the possible
migration of cations, also.

At the iron/wustite interface, iron ionizes in the
following way:

Fe = Fet? + 2¢~. (6.17)

The iron ions and electrons migrate outwards
through the FeO layer over iron vacancies and elec-
tron holes, respectively. At the wustite/magnetite in-
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terface, magnetite is reduced by iron and electrons
according to the following reaction:

Fe*? + 2e— +Fe;0, = 4FeO. (6.18)
Iron ions and electrons surplus to this reaction
proceed outward through the magnetite layer, over
iron vacancies on the tetrahedral and octahedral
sites and over electron holes and excess electrons,
respectively.

At the magnetite/haematite interface, magnetite is
formed according to the reaction

Fe*" + ne~ + 4Fe,05 = 3Fe;0,. (6.19)
The value of 7 is two and three for Fe*2 or Fe*3 ions,
respectively. If the iron ions are mobile in the
haematite, they will migrate through this phase over
iron ion vacancies Vg, together with electrons, and
new haematite will form at the Fe,05/gas interface
according to the following reaction:
2Fe + 6e + 3/2 O,(g) = Fe,05.  (6.20)
At this interface, oxygen also ionizes according to
the reaction
1/2 O4(g) + 2e- =02 (6.21)

If the oxygen ions are mobile in the haematite
layer, the iron ions and electrons in excess of the num-
ber required for the reduction of haematite to mag-
netite, will react with oxygen ions, diffusing inwards
through the Fe,O; layer over oxygen vacancies form-
ing new Fe, 05 according to reaction 2Fe*? + 3 02~ =
Fe, O;. The mechanism of three-layer oxide on pure
iron above 570 °C is shown in Fig. 6.10.

Chromium is an important metal that is used as an
alloying element in all stainless steels and superal-
loys. It is responsible for creating a passive layer at
low temperature and a protective chromia scale at
high temperatures. The chromium oxide (Cr,05)
scale, so formed, protects most of the high tempera-
ture alloys from further oxidation and sulfidation.
However, this protection is viable only up to a tem-
perature of 900 °C, above which the chromia scale
starts destabilizing due to the conversion of Cr,04
into CrO; CrOs; is volatile and, hence, is unable to
protect the substrate. Therefore, at and above 900 °C
it is advisable to not use stainless steels or other Cr-
based superalloys, especially in high partial pressure
of oxygen.

Another class of important metals comprises tita-
nium, zirconium, hafnium, tantalum, and niobium.
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FIGURE 6.10 Mechanism of oxidation of iron showing the diffusion of various ionic species.

These metals differ from those described in the pre-
ceding paragraphs in that upon oxidation they not
only form an outer oxide scale but also absorb a lot
of oxygen. Thus, while calculating the oxidation
rate, one should measure the weight change due to
scale formation, as well oxygen diffused into the
metal. The dissolution of oxygen in the metal is
deleterious, as it can result in internal oxide forma-
tion and sometimes ordering of the structure.

Oxidation of titanium is quite complex. As per the
phase diagram shown in Fig. 6.11, there are several
stable oxides, such as Ti,O, TiO, Ti;O5, Ti;O5 and
TiO,. Thermodynamically, one would expect the
oxide scale to consist of several layers of different ti-
tanium oxides; however, oxidation in oxygen at near-
atmospheric pressure and below about 1,000 °C,
only TiO, is formed. But at higher temperatures, par-
ticularly at reduced oxygen pressures, lower oxides
are expected to be formed.

Titanium exists in two allotropic modifications.
The low temperature o form has an /cp structure, and
the high temperature 3 form has a bcc structure. The
transition between the two phases occurs at 882 °C.
The solubility of oxygen in the o phase amounts to
about 30 at.% and varies little with temperature. The
solubility of oxygen in the B phase increases with
temperature and is about 8 at.% at 1,700 °C. The o
phase is stabilized by oxygen dissolution. Oxidation
kinetics of titanium vary with temperature and time.
Fig. 6.12 summarizes the various rate laws followed
by titanium at various temperatures. Oxidation ki-

netics follow logarithmic rate law below 400 °C, dur-
ing which a thin oxide layer of TiO, is formed. Be-
tween 400-600 °C, kinetics are found to follow cubic
rate law. In fact, this cubic law can be described as a
transition from logarithmic to parabolic behavior.
Oxygen dissolution becomes quite important in this
temperature range. It has been suggested that oxygen
dissolution and diffusion of oxygen, the rate of which
is a function of oxygen concentration, may give rise
to cubic oxidation kinetics.

Between 600—-1,000 °C, the kinetics are described
by parabolic behavior. However, long exposure may
lead to transition to linear behavior; and, above this
temperature, the rate of oxidation is so fast that it can
best be described by linear kinetics. Parabolic oxida-
tion involves both oxygen dissolution and scale for-
mation. Oxide formed during parabolic range is
mainly rutile, TiO,. The initially-formed oxide is
compact, but after extended exposures, when a cer-
tain critical thickness is reached, the scale cracks.
Therefore, the scale consists of a number of layers
corresponding to the number of times the scale
cracked after reaching critical thickness. A number of
researchers have found a value of weight gain, corre-
sponding to critical thickness at 750 °C, as 3 mg/cm?.

The defect structure of rutile suggests there are
two types of defects in TiO,: oxygen anions and in-
terstitial titanium ions. In terms of non-stoichiome-
try, rutile can be expressed as Ti;,,O,_,. In general,
it is concluded that the interstitial titanium ions pre-
dominate at low oxygen pressures and high temper-
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FIGURE 6.12 The various rate laws followed by titanium at different temperatures.

atures, and oxygen vacancies become important at
high oxygen pressures and low temperatures. The
mechanism of oxidation, therefore, appears to be the
formation of rutile by outward diffusion of titanium
ions in an inner layer and inward diffusion of oxygen
ions in an outer part of the scale. This has also been
confirmed by marker studies. The parabolic rate fi-

nally turns into linear rate after the critical thickness
is reached. This critical thickness value may de-
crease with increase in temperature. Therefore,
above 1,000 °C, one sees linear oxidation from the
very beginning of oxidation. The linear rate reflects
mainly an increased rate of oxide formation, while
the dissolution continues at a rate determined by the
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oxygen gradient and diffusion coefficient of oxygen
in metal.

6.172 OXIDATION OF ALLOYS

In actual practice, alloys, rather than pure metals, are
used in various high temperature applications. The
oxidation behavior of metals is generally modified
by the alloying addition, which renders them suit-
able for a particular high temperature application.
Although oxidation of alloys follows the same gen-
eral phenomenon as that presented earlier for pure
metals, the presence of more than one element in the
alloy necessitates consideration of a number of ad-
ditional factors to describe the alloy oxidation be-
havior. This renders the mechanism of oxidation of
alloys relatively complex compared to that of a pure
metal. Several factors determine the effect of alloy-
ing additions on the oxidation process:

1. the nature of the alloying addition (i.e., whether it
is more or less noble than the parent metal);

2. solubility in the parent metal;

3. affinity for oxygen and thermodynamic stability
of its oxide;

4. mobility or diffusion of the metal in the oxide
phase.

Depending upon these, the scale formed in an alloy
may be as follows:

1. a mixture of oxides formed from various alloying
elements;

2. a single oxide formed of a specific alloying ele-
ment;

3. a single or mixed external oxide scale with inter-
nal oxides of certain elements.

The first case would be that of general oxidation,
in which oxides of all the elements may form in the
initial stage (transient oxidation), followed by the
growth of the most stable oxide. In the second case,
conditions for selective oxidation of a particular
constituent of the alloy would result. Although this
would protect the alloy from further oxidation, the
selective oxidation can result in the depletion of this
element from the underlying matrix, which, in the
event of any scale damage, cracking, or spalling,
may result in excessive scale growth rate, resulting
in breakaway oxidation. In the third case, due to very
high activity of certain elements, inward diffusion of
oxygen can cause precipitation of oxides within the
matrix, well below the external scale in the alloy.
This type of internal oxide can be beneficial in some

cases. For example, they can strengthen the base
alloy and, if formed at grain boundaries in the alloy,
restrict grain boundary sliding. But a large amount
of internal oxide is deleterious to the alloy because
the grains, completely surrounded by oxidized mat-
ter, may be loosened and finally dislodged. Many
other possibilities that arise during oxidation of bi-
nary alloys are given in Fig. 6.13.

Another phenomenon of interest in some alloys is
the formation of low melting oxides of certain alloy-
ing elements (e.g., Mo and V). This may result in
catastrophic oxidation. The second constituent in the
metallic phase can also influence the oxidation in
two ways. It can enter the primary oxide film, either
increasing or decreasing the concentration of lattice
defects, thereby enhancing or retarding the oxida-
tion rate. Here, Hauffe’s valency rule has been found
helpful in many cases. Alternatively, the second con-
stituent may accumulate as a new phase at the base
of the primary oxide phase. Under favorable condi-
tions, this may obstruct the passage between metal
and film substance and, consequently, retard oxida-
tion. Parabolic kinetics cease to apply under these
conditions and may change to logarithmic kinetics.

6.13 INFLUENCE OF ALLOY ADDITION
ON OXIDATION BEHAVIOR

Let us take the case of iron as the base metal with
various alloying elements added to it. Nickel and
chromium are the two major alloying elements in
various heat resistant alloys, whose beneficial effect
on oxidation resistance is well known. Silicon and
aluminum are also quite effective, but they can have
a harmful effect on the mechanical properties if not
alloyed judiciously. In addition, small amounts of
several other alloying elements are added to FeCrNi
alloys to achieve specific properties.

6.13.1 Effect of Chromium Addition

Oxidation of pure iron leads to a three-layered scale
with wustite as the major oxide at temperatures
above 570 °C. Thus, oxidation of iron can be re-
duced if addition of some alloying element can elim-
inate the formation of wustite. This can be achieved
when chromium is added as an alloying element to
iron. Figure 6.14 shows the effect on the oxidation
behavior of pure iron or mild steel when chromium
is added to it. Addition of a small percentage of
chromium results in the formation of a chromium-
rich oxide, along with iron oxides. With an increase
in concentration of chromium, iron chromium
spinels are formed and the FeO layer correspond-
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FIGURE 6.14 Effect of Cr addition on the corrosion rate of steel at 1,000 °C.

ingly becomes thinner relative to Fe;0,, as Fe?* ions
are blocked by the spinel oxide. With the further in-
creases in Cr, a mixed spinel of type Fe(Fe,Cr),0, is
produced, which decreases the oxidation rate signif-
icantly and leads to a parabolic kinetics. Since the Fe
ions are more mobile through this layer than the Cr3*
ions, the outer layer can still consist of the iron
oxide, especially after long oxidation times. When
chromium concentration exceeds the critical con-
centration, a selective oxide of outer layer of pure
chromia is initially formed. But to sustain the chro-
mia layer over a long exposure time, a substantially
larger amount of chromium is required—about 20
wt% at 900 °C and 25 wt% 1,000 °C. Phases that
form on an Fe-Cr alloy at 1,200 °C are given in a Fe-
Cr-O phase diagram, shown in Fig. 6.15. Such
isothermal diagrams can be plotted at various tem-
peratures to establish the stability regions of oxide
phases as a function of alloy composition.

6.13.2 Effect of Nickel Addition

Nickel is generally not alloyed with Fe for the pur-
pose of improving high temperature properties of
Fe. The main purpose of alloying Ni to Fe-Cr alloys
is to transform the Fe from a ferritic to an austenitic
phase, which has a FCC structure and is more stable
at high temperatures. Nevertheless, it can be seen in
Fig. 6.16 that addition of Ni to an Fe-11% Cr steel

results in a significant reduction in the oxidation rate
at several temperatures. Thus, from the corrosion
standpoint, ~20 wt% nickel is effective at 8§70 °C,
30% at 980 °C and ~50 wt% at 1,200 °C.

At higher chromium levels, the optimum nickel
concentration for maximum air oxidation resistance
decreases. This effect is depicted as isocorrosion
lines (compositions with same weight loss) on a ter-
nary diagram (Fig. 6.17). This indicates the relative
amounts of Ni and Cr that need to be added to Fe
to reduce its oxidation rate. It can be noted that at
1,200 °C, in air, an addition of ~28 wt% Cr is equiv-
alent to a combined addition of ~50 wt% Ni plus
10 wt% Cr, since all compositions on a given iso-
corrosion line exhibit the same corrosion rate.

6.13.3 Effect of Aluminum

The beneficial effect of Al additions to Fe in sup-
pressing its oxidation in air is very strong. For ex-
ample, ~10 wt% Al added to Fe decreases the corro-
sion loss in Fe from more than six inches to less than
two inches per year (see Fig. 6.18). However, me-
chanical properties of such binary alloys are de-
graded, making this approach less practical. The
marked beneficial effect of Al addition to Fe-Cr al-
loys is clearly shown in Fig. 6.18. It is seen that ~5
wt% Al addition to a Fe-10Cr alloy reduces the oxi-
dation rate from four to five inches per year to less
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FIGURE 6.15 Isothermal section of Fe-Cr-O phase diagram at 1,200 °C.

than one inch per year. Under these conditions, a se-
lective alumina scale is formed on the outer surface,
somewhat protecting the base alloy from further ox-
idation.

6.13.4 Effect of Silicon

Silicon additions are beneficial in restricting the ox-
idation rate. However, when the amount exceeds
2-3%, marked embrittlement of the alloy has been
noticed. When used in combination with other ben-
eficial alloying elements, silicon can be quite effec-
tive. As shown in Fig. 6.19, addition of about 1% Si
to a 5 Cr-0.5 Mo alloy reduces the oxidation rate
substantially.

6.13.5 Oxidation of
Multi-Component Alloys

As the number of alloying elements is increased, it
becomes fairly difficult to predict the type of scale
that will form, as well as the role of different alloy-
ing additions in the scaling process. Let us take the
example of a ternary Ni-Cr-Al alloy. Several possi-

bilities exist for the formation of scale, depending
upon the composition of the alloy at a given temper-
ature and the partial pressure of oxygen in the ex-
posed environment. One of the methods to predict
the oxide scales that will form on an alloy is to draw
a ternary phase diagram, if sufficient thermody-
namic and kinetic data are available. Such a diagram
will delineate the composition ranges for the forma-
tion of different types of oxide scales and enable one
to predict the oxide phases present on an alloy. Such
diagrams are called oxide maps.

One such oxide map for a ternary NiCrAl system
is shown in Fig. 6.20 at 1,000 °C. Three different
regimes of oxidation and reaction behavior can be
delineated, as follows:

1. In dilute alloys, where the concentration of Cr and
Al are insufficient to form a continuous scale of
either chromia or alumina. The scale on such al-
loys consists of NiO and spinels of Ni-Al, as well
as internal oxides of Cr and Ni. This is shown by
the region in the Ni corner of the ternary diagram.
Here, the oxidation process is dictated by the out-
ward diffusion of Ni ions.
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2. In alloys containing a high concentration of Cr
and a low concentration of Al, a selective layer of
chromia oxide forms. In these alloys, Al is inter-
nally oxidized. The oxidation process is primarily
determined by the diffusional growth of chromia
scale. This behavior is indicated by the region in
the triangle, extending quite deep into the left cor-
ner.

3. In alloys containing a sufficiently high concentra-
tion of Al or a reasonable combination of Cr+Al
level, a continuous alumina scale forms. As can
be seen in Fig. 6.20, a large area of the diagram
encompasses the conditions under which a con-
tinuous alumina scale can form. In this region, the
oxidation process is controlled by diffusion of Al
Similar maps can be constructed for other alloy
systems. In general, the ease of formation of pro-
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tective (-alumina scale is of the order of Fe-Cr-Al
> Ni-Cr-Al > Co-Cr-Al.

The delineation between the three regions should
not be considered as absolute and can be influenced
by temperature and other alloying additions. In ad-
dition, as discussed previously, the transition to se-
lective oxidation will depend upon various other pa-
rameters, such as pretreatments, grain size, and
specimen geometry.

6.13.6 Effect of Other Alloying Elements

High temperature alloys, in general, contain several
other elements which are either added intentionally
to reduce oxidation or are present for several other
reasons. It is not our aim here to summarize the ef-
fect of each individual element on the oxidation
process. However, it is worth mentioning here that
the deliberate addition of rare earth and other oxy-
gen-active elements improves oxidation behavior.
Addition of rare earth elements in small concentra-
tions improves not only the oxidation resistance but
also enhances the scale adherence and reduces scale
spallation.

There are certain other elements, such as Mn, Mo,
V, Ta, etc., that are present in several high tempera-
ture alloys to improve their mechanical properties.
However, they can have a deleterious effect from the
standpoint of the oxidation resistance of the alloy.
Manganese, which is generally present in most of
the Fe-base alloys, has no pronounced effect on the

oxidation rate. In fact, a mild detrimental effect on
oxidation has been reported for the 200- and 300-
series stainless steels. Mo and V, if present in large
quantities, have a deleterious effect, as they can form
low-melting oxides (MoO, and V,05) and can lead
to catastrophic oxidation. The effect of certain tramp
elements, such as sulfur, phosphorus, boron, etc.,
has also been found to be detrimental to the scale ad-
herence and its spallation resistance. Hence, where
good scale adherence is required, these impurities
have to be reduced to very low (part per million) lev-
els. Boron, however, is added to many superalloys
for grain boundary strengthening.

6.14 OXIDATION BEHAVIOR OF SOME
COMMERCIAL ALLOYS

6.14.1 Carbon Steels and Low-Alloy

Ferritic Steels

Carbon steel is probably the most widely used engi-
neering material. It is extensively used for high tem-
perature applications in power plants, chemical and
petrochemical processing, oil refining, and in many
other industries. Boiler tubes in power plants, reac-
tor vessels in process industries, heat-treating fix-
tures, and exhaust train piping are a few examples of
components made of mild steel.

The oxidation behavior of mild steels is very sim-
ilar to that of iron, as discussed in the previous sec-
tion. Carbon steels have negligible oxidation in air



up to temperatures of about 250-300 °C. Oxidation
attack is less than about 20 mg/cm? up to 450 °C.
Above this temperature, the oxidation rate increases
rapidly, following linear kinetics, especially above
600 °C. High Strength Low Alloy (HSLA) steels,
which contain minor additions of alloying elements
(such as manganese, silicon, chromium and nickel),
have a lower oxidation rate. Chromium-molybde-
num steels are considered to be a better choice for
moderate temperature applications. The presence of
Mo enhances creep strength at these temperatures,
while Cr helps in forming a chromium-rich scale
that protects the steels from further oxidation. Fer-
ritic steels of the type 21/4Cr-1Mo and 9Cr-1Mo are
important materials for evaporator and superheater
tubes, respectively, in power plants; whereas, other
low-alloy steels (such as 1Cr- 0.5 Mo, etc.) are used
for other components where the temperature is not
very high. Adding Si generally helps in further re-
ducing the oxidation rate.

6.14.2 Oxidation Resistance of
Stainless Steels

By definition, steels containing more than 12% Cr
are called stainless. They can be martensitic, ferritic,
or austenitic, depending upon the microstructure of
the stainless steel. For high temperature applica-
tions, austenitic stainless steels are more suitable be-
cause of their inherent high strength and good duc-
tility. Martensitic steels are suitable only for those
applications where very high strength is the main re-
quirement; whereas, ferritic stainless steels exhibit
good oxidation resistance for relatively low temper-
ature applications. These are suitable for tempera-
tures below 640 °C, because these steels drastically
lose strength above this temperature.

In general, corrosion resistance is imparted to all
stainless steels by the formation of a protective chro-
mia layer on the surface, which requires a minimum
of ~18 wt% Cr. In austenitic stainless steels, the
face-centered cubic structure is retained by addition
of Ni. The 300-series stainless steels, therefore, are
used in many high temperature applications up to
900-950 °C. Above this temperature, the chromia
layer begins decomposing into volatile CrO5 and the
protective properties of the steels are no longer re-
tained. Among various 300-series stainless steels, a
superior corrosion resistance is exhibited by high-
chromium stainless steels such as Type 310 (25Cr-
20Ni) and Type 309 (25Cr-12Ni). These steels also
possess good cyclic oxidation resistance (Fig. 6.21).

Among ferritic stainless steels, Type 446 has the
maximum resistance to oxidation, followed by
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Types 430, 416, and 410. Cyclic oxidation tests that
were performed in air at 1,000 °C for 400 cycles (30
minutes in a furnace and 30 minutes outside)
showed that oxidation resistance was poor for Types
409 (12Cr), 420 (13Cr), and 304 (18Cr-10Ni). Type
420 was completely oxidized in 100 cycles. Types
405 (14Cr), 430 (17Cr), 446 (27Cr), 310 (25Cr-
20Ni), and DIN 4828 (19Cr-12Ni-2Si steel) exhib-
ited good oxidation resistance, as shown in Fig.
6.22. Above 1,200 °C, all except Fe-15Cr-4Al suf-
fered a severe attack within 400 cycles, indicating
that alumina-forming steels are superior to the chro-
mia-forming alloys. In a combustion environment
with regular gasoline containing 0.01 wt% sulfur,
considerable attack on stainless steels containing
less than 17% Cr has been reported. Steels such as
Types 310, 309, and 446 showed good corrosion re-
sistance in these environments. Combustion prod-
ucts such as CO, CO2, and hydrocarbons are ex-
pected to influence the oxidation behavior. Water
vapor, for example, affects the oxidation behavior
of even Type 310 stainless steels, as shown in Fig.
6.23.

6.14.3 Nickel-Based Alloys and
Superalloy Oxidation

As the nickel content in the Fe-Ni-Cr system in-
creases from austenitic stainless steels to Alloy 800
and other Ni-Cr alloys, the materials become more
stable in terms of metallurgical structure, and also
exhibit better resistance to creep deformation. The
scaling resistance also increases significantly. As
shown in Fig. 6.24, the cyclic oxidation resistance of
an IN 601 alloy is considerably superior as com-
pared to those of IN 600 (18 wt% Ni) and Alloy 800.

Nickel-based alloys can be classified into those
tht form chromia or alumina as protective scale on
oxidation. Alumina-forming Ni-based alloys exhibit
better high temperature oxidation resistance and
possess sufficient strength and creep resistance
properties. Aluminum present in the alloy forms
gamma prime (Ni;Al) precipitates that impart high
strength to these alloys. Also, alumina-based alloys
can be used at relatively higher temperatures com-
pared to chromia-based alloys, because the latter de-
compose into volatile CrO; above 900-950 °C,
thereby rendering the scale nonprotective.

Fe-Cr, Ni-Cr and Co-Cr alloys exhibit low oxida-
tion rates when the Cr concentration is ~15-30 wt
%. Therefore, most iron-, nickel- and cobalt-based
commercial austenitic alloys typically contain about
16-25% Cr. Table 6.3 lists some of the common
chromia-forming alloys. High-chromium alloys



130 ANALYSIS

10
625
600
BRONI-20Cr
0 e _
- 800°C_#3
X 6ONi-15Cr
22Cr-32Ni
-10
Type 310
25Cr-20Ni
2NCr-25Ni
3 a0k /
z Type 309
> 25Cr-12Ni
Tl
=
£
[
19Cr-14Ni
_ Type 347
AU 18Cr-8Ni (Ch)
/ g
Type 30
18Cr-8Ni
=~ 1 I i
0 200 400 600 RO 1000

Hours of cyclic exposure
(15 min heating - Smin conling)

FIGURE 6.21 Cyclic oxidation resistance of several stainless steels and Ni-base aloys in air at 980 °C.



HIGH TEMPERATURE OXIDATION 131

200

150

1040

50

Waight changs, mg/em®

o
=
T

4828
{19 Cr-12 Ni-2 5i)

8] HOER

200

300 400

Number of cycles

FIGURE 6.22 Cyclic oxidation resistance of several ferritic and austenitic stainless steels in air at 1,000 °C.

200 430 (removed al 30 hrs)

‘_/40‘! removed at 36

MF-2 310

(removed at 36 hrs) gg(l]
(Fe-12 Cr-1 Al 18-SR.
Or-1

“E Al C steel (removed at 30 hrs)
- L

%

g

£ o} \s\i

L

.O\G\u

S,

=00

12 36 6() 84 102

Time, hrs

FIGURE 6.23 Cyclic oxidation resistance of several
ferritic and austenitic stainless steels in (a) air + 10%
water vapor at 980 °C.

have the drawback of forming an intermetallic sigma
phase, especially after exposure for a long duration
above 800 °C, which renders the alloy brittle. Nom-
inal chemical compositions of several alumina-
forming superalloys are listed in Table 6.4. They
usually contain 5—7 wt% Al and greater than 10 wt%
Cr. The alumina layer forms due to the gettering ef-
fect of Cr, as discussed previously. The oxidation
rate in these alloys is generally low, and the oxide
scales are thin. Scale spallation resistance is usually
improved by addition of a small concentration of ac-
tive elements such as Y, Ce, etc., the details of which
will be presented in a subsequent section.
Superalloys have been developed for gas turbine
engines, which require both superior high tempera-
ture strength and strong oxidation resistance. Many
alumina-forming superalloys are being used for dif-
ferent parts of gas turbines. Applications of some of
these alloys have now been extended to other indus-
tries, such as heat treating, chemical processing,
petrochemicals, oil refining, and power generation.
For highly-stressed turbine blades and vanes, cast
nickel- and cobalt-based alloys are used. For cast
nickel-based alloys, substantial amounts of A/ and
Ti are used to produce a large volume fraction of
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gamma prime precipitates. These alloys also contain
substantial amounts of refractory elements, such as
Mo and W for solid solution strengthening, and B
and Zr for grain boundary strengthening.

In recent years, another group of commercial su-
peralloys has been developed for gas turbines, gen-
erally classified as Oxide Dispersion-Strengthened
(ODS) alloys. They are produced by mechanical al-
loying. Nominal chemical compositions of several
of the alloys such as MA956, MA754, MA6000 are
listed in Table 6.5. These ODS materials are superior
to superalloys with gamma prime precipitates, as
they contain a fine dispersion of inert oxide particles
in the austenite matrix that do not coarsen with time
and, therefore, retain high strength for a longer time
period at relatively higher temperatures. Their envi-
ronmental performance is also better than that of
conventional superalloys from the standpoint of
resistance to cyclic oxidation and scale spallation
resistance.

6.15 OXIDATION IN MIXED
GAS ENVIRONMENTS

Corrosion of materials at elevated temperatures is a
potential problem in many systems within the chem-
ical, petroleum, process, and power generating in-
dustries, but the environment in actual plants is far
from a simple, single oxidant. So far, we have dealt
with the reaction of metals and alloys in a purely ox-
idizing atmosphere (i.e., air or oxygen). Even in a
single gas environment, we saw that the identifica-
tion of oxides and the mechanism of their formation
often become complex, especially when we deal
with metals forming multi-layer oxides. Further-
more, if the gaseous environment is made more
complex by the addition of one or more gaseous
species, the scaling process will be even more com-
plex. The mechanism of oxidation/corrosion would
depend not only on the thermodynamic stability of
the oxides of the metallic constituents but also the
partial pressures of the two gaseous reactants in the
exposure environment. Therefore, material selection
for high temperature applications is based not only
on a material’s strength properties but also on its re-
sistance to the complex environments prevalent in
the anticipated exposure environment.

Considerable research on the causes, effects, and
prevention of different types of corrosion has been
underway for many years. However, when one stud-
ies reaction kinetics that involve only one reaction
equilibrium (e.g., H,O/H, or CO,/CO for oxidation,
H,S/H, for sulfidation, CH,/H, for carburization or
NH,/H, for nitridation), the reaction potential of the
participating species can be uniquely established by
the standard free energy of formation for the reac-
tion, as discussed above.

Even though corrosion of materials in single-oxi-
dant environments is fairly simple to examine and
provides a basis for formulation of alloys and their
development over the years, the selection and appli-
cation of alloys solely on the basis of their oxidation
resistance is very limited in practical systems in
view of the complex nature of the environments in
these systems.

6.15.1 Importance of Mixed

Gas Environments

In a power plant, heat is generated by burning oil,
gas, or coal. If complete combustion occurs, the re-
sultant environment will consist of oxygen and car-
bon dioxide. In practice, however, complete com-
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TABLE 6.3 Composition of Various Chromia-Forming Alloys

Type UNS No C Cr Ni Co Fe Mo w Others

Incoloy 800 NO8800 0.05 21 325 — Bal — — 0.3Al, 0.3Ti
Incoloy 800H NO8810 0.08 21 325 — Bal — — 0.4Al, 0.4Ti
Incoloy802 NO8802 0.4 21 325 — Bal — —

Incoloy903 N19903 — — 38 15 Bal — — 1.4Ti, 0.9A1, 3Cb
Incoloy DS — 0.06 17 35 — Bal — — 2.3Si

Kanthal AI K92500 — 22 — — Bal — — 5.8A1

Inconel 600 NO6600 0.08 15.5 Bal — 8.0 — —

Inconel 601 NO6601 0.1 23.0 Bal — 144 — — 1.4Al

Inconel 625 N06625 0.1 21.5 Bal — 2.5 9.0 — 3.6Cb

Inconel 706 NO9706 0.03 16 Bal — 37 — — 1.8Ti,0.2A1,2.9Cb
Inconel718 NO77 18 0.04 18 Bal — 18.5 — — 5.1Cb

Hastelloy X N06002 0.1 22 Bal 1.5 18.5 — 0.6

Nimonic 70 — — 20 Bal — 25 — — 1Al, 1.25Ti, 1.5Cb
Nimonic 75 — 0.1 19.5 Bal — — — —

Nimonic 81 — 0.03 30 Bal — — — — 0.9Al, 1.4Ti
Nimonic 90 NO7090 0.07 19.5 Bal 16.5 — — — 1.5A1,2.5Ti
Nimonic 115 — 0.15 15 Bal 15 — 4.0 — 5Al, 4Ti
Waspaloy NO7001 0.08 19 Bal 14 — 43 — 1.5A1,3Ti,0.05Zr,0.006B
Udimet 500 — 0.08 18 Bal 18.5 — 4.0 — 2.9A1,2.9Ti,0.05Zr, 0.006B
Udimet 520 — 0.05 19 Bal 12 — 6.0 1.0 2Al, 3Ti,0.005B
Udimet 700 — 0.03 15 Bal 18.5 — 52 — 5.3A1,3.5Ti,0.03B
Rene 77 — 0.07 15 Bal 15 — 4.2 — 4.3A1,3.3Ti,0.04Zr, 0.015B
Rene 80 — 0.17 14 Bal 9.5 — 4.0 4.0 3Al, 0.015B 5Ti,0.03Zr,
IN-738 — 0.17 16 Bal 8.5 — 1.7 2.6  3.4A1,3.4Ti,0.1Zr,1.7Ta,0.9Cb,0.01E
IN-792 — 0.12 12.4 Bal 9 — 1.9 3.8 3.1A1,4.5Ti, 1.7Ta,0.1Zr,0.02B

TABLE 6.4 Composition of a Few Alumina-Forming Alloys

Type C Al Cr Ni Co Fe Mo W Others

IN713C 0.12 6 12.5 Bal — — 42 — 2 Nb, 0.8Ti 0.012B, 0.1Zr
IN 713LC 0.05 6 12.0 Bal — — 4.5 — 2 Nb, 0.6Ti 0.01B, 0.1Zr
B 1900 0.1 6 8.0 Bal 10 — 6.0 — 4 Ta, 1.0Ti 0.015B, 0.10Zr
IN 100 0.18 6 10 Bal 15 — 3.0 — 4 Ta, 1.0Ti 0.015B, 0.10Zr
IN 731 0.18 5.5 9.5 Bal 10 — 2.5 — 4.6 Ti, 0.06Zr. 0.015B, 1V
MAR-M 200 0.15 5 9.0 Bal 10.0 1.0 — 12.5 2Ti, 0.05Zr,0.015B, 1.0Nb
Udimet 520 0.05 19 Bal 12 — 6.0 1.0 2Al, 3Ti,0.005B
Udimet 700 0.03 15 Bal 18.5 — 52 — 5.3A1,3.5Ti,0.03B

TABLE 6.5 Composition of a Few Alumina-Forming Alloys

Type Cr Ni Fe Ti Al Co Mo \\ Others
MA956 20 — Bal 0.5 4.5 — — — 0.5Y,04
MA754 20 Bal 1.0 0.5 0.3 — 4.5 — 0.6Y,04
MA 6000 15 Bal 0.75 2.88 4.38 16.0 2.0 4 2 Ta, 1.13Y,04
NiCr8020 19-21 Bal 2.0 — — — — — 1Mn, 2Si
TDS-Ni — Bal — — — — — — 2ThO,

TMO-2 6.0 Bal — 0.8 4.2 9.7 2.0 124 4.7Ta, 0.01B, 0.05Zr, 0.05C, 1.13Y,04




134 ANALYSIS

bustion is often not possible, and the burning of coal
or oil results in partial combustion, which generates
gases such as CO and H,. Secondly, all the fuels
(whether coal, gas, or oil) are rarely pure. They gen-
erally contain sulfur in the form of an impurity. A
part per million (ppm) level of sulfur impurity can
create a sufficient partial pressure of sulfur vapor, ei-
ther as sulfur dioxide or as hydrogen sulfide (by
combining with water vapor—a usual impurity).
Similarly, in petrochemical plants incomplete com-
bustion of crude generates not only carbon monox-
ide but also several low molecular weight hydrocar-
bons, which can make the environment really
complex and the prediction of reaction products
more difficult. In gas turbines, it has been found that
a ppm level of sulfur impurity may create ~1vol.%
of sulfur dioxide at about 1,000 °C, which is suffi-
cient to cause severe deterioration of even a very sta-
ble superalloy. It is essential, therefore, to know how
metals and alloys interact in mixed gas environ-
ments to predict the chemistry of the scale formed
and, hence, the mechanism of scale formation.
There are several mixed gas environments of in-
terest in many practical applications. They include
oxygen plus water, oxygen plus sulfur dioxide or hy-
drogen sulfide, and oxygen plus carbon dioxide/car-
bon monoxide. Moisture is present in many industrial
environments and is known to aggravate the corro-
sion reaction in many instances. Oxidizing environ-
ments that contain sulfur dioxide are prevalent in
chemical processes used to manufacture sulfuric
acid. In these processes, combustion of sulfur with
excess of air at ~1150-1200 °C can result in 10-15
vol.% SO, and 5-10 vol. % O,, with the balance being
N,. SO, is then converted to sulfuric acid. Such an en-
vironment is very oxidizing to structural alloys,
which may form scales comprising mixtures of ox-
ides and sulfides. On the other hand, the environ-
ment, in general, is very reducing in some of the
cracking units of many petrochemical plants, coal
gasification atmosphere, low NOx boilers, etc. Here,
sulfur is usually present as hydrogen sulfide, and the
oxygen content is extremely low. In addition, other
gases (such as CO, CO,, H,, and H,0) are also pre-
sent. Such an environment is considered a “reducing”
atmosphere, and the exposure of metals and alloys
usually leads to a severe sulfidation attack. As an ex-
ample, a coal gasification atmosphere typically has a
pS,of 10~ to 10-1% atm and pO, of 101 to 10-2° atm.

6.15.2 Oxidation versus Sulfidation

Let us first discuss how sulfidation differs from oxi-
dation. The reactions of metals and alloys with sul-

fur are governed by the same principles as we have
discussed for metal-oxygen reactions. For many
metals, however, sulfur behaves much more aggres-
sively than oxygen. The stability of various metal
sulfides as a function of temperature is given by the
Ellingham diagram for the sulfides. Fig. 6.25 shows
the plot of free energy versus temperature for vari-
ous metal sulfide reactions. There is very little dif-
ference in the stability of sulfides formed by iron,
nickel, and cobalt. Chromium, however, forms a rel-
atively stable sulfide compared to iron, cobalt, and
nickel. The corresponding sulfur vapor pressure (de-
fined by pS, or by the pH,/pH,S ratio) that is re-
quired for the formation of a sulfide at a given tem-
perature is determined from the nomographic scale
on the right-hand side of the figure. Here, pS, is ob-
tained by drawing a straight line through the point
‘S’ (on the left of the figure) through the free energy
line of the sulfide at the temperature of interest and
extending the line to the pS2 scale, giving the sulfur
partial pressure in equilibrium with the sulfide. Sim-
ilarly, the pH,/pH,S ratio can be deduced by draw-
ing a line from the point ‘H’ (on the left) through the
free energy of a sulfide at a given temperature and
extending it to the pH,/ pH,S scale (on the right).

Why are reactions of sulfur with several metals
more aggressive than the corresponding reactions
with oxygen? For example, silver, which is noble in
oxygen, reacts violently with sulfur. Copper also un-
dergoes an extremely rapid reaction with sulfur. The
most common metals—iron, cobalt, nickel, and their
alloys—have reaction rates with sulfur that are sev-
eral orders of magnitude greater than those in oxy-
gen. Table 6.6 compares the reaction rates for Ni, Cr,
Co, and Fe in oxidizing and sulfidizing atmospheres.
The reasons for the high oxidation rates for metal
sulfur reactions are as follows:

1. Higher diffusion rates in sulfides, compared to
those in oxides, due to a large concentration of
lattice defects. For example, the defect concentra-
tion in cuprous sulfide, Cu,_, 0O, is as high as 17
at.% (Cu, ¢5S) at elevated temperatures; whereas,
the deviation from stochiometry in cuprous oxide,
y in Cu, (O, is only 21073 at 1,025 °C and 0.1
atm. oxygen. Similarly, for chromium sesquisul-
fide, Cr,S;, the stochiometry ranges from CrS, 5,
to CrS, s, and the predominant defects are re-
ported to be chromium interstitials. On the other
hand, deviation from stochiometry for chromium
trioxide (Cr,03), is reported to be negligible.

2. Many sulfides have tendency to form low-melting
eutectics. The most common metals (iron, cobalt
and nickel) form low-melting sulfides. Nickel, for
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FIGURE 6.25 Ellingham diagram for the sulfidation of various metals.
TABLE 6.6 Parabolic Rate Constants for Oxidation and Sulfidation of Various Metals
Parabolic Rate Constant (Kp) gm? cm™ s~! / Temperature
Environment Ni Fe Cr
Oxidation 9.1x107'1 1000 °C 1.6x1072 950 °C 5.5x1078 800 °C 4.5x1012 1000 °C
Sulfidation 8.5x10* 650 °C 6.7x107° 800 °C 8.1x1079 800 °C 8.1x1077 1000 °C

bl

example, forms Ni3S,, which melts at 635 °C;
cobalt forms Co,S;, which melts at 880 °C; while
iron forms FeS, which melts at 985 °C. The low-
est temperature at which this happens is for nickel
or nickel-based alloys. This is why nickel-based
alloys suffer rapid degradation in sulfur-contain-
ing atmospheres.

As listed in Table 6.7, there is relatively little dif-
ference in the free energy of formation of the sul-
fides of various metals (such as iron, cobalt,
nickel, and chromium) compared to that of their

corresponding oxides. Because of this, the re-
quirement of the alloying element (e.g., Cr in Fe-
Cr or Ni-Cr or Co-Cr alloys) for selective sulfide
formation is relatively higher than the correspon-
ding oxides.

Finally, the dissociation pressure of sulfides is
much greater than those of the corresponding ox-
ides. Consequently, in spite of forming compact
scales, a high sulfur partial pressure is obtained at
the scale/metal interface, which favors rapid in-
tergranular corrosion of the alloy substrate.
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TABLE 6.7 Standard Free Energy of Formation of Several
Metal Sulfides and Oxides at 1,000 °C

Sulfides (G (kJ / mole) Oxides (G (kJ / mole)
1/3 Al,S; =219 1/3 Al,O4 -429
1/3 Cr,S; -135 1/3 Cr,04 -269
FeS -86 FeO -176
CoS -80 CoO -136
NiS -88 NiO -127
MnS -190 MnO -294

6.15.3 Sulfidation of Fe-Cr, Ni-Cr, and
Co-Cr Alloys

As in the case of oxidation, alloying of chromium
with iron, nickel, and cobalt considerably improves
sulfidation resistance. The rate usually follows para-
bolic behavior and, for all the three classes of alloys,
the parabolic rate constant decreases with an in-
crease in the chromium content of the binary alloy.
Above about 15 at.% Cr, there is no significant dif-
ference between the rate constants of binary alloys,
as shown in Fig. 6.26.

The scale formed on binary alloys changes with a
change in the chromium concentration. At low levels
of chromium, a two-layer sulfide scale is formed—
sulfide of the base metal as the outer layer and an

inner layer consisting of a solid solution of the sul-
fides of the base metal and chromium. For Fe-Cr al-
loys, the improved protection is attributed to the pres-
ence of an inner sulfide layer of type Fe(Fe, ,,Cr,)S4.
Similarly, mixed sulfides are formed on Ni- and Co-
based alloys. At high concentrations of chromium
(~40%), the scale is a single layer of chromium sul-
fide, which offers complete protection against further
corrosion.

In ternary alloys, the addition of aluminum has
been found to be beneficial as an alloying element
for corrosion resistance in both sulfur vapor and
H,/H,S environments. The improved sulfidation re-
sistance of Fe-Cr-Al alloys is due to the formation of
an inner layer of Fe(Fe, Al Cr, ,,)S4. Similar reduc-
tion in the sulfidation rates occurs for the addition of
aluminum to Co-Cr alloys; however, the effect is not
as strong as it is for Fe-Cr-Al alloys.

On the other hand, Ni-Cr-Al alloys behave differ-
ently. Addition of Al to Ni-25Cr (up to 10%) showed
very erratic behavior when tested in sulfur vapor
from 600 to 950°C. The kinetics were found to vary
from parabolic to linear. This might be due to the
formation of low-melting nickel sulfide, as dis-
cussed previously.

Sulfidation of alloys in an H,/H,S mixture has
been described by isocorrosion rate curves for vari-
ous steels and stainless steels as a function of H,S
concentration and temperature. These are given in
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Figs. 6.27 and 6.28 for steels and stainless steels, re-
spectively.

6.16 PHASE STABILITY DIAGRAMS

When materials are exposed to multi-component gas
environments or mixed oxidants, several of the fun-
damental processes mentioned above can occur si-
multaneously. Furthermore, the second reactant may
either modify or degrade the corrosion-product lay-
ers that form by reaction of the first reactant and the
substrate elements. In these situations, reactions will
occur not only at the gas/scale interface, but also
within the scales that develop on the surface and in
the base metal beneath the reaction products. As a
result, the development of suitable and meaningful
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thermodynamic and kinetic frameworks for both
nucleation and growth of scale layers on materials
exposed to mixed-oxidant atmospheres is quite
complex.

When studying reactions between metallic alloys
and complex gas environments, the chemical activi-
ties of several reactive species in the gas phase must
be considered simultaneously, and these activities
are generally established by gas-phase equilibria,
especially at elevated temperatures. In binary and
ternary gas mixtures, the chemical potentials of the
reactive species can be readily established, as a func-
tion of temperature, from the room-temperature gas
composition and free-energy data for reactions. For
a gas system that consists of CO, CO,, H,, H,O,
CH,, H,S, and N, or NHj;, several gas equilibria
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have been used to formulate a set of nonlinear alge-
braic equations. One can use iterative procedures to
determine gas compositions at elevated tempera-
tures that yield minimum free energy for the system
and satisfy the conservation of different reactive el-
ements (i.e., C, H, S, O, and N) and the total pressure
of the gas mixture. Results of such analyses have
been used to establish the elevated temperature gas
compositions; the partial pressures of oxygen, sulfur
and nitrogen; and carbon activity in the gas mixture.
In the analysis of gas/metal interactions in mixed-
gas atmospheres, it is inherently assumed that equi-
libria among various molecular gas species prevail,
and chemical activities are calculated by using the
above approach or some similar method.

A convenient way of representing the possible
corrosion products as a function of gas chemistry is
to construct thermochemical diagrams that depict
the stability ranges of various condensed phases as
functions of the thermodynamic activities of the two
components of the reactive gas. A schematic of the
phase stability diagram for Fe, Cr, Ni, and Mn and
their oxides and sulfides at 875 °C is shown in Fig.
6.29 as a function of the oxygen and sulfur partial
pressures. The diagram shows that at oxygen and
sulfur pressures below the metal/oxide and metal/

sulfide boundaries, respectively, (region A of upper
diagram), the metal will be stable and undergo nei-
ther an oxidation nor sulfidation reaction. In regions
B and C, the oxygen or sulfur partial pressures are
sufficient to form oxide and sulfide phases, respec-
tively. In region D, the oxide is the thermodynami-
cally stable phase; however, the sulfur partial pres-
sure is sufficient to form sulfides in the subscale. The
reverse is true in region E.

In the construction of these diagrams, the thermo-
dynamic activities of the metal and corrosion-prod-
uct phases are assigned a value of unity. Fig. 6.30
shows a phase stability diagram for the chromium-
carbon-oxygen system developed for a temperature
of 982 °C. In multi-component alloys, the activities
of constituent elements will be less than unity and
should be accounted for in the analysis. Further-
more, in gas/solid reactions that involve multi-com-
ponent alloys, a more complex corrosion product
(i.e., more complex than a binary compound) can re-
sult and will also decrease the thermodynamic activ-
ities of the specific phase in the mixture. This is es-
pecially true in cases where the corrosion reactions
lead to a liquid phase.

6.17 SCALING OF ALLOYS IN
SO, CONTAINING ATMOSPHERES

A mixed environment such as SO, and O, exhibits
both sulfur and oxygen activities. Thus, to charac-
terize the corrosion behavior in such an atmosphere,
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FIGURE 6.30 Thermochemical stability diagram for
the chromium-carbon-oxygen system developed for a
temperature of 982 °C.

FIGURE 6.29 Thermochemical diagrams for M-S-O
systems (where M = Cr, Fe, Ni, and Mn) at 875 °C.



it is necessary to construct the so-called stability di-
agrams described previusly. There is hardly any ap-
plication where the environment consists of 100%
SO,. Even in the manufacture of sulfuric acid, where
sulfur is oxidized to SO,, the partial pressure of SO,
is 15%—the rest is oxygen (5-10%) and N,. How-
ever, several studies have been conducted in pure
SO, atmosphere. This is mainly to understand the
corrosion reaction. Sulfur dioxide, with oxygen, is
perhaps the more common atmosphere and the reac-
tion is a bit different in this atmosphere than in pure
SO,, because under these conditions the following
reaction may occur:

SO, (2) + 1/205(2) =SO5 (g).  (6.22)

The presence of SO; changes the reaction. Since

the formation of SOj; is temperature dependent, the
extent of the reaction with metal also varies with
pressure. Let us look at the reaction in pure SO, with
nickel—the most-studied metal. The reaction of
nickel with SO, occurs in the following manner:

7Ni + SO,(g) = 4NiO + Ni,S,. (6.23)
The scale is a duplex scale, and the reaction exhibits
a significant temperature and pressure dependence.
At 1 atm. SO, pressure and at 500-600 °C, per the
stability diagram, NiSO, is a stable phase and exists
in equilibrium at the outer surface of the scale. The
growth of a duplex layer may also occur via the fol-
lowing reaction:

ONi + 2NiSO, = 8NiO + Ni;S,.  (6.24)
As the pressure is decreased below 0.1 atm. at
600 °C, the scale is no longer in equilibrium with
NiSO, and, therefore, there is no possibility of the
reaction shown in Equation 6.24. Hence, the reac-
tion rate decreases, and there is a strong pressure de-
pendence. The rate of reaction is linear from 1 atm.
to about 0.01 atm. in the temperature range 500—
1,000 °C; however, at 600 °C (due to stability of the
NiSO, phase at high pressures), the rate is much
higher from 0.1 atm. to 1 atm. and falls below 0.1
atm.

The strong temperature dependence can be ex-

plained as follows: Above 600 °C, the rate starts de-
creasing. This occurs, mainly, for two reasons:

1. NiSO, is stable up to 600 °C, above which it be-
gins destabilizing. This reduces the possibility of
the reaction in Equation 6.24.
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2. At about 635 °C, the Ni-S liquid begins stabiliz-
ing. The reactions at 700-900 °C are linear, and
the rates are proportional to SO, pressure. The
rate decreases further as temperature increses
above 800 °C, because Ni;S, is unstable above
this temperature. Thus, sulfide formation be-
comes thermodynamically impossible at suffi-
ciently high temperatures and/or at low SO, pres-
sures. Under these conditions, NiO is the only
reaction product, which is why at 1,000 °C, the
rate of reaction in SO, is same as the rate of reac-
tion of Niin 1 atm. O,.

The initial reaction in SO, + O, between 600 and
900 °C occurs in the same way as in an SO, envi-
ronment, with the formation of a duplex scale of
NiO and Ni;S, as per the reaction (Eq. 6.23). How-
ever, the subsequent reaction

NiO + SO5(g) = NiSO, (6.25)
depends very much on the reaction (Eq. 6.21). The
rate of the reaction increases, depending upon the
availability of SO;, as per the reaction (Eq. 6.21).
The reaction of Ni and O, + 4%SO0, at 700 °C occurs
very slowly in the beginning, as shown in Fig. 6.31.
This shows the extent of the reaction with the total
pressure of SO, and O,, until a time when SO; starts
forming. At this point, the SO pressure in the mix-
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FIGURE 6.31 Oxidation of pure Niin SO, and O, with
and without the presence of Pt catalyst.
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ture is higher than the equilibrium SOj; pressure
p*SO; of the reaction (Eq. 6.25). Furthermore, it can
be shown that the reaction of Ni in SO, and O, is
highest when the ratio of SO,:0, is 2:1.

The reaction of cobalt is very similar to that of
nickel. In an SO, atmosphere, the linear rate in-
creases with an increase in temperature up to 920 °C,
above which it decreases sharply, as shown in Fig.
6.32. The scale consists of CoO and cobalt sulfide.
When oxygen is also present along with SO,, the
scale is in equilibrium with cobalt sulfate. The rapid
reaction rate for the Co+SO, reaction is displaced to
higher temperatures, compared to that of the Ni+SO,
reaction. Fig. 6.33 illustrates how the weight change
at various temperatures for cobalt has been shifted to-
ward the higher temperature side (shifting the tem-
perature of maximum reaction from 600 °C for Ni to
920 °C for cobalt). This shift is due to two reasons: a
higher stabilization temperature of cobalt sulfide
Co,S; (780-930 °C); and the higher stability of Co-
S liquid solution (about 880 °C).

The reaction of iron with SO, is slightly different
from that of Co and Ni. Reaction of iron measured at
700 °C mainly formed FeO as the outer scale. The
sulfide FeS was found enriched in the inner part of
the scale next to oxide metal interface. The rate of
reaction in SO, was not very different from the rate
in air, as shown in Fig. 6.34. The reason for this was
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that both FeO and FeS are equally highly-defective
oxides. Hence, the diffusion of metal ions does not
differ significantly. The reaction of Fe in SO, be-
comes explosive after a temperature of 940 °C, as
this is the temperature at which a eutectic mixture of
FeO+FeS is formed. Chromium, when reacted with
SO, at temperatures 700-1,000 °C, resulted in the
formation of chromia scales. No sulfide was de-
tected. However, extensive blistering of the surface
was detected in a manner similar to that in oxygen.

Reaction of nickel chromium alloys in SO,-bear-
ing environments is dependent upon temperature
and the partial pressure of SO,. In 1 atm. pressure of
SO,, the reaction is very similar to that of pure
nickel, with the rate of corrosion increasing with
temperature from 600 °C to 800 °C; above this, the
rate of reaction is much lower. This is because of the
formation of a duplex NiO and Ni;S, scale at these
temperatures. However, the nickel sulfide melts after
635 °C and the rate increases up to 800 °C. Above
800 °C, the nickel sulfide is unstable Also at these
temperatures, a protective chromia scale starts form-
ing. The reaction in an SO, and O, atmosphere also
has a similar trend. For an SO,:0, ratio of 2:1, the
effect of the addition of chromium to nickel is shown
in Fig. 6.35.

6.18 OXIDATION OF Fe-Cr-Al
AND Ni-Cr-Al ALLOYS IN SO,
AND O, ENVIRONMENTS

Ternary alloys of Fe and Ni with Cr and Al are the
most important materials for many high temperature
applications, especially for gas turbines. Superalloys
and oxide-dispersioned strengthened alloys are ei-
ther Ni-based or Fe-Ni-based alloys with Cr and Al
as the main alloying elements. Some of these alloys
form protective chromia or alumina scale. Many of
these alloys have good corrosion resistance in SO,
and SO,+0, environments, but no definite rule can
be framed to generalize their behavior in these envi-
ronments. However, it can be clearly stated that if
the environment at the beginning of exposure is ox-
idizing (i.e., the environment has enough oxygen to
form a protective alumina or chromia scale), the al-
loys will behave quite well, provided there is no
scale cracking or spallation. In case of scale spalla-
tion, further oxidation may be fast and even cata-
strophic. Since many alumina-forming alloys have a
strong tendency for spallation, chromia-based alloys
are more suitable in such environments. If an alu-
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mina-forming alloy is used, it must have enough
chromium so that during scale spallation or cracking
a fast-healing layer of either chromia or alumina is
formed, without exposing the SO, environment to
nickel.

It was shown that Ni-10Cr-9Al alloy, which be-
haved very well in oxygen at 1,000 °C, catastrophi-
cally oxidized in a 1% SO, (balance O,) environ-
ment. But when the Cr level in the alloy was
increased (e.g., alloy Ni-20Cr-6Al), it showed a sim-
ilar behavior in a 1% SO, environment, as in oxygen
or air. Furthermore, it was found that on the spalled
regions there was a growth of either alumina or a
spinel of NiCrAl. The iron-based alloys are expected
to behave better than the corresponding nickel-based
alloys because of less damage due to formation of
FeS, compared to nickel-sulfide formation. This is
why iron-based ODS alloys MA 956 and PM 2000
behave much better than the nickel-based alloys MA
6000 and MA 760.



142 ANALYSIS

6.19 HOT CORROSION

Sulfur impurity in coal produces an environment of
sulfur dioxide at the temperature of operation. In
fact, coal and certain oils also have other impurities:
coals have salts of sodium and potassium, and oils
have vanadium. These impurities are retained in the
ash, which usually deposits on the hot spots of the
outer parts of heat-exchanger tubes. At the tempera-
ture of operation, some of these salts are in the lig-
uid state, or they get converted into complex salt
mixtures in the presence of sulfur-bearing gases.
Such complex mixtures melt at much lower temper-
atures, creating a liquid melt on the surface of the
metal or alloy.

Corrosion in the presence of such liquid melts of
salts is known as hot corrosion. It is also called de-
posit corrosion, as the salts first deposit on the surface
and then change to liquid melt, either on their own or
by forming complex mixtures of salts. Coal or oil im-
purities are not solely responsible for salt formation.
Another source, for example, is ingress of salt in the
air of marine environments. That is why gas turbines
operating in marine environments have a severe hot
corrosion problem. In this section, we will discuss
the principle of hot corrosion, its types, methods of
testing, and the way in which it deteriorates the pro-
tective oxide scale on the metal or alloy. Some of the
examples of hot corrosion, especially in power plants
and gas turbines, will also be discussed.

6.19.1

Hot corrosion is of two types:

Types of Hot Corrosion

Type I. Type I hot corrosion usually occurs at
higher temperatures—when the salt deposit on the
metal or alloy is in a liquid state. Under these condi-
tions, the corrosion rate is very high, right from the
beginning of the corrosion process, and the kinetics
are mainly linear (as shown in Fig. 6.36) for the cor-
rosion of Ni in the presence of Na,SO, at 900 °C.
Since the melting point of Na,SO, is 880 °C, faster
corrosion takes place from the initial stage and
can be compared with the oxidation of Ni without
the presence of salt, where the corrosion rate is
negligible.

Type II. In Type II hot corrosion, the reaction in
the beginning is very slow, until the rate increases
suddenly, at a certain point, and follows linear kinet-
ics. This is depicted in Fig. 6.37. In other words,
there is an incubation period before the corrosion
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FIGURE 6.36 Corrosion of nickel, with and without
the presence of the salt Na,SO, in 1 atm. O, + 4% SO, at
900 °C.

rate rises with fast linear kinetics. This type of hot
corrosion usually occurs at low temperatures (i.e.,
the temperature is lower than the melting tempera-
ture of the deposited salt). During the initial stages
of oxidation, kinetics are just the oxidation of the
base metal. As the oxidation progresses, the oxida-
tion products react with the salt deposits and form a
complex mixture of salts, which has a lower melting
point than the original salt. At this stage, the corro-
sion reaction suddenly rises. Fig. 6.37, for example,
shows the corrosion of nickel at 700 °C with Na,SO,
as a deposit. In the initial stages, Na,SO, is solid,
and the corrosion reaction involves the oxidation of
nickel to form NiO, which in the presence of SO,
forms NiSO,. It is the mixture of Na,SO, and NiSO,
that melts at 671 °C and, at this stage, the reaction
rate increases.

In coal-based power plants, fireside corrosion in-
volves Type II hot corrosion. Na,SO, or K,SO,,
formed from the reaction of SO, with NaCl or KCI
present in the coal, are the principle salt deposits in
the ash. As the maximum outer wall temperature of
steam generating tubes ranges from 550-650 °C, the
hot corrosion does not take place until the sulfate de-
posits react with SO; to form pyrosulfates. For the
reaction
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FIGURE 6.37 Corrosion of nickel at 700 °C, covered with Na,SO, deposit (2.5 gm/cm2) in 1 atm. O, + 4% SO, at dif-

ferent total gas pressures.

K,SO, + SO, = K,S,0;, (6.26)
about 150 ppm of SO; is required. For a similar re-
action with Na,SO,, the requirement of SO; is about
2,500 ppm. Once the pyrosulfates are formed, a
complex mixture of two melts at about 451 °C for
the potassium salt, and 551 °C for the sodium salt.
Severe hot corrosion takes place.

6.19.2 How Hot Corrosion Affects the
Corrosion Rate

The main purpose of salt deposits is to destroy the
protective oxide films. Once a liquid salt deposit is
formed, it dissolves the protective oxide and, hence,
the corrosion rate increases. Dissolution of the oxide
takes place by the fluxing of salts. This mechanism
has been discussed in detail for sulfate melts.

Pure Na,SO, melts at 884 °C, but when other
salts (such as NaCl, NiSO,, etc.) are dissolved in it,
its melting point is lowered. Na,SO, can be broken
into acidic and basic parts as

If one expresses the above equilibrium equation in
terms of the activity of various components as

aNg,0 ds0, = constant ay, so,» (6.28)
with the assumption that for pure a, Na,SO, =1, one
finds that the activity of Na,O (the basic component)
is inversely related to the activity of SO;. At suffi-
ciently low sulfur activities, Na,O is the only stable
phase, and SO; has sufficiently low oxygen activity.
The acid and basic fluxing models depend upon
whether the oxide is being dissolved by Na,O (the
basic component of Na,SO,) or by SO; (the acidic
component).

When NiO dissolves by the acidic process, the
corresponding equation can be written as

NiO = Ni* + O* (6.29)

O + SO =S07, (6.30)
meaning that under this condition, the nickel oxide
changes to NiSO,. Other oxides also exhibit similar
behavior.

Thus, the concept of basic or acidic fluxing of
oxide scale has provided the first interpretation of
hot corrosion. A simple fluxing model is shown in
Fig. 6.38, where it is assumed that the metal is cov-
ered by a thin, protective oxide scale that is continu-
ally dissolved in the salt melt. The linear reaction
rate implies that the protective scale is reformed at
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FIGURE 6.38 Simple model for fluxing of a continu-
ous, protective oxide scale MO in a film of molten salt.
The solubility of MO is assumed to have a negative gra-
dient across the salt layer, which leads to the precipitation
of MO at the film surface.

the same time it dissolves (i.e., the scale then has a
stationary thickness).

In fact, the fluxing model, illustrated above, is
valid for very initial stages of the reaction. But as the
reaction proceeds, depending upon the SO, + O,
concentration, a sulfate-induced hot corrosion
process is sustained. This results in the formation of
thick layers of reaction products, which primarily
consist of NiO and nickel sulfides. Depending upon
the reaction conditions, the sulfate phase is distrib-
uted throughout the layer of the reaction products or
is concentrated in an outer layer, near the gas/scale
interface.

6.19.3 Testing Methods for Hot Corrosion

Tests on hot corrosion of metals and alloys are rela-
tively more difficult than the corresponding simple
oxidation or sulfidation tests. The main problem
here is the mode and the frequency of salt deposition
on the test samples. Actual simulation is very diffi-
cult. Moreover, the deposit of salt spalls off quite
often during the test. However, testing is being car-
ried out using following methods:

1. The most common method applied in hot corro-
sion testing is by deposition of a calculated
amount of salt from its saturated solution on the
surface of the specimen, followed by measure-

ment of weight changes. The main limitation of
this method is the spallation of salt during the test,
and subsequent exposure of the oxide surface.

2. A second test, known as the bead test, more
closely resembles practical situations. In this test,
the salt vapors are continuously supplied to the
sample by evaporating the salt at a higher temper-
ature in a thermal gradient furnace and keeping
the specimen on the lower temperature side of the
furnace. This way, a continuous supply of salt
vapor is maintained throughout the test (Fig.
6.39).

3. Another test is carried out by completely immers-
ing the specimen in the salt melt for a fixed dura-
tion of time, followed by examination by optical
or electron optical techniques. This permits
analysis in terms of the depth of penetration and
type of attack (whether uniform, localized, inter-
granular, etc.). This technique, although good, is
far from simulating the exact conditions, but it is
a nice technique to compare the relative perfor-
mance of several materials (Fig. 6.40).

4. One of the most utilized methods to test hot cor-
rosion is by burner rigs. The main advantages of
such tests are that it is possible to simulate several
conditions of salt supply, gas flow rates, and
proper atmospheric control. Considerable data
collected in hot corrosion is from burner rig tests
(Fig. 6.41).
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FIGURE 6.39 Schematic of bead test.



FIGURE 6.40 Schematic of the crucible test.

6.20 OXIDE SPALLATION

The study of high temperature oxidation is incom-
plete without a discussion of the problem of oxide
scale spallation, its methods of detection, and pre-
vention. The process of oxidation involves nucle-
ation, growth and, finally, the formation of a protec-
tive oxide scale on the surface. In many cases, the
scale formed is very smooth and adherent and does
not spall at all. In other cases, the spallation starts at
the very early stages of oxidation and continues with
intermediate rebuilding of the scale. The main rea-
son for scale spallation is the stress generation in the
oxide during its growth. There are various reasons
for stress generation during the scale growth
process, and any one of them or a combination of
these can lead to scale spallation.

When a scale grows, the stresses start accumulat-
ing. A plot of stress accumulation with time versus
the corresponding weight gain during oxidation is
shown in Fig. 6.42. The stresses start accumulating
with the oxide growth process as the weight in-
creases due to oxidation. However, at a certain point,
Tc, the scale thickness is unable to bear the in-
creased stress and releases it. This release can either
be due to cracking in the scale or creep of the sub-
strate metal. Both of these factors will lead to scale
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spallation. There will be no scale damage only in
those cases where there is a perfect match or only a
little mismatch between the thermal expansion coef-
ficients of oxide and the substrate. The various fac-
tors responsible for the accumulation of stress are as
follows:

¢ difference in the molar volumes of metal and the
oxide scale formed on it [the Pilling Bedworth
Ratio (PBR)],

* epitaxial stresses,

* mode of diffusing species,
* geometry of the sample,

* composition of the scale,

» differences in the thermal expansion coefficients
of oxide and the metal.

6.21 THE PILLING BEDWORTH RATIO

The Pilling Bedworth ratio (PBR) is defined as the
ratio of the molar volume of metal to the molar vol-
ume of the oxide formed on it. If there is a large dif-
ference between the two, then the oxide has a ten-
dency to spall. However, if the ratio is equal or close
to 1, the oxide does not spall, and the scale remains
adherent to the substrate metal. If the ratio is more
than 1, the stress accumulated is compressive;
whereas, if the PBR is less than 1, the scale has ten-
sile stress. Alkali metals, which usually have very
low values of PBR, have tensile stresses. These met-
als have a violent reaction when exposed to air.
Here, since the metal volume is always more than
that of the oxide, the metal is available for the oxi-
dation reaction. Many metals (such as Zr) have a
PBR value equal to 2.5 and have high compressive
stresses. For example, Ni with a PBR value of 1.5
has very adherent and stable oxides.

There are several exceptions to the PBR rule. This
is because the PBR is not the only factor responsible
for scale spallation. Many other factors also act si-
multaneously. Hence, the PBR rule is merely an in-
dication of the direction of stress, rather than an in-
dication of spallation.

6.22 STRESSES DEVELOPED DURING
THERMAL CYCLING CONDITIONS

Most industrial applications of high temperature
materials involve temperature fluctuation. Complete
cooling of a component to ambient temperature may
occur frequently in practice, and the relative coeffi-
cients of expansion of the metal and oxide, there-
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fore, are likely to be important in determining the
stresses that are generated. The expansion coeffi-
cients of some metal-oxide systems are given in
Table 6.8. The oxides on nickel and cobalt are
known to be extremely tenacious and rarely spall
during temperature cycling. This characteristic is
undoubtedly due to the similarity of expansion coef-
ficients of the metals and oxides, although the irreg-
ular nature of the interface (observed on oxidized
nickel, for example) may also contribute to good ad-
herence. The surface oxide strains developed on ox-
idized metals and alloys as a result of a change in
temperature have been estimated for several sys-
tems, and the results are shown in Fig. 6.43.

The metal usually has a higher coefficient of ex-
pansion than the oxide; and, on cooling, it induces a
compressive stress in the oxide with a magnitude
given by

EO AT(CYO - am)
oxide (compressive) — 1 + 2(E0/E )(t /t ) ’

c (6.31)
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TABLE 6.8 Linear Expansion Coefficients of Metals and Oxides [3]

Oxide Coefficient Temperature Range Metal Coefficient Temperature Range
System (10 o) °C (10 a,) °C Ratio o /o,
Fe / FeO 12.1 100-1000 15.3 0-900 1.25
Fe /Fe,04 14.9 20-900 15.3 0-900 1.03
Ni/NiO 17.1 20-1000 17.6 0-1000 1.03
Co/CoO 15.0 20-1000 14.0 25-350 0.93
Cr/Cr,04 7.3 100-1000 9.5 0-1000 1.30
Cu/Cu,O 4.3 20-750 18.6 0-800 4.32
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FIGURE 6.43 Strains generated at the interface between various oxides and substrates by differential thermal expan-

sion.

where Eo and Em are the Young’s moduli of the
oxide and metal, respectively; o, and o, are the co-
efficients of thermal expansion of the oxide and
metal; fo and rm are the thicknesses of the oxide and
metal; and T is the temperature drop. The compres-
sive thermal stress in surface oxides on niobium was
over 410 MN/m?, which, although considerably less
than the fracture strength of 790 MN/m?2, could
cause failure of the oxide when taken in conjunction
with growth stresses and other isothermally-induced
stresses.

The greater the disparity between expansion co-
efficients, the less adherent the oxide becomes dur-
ing cooling. Consequently, the system Cu/Cu,0O/
CuO has received considerable attention; for, as
shown in Table 6.8, the coefficients of expansion of
the metal and oxides are very different. Cooling
from temperatures below 700 °C causes the oxide on

copper to spall extensively. This is thought to be due
to the fact that the oxide is less ductile, and a combi-
nation of growth and thermal stresses result in exfo-
liation. High plasticity of the oxide above this tem-
perature prevents spalling by relieving growth
stresses and leaving only the thermal stresses on
cooling.

Since the disparity of thermal expansion coeffi-
cients in this system is extremely large, it could be
inferred that the plasticity of the oxide is more im-
portant in a mist-metal-oxide system than any dis-
parity in the thermal expansion coefficients. The im-
position of thermal cycling during oxidation leads to
enhanced oxidation due to oxide failure, either by
decohesion or cracking, and the consequent expo-
sure of the metal to the oxidant. However, it may be
inferred from the above discussion that long soaking
times at a high temperature between cooling sched-
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ules should improve the adhesion of the scale by al-
lowing stress relief at the high temperatures and,
thus, increase its protective potential.

6.23 EXAMPLES OF HIGH
TEMPERATURE CORROSION IN
VARIOUS INDUSTRIES

6.23.1

In many high temperature processes in chemical and
petrochemical industries that involve hydrocarbons
as reactants and products, the carburization of metal-
lic reaction tubes is a serious problem. A famous ex-
ample involves the pyrolysis reactor tubes for ethyl-
ene production, where carburization of reactor tubes
and that of the filament takes place. Several types of
carburization processes exist. Some occur in straight
carburization in the absence of any oxygen, while
others focus on phenomena in environments con-
taining a mixture of oxygen and carbon. Methane-
hydrogen mixtures generally have been used to fix
carbon activities in the former types of environ-
ments; whereas, in the latter type of environment a
mixture of CO-H,-H,0O will fix the chemical poten-
tial of carbon and oxygen.

Carbon is rather unique in its interaction with
metals compared to those of oxygen and sulfur.
While in oxidizing and sulfadizing environments the
metal generally forms an external oxide or sulfide
scale, part of which can spall and, under certain cir-
cumstances, internal oxides and sulfides are formed
within the metal. However, in the case of carbon in-
teraction, carburization is almost always internal,
even at very high concentrations of the easily car-
burized element. Perhaps extremely rapid diffusivity
of carbon in the metal is the main cause of this phe-
nomenon.

The combination of high carbon activity, close to
unity, and relatively low oxygen partial pressure, is
characteristic of many industrial process environ-
ments. Where a pure iron or an iron-rich alloy is ex-
posed to a carbon-supersaturated environment
(az>>1), a metastable Fe;C surface carbide forms,
generally a prelude to metal dusting.

Metal dusting is a specific form of carbon-induct
corrosion, which leads to the disintegration of a bulk
metal or alloy into a powder or dust. The metal dust-
ing of iron and iron-rich alloys is indeed triggered by
the initial formation of a surface carbide layer. Metal
dusting generally occurs in a temperature range of
400-600 °C in environments that are supersaturated
with respect to carbon. In other words, the carbon

Metal Dusting

activity of the environment exceeds unity. The car-
bon-containing molecule is generally a hydrocarbon
or carbon monoxide.

A schematic of metal dusting corrosion of iron is
given in Fig. 6.44 Three distinct stages indicated are
as follows:

1. In the first stage, carbon from the gas phase is
transferred to the surface iron, followed by its dis-
solution and diffusion into the alloy. Iron gets su-
persaturated with C up to a certain thickness,
which depends upon temperature and the chem-
istry of the carbon-saturated gaseous environ-
ment. The dotted line represents a carbon activity
of unity and the solid line—the actual carbon ac-
tivity profile—indicates the super-saturation.

2. In the next step, a surface carbide of Fe;C (M;C)
forms, which is generally stable only in carbon-
supersaturated environments, requiring a carbon
activity in excess of unity to form.

3. In the next stage, carbon (principally graphite)
deposits on the Fe;C surface, whereby the carbon
activity at the carbide/graphite interface drops to
unity. The carbon activity profile is thus altered.
This destabilizes the Fe,;C and leads to its disso-
ciation into iron particles and graphite. At this
stage, metal dusting is in progress ( Fig. 6.45).

One critical question relates to how the particles
are carried away from the reaction interface in order
to sustain corrosion. The studies by Schneider [4]
and Grabke [5] conclude that iron atoms can indeed
migrate via intergraphatic planes away from the dis-
sociation interface. This is further confirmed by re-
cent investigations by Ramanarayana et al., [6] who
showed that in metal dusting corrosion of iron in
CO-H, mixtures, the carbon deposit on Fe;C is es-
sentially a mixture of amorphous carbon and
graphatic carbon. The proportion of graphatic car-
bon increases with temperature, accounting for
nearly 80% of carbon next to the Fe;C. Moreover,
graphite planes are oriented more or less perpen-
dicular to the dissociating Fe,;C facilitating the inter-
action of iron atoms into graphite. At the outer sur-
face of the graphite deposit, filamentous carbon,
which is catalyzed by iron particles, is evident. Thus,
metal atoms from dissociation of Fe;C intercalate
and diffuse outward through intergraphitic planes
and, ultimately, are carried away by filamentous car-
bon whose formation they catalyze (Fig. 6.46).

What, then, is the method to prevent metal dust-
ing? There have been two approaches. The first is to
decrease the sites on the surface for carbon transfer,
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FIGURE 6.44 Thermodynamics of the metal dusting process.

thereby impeding the carburization. The second
method is based upon creating a suitable barrier on
the surface—one that does not allow carbon to dif-
fuse and, hence, interact with it.

6.23.2 Inhibition by Sulfur

In the first method, metal dusting is inhibited or even
prevented by the presence of sulfur. Additions of sul-
fur-bearing compounds to the atmosphere lead to the
adsorption of sulfur on free metal surfaces. The ad-
sorbed sulfur blocks the sites necessary for carbon
transfer; thus, carburization is strongly impeded.
The presence of adsorbed sulfur even interrupts the
nucleation of graphite. Thus, the cementite formed
on the surface of iron and steels is stabilized and will
continue to grow, but relatively slowly since carbon
transfer is retarded. The sulfur is not built into the
cementite lattice; rather, it acts in its adsorbed state.
At low temperatures, relatively low sulfur activities

are sufficient to suppress the attack (e.g., H,S / H, ~
1076 at 600 °C). Therefore, H,S is an effective agent
against metal dusting of steels at low temperatures,
and it appears that many processes in the petro-
chemical industry do not cause metal dusting, since
small concentrations of H,S in the process gas act as
inhibitor.

6.23.3 Coal-Based Power Plants

The high temperature corrosion problem in a coal-
based power plant has been a matter of great concern
since the very early days of using the combustion of
coal to produce steam to generate electricity. Super-
heaters and reheaters suffer from steam oxidation on
their inner surfaces and hot corrosion on their fire
sides. Steam oxidation occurs due to the superheated
steam, which acts in a similar manner to oxygen at
the same temperatures. The oxidation is a matter of
concern above 540 °C for low alloy steels due to
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FIGURE 6.45 Scanning electron micrographs showing the metal dusting process.

their limited creep strength around this temperature.
Alloys with a higher chromium content should be
used for higher allowable stress and better steam ox-
idation resistance.

The fire-side corrosion of superheaters and re-
heaters in coal-fired utility boilers is one of the main
problems that have limited main steam temperatures
to 540 °C for the past 40 years. It exhibits its maxi-
mum rate of attack at 700-750 °C, where the corro-
dent is liquid, and decreases to a minimum at higher
temperatures, where the corrodent does not con-
dense. At higher temperatures, corrosion is predom-
inantly the oxidation of uncooled parts, such as
hangers.

6.23.4 High Temperature Corrosion of
Combustion Turbines

Combustion turbine components are susceptible to
oxidation-sulfidation corrosion at elevated tempera-
tures, in addition to the aqueous corrosion problems
encountered in the compressor blades and disks.

6.23.5 High Temperature Corrosion of
Aircraft Power Plants

Aircraft power plants have the important function of
providing thrust, or propulsion, to enable aircraft to
take off and remain in flight. However, various com-
ponents of an aircraft power plant system suffer
from problems of high temperature corrosion. There
are three predominant types of high temperature cor-
rosion that have caused mechanical failures of air-
craft power plant components: sulfidation, hot-salt
SCC, and fires.

6.23.6 High Temperature Corrosion in
Municipal Incinerators

The corrosion problems in boilers fueled with mu-
nicipal refuse are different from those encountered
with fossil fuels, as chlorine rather than sulfur is pri-
marily responsible for the attack. The average chlo-
rine content of the municipal solid waste is 0.5%, of
which about one half is present as polyvinylchloride
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FIGURE 6.46 Mechanism of metal dusting showing how carbon is coming out from intergraphatic planes.

(PVC) plastic. The other half is inorganic NaCl. The
chlorine in the PVC is converted to HCl in the com-
bustion process. The inorganic chlorides are vapor-
ized in the flame and, ultimately, condense in the
boiler deposits or pass through the boiler with the
flue gases. Zinc (Zn), lead (Pb), and tin (Sn) in
the refuse also play a role in the corrosion process by
reacting with the HCI to form metal chlorides and/or
eutectic mixtures with melting points low enough to
cause molten salt attack at water wall tube metal
temperatures.

6.23.7 Gas Phase Corrosion

HCI alone has little effect on carbon steel at temper-
atures below 260 °C. However, in the presence of

excess air in the boiler, FeCl, is readily formed on
the steel surface, which is stable at water wall tube
temperatures. However, at a metal temperature of
about 400 °C, which may occur in the superheater,
the FeCl, is further chlorinated to the volatile FeCl,.
If the gas temperature in the area exceeds 815 °C,
the FeCl; will evaporate readily, and breakaway cor-
rosion can then occur.

6.24 PETROLEUM REFINING AND
PETROCHEMICAL PROCESSES

Most petroleum refining and petrochemical plant
operations involve flammable hydrocarbon streams,
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highly toxic or explosive gases, and strong acids or
caustics that are often at elevated temperatures
and pressures. Corrosion has always been an un-
avoidable part of petroleum refining and petrochem-
ical operations. For practical purposes, corrosion
in these applications can be classified into low tem-
perature corrosion and high temperature corro-
sion. Low temperature corrosion is considered to
occur below approximately 260 °C in the presence
of water. On the other hand, high temperature cor-
rosion occurs above 260 °C. The presence of water
is not necessary, because corrosion occurs by the di-
rect reaction of metal and environment. In the
present context, we have confined ourselves to
only some examples of high-temperature corrosion
problems.

6.25 REFERENCES

1. A. S.Khanna, High Temperature Oxidation and Corrosion,
ASM International, Materials Park, OH, April 2002.

2. Per Kofstad, High Temperature Oxidation of Metal, Else-
vier Applied Science Publishers, Ltd. NY, 1988.

3. P. Hancock and R. C. Hurst, in Advances in Corrosion Sci-
ence and Technology, Vol. 4, Plenum Press, NY, pp. 1-79,
1974.

4. E. Pippel, J. Woltersdorf and R. Schneide, Materials and
Corrosion, Vol. 49, p. 309, 1998.

5. Q. Wei, E. Pippel, J. Woltersdorf and H. J.Grabke, Materi-
als and Corrosion, Wiley-VCH, Weinheim, Vol. 50, p. 628,
1999.

6. T.A. Ramanarayan et.al., Materials Forum, The Institute of
Materials Engineering, Australasia, North Melbourne, Vol.
55, pp. 369-372, 2001.



CHAPTER 7

CHEMICAL AND PHYSICAL AGING

OF PLASTICS

James A. Harvey
Under the Bridge Consulting, Inc., Corvallis, Oregon

7.1 INTRODUCTION 153
7.2 CHEMICAL AGING 153
7.3 ENVIRONMENTAL STRESS CRACKING 154

7.1 INTRODUCTION

In the design of polymers, plastics and parts based
on these materials it would be beneficial to have a
firm understanding of how their performance is af-
fected by their environments. These effects on the
materials may be in the form of chemical, physical
or a combination of the two. Physical effects can
have many forms; they can be thermal, mechanical,
radiation, and/or electrical.

7.2 CHEMICAL AGING

The first step of this chapter is to distinguish be-
tween chemical aging and physical aging. Chemical
aging is simply the effects of chemicals on the plas-
tic. A better way of explaining chemical aging is to
use the term ‘“‘chemical resistance.” There are some
special cases of chemical aging that may be beyond
the scope of this chapter. They include such topics as
oxidation (reaction of the plastic with either oxygen
or ozone). In chefouriermical aging, the dominating
result is usually a decrease in molecular weight
through chemical reactions, such as chain scission.
This also implies that chemical aging is an irre-
versible process.

Chemical aging or chemical resistance of plastics
can simply be related to the basic chemical principle
of “like dissolves like.” In other words, aliphatic
polymers (polyolefins) are affected by hydrocarbon
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materials, while polymers containing oxygen, nitro-
gen, sulfur, and other non-carbon and hydrogen
atoms within their backbones are affected by chem-
icals containing similar materials. This is a good first
approximation in selecting the proper polymer for a
plastic application.

Water represents a special case of aging. Water
can either cause a reaction (hydrolysis) of the plastic
or be absorbed by the plastic as either free or bound
(hydrogen bonding) water. Depending upon the con-
ditions, a plastic may undergo chemical aging, phys-
ical aging, or a combination of the two. Water does
not truly affect polyolefins. It is stored in polyethyl-
ene containers. Water affects the properties of such
polymers as nylons, polyesters, and epoxies in one
of two different ways. Water is absorbed by these
polymers, thus reducing their Tg. Drying of the
polymer will cause it to return to its original Tg. If
these polymers undergo chemical hydrolysis, their
Tg is reduced through breaking of bonds.

One of the classic examples of chemical aging in-
volves an aromatic nylon, Kelvar®, poly (p-pheny-
lene terephthalamide). Chemical resistance is good
in Kelvar® fibers, except for a few strong acids and
alkalis. The amide function, however, is susceptible
to hydrolytic degradation. The amide linkage is split
into a carboxylic acid fragment and an amine frag-
ment. This degradation can be accelerated by impu-
rities. When Kelvar® is subjected to sulfuric acid and
sodium hydroxide solutions, and strengths are mon-
itored, it was found that the rate of hydrolysis is 10°
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and 10° times faster in H,SO, and NaOH, respec-
tively (1).

Chemical aging of polyimides in sodium hydrox-
ide solutions causes the imide ring to open and form
the sodium salt of the amic acid. When polyimides
are digested in caustic, they totally unzip into their
components. The dianhydride is identified from the
salt of the tetracarboxylic acid formed and the di-
amine isolated from the digestion mixture. This
technique was used by synthetic polymer chemists
to determine the composition of the polyimides and
to prepare new versions (2).

Another example of depolymerization by chemi-
cal aging is the basic catalytic reaction of polyethyl-
ene terephthalate. At first, a decrease in molecular
weight is observed. The reaction continues until all
fragments are broken down into ethylene glycol and
the disodium salt of terephthalic acid.

7.3 ENVIRONMENTAL STRESS
CRACKING

Another type of chemical aging is environmental
stress cracking and crazing. Environmental stress
cracking is a type of failure that occurs through sur-
face interactions of polyolefins (such as high density
polyethylene) with surfactants or detergents. It has
been demonstrated that molded polyolefin plastic
parts held under constant stress in an environment of
either a surfactant or detergent change their failure
behavior from a ductile failure at high stresses to a
brittle failure at low stresses (3,4).

Igepal, a nonionic surfactant, assisted environ-
mental stress cracking (ESC) of low density poly-
ethylene (LDPE), by producing three characteristic
regions with increasing crack driving force. These
regions were: (I) where crack speed and craze length
increased; (II) where crack speed and duplex plastic
zone length were constant; and (III) where crack
speed decreased while the deformation zone length
increased. The activation energies for the three re-
gions were 100, 23, and 20 kJ/mole, respectively.
The proposed rate-controlling processes of ESC for
the LDPE/Igepal system were as follows: Region I,
controlled by o;-relaxations, and Regions II and II1,
controlled by lamellar orientation. The Igepal plasti-
cizes the amorphous phase and facilitates the stress-
induced orientation of the lamellar (5).

Fracture mechanics was used to investigate ESC
of LDPE. Annealed and quenched samples were pre-
pared by notching a single edge on each one and
then fracturing the samples under constant load in a
liquid methanol environment. The relation between

the stress intensity factor (K) and the crack speed (o)
were investigated. There is a great difference be-
tween annealed and quenched samples in the varia-
tion of this relation with temperature and applied
load. The cause of this difference is discussed in de-
tail. It is proposed that thermally-activated molecu-
lar motion is essential to ESC of the annealed LDPE,
while stress concentration contributes markedly to
ESC of the quenched LDPE (6).

Another study based upon fracture mechanics
was used to investigate ESC of LDPE with a 4.0 melt
flow index. Annealed samples with a single edge
notch were prepared and fractured under constant
load in four different liquid alcohols. The log o
(crack speed) versus log K (stress intensity factor)
was influenced by temperature as well as the alcohol
environment. The conclusions were as follows: the
crack speed at high K was determined by the diffu-
sion mechanism, and this mechanism was explained
in terms of thermally-activated molecular motion.
On the other hand, the crack speed at low K was
strongly related to the plasticization and the stress
relaxation of the crack tip material (7).

In addition to these well-known studies, other
studies were performed using LDPE. These in-
cluded different molecular weights, surfactants,
bending the samples prior to immersion, and in-
creasing temperatures (8,9).

Another example of environmental stress crack-
ing pertains to rigid thermoplastic polyurethane
(RTPU) materials. Two different RTPUs were stud-
ied for medical device applications. Significant dif-
ferences in ESCR behavior was observed in the
RTPUs, in spite of their similar chemical composi-
tion. One had better chemical resistance than the
other under the same stress level and cracking
agents. The second RTPU was sensitive to molding
conditions. For the first RTPU, the assembling
process control was very critical and may have had
significant impact on the integrity of the devices
made. Heat aging effect combined with chemical at-
tacking should be taken into consideration to ensure
long-term quality of medical devices (10).

7.4 PHYSICAL AGING

The effects of physical aging on the failure behavior
of a typical brittle polymer, polystyrene, were stud-
ied. Properties examined were creep rupture life-
times, fatigue lifetimes, and environmental stress
cracking in ethanol. Fractured samples were exam-
ined optically and by scanning electron microscopy
to determine the degree of crazing. It was found that
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a longer physical aging time produced shorter life-
times in all cases. The main reason for this was the
reduction in craze strength caused by a reduced
toughness due to physical aging. A long aging time
was found to delay craze formation; but, once
formed, these crazes were much less stable than
those formed with a short aging time. The effects of
aging were important in failure prediction criteria
and testing methodologies (11).

Glassy plastics fail through the action of certain
organic liquids that behave as crazing or cracking
reagents. This is another form of environmental
stress cracking. Failure occurs at stress and strain
levels below those levels required for the unexposed
condition. The mechanisms of failure may be multi-
faceted and differ from one glassy plastic to another.

The phenomenon of crazing was dramatically
demonstrated with the application of alcohol on the
surfaces of polycarbonate supermarket scanners
and, also, in the failure of high performance fighter
jet canopies through the action of aftershave lotion
vapors on polycarbonate.

To evaluate the competition between shear and
crazing, polycarbonate, acrylonitrile-styrene ran-
dom copolymer, methyl methacrylate-styrene ran-
dom copolymer and polystyrene-poly(2,6-dimethyl-
1,4-phenylene oxide) were strained and examined
using transmission electron microscopy (TEM). In
these polymers, many crazes had tips blunted by
shear deformation. This process led to stress relax-
ation at the craze tip, preventing further tip advance.
In this way, short but broad cigar-shaped crazes were
formed. Examination of the deformation at crack
tips showed more complex structures—the initial
high stress levels led to chain scission and fibrilla-
tion; but as the stress dropped, shear became the
dominant mechanism of deformation, and the stress
was further relieved. Finally, at long times under
stress, chain disentanglement was more important,
leading to fibrillation and craze formation again. The
nature of the competition was thus both stress and
time dependent. Physical aging of the polymers, via
annealing below the glass transition temperature,
suppressed shear leading to generation of simpler
craze structures (12)

Using the criteria set forth in Struik’s classic treat-
ment of physical aging (13), our definition will be the
following. Based on the earlier works of Simon and
others, Struik stated that amorphous solids are con-
sidered not to be in thermodynamic equilibrium
below their glass transition temperatures (Tg). These
materials are said to be solidified supercooled lig-
uids, with volume, enthalpy, and entropy greater than
they would be at the equilibrium state.

The non-equilibrium state is unstable. Volume-
relaxation studies of glassy materials have also
shown that they undergo slow processes when at-
tempting to establish equilibrium, thus indicating
that molecular mobility is not zero below Tg.

This gradual approach to equilibrium changes
many properties of the material. The properties
change with time, and the material is physically aged.
Physical aging is a gradual continuation of the glass
formation. As the material is physically aged it be-
comes stiffer and more brittle; its damping decreases;
and its creep- and stress-relaxation rate changes, as
well as its dielectric constant and dielectric loss. The
process of physical aging is irreversible.

Low density polyethylene (LDPE) was subjected
to accelerated physical aging in a Weathering Tester
(QUV) and weatherometer (WOM) chamber, and its
surface mechanical properties were determined and
monitored with a nano-indentation technique. It was
determined that the surface hardness was three times
greater than the bulk after 1,600 hours of exposure in
the WOM chamber and with a similar increase after
800 hours of exposure in the QUV chamber. The
elastic modulus at the tip of penetration (with a
depth of 500 nm) showed a significant increase from
400 Mpa to 2,000 MPa for samples aged in the QUV
chamber. Aging times of 200 hours and less showed
variations of surface mechanical properties were
small and restricted to a thin layer with a thickness
less than one micron (14).

The application properties of plastic products
were significantly influenced by the structural
changes after conversion, resulting from a combina-
tion of post-crystallization and physical aging for
semicrystalline materials. This was observed in a se-
ries of polypropylenes, including a homopolymer,
ethylene-propylene (random and heterophasic
copolymers), and two types of processed polymers
(conversion-injection molding and cast film extru-
sion). The temperature level of the aging process
played a decisive role in determining the effects—At
least two important transitions were identified with
increasing temperature. The cumulative effects of
crystalline behavior of the polymer and cooling his-
tory determined the crystallinity and superstructure
of the formed article, which, in turn, determined the
aging behavior (15).

Poly(vinyl chloride) (PVC) is one of the major
commodity polymers in the world, in spite of envi-
ronmental concerns due to the presence of chlorine
within its backbone. An enormous number of prod-
ucts are formed from the polymerization of vinyl
chloride, from elastomeric to hard items. Indepen-
dent of the mode of degradation (thermal, thermo-ox-
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idative, or light), the major factor in degradation of
PVC was the elimination of HCI from the polymer
backbone and the simultaneous formation of conju-
gated double-bond moieties within the polymer
chain. During the degradation of PVC, the highly
corrosive gas HCl is formed, as well as the reactive
double-bond moieties, which are capable of absorb-
ing lightin both the UV and visible regions. The color
of aged PVC may range from yellow to black, de-
pending on time of aging and stabilizers added (16).

Physical aging (thermal history) and large defor-
mations (mechanical history) strongly affect the low-
frequency mechanical and electrical properties of
PVC. These include such properties as their dielec-
tric loss factor. These properties cannot be neglected.
Results for rigid polyvinyl chloride (PVC) were ex-
plained in terms of the free volume theory (17).

Polyvinylidene fluoride (PVDF) is a very useful
polymer because of its unique properties, such as re-
sistance to hostile environments, its pyro and piezo-
electric properties, and its capability to lower fric-
tion. This polymer family sees wide applications in
electronic and medical fields. Polyvinylidene fluo-
ride has been used in the manufacture of sutures. An
experiment utilizing creep measurements has been
performed and service performance predictions from
short-term testing have been made. Using the time-
temperature superposition principle it was possible
to predict long-term deformation from these reported
tests. The kinetics of the molecular mobility was also
studied and adjusted to the temperature shift factor,
which was based on a free volume concept.

Dynamic mechanical analysis revealed two main
relaxations. These were due to the B process (seg-
mental mobility in the amorphous phase) and ¢-re-
laxation (which was a major consequence of confor-
mational motions within the crystalline fraction).
The o-relaxation was the main source for energy
dissipation that is input to the system during constant
mechanical loading. The general methodologies
were applied to other suture PVDF formulations. It
should be noted that PP exhibited similar relaxations
as PVDF, even though it had to be shifted to a higher
temperature with the B and o, processes (18).

In addition to PVDF application as a suture mate-
rial, it has undergone a lot of testing as a coating.
Polyvinylidene fluoride exhibits excellent chemical
resistance, gloss retention, flexibility, as well as
renowned ability to resist chalking and cracking dur-
ing weathering. It has been reported that PVDF has
a 35-year history of outstanding performance in out-
door applications. Weathering tests in Florida have
revealed that the gloss of PVDF coatings increased

by 15%, whereas a traditional acrylic coating exhib-
ited a 65% decrease over the same time period (19).

As the use of PVDF grows, blending PVDF with
other polymer systems becomes quite attractive. A
recent PVDF blend with acrylic copolymers was
evaluated before and after UV exposure. The co-
polymer used was a poly(methylmethacrylate) and
poly(ethylacrylate). The system was PVDF-PMMA -
co-PEA. Blends of the following ratios were studied:
70/30, 50/50, and 30/70. Film samples were charac-
terized before and after UV exposure at 500 °C and
9% relative humidity for seven months. The surface
of the blends having greater than 50% mass fraction
of PVDF exhibit little change in the morphology
after UV exposure. At the low concentration, (30%),
a much rougher surface was observed due to the sig-
nificant erosion of the acrylic copolymer under the
same exposure. Additionally, substantial change in
the microstructure of the spherulites of the PVDF
was observed after UV exposure. That change may
be attributed to the microstructural modification of
the crystallites in the PVDF spherulites, as well as the
aforementioned erosion of the PMMA-co-PEA.(19)

The anode and cathode of lithium ion batteries
were cast onto metal current collectors as a formu-
lated coating containing the electrochemical active
ingredients, with polyvinylidene fluoride (PVDF) as
the binder. In addition, PVDF was used in the pro-
duction of gel electrolytes for the polymer lithium
batteries. Anodes for lithium ion batteries were fab-
ricated by mixing graphite in a solution of PVDF in
N-methylpyrrolidone in a ball mill. A clean copper
foil was coated with the dispersion and placed in an
oven to dry at 150 °C for 30 minutes. The adhesion
of PVDF coating on copper was measured by peel
strength tests, and optimum graphite concentration
was determined to be 1:2 for PVDF:graphite. The
coated electrodes were subjected to pressing/lami-
nation prior to final assembly into batteries to mini-
mize voids. Gel separators were fabricated using mi-
croporous PVDF films with di-butyl phthalate as the
plasticizer. The gel electrolyte was enclosed in a but-
ton-cell with stainless steel electrodes and the com-
plex impedance and resistance of the electrolyte
were measured. The swelling and aging of the gel
electrolyte were determined (20).

In addition to the major polymer families and the
plastics compositions formed from their incorpora-
tion with various additives, there is a wealth of ma-
terials based upon blends of two or more polymers
mixed together. An example of one blend is the
copolymer of PVDF/acrylic resin. Polyvinylidene
fluoride coatings are being used as protective out-



CHEMICAL AND PHYSICAL AGING OF PLASTICS 157

door structures. Due to the structure of PVDE, these
coatings exhibit excellent chemical resistance, out-
standing gloss retention, good flexibility, and excel-
lent chalking resistance. However, due to the chem-
ical inertness of PVDF, it lacks good adhesion to
various structures and has a high melt viscosity. In
addition to these negative features, it has inferior
scratching and marring resistance and has a high
cost associated with it. Thus, it becomes commer-
cially viable to blend PVDF with other materials.

Polyvinylidene fluoride has been blended with
the acrylic resins, such as poly(methylmethacrylate)
(PMMA) and its copolymers. By doing so, the re-
sulting blend has good heat resistance, mechanical
properties, weatherability, and optical clarity. These
surface and interface properties have shown a strong
influence on its service life and its adhesion to vari-
ous substrates. Various studies have indicated that
the service life of the material is greatly enhanced by
the blending of the two polymers (19).

Poly(ethyl acrylates) and poly(ethyl methacry-
lates), chlorinated in the side groups, are known to
release chlorine and experience intermolecular
cross-linking when heated. Of poly(mono-, di-, and
trichloroethyl methacrylates), the dichloroethyl es-
ters showed the most significant change. This trend
was observed at temperatures below 227 °C. At tem-
peratures above 227 °C both poly(ethyl acrylates)
and poly(ethyl methacrylates) decomposed into low
molecular fragments, with the chlorinated poly(ethyl
methacrylates) depolymerizing. The chlorinated
polymers showed a lower thermal stability than their
corresponding nonchlorinated counterparts (21).

An “interrupted creep” test has been used to de-
termine the physical aging of low molecular weight
polystyrene with a Tg of 69 °C. The results of this
newly developed technique were comparable to the
results obtained from traditional “periodic creep”
testing. The “interrupted creep” test provided data
pertaining to viscosity as well as to both recoverable
creep and steady-state compliances during physical
aging. The rationale for choosing low molecular
weight polystyrene was due to its strong influence of
temperature on steady-state compliance. Aging was
performed at three temperatures at intervals of 7.2
°C below its glass transition temperature. The ad-
vantage of this new protocol is that it provides short-
time recoverable creep compliance and long-time
viscous flow data. Through simple mathematic func-
tions, a more complete picture of glassy behavior
during aging is obtained (22,23).

The buildup of a polarized state and its isothermal
and nonisothermal relaxation behavior in an NLO

guest-host system obtained by doping of polystyrene
(PS) with the disperse red 1 (DR1) dye molecules
was studied by the isothermal absorption currents
measurements. The thermally stimulated polariza-
tion (TSP) and depolarization (TSD), the AC dielec-
tric spectroscopy, as well as the Hamon method were
used in order to cover wide ranges of temperatures
and frequencies. The 20-um thick samples were
pulsed by the “sandwich” method. Using isothermal
polarization, depolarization, and depolarization cur-
rents, the validity of the superimposition principle
was established. The Williams-Watts model, supple-
mented with a concept of intrinsic time, was em-
ployed to interpret the TSP curves, but it appeared
that the isothermal behavior did not fully determine
the TSP results. The “a” peak was observed in di-
electric loss curves, with its position changing from
10 Hz at 100 °C to 3 X 10* Hz at 130 °C, and nar-
rowing with temperature. Temperature dependence
of the relaxation time above Tg agreed with the
Williams-Landel-Ferry model, while the Arrhenius
dependence was more appropriate at sub-Tg temper-
atures. It was shown that the PS/DR1 system was not
thermorheologically simple. The temperature-time
superposition was not entirely valid (24).

Enthalpy relaxation experiments on the miscible
blends of poly(vinyl methyl ether)/polystyrene at
various aging temperatures showed that the poly-
(vinyl methyl ether) component aged independently
of the polystyrene component and was responsi-
ble for essentially all of the aging effects. The en-
thalpic aging data were analyzed in terms of two
models for describing physical aging in polymer
systems (25).

The yellowing of cellulose materials plays a very
important role in the aging of documents. Due to the
fast-growing number of different types of papers,
this is a very important area of research within the
technical community. Ultraviolet radiation from
sunlight, moisture, and chemical pollutants all play
arole in this aging phenomenon.

A systematic study of physical aging in cellulose
acetate polymers that have been plasticized by the
addition of dyes and polymeric plasticizers was un-
dertaken using the heat capacity as the structural
probe. The dyes were dye sets and mixtures of vari-
ous dyes with slight differences, each with a differ-
ent glass transition temperature (Tg). The polymeric
plasticizers were low molecular weight polyesters
that had low values of Tg. From experimental results
and analysis, it was shown that aging occurred under
ambient temperature conditions most rapidly for the
polymer dye samples that had their Tg value at 20°C
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above ambient temperature. The results for these
thermorheological complex blends also indicated
that the incorporation of the polymeric plasticizers
substantially reduced the Tg of the blends. In addi-
tion, the distribution of relaxation times was broad-
ened. Kinetics of aging for the blends was deter-
mined using the Tool-Narayanaswamy model for
structural relaxation (26).

The effect of isothermal physical aging on creep
behavior of stainless steel fiber/polyphenylene ether
(PPE) composites was investigated. The PPE in
metal fiber/PPE composites is a non-crystalline ther-
moplastic; the composites are often used in engi-
neering plastics, which have been developed for
electro-magnetic-interference (EMI) shielding. The
results showed creep compliance curves to shift to-
ward both the longer times and lower compliance
with an increase in pre-aging treatment time. It was
established that creep deformation was arrested due
to the progression of physical aging. Thus, it was val-
idated that pre-aged composites can withstand higher
temperatures and longer time. The time-aging time
superposition was established in creep of stainless
steel fiber/PPE composites. It was also observed that
within the aging-time range, the shift rate was con-
stant at all temperatures. The results showed that the
shift rate was less at lower temperatures and greater
at higher temperatures; the shift rate reached its max-
imum value at a wide range of temperatures (27).

Compressive strength and the nature of the open
pores (shape and number) of rigid polyurethane and
polyisocyanurate foams were monitored during
long-term aging. Changes in the physical and me-
chanical characteristics of foams as aging pro-
gressed were attributed to thermal and thermoxida-
tive degradation of the polymer matrix (28).

The condensation polymer bisphenol A polycar-
bonate (BPA-PC) is a widely used engineering ther-
moplastic. It also has a magnitude of conditions that
affect its properties upon aging. Bisphenol A poly-
carbonate may undergo hydrolytic, thermal, thermal
oxidative, or photochemical aging.

Bisphenol A polycarbonate, being a hydrophilic
polymer, is very susceptible to water attack. The car-
bonate linkage is split into an alcohol with the re-
lease of carbon dioxide. It is highly recommended to
use polycarbonate free of acidic or basic catalytic
residues. These catalysts are required to initially
form the polymer, and any residues can hasten its
degradation. It is also recommended to dry the resin
prior to processing. A suggested moisture level of
70.05 wt% can be achieved by drying at 120 °C for
24 hours. Stabilizers, such as hindered phosphites

(which are neutral and hydrolytically stable) are
used (29).

Bisphenol A polycarbonate contains only two
types of hydrogen, methyl and aromatic, which leads
to its high thermal stability. Thermogravimetric
analyses in nitrogen revealed a weight loss beginning
at 550 °C. Heating the polymer in air above 340 °C
showed a decrease in molecular weights. The use of
model compounds indicated thermal rearrangements
of the carbonate moiety. It should be pointed out that
studies show that temperatures as low as 250 °C in ei-
ther air or nitrogen have afforded the presence of flu-
orescence-emitting byproducts (30).

Glass fiber-reinforced nylon 66 composites are
currently finding greater use as automotive under-
the-hood components and, therefore, are submitted
to aggressive environments. This study evaluated
composites for radiator caps. The composite materi-
als were in contact with antifreeze (50/50 vol/vol
water/ethylene glycol) at 135 °C, resulting in a sig-
nificant decrease in mechanical properties with time.
Two main mechanisms of degradation were ob-
served: (1) a reversible physical aging due to the
plasticization of the nylon 66 matrix; and (2) an irre-
versible chemical aging due to hydrolysis (and, to
some degree, due to glycolysis). Significant im-
provements were obtained by adding a new compo-
nent in the sizing formulation of the fibers (31).

A study in an accelerated environment of the me-
chanical properties of glass fiber-reinforced thermo-
plastsic composites based on nylon 66, poly(ethyl-
ene terephthalate) and poly(butylene terephthalate)
was reported. Results showed a decrease of 50-90%
in ultimate stress-to-failure and impact strength with
aging according to the nature of the matrix. Increas-
ing the aging temperature resulted in a faster degra-
dation rate. Depending on the nature of the matrix,
the mechanisms of aging seemed to be different.
Nylon 66 and poly(butylene terephthalate) compos-
ites showed effects of both physical aging through
plasticization and chemical degradation through
chain scission. Poly(ethylene terephthalate) com-
posites did not give evidence of any plasticization.
The extent of hydrolysis was quantified through end-
group analysis and gel permeation chromatography
measurements. Scanning electron microscopy ob-
servations showed that hygrothermal aging reduced
the effectiveness of the interfacial bonds (32).

Accelerated aging was performed on nylon 11
(polyamide 11) in 115-135 °C distilled water. The
samples were characterized by mechanical testing,
viscosity measurements, and differential scanning
calorimetry (DSC). Viscosity, which is a measure of
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molecular weight, decayed exponentially with times
of exposure. The final level of the viscosity curve
was dependent on temperature. The melt enthalphy,
which is an indication of crystallinity, increased with
exposure time. The viscosity and crystallinity both
correlated with the observed changes in elongation
at break, thus indicating both chemical and physical
aging processes played a role in aging (33).

The physical aging of poly(vinylpyrrolidone)
(PVP) was studied under different storage condi-
tions by positron lifetime spectroscopy and SEM.
The transition from the glassy state [at RT and 55%
relative humidity (RH)] to the completely plasti-
cized wet rubbery state (at RT and 75% RH) is not
continuous in PVP. It was found that not only the ac-
tual water content of the material but also its storage
history determines the size distribution of free vol-
ume holes in it. At 65% RH, a slow anomalous struc-
ture formation was observed. By the means of ab
initio calculations on simplified molecular models, it
was determined that polymer chains and water mol-
ecules were able to form a hydrogen-bound “net-
work” under certain humidity conditions (34).

The application of membranes in gas separation
and prevaporation requires materials that are resis-
tant to plasticizing feed streams. The relationship be-
tween CO, sorption, permeability, and film swelling
of a polyimide gas separation membrane and how
these properties were affected by systematic changes
to the polymer structure induced by thermal anneal-
ing and covalent cross-linking was demonstrated. Di-
lation of polyimide thin films (approximately 120
nm) exposed to high-pressure CO, (up to 100 atm. at
35 °C) was measured by in sifu spectroscopic ellip-
sometry to decouple the effects of thermal and chem-
ical treatments on the film swelling. The refractive
index of the CO, -swollen polymer was also used to
estimate the CO, sorption for comparison against
that measured on thick films (approximately 50 pm)
by the pressure-decay method. Differences in sorp-
tion levels in thin and thick films appeared to be re-
lated to accelerated physical aging of the thin films.
Both thermal annealing and covalent cross-linking of
the polyimide films reduce polymer swelling to pre-
vent large increases in the CO, diffusion coefficient
at high feed pressures. The CO, permeability and
polymer-free volume were strongly dependent on the
annealing temperature. Different effects were ob-
served for the cross-linked and uncross-linked mem-
branes. The so-called “plasticization pressure” in
permeation experiments, such as upturn in the per-
meation isotherm, appeared to correlate with a
sorbed CO, partial molar volume of 29 + 2 cm?/mol

in the polymer. Cross-linking of high glass transition
polyimides produced a much greater reduction of the
CO2-induced dilation than does cross-linking of rub-
bery polymers, such as polydimethyl siloxane
(PDMS), for swelling up to 25% (35).

The use of ambient cured E-glass/vinyl ester com-
posites was considered for infrastructure ap-
plications both along the shore and offshore, thereby
exposing the composite to a marine aqueous en-
vironment. The use of ambient cure potentially re-
sults in incomplete polymerization and susceptibility
for degradation early in life. This study characterized
the mechanical response of E-glass/vinyl ester
quadriaxial composites immersed in deionized wa-
ter, seawater, and synthetic seawater. It was shown
that there were substantial differences based on the
solution type, with deionized water immersion caus-
ing the maximum drop in interlaminar shear perfor-
mance and with seawater causing the maximum re-
duction in tensile performance. The effect of cycling,
simulating the tidal zone or the splash zone, was
more pronounced in the resin-dominated responses.
Drying of specimens, even over prolonged periods of
time, was not shown to result in complete regain of
performance. A clear competition was observed be-
tween the phenomena of moisture-induced residual
cure/postcure and physical (fiber-matrix debonding,
microcracking, plasticization) and chemical (hydrol-
ysis) aging (36).

Upon curing, epoxy formulations based upon the
epoxy resin of N,N,N,;N,-tetraglycidyl-4,4’-di-
aminodiphenylmethane (TGDDM) co-reacted with
two cross-linking agents—4,4’-diaminodiphenyl-
sulfone (DDS) and dicyanodiamide (DDA); and
thermal aging at high temperatures revealed a mi-
gration of the cross-linking agents from the epoxy at
the surface. This separation has an effect on the qual-
ity of the cure and the thermal stability of the react-
ing moieties, thus affecting its overall performance.
This was verified by monitoring the nitrogen, oxy-
gen, and sulfur contents at the surface and compar-
ing those results to the bulk (37).

The electrical and mechanical properties were de-
termined for an epoxy resin, hardened with maleic
anhydride and containing various amounts of a plas-
ticizer and powdered quartz or talc fillers. The addi-
tion of the plasticizer caused the glass transition
temperature to decrease while causing an increase in
the dielectric loss and mechanical loss maxima. A
shift resulted in the mechanical loss maximum to
lower temperatures. The addition of the fillers raised
the glass transition temperature. In addition, the
filler-containing resin had improved heat resistance
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compared to unfilled resins. The dielectric strength
of the filled resins did not decrease during approxi-
mately eight months at <85 °C, but the dielectric
strength of the unfilled resin decreased (38).

The degradation of epoxy composites due to hu-
midity, physical aging, and chemical aging was ex-
amined. When stored under cover, the moisture ab-
sorption proved to be the most dominant effect. The
absorbed moisture weakened the matrix and reduced
its modulus of elasticity and its resistance. In serious
cases, an irreversible aging was observed in the form
of microcracks in the matrix and in the border phase.
Carbon fibers were less sensitive to moisture than
glass and aramid fibers. In glass fiber composites,
the border phase between fiber and matrix appeared
to be vulnerable to moisture. In aramid-reinforced
composites, even the fibers absorbed moisture, so
that the fiber burst lengthwise when crosswise
charged. For polyester resins with glass fibers, no
general conclusion was made (39).

The creep and creep-rupture of unidirectional
composite laminates were characterized and mod-
eled. Individual and interactive effects of stress,
temperature, moisture, and physical aging on creep
and creep-rupture of a polymer composite (epoxy
reinforced with 54% by volume of carbon fibers)
were studied. The composite exhibited linear creep
at constant stresses =7 MPa in the temperature range
22-230 °C. Moisture accelerated creep through plas-
ticization, such as lowering the Tg, of the epoxy ma-
trix, and moisture-induced creep acceleration was
found to be equal to creep acceleration in a dry sam-
ple by an equivalent temperature increase. Physical
aging retarded creep and accelerated creep-rupture.
In addition to reducing the moisture diffusivity and
saturation moisture, physical aging caused a reduc-
tion in the magnitude of creep and creep-rupture ac-
celeration by moisture when compared to non-aged
material at the same moisture level. A similar inter-
active influence was observed at various stress
and/or temperature levels (40).

Isothermal physical aging of glass fiber epoxy
composites was examined at different aging temper-
atures and degrees of conversion as indicated by
changes in glass temperatures and measured by tor-
sional braid analysis (TBA). The range of tempera-
tures of aging was from 10 to 130 °C. The conver-
sion was progressively changed from Tg = 76 °C to
Tg = 177 °C (fully cured). The effect of isothermal
physical aging was enhanced as perturbations of the
modulus and mechanical loss versus increasing
aging temperatures. The data indicated a superposi-
tion in aging rate versus Tg aging temperature. This
would imply that the physical aging process is inde-

pendent of the change in chemical structure as the
conversion proceeds (41).

An earlier study of fully cured diglycidyl ether of
bisphenol A epoxy reacted with a tetrafunctional aro-
matic amine showed thatits relative rigidity increased
with log time of aging, and the logarithmic decrement
decreased with aging. This was the consequence of
the spontaneous densification of the material in the
glassy state. The rate of isothermal aging of a mate-
rial fast-cooled from an equilibrium state was higher
inthe early stages of aging in comparison with a slow-
cooled material. This was due to a higher initial free
volume content for the former. With increasing time
of isothermal aging (decreasing free volume), the rate
of both fast-cooled and slow-cooled materials be-
comes indistinguishable. The analysis of this study
was also performed by TBA (42,43).

Mechanical property deterioration of composites
based on bismaleimides (BMI) was predicted. The
cure-induced Tg increased in associated matrix in
real service environments. Predictions were ob-
tained through network structure interrelations with
mechanical and thermal properties as a function of
composition (initial monomer ratio) and time-
temperature cure cycles. Tensile and flexural proper-
ties of four BMI compositions at six different cure
cycles (or degree of cure) were determined at three
temperatures (23, 177, and 250 °C) and correlated to
Tg and density of the systems. Systematic studies on
hygrothermal durability of BMI and various poly-
imide (PI)-carbon fiber composites and neat resins
were conducted. The combined effects of moisture
and thermal exposures [such as hygrothermal spikes
up to 250 °C and hygrothermal aging under various
time-temperature-moisture conditions, including ac-
celerated aging at saturated steam environment
(160 °C and 110 psi)] on microscopic damage, poly-
mer-matrix physical structural state, and residual
properties of those composites and neat resins were
presented. The onset of blistering in moist PI-carbon
fiber composites occurred at 229 °C during the ther-
mal spiking. It was evident that the hygrothermal
performance stability was one of the prime guide-
lines in future aerospace applications (44).

A fundamental problem of advanced airplane
composite systems is often the lack of understanding
of the aging process and how it affects the material
properties associated with degradation. A cyanate
ester resin/carbon fiber composite system was sub-
jected to an accelerated aging environment to inves-
tigate the deterioration and degradation process. The
change in viscoelastic properties of cured laminates
in the range of the Tg was studied. Thermomechani-
cal property changes were evaluated by dynamic me-
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chanical analysis (DMA) through time-temperature
equivalence. Master curves were constructed to com-
pare the aging effect between specimens, and a
model was developed that described the degradation
phenomena. During the aging process, a swelling
phenomenon of cured laminates was detected as a re-
sult of matrix degradation. Collectively, a modeling
methodology was developed that quantitatively pro-
vided an understanding of the aging process of fiber
reinforced composites in isothermal environments
(45).

High temperature composite materials used in
aerospace applications are subjected to extremely
harsh conditions during operation. The surface of an
aircraft flying at Mach 2.4 has been estimated to
reach 177 °C. A study was conducted to verify the
effect of isothermal aging on two high temperature
composite materials, both based on two different
bismaleimide systems. Changes in mechanical prop-
erties and resin chemistry at two different tempera-
tures were measured in order to assess the merits of
accelerated aging tests. One composite material was
based on a developmental bismaleimide matrix resin
system, while the other was based on a commer-
cially available bismaleimide system.

Delamination was a major cause of failure in two
composites. Mode I interlaminar fracture toughness
(GIC) of both composites was measured using the
double cantilever beam (DCB) test. After aging at
250 °C, the developmental bismaleimide composite
exhibited a better retention of GIC than the com-
mercially available bismaleimide composites. After
six weeks of aging at this temperature, the develop-
mental composite retained 100% of its initial inter-
laminar fracture toughness; however, the commer-
cially available material retained only 64% of its
initial GIC. This trend was reversed at the lower
aging temperature, when after 30 weeks of aging at
2,040 °C, GIC was measured at 13% of its original
value for the developed composites, whereas it was
measured at 64% for the commercial bismaleimide
system. When the fracture surfaces of these speci-
mens were examined using scanning electron mi-
croscopy (SEM), the commercial material was ob-
served to show an increasing degree of porosity with
aging at 2,040 °C. It was concluded that the good
property retention at that temperature, despite this
observed porosity, was a result of the excellent
fiber/matrix adhesion exhibited by this material.

Chemical degradation of the matrix of the com-
posites was monitored by Fourier Transform In-
frared (FTIR) and Raman spectroscopy. Chemical
changes at the core of both of these bismaleimide
composite materials were found to occur concur-

rently with the observed changes in interlaminar
fracture toughness. Fourier Transform Infrared
analysis of both matrix materials revealed the pre-
dominant degradation mechanism to be oxidation,
specifically the oxidation of the methylene group
bridging two aromatic rings common to the structure
of both resins. This was substantiated by the growth
of a broad peak centered at 1600 cm™'. In addition to
this, the pyromellitic anhydride unit present only in
the developmental composites was found to be
highly resistant to the effects of aging, whereas the
saturated imide, common to the cured structures of
both materials, was observed to degrade.

As a result of increased reaction of the allylic
carbon-carbon double bond, Raman spectroscopy
showed an increase in the intensity of the peak at
1646 cm™! towards the center of the sample in the
composites, based upon the commercial bismale-
imide aged at 2500C. At 204 °C, the degree of reac-
tion increased toward the surface of the material, pos-
sibly as aresult of areverse Diels-Alder reaction. The
glass transition temperatures of both materials were
found to decrease with aging, with the exception of
the composites based upon the developmental mate-
rial aged at 204 °C, which initially increased due to
continued cross-linking of the resin. It was concluded
that the degradation mechanisms at the two aging
temperatures were very different (46).

This observation lends support to the original writ-
ten statement. That is, to conduct aging studies prop-
erly, one must use the same material throughout the
study. The previously mentioned illustration shows
that even though the primary polymer family (bis-
maleimide) was the same, the two composites aged
differently. Upon further examination of the data, one
could speculate that these two materials were grossly
different and may have been mislabeled.

In addition to the work that has been done with bis-
maleimides (BMI), dicyanate esters, and thermoset-
ting polyimides, the benzocyclobutenes (BCB) have
gained in popularity within the research community.
The mechanisms of long-term isothermal aging of
diketone-bis-benzocyclobutene (DK-bis-BCB) or
methanone, 1,3-phenylene bis[bicyclo(4.2.0)octa-
1,3,5-trien-3-yl], and the effects of aging on the me-
chanical properties of this polymer were determined.
It was observed that when DK-bis-BCB polymer was
exposed to a temperature of 275 °C in an air environ-
ment, it formed a dark skin on the surface, which in-
creased in thickness as a function of exposure time.
The skin thicknesses of samples, aged from O to
2,000 hours, were measured using optical tech-
niques, which led to the calculation of the diffusivity
of oxygen into the polymer at 275 °C. Photoacoustic
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and infrared spectroscopy showed the chemical
changes caused by oxidation, which included the loss
of hydrogen atoms and the formation of aromatic an-
hydride structures. Scanning electron micrographs of
the surfaces of the aged polymers revealed that the
DK-bis-BCB aged predominantly by pitting. The
mechanical property results showed that after 2,000
hours at 275 °C, 91% of the unaged flexural modulus
and 34% of the unaged flexural strength were re-
tained. The polymer weight loss after 2,000 hours at
275 °C was 8.24% (47).

Aninteresting example of aging pertains to the be-
havior of rubbers and elastomers. In the manufactur-
ing of these polymeric materials, various chemicals
are added to enhance their curing or vulcanization.
With time, these additives migrate to the surface of
the part, thus changing its physical properties. This
migration is referred to as “bloom” for solid materi-
als migrating, and “bleeds” for liquid materials.

Rubbers and elastomers may undergo similar
forms of aging, as do thermosetting and thermoplas-
tic materials with water; that is, chemicals can be ab-
sorbed into the lightly cross-linked network of the
rubbers or elastomers. They may act in several dif-
ferent ways. One way is the lowering of the glass
transition temperature. Another way is when chemi-
cals are absorbed into the structure of the network
and cause swelling.

Nanotechnology offers a new type of material as
reinforcing elements. A study of the physical aging of
carbon nanotubes made of reinforced epoxies illus-
trates that behavior. An epoxy resin was reinforced
with three different varieties of nanotubes. These
were SWNTs (single-walled nanotubes), MWNTSs
(multi-walled nanotubes), and nanotube bundles
(NTs). These reinforcement elements were roughly
on the order of 1 nm, 30 nm, and 100 nm, respectively.
Sizes of this order are smaller than the diameters of
typical microscale fibers traditionally used in poly-
mer composites, which are on the order of 10 pm.

Because nanotubes are approximately the same
length as the polymer chains, the polymer segments
in the vicinity of the nanotubes may have local mo-
bility different from the bulk polymer, and thus dis-
tinct mechanical properties. Due to their outstanding
physical properties, nanotubes are gaining interest
as a filler material in polymer systems. With the po-
tential of strength- and modulus-to-weight ratios,
nanotube-reinforced composites have the potential
of being an order of magnitude greater than tradi-
tional polymer composites. The major drawback in
using nanotubes is cost (48).

Another key feature in the topics of chemical and
physical aging should be the inclusion of time in the

discussion. The role of rates and kinetics is dis-
cussed separately, in the companion chapter on
“Lifetime Predictions.”

7.5 SUMMARY

In summary, this author wishes to advise the reader
about the vast amount of literature available in the
fields of chemical and physical aging of plastics. All
of the major government laboratories have projects
dealing with this subject. This is also true for the in-
dependent testing labs and the university labs. Some
of the university labs have established consortiums
where they work with industries to defray the cost of
aging studies. This author does not want to single
out a particular lab, but would like to advise the
reader to search the Internet for these subject mat-
ters. This author firmly believes in the philosophy
and recommendation of Jack Welch (the former
C.E.O. of General Electric) to his scientists and en-
gineers that they spend at least one hour per day
searching the Internet.

This author also hopes to have given the reader a
general idea regarding the type of information that is
available for chemical and physical aging of poly-
mers and plastics. Examples were given here to
demonstrate the behavior of homopolymers, copoly-
mers, plastics, blends, and composites with various
reinforcements. In this author’s opinion, one should
be able to find the material system of interest through
searching the literature. However, precautions must
be employed to ensure that the correct material sys-
tem is referenced. The database for polymers and
plastics has over 14,000 entries. And, whenever
someone is discussing a particular polymer such as
polyethylene, the first questions should always be
“Which one?” “What were the additives and/or rein-
forcements?” and “How was it processed?”
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8.1 INTRODUCTION

Concrete is the most widely used construction mate-
rial, with over six billion tons produced worldwide
per year. While concrete has sufficient strength in
compression for most engineering applications, it
is a brittle material with relatively low tensile
strength (approximately one-tenth of its compressive
strength). Therefore, in order to utilize concrete in its
numerous applications, it needs to be reinforced with
a more ductile and higher tensile strength material.
This is usually steel in the form of reinforcing bars.
In some cases, a compressive load is placed on con-
crete to offset anticipated tensile loads by the use of
high strength steel wire. In these cases, the concrete
is either post-tensioned or prestressed.

Fortunately, for steel reinforcement, concrete pro-
vides an alkaline environment, typically between pH
12.5 and 13.5. This provides a naturally protective
environment for steel under most exposure condi-
tions. Furthermore, steel and concrete have almost
identical coefficients of temperature expansion, pro-
viding good composite performance over a wide
temperature range. These properties, coupled with
the good mechanical properties and low costs of
steel, have made steel reinforced concrete the build-
ing material of choice in numerous structures where
strength and durability are needed.

Metals other than steel are occasionally used in
concrete. However, due to the good performance of
steel, they are usually not used in structural applica-
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tions. If more than one type of metal is used they
should be electrically isolated to prevent galvanic
corrosion. Galvanized and epoxy-coated steel, as
well as stainless steels, will be discussed in detail in
the following corrosion protection and modeling
sections. Copper is usually used with grounding rods
and copper tubing. Aluminum is usually not recom-
mended, since it corrodes rapidly at high pH and has
a high coefficient of temperature expansion. Alu-
minum can be protected with calcium nitrite corro-
sion inhibitor [Berke et al 1990].

The corrosion protection provided to steel by con-
crete has led to the use of steel-reinforced concrete
in severe exposures to chlorides. Typical applica-
tions include concrete piles, girders, decks, and
walls in marine environments, and bridge and park-
ing decks in de-icing salt environments. The ingress
of chloride into the concrete eventually leads to de-
passivation of the steel and subsequent cracking and
spalling of the concrete, since the corrosion products
have higher volume than the initial steel, and the
concrete cannot withstand the high tensile forces
from the volume expansion. A recent study has esti-
mated that the annual cost of corrosion of steel in
concrete in the United States is at least $15 billion
[Koch et al].

Another cause of corrosion of steel in concrete is
the carbonation of the concrete. This occurs as car-
bon dioxide in the air reacts with calcium hydroxide
and other calcium bearing phases in the cement
paste portion of the concrete, lowering the pH to 10

165
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or lower. This is usually not a major problem in
higher strength concretes used in engineering struc-
tures, as the carbonation front rarely reaches the re-
inforcing steel over the design life of the structure
due to the low permeability and higher cement con-
tents of these concretes, as will be discussed in de-
tail later. The rest of this section will primarily ad-
dress corrosion of embedded steel due to the ingress
of chloride. More information on carbonation corro-
sion can be found in the books referenced in the bib-
liography at the end of this chapter.

To fully understand the corrosion of steel in con-
crete, one needs to address several areas. These in-
clude the following:

1. concrete properties affecting the ingress of chlo-
ride and the chloride threshold value for corrosion
initiation

2. corrosion mechanisms of steel in concrete or in an
alkaline environment with chloride

3. corrosion protection systems, including combina-
tions of several systems

4. life-cycle modeling

The above will be discussed in detail in the fol-
lowing sections, along with the appropriate test
methods utilized to determine the key properties and
mechanisms.

8.2 CONCRETE PROPERTIES AFFECTING
CHLORIDE INGRESS AND
THRESHOLD VALUES

Concrete is essentially the combination of cement,
coarse and fine aggregates, and water. Chemical ad-
mixtures are usually added to improve handling of
the fresh concrete or enhance performance of the
hardened concrete. Supplementary cementitious ma-
terials include pozzolans such as fly ash, silica fume,
or metakaoline, or ground blast furnace slag. These
materials are typically added to enhance hardened
properties of the concrete. The properties of concrete
are a function of the types and proportions of the ma-
terials listed above, as well as placing and curing pro-
cedures in the field. The properties of concrete are
explained in detail by Mindess, Young, Darwin [Min-
dess and Young].

For chloride-induced corrosion, the two key prop-
erties of the concrete are permeability and the chlo-
ride threshold value. Permeability is primarily con-
trolled by the water-to-cementitious ratio (w/cm)
[Mindess et al]. Permeability to water ingress de-

creases significantly with areduction in w/cm. A sim-
ilar reduction is noted in the apparent diffusion coef-
ficient for chloride as shown for mortars [Page et al.]
and for concrete, [Berke and Hicks 1994.] Bentz et
al. Note that fly ash and silica fume additions result
in an even lower apparent diffusion coefficient than
just adding additional cement. Figure 8.1 shows the
effect of reducing diffusion coefficients on the esti-
mated chloride levels after 75 years, for a case of a
surface concentration of chloride increasing at the
surface for 25 years and the assumption of one-
dimensional Fickean diffusion. Thus, a reduction in
w/cm can result in a significant reduction in chloride
ingress in time. Reducing w/cm is accomplished by
raising the cement and supplementary cementitious
additive content, or by reducing the water content.
Raising the cementitious content is beneficial to a
point, but could cause an increase in cracking, or ex-
cessive heat development if it is too high. Reducing
water results in a loss of workability, leading to poor
consolidation and placement difficulties. Superplas-
ticizing (or high range water reducing) chemical ad-
mixtures can be added to provide enhanced work-
ability at lower water contents. Typically, concrete
mixtures used in durable concrete will use both an in-
crease in the cementitious content as well as a super-
plasticizer to reduce water. Several documents and
books go into significant detail on the design of con-
crete properties for corrosion performance [ACI 222;
Tuutti; Bentur, Berke, and Diamond; Broomfield;
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In addition to affecting the ingress of chloride, the
concrete materials affect the chloride threshold value
for corrosion initiation. In this case, the cement type
and content are of primary importance and the sup-
plementary cementitious materials also play a role.
Several authors note that the tricalcium aluminate
(C;A) content of cement plays a key role in binding
of chloride [Mehta]. Lower C;A contents let more
chloride in as the binding efficiency is lowered, and
also lead to corrosion at lower values as more chlo-
ride is in the pore solution of the concrete. Lower
C;A values are usually desirable for enhanced resis-
tance to sulfate attack of the concrete but, as pointed
out by several researchers [Mehta], low w/cm is more
important and there should be a 5 to 8% C;A content.

Another cementitious factor affecting chloride
threshold is the pH of the concrete pore water.
Gouda et al., showed that there was a linear relation-
ship between hydroxide content and the amount of
chloride needed to initiate corrosion [Gouda]. Thus,
concretes with a higher pore water pH can be ex-
pected to have higher threshold values for chloride
initiation. However, too high pH content can lead to
alkali attack of some aggregates; the concrete alkali
content as K,O equivalent is often limited to 3 kg/m?
[ACI 201]. Hansson has shown that cations associ-
ated with the chloride can change the internal pH
and apparent threshold values [Hansson].

8.3 CORROSION MECHANISMS OF
STEEL IN CONCRETE

The normally occurring oxides on steel are either
ferrous (Fe*?) or ferric (Fe*3) in nature. Both are
chemically stable in concrete in the absence of car-
bonation or chloride. However, the ferric oxide is
more stable, especially in the presence of chloride.
Over time, the ferrous oxide is converted to the more
stable hydrated ferric oxide that is chemically re-
ferred to as — FeOOH. This process is never totally
completed and is measured as a continuing very
small passive corrosion rate, as will be discussed
later. The development of the ferric oxide film pro-
ceeds according to the following anodic reactions:

2Fe — 2Fe?+ + 4~
2Fe2* + 40H™ — 2Fe(OH),

1
2Fe(OH), + 5 0, — 2y—FeOOH +H,0
Neither oxide is protective at pHs below approxi-

mately 11. Thus, corrosion will occur if carbonation
is present at the reinforcing bars.

As noted above, the ferric oxide is more resistant
to chloride than the ferrous oxide. If chloride ions
are present, they will induce corrosion if they come
into contact with the reinforcing bar at a location
where the ferrous oxide has not been converted This
results in pitting corrosion. This competes with the
normal passivation process and will only proceed
when the chloride content is sufficiently high com-
pared to the oxygen and hydroxide content. This is
the underlying theory as to why chloride-to-hydrox-
ide ratios are related to the onset of pitting corrosion.
In concrete, this corrosion threshold is approxi-
mately 0.9 kg/m3 (1.5 Ib/yd3) of concrete.

This passivation process can also be described in
electrochemical terms [Rechberger; Berke; Bentur
et al.]. Figure 8.2 shows the anodic and cathodic re-
action curves for passive steel in an alkaline envi-
ronment such as concrete. Curve A in Figure 8.2
schematically shows the relationship between the
anodic reaction rate and the potential of steel relative
to a reference electrode in a concrete-type environ-
ment. The anodic reaction rate is represented as a
current density and describes the corrosion rate of
the steel, with lower current densities indicating
lower corrosion rates. At very high negative poten-
tials, the corrosion rate increases rapidly as the po-
tential becomes less negative, then suddenly drops
by several orders of magnitude. The potential at
which this occurs is known as the primary passiva-
tion potential (Ep ) and is related to the development
of the ferric oxide. Then, over a large range of po-
tentials (typically from approximately —800 to
+600 mV versus saturated calomel electrode, in the
absence of chloride), the steel is corroding at a neg-
ligible rate, and this is the passive region. At more
positive potentials, the breakdown of water to pro-
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FIGURE 8.2 Steel in an alkaline environment.
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duce oxygen occurs and severe corrosion can once
again occur, and passivity is lost. The potential at
which this occurs is the transpassive potential (Ey,).

Curve A in Figure 8.2 describes the anodic be-
havior of steel; that is, it only looks at the oxidation
reactions that are occurring. The actual corrosion
potential will also depend upon the oxygen content,
which affects the cathodic reaction rate. For steel in
concrete, the cathodic reaction is primarily the re-
duction of oxygen:

0, + 2H,0 + 4e— — 40H—

The cathodic behavior as a function of potential is
schematically shown in Figure 8.2 as Curve C.

As in other chemical processes, the anodic reac-
tion and the cathodic reaction have to be in balance.
Thus, the point of intersection of the two curves por-
trays the only corrosion situation which can exist for
these conditions. This is shown in Figure 8.2, in
which the anodic and cathodic curves have been su-
perimposed and the rates have been shown as cur-
rents. Since this figure is representative of steel in
non-carbonated chloride-free concrete, the intersec-
tion of the two reactions is in the passive zone, and
only the low passive corrosion currents are reached.
The potential at which the anodic and cathodic cur-
rents are of equal magnitude is the corrosion poten-
tial, E_,,.. The corrosion current, 1, is equal in
magnitude to the anodic current and absolute value
of the cathodic current. It is most useful to divide the
corrosion current, I, by the area to obtain the cor-
rosion current density, i.,,.

The anodic behavior of steel in concrete is
changed in the presence of chloride as shown in Fig-
ure 8.3, with chloride causing pitting to initiate.
When pitting is present, the corrosion current den-
sity in the pit is high and is limited only by the
amount of cathode present. This is schematically
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FIGURE8.3 Effect of chloride on the corrosion of steel.

shown in Figure 8.3, which shows that the anodic
curve, A, is almost horizontal at the pitting protec-
tion potential, E,,. At potentials negative to E,, pits
are not stable and pitting stops. Above E; the corro-
sion rate is orders of magnitude higher tlgan the pas-
sive rate and severe local metal loss can occur.

Increasing the chloride content has the effect of
facilitating the pitting process and results in a further
lowering of the pitting protection potential, as
shown with Curve A, in Figure 8.3. For the same
amount of available cathode (i.e., for identical curve
C), the corrosion rate increases further, as shown.
This is where the rule of thumb about more negative
corrosion potentials being associated with higher
corrosion rates came from. However, even when
chloride is present, and especially when it is not,
corrosion potential values versus a saturated calomel
reference electrode below X280 mV are not neces-
sarily indicative of corrosion, as shown in Figure 8.3
and discussed below.

The role of oxygen on the corrosion rate when pit-
ting is present is illustrated in Figure 8.4. Variations
in oxygen availability change the location of the ca-
thodic reaction curve. Thus, even if sufficient chlo-
ride is present for pitting, corrosion rates can be low
if the oxygen content is low or cathodic area is small.
Points W and X are the possible conditions when
oxygen levels are low (the intersection at point Y
represents an unstable situation which will convert
to point W). If the steel has already been passivated
due to higher oxygen conditions, at some time point
W will be the potential. If passivation has not oc-
curred, then point X will be the intersection point,
and corrosion rates will be higher (active corrosion,
but at a low rate). In both cases, corrosion rates are

Passive Potential
E
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FIGURE 8.4 Role of oxygen in steel corrosion.
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negligible. This is commonly observed for concrete
piles far below the water line in marine environ-
ments, where oxygen levels are low.

At higher oxygen levels, pitting corrosion occurs
because the oxygen reduction reaction intersects the
anodic reaction above the protection potential, as
shown in Figure 8.4. This is illustrated as the inter-
section that occurs at point Z. Because current den-
sity is on a log scale, the corrosion current density is
orders of magnitude higher than in the low oxygen
case.

8.4 MECHANISMS OF CORROSION
PROTECTION SYSTEMS

Protection systems for corrosion act in one or more
of the following ways:

e reduce the ingress of chloride into the concrete
(low permeability concrete)

* keep chloride from the surface of the concrete
(sealers and membranes)

* reduce corrosion in the presence of chloride next
to the steel (corrosion inhibitors)

e provide a protective coating to the bar (epoxy-
coated and galvanized steel)

e use more corrosion resistant steel (stainless steels)

» suppress the corrosion cell electrically (cathodic
protection)

Each of these systems will essentially have one or
more of the following three effects:

1. reduce the ingress of chloride

2. increase the chloride level at which corrosion ini-
tiates

3. reduce the corrosion rate of the active corrosion

Accelerated and long-term field and laboratory
tests are needed to estimate the performance of a
protection system as related to these three effects.
The evaluation of the performance of these systems
is not trivial and requires an understanding of corro-
sion and protection mechanisms. In addition, the
same accelerated testing techniques cannot be used
for all methods.

Once the performance of a corrosion protection
system can be quantified, it is possible to perform a
life-cycle cost analysis to select the most cost effec-
tive system. Since there is usually an upfront cost as-
sociated with corrosion protection, a net present
value analysis looking at repair costs and loss of use

need to be considered. An example of this analysis is
presented below.

8.5 REDUCING CHLORIDE INGRESS

Reduction of chloride ingress into concrete can be
accomplished by reducing the porosity of the con-
crete or by the use of membranes or sealers. This
section examines these approaches.

8.5.1 Low Permeability Concrete

Traditionally, the first steps in improving the dura-
bility of reinforced steel involved improving con-
crete quality. For example, ACI 318 and ACI 357
recommend water-to-cementitious [w/(cm)] ratios
of 0.4 or under, and minimum covers of 50 mm for
non-marine and 68 mm in marine exposures [ACI
318, ACI 357]. Other codes, such as Eurocode 2 and
Norwegian Code N5 3474, are less stringent [Eu-
rocode 2, Norwegian Code N5 3474].

Additional means of reducing the ingress of chlo-
ride into concrete involves the addition of pozzolans
or ground blast furnace slag. These materials are
often added as cement substitutes; they react with
calcium hydroxide to reduce the coarse porosity of
the concrete and to decrease the porosity at the
paste-aggregate interfaces. Several conference pro-
ceedings document the positive benefits of these ma-
terials [CANMET/ACI Durability, CANMET/ACI
Fly Ash].

Numerous references show that even if concrete
is produced to the most stringent of the codes, chlo-
ride will ingress into the concrete and corrosion of
the steel reinforcement will initiate [Browne, Pfeifer
and Landgren, Tuutti, Berke, Scali, Regan, Shen
1991, Berke et al 1992].

Even for very low permeability concretes, chlo-
ride will eventually ingress into the concrete and ini-
tiate corrosion [Berke and Hicks 1994]. When chlo-
ride ingress is modeled as a function of w/c+p and
pozzolan contents for various geometries and envi-
ronmental exposures, times to corrosion in excess of
25 years are difficult to achieve for low permeability
concretes [Berke and Hicks 1994, Berke, Hicks,
Dallaire 1996]. Thus, additional protection systems
are necessary to meet extended design lives that are
becoming increasingly specified.

8.5.2 Sealers and Membranes

Sealers and membranes work by either reducing the
ingress of chloride into the concrete, or by reducing
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the movement of moisture. They either produce a
continuous film on the surface (creating a hydropho-
bic layer lining the pores and surfaces of the con-
crete), or they produce reaction products that block
the concrete pores. Surface preparation and applica-
tion techniques must be carefully followed to have
good results. Several references discuss these pro-
tection systems in great detail [Keer; CIRIA; Weyers
et al.; C103; Pfeiffer and Scali; Bentur; Diamond
and Berke].

Products that provide a continuous film or coating
on the surface include acrylics, butadiene copoly-
mer, chlorinated rubber, epoxy resin, oleoresinous,
polyester resin, polyethylene copolymer, polyur-
ethane, and vinyl. Rubberized asphalt is a popular
sheet membrane material. Membranes exposed to
wear typically have protective surface coatings. Hy-
drophobic pore liners include the silanes, siloxanes,
and silicones. The pore blockers include silicate, sil-
icofluoride, and crystal growth materials in a ce-
mentitious slurry.

An extensive review of sealer and membrane field
performance was conducted as part of the Strategic
Highway Research Program [Weyers et al., 1992]. It
concluded that these systems had a useful effective-
ness between 5 and 20 years. The importance of
longer-term testing in evaluating these products was
shown by Robinson [Robinson]. His accelerated
laboratory testing showed an early 100% reduction
in chloride ingress, which did not hold up over time.
However, most products did offer an improvement.

8.6 CORROSION INHIBITORS

Corrosion inhibitors are chemical substances that re-
duce the corrosion of embedded metal without re-
ducing the concentration of the corrosive agents.
This definition, paraphrased from ISO 8044-89,
makes the distinction between a corrosion inhibitor
and other additions to concrete that improve corro-
sion resistance by reducing chloride ingress into the
concrete.

Corrosion inhibitors can influence the anodic, ca-
thodic, or both reactions. Since the anodic and ca-
thodic reactions must balance, a reduction in either
one will result in a lowering of the corrosion rate.
Figure 8.5 illustrates the effects of both types of in-
hibitors, acting alone or in combination, when the
chloride concentration has not been changed. When
no inhibitors are present, the anodic (A;) and ca-
thodic curves (C,) intersect at point W. Severe pit-
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FIGURE 8.5 Comparison of anodic and cathodic in-
hibitors.

ting corrosion is occurring. The addition of an an-
odic inhibitor (curve A,) promotes the formation of
(—FeOOH (passive oxide), which raises the protec-
tion potential E;, so that the anodic and cathodic
curves now intersect at point X. The corresponding
corrosion rate, i, is reduced by several orders of
magnitude and the steel is passive. Increasing quan-
tities of anodic inhibitor will move curve A, to more
positive E_ values.

The addition of a cathodic inhibitor in the absence
of an anodic inhibitor results in a new cathodic curve
(C,) as shown in Figure 8.5. The new intersection
with the anodic curve (A)) is at point Y. Though the
corrosion rate is reduced, pitting corrosion still oc-
curs because the potential remains more positive
than Ep. Therefore, a cathodic inhibitor would have
to reduce cathodic reaction rates by several orders of
magnitude to be effective by itself.

The case of combined anodic and cathodic inhibi-
tion is illustrated in Figure 8.5 as the intersection of
the anodic (A,) and cathodic (C,) curves at point Z.
The steel is passive as in the case of the anodic in-
hibitor alone (point X), but the passive corrosion rate
is reduced further.

Commercially available inhibitors include cal-
cium nitrite, sodium nitrite and morphelene deriva-
tives, amine and esters, dimethyl ethanol amine,
amines and phosphates. Several reviews and other
papers discuss the performance of inhibitors in con-
crete [Aldykiewicz, Berke, and Li; Elsener; Berke
and Weil; Kessler et al.]. With the exception of cal-
cium nitrite, little to no long-term data beyond 5-10
years is available on the other products.

The long-term performance benefits of calcium
nitrite are well documented [Berke et al. 1992, 1994,
1997, 2003; Elsener; Berke and Weil]. Based upon
these results, Table 8.1 was developed to indicate the



ENVIRONMENTAL DEGRADATION OF REINFORCED CONCRETE 171

TABLE 8.1 Calcium Nitrite Dosage Rates versus
Chloride Protection

Calcium Nitrite (30% sol.) L/m? Chloride Ton kg/m’
10 3.6
15 5.9
20 7.7
25 8.9
30 9.5

level of chloride that a given addition of 30% cal-
cium nitrite protects against.

Furthermore, as noted in these papers, the use of
calcium nitrite or any other inhibitor is not a substi-
tute for good quality concrete, and guidelines for re-
ducing chloride ingress must be followed.

Performance criteria for an amine and ester com-
mercially available inhibitor were published [John-
son et al.]. This inhibitor at a dosage of 5 L/m3 was
stated to protect to 2.4 kg/m?3 of chloride. A reduc-
tion in the chloride diffusion coefficient of 22—43%,
depending on concrete quality, was determined
using accelerated test methods.

8.7 REBAR COATINGS

Rebar coatings now in large-scale commercial use
are epoxy and zinc. Epoxy acts as a barrier to chlo-
rides, and zinc (galvanized rebars) provides both a
barrier and a sacrificial anode.

Epoxy-coated steel is extensively used in the
United States. ASTM Standards [ASTM A 775/A
775M and D 3963/D 3963M] are available to ensure
good performance. These standards set requirements
for the number of holidays (small non-visible de-
fects), repair area allowed, handling, and coating per-
formance. Numerous studies have been conducted
that show improved performance versus black steel
controls [TRB]. However, several of these studies
show that corrosion can occur over time, and that the
coating can be damaged during the placing and con-
solidation of the concrete. The damaged portions of
the coating can be initiation sites for corrosion. The
best performance is obtained when all of the steel is
epoxy-coated, which avoids large cathode-to-anode
ratios.

Galvanized rebars are used more extensively out-
side of the United States. There is an applicable
ASTM Standard [ASTM A 776/A 776M]. Several

papers exist documenting performance in tests (Yeo-
mans 1993; Yeomans 1987; Treadaway, Brown and
Cox;]. In general, the coating thickness determines
overall life, with thicker coatings having better per-
formance.

8.8 STAINLESS STEEL

A few studies exist on the performance of stain-
less steel alloys in concrete [McDonald, Sherman,
Pfeifer and Virmani; Flint and Cox; Sorensen, Jen-
sen and Maahn]. Though performance is improved
significantly, depending upon the alloy used, initial
costs are quite high [Sorensen, Jensen and Maahn].
Therefore, its use is limited. Furthermore, as will
be shown later, there is an appreciable economic
benefit (compared to stainless steel) to achieving de-
sired service lives using combinations of the protec-
tion methods discussed above. A martensitic iron-
chromium alloy without carbon phases has been
introduced [Trejo, Darwin]. Performance is between
that of stainless steels and black bars.

8.9 CATHODIC PROTECTION

Cathodic protection, if applied properly, can prevent
and stop corrosion of steel in concrete. It works by
making the reinforcing steel a cathode by the use of
an external anode. This anode can be either inert or
sacrificial, depending upon the exposure.

For cathodic protection to be effective, the rein-
forcement must be electrically continuous, the con-
crete conductivity between the anode and steel needs
to be low, and alkali-reactive aggregates should not
be used as the area next to the steel becomes more al-
kaline over time. More information is available in
the references [Broomfield 1992; Broomfield 1993;
Bennet] and in the NACE Recommended Practice
[CEA 54286].

Due to the expense, relative to other corrosion
protection systems, cathodic protection is most often
used in repair. The reasons for this are quite evident
once a life-cycle cost analysis is performed.

8.10 LIFE-CYCLE MODELING

In order to select among the corrosion protection
systems noted above, and future ones, a rational ap-
proach is needed to select the optimal system or
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combination of systems to provide the desired de-
sign life for the structure in question. This includes
minimizing the life-cycle costs.

To perform a life-cycle analysis, several pieces of
information are needed. These include the following:

1. environmental exposure and member geometry

2. estimate of the chloride diffusion coefficient (and
sorptivity)

3. effect of the protection system on chloride in-
gress, chloride threshold value for corrosion initi-
ation, and corrosion rate after corrosion initiates

4. initial costs of the protection system
. repair costs
6. time between repairs

wn

In many cases, one does not have a complete ir-
refutable set of information to fill-in the information
required above. However, one can make reasonable
estimates based upon the information available, and
considerable work is underway to define the param-
eters needed. An example of predicting life-cycle
costs will be given below. For more details, there are
several models available with various degrees of
complexity, and a few of them are in the references
(Berke et al., Thomas et al., Marchand et al.).

8.11 ENVIRONMENT AND GEOMETRY

The exposure environment needs to be assessed to
estimate the chloride exposure. Important parame-
ters are temperature and degree of salt exposure. The
salt exposure is different for submerged marine,
splash-tidal zones, airborne chlorides, and de-icing
salt applications. Submerged marine and tidal zone
exposures quickly come to a fixed high surface con-
centration of chloride. In the case of de-icing salts
and airborne chlorides, the surface concentration in-
creases more slowly over time. Geometry plays a
key role as a pile in the ocean represents a two-
dimensional case of chloride ingress, whereas a deck
or wall is a one-dimensional exposure.

8.11.1

The ingress of chloride can be predicted from the dif-
fusion coefficient for chloride in the concrete of in-
terest. Due to the heterogeneous nature of concrete,
the exact rate of chloride diffusion cannot be calcu-
lated, and it will vary with differences in concreting
materials. However, approximate values can be ob-

Chloride Diffusion Coefficient

tained with sufficient accuracy for estimating the
ingress of chloride into concrete structures as a func-
tion of exposure conditions. Note that more advanced
models address the degree of concrete saturation and
the movement and chemical reactions of several ions
in addition to chloride (Marchand et al.).

The diffusion of chloride in concrete follows
Fick’s second law of diffusion (Bamforth and Price;
Browne; Tuutti; Berke, Hicks and Tourney; Bentur et
al.; Hansson and Berke; Short and Page; Hobbs;
Bentz, Evans, and Thomas; Goto and Roy; Garbozi;
Dhir; Weyers and Cady; Pereira and Hegedus;
Thomas and Mathews). This correlation can be used
to calculate an effective diffusion coefficient, D, if
the chloride concentration at any time is known as a
function of depth. A more rigorous approach would
account for chloride binding and sorption effects
(Pereira and Hegedus; Thomas and Mathews). If
chloride profiles are used after longer exposure times
of one to two years, then the effective diffusion coef-
ficient calculated is a good approximation of future
chloride ingress. D4 can be adjusted for temperature
using an Arrhenius equation [Berke and Hicks].

The one-dimensional solution to Fick’s second
law with a constant surface chloride and semi-
infinite slab is given by the following:

Cx,f)=Cy[1 — erf2(Dyt) )],  (8.1)

where C(x,f) is the chloride concentration at depth
x and time ¢,
C, is the surface concentration
D.; is the effective diffusion coefficient,
and
erf is the error function.

The solution for a square pile under similar constant
surface chloride conditions is

Cxy1) = Co[1 — erf(x/2(D4t)%)
(-erf(y/2(D i) )], (8.2)

where C(x,y,7) is the chloride concentration at a dis-
tance x and y from the perpendicular sides at time ¢.
Numerical methods can also be used and are neces-
sary when C_ or D4 change as a function of time.
One concern in modeling is the role of cracking.
If cracking is severe, the above diffusion models will
not be applicable in the crack regions. Work in this
area is in progress. Shrinkage-reducing admixtures
and structural synthetic fibers can significantly re-
duce drying shrinkage and resist crack opening
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[Berke, Hicks, Li, Rieder] and, thus, make the mod-
els more applicable.

8.11.2 Cost Analysis

In order to perform a life-cycle cost analysis one
needs to know the costs of initial corrosion protec-
tion as well as the Net Present Value (NPV) costs as-
sociated with repairs. The NPV is defined as

NPV = Cost:(1 — D)™, (8.3)

where Cost is the price for the repair if performed
today,
D  is the discount rate or the interest rate
less the inflation rate, and
n  is the number of years to repair.

A typical value for the discount rate is 4% (D =
0.04). Thus, the cost of a given protection system is
the initial cost plus the NPV of the repairs.

8.11.3 Example of Life-Cycle Cost
Analysis for a Bridge Deck

A bridge deck in the northern United States is ex-
posed to de-icing salts over time. For this example, a
typical average yearly temperature of 10 °C is cho-
sen. The surface chloride concentration will increase
over time at a rate of 0.6 kg/m3/yr, until a constant
maximum value of 15 kg/m?3 is reached. The rate of
increase is less than that in a northern parking deck
due to the effects of rain. Since the surface chloride
concentration is a function of time, a numerical so-
lution to Fick’s Second Law is used.

Figure 8.6 shows the chloride concentration at a
depth of 65 mm for several types of concretes at 75
years. One with an effective diffusion coefficient of
1.3 X 1072 m?%/s represents a concrete with a water-
to-cement ration of 0.4. The lower curves represent

Depth = 65 mm

BO/A+SF or slag

Chloride concentration (kg/m 3)
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FIGURE 8.6 Estimated chloride concentration for a
bridge deck (Chloride buildup = 0.6 kg/m3/year).

concretes produced with 40% ground blast furnace
slag or 7.5% silica fume (0.78 X 10712 m?/s) and the
effects of a damp-proofing inhibitor in the concrete
(0.98 X 10712 and 0.58 X 10712 m?/s).

Protection systems considered in Figure 8.6, in
addition to the use of lower permeability concrete,
are a 30% calcium nitrite solution at 10 and 15 L/m3,
a butyl oleate and amine at 5 L/m3, and epoxy-
coated reinforcing bars alone and in combination
with calcium nitrite or butyl oleate. Repairs were
considered to occur at five years after corrosion ini-
tiation and at 20-year intervals after that. The repairs
were set at $350/m? of surface, and it was estimated
that only 10% of the surface would need to be re-
paired. These numbers are fairly representative, but
should be adjusted for specific locations. Traffic de-
lay costs (which can be considerable) were not in-
cluded. Table 8.2 summarizes the initial cost, repair
cost, and total NPV of the various combinations.
Clearly, low permeability concrete alone is not the
best life-cycle option. Figure 8.7 ranks the nine low-
est cost systems against the base case, and further
supports the benefits for corrosion protection sys-
tems even though initial costs are higher.

Membranes, stainless steel bars and cathodic pro-
tection were not included in the above analysis. At
an initial cost of $43-$130/m? cathodic protection is
not cost effective for a new bridge deck. Membranes
have a service life of about 20 years and, at an initial
cost of about $30/m?, they are also not cost effective
for corrosion protection (although they could have
other benefits where leaks to a lower level need to be
avoided). Finally, Type 304 stainless steel comes in
at about $39/m? in new construction, which is much
more costly than alternative protection mechanisms.

8.12 SUMMARY

Understanding and reducing the corrosion of steel in
concrete is of major importance to reducing the life-
cycle costs of bridges, marine structures, parking
structures, and other concrete structures in severe
environments. Numerous protection methods have
been developed and models are coming into use to
aid in the decision as to which method or methods to
employ in a corrosion protection system. At this
time, one of the most cost effective approaches is the
use of good quality, low permeability concrete con-
taining corrosion inhibitors. In addition to improv-
ing corrosion performance, the overall performance
of the concrete is improved with this approach.
Future work, in addition to developing improved
protection methods, will focus on improved model-
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TABLE 8.2 75-Year Analysis for a Bridge Deck

Initial cost Initiation First Repair ~ Number of =~ NPV Repair NPV Total
Case Design ($/m2) (Years) (Years) Repairs ($/m2) ($/m2)
Base Case 0 26 31 3 17.28 17.28
10 L/m3 CN 3.70 50 55 2 5.90 9.60
15 L/m3 CN 5.55 76 81 0 0 5.55
40% Slag 0 36 41 2 10.21 10.21
7.5% Silica Fume (SF) 3 36 41 2 10.21 13.21
5 L/m3 BO/A 3.50 48 53 2 6.38 9.88
ECR 19.47 26 46 2 8.39 27.86
10 L/m3 CN + 40% Slag 3.70 74 79 0 0 3.70
10 L/m3 CN + 7.5% Silica Fume 6.70 74 79 0 0 6.70
5 L/m3 BO/A + 40% Slag 3.50 65 70 1 2.25 5.75
5 L/m3 BO/A + ECR 22.97 48 68 1 243 25.40
10 L/m3 CN + ECR 23.17 50 70 1 2.25 25.42
10 L/m3 CN+ECR + 40% Slag 23.17 74 94 0 0 23.17
5 L/m3 BO/A + ECR + 40% Slag 22.97 65 85 0 0 22.97

CN =30 % solution of calcium nitrite
BO/A = Butyl Oleate/Amine
ECR = Epoxy-coated reinforcing steel (top and bottom mats)

10 Lim3 CN+ 40% Slag

13 L/m3 C

3 L/m3 BO/A+40% Stag
10 L/m3 ON+7.5% SF
10 L/m3 ON

3 Lim3 BOJA

40% Slag

7.5% Silica Fume

Base Case

Totai Cost ($Im2)

FIGURE 8.7 Total costs ($/m?), for a 75-year design bridge deck.

ing of the processes and life-prediction. The new
models will address corrosion and other deteriora-
tion processes of concrete, as well as quantify the
role of cracking.
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9.1 INTRODUCTION

Biofouling is an interesting natural phenomenon
that often appears in the forms of microfouling and
macrofouling visible on surfaces. Microfouling
refers to microorganisms; whereas, macrofouling
refers to larger organisms (e.g., invertebrates). At the
same time, microfouling may also influence the ini-
tiation of macrofouling in several ways—positively,
negatively, or neutrally. It is known that both natural
and artificial surfaces are susceptible to the colo-
nization of microorganisms forming a thin layer of
microbial biofilms consisting of large quantities of
microbial metabolites with some bacterial cells em-
bedded inside. Seashore rocks often have a slippery
feeling because of microbial biofilms and the pres-
ence of ample amounts of metabolites.

Biofilms of microorganaims are ubiquitous in
marine waters of polar (Ford et al., 1989; Maki et al.,
1990a), temperate (Berk et al., 1981), tropical eco-
systems (Hofmann et al., 1978); they develop simi-
larly in freshwater environments (Lock, 1993). Bac-
terial adhesion on surfaces is a result of complex
communication between bacteria in the environment
and the physical, chemical, and biological character-
istics of the substratum surfaces, as well as the
microbial cells. Multiplication and production of ex-
opolymeric materials by the already attached mi-
croorganisms can develop into a thin layer coating
on surfaces, affecting the subsequent biological
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processes taking place on the surface (van Loos-
drecht et al., 1990).

Biofilms are interesting research areas for a num-
ber of reasons. They play an important role in corro-
sion of metals and the degradation of a wide range of
inorganic and polymeric materials. They also medi-
ate settlement and metamorphosis of invertebrate
larvae (Kirchman and Mitchell, 1981 and 1983;
Kirchman et al., 1982a—b; Maki and Mitchell, 1985
and 1986; Maki et al., 1988, 1989, 1990a, 1992, and
1994; Mitchell, 1984; Mitchell and Kirchman, 1984;
Mitchell and Maki, 1988; Rodriguez et al., 1995).
The role of bacterial biofilms can be either repulsion
against settlement of invertebrate larvae (Maki et al.,
1989, 1990a, and 1992) or induction for settlement
(Lau and Qian, 2001; Lau et al., 2001). Since bio-
fouling is commonly thought of as the attachment of
visible animals (mostly invertebrates) on surfaces of
natural and artificial materials, the role of biofilm
mediating larval attachment on surfaces may pro-
vide important information on the mechanisms of
biofouling and development of new biotechnologies
utilizing microbial biofilms against macrofouling
processes. Furthermore, corrosion of underwater
structures, such as industrial heat exchangers, cool-
ing towers, and water ducts and pipelines may be
protected from biofouling using new innovative
methods involving bacteria and their metabolites.
Because the economic losses associated with bio-
fouling are enormous, environmentally acceptable
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means have been rigorously investigated to prevent
both biofilm formation and/or biofouling.

9.2 BACTERIAL ADHESION
ON SURFACES

9.2.1 Formation of Biofilms

Bacteria are very small; microscopes are usually
needed to observe them. Their metabolic character-
istics and genetic structures (nucleotide sequences)
are the primary information used for their classifica-
tion (Madigan et al., 2000). What is amazing about
these small creatures is that they multiply very
quickly (m2"; where m is the starting population
number and 7 is the numbers of generation) under a
wide range of environmental conditions.

Certain microorganisms have specialized their
adaptation to a narrow range of environmental con-
ditions. It is a fact that they have been serving a vital
role to Homo sapiens by digesting our food and also
to our society as a whole by providing a variety of
products from beverages, wines, cheese, etc., to
waste water treatment and bioremediation. Of
course, some of them are also known pathogens.

Ever since their initial appearance on this planet,
microorganisms have tended to attach and aggregate
on surfaces of minerals, and this attachment property
has improved their success in the natural environ-
ment (Wichtershiuser, 1988). Because of their sur-
vival strategy, they evolved over time into distinctly
different species, and provided an important basis for
the evolution of large organisms. In addition, adhered
bacteria also show increased metabolic activity in
comparison with non-attached ones (van Loosdrecht
et al., 1990), gaining further advantage to over num-
ber the planktonic cells.

The initial steps of microbial adhesion on sur-
faces of materials has been an interesting research
topic for several generations of microbiologists.
Marshall et al., reported both reversible and irre-
versible attachments of the bacteria using a marine
Pseudomonas sp. on glass slides (Marshall, 1985;
Marshall et al., 1971). Adhesion of bacteria to a sur-
face can be completed in as little as several seconds
to a few minutes (Wiencek and Fletcher, 1995). Ma-
terial surfaces with different physical and chemical
properties result in drastically different results of
bacterial attachment (Fletcher and Leob, 1979). For
example, it might be hard for most bacteria to attach
firmly to Teflon, but modifying a Teflon surface with
a little oil or grease will allow bacteria to attach on

the surface more readily. Polyethylene film in
coastal marine water can be colonized by a diverse
population of bacteria after short exposure to a sub-
tropic environment (Figure 9.1). In contrast, they
may attach very well on primary and secondary
minerals of the environment. After adhesion on sur-
faces, bacteria not only reproduce by generating a
three-dimensional structure of biofilms consisting of
gelatinous materials with bacteria embedded in
them but also affect the substratum surfaces, result-
ing in corrosion, deterioration of materials, or even
infection when animal tissues become the colonized
surfaces.

Although most early research focused on biofilm
formation in marine ecosystems, recent develop-
ments allow medical and environmental microbiolo-
gists to more comprehensively understand lung in-
fection in cystic fibrosis patients (Davies et al.,
1998; Singh et al., 2000), and antibiotic resistance
(Levy, 1992; Marshall et al., 1990). Bacteria form
diverse microbial communities in both freshwater
and marine environments; these microorganisms are
an important driving force for carbon cycling in the
natural ecosystems (Ford and Lock, 1987). How-
ever, the role of microorganisms in larval settlement
or repulsion of invertebrates as a whole has not been
clearly elucidated.

9.2.2 Chemotaxis of Bacteria

The existence of biofilms on submerged surfaces has
gained wide understanding (Costerton et al., 1978;
1994), and knowledge of biofilm formation on a
whole range of material surfaces has been advanced
in recent years (Gu, 2003a; Gu et al., 2000a—d). The
initial attachment of bacterial cells on any surface
and the mechanisms governing those processes are
still not clearly understood, however; and this lack
of fundamental comprehesion of adhesion processes
prevents us from developing effective preventive
strategies in control of bacterial biofilms. Biomole-
cules have been implicated in the processes (Gu et
al., 2001b). Unfortunately, large quantities of bio-
cides and antibiotics are used in industrial and med-
ical areas; therefore, selective microorganisms may
develop mechanisms resisting toxic chemicals.
Selective chemicals are capable of repelling ma-
rine bacteria under experimental conditions, as illus-
trated by Chet and Mitchell (1976a; 1976b). Strong
repulsion was observed with o-amino-n-butyric
acid, N, N-dimethylphenylene diamine, hydro-
quinone, and acrylamide, and, to a lesser extent,
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FIGURE 9.1 A scanning electron micrograph showing a natural bacterial biofilm on surface of a polyethylene film after
30 days of exposure to marine water in Victoria Harbor (Hong Kong). The sample was treated by fixing in glutaraldehyde
and critical point dried and coated with palladium-gold before viewing (scale bar, 2um).

with n-amyl acetate, benzene, benzoic acid, 2, 4-
dichlorophenoxy acetic acid, indole, 3-methylindole
(skatole), tannic acid, N, N, N’, N’-tetramethylethyl-
ene diamine, thioacetic acid, phenythiourea, and
thiosalicylic acid (Chet and Mitchell, 1976a—b; Chet
et al., 1975). The threshold concentration showing
effective repulsion of bacteria from surfaces was be-
tween 0.1-1.0 mM (Chet et al., 1975). It is interest-
ing that when tannin and tannic acid were tested for
antifouling activity (Lau and Qian, 2000), the diffi-
culty was in retaining these potentially effective
chemicals in a formulated coating for slow release
over an extended period of time.

Active movement of bacteria away from a partic-
ular chemical substance is called negative chemo-
taxis. Any chemical agent causing this phenomenon
can prevent adhesion and then the early-stage
growth of the targeted microorganisms. Toxic chem-
icals such as chloroform, toluene, ethanol benzene,
CuSO,, and Pb(NO;), have been found to induce
negative chemotaxis in marine microorganisms

(Young and Mitchell, 1973a-b). Obviously, selec-
tive chemicals can also serve as cues to attract cer-
tain bacteria; nutrients like acetate and glucose are
effective attractants.

9.3 MEDIATORS OF
INVERTEBRATE SETTLEMENT

9.3.1 Lectins as Chemical Cues

Lectins are biomolecules consisting of glycopro-
teins with multiple binding sites specific for carbo-
hydrate sugars. They are widely found in a large
number of organisms ranging from prokaryotes to
mammals (McLean and Brown, 1974; Meints and
Pardy, 1980; Mirelman and Ofek, 1986; Miiller et
al., 1979 and 1981). Because lectins are not ionized,
binding mechanisms include only hydrophobic in-
teractions and hydrogen bonds. The size of
oligomeric proteins of a lectin ranges between
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11,000 Dalton (kDa) and 335 kDa molecular
weights, and the carbohydrate contents in lectins
may vary from as little as almost zero in Con-
canavalin A (Con-A) to more than 50% in potato
lectin. At present, more than 100 lectins have been
purified and characterized (Mirelman and Ofek,
1986), and they are available for research use (Neu
et al., 2001; Bockelmann et al., 2002).

The role of lectins and bacterial biofilms in the
initial stage of larval settlement was investigated in
1980s at the Microbial Ecology Laboratory of Har-
vard University (Kirchman and Mitchell, 1981 and
1983; Kirchman et al., 1982a—b; Maki and Mitchell,
1985; Mitchell, 1984; Mitchell and Kirchman, 1984;
Mitchell and Maki, 1988). The importance of micro-
bial lectins in induction of invertebrate settlement
has been recognized for many years. Guyot discov-
ered microbial lectins in 1908 and Zobell reported
their role in larval settlement in 1935 (reviewed by
Kirchman and Mitchell, 1983). At the same time,
other theories based on physical properties of sub-
stratum materials, such as texture, surface tension,
or wettability (Maki et al., 1989 and1994), were also
tested but were found unsatisfactory to fully explain
the relationship between the settlement by inverte-
brates and the preference for a certain material
types. However, the lectin model was proposed to
explain the settlement of larvae on bacterial bio-
films, the modified surfaces. It was thought that in-
vertebrate larvae bind to a specific carbohydrate
molecule of the microbial biofilm to induce settle-
ment of larvae. The exopolysaccharides of bacteria
are also known to contain variable amounts of pro-
teins, as well as sugar residues (Gu and Mitchell,
2001 and 2002). It should be pointed out here that
while biofilm bacteria may also produce chemicals
that inhibit settlement of invertebrates (Maki et al.,
1989 and 1990b), most past research primarily fo-
cused on the chemical agents of bacterial biofilm
origin that prevent the settlement of larvae (Maki
and Mitchell, 1985).

The validity of the lectin model has been tested
using several different simulation systems (Kirch-
man and Mitchell, 1981, 1982a-b, 1983, and 1984;
Mitchell and Kirchman, 1984). An initial experi-
ment utilized a natural sugar to block the interaction
between invertebrate larvae and surface biofilms
(Kirchman and Mitchell, 1983). It showed that glu-
cose is an effective blocking agent for the initial set-
tlement of the polychaete, Janua (D.) brasiliensis
larvae; whereas, mannose, galactose, fucose, o-
methyl-D-glucoside, ribose, o-methyl-D-mannose,
and N-acetyl-D-glucosamine are ineffective. During

the assay, toxicity of glucose to larvae was not ob-
served. Subsequent experiments found that forma-
lin-killed biofilms are also capable of inducing set-
tlement, indicating that settlement cues are probably
chemical in nature, possibly resulting from the poly-
saccharides produced by the bacteria in the biofilm
(Kirchman and Mitchell, 1981 and1983).

Further experiments established that the alter-
ation of chemical bonds in carbohydrate structure
prohibited the settlement of larvae when periodate
was used to cleave the 1,2-dihydroxyl units of car-
bohydrates in a biofilm specifically. As a result, set-
tlement of Janua larvae was prevented. In addition,
larvae do not settle on surfaces previously treated
with the lectin Concanavalin A (Con-A), but will
settle on lectins purified from peanuts (AHA). These
results collectively suggest that the binding site is
chemical-specific, because Con-A forms a glucoside
bond with glucose and mannose, while AHA binds
only galactose. These results show that the funda-
mental mechanisms of larval settlement may be un-
derstood on the basis of chemistry. Unfortunately,
no major significant advance has been made in re-
cent years. With the application of molecular tech-
niques in various fields, it is hoped that further in-
depth understanding may be realized soon.

9.3.2 Bacterial Films as Cues
or Repellents

9.3.2.1 Biofilms as Settlement Cues

Microbial biofilms have generally been examined as
a stimulus for the settlement of macrofouling organ-
isms (Crisp, 1974). Examples from the earlier liter-
ature include studies comparing the settlement of
Ophelia bicornia and Protodrilus sp. larvae on sands
pre-colonized by microorganisms versus sterile
(clean) sand. In those investigations, no settlement
was observed on the clean sands in the pre-sterilized
treatments. Vibrio species of bacteria were found to
be effective in inducing settlement and metamor-
phosis of the coelenterates Cassiopea andromeda
and Hydractina echinata (Hofmann et al., 1978;
Neumann, 1979). The spirorbid worm, Janua (D.)
brasiliensis, is often found on a wide range of sur-
faces, including other invertebrates Mytilus edulis
(Shisko, 1975) and algae Ulva lobata (Shisko, 1975)
and Zostera marina (Nelson, 1979). It should be
pointed out that research on bacterial biofilms and
their effects on settlement of larval invertebrates has
been performed mostly by zoologists. Only fairly
recently have researchers from other fields begun
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to focus on the molecular understanding of the inter-
actions between different species of bacteria and
larvae.

Maki et al. (1990a) used the bacteria species De-
leya marina and Vibrio vulnificus to test the settle-
ment of cypris larvae Balanus amphitrite on three
types of substratum surfaces including glass, poly-
styrene and Falcon® tissue-culture polystyrene. Re-
sults suggested that the relationship between the sub-
stratum, the biofilm, and the larvae is much more
complex than previously reported in the lectin model.
They found both stimulatory and inhibitory effects
when different bacterial strains were used. Thus,
species composition within the biofilm may play a
critical role in settlement selection. This complex
system in nature makes laboratory investigation
more difficut and less realistic. In a recent investiga-
tion, 38 bacterial isolates belonging to three phylo-
genetic branches (i.e., y-Proteobacteria, Gram posi-
tive, and Cytophaga-Flexibacter-Bacteroides) were
tested, and approximately 42% of them were non-
inductive to the settlement of marine polychaete Hy-
droides elegans (Lau et al., 2002). Interestingly, iso-
lates inducing the highest settlement were affiliated
with the Cytophaga group. In addition, bacterial iso-
lates from the same genus may have significant dif-
ferent effects in induction of larval settlement. Adhe-
sion of bacteria may be linked to changes of surface
molecules and cause different domains of the ex-
opolymer to be exposed so that either inhibition or
stimulation of larval settlement can be produced.

9.3.2.2 Biofilms As Settlement Inhibitors

Bacteria from cultures or concentrated suspensions
can readily colonize surfaces of a wide range of ma-
terials within about eight hours to form a biofilm
with density between 107 and 103 cells/cm?. Deleya
marina was used to compare settlement induction
and inhibition with other bacterial species in a study.
The results showed that biofilms of this species in-
hibit settlement of Balanus amphitrite (Maki et al.,
1988 and 1992). In another study (Maki et al., 1988),
three strains of D. marina were tested and showed
inhibitory effects on the settlement of bryozoan
Bugula neritina. Two unrelated species, Vibrio vul-
nificus and an estruarine isolate DLS1, did not show
any inhibition on settlement. However, the age of
bacterial biofilms has important impact on the in-
duction or inhibition of settlement. Older (>12 days)
natural biofilms induce settlement of B. amphitrite
while younger ones have inhibitory effects (Wiec-
zorek et al., 1995).

Other studies have examined the role of chemore-
ceptors in invertebrates. In the larvae of Balanus
amphitrite, chemoreceptors were suspected of play-
ing a major role in inhibition of larval settlement
(Maki et al., 1994). In a study on the settlement in-
duction of abalone, a neurotransmitter, y-aminobu-
tyric acid, was found to be involved and responsible
for inhibiting the velar cilia movement of the plank-
tonic larvae (Morse et al., 1979). Later studies, how-
ever, discarded this theory on the basis that concen-
tration levels of this neurotransmitter molecule were
not detectable, and that microbial degradation of
Yv-aminobutyric acid was likely to prevent significant
accumulation (Kaspar and Mountfort, 1995). The
low concentration of these neurotransmitting chem-
icals in the environment and their effect on larval
settlement induction are important issues challeng-
ing research in this area because results showed that
a wide range of environmental contaminants can
serve as endocrine-disrupting chemicals responsible
for the abnormality of animal development (Gray et
al., 1999; Jobling et al., 1995). Accepting the fact,
real ecosystem may harbour a vast variety of bioac-
tive chemicals at concentration relatively low to our
knowledge.

A number of factors may be involved in the inhi-
bition of invertebrate settlement on surfaces. They
include the species composition of the biofilm; inhi-
bition of lectins action within the bacterial biofilms
or surface of invertebrate; negative response via
chemoreceptors in the larvae; and the possible exis-
tence of yet unrevealed neurotransmitters and mech-
anisms. The most promising research area involves
the understanding of species composition of bio-
films and the resultant larval settlement, because
monoculture of bacteria and biofilm are almost im-
possible to find in natural environments. With better
understanding, manipulation of biofilms and partic-
ipating species might allow industry to deter macro-
fouling invertebrates from settling on surfaces.
Other promising applications include the incorpora-
tion of environmentally acceptable chemicals into
coatings to inhibit both bacteria and invertebrates
(Rittschof et al., 2003).

9.3.2.3 Chemical Repellents

Chemicals initially found to inhibit the development
of bacterial biofilms on surfaces are now being
tested on other invertebrates, (e.g., zebra mussels
[Dreissena polymorpha]). This freshwater fouling
animal has caused enormous economic loss, partic-
ularly in North America, since the mid-1980s (Ross,
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1994). Five chemicals tested are diphenylamine,
benzoate, acrylamide, 3-methylindole (skatole), and
N,N,N’,N’-tetramethyl-p-phenylenediamine dihy-
drochloride. Diphenylamine seems to be the most
effective repellent for D. polymorpha among those
examined (Gu et al., 1997¢). However, these chemi-
cals are highly toxic and use of them poses environ-
mental concerns regarding their fate and effect on
natural ecosystems.

When bacteria were studied for their effect on in-
hibition of settlement of the barnacle Balanus am-
phitrite Darwin, biofilms of the 12 bacterial isolates
were either inhibitory (3—41%) or did not have any
effect on the cyprid settlement (Lau and Qian, 2000).
In addition, the settlement of larvae on natural mixed
populations of microorganisms was very similar to
the biofilms prepared from pure isolated species of
bacteria. It is apparent that non-toxic, natural an-
tifoulants are ideal solutions to this long-evolved nat-
ural phenomenon. Feasible strategies might include
the application of crude microbial products showing
inhibitory properties and/or immobilized bacteria to
the surface coating layer. In addition, biodegradable
polymers have also been proposed to be used as coat-
ings. Layers of such polymers could peel off many
times over the service time period in the aquatic
environment.

9.4 AN EXAMPLE WITH ZEBRA MUSSELS

Invertebrates of marine and freshwater are problem-
atic organisms in a range of industries, including
utilities, water distribution systems, and cooling sys-
tems. The zebra mussel, Dreissena polymorpha, a
newly introduced species in North America, had an
estimated cost of over $5 billion in the year 2000 in
the Great Lakes alone (Ross, 1994). Due to the
slightly higher temperature in North America, com-
pared to their native Caspian Sea, the animals grow
rapidly and have spread extensively from the Great
Lakes outward. Because of this, coupled with the
fact that no natural predator has been encountered,
zebra mussles have had such a significant impact on
the environment that water of the Great Lakes be-
came clearer by the filter feeding of these animals.
However, damage by these mussels is mostly a di-
rect result of fouling on surfaces, especially engi-
neering surfaces. Industries suffer significant down
time from these mussels fouling on surfaces. No ef-
fective measure is currently available to prevent the
fouling by this organism, and the rapid spread of this
organism all over the waterways (particularly in the

United States) has resulted in not only the potential
of further fouling problems but also ecological dam-
age (Carlton and Geller, 1993; Hebert et al., 1989;
Mackie et al., 1989).

In the reproductive process, veligers of fouling in-
vertebrates look for surfaces (“home”) within a
small window of time. The settled surfaces are most
likely the permanent places for their life spans. If
suitable surfaces cannot be found within the short
period of time, the veligers will die. Through evolu-
tion, invertebrates have adapted to this mode of
survival over millions of years. When invertebrate
larvae search for surfaces to settle on, specific chem-
icals in microbial biofilms might serve as chemical
cues that attract the planktonic larvae to attach on a
surface through chemical-chemical interaction, as
previously illustrated in the lectin model. Research
in this area, however, has been generally limited to
the marine invertebrates, such as the barnacle Bal-
anus amphitrite (Kon-ya, et al., 1995), the bryozoan
Bugula neritina (Kirchman and Mitchell, 1984;
Maki et al., 1989), the polychaete Janua (Dexio-
spira) brasiliensis (Kirchman and Mitchell, 1981;
Kirchman et al., 1982a-b; Kirchman and Mitchell
1983 and 1984; Maki and Mitchell, 1985 and 1986;
Maki et al., 1988, 1990a, 1992, and1994; Kaspar
and Mountfort, 1995; Morse et al., 1979), soft coral
Dendronephthya sp. (Harder and Qian, 1999 and
2000), and the sponge (Miiller et al., 1979 and
1981). Unfortunately, little research has focused on
similar issues in freshwater ecosystems. The on-
slaught of the zebra mussel into North American
lakes and waterways has drawn attention to the need
for basic knowledge about the settlement mecha-
nisms so that proper strategies can be formulated.

9.4.1 Microbial Community of
the Mussels

Initial efforts to study zebra mussels were limited by
the availability of larval stage specimens. Culturing
techniques have largely been unsuccessful in obtain-
ing viable larvae in large quantities on a routine basis
in laboratory. However, juvenile zebra mussels from
natural environments can be used for investigation,
and animals collected from the field can be main-
tained in aquaria housed in temperature-controlled
rooms at 10 °C for at least a year. The juvenile ani-
mals, after detaching from surfaces, are capable of
forming new byssal threads within 24 hours.

The microbial community associated with D.
polymorpha might provide insight to the potential
pathogenicity of selective microorganisms against
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the mussels. Using cultivation techniques, a large
number of microorganisms were successfully iso-
lated from live, moribund and dying mussel tissues
to form a collection of bacterial culture. Selected
bacterial isolates were found to be lethal to the mus-
sels (Gu and Mitchell, 1995). Interestingly, mortal-
ity of juvenile mussels reached close to 100% in five
days after exposure to selected bacterial species. In
addition, bacteria were also isolated from natural
surfaces where zebra mussels did not show any col-
onization. Further experiments comparing the reset-
tlement of zebra mussels on biofilm-modified and
clean surfaces, showed that biofilm-modified sur-
faces of the selected bacteria inhibit the resettlement
by the mussels (Gu et al., 1995a). Between 95 and
100% of the zebra mussels reattached to cleaned sur-
faces of polystyrene Petri dishes, while less than
50% reattached to biofilm-modified surfaces, sug-
gesting bacterial involvement in the inhibition of
reattachment.

Zebra mussels selectively colonize surfaces in
both natural habitats and sterile aquaria (initially) in
the laboratory. Swabs of aquarium surfaces were cul-
tured for isolation of pure bacterial strains to study
their repulsion of zebra mussels. More than 60% of
the isolated bacteria belong to environmental com-
mon pseudomonads, including Pseudomonas corru-
gata, P. mucidolens, P. fluorescens E, and P. fluore-
sens F, P. cichorii, and P. vesicularis. Four bacteria
were chosen to substantiate the hypothesis that bac-
terial biofilms of selected species might repel zebra
mussels. Early stationary phase cells of Deleya aesta,
D. aquamarina, D. marina, and Acinetobacter lowfii
were harvested and used to form a thin layer of
biofilm on surfaces of tissue-culture polystyrene
Petri dishes. The bacterial biofilms had a cell density
between 10°-10° cells/cm?. After placing randomly
selected juvenile mussels on the biofilmed surfaces,
only 20-40% reattachment was recorded, compared
to 100% on clean surfaces as controls. It is likely that
biochemicals produced by microorganisms in the
biofilms act as repellents for the mussels, as specu-
lated earlier by Maki et al. (1988, 1989, 1994). Fur-
ther investigation of microbial metabolites indicated
that exopolymers of bacteria are responsibe for the
killing, and the lethal metabolites may have a molec-
ular weight of greater than 10 kDa (Gu and Mitchell,
1995, 2001, and 2002; Gu et al., 2001a).

Significant progress has been made in the devel-
opmental biology, physiology, ecology, and biologi-
cal control of zebra mussels (Haag and Garton,
1992; Ram and Walker, 1993; Ramcharan et al.,
1992; Schneider, 1992; Wu and Culver, 1991). How-

ever, laboratory rearing of zebra mussel larvae re-
mains a challenge to many researchers. Until the
larvae can be readily obtained for experiments, fun-
damental research on the interactions between inver-
tebrate and microorganisms, and settlement behav-
ior of the mussel larvae, can hardly be conducted.
Furthermore, effective strategies (including anti-
fouling chemicals and biochemicals [metabolites]
and repelling microorganisms) based on research
using larvae will facilitate our understanding of an-
tifouling mechanisms. Environmetally acceptable
antifouling chemicals may be found through further
investigating the interactions between larvae and
surfaces.

9.5 CORROSION OF METALS

Corrosion of metals is driven by either or both elec-
trochemistrical and microbiologicl processes in the
environment. When microorganisms are involved,
the corrosion process is called microbiological-
induced or -influenced corrosion (MIC). Significant
economic loss has resulted from undesirable
processes caused by the growth of microorganisms
and subsequent accumulation of fouling organisms
(Jensen, 1992; Ross, 1994). Corrosion results in se-
vere economic consequences and 70% of the corro-
sion in gas transmission lines are due to problems
caused by microorganisms (Pope et al., 1989). The
American oil refining industry loses $1.4 billion an-
nually from microbial corrosion (Knudsen, 1981). A
report illustrated the corrosion problems associated
with various industrial sectors in the United States,
where the direct corrosion costs were 3.1% of the
U.S. gross domestic product, based on 1988 data
(Koch et al., 2002). This process affects a wide range
of industrial materials, including those used in oil
fields, offshore drilling platforms, pipelines, pulp
and paper factories, armaments, nuclear and fossil
fuel power plants, chemical manufacturing facilities,
and food processing plants (Corbett et al., 1987;
Evans, 1948; Gu et al., 2000a; Hill et al., 1987; Ko-
brin, 1993; Pope et al., 1989; Sequeira and Tiller,
1988; Widdel, 1992; Zachary et al., 1980). The ter-
minology of microbiological corrosion and the term
“microfouling” have frequently been used inter-
changeably. The term “MIC” is not clearly defined
and is commonly misused.

Biocorrosion of metals was first reported by von
Wolzogen Kuhr and van der Vlugt in 1934. Current
knowledge indicates that many microorganisms are
capable of corroding metal alloys; the responsible
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microorganisms include both aerobic and anaerobic
bacteria. In the early investigations on corrosion, at-
tention was primarily given to the strictly anaerobic
sulfate-reducing bacteria (SRBs). See reviews by
Dexter, 1993; Dowling and Guezennec, 1997; Dowl-
ing et al., 1992; Eashwar et al., 1995; Evans, 1948;
Ford and Mitchell, 1990a-b; Gu et al., 2000a; Hamil-
ton, 1985; and Lee et al., 1995. In addition to SRBs,
thermophilic bacteria, iron-oxidizing bacteria, ex-
opolymer- and acid-producing bacteria have also
been shown to participate actively in corrosion
processes. New mechanisms have been identified in
which metal ions are either transformed by or com-
plexed with functional groups of the exopolymers,
resulting in release of metallic species into solution
and form precipitation (Chen etal., 1995; Chenetal.,
1996; Clayton et al., 1994; Ford and Mitchell, 1990b;
Little et al., 1986b; Paradies, 1995; Schmidtt, 1986;
Siedlarek et al., 1994).

After exposure of surfaces to ambient environ-
ments, surface-attached microorganisms are capable
of altering chemical and biological environments on
the substratum by forming differential aeration
zones under aerobic conditions, because dissolved
oxygen is consumed beneath microbial colonies
(Uhlig and Revie, 1985). The difference in oxygen
concentrations between the two adjacent areas gen-
erates an electrochemical potential and electron
flow. The area with the higher oxygen concentration
serves as a cathode; whereas, the area with the lower
oxygen concentration serves as an anode, resulting
in dissolution of metallic matrices, crevice corro-
sion, and pitting (Ford and Mitchell, 1990b; Gu et
al., 2000a; Vaidya et al., 1997; Videla, 1996; Walch
et al., 1989; Wang, 1996). Subsequently, a decrease
in oxygen levels provides an opportunity for anaero-
bic microorganisms to be established within a
biofilm structure. Activity of sulfate-reducing bacte-
ria corrode the underlying metals by a process of ca-
thodic depolarization. In addition, methanogenic
microorganisms may also participate in the corro-
sion (Daniels et al., 1987). Overall, the interactions
between chemistry and biology create a unique
niche for the propagation of corrosion.

9.5.1 Microorganisms Involved
in Corrosion
9.5.1.1 Aerobic Microorganisms

Aerobic microorganisms, playing an important role
in corrosion, include the sulfur bacteria, the iron(Fe)-
and manganese(Mn)-depositing and exopolymer-
producing bacteria, and fungi and algae. The “iron

bacteria” include Gallionella, Leptothrix, Sidero-
capsa and Sphaerotilus (Ehrlich, 1996). Two Pe-
domicrobium-like budding bacteria deposit Fe and
Mn ions on the outside of cell walls (Ghiorse and
Hirsch, 1978, 1979). Most of these bacteria have not
been successfully cultured in laboratory (Hanert,
1981); elucidation of their involvement in corrosion
is still limited by availability of proper culturing tech-
niques. At neutral pH, Fe?* is not stable in the pres-
ence of O, and is rapidly oxidized to the insoluble
Fe3*. In fully aerated fresh water at pH 7, the half-life
of Fe?+ oxidation is less than 15 minutes (Ghiorse,
1989; Stumm and Morgan, 1996). Because of the ra-
pidity of this reaction, the only neutral pH environ-
ments where Fe?* is present are interfaces between
anoxic and oxic conditions.

Improvement of microbiological techniques per-
mit the isolation of new Fe?*-oxidizing bacteria
under micro-aerophilic conditions at neutral pH
(Emerson and Moyer, 1997). Ferric oxides may be
enzymatically deposited by Gallionella ferruginea,
and non-enzymatically by Acinetobacter, Archan-
gium, Herpetosyphon, Leptothrix, Naumanniella,
Ochrobium, Pedomicrobium, Seliberia, Sidero-
capsa, Siderococcus, and Toxothrix (Ehrlich, 1996;
Ghiorse and Hirsch, 1978). Fe-depositing bacteria
include Acholeplasma, Actinomyces, Arthrobacter,
Caulococcus, Clonothrix, Crenothrix, Ferrobacil-
lus, Gallionella, Hypomicrobium, Leptospirillum,
Leptothrix, Lieskeela, Metallogenium, Naumaniella,
Ochrobium, Pedomicrobium, Peloploca, Plancto-
myces, Seliberia, Siderococcus, Sphaeotilus, Sul-
folobus, Thiobacillus, Thiopedia, and Toxothrix
(Ford and Mitchell, 1990b). However, it is still un-
clear as to the extent of microbial involvement
in specific processes of corrosion involving iron
oxidation.

Thiobacillus spp. are participants of active oxida-
tive corrosion. They oxidize a range of sulfur com-
pounds to sulfuric acid, and the acid released from
the cells may attack alloys. Similarly, organic acid-
producing bacteria and fungi may also carry out sim-
ilar mechanisms. Acid-tolerant bacteria are capable
of Fe® oxidation, with Thiobacillus sp. the most
common. Thiobacillus ferrooxidans oxidizes Fe** to
Fe3*. However, the growth of the organisms is very
slow (Ehrlich, 1996; Kuenen and Tuovinen, 1981).
Sulfate (SO,%") is required by the Fe-oxidizing sys-
tem of T. ferrooxidans, and sulfur is probably re-
quired to stabilize the hexa-aquated complex of Fe2*
near the surface of the bacterium as a substrate for
the Fe-oxidizing enzyme system. The electrons re-
moved from Fe?* are passed to periplasmic cy-
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tochrome c. The reduced cytochrome ¢ binds to the
outer plasma membrane of the cell, allowing trans-
port of electrons across the membrane to cy-
tochrome oxidase located in the inner membrane.

Microorganisms accumulate Fe* on their outer
surfaces by reacting with acidic polymeric materi-
als. This mechanism has very important implications
not only for corrosion of metals, but also for the ac-
cumulation of metals from natural habitats. For ex-
ample, Aquaspirillum magnetotacticum is capable
of taking up complexed Fe3* and transforming it into
magnetite (Fe;0,) by reduction and partial oxidation
(Blakemore, 1982; Schiiler and Frankel, 1999). The
magnetite crystals are single-domain magnets
aligned inside the bacteria. They play an important
role in bacterial orientation to the two magnetic
poles of the Earth in natural environments. However,
magnetite can also be formed extracellularly by
some non-magnetactic bacteria (Lovley et al., 1987).
However, the role of these bacteria in metal corro-
sion is still unknown.

Manganese deposition carried out by microorgan-
isms also affects the corrosion behavior of alloys.
Growth of Leptothrix discophora has resulted in en-
noblement of stainless steel by elevating the open
circuit potential to +375 mV (Dickinson et al., 1996
and 1997). Detailed examination of the deposits on
surfaces of coupons using X-ray Photoelectron
Spectroscopy (XPS) has confirmed that the product
was MnO,. MnO, can also be reduced to Mn?* by
accepting two electrons generated by metal dissolu-
tion and the intermediate product is MnOOH (Ole-
sen et al., 1998). Manganese-depositing bacteria
include Aeromonas, Bacillus, Caulobacter, Caulo-
coccus, Citrobacter, Clonothrix, Cytophaga, Enter-
obacter, Flavobacterium, Hypomicrobium, Kuznet-
sovia, Lepothrix, Metallogenium, Micrococcus,
Nocardia, Oceanspirillum, Pedomicrobium, Pseu-
domonas, Siderocapsa, Streptomyces, and Vibrio

Spp-

9.5.1.2 Anaerobic Microorganisms

Sulfate-reducing bacteria are mostly responsible for
corrosion under anaerobic conditions, as described
earlier. Currently, 18 genera of dissimilatory sulfate-
reducing bacteria have been recognized (Balow et
al., 1992; Campaignolle and Crolet, 1997; Clapp,
1948; Enos and Taylor, 1996; Holland et al., 1986;
Krieg and Holt, 1984). They are further divided into
two physiological groups (Madigan et al., 2000;
Odom, 1993; Odom and Singleton, 1993; Postgate,
1984). One group utilizes lactate, pyruvate, or

ethanol as carbon and energy sources and reduces
sulfate to sulfide. Examples are Desulfovibrio,
Desulfomonas, Desulfotomaculum, and Desulfobul-
bus. The other group oxidizes fatty acids, particu-
larly acetate, and reduces sulfate to sulfide. This
group includes Desulfobacter, Desulfococcus, De-
sulfosarcina, and Desulfonema. Some species of
Desulfovibrio lack hydrogenase. For example, D.
desulfuricans is hydrogenase-negative and D. salex-
igens is positive (Booth and Tiller, 1960). Booth et
al. (1962 and 1968) observed that the rate of corro-
sion by these bacteria correlated with their hydroge-
nase activity. Hydrogenase-negative SRBs were
completely inactive in corrosion. Apparently, hydro-
genase-positive organisms utilize cathodic hydro-
gen, depolarizing the cathodic reaction that controls
the kinetics.

In contrast to this theory, it has been suggested that
ferrous sulfide (FeS) is the primary catalyst (Lee et
al., 1995; Sanders and Hamilton, 1986; Weimer et al.,
1988; Westlake, 1986; White et al., 1986). Other mi-
croorganisms should be noted for their role in anaer-
obic corrosion. They include methanogens (Daniels
et al., 1987; Ferry, 1995), acetogens (Drake, 1994;
Nozhevnikova et al., 1994), thermophilic bacteria
(Ghassem and Adibi, 1995; Little et al., 1986a), and
obligate proton reducers (Tomei et al., 1985). More
work is needed to elucidate the role of their contribu-
tions to corrosion.

9.5.2 Mechanisms of Microbial Corrosion
9.5.2.1

Iron is the most abundant element in the Earth’s
crust, and has two oxidative states, ferrous (Fe?*)
and ferric (Fe**). When molecular oxygen (O,) is
available, serving as an electron acceptor for oxida-
tion metallic iron (Fe), the area of the metal beneath
the microbial colonies acts as an anode, whereas the
area farther away from the colonies, where oxygen
concentrations are relatively higher, serves as a ca-
thodic site. Electrons flow from anode to cathode
and corrosion is initiated, resulting in the dissolution
of iron. Dissociated metal ions form ferrous hydrox-
ides, ferric hydroxide and a series of Fe-containing
minerals in the solution phase depending on the
species of bacteria and the chemical conditions. Ox-
idation, reduction, and electron flow must all occur
for corrosion to proceed. However, the electrochem-
ical reactions never proceed at the theoretical rates
because the rate of oxygen supply to cathodes and
removal of products from the anodes limit the over-

Aerobic Conditions
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all reaction (Dowling and Guezennec, 1997; Lee et
al., 1993a-b; Little et al., 1990; Uhlig and Revie,
1985), even though the corrosion reaction is thermo-
dynamically favorable. Atmospheric electrolytes af-
fect the distance between the anode and cathode,
being shorter at low-salt and longer at high-salt con-
centrations. Furthermore, impurities and contami-
nants of the metal matrices also stimulate corrosion
by initiating the formation of differential cells and
accelerated electrochemical reactions.

Corrosion products usually form a typical struc-
ture consisting of three layers called “tubercles”
under aerobic conditions. The most aggressive form
of corrosion is tuberculation caused by the forma-
tion of differential oxygen-concentration cells on
material surfaces. The inner green layer is almost en-
tirely ferrous hydroxide (Fe[OH],), and the outer
one consists of orange ferric hydroxide (Fe[OH]5).
In between these two, magnetite (Fe;O,) forms a
black layer (Lee et al., 1995). The overall reactions
are summarized as follows:

Fe’ — Fe?™ + 2e”
(anode) 9.1

0, +2H,0+4e” — 40H"
(cathode) (9.2)

2Fe** + 1,0, + 5H,0— 2Fe(OH); + 4H"
(tubercle) (9.3)

Initial oxidation of Fe® of mild steel at near neutral
pH is driven by dissolved O, (Uhlig, 1971). Subse-
quent oxidation of Fe2* to Fe3* is an energy produc-
ing process carried out by a few bacterial species, in-
cluding Gallionella, Leptothrix, and Thiobacillus
spp. Since the amount of free energy extracted from
this reaction is quite small for these microorganisms,
approximately —31 kJ, large quantities of Fe>* have
to be oxidized to generate a sizable biomass indicat-
ing microbial growth. Because oxidation of Fe>* is
rapid under natural conditions, microorganisms in
the environment must compete with chemical
processes for Fe?*. Because of this, biological oxida-
tion of Fe may be underestimated under aerobic con-
ditions (Ford and Mitchell, 1990a-b).

9.5.2.2 Anaerobic Conditions

Microorganisms tend to adhere to surfaces for sur-
vival and multiplication (Marshall, 1992). This pro-
vides opportunity for corrosion. Physical surfaces are

covered with microorganisms and their exopolymeric
layers in all submerged environments, including
freshwater and marine. Within this gelatinous matrix
of a biofilm, there are oxic and anoxic zones, which
permit aerobic and anaerobic processes to take place
simultaneously within the biofilm layer. Since aero-
bic processes consume oxygen, which is toxic to the
anaerobic microflora, anaerobes benefit from the de-
crease in oxygen tension. In the absence of oxygen,
anaerobic bacteria (including methanogens, sulfate-
reducing bacteria, acetogens, and fermentative bacte-
ria) can actively participate in corrosion. Interactions
between microbial species allows them to coexist
under conditions where nutrients are limited. Sulfate-
reducing bacteria (SRBs) are the single group of mi-
croorganisms widely recognized for their involve-
ment in biological corrosion (Angell et al., 1995;
Audouardetal., 1995; Guetal.,2000a; Hadley, 1948;
Iverson 1984; Little et al., 1994; Pope et al., 1989;
Starkey, 1986; Walch and Mitchell, 1986; Widdel,
1988). Corrosion by SRBs results in pitting on metal
surfaces. Since molecular oxygen is not available to
accept electrons under anaerobic conditions, SO,>~ or
other compounds (CO,, H, and organic acids) are
used as alternative electron acceptors for metabolic
processes by anaerobic microorganisms. Each type of
electron acceptor is unique in the pathway of micro-
bial metabolism. A general summary of corrosion re-
actions may include the following:

4 Fe° —>4Fe’" +8e”
(anodic reaction) 9.4)

8H,O—>8H" + §OH"
(water dissociation) 9.5)

8H" + 8¢~ — 8 H (adsorbed)
(cathodic reaction) 9.6)

SO}~ + 8H—S* +4H,0
(bacterial consumption) (9.7)

Fe’* + S27 - FeS|
(corrosion products) 9.8)

4Fe° +SO;~ +4H,0 —> 3Fe°(OH),| + Fe°S{
+20H" 9.9)

Von Wolzogen Kuhr and van der Vlugt (1934)
first suggested the above set of reactions by SRBs.
After inoculation of a corrosion testing cell with
SRBs, the electrochemical potential decreases from
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the initial value of —470 mV to approximately —538
mV during bacterial growth phase (Figure 9.2). Fur-
ther increase of potential may be observed that the
process is a transition period before reaching the
iron-sulfide potential, the maximum level. Appar-
ently, several changes take place in the electrochem-
ical potential of steel after inoculation with the
SRBs. Before inoculation, the value is determined
by the concentration of hydrogen ions in the
medium. A film of hydrogen forms on surfaces of
Fel and steel, inducing polarization. Immediately
after inoculation, SRBs begin growing and depolar-
ization occurs, resulting in a drop in the anodic di-
rection. The SRBs, by means of their hydrogenase
system, remove the adsorbed hydrogen, depolariz-
ing the system. The overall process has been de-
scribed as depolarization, based on the theory that
these bacteria remove hydrogen that accumulates
on the surfaces of iron. The electron removal from
hydrogen utilization results in cathodic depolariza-
tion and forces more iron to be dissolved at the
anode.

Removal of hydrogen directly from the surface is
equivalent to lowering the activation energy for hy-
drogen removal by providing a depolarization reac-
tion. The enzyme hydrogenase, synthesized by
many bacterial species of Desulfovibrio spp., is in-

volved in this specific depolarization process
(Starkey, 1986). Under aerobic conditions, the pres-
ence of molecular oxygen serves as an electron sink;
under anaerobic conditions, particularly in the pres-
ence of SRBs, SO,?~ in the aqueous phase can be re-
duced to S?- by the action of the microflora. The bio-
genically produced S?- reacts with Fe?* to form a
precipitate of FeS. Controversy surrounding the
mechanisms of corrosion includes more complex
mechanisms involving both sulfide and phosphide
(Iverson, 1981,1984; Iverson and Olson, 1983; Iver-
son et al., 1986) and processes related to hydroge-
nase activity (Li and Lii, 1990; Starkey, 1986). The
addition of chemically prepared Fe,S and fumarate
as electron acceptors also depolarizes the system.
However, higher rates are always observed in the
presence of SRBs.

As a result of the electrochemical reactions, the
cathode always tends to be alkaline with an excess of
OH-. These hydroxyl groups also react with ferrous
irons to form precipitates of hydroxy iron. Precipi-
tated iron sulfites are frequently transformed into
minerals, such as mackinawite, greigite, pyrrhotite,
marcasite, and pyrite. Lee et al. (1993a; 1995) sug-
gests that biogenic iron sulfides are identical to those
produced by purely inorganic processes under the
same conditions. Little et al. (1994) showed evi-
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dence that biogenic minerals are microbiological
signature markers.

9.5.2.3 Alternation Between Aerobic and
Anaerobic Conditions

Constant oxic or anoxic conditions are rare in natu-
ral or industrial environments. It is more common
that the two alternate, depending on oxygen gradient
and diffusivity in a specific environment. Microbial
corrosion under such conditions is quite complex,
involving two different groups of microorganisms
and an interface that serves as a transition boundary
between the two conditions. Resultant corrosion
rates are often higher than those observed under ei-
ther oxic or anoxic conditions. Microbial activity re-
duces the oxygen level at interfaces, facilitating
anaerobic metabolism. The corrosion products (such
as FeS, FeS, and S% resulting from anaerobic
processes can be oxidized when free oxygen is
available (Nielsen et al., 1993).

During oxidation of reduced sulfur compounds,
more corrosive sulfides are produced under anoxic
conditions, causing cathodic reactions. The corro-
sion rate increases as the reduced and oxidized FeS
concentrations increase (Lee et al., 1993a-b). Ca-
thodic depolarization processes also can yield free
O,, which reacts with polarized hydrogen on metal
surfaces.

9.5.2.4 Other Processes Contributing
to Corrosion

Bacteria produce copious quantities of exopolymers
that appear to be implicated in corrosion (Ford et al.,
1986, 1987b, 1988, 1990c—d, 1991; Little and De-
palma, 1988; Paradies, 1995; Roe et al., 1996; Whit-
field, 1988). These exopolymers are acidic and con-
tain functional groups capable of binding to metal
ions. Paradies (1995) recently reviewed this subject.
The exopolymers faciliate adhesion of bacteria to
surfaces. They are involved in severe corrosion of
copper pipes and water supplies in large buildings
and hospitals (Paradies et al., 1990). Some materials
also play an important role in cueing the settlement
of invertebrate larvae and others in repelling larvae
from surfaces (Gu et al., 1997b; Holmstrom et al.,
1992; Maki et al., 1989, 1990a—b; Mitchell and
Maki, 1989; Rittschof et al., 1986). They primarily
consist of polysaccharides and proteins, and influ-
ence the electrochemical potential of metals (Chen
et al., 1995 and 1996). Surface analysis using XPS
showed that these functionality-rich materials can
complex metal ions from the surface, releasing them

into aqueous solution. As a result, corrosion is initi-
ated. Proteins in polymeric materials use their disul-
fide-rich bonds to induce corrosion.

Bacterial polymers were recently found to pro-
mote corrosion of copper pipes in water supplies
(Mittelman and Geesey, 1985; Paradies et al., 1990),
owing to the high affinity of the polymeric materials
for copper ions (Mittelman and Geesey, 1985; Ford
etal., 1988). The corrosion processes are accelerated
when the pipes are filled with stagnant soft water.
Cations influence the production of bacterial ex-
opolymers. Polysaccharide production by Enter-
obacter aerogenes is stimulated by the presence of
Mg, K, and Ca ions (Wilkinson and Stark, 1956).
Toxic metal ions (e.g., Cro*) also enhance polysac-
charide production. Synthesis is positively corre-
lated with Cr concentration. These bacteria also can
be used in the mining and recovery of precious met-
als, a process called “bioleaching” (Clark and
Ehrlich, 1992; Davidson et al., 1996; Dunn et al.,
1995).

The role of bacteria in embrittlement of metallic
materials by hydrogen is not fully understood. Dur-
ing the growth of bacteria, fermentation processes
produce organic acids and molecular hydrogen. This
hydrogen can be adsorbed to material surfaces, caus-
ing polarization. Some bacteria (particularly the
methanogens, sulfidogens, and acetogens) can also
utilize hydrogen (Gottschalk, 1986). Walch and
Mitchell (1986) proposed a possible role for micro-
bial hydrogen in hydrogen embrittlement. They
measured permeation of microbial hydrogen into
metal, using a modified Devanathan cell (De-
vanathan and Stachurski, 1962). In a mixed micro-
bial community commonly found in natural condi-
tions, hydrogen production and consumption occur
simultaneously. Competition for hydrogen between
microbial species determines the ability of hydrogen
to permeate metal matrices, causing crack initiation.

Microbial hydrogen involved in material failure
may be explained by two distinct hypotheses—pres-
sure and surface energy change (Borenstein, 1994;
Gangloff and Kelly, 1994). The kinetic nature of hy-
drogen embrittlement of cathodically charged mild
steel is determined by the competition between dif-
fusion and plasticity. The greater the strength of the
alloy, the more susceptible it is to embrittlement.
However, microstructures were also proposed to be
the more critical determinant of material susceptibil-
ity. Hydrogen permeation may increase the mobility
of screw dislocations, but not the mobility of edge
dislocations (Wang, 1996). On the other hand, cor-
rosion may also be inhibited by the presence of
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biofilms on surfaces (Hernandez et al., 1994; Ja-
yaraman et al., 1997 and 1999; Mattila et al., 1997;
Potekhina et al., 1999).

9.5.2.5 Inhibition of Corrosion
by Microorganisms

The mechanisms involved during microbial corro-
sion of metals are as follows:

1. stimulation of an anodic or cathodic process by
bacterial metabolites,

2. breakdown of the protective layers,

3. enhanced conductivity near the surface liquid en-
vironment.

However, bacteria may also inhibit corrosion
processes by electrochemical processes (Hernandez
et al., 1994; Jayaraman et al., 1997 and 1999; Mat-
tila et al., 1997; Potekhina et al., 1999). Bacteria
may also

1. neutralize the corrosive substances,
2. form protective layers on materials, or

3. decrease the corrosiveness of the aqueous envi-
ronment.

9.5.2.6 Non-Ferrous Metals

Metals other than Fe are commonly used in alloys to
inhibit corrosion and enhance mechanical proper-
ties. They include Mo, Cr, Ni, Cu, Zn and Cd. The
selection of metal species and the quantities in the
iron matrices are based on the engineering proper-
ties of the materials. Pure metals in common use are
limited to Fe, Al, Cu and Ti. We know very little
about biocorrosion of Al and Ti (Gu et al., 2000a).
Alumininum (Al) reacts with molecular oxygen (O,)
under ambient conditions, forming an oxidized layer
of protective aluminum oxide on the outer surface of
the material matrix. When Al ions are released, the
free AI3* is toxic to both the microflora (Illmer and
Schinner, 1999), and animals (Nieboer et al., 1995).
Because of their corrosion resistance, titanium (Ti)
alloys are used in water cooling systems on ships
and in water recycling systems in space. Biofilm for-
mation on these materials has been documented (Gu
et al., 1998b). However, the extent of attack by mi-
croorganiams is unknown.

Recent research on microbial interactions with
metals has focused on the precipitation (Fortin et al.,
1994), mineral formation (Douglas and Beveridge,
1998), and oxidation/reduction processes (Santini et
al., 2000; Stoltz and Oremland, 1999; Sugio et al.,

1992; Tebo and Obraztsova, 1998; Wang et al.,
1989). Surprisingly, information on Zn, one of the
most widely used metals, is very limited.

Microorganisms may affect transitional metals in
several ways, including precipitation by metabolic
products (Fortin et al., 1994), cellular complexation
(Schembri et al., 1999; Schultzen-Lam et al., 1992),
and concentration and mineral formation of internal
cellular structures. Sulfate-reducing bacteria can ef-
fectively immobilize a wide range of soluble metals
by forming sulfide precipitates (Sakaguchi et al.,
1993). Recently, bacterial exopolymers have been
found to be capable of complexing metals, leading
to accumulation at the cell surface. This ability is not
restricted to a specific group of microorganisms and
has been documented in both the aerobic bacterium
Deleya marina and an anaerobe, Desulfovibrio
desulfuricans (Chen, 1996). Since many transitional
metals exist in several oxidation/reduction states,
both bacterial oxidation and reduction are possible.

Chromium (Cr) can exist in either the hexavalent
or trivalent form. Reduction of Cr®* to Cr3+* is medi-
ated by both aerobic and anaerobic microorganisms.
A change of phenotypic expression in Pseudomonas
indigoferas (Vogesella indigofera) has been ob-
served in the presence of Cr® (Gu and Cheung,
2001a; Cheung and Gu, 2002 and 2003). Bacterial
reduction of Cr®* to Cr3* was reported in sulfate-re-
ducing bacteria isolated from the marine environ-
ment (Cheung and Gu, 2003). Intracellular partition
of Cr was reported using bacteria from a subsurface
environment. Reduction of Cré* is a process in
which the toxicity of the metal is greatly reduced.
Bacteria possessing this ability include Achro-
mobacter eurydice, Aeromonas dechromatica,
Agrobacterium radiobacter, Arthrobacter spp.,
Bacillus subtilis, B. cereus, Desulfovibrio vulgaris,
Escherichia coli, Enterobacter cloacae, Flavobac-
terium devorans, Sarcina flava, Micrococcus roseus,
and Pseudomonas spp. (Ehrlich, 1996).

Similarly, Mo exists in a number of oxidation
states, with Mo** and Mo®" being most common.
Thiobacillus ferrooxidans is capable of oxidizing
Mo>* to Mo%*; whereas, Enterobacter cloacae, Sul-
folobus sp., and Thiobacillus ferrooxidans can re-
duce Mo®* to Mo>* (Sugio et al., 1992). Microbio-
logical oxidation or reduction of other metals,
including Cd, Ni and Zn, has not been fully estab-
lished. Microbial exopolymers have a significant ef-
fect on the solubilization of metals from material
matrices through complexation and chelation. Be-
cause of this property, wastewater containing these
metals ions can be purified through biomass adsorp-
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tion, a process in which metal ions are concentrated
on a biosorbent (Gelmi et al., 1994).

Our knowledge of microbial transformation of
metals is very limited. Recent developments in iso-
lation of bacteria and archaea may provide new tools
to investigate metal transformations in natural habi-
tats (Amann et al., 1995). Molecular techniques, in-
cluding DNA probes and in situ hybridization, per-
mit the identification of physiologically unique
bacteria without the need to culture the organisms.
Microbial resistance to metals is widespread in na-
ture (Lin and Olsen, 1995). Elucidation of the ge-
netic structure of these bacteria should provide new
insights into the processes involved in resistance.

9.6 BIODETERIORATION OF
POLYMERIC MATERIALS

Polymers are widely used in various industries and
daily applications. Thermosetting polyimides are
chemically synthesized with high strength and resis-
tance to degradation (Brown, 1982). Polyimides are
used in load-bearing applications (e.g., struts, chas-
sis, and brackets in automotive and aircraft struc-
tures), due to their flexibility and compressive
strength. They are also used in appliance construc-
tion, cookware, and food packaging because of their
chemical resistance to oils, greases, and fats and
their microwave transparency and thermal resis-
tance. Their electrical insulation properties are ide-
ally suited for use in the electrical and electronics
markets, especially as high temperature insulation
materials and passivation layers in the fabrication of
integrated circuits and flexible circuitry. In addition,
the flame resistance of this class of polymers may
provide a halogen-free, flame-retardant material for
aircraft interiors, furnishings, and wire insulation.
Other possible uses include fibers for protective
clothing, advanced composite structures, adhesives,
insulation tapes, foam, and optics operating at high
temperatures (Verbiest et al., 1995).

Wide acceptance of polyimides in the electronics
industry (Brown, 1982; Jensen, 1987; Lai, 1989;
Verbicky, 1988; Verbiest et al., 1995) has drawn at-
tention to the stability issues of these materials. The
National Research Council (NRC, 1987) empha-
sized the need to apply these polymers in the elec-
tronic industries because data acquisition, informa-
tion processing, and communication are critically
dependent upon materials performance. The inter-
layering of polyimides and electronics in integrated
circuits prompted several studies on the interactions

between these two materials (Hahn et al., 1985; Kel-
ley et al., 1987).

9.6.1 Electronic Insulating Materials

Electronic packaging polyimides are particularly
useful because of their outstanding performance and
engineering properties. It is only recently that the
biodeterioration problem of these polymers was in-
vestigated using pyromellitic dianhydride and 4,4’-
diaminodiphenyl ether with molecular weight (M,
of 2.5x10° (Gu et al., 1994a, 1995b, 1996a, 1996c,
1998a-b; Mitton et al., 1993, 1996, 1998). They are
susceptible to deterioration by fungi (Gu et al.,
1994a, 1995b, 1996a; Mitton et al., 1993, 1998).
Though bacteria were isolated from cultures con-
taining the deteriorated polyimides, further tests did
not show comparable degradation rate by bacteria.
Our studies showed that the dielectric properties of
polyimides could be altered drastically following
growth of a microbial biofilm (Gu et al., 1995b,
1996a; Mitton et al., 1993, 1998). This form of dete-
rioration may be slow under ambient conditions.
However, the deterioration processes can be acceler-
ated in humid conditions or in enclosed environ-
ments (e.g., submarines, space vehicles, aircraft, and
other closed facilities). Very small changes of mate-
rial insulation properties may result in serious and
catastrophic consequences in communications and
control systems.

Initial isolation of microorganisms associated
with deterioration of polyimides indicated the pres-
ence of both fungi and bacteria. Bacteria include
Acinetobacter johnsonii, Agrobacterium radiobac-
ter, Alcaligenes denitrificans, Comamonas acidovo-
rans, Pseudomonas spp., and Vibrio anguillarum.
These bacteria were not capable of degrading the
polymer after inoculation, while fungi were more ef-
fective in degrading the polyimides.

Polyimide deterioration occurs through biofilm
formation and subsequent physical changes in the
polymer. Using electrochemical impedance spec-
troscopy (EIS) (Mansfeld, 1995, van Westing et al.,
1994), a very sensitive technique for monitoring di-
electric constants of polymers, fungal growth on
polyimides has been shown to yield distinctive EIS
spectra, indicative of failing resistivity. Two steps
are involved during the degradation process. First,
an initial decline in coating resistance is related to
the partial ingress of water and ionic species into the
polymer matrices. This is followed by further deteri-
oration of the polymer by activity of the fungi, re-
sulting in a significant decrease in resistivity. Fungi
involved include Aspergillus versicolor, Cladospo-
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rium cladosporioides, and Chaetomium sp. (Gu et
al., 1995b, 1996b—c, 1997a-b, 1998a-b). The data
support the hypothesis that polyimides are suscepti-
ble to microbial deterioration and also confirm the
versatility of EIS as a method in evaluation of the
biosusceptibility of polymers.

9.6.2 Packaging Polyethylenes

Polyethylenes (PEs) of high and low density are pri-
marily used in product packaging as sheets and thin
films. Their degradability in natural environments
poses serious environmental concerns due to their
slow degradation rates under natural conditions, and
the hazard they present to freshwater and marine an-
imals. Prior exposure of PEs to UV promotes poly-
mer degradation. It is believed that polymer addi-
tives (such as starch, antioxidants, coloring agents,
sensitizers, and plasticizers) may significantly alter
the biodegradability of the parent polymers (Karls-
son et al., 1988). Degradation rates may be increased
by 2-4% following photosensitizer addition. How-
ever, degradation is very slow, estimated to take
decades. Crystallinity, surface treatment, additives,
molecular weight, and surfactants are all factors af-
fecting the fate and rate of PE degradation, and may
accelerate the process.

Biodegradation of PEs has been studied exten-
sively (Albertsson, 1980; Albertsson et al., 1994;
Breslin, 1993; Breslin and Swanson, 1993; Iman and
Gould, 1990), but the results were based on PE
blended with starch. For example, extracellular con-
centrates of three Strepfomyces species cultures
were inoculated to starch containing PE films
(Pometto et al., 1992, 1993). Subsequently, PE was
claimed to be degraded. Realizing that degradation
may occur and the extent could be extremely in-
significant, conclusions on PE degradation should
be treated with caution. Other data describing degra-
dation of PE containing starch is also questionable,
and microbial metabolites may contaminate the PE
surfaces, which could be interpreted as degradation
products of the parent PE.

Abiotic degradation of PE is evident by the ap-
pearance of carbonyl functional groups in abiotic
environments. In contrast, an increase of double
bonds was observed when polymers showed weight
loss resulting from biodegradation (Albertsson et al.,
1994). It was proposed that microbial PE degrada-
tion is a two-step process involving an initial abiotic
photo-oxidation, followed by a cleavage of the poly-
mer carbon backbone. However, the mechanism of
the second step needs extensive analysis before
plausible conclusions can be confidently drawn.

Lower molecular weight Pes, including paraffin, can
be biodegraded. Paraffin undergoes hydroxylation
oxidatively to form an alcohol group, followed by
formation of carboxylic acid. At higher tempera-
tures, ketones, alcohols, aldehydes, lactones, and
carboxylic acids are formed abiotically in six weeks
(Albertsson et al., 1994). PE pipes used in gas distri-
bution systems may fail due to cracking. It is un-
likely that biological processes are involved (Zhou
and Brown, 1995).

Polypropylenes (PPs) are also widely utilized in
engineering pipes and containers. Degradation of
PPs results in a decrease of their tensile strength and
molecular weight. The mechanism may involve the
formation of hydroperoxides, which destabilize the
polymeric carbon chain to form a carbonyl group
(Cacciari et al., 1993; Severini et al., 1988).

9.6.3 Structural Polymeric Composites

Fiber-reinforced polymeric composite materials
(FRPCMs) are newly developed materials important
to aerospace and aviation industries (Gu, 2003a—c;
Gu et al., 1994a, 1995b—c, 1996a—c, 1997a, 1997b,
2000a—d; Wagner, 1995; Wagner et al., 1996). The
increasing usage of FRPCMs as structural compo-
nents in public structures, particularly in aerospace
applications, has generated an urgent need to evalu-
ate the biodegradability of this class of new materi-
als. FRPCMs are also susceptible to attack by mi-
croorganisms (Gu et al., 1997a-b). It was suggested
that impurities and additives that can promote mi-
crobial growth are implicated as potential sources of
carbon and energy for the environmental microor-
ganisms.

In this area of research, two research groups re-
ported microbial degradation of FRPCMs (Gu et al.,
1995b—c, 1996a—c, 1997a-b; Wagner et al., 1996). A
mixed culture of bacteria including a sulfate-reduc-
ing bacterium was used to show the material deteri-
oration (Wagner et al., 1996). In contrast, Gu et al.
(1994a, 1996a—c, 1997a-b, 1998a-b) used a fungal
consortium originally isolated from degraded poly-
mers and a range of material composition including
fluorinated polyimide/glass fibers, bismaleimide/
graphite fibers, poly(ether-ether-ketone) (PEEK)/
graphite fibers, and epoxy/graphite fibers (Gu et al.,
1995¢c). The fungal consortium consisted of As-
pergillus versicolor, Cladosporium cladosorioides,
and a Chaetomium sp. Both bacteria and fungi are
capable of growing on the graphite fibers of FR-
PCMs, but only fungi have been shown to cause de-
terioration detectable over more than 350 days (Gu
et al.,, 1995b; 1997a-b). Physical and mechanical
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tests were not sufficiently sensitive to detect any sig-
nificant physical changes in the materials after the
duration of exposure (Gu et al., 1997b; Thorp et al.,
1994). However, the resins were actively degraded,
indicating that the materials were at risk of failure. It
is clear that both fiber surface treatment and resin
processing supply enough carbon for microbial
growth (Gu et al., 1995c). It has become clear that
FRPCMs are not immune to adhesion and attack by
microorganisms (Ezeonu et al., 1994a-b; Gu et al.,
1998b; Mitchell et al., 1996).

Natural populations of microorganisms are capa-
ble of growth on surfaces of FRCPM coupons at
both relatively high (65-70%) and lower humidity
conditions (55-65%) (Gu et al., 1998b). The accu-
mulation of fungi on surfaces of composites devel-
ops into a thick biofilm layer and decreases the re-
sistance to further environmental changes. However,
the resistivity of FRPCMs was found to decline sig-
nificantly after the initial three months during a year
of monitoring using EIS (Gu et al., 1996c, 1997b).
Clear differences resulting from biofilm develop-
ment were detected on FRCPMs used in aerospace
applications (Gu et al., 1997b). Further study indi-
cated that many fungi are capable of utilizing chem-
icals (e.g., plasticizers, surface treatment chemicals,
and impurities) introduced during composite manu-
facture as carbon and energy sources (Gu et al.,
1996a). Similarly, lignopolystyrene graft copoly-
mers were also susceptible to attack by fungi (Mil-
stein et al., 1992).

A critical question remains about the effect of
FRPCM deterioration on mechanical properties of
the composite materials. Thorp et al. (1994) at-
tempted to determine mechanical changes in com-
posite coupons after exposure to a fungal culture. No
significant mechanical changes could be measured
after 120 days of exposure. They suggested that
methodologies sufficiently sensitive to detect sur-
face changes need to be utilized. Acoustic tech-
niques have also been proposed as a means of de-
tecting changes in the physical properties of the
FRPCMs (Wagner et al., 1996).

Many bacteria are capable of growth on surfaces
of FRPCMs and resins (Gu et al., 1996b). The bac-
teria are believed to be introduced onto the polymers
during production. Similar to the microorganisms
isolated from polyimides, bacteria are less effective
in degrading the composites than fungi (Gu, 2003a;
Gu et al., 2000d). Degradation of composites was
detected using electrochemical impedance spec-
troscopy, and similar spectra to polyimides were
obtained.

9.6.4 Corrosion Protective Coatings

Corrosion protective coatings also have wide appli-
cation due to the development of metallic materials
and their susceptibility to both environmental and
microbiological corrosion (Mitchell et al., 1996).
Polymeric coatings are designed to prevent contact
of the underlying materials with corrosive media and
microorganisms. However, microbial degradation of
coatings may accelerate and severely damage the
underlying metals. A typical example is the corro-
sion of underground storage tanks.

Natural bacterial populations were found to read-
ily form microbial biofilms on surfaces of coating
materials, including epoxy and polyamide primers
and aliphatic polyurethanes (Blake et al., 1998;
Filip, 1978; Gu and Mitchell, 2004; Gu et al., 1998b;
Stern and Howard, 2000; Thorp et al., 1997). Sur-
prisingly, the addition of biocide diiodomethyl-p-
tolylsulfone into polyurethane coatings did not in-
hibit bacterial attachment or growth of bacteria
effectively, due to development of biofilm and bac-
terial resistance (Gu et al., 1998b; Mitchell et al.,
1996).

Using EIS, both primers and aliphatic poly-
urethane top-coatings were monitored for their re-
sponse to biodegradation by bacteria and fungi. Re-
sults indicated that primers are more susceptible to
degradation than polyurethane (Gu et al., 1998b).
The degradation process has mechanisms similar to
polyimides and FRPCMs, as described previously.
Aliphatic polyurethane-degrading bacteria have
been isolated; one of them is Rhodococcus globeru-
lus P1 base on 16S rRNA sequence (Gu, unpub-
lished data).

Polyurethane-degrading microorganisms, includ-
ing Fusarium solani, Curvularia senegalensis, Aure-
obasidium pullulans, and Cladosporidium sp.were
isolated (Crabbe et al., 1994), and esterase activity
was detected with C. senegalensis. A number of bac-
teria were also claimed to be capable of degrading
polyurethane. They are as follows: four stains of
Acinetobacter calcoaceticus, Arthrobacter globi-
formis, Pseudomonas aeruginosa, Pseudomonas
cepacia, Pseudomonas putida, and two other
Pseudomonas-like species (El-Sayed et al., 1996). A
Comamonas acidovoran TB-35 was also reported
(Akutsu et al., 1998; Nakajima-Kambe et al., 1995;
1997). In addition, Pseudomonas chlororaphis was
isolated and included a lipase responsible for the
degradation (Stern and Howard, 2000). We isolated
a Rhodococcus species HO7 from soil using water
soluble polyurethane as the sole source of carbon
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and energy, and the microorganisms also showed es-
terase activity.

9.6.5 Plasticizers

A large collection of chemical compounds are used
as additives in the manufacture of plastic products.
The plasticizer is not bound covalently to the plastic
resin and, therefore is able to migrate into the envi-
ronment (Jobling et al., 1995). In addition, plasticiz-
ers are widely used in building materials, home fur-
nishings, transportation, clothing, and, to a limited
extent, in food and medical products (Niazi et al.,
2001). Due to the global utilization of large quanti-
ties of plasticized polymers, phthalate esters have
been detected in almost all environments where they
have been sought (Giam et al., 1978). Certain phtha-
late acids, phthalate esters, and their degradation in-
termediates are suspected of causing cancer and kid-
ney damage. As a result, the U.S. Environmental
Protection Agency has added this class of chemicals
to its list of priority pollutants.(U.S. EPA, 1992).
Degradation of ortho-methyl phthalate ester
(DMPE) was investigated using activated sludge and
mangrove sediment for enrichment culture of aerobic
bacteria. Morphologically distinctive microorgan-
isms have been isolated and identified, and tested for
their capability of degrading o-DMPE (Wang et al.,
2003a-b). Comamonas acidovorans strain Fy-1
showed the greatest ability to degrade high concen-
trations of phthalate (PA), as high as 2,600 mg/L
within two days (Fan et al., 2003; Wang et al.,
2003a—c). Surprisingly, none of the bacteria from the
enrichment culture were capable of degrading
o-DMPE. When the isolates were reconstituted into
consortia of culture, two consortia of microorgan-
isms (one composed of Pseudomonas fluorescens,
Pseudomonas aureofacien and Sphingomonas pau-
cimobilis, and the other of Xanthomonas maltophilia
and Sphingomonas paucimobilis) showed ability to
completely degrade o-DMPE in two to four days
(Wang et al., 2003b). The three-species consortium

OOCIL; "OOH
JOOCH; “OOCH;
( H,OH

Dimethyl Phihalate Monomethyl Phihalate

appeared to be more effective in degradation of o-
DMPE. Both consortia proceeded through formation
of mono-methyl phthalate (MMP) and then PA be-
fore mineralization (Figure 9.3).

While degradation of 0o-DMPE has also been ob-
served using bacteria enriched from mangrove and
deep-ocean sediment, in all cases the degradation of
0-DMPE requires at least two different micoor-
gaisms to achieve the complete degradation of the
chemical. In addition, degradation of dimethyl isoph-
thalate also requires at least two microorganisms.
The biochemical degradative pathway involves the
two bacteria at different stages of hydrolysis of the
substrate (unpublished data of this laboratory). Fur-
thermore, the active degradative culture has also been
immobilized on surfaces of membrane fibers, and
high activity of the microorganisms was detected,
further indicating the feasibility of utilizing the bac-
terial consortium in mineralizing o-DMPE. It is pos-
sible that high concentrations of endocrine-disrupt-
ing chemicals PA and DMPE can be mineralized in
wastewater treatment systems by indigenous mi-
croorganisms.

9.7 SUMMARY

Biofouling is a natural phenomenon affecting a wide
range of industries of our society. Conventional pre-
ventive strategies are chemical-based, but recent
new understanding of biofouling mechanisms has
shown that biotechnological approaches involving
the utilization of microorganisms or their metabo-
lites might provide effective alternatives to using
chemicals. One current drawback is the dominance
of chemical approaches to biofouling control. On the
other hand, corrosion of metals and deterioration of
polymeric materials have become economically sig-
nificant in our society. New techniques have enabled
the early detection of polymer failure, providing
strong evidence that the control of such deterioration
might be complicated due to the complexity of poly-

COOH

—» —p CO,+HO
"OOH

CH-OH

Phihalic Acid

FIGURE 9.3 Proposed metabolic pathway of ortho-dimethyl phthalate (DMP) degradation by a bacterial consortium
consisting Xanthomonas maltophilia and Sphingomonas paucimobilis isolated from an activated sludge of wastewater

treatment plant.
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mer processing. Plasticizers have been found to be
significant chemicals that affect the environment as
endocrine-disrupting chemicals, and also as nutri-
ents promoting the growth of microorganisms that
form biofilms on surfaces.
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10.1 INTRODUCTION

The subject of this chapter is the thermal degrada-
tion of synthetic and natural polymers under flaming
fire conditions. In the United States, this is com-
monly referred to as “Material Flammability.” The
more descriptive term, “Reaction to Fire,” is used in
other parts of the world. To put this in perspective, it
is useful to briefly describe the sequence of events in
an uncontrolled compartment fire. The compartment
could be a room in a building, a cabin on a cruise
ship or commercial passenger aircraft, a passenger
railcar, etc. A flaming fire in a compartment with ad-
equate ventilation and no automatic or manual sup-
pression typically consists of four stages.

1. Initiation. A compartment fire usually starts with
the ignition of a small amount of combustible
contents or finishes, for example due to an elec-
trical fault or a smoldering cigarette.

2. Pre-Flashover Stage. Following initiation, the
fire remains limited in size for some time and only
one item or a small area is involved. As the fire
grows, a hot smoke layer accumulates beneath the
ceiling and temperatures gradually increase.

3. Flashover. Heat fluxes from the flame and hot
smoke layer to the lower part of the compartment
may become high enough to ignite common com-
bustible materials. At this point, a rapid transition
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occurs to a fully developed fire. This transition
usually takes less than a minute and is referred to
as flashover. When flashover occurs, it is no
longer possible to survive in the fire compart-
ment. Commonly-used criteria for the onset of
flashover are a hot smoke layer temperature of
600 °C (1100 °F) and an incident heat flux at floor
level of 20 kW/m? (1.8 Btu/s-ft?).

4. Post-Flashover Stage. Flashover leads to the fully
developed stage of a fire in which all exposed
combustibles in the compartment are involved.
Typical temperatures in a fully developed fire are
800-1000 °C (1500-1800 °F), and corresponding
incident heat fluxes range from 75-150 kW/m?
(6.6-13.2 Btu/s-ft2). Once a fire reaches the post-
flashover stage, it becomes a threat to the entire
building and neighboring structures. Without in-
tervention, the fire will eventually decay and burn
out when all combustibles in the compartment are
consumed.

Material flammability pertains to the first three
stages of a fire (i.e., its ignition and contribution to
fire growth toward flashover). Material flammability
also includes characteristics that do not directly af-
fect ignition and fire growth, but that are pertinent to
the fire hazard to humans, such as the generation
of vision-impairing smoke and toxic products of
combustion.
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10.2 THERMAL DEGRADATION
OF MATERIALS

Combustion of liquid fuels takes place in the gas
phase (see Figure 10.1). Fuel vapors mix with air
and react with the oxygen. The reaction zone is usu-
ally luminous and is referred to as the flame. The lig-
uid evaporates due to the heat feedback from the
flame to the fuel surface. The temperature at the fuel
surface is nearly equal to the boiling point of the lig-
uid at atmospheric pressure. The burning rate of the
fuel is determined by a heat balance at the fuel sur-
face. The heat transferred by convection and radia-
tion from the flame must be equal to the energy re-
quired to vaporize the fuel and the heat losses from
the surface (conduction and convection into the lig-
uid and radiation to the environment).

As with liquid fuels, polymers also produce
volatiles that burn in the gas phase. However, the
generation of these volatiles is much more complex
because it involves thermal decomposition of the
solid, also referred to as pyrolysis. Some polymers
form a porous char layer at the exposed surface,
which slows the pyrolysis rate down as burning pro-
gresses. Thermoplastics do not form a char and have
a surface temperature that is nearly constant, similar
to burning liquids.

hf2 hf3 mfl\\

N

hflY  Liquid Fuel

hfl: conduction and convection into the liquid
hf2: flame radiation and convection

hf3: surface re-radiation

mfl: mass flow rate of fuel vapors

mf?: entrained air flow rate

FIGURE 10.1 Heat and mass flow in a liquid pool fire.

Four mechanisms contribute to the thermal de-
composition of a polymer. Two of these reactions in-
volve atoms in the main polymer chain. The remain-
ing two reactions involve side chains or groups.

1. Random Scission. The most common reaction
mechanism leading to the decomposition of sim-
ple thermoplastics involves the breaking of bonds
in the polymer chain. These scissions can occur at
random locations in the chain or at the ends. End-
chain scissions result in the production of
monomers, and this process is often referred to as
unzipping. Random-chain scissions result in the
generation of both monomers and oligomers
(groups of 10 or less monomer units), and a vari-
ety of other compounds.

2. Cross-Linking. This is another reaction involving
the main chain. The process consists of the for-
mation of bonds between adjacent polymer
chains and is very important in the creation of
char.

3. Elimination. The main reactions involving side
chains are referred to as elimination reactions.
The bond between the side group and the main
chain is broken. The resulting side group often re-
acts with other side groups that are cut off by
elimination reactions. The resulting compounds
are still relatively light and small enough to be
volatile.

4. Cyclization. Two adjacent side groups form a
bond that results in the formation of a cyclic
structure. This process is also very important in
the formation of a char matrix.

A more detailed discussion of polymer degrada-
tion in fires can be found in the literature [1].

10.3 ELEMENTS OF
MATERIAL FLAMMABILITY

10.3.1

When a combustible material is exposed to a con-
stant external heat flux (radiative, convective, or a
combination), its surface temperature starts to rise.
The temperature inside the solid also increases with
time, but at a slower rate. Provided the net flux into
the material is sufficiently high, the surface temper-
ature eventually reaches a level at which pyrolysis
begins. The fuel vapors generated emerge through
the exposed surface and mix with air in the gas

Ignition



phase. Under certain conditions, this mixture ex-
ceeds the lower flammability limit and ignites.

The initiation of flaming combustion as described
above is termed flaming ignition. Piloted ignition is
initiated by a small pilot, such as a small gas flame
(premixed or diffusion), an electric spark, or a glow-
ing wire. Piloted ignition has been studied ex-
tensively over the past 40-50 years. These studies
usually involved laboratory-scale experiments to
measure the time to ignition at different levels of in-
cident heat flux from a radiant panel. Autoignition
occurs when no pilot is present and the hot surface
of the solid triggers ignition of the flammable mix-
ture of volatiles and air in the gas phase.

For some materials, or under certain conditions,
combustion is not in the gas phase but in the solid
phase. In such cases, no flame can be observed and
the surface is glowing. This very different phenom-
enon is termed glowing ignition. Flaming combus-
tion can be preceded by glowing ignition for char-
forming materials exposed to low heat fluxes.

Spontaneous ignition or self-heating occurs when
the heat generated by slow oxidation in a fuel ex-
posed to air exceeds the heat losses to the surround-
ings. This leads to an increase in temperature, which
in turn accelerates the chemical reaction and eventu-
ally leads to thermal runaway and glowing or flam-
ing ignition. This process usually takes a long time
(hours, days, or even longer). Whether spontaneous
ignition occurs depends on the type, size, and poros-
ity of the fuel array and the temperature of the sur-
rounding air [2].

An exhaustive review of the theory and experi-
mental data for different types of ignition phenom-
ena was recently published by Babrauskas [3].

10.3.2 Surface Spread of Flame

Flames can spread over a solid surface in two modes
(see Figure 10.2). The first mode is referred to as
wind-aided flame spread. In this mode, flames
spread in the same direction as the surrounding air-
flow. The second mode is referred to as opposed-
flow flame spread, which occurs when flames spread
in the opposite direction of the surrounding airflow.
Flame spread in the upward direction is concurrent
with the surrounding airflow and is therefore wind-
aided. Flame spread in the downward direction is
against the entrained airflow and is of the opposed-
flow type. Upward or wind-aided flame spread is
much faster and of greater concern than downward
or opposed-flow flame spread because the flame
heating extends over a much greater area.
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FIGURE 10.2 Modes of surface spread of flame.

10.3.3 Heat Release Rate

Heat release rate is the single most important vari-
able in fire hazard [4]. Heat release rate at different
heat fluxes can be measured in a bench-scale
calorimeter. The most common devices used for this
purpose rely on the oxygen consumption principle
(i.e., the fact that for a wide range of materials un-
dergoing complete combustion, a nearly constant
amount of heat is released per unit mass of oxygen
consumed) [5]. The average value is 13.1 kJ/g of O,
consumed. Large-scale oxygen consumption calori-
meters can be used to measure the heat release rate
from room fires and burning objects such as furni-
ture and various commodities.

10.3.4 Products of Combustion

Fires generate particulate matter, which reduces the
intensity of light transmitted through smoke. The
distance at which an exit sign can be seen through a
smoke layer is a direct function of the concentration
of particulates in the smoke [6].

Fires also generate toxic products of combustion,
primarily in gaseous form. There are two types of
toxic gases: narcotic gases such as carbon monoxide
(CO) and hydrogen cyanide (HCN), and irritant
gases such as hydrochloric acid (HCIl) and hydrogen
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bromide (HBr). Narcotic gases are absorbed into the
blood stream and reduce the intake of oxygen, which
can lead to loss of consciousness and death. Irritant
gases cause respiratory distress and indirectly con-
tribute to incapacitation and lethality during expo-
sure to fire gases. Inflammation of the respiratory
tract may result in death within days or even weeks
after the fire. Acid gases can also cause corrosion
damage to electronic and computer equipment.

10.4 TESTS TO ASSESS
MATERIAL FLAMMABILITY

10.4.1 Testing for Compliance with Fire

Safety Codes and Regulations

This section provides a discussion of test procedures
that are specified in fire safety codes and regulations.
The emphasis is on building and fire prevention
codes in the United States [7, 8]. Building codes
specify fire safety requirements for a newly con-
structed or renovated building. Fire prevention codes
ensure that the same level of safety is maintained
during the lifespan of the building. Diamantes pub-
lished an excellent overview of the U.S. code system
for fire prevention [9].

Although test details and acceptance criteria are
different, the approach of building codes and regula-
tions in other countries is very similar. Fire safety
regulations for commercial passenger aircraft, cruise
ships, ferries, passenger rail and road transportation
vehicles, etc., are also based on the same concepts.

Building code provisions that pertain to material
flammability have traditionally been prescriptive,
meaning that they consist of specific requirements
for building materials and products that are based on
performance in a test. Fire safety objectives are not
explicitly stated in traditional building codes, and it
is assumed that an acceptable level of fire safety is
obtained if the prescriptive code requirements are
fulfilled. A brief discussion follows of the test pro-
cedures that are specified in U.S. building codes.

10.4.1.1 Non-Combustible and Limited

Combustible Materials

One approach to accomplish a high level of fire
safety is by the exclusive use of materials that pro-
duce a negligible amount of heat when exposed to
a thermal environment representative of a post-
flashover fire. These materials are referred to as non-
combustible and obviously do not provide a signifi-

cant contribution to fire growth prior to flashover. It
is not practical to apply such an approach to an en-
tire building, but it may be appropriate to require the
exclusive use of non-combustible materials for some
high-hazard areas or components of a building.

Materials that are not explicitly recognized as
non-combustible must be tested and must meet spe-
cific criteria. ASTM E 136, Standard Test Method
for Behavior of Materials in a Vertical Tube Furnace
at 750 °C, is the small-scale test procedure that is
used in the United States to determine whether a ma-
terial is non-combustible A similar furnace method
described in ISO 1182, Reaction to fire tests for
building products—Non-combustibility test, is used
in most other parts of the world (see Figure 10.3).
Acceptance criteria in both tests are based on maxi-
mum temperature rise, specimen mass loss, and lim-
ited flaming.

Some building codes in the United States make a
distinction between non-combustible and limited
combustible materials. A maximum potential heat of
8.2 MJ/kg (3500 Btu/lb) is specified for limited
combustible materials as determined by NFPA 259,
Standard Test Method for Potential Heat of Building
Materials. According to NFPA 259, the potential
heat of a material is determined as the difference be-
tween the gross heat of combustion of the material
measured with an oxygen bomb calorimeter, and the
gross heat of combustion of its residue after heating
in a muffle furnace at 750 °C (1382 °F) for two
hours.

Furnace and oxygen bomb methods to assess
combustibility have serious limitations. The most
significant limitations are that materials cannot be
evaluated in their end-use configuration, that test
conditions are not representative of real fire expo-
sure conditions, and that the test results do not pro-
vide a realistic measure of the expected heat release
rate.

10.4.1.2 Small-Flame Ignition Tests

A large variety of combustible materials are typi-
cally used throughout a building. A major concern is
that these materials might easily ignite when ex-
posed to a small heat source (such as an electrical arc
or a candle flame) and, thus, support flame propaga-
tion that quickly leads to a catastrophic fire. This
concern can be addressed by requiring that materials
used in significant quantities do not ignite and/or
support flame propagation when exposed to a small
flame. A large number of small-flame ignition tests
have been developed for this purpose [3]. One of the
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FIGURE 10.3 Test specimen inside ISO 1182 furnace.

most common tests of this type is briefly described
below.

UL 94, Test for Flammability of Plastic Materials
for Parts in Devices and Appliances, provides pro-
cedures for bench-scale tests to determine the ac-
ceptability of plastic materials for use in appliances
or other devices with respect to flammability under
controlled laboratory conditions. The standard in-
cludes several test methods that are employed de-
pending upon the intended end-use of the material
and its orientation in the device. The standard out-
lines a horizontal burning test, two classes of verti-
cal burning tests, and a radiant panel flame spread
test.

The most commonly used test in the UL 94 set is
the vertical burning test referred to as the 20-mm
Vertical Burning Test; V-0, V-1, or V-2 (see Figure
10.4). In this test, specimens measuring 125 mm
(5 in.) in length by 13 mm (0.5 in.) wide are sus-
pended vertically and clamped at the top end. A thin
layer of cotton is positioned 300 mm (14 in.) below
the test specimen to catch any molten material that
may drop from the specimen. A 20-mm- (0.75-in.)
long flame from a methane burner is applied to the FIGURE 10.4 UL 94 20-mm vertical burning test.
center point on the bottom end of the specimen. The
burner is positioned such that the burner barrel is lo-
cated 10 mm (0.375 in.) below the bottom end of
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the material specimen. The flame is maintained for
10 sec, and then removed to a distance of at least
150 mm (6 in.). Upon flame removal, the specimen
is observed for afterflaming and its duration time
recorded. As soon as the afterflame ceases, the
burner flame is reapplied for an additional 10 sec,
then removed again. The duration of afterflaming
and/or afterglowing is again noted. The V-0 (best),
V-1, or V-2 (worst) classification is based on the du-
ration of afterflaming or afterglowing following the
removal of the burner flame, as well as the ignition
of cotton by dripping particles from the test speci-
men for a series of five tests.

10.4.1.3 Surface Finishes and Contents

Small-flame ignition tests serve a useful purpose.
For example, it has been demonstrated that the lower
number of fatalities in fires involving TV sets in the
U.S. versus Europe can be attributed to the UL 94
V-0 requirement for the plastic TV housing in the
U.S. [10]. However, these tests might give a false
sense of safety. Materials that pass a small-flame ig-
nition test often perform poorly when exposed to
more severe conditions in a real fire. Therefore, to
obtain a minimum level of fire safety, building codes
specify that materials used in significant quantities
meet more stringent flammability test requirements.
These requirements are largely restricted to interior
finishes, that is, wall and ceiling linings and floor
coverings. Contents such as upholstered furniture,
mattresses, and so on, are not regulated by the build-
ing codes because they are not a fixed part of the
structure. However, the fire hazard associated with
the contents is controlled by requirements for auto-
matic fire suppression and alarm systems and provi-
sions in the fire prevention codes.

Interior finishes cover large surfaces, and linings
that are easily ignitable and release heat at a high
rate will support rapid flame spread when exposed to
a small or moderate size ignition source. It is there-
fore essential to control the flame spread character-
istics of interior finishes so that flashover can be de-
layed and sufficient time can be made available for
evacuation. The Steiner tunnel test is the most com-
mon material flammability test method prescribed
by building codes in the United States to limit flame
spread over wall and ceiling finishes. The test mea-
sures primarily wind-aided flame spread characteris-
tics of surface finishes and is described in ASTM
E 84, Standard Test Method for Surface Burning
Characteristics of Building Materials (see Figure
10.5). The test specimen is 7.6 m (24 ft) long and is
mounted in the ceiling position of a long tunnel-like

enclosure. It is exposed at one end to a 79-kW
(5000-Btu/min) gas burner. There is a forced draft
through the tunnel from the burner end. The mea-
surements consist of flame spread over the surface
and light obscuration by the smoke in the exhaust
duct of the tunnel. Test duration is 10 min. A flame-
spread index (FSI) is calculated on the basis of the
area under the curve of flame tip location versus
time. The FSI is zero for an inert board, and is nor-
malized to approximately 100 for red oak flooring.
The smoke developed index (SDI) is equal to 100
times the ratio of the area under the curve of light ab-
sorption versus time to the area under the curve for
red oak flooring. Thus, the SDI of red oak flooring is
100, by definition.

The classification of linings in the model building
codes is based on the FSI. There are three classifica-
tions: Class A, or I, for products with FSI <25; Class
B, or II, for products with 25<FSI<75; and Class C,
or III, for products with 75<FSI<200. Class A, or I,
products are generally permitted in enclosed vertical
exits. Class B, or II, products can be used in exit ac-
cess corridors, and Class C, or III, products are al-
lowed in other rooms and areas.

Significant inconsistencies have been found be-
tween the FSI classification and real fire performance
of certain products, such as plastic foams and textile
wall coverings. To address these inconsistencies, the
model building codes now require that plastic foams
and textile wall coverings for use in unsprinklered
spaces pass a room/corner test such as UBC 26-3,
Room Fire Test Standard for Interior of Foam Plastic
Systems, or NFPA 265, Standard Methods of Fire
Tests for Evaluating Room Fire Growth Contribution
of Textile Wall Coverings. The room/corner test ap-
paratus consists of a room measuring 3.6 m (12 ft)
deep by 2.4 m (8 ft) wide by 2.4 m (8 ft) high, with a
single ventilation opening (doorway) measuring ap-
proximately 0.8 m (30 in.) wide by 2 m (80 in.) high
in the front wall. The back wall, both side walls, and
the ceiling are lined for tests according to UBC 26-3.
For tests according to NFPA 265, the interior surfaces
of all walls (except the front wall) are covered with
the test product. The product is exposed to a wood
crib (UBC 26-3) or propane burner (NFPA 265) ig-
nition source, located on the floor in one of the rear
corners of the room opposite the doorway. Pass/fail
criteria are based primarily on the extent of fire
growth. NFPA 286, Standard Methods of Fire Test for
Evaluation Contribution of Wall and Ceiling Interior
Finish to Room Fire Growth, provides a more recent
room/corner test that is very similar to NFPA 265,
and that is used to evaluate vinyl and other non-tex-
tile wall coverings. ISO 9705, Reaction to fire tests



FIGURE 10.5 ASTM E 84 tunnel test apparatus.

for building products-Full scale room test for surface
products, describes a room test apparatus and proce-
dure that is used internationally (see Figure 10.6).
Room and door dimensions are similar to those spec-
ified in the NFPA room test standards, but walls and
ceiling are typically lined with the test material and a
much more severe ignition source (100 kW for 10
min, followed by 300 kW for 10 min) is used.
Although wind-aided flame spread is the domi-
nant mode in most fire scenarios involving interior
finishes, opposed-flow flame spread needs to be con-
sidered in some cases. Research at the National Bu-
reau of Standards (NBS), currently the National In-
stitute of Standards and Technology (NIST),
resulted in the development of the radiant flooring
panel test for floor coverings. This test is described
in ASTM E 648, Standard Test Method for Critical
Radiant Flux of Floor Covering Systems Using a
Radiant Heat Energy Source. The apparatus consists
of an air-gas-fueled radiant heat panel inclined at 30
degrees to and directed at a horizontally mounted
floor covering system specimen. The radiant panel
generates a heat flux distribution along the 1-m (40-
in.) length of the test specimen from a nominal max-
imum of 10 kW/m?2 (1 W/cm?2) to a minimum of
1 kW/m? (0.1 W/cm?). The test is initiated by open-
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flame ignition from a pilot burner. The heat flux at
the location of maximum flame propagation is re-
ported as critical radiant flux.

The test method described in ASTM E 162 also
evaluates opposed-flow flame spread characteristics
of a product, and is referred to in regulations that
pertain to various modes of transportation.

10.4.1.4 Smoke and Toxicity

The model building codes do not permit interior fin-
ishes that produce excessive amounts of light-
obscuring smoke. Products that have to be tested ac-
cording to the tunnel test must have an SDI of 450 or
less. UBC 26-3 also specifies limitations to smoke,
but the acceptance criteria are qualitative and based
on visual observations. The more recent room/cor-
ner test procedures NFPA 286 and ISO 9705 include
quantitative measurements of the smoke production
rate.

Test methods have been developed specifically to
measure smoke obscuration. The prime example is
the NBS smoke chamber. This method is described
in ASTM E 662, Standard Test Method for Specific
Optical Density of Smoke Generated by Solid Mate-
rials (see Figure 10.7). The apparatus consists of a
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FIGURE 10.6 ISO 9705 room/corner test in progress.

0.5 m3 (18 ft3) enclosure. A 75 X 75-mm (3 X 3-in.)
specimen is exposed in the vertical orientation to an
electric heater. Tests can be conducted with or with-
out small pilot flames impinging at the bottom of the
specimen. A white light source is located at the bot-
tom of the enclosure, and a photomultiplier tube is
mounted at the top to measure obscuration and opti-
cal density of the smoke as it accumulates inside the
enclosure. The procedure specifies that tests be con-
ducted in triplicate at a heat flux of 25 kW/m?2 under
each of the following conditions: with the pilot
flames, and without the pilot flames. These condi-
tions are referred to as the flaming and non-flaming
modes, respectively. The latter is misleading be-
cause specimens often ignite spontaneously, leading
to flaming combustion without the pilot flames. The
model building codes do not specify requirements
based on performance in the NBS smoke chamber,
but fire safety regulations for various modes of trans-
portation do. The test has been subjected to criticism
because the smoke generated by the specimen accu-
mulates inside the chamber and eventually affects
combustion. The test conditions, therefore, are not
well controlled and partly depend on the burning be-
havior of the product itself.

The University of Pittsburgh, or UPitt, method is
used to demonstrate compliance with the require-
ment in the New York City building code that no
product shall be more toxic than wood. A small sam-
ple of the product is heated in a muffle furnace, and
four mice are exposed to the products of combustion
diluted with air. The furnace temperature is ramped
at a rate of 5 °C/min. The test is terminated after 30
min. The objective is to find the quantity of the prod-
uct in grams that results in 50% mortality of the test
animals. A product meets the requirements if this
quantity, referred to as the LC50, is equal to or
greater than 19.5 grams (the value generically as-
signed to wood).

A wide range of techniques is used to measure
toxic gas concentrations in fire tests, ranging from
simple qualitative sorption tube methods to sophisti-
cated spectroscopy techniques. ASTM E 800, Stan-
dard Guide for Measurement of Gases Present or
Generated During Fires, describes the most com-
mon analytical methods and sampling considera-
tions for many gases. Fourier Transform InfraRed
(FTIR) spectroscopy has emerged in recent years as
the method of choice for real-time continuous analy-
sis of fire gases (see Figure 10.7).

10.4.2 Testing for Research and
Product Development

Prescriptive fire safety codes and regulations rely on
flammability tests, which measure one or several pa-
rameters that are believed to be an indication of real
fire performance. However, these tests do not pro-
vide a complete and quantitative assessment of real
fire performance. For example, it is logical to as-
sume that the propagation rate of a flame over the
surface of a surface finish material in a real fire
would be comparable to that in the ASTM E 84 test
if the real ignition source is similar to that in the test.
But what would happen if the real ignition source is
twice as severe or persists for more than 600 sec, or
if the surface of the material is in the vertical orien-
tation instead of horizontal, facing down? The re-
sults could be dramatically different (i.e., the flame
might propagate at a much faster rate and quickly re-
sult in a catastrophic fire). There are numerous ex-
amples of materials that pass the test with flying col-
ors but perform miserably under slightly more
stringent real fire conditions.

Advances in fire dynamics and computer model-
ing have led to the development of a more sophisti-
cated approach. This modern approach involves a
hazard assessment. Real fire scenarios are defined
based on one or several statistical surveys. For each
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FIGURE 10.7 NBS smoke chamber with FTIR spectrometer for gas analysis.

scenario, it is determined how materials and products
contribute to the fire based on accident reports and
full-scale fire test data. A model is developed to pre-
dict real fire performance on the basis of fire proper-
ties for the materials that are involved. The model can
range in complexity from a relatively simple statisti-
cal correlation to a detailed computer simulation. A
test methodology is developed to provide the proper-
ties that are needed for model input. As a minimum,
the input data typically describe the ignition behav-
ior and heat and smoke release rate characteristics of
the material over a range of thermal exposure condi-
tions. The corresponding properties can be measured
in a heat release rate calorimeter.

The Cone Calorimeter is a small-scale fire test ap-
paratus used primarily to measure the heat release
rate of materials on the basis of the oxygen con-
sumption method (see Figure 10.8). The Cone
Calorimeter is standardized in North America as
ASTM E 1354, Standard Test Method for Heat and

Visible Smoke Release Rates for Materials and
Products Using an Oxygen Consumption Calorime-
ter. The equivalent international Cone Calorimeter
standard is ISO 5660, Fire tests—Reaction to fire-
Part 1: Heat release (cone calorimeter method). A
square sample of 100 X 100 mm (4 X 4 in.) is ex-
posed to the radiant flux of an electric heater. The
heater has the shape of a truncated cone (hence the
name of the instrument) and is capable of providing
heat fluxes to the specimen in the range of 10-110
kW/mZ. Prior to testing, the exhaust flow is set at the
desired rate (normally 24 L/sec) and the heater tem-
perature is set at the appropriate value resulting in
the desired heat flux. At the start of a test, the speci-
men in the appropriate holder is placed on the load
cell, which is located below the heater. An electric
spark is used to ignite the pyrolysis products re-
leased by the specimen. As soon as sustained flam-
ing is observed, the electric spark igniter is removed.
All combustion products and entrained air are col-
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FIGURE 10.8 Cone calorimeter.




lected by an exhaust hood. At a sufficient distance
downstream from a mixing orifice, a gas sample is
taken and analyzed for oxygen concentration. A
laser photometer is located close to the gas sampling
point to measure light extinction by the smoke.
Downstream of the fan is an orifice plate. Measure-
ments of the gas temperature and differential pres-
sure across the orifice plate are used for calculating
the mass flow of the exhaust gases.

Similar data can be obtained with the Fire Propa-
gation Apparatus described in ASTM E 2058, Stan-
dard Test Method for Measurement of Synthetic
Polymer Material Flammability Using a Fire Prop-
agation Apparatus (FPA). Instead of a conventional
electrical heater element as used in the Cone
Calorimeter, heat flux to the specimen in the Fire
Propagation Apparatus is generated by high-temper-
ature tungsten filament lamps. The advantage of
this approach is that a quartz tube can be placed
around the specimen, which results in a better-
defined flow environment at the specimen surface
and facilitates performing tests in an oxygen-
enriched or reduced environment. The disadvantage
is that the specimen surface must be blackened to
compensate for the fact that the spectral character-
istics of high temperature lamps are different from
those of typical sources of thermal radiation in
fires.

To determine the heat release and smoke produc-
tion rate of objects with complex shape and compo-
sition, it is more practical to perform measurements
for the entire object as opposed to the individual
components. For example, it is much easier to test an
entire upholstered sofa instead of trying to estimate
its burning behavior on the basis of the shape, di-
mensions, and ignition and heat release rate proper-
ties of the foam, fabric, and framing materials mea-
sured in the Cone Calorimeter. Based on the initial
application, the test apparatus that is used to obtain
heat release and smoke production rate data for an
entire object is referred to as a Furniture Calorime-
ter. However, a wide variety of objects has been
tested in Furniture Calorimeters over the past 10-15
years. A Furniture Calorimeter is essentially a large-
scale version of a Cone Calorimeter without a
scaled-up version of the heater. The object is placed
on a load cell beneath the hood of a large-scale oxy-
gen consumption calorimeter. The hood, exhaust
duct and instrumentation are similar to those used
for the room fire tests described in the previous sec-
tion. A typical example of a Furniture Calorimeter
standard is ASTM E 1537, Test Method for Fire Test-
ing of Upholstered Furniture.
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The Intermediate Scale Calorimeter (ICAL) is a
special type of Furniture Calorimeter because it in-
cludes a large radiant gas panel that can be used to
expose the test specimen to a heat flux 0-60 kW/m?.
The incident heat flux is uniform across the entire
exposed surface for specimens up to 1 X 1 m (40 x
40 in.) in size. The ICAL apparatus and test protocol
are described in ASTM E 1623, Standard Test
Method for Determination of Fire and Thermal Pa-
rameters of Materials, Products, and Systems Using
an Intermediate Scale Calorimeter (ICAL).

The capacity of furniture calorimeters is typically
around 1 MW continuous. To test objects and com-
modities that release heat at a higher rate, a larger
scale calorimeter is needed (see Figure 10.9). The
first industrial-size calorimeter for fires into the mul-
tiple MW range was built at Factory Mutual (cur-
rently FM Global) around 1980 [11]. This calorime-
ter, also referred to as the FM Fire Products
Collector, was designed to measure heat and other
fire products from test fires up to a size associated
with sprinkler activation in commodity warehouse
storage and other representative occupancies. Ap-
proximately 10 years later, a similar industrial-size
calorimeter for heat release rate measurements up to
10 MW was constructed at the National Testing Lab-
oratory (SP) in Sweden [12]. Since then, several
other laboratories, such as the National Research
Council of Canada, the Fire Research Station in the
United Kingdom, and Underwriters Laboratories
and Southwest Research Institute in the United
States, have developed the capability of measuring
heat release rate from large fires up to 40 MW.

10.5 METHODS TO IMPROVE
MATERIAL FLAMMABILITY

The flammability of a material can be improved by
adding flame-retardant chemicals to it, or by pro-
tecting its surface with a coating that contains flame
retardants. This section provides a brief overview of
flame retardancy. For detailed information, the
reader is referred to one of the many excellent re-
views that can be found in the literature [13, 14].

10.5.1

A common approach to develop polymers with im-
proved flammability involves the use of multiple
monomers that are cross-linked in the polymer ma-
trix. Thermal decomposition of these co-polymers
tends to favor char formation, which results in better
ignition and/or heat release rate characteristics.

Polymer Formulation
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FIGURE 10.9 Industrial-scale oxygen consumption calorimeter.




10.5.2 Flame-Retardant Treatments

Chemicals are often added to improve the flamma-
bility characteristics of a polymer to meet specific
fire performance requirements. The three most com-
monly used groups of flame retardants are briefly de-
scribed below.

10.5.2.1 Phosphorous-Containing

Fire Retardants

Phosphorous-containing flame retardants can be ef-
fective in the condensed (polymer) phase as well as
the gas phase. For example, phosphorous is known
to promote char formation. The char insulates the
polymer from the heat transfer from the flame.
Phosphorous also traps some of the radicals in the
flame, similar to halogens (see below).

10.5.2.2 Halogen-Containing Flame
Retardant Compounds

Halogen-containing flame-retardant chemicals are
one of the largest groups of additives in the plastics
industry. Bromine and chlorine compounds are the
most generally used halogen-containing fire retar-
dants, because iodine compounds are not suffi-
ciently stable and fluorine compounds are too stable
to be useful. Halogen-containing fire retardants act
primarily in the gas phase as hydrogen halides in-
hibit the radical-chain oxidation reactions in the
flame. Various metals (antimony, bismuth, or tin) are
used as synergistic agents in combination with halo-
gen-containing fire retardants because metal halides
are more efficient flame inhibitors than hydrogen
halides. Environmental concerns have significantly
affected the use of some brominated fire retardants
in recent years.

10.5.2.3

Inorganic hydroxides account for more than 50% of
the flame retardants sold on a global basis. Alu-
minum trihydroxide, or ATH (AI(OH),), is by far the
most widely used inorganic hydroxide fire retardant
in the world, followed by magnesium trihydroxide
(Mg(OH),) as a distant second. Organic hydroxides
act primarily in the condensed phase. A significant
amount of energy is needed to decompose inorganic
hydroxides (1.5-1.6 kJ/g). Large quantities of water
are generated in the process, which dilutes the con-
centration of other gaseous decomposition products
and reduces the flame temperature. Although not

Inorganic Hydroxides
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thoroughly understood, organic hydroxides also sig-
nificantly reduce the amount of smoke generated
during combustion. Hydroxide loading levels in ex-
cess of 50% by mass are not uncommon.

10.5.3 Surface Coatings

Coatings that contain flame retardants can be used to
protect wood products that cannot be pressure
treated, or they can be used to improve the flamma-
bility of existing installations of untreated products.
Intumescent coatings contain a blowing agent that
forms vapor bubbles when heated. The bubbles are
trapped inside an inert matrix and form a porous layer
that significantly reduces the heat transfer to the pro-
tected substrate. Some truly amazing results have
been obtained with intumescent coating systems.

10.6 MATERIAL PROPERTY DATA

It is important to know that within a single generic
class of materials, flammability characteristics may
vary greatly depending on the exact composition,
presence of additives (in particular, flame retar-
dants), and physical properties such as density and
surface emissivity. Therefore, data reported in the
literature have to be treated with great caution. The
data presented in this section are intended to give
the reader a feel for typical properties of commonly
used natural and synthetic polymers. To obtain ac-
curate property values for a specific material, a se-
ries of tests will have to be performed. ASTM E
1591, Data for Deterministic Fire Models provides
guidelines for obtaining flammability properties.

10.6.1
10.6.1.1

Ignition Properties

Ignition of Materials Exposed to a
Small Flame

Pure synthetic polymers generally do not meet the
requirements for a UL 94 V-2 classification. How-
ever, polymers can be treated with flame-retardant
chemicals to meet the requirements for a V-2, a V-1,
and even a V-0 classification. This is true for many
other small flame ignition tests.

10.6.1.2 Piloted Ignition of Materials
Exposed to a Radiant
Heat Source

Three properties are commonly used to describe the
piloted ignition behavior of a material exposed to a
radiant heat source.
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1. The first property quantifies a critical condition for
ignition. The most common criterion is based on
the assumption that ignition occurs when a critical
temperature at the surface, Tj,, 1s reached. Tj, can
be measured with fine thermocouples attached to
the exposed surface of ignition test specimens, or
by using an optical pyrometer. However, it is very
difficult to make accurate surface temperature
measurements. A more practical approach in-
volves analysis of piloted ignition data based on a
simplified model to extract material properties.
The data consist of the time to ignition measured
at different heat flux levels, which can be obtained
in a device such as the Cone Calorimeter or the
Fire Propagation Apparatus.

2. The second property is the critical heat flux for ig-
nition, CHF. Piloted ignition will not occur at
heat fluxes below the CHF, even for very long ex-
posure times. The CHF can be estimated by
bracketing, i.e., by conducting ignition experi-
ments at incrementally decreasing heat flux levels
until ignition does not occur within a specified pe-
riod (usually 10 or 20 min).

3. The third property is the thermal inertia, kpc. It is
equal to the product of the average thermal con-
ductivity (k), density (p), and specific heat (c)
over the temperature range from ambient to T;,.
The thermal inertia is a measure of how fast the
surface temperature of a material rises when ex-
posed to heat. A material with lower kpc will ig-
nite faster than a material with higher kpc and the
same T, exposed to the same heat flux. The kpc
can be determined from the analysis of piloted ig-
nition data to calculate Tj, described above.

Table 10.1 gives typical ignition property values
for some common materials.

10.6.2 Flame Spread Propensity

As explained above, wind-aided flame spread is of
much greater concern than opposed-flow flame
spread. The FSI measured in the Steiner tunnel test
is a measure of the wind-aided flame spread propen-
sity of a material. Most untreated wood products
have a FSI between 75 and 200. Some have a FSI be-
tween 25 and 75, and a few have a FSI that exceeds
200. An extensive list of FSI values for different
wood products is published by the American Forest
& Paper Association [22]. Pressure treatment with
flame-retardant chemicals or protection with flame-
retardant coatings can reduce the FSI below 25. Un-
treated synthetic polymers typically have a FSI in
excess of 200. Polymers that contain halogens such
as PVC and PTFE are an exception to this rule. Syn-
thetic polymers can be treated or coated to dramati-
cally improve performance in the tunnel test.

Fire growth in standard room fire tests is con-
trolled primarily by upward spread to the ceiling and
flame propagation over the ceiling and upper parts of
the walls. The time to flashover is therefore a good
indicator of the wind-aided flame spread propensity
of a material. Untreated wood products tested ac-
cording to NFPA 286 typically result in flashover
times between 6 and 7 min (i.e., 1 to 2 min after in-
creasing the burner output to 160 kW) [23]. Some
untreated wood products and most synthetic poly-
mers result in flashover during the first 5 min when
the burner output is 40 kW. Natural and synthetic
polymers can be treated or coated so that flashover
does not occur during the 15-min test.

10.6.3 Heat Release Rate

Figures 10.10 and 10.11 show typical heat release
rates measured in the Cone Calorimeter at different

TABLE 10.1 Typical Ignition Data of Common Solids

Material T, (°C) CHF (kW/m2) kpc (kJ>/m* - K2:s) Reference
Oven Dry Douglas Fir 350m 13 0.16 [15]
Oven Dry Oak 301¢ 11 0.45 [16]
Polyethylene 323m 13 1.83 [17]
Polymethylmethacrylate 305™ 12 2.12 [18]
Polypropylene 305m 12 2.15 [15]
Polystyrene 410m 16 1.17 [19]
Polystyrene Foam 376¢ 15 0.58 [20]
Polyvinylchloride 415¢ 16 1.31 [21]
Rigid Polyurethane Foam 370¢ 15 0.04 [20]

™ = Measured ¢ = Calculated
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FIGURE 10.10 Cone calorimeter heat release rate data

180 240 300 360

Time (s)
for GR polyester.

300

250

200

150 j

100

Heat Release Rate (kW/m?)
W
[

75 kW/m?
50 kW/m?
25 kW/m?

300

600
Time (s)

FIGURE 10.11 Cone calorimeter heat release rate data for western red cedar.

heat fluxes for glass fiber-reinforced polyester
(GRP) and western red cedar, respectively. The heat
release rate varies with time and incident heat flux
for both materials. The heat release rate for GRP is
approximately steady shortly after ignition and re-
mains relatively constant during the entire test. This
behavior is typical for plastics. The heat release rate
of western red cedar reaches a peak shortly after ig-
nition and then quickly decreases as a protective

char layer is formed at the surface. The heat release
rate increases again at the end of the test due to the
fact that the specimen is backed by thermal insula-
tion. This bimodal behavior is typical for wood
products and other char-forming materials.

Figures 10.10 and 10.11 illustrate why it is not
very useful to tabulate “typical” heat release rates
for different materials. Should peak or average val-
ues be presented? What are appropriate heat fluxes?
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This problem can be addressed by tabulating funda-
mental heat release rate properties that are inde-
pendent of exposure conditions and do not vary
greatly with time. The two properties that are related
to heat release rate are the effective heat of combus-
tion, AH, (MJ/kg), and the heat of gasification, L
(MJ/kg). These properties are described below.

The effective heat of combustion is the ratio of
heat release rate to mass loss rate measured in a
small-scale calorimeter:

AH. =

c . p

(10.1)

where Q” = heat release rate per unit exposed area
(kW/m?)
m” = mass loss rate per unit exposed area
(g/m?s)

AH, is different from the lower calorific value
measured in an oxygen bomb calorimeter. The latter
is measured in a small container under high pressure
and in pure oxygen, conditions that are not repre-
sentative of real fires. The conditions in bench-scale
calorimeters such as the Cone Calorimeter resemble
those in real fires much more closely. For some
fuels, in particular gases, both values are nearly
identical. However, for charring solids such as
wood, AH,_ is significantly lower and equal to the
heat of combustion of the volatiles during flaming
combustion.

The second material property is heat of gasifica-
tion, L, defined as the net heat flow into the material
required to convert one unit mass of solid material to
volatiles. The net heat flux into the material can be
obtained from an energy balance at the surface of the
specimen. Typically, a sample exposed in a bench-
scale calorimeter is heated by external heaters and
by its own flame. Heat is lost from the surface in the
form of radiation. Due to the small sample size, the
flame flux is primarily convective, and flame ab-
sorption of external heater and specimen surface ra-
diation can be neglected. Hence, L can be defined as

e _ et @ a4
L = W - "

(10.2)

where L = heat of gasification (MJ/kg)
g, =heat flux from external sources
(kW/m?)
g/ = heat flux from the flame (KW/m?)

TABLE 10.2 Typical Heat Release Rate Data of
Common Solids

Material AHc (kJ/g) L (kJ/g) Reference
Douglas Fir 11.0 4.6-8.4 [24]
Red Oak 12.3 5.1-9.5 [24]
Polyethylene 384 1.9-23 [25]
Polymethylmethacrylate 242 1.4-1.6 [25]
Polypropylene 38.6 1.4-2.0 [25]
Polystyrene 27.0 1.7-2.2 [25]
Polystyrene Foam 25.5 1.3-1.9 [25]
Polyvinylchloride 7.3 3.1 [25]

Rigid Polyurethane Foam 16.4 1.2-5.6 [25]

g/ =heat losses from the exposed surface
(kW/m?2)

Table 10.2 gives typical heat release property val-
ues for some common materials.

10.6.4 Smoke and Toxicity

The same problem exists with reporting typical gen-
eration rates of smoke and toxic products of com-
bustion as with heat release rate because they also
vary as a function of time and incident heat flux. The
problem can be addressed by reporting yields of
smoke (soot) and different toxic gases. The yield of
a particular compound is equal to the mass of that
compound that is generated per mass unit of fuel
burnt. Table 10.3 gives typical yields for some com-
mon materials. The values in Table 10.3 are valid for
overventilated conditions, i.e., when much more air
is supplied to the fire than required for complete sto-
ichiometric combustion of the fuel and the equiva-
lence ratio is much smaller than one (®<<1). The
yields of most species are relatively insensitive to

TABLE 10.3 Typical Yields of Soot and Toxic Gases for
Common Solids (g/g) [25, 26]

Material Soot CO HCN NO, HC(CI
Douglas Fir 0.015 0.004 — —  —
Red Oak 0.015 0.004 — —  —
Polyethylene 0.060 0.024 — — -
Polymethylmethacrylate ~ 0.022 0.010 — —  —
Polypropylene 0.059 0.024 — —  —
Polystyrene 0.164 0.060 — —  —
Polystyrene Foam 0.194 0.061 — —_ -
Polyvinylchloride 0.172 0.063 — — 0480

Rigid Polyurethane Foam 0.118 0.036 0.0018 0.090 —




the ventilation rate, but CO yields increase dramati-
cally as the equivalence ratio approaches and ex-
ceeds one [27].

10.6.5 Application of the Heat Release
Rate Properties and Yield Data

This section illustrates how the data in Tables 10.1
through 10.3 can be used to estimate the release rate
of heat, smoke, and toxic products of combustion for
a material exposed under specified conditions. The
first step is to determine the net heat flux to the ma-
terial. The net heat flux is equal to the incident radi-
ation from remote sources, plus the heat flux from
the material’s own flame minus re-radiation losses
from the surface. The flame flux is typically between
20 and 40 kW/m? depending on the size of the flame
(larger burning surface = higher heat flux) and the
type of material (higher soot yield = higher heat
flux). The CHF is a reasonable estimate for the re-
radiation losses. The second step is to calculate the
mass loss rate of the fuel. This can be done via Eq.
(10.2), based on the heat of gasification for the ma-
terial and the net heat flux estimated in the first step.
The resulting mass flux is multiplied by the exposed
area to obtain the mass loss rate. The final step is to
calculate the heat release rate and generation rate of
different products of combustion by multiplying the
mass loss rate from step two with the effective heat
of combustion and appropriate yields, respectively.

This approach can best be illustrated with an ex-
ample. Consider a burning slab of Douglas fir ex-
posed to radiation from the flame of a burning object
and a hot layer of gases accumulated below the ceil-
ing of the room. The exposed area of the burning
slab is approximately 1 m?, and the average incident
heat flux from remote sources is 40 kW/m?. The heat
release rate and generation rate of soot and CO can
be calculated as follows:

Step 1: Calculate net heat flux

Heat flux from remote radiation sources 40 kW/m?2

Assumed flame flux + 30 kW/m?
Critical heat flux — 13 kW/m?
Net heat flux 57 kW/m?

Step 2: Calculate mass loss rate (use average heat
of gasification from Table 10.2)

57
et g =20 1 —g778
6.5 S

=" XA =

Step 3: Calculate heat release rate and generation
rate of soot and CO
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QO =mXxX AH, =877 X 12.3 = 108 kW

i, = i X Y, = 877 X 0.015 = 0.13%

Hico = m X Yoo = 8.77 X 0.004 = 0.035%

The estimated generation rate of CO is only valid
for overventilated conditions (®<<1). According to
correlations developed by Tewarson, the generation
rate of CO would increase to 0.042 g/s if ® = 0.8,
0.16 g/sif ® = 1.0, and 1.27 g/s if ® = 2.0 [25]. Ob-
viously, the concentrations of CO and the toxic haz-
ard to occupants would increase accordingly.

10.7 COMPUTER MODELING OF
MATERIAL DEGRADATION IN FIRES

Evolutions in fire science and technology and com-
puting have resulted in a growing number of power-
ful mathematical models that are used in support of
fire safety engineering design and analysis. The
most commonly used computer fire models simulate
the consequences of a fire in an enclosure. Zone
models as well as field, or Computational Fluid Dy-
namics (CFD), models are used for this purpose.
Zone models are based on the observation that gases
inside a fire room generally accumulate in two dis-
tinct layers: a hot smoke layer beneath the ceiling,
and a layer of relatively cool air above the floor. The
temperature and composition of both layers are as-
sumed to be uniform, which greatly simplifies the
equations to be solved. CFD models subdivide the
room into thousands of small elements and solve
the conservation equations of mass, momentum, and
energy for each element. CFD models are therefore
much more detailed than zone models, but require
powerful computational resources. Enclosure fire
models have been extended to simulate the spread of
fire and smoke through multi-room structures.

A second category of computer fire models pre-
dicts how materials, systems, or people respond
when exposed to specific fire conditions. This is in-
cludes models that predict how solids thermally de-
grade when exposed in a fire. The most extensive
work in this area has been done on the development
of models that predict the rate of pyrolysis and char-
ring of wood exposed to fire. Janssens et al., recently
reported that more than 50 models of this type have
been described in the literature since WW II [28].
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Models that simulate how a product performs in a
fire test also fall in the second category. Several cor-
relations and mathematical models have been devel-
oped to calculate performance in the tunnel test
[29-33]. However, these predictions are restricted to
specific classes of products and have limited accu-
racy. Extensive research has been conducted over the
past two decades to explore the use of small-scale fire
test data in conjunction with correlations and models
to predict room/corner test performance [34]. The
primary application of calculation methods that pre-
dict tunnel or room/corner test performance is for
product development. Such calculations may also be
used to demonstrate code equivalency and in support
of performance-based design.
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CATHODIC PROTECTION
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11.1 INTRODUCTION

This chapter presents a discussion of cathodic pro-
tection systems and their design. It is divided into
four sections. The first section presents an introduc-
tion to corrosion fundamentals and cathodic protec-
tion (CP) principles. The second section presents the
design of galvanic systems and includes ground bed
design and the algorithm for overall galvanic CP
system design. In the third part, the design procedure
for the more commonly used impressed systems is
described. The final section presents the equations
describing the attenuation of electrical potential
along long buried structures, such as pipelines, and
current demand equations for impressed CP sys-
tems. The application of these equations is presented
as a methodology to determine the numbers of
ground beds and their placement for CP of pipeline
systems. The major problem associated with CP sys-
tems, stray current corrosion, is also discussed.

11.2 CORROSION FUNDAMENTALS

It has been estimated by the U.S. Federal Highway
Administration that the cost of corrosion in the
United States in 2000 was approximately $276 bil-
lion, or 3.1% of the Gross Domestic Product.! It can
be safely assumed that the costs to other industrial-
ized nations would constitute the same fraction of
their GDPs. This is the direct cost of corrosion, in

11.4 IMPRESSED CATHODIC PROTECTION SYSTEMS 237
11.5 GROUND BED SPACING 238
11.6 REFERENCES 241

other words, the cost of replacing or fixing damaged
equipment. The indirect cost of corrosion, such as
reduction of equipment efficiency, leakage and con-
tamination, and over-design, is estimated to be about
the same as the direct costs. In addition, safety is
also a significant concern. A major portion of the
cost of corrosion can be reduced if economical cor-
rosion reduction measures are undertaken. The focus
of this chapter is one of the most widely used of
those measures, cathodic protection.

First, it is important to explain the basic process
of metallic corrosion. This will provide the back-
ground to understand how CP works. Corrosion can
be defined as an electrochemical reaction where
metal dissolution occurs at anodic sites, and one or
more reduction reactions occur at cathodic sites. At
the cathodic sites the reduction of oxygen typically
occurs

0, + 2H,0 + 4¢~ — 40H"™ (11.1)

Carbon steel and cast irons are the most important
and commonly used industrial alloys in use today.
The anodic reaction for these metals is:
Fe — Fe’" + 2e~ (11.2)

These two so-called half-cell reactions are com-
bined to form the overall corrosion reaction

2Fe + O, + 4¢” — Fe(OH),  (11.3)

229
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with further chemical oxidation to brown-colored
iron (III) hydroxide. Corrosion prevention measures
frequently focus upon the electrochemical nature
of the corrosion reaction. If the corrosion circuit can
be altered or broken, corrosion rates can be elimi-
nated or at least reduced to insignificant levels. The
simplest way to break the corrosion circuit is to
apply one or more electrically resistant coatings,
such as paint, which can successfully mitigate the
corrosion problem when applied correctly. However,
holes in coatings may occur and therefore cathodic
protection is frequently used in conjunction with
coatings.

Cathodic protection is a thermodynamic means of
controlling the rate of corrosion, and there are two
methods to apply it:

1. by electrically coupling the metal to more reacted
metal that corrodes, or

2. through the application of an impressed or recti-
fied direct current.

From a thermodynamic point of view, the cathodic
protection process can be illustrated in a Pourbaix
diagram for iron. It can be seen that there are two ef-
fects. The first effect (1—2) is the thermodynamic
effect whereby the potential of the metal is shifted
into the immune section of the diagram. It can be
considered a thermodynamic effect because the
Gibb’s Free Energy for electrochemical reactions
can be represented by electrical potential

AG = —nFE (11.4)

where AG is the free energy of the reaction, n is the
number of electrons transferred, F is the Faraday and
E is the electrical potential. The second effect (2—3)
is an increase in the pH of the solution at the surface
of the metal. It is a result of the imbalance caused by
shifting the anodic reaction to remotely located an-
odes; in other words, the protected metal is cathodic.
However, the increase in pH at the protected struc-
ture is highly localized, and the effect on the sur-
rounding soil or water is miniscule. The application
of cathodic protection is not restricted to carbon
steel and iron. It can be used on many other materi-
als (such as stainless steel, magnesium, and bronze)
as long as the protection potential (the potential of
the metal when it is immune from corrosion) is
known or calculated for that material.

11.2.1

As illustrated in Figure 11.1, the potential of the
metal must be brought into the immune zone. This
potential, which is called the protection potential

Protection Potential, E,

pH

FIGURE 11.1 Pourbaix diagram for iron showing the
effect of cathodic protection. Protection is afforded by the
thermodynamic effect (1—2) but there is also a localized
increase in pH on the surface of the metal (2—3).

(Eprop)s can be determined from the application of the
Nernst equation to the dissolution reaction. For iron

RT
E=E+ 72.303 log[Fe?*]  (11.5)
n

at a temperature of 298 K, and with a concentration
of ferric irons selected to be 1 x 10~* M, the protec-
tion potential is —0.532 V on the standard hydrogen
scale.

As it is impractical to use a standard hydrogen
electrode in the field, the much more robust cop-
per/copper sulphate electrode is frequently used.
This electrode is easy and inexpensive to construct;
it is illustrated in Figure 11.2. The protection poten-
tial is generally taken as —0.85 V¢, for carbon
steel. The protection potential for other metals is
readily determined from the Nernst equation applied
to the respective dissolution reaction.

11.3 GALVANIC CATHODIC
PROTECTION SYSTEMS

There are two fundamental designs of cathodic pro-
tection systems, galvanic systems, and impressed
systems. In a galvanic system, one or more metals
are protected at the expense of a sacrificial metal that
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FIGURE 11.2 Construction of a copper/copper sul-
phate reference electrode.

corrodes preferentially. These sacrificial anodes are
typically made of a metal that has low thermody-
namic nobility, such as magnesium or zinc. Table
11.1 lists some common alloys, in decreasing order
of thermodynamic nobility. Note the difference in
nobility of the active-passive metals such as stainless
steel.

When a less noble metal is electrically coupled to
a more noble metal, the less noble metal will corrode
and protect the more noble metal, if the more noble

TABLE 11.1 Partial Galvanic Series of Metals in Water, in
Order of Decreasing Thermodynamic Nobility

Most Noble

Graphite

Platinum

Passive Titanium

Passive Hastelloy C276
Passive Inconel 625
Passive 316 Stainless Steel
Copper

Active Titanium

Active Hastelloy C276
Active Inconel 625
Active 316 Stainless Steel
1018 Carbon Steel
Aluminum Alloys

Zinc

Magnesium
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metal is a good cathode and can support the cathodic
reaction. Hence, coupling magnesium or zinc to
common industrial alloys (such as carbon steel,
stainless steels, or copper and nickel alloys) will re-
sult in the protection of the more noble metal, and
the magnesium or zinc will preferentially corrode.

Figure 11.3 shows the layout of a galvanic ca-
thodic protection system. It consists of the buried
structure that is to be protected (in this case, a
pipeline, but any buried metallic object could be ex-
ternally protected by this system), one or more sac-
rificial anodes, a reference electrode, and basic in-
strumentation (such as an ammeter and a voltmeter).
Galvanic systems are typically used for the protec-
tion of smaller-scale systems or when an external
power source is unavailable. Some applications of
galvanic CP systems are as follows:

» protection of storage tanks (e.g., in tank farms)

* in-plant buried piping systems

* condenser boxes

* marine applications, such as oil rigs, ship hulls,
and piers

* local corrosion hot spots (e.g., drainage areas
where water collects)

* hot water tanks in homes

* community water storage tanks

Galvanic CP can also be used to protect the inside
of externally coated water lines. However, a special
ribbon-like anode must be used to ensure that the
pipeline is completely protected, due to the inability
of a CP system to protect internal structures over
long distances.

Reference Electrode

Burie.d_ﬂPipe Sacrifﬁ;ﬁ Anode

FIGURE 11.3 Schematic of a galvanic CP System. In
this system, the buried pipe is protected at the expense of

corroding the sacrificial anode.
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11.3.1 Kinetics of Galvanic Systems

The kinetics of galvanic CP systems can be illus-
trated by plotting a kinetic corrosion diagram, which
is a graph of potential versus the logarithm of the
current. Figure 11.4 shows the following interesting
features:

e [, This is the potential of the sacrificial anode,
and it is often referred to as the solution potential.
EMg) ~ -1.5 Veycwsoss EZn) ~ -1.1
Vecwcuso,- These values depend upon the compo-
sition of the alloy.

e E_.: This is the potential of the buried structure;
-0.85 VCu/CuSO4
* The protection current, /

> " prot
e The corrosion rates for the uncoupled iron and

Zince, Icorr,Fe and / coryZn

* The total corrosion rate of zinc when it is coupled
to the iron is the corrosion rate of the zinc plus the

corrosion rate of the iron if it were unprotected
and at a potential of E,. Thus, the zinc will cor-
rode much faster when coupled to the iron than
when it is buried alone. However, the iron is ca-
thodically protected and will not corrode.
1,5, 1s generally equal to the cathodic current density
on the protected metal due to the reduction of oxy-
gen. However, in acidic systems, hydrogen evolution
also must be taken into account.
Lo = Iy, + 1o, (11.6)

prot

In order to achieve protection, the difference in
potential between the anode and cathode (the pro-
tection potential and the solution potential) must be
greater than the product of the protection current and
the total electrical resistance flow of current. In other
words, for a galvanic system

E.—E,=1I,,R (11.7)

prot

E/N

O, Reduction O, Reduction
on Fe on Zn

Eo,m,0

Fe -> Fe?*+2e

Zn -> Zn?*+2e

m

[~ ccrecmmcmceccccncccea.

y

prot

I I/A

corr,Zn Icorr,Fe Icorr

Coupled

FIGURE 11.4 Kinetic corrosion diagram illustrating the galvanic cathodic protection process. The diagram shows the
corrosion rates of uncoupled iron and zinc, the corrosion rate of zinc when the iron and zinc are coupled, and the protec-

tion current, [,,,..



Unless there is a significant length of wire used in
the installation, the major portion of the resistance
occurs in the anode ground bed; this resistance cal-
culation is provided below. A schematic of the vari-
ation in electrical resistance from the protected
structure to the anode ground bed is provided as Fig-
ure 11.5. It shows that the majority of the resistance
occurs in the ground bed, and that there is a much
smaller electrical resistance at the protected struc-
ture. The resistance of the medium between the
ground bed and the protected structure is not obvi-
ous from the diagram, as the current is distributed
through a large area. It is important, however, and
must be determined in CP design. The cathodic and
anodic overpotentials, 7). and 1,, which are devia-
tions from the equilibrium potentials of the cathodic
and anodic reactions, respectively, are of the order of
a few millivolts. As the protected structure is the
cathode of the system, it is very important to control
the cathodic overpotential, which is generally sev-
eral orders of magnitude lower than the total voltage
loss. This is the major design problem with galvanic
CP systems, because protection may be lost if this is
not controlled. As maintenance of the voltage of the
structure below a critical value is the objective of ca-
thodic protection, the reference electrode should be
placed as close as possible to the structure. This

Anode

Buried {'
| Ground Bed

Structure

—

!

Ne

FIGURE 11.5 The voltage losses in a CP system. The
majority of the loss occurs in the ground bed, but losses in
the soil/water must be accounted for, too. Adapted from
Shrier.2
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will minimize the iR drop, which is the electrical
potential that is used up moving ions through the
soil. If the iR drop is large, there will be discrepan-
cies between the voltage reading with respect to the
reference electrode and the actual voltage of the
structure.

The electrical current needed to achieve the pro-
tection potential and the solid resistivity are both ob-
tained by on-site measurements. Numerous devices
are available for measuring the soil resistivity, and
some of these are shown below. Figure 11.6 shows a
Wenner four-pin soil resistivity system in which the
pins are placed in the ground, potential is applied be-
tween the two outer pins, and the current flowing in
the system is measured. Pins 2 and 3 are the refer-
ence electrodes used to measure the potential differ-
ence between pins 1 and 4. The soil resistivity can be
determined by the following equation?:

AE

p = 2ma R (11.8)

9

where the pins are spaced “a” units apart.

If it is inconvenient to measure the soil resistivity
in the field, samples can be taken into the laboratory
and the resistivity determined. However, this is gen-
erally not advisable, as changes to the moisture con-
tent during transport will occur, affecting the soil re-
sistivity. If it is necessary to determine the soil
resistance in the laboratory, several devices are
available, including the soil box presented as Figure
11.7, where the resistivity is determined by*

DC Power
Supply

1 2 3 4

FIGURE 11.6 A Wenner four-pin soil resistivity appa-
ratus.
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Place
Sample in
Box

FIGURE 11.7 Soil box method for determining soil re-
sistivity.

p=R——, (11.9)

L

where the W, D, and L are the dimensions of the soil
box (between the electrodes) and R is the measured
resistance when current is passed between pins 1 and
4 and the potential gradient is measured between
pins 2 and 3.

Finally, a Wenner 8-pin circular system is pre-
sented in Figure 11.8. In this method, eight separate
measurements are made using adjacent sets of four
pins. The outer set supplies the current; the inner set
supplies the voltage reading. The average sample re-
sistance, R, is calculated, and the resistivity is de-
termined via

p = f(Ru,K: + K>), (11.10)

FIGURE 11.8 A photograph of a Wenner eight-pin
electrical resistivity measurement cell.

where f is a temperature correction factor, and K,
and K, are cell constants that depend upon the cell
design and are determined from the measurement of
a specimen of known resistivity.

The values of the protection current depend upon
the integrity of the protective coating on the struc-
ture, the velocity and salinity of the water, and the
presence of sulphate-reducing bacteria. Typically,
i, varies from one to two microamps per square

oot of protected structure, in less corrosive condi-
tions at the metal surface, to 50 or 60 LA/ft? in se-
vere service conditions.

11.3.2 Resistance Calculations

The resistance of the medium between the anodes
and the cathodically protected structure plays an im-
portant role in determining the number of anodes
and, for impressed systems, the rectifier voltage,
as discussed below. When a ground bed is designed,
the anodes are placed in augured holes and sur-
rounded by a backfill that is comprised of coke or
some other conductive carbonaceous material. This
backfill effectively increases the surface area of
each anode, which reduces the electrical resistance
of the ground bed. If the overlying soil surface is
very shallow, the anodes can be laid horizontally in
a trench. Figure 11.9 gives some typical ground bed
layouts. For a typical vertical arrangement, the an-
odes are placed in holes 8—12 in. in diameter with a
6 in. to 1 ft allowance for backfill at the top and bot-
tom of the hole. If multiple anodes are used, they can
be placed linearly with a separation distance of
15-20 ft.

For a single anode, the following empirical design
equation is used in the resistance calculation:

R = p{1n<8L) - 1],
2L D

Where p = resistivity of the backfill or soil
D = anode backfill diameter or anode diam-
eter
L = length of the backfill or soil

(11.11)

If multiple vertical anodes are required, with lin-
ear spacing S, in a single ground bed, the anodes will
interfere with one another, and the result obtained by
Eq. (11.8) should not simply be divided by the num-
ber of anodes, N. Instead, an interference factor is
incorporated into the equation, which yields the
multi-anode ground bed resistance equation
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FIGURE 11.9 (a) Typical anode and backfill dimen-
sions. (b) Spacing of vertical and horizontal anodes.

8L 2L
R=pb<>—l+IMM%M.

27N "\ D 3
(11.12)

For horizontal anodes, a single equation is used
for both single and multiple anodes. This is possible
because multiple anodes are surrounded by the same
electrically conductive backfill as shown in Figure
11.10. The design equation in this case is

p 4L L 2X
R=—"—In|=)+mlZ)-2+"2| 1113
2wLl \ D X L

where X is the anode depth and the other symbols
have the usual meanings. Equations (11.8), (11.9),
and (11.10) are used for both galvanic and impressed
ground bed resistance calculations.

11.3.3 Resistance Calculation Procedure

Both the ground bed resistance, which is often called
the internal resistance, and the soil resistance have to
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FIGURE 11.10 Arrangement of horizontal anodes with
calculation nomenclature. (a) Single Anode. (b) Multiple
anodes in a single ground bed.

be added to give the total resistance between the
ground bed and the buried structure. The following
procedure is recommended to determine the total re-
sistance:

1. Calculate the resistance between the anode and
the protected structure, using the anode dimen-
sions, the resistivity of the backfill, and the ap-
propriate equation for the number of anodes and
geometry.

2. Calculate the resistance between the backfill and
the protected structure, using the backfill dimen-
sions, the resistivity of the backfill, and the ap-
propriate equation for the number of anodes and
geometry.

3. Subtract the value calculated in Step 2 from that
calculated in Step 1. This will give the internal re-
sistance.

4. Calculate the soil resistance, using the backfill di-
mensions and the soil resistivity.

5. Add the results of Step 3 and Step 4 to provide the
total resistance.

11.3.4 Comparison of Magnesium and
Zinc Anodes

Magnesium anodes are more frequently used in gal-
vanic systems because magnesium has a greater driv-
ing force, since it is a less noble metal than zinc. Also,
magnesium anodes generally produce more theoret-
ical amp-hours per pound of magnesium, and the
number of theoretical pounds that are used per year
is less than that of zinc anodes. However, these ad-
vantages are somewhat offset by the low density of
magnesium, which can result in large, bulky anodes
and a current efficiency that is approximately half
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that of zinc anodes. This changes these theoretical
values and makes zinc anodes more competitive.
However, zinc anodes are only used when the soil or
water resistivity is low. In all other situations, mag-
nesium anodes should be used. Figure 11.11
schematically illustrates the differences between
magnesium and zinc anodes. As the corrosion current
density, i,,,,, on magnesium anodes is greater, these
anodes will be consumed faster than zinc anodes.

The consumption rate of anodes can be estimated
using Dwight’s equation, which determines the out-
put current of an anode:

A — (11.14)
pIn(8L/D — 1) '
The size of bare anodes varies with application
and vendor, but typical anodes weigh from a few
pounds to 60 or so, with dimensions of a few inches
to several feet. Anodes are also available pre-packed
with a surrounding of electrically conductive back-
fill. This adds considerably to the size and weight of
the anodes, sometimes even doubling the weight.

11.3.5 Design Procedure for a Galvanic
CP System

The design procedure for galvanic systems is itera-
tive, as the engineer does not know at the start
whether the resistance of the ground bed and soil
will be so high as to prevent current from flowing be-
tween the anodes and the protected structure, as in

Zn ->7Zn%*+2e

Mg -> Mg?*+2e

log(i)

FIGURE 11.11 Schematic of the kinetics of zinc and
magnesium anodes showing the lesser corrosion rate of
zinc (1) than magnesium.

E.—E, <1I,R. (11.15)

prot
This is due to the fact that the protection potential
(E,) is fixed and determined by the construction ma-
terial of the object to be protected. The solution po-
tential (E,) is also fixed and depends upon the anode
composition. Therefore, unlike impressed system,
these potentials cannot be adjusted to accommodate
a particularly high ground bed and/or soil resistance.
The design procedure is as follows:

1. Determine the current requirements from field
current demand tests. Measures the electrical
density of the soil during a field survey of the
amount of current required to achieve the protec-
tion potential.

2. Calculate the total weight of anodes required to
last for a given anode life. To take into account
the fact that the anodes will break apart after a pe-
riod of time, a utilization factor is incorporated
into the equation that is used to calculate the
weight:

_ Iproth

= — 11.16
zFeU ( )

where W = total weight of anode required
¢ =time
M = molar mass
z = charge transferred in the electrode
reaction
F = Faraday’s constant
€ = current efficiency
U = utilization factor

This equation can also be written as

(C)}

prot
W=—"%

11.17
U (11.17)

where O is the theoretical pounds of anode used per
year per ampere.

1. Select the number of anodes that are needed to
make up the total weight of anodes required.

2. Determine the total resistance between the anodes
and the buried structure.

3. Check toseeif E, —E, 21,,,R. If this condition is
true, then the calculation 1s finished. If this is not
true, a different ground bed configuration is spec-
ified and the calculation repeated. In this case, it



is usual to increase the number of anodes, but
keep the same total weight.

11.4 IMPRESSED CATHODIC
PROTECTION SYSTEMS

Impressed CP systems are much more widely used
than galvanic systems, and they are used to protect
larger systems, such as pipelines. In these systems, a
rectifier that converts alternating to direct current re-
places the sacrificial anode. Thus, a source of alter-
nating current must be available close to the struc-
ture, which may be problematic in areas that are
remote or difficult to access. In these cases, sacrifi-
cial anodes should be employed as the source of cur-
rent. A schematic of the equipment used in a typical
impressed CP system is shown in Figure 11.12,
which consists of single or multiple anodes in a
ground bed, a rectifier, plus monitoring equipment,
such as a voltmeter and reference electrode.

In an impressed CP system the metal wastage an-
odic reactions, such as

M—M" + ze” (11.18)

should be avoided by controlling the potential. In-
stead, reactions involving oxygen or chlorine libera-
tion are preferred, with oxygen evolution first occur-
ring, followed by chlorine liberation at higher
potentials if chloride ions are present, as follows:

/High Tension Cables
Instrumented
Post-Mounted
Rectifier

e

* T T 1

Buried Structure

T— 20'_—T .
Anode Ground Bed

FIGURE 11.12 A schematic of an impressed CP sys-
tem.
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H,0— 0, + 4H' + de,  (11.19)

2CI~ — Cl, + 2e. (11.20)
Because these reactions liberate gases, the ground
bed ideally should be vented.

11.4.1

The ideal anode material should be inexpensive,
have low consumption rates, and be able to easily
evolve the oxygen and/or chlorine gas. There are nu-
merous anode materials available for use in a ground
bed, as described below.

Anode Materials

11.4.1.1

This material is commonly used in compacted form,
and it easily evolves both oxygen and chlorine.
However, it is brittle and can easily be damaged. It is
inert but care has to be taken to ensure that high cur-
rent densities are not passed through the ground bed,
as this will result in the oxidation of the anodes to
carbon dioxide. Graphite anodes are typically used
in soil systems. Figure 11.13 shows the kinetics of
oxygen evolution on graphite anodes that are used to
protect a carbon steel structure. The difference in po-
tential between the oxygen evolution reaction at the
anode and the reversible potential of iron (£, — E,)
is 2 volts.

Graphite

11.4.1.2 Cast Iron and Scrap Steel

These materials should be avoided because of the an-
odic reaction described in Eq. (11.2), and the fact that

40H- -> 0,+2H,0+4e

A

E(V)

E . Fe ->
02/H20 | Ferrse

.7

Fe/Fe2+

log(i)

FIGURE 11.13 The kinetics of oxygen evolution on
graphite anodes.
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there may be high consumption rates of the anodes.
This leads to contamination of the surrounding area.
This type of anode should be avoided unless protec-
tion is required for a short duration only. The primary
advantage of these electrodes is their low cost.

11.4.1.3 Chromium-Bearing High Silicon
Cast Iron

This low-cost passive alloy is suitable for soil appli-
cations but it should not be used where significant
levels of chloride ions are present, as pitting corro-
sion may occur. There is slight anodic dissolution
(but the consumption rate of the anode is very slow),
and oxygen evolution is the predominant anodic re-
action. These electrodes are suitable for use in soils,
freshwater, and saltwater. Stainless steels should not
be used as anodes, as they are expensive and the pro-
tective passive film, which is responsible for corro-
sion resistance, breaks down near the oxygen evolu-
tion potential.

11.4.1.4 Other Anode Materials

There are numerous other materials that can be used
as anodes, including lead alloys, conductive oxides,
polymers, and platinized electrodes, such as expen-
sive platinized titanium. However, these exotic an-
odes are used infrequently.

11.4.2 Design Procedure for an Impressed
CP System

Since the source of electrons is rectified alternating
current, there is no limitation on the amount of cur-
rent that can be supplied to the system, unlike gal-
vanic systems. Thus, the engineer can choose a
ground bed design and set the voltage required to
protect the buried structure on the rectifier controls.
Hence, the calculation is not iterative. There are four
steps in the design process.

1. Determine the current requirements from field
current demand tests. This provides the protection
current, I .. A soil survey should also be con-
ducted to determine the soil resistivity.

2. Using 1 ampere per anode as a guide, specify the
number of anodes in the ground bed.

3. Choose the anode arrangement (horizontal or ver-
tical) and calculate the resistance between the
structure to be protected and the ground bed. Use
equations (11.11) to (11.13) and the calculation
procedure presented in Section 11.3.3.

4. Calculate the rectifier voltage:

E=E —E, +1,[(R+R), (11.21)
where R, is the resistance of the wiring used in the
installation. For oxygen evolution on graphite an-
odes protecting a carbon steel structure, £, — E, is
2 volts (as illustrated in Figure 11.13), but this will,
of course, be different for other combinations of an-
odes, anodic reactions, and protected metals.

11.5 GROUND BED SPACING

For most structures, it is difficult to theoretically de-
termine the electrical potential over the surface of
the structure. It is generally easier to perform exper-
iments to determine potential attenuation character-
istics. When a large structure is to be protected, a
single ground bed may not be sufficient to protect
the whole structure. As discussed earlier, the poten-
tial of a steel structure must have a maximum poten-
tial of —0.85 Vcusos for protection. If this potential
is applied at a pipe wall, for example, the potential
will increase along the pipe length and the protection
will be attenuated until no protection is afforded to
the structure. This decrease in potential is schemati-
cally illustrated in Figure 11.14 for a pipeline, for
which analytical equations have been developed that
describe the potential attenuation. This section first
derives these equations for this special case and, sec-
ond, shows how these can be used to determine the

i Pipeline :|
e s s
1 ]I ._1. h‘
Rectifier and
Ground Bed
085V ———— e Maximum

CulfCus0,
Minimum

FIGURE 11.14 Potential attenuation along a pipeline.
If the maximum potential of —0.85 Vcyg0, 1s exceeded,
the pipeline will not be protected in those areas.



spacing of multiple anode ground bed installations
for the protection of large linear buried structures
such as pipelines.

The following derivation (Figure 11.15) is after
Uhlig.” Consider a section of well-coated pipeline,
to which a single ground bed is attached, where

E = the difference between the actual potential
at the pipe and E .

E, = the difference between the potential of the
pipe and E_ . at the bonding point,

E_= the difference between the potential of the
pipe and E_ . at a distance of x from the
bonding point,

i, = the current density at the pipe surface at x,

1. = the total current in the pipewall at x,

r= the pipe radius,

R, = electrical resistance of the pipe per unit

length,

x = the distance from the ground bed to a point
on the pipe,

z= electrical resistance of the pipe coating per
unit area.

The objective is to mathematically determine the
rate of attenuation of potential along the structure.
The total current flowing in the pipe is the integral of
the current density along the pipe multiplied by the
cross sectional area. Or, in terms of a fractional
length of pipe, dx:

dl,

— 11.22
I ( )

= —27ri,.
Applying Ohm’s law over the fractional length of
pipeline

dE, = —R,dxI.. (11.23)

FIGURE 11.15 A segment of a pipeline with a single
ground bed. Adapted from Uhlig.”
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Equations (11.22) and (11.23) yield

&’E,
dx*

= R,(27rri,). (11.24)
This equation has two dependent variables. There-
fore, another equation is needed for closure. Assum-
ing that the potential is proportional to the product of
the resistivity of the porous coating and the current
density at the pipe surface, then,

E, = kzi, (11.25)

where k is a proportionality constant. Eq. (11.21)
provides closure; thus,

&E, (RL27T>
= E..
dx kz

(11.26)

Eq. (11.26) describes the potential attenuation along
a buried structure.

11.5.1 Determination of the Number of

Ground beds

To ensure that the potential of the protected structure
does not rise above E,,,,,, the appropriate spacing of
CP stations can be determined from Eq. (11.26). If
insufficient numbers of (and, consequently, large
separations between) stations occur, then the poten-
tial will be located in the active region in Figure
11.1; corrosion will occur in those zones that fall in
this region. However, the procedure to determine a
sufficient number of stations is relatively simple.

First, the parameter product kz is determined. The
solution of Eq. (11.26) for a single station on an in-
finitely long pipeline can be obtained by applying
the following boundary conditions:

El,o = E, (11.27)

El,. =0, (11.28)

with result

R 2mr\%3
E . =FE, exp|| — k x|, (11.29)
<

or

E, R 27r\*?
In—=|— X, (11.30)

E kz

a
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By applying a current on the pipeline, the attenu-
ation along it can be measured at various locations
along the pipe and a plot In(E,/E,) versus distance, x,
will have a slope of (—R,;2mr/kz)">. The product kz
can be determined from the slope since all other pa-
rameters are known.

To determine the actual spacing of stations, Eq.
(11.26) is solved for the case of two identical sta-
tions separated by a distance, P. At the midpoint be-
tween the stations, P/2, no current will flow, yielding
the following boundary condition:

dE,
dx

=0. (11.31)

x=p/2

This yields the a potential distribution between sta-
tions as

R2mr\°P
E, = E,; cosh|| — e — . (11.32)

2

Since E, is specified by the corrosion engineer
and dialed into the rectifier, £, is the maximum po-
tential in the pipeline, which is E ... Thus, E,,, ., R;,
r and kz are known, and the spacing between stations
can be determined. It would seem from this equation
that a single station or ground bed could protect an
extremely large structure by decreasing the potential
at the station to a very low value. However, this is not
the case, as too low of a potential would debond the
anticorrosive coating on the metal and values of E,
of restricted to a few volts.

11.5.2 Current Requirements for
Impressed Systems

To determine the drainage current at the bonding
point, consider a single station on a pipeline as
shown in Figure 11.16.

P/2 P/2

FIGURE 11.16 Current from a single ground bed in-
stallation.

The current distribution along the pipeline can be
obtained from Eqs. (11.23) and (11.29), yielding Eq.

(11.30).7
27rR, 0'5Ea 27rR; 05
1, = —exp| — x|. (11.33)
kz R, kz

At the station, the drainage current is two times that
calculated via this equation. In other words,

2mrR; \>3E,
1= Za,
kz R,

(11.34)

For several stations spaced a distance a apart, a sim-
ilar argument produces the design equation

2 R 05 F 2 R 0.5
I, = 2(7“) ”/zsinthL> a].(11.35)
kz R, k) 2

11.5.3 Cathodic Protection of
Internal Surfaces

Cathodic protection is not generally used for the pro-
tection of enclosed equipment, except for tanks or
other pieces of equipment that have a low surface
area of metal-to-volume ratio and an open structure.
This is because the CP equipment cannot usually
pass current easily in equipment due to the low elec-
trical resistance of the solution. This ability to pass
current is called throwing power. The throwing
power of a CP system that is protecting the outside
of a structure is limited by the electrical resistance of
structure, which is made of an alloy or metal; thus,
the throwing power is much greater.

For the case of a CP system protecting internal sur-
faces, the most prudent way of designing is to perform
pilot scale tests. A second option would be to deter-
mine the potential of the surfaces by mathematical
modeling. This option is difficult and computation-
ally intensive, but it can be used for determining the
potential of both internal and external surfaces. The
mathematical procedure involves solving Poisson’s
Equation with the appropriate potential and geomet-
ric boundary conditions. In this procedure, the recti-
fier potential would be set in the model, and the po-
tential calculated and checked to see if protection was
afforded over the structure by measuring the potential
at numerous equations. Poisson’s Equation is

Vi =0, (11.36)



where ¢ is the potential. However, one way of esti-
mating the throwing power in simple systems, such
as heat exchanger tubes or pipes connecting tanks to
chemical process equipment is to apply Eq. (11.37):

E — E\%°
TP = <r> )
pii

In this equation, the difference between the cathodic
(E,) and (E,) anodic potentials is taken as 2 V, and i
and p, are the current density in and the resistivity of
the solution in the vessel or pipe.

(11.37)

11.5.4 Stray Current Corrosion

When a CP system is installed, care should be taken
to electrically bond the protected structure to other
buried metal objects. If structures are not bonded, a
cathode-anode couple may be formed between the
protected structure and other structure. The resulting
current flow may cause local areas of corrosion on
the unprotected structure. Consider the two crossing
pipelines in Figure 11.17. If the lower pipeline is
protected, the upper pipeline will corrode at the clos-
est crossing points. This problem can be resolved by
electrically bonding the two pipelines which, in
essence, causes both pipelines to be cathodically
protected. To minimize the risk of stray current cor-
rosion, the potential difference between the two
pipelines should be checked and an electrical resis-
tor placed at one of the bonding points to eliminate
any differences. Figure 11.18 presents a protected
structure that is close to a buried or semi-buried

Unprotected

Pipeline Crosses :

Protected Pipeline

Electrical ———————> . E
Bonding /'% . ‘
Resistor I

0 Protected Pipeline B

FIGURE 11.17 Stray current corrosion and crossing
pipelines. Without the electrical bonding in place, there
would be a difference in potentials of the two pipelines
and the unprotected pipeline would corrode. With the
bonding in place, both structures are protected, although
more current will be need to be supplied by the rectifier to
account for the increased surface area to be protected.
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/ Unprotected\'_
Structure Discharge

FIGURE 11.18 Stray current corrosion with two
closely situated structures. Current is discharged on the
unprotected structure, causing localized corrosion.

Protected
Structure

structure. In this situation, the structure would cor-
rode as the stray currents pass in at one side and are
discharged at a corrosion zone on the opposite side
of the structure. Electrical bonding of the structure
to the pipeline would minimize damage.

11.5.5 Overprotection

To ensure completeness of protection, engineers
may overprotect a system by reducing the potential
lower than that determined by the Nernst Equation.
There is generally no harm in overprotecting a sys-
tem except increased power consumption and an in-
creased rate of anode consumption. However, if the
overprotection is excessive, coatings may be dam-
aged, and hydrogen embrittlement and blistering
may occur.?
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12.1 INTRODUCTION: HOW FLAME
RETARDANTS WORK

Flame retardants are chemicals added to polymeric
materials, both natural and synthetic, to enhance
flame-retardant properties and to prevent fire. The
term “flame retardant” represents a class of use, not
a class of chemical structure. Preventive flame pro-
tection, including the use of flame retardants, has
been practiced since ancient times—Romans used
a mixture of alum and vinegar on wood in about
200 BcC.

Flame retardant systems for synthetic or organic
polymers act in five basic ways: (1) gas dilution, (2)
thermal quenching, (3) protective coating, (4) phys-
ical dilution, (5) chemical interaction; or through a
combination of these mechanisms.

1. Inert gas dilution involves using additives that
produce large volumes of non-combustible gases
on decomposition. These gases dilute the oxygen
supply to the flame or dilute the fuel concentra-
tion below the flammability limit. Metal hydrox-
ides, metal salts, and some nitrogen compounds
function in this way.

2. Thermal quenching is the result of endothermic
decomposition of the flame retardant. Metal hy-
droxides, metal salts, and nitrogen compounds act
to decrease surface temperature and the rate of
burning.
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3. Some flame retardants form a protective liquid or
char barrier. This limits the amount of polymer
available to the flame front and/or acts as an insu-
lating layer to reduce the heat transfer from the
flame to the polymer. Phosphorus compounds and
intumescent systems based on melamine and
other nitrogen compounds are examples of this
category.

4. Inert fillers (glass fibres and microspheres) and
minerals (talc) act as thermal sinks to increase the
heat capacity of the polymer or reduce its fuel
content (physical dilution).

5. Halogens and some phosphorus flame retardants
act by chemical interaction. The flame retardant
dissociates into radical species that compete
with chain-propagating steps in the combustion
process.

Chemicals that are used as flame retardants can be
inorganic, organic, mineral, halogen-containing, or
phosphorus-containing. Halogenated products are
based primarily on chlorine and bromine. This group
represents a large volume of the worldwide produc-
tion. Halogenated flame retardants can be divided
into three classes: aromatic, aliphatic, and cyclo-
aliphatic. Bromine and chlorine compounds are the
only halogen compounds having commercial signif-
icance as flame-retardant chemicals. Fluorine com-
pounds are expensive and, except in special cases, are
ineffective because the C-F bond is too strong. lodine
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compounds, although effective, are expensive and
too unstable to be useful [1]. The brominated flame
retardants are much more numerous than the chlori-
nated types because of their higher efficacy [2].

With respect to processability, halogenated flame
retardants vary in their thermal stability. In general,
aromatic brominated flame retardants are more ther-
mally stable than chlorinated aliphatics, which are
more thermally stable than brominated aliphatics.
Brominated aromatic compounds can be used in
thermoplastics at fairly high temperatures without
the use of stabilizers, and at very high temperatures
with stabilizers. The thermal stability of the chlori-
nated and brominated aliphatics is such that, with
few exceptions, they must be used with thermal sta-
bilizers, such as a tin compound.

Halogenated flame retardants are either added to
or reacted with the base polymer. Additive flame re-
tardants are those that do not react in the application
designated. There are a few compounds that can be
used as an additive in one application and as a reac-
tive in another; tetrabromobisphenol A is the most
notable example. Reactive flame retardants become
a part of the polymer either by becoming a part of the
backbone or by grafting onto the backbone. The
choice of a reactive flame retardant is more complex
than the choice of an additive type. Synergists, such
as antimony oxides, are frequently used with halo-
genated flame retardants.

Natural or synthetic material that burns produces
potentially toxic products. There has been consider-
able debate on whether addition of organic flame re-
tardants results in the generation of smoke that is
more toxic and may result in adverse health effects
on those exposed. There has been concern, in partic-
ular, about the emission of polybrominated dibenzo-
furans (PBDFs) and polybrominated dibenzodioxins
(PBDDs) during manufacture, use and combustion
of brominated flame retardants.Combustion of any
organic chemical may generate carbon monoxide
(CO), which is a highly toxic non-irritating gas, and
a variety of other potentially toxic chemicals. Some
of the major toxic products that can be produced by
pyrolysis of flame retardants are: CO, CO,, HCl,
PXOy, ammonia, bromofurans, HBr, HCN, NOy and
phosphoric acid. In general, the acute toxicity of fire
atmospheres is determined mainly by the amount of
CO, the source of which is the amount of generally
available flammable material. Most fire victims die
in post-flashover fires where the emission of CO is
maximized and the emission of HCN and other
gases is less. The acute toxic potency of smoke from
most materials is lower than that of CO [3].

Flame retardants significantly decrease the burn-
ing rate of the product, reducing heat yields and
quantities of toxic gas. In most cases, smoke was not
significantly different in room fire tests between
flame-retarded and non-flame-retarded products [4].
Morikawa et al. [5] reported toxicity studies on
gases from full-scale room fires involving fire retar-
dant materials (a variety, but not specified). HCN
and CO were the two major toxicants. There was no
evidence that the smoke from flame-retarded materi-
als was more toxic to rabbits than the smoke from
non-flame-retarded materials.

Regarding brominated flame retardants, Cullis [2]
stated that unless suitable metal oxides or metal car-
bonates are also present, virtually all the bromine is
eventually converted to gaseous hydrogen bromide
(HBr). This is a corrosive and powerful sensory irri-
tant. In a fire situation, however, it is always carbon
monoxide (CO) or hydrogen cyanide (HCN), rather
than an irritant, that causes rapid incapacitation.
Owing to its high reactivity, hydrogen bromide is un-
likely to reach dangerously high concentrations [2].

Halogenated dibenzofurans and dibenzodioxins
(PBDFs and PBDDs) can be formed from poly-
brominated diphenyl ethers (PBDEs), polybromi-
nated phenols, polybrominated biphenyls (PBBs),
and other brominated flame retardants under various
laboratory conditions, including heating. Because
chlorinated derivatives are preferably formed during
pyrolysis, mixed halogen compounds will be pre-
dominantly produced if a chlorine source is also
available [6]. As in the case of PCDD/PCDF, it is the
2,3,7,8-substituted isomers that are toxic.

In the late 1980s, many pyrolysis experiments (at
temperatures of 400900 °C) on brominated flame
retardants and flame retardant systems were per-
formed, and the breakdown products measured.
Flame retardants or intermediates tested included
PBBs, PBDEs, 2.4,6-tribromophenol, pentabromo-
phenol, tetrabromobisphenol A, and tetrabromoph-
thalic anhydride [7-11]. Pyrolysis of the flame retar-
dants alone, as well as with polymer mixtures, was
investigated [12-14]. Although they indicate which
flame retardants are likely to form PBDF (and, to a
lesser extent, PBDD), pyrolysis experiments are not
generally comparable to actual fire situations.

Exposure of the general population to flame retar-
dants can occur via inhalation, dermal contact, and
ingestion. Potential sources of exposure are con-
sumer products, manufacturing or disposal facilities,
and environmental media (including food intake).
The same routes are possible for occupational expo-
sure, mainly during production, processing, trans-
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portation and disposal or recycling of the flame re-
tardants or the treated products.

Occupational exposure to the breakdown prod-
ucts may also occur during fire fighting. As several
of the compounds used are lipophilic and persistent,
they may bioaccumulate. Some of the compounds
have been shown to cause organ damage, genotoxic
effects and cancer. There is also concern for occupa-
tional health and environmental effects from com-
bustion/pyrolysis products, especially the polyhalo-
genated dibenzofurans and dibenzo- p-dioxins, from
some organic flame retardants. Other breakdown
products also need to be taken into account.

The properties of a number of flame retardants
make them persistent and/or bioaccumulative, and
they may therefore pose hazards to the environment.
Some of the compounds that have been evaluated so
far (polybrominated biphenyls, polybrominated di-
phenyl ethers and chlorinated paraffins) have been
found to belong to this group. Some of these have
therefore been recommended to not be used.

The availability of relevant data on flame retar-
dants in the open literature is limited, especially
for some existing chemicals produced before regula-
tions for commercialization were strengthened in
several countries. A recent study on the risk reduction
of halogenated flame retardants (polyhalogenated
biphenyls, precursors of dioxins and furans), com-
missioned by the Organization for Economic Coop-
eration and Development (OECD), has led to a vol-
untary industry commitment from the brominated
flame retardant manufacturers [15]. The key points of
this commitment are as follows:

1. There will be no manufacture of polybrominated
biphenyls (PBBs), except deca-BB, which is
manufactured by a single company in Europe.
(This will be reviewed in five years.)

2. There will be no manufacture of the non-
commercial polybrominated biphenyl ethers
(PBBEs).

3. The impurities in deca- and octabromodiphenyl
ethers will be minimized.

4. The release of pentabromodiphenyl ether during
manufacturing, processing, and handling will be
minimized.

5. Producers will cooperate with use and end-use in-
dustries on the safe disposal of polymers and tex-
tiles containing the selected brominated flame
retardants.

6. Additional environmental fate studies will be ini-
tiated, as identified in the World Health Organiza-

tion’s (WHO) International Program on Chemical
Safety (IPCS) assessment and the European
Union’s Existing Chemicals program.

7. Producers will issue and update product literature
to ensure safe handling of these flame retardants
at customers and equipment manufacturers.

8. Producers will regularly evaluate the risk of these
flame retardants on the basis of the latest infor-
mation available.

However, there is no scientific justification for
phasing out all brominated flame retardants (BFRs).
BFRs, which are part of the halogenated flame retar-
dants group, represent a category of 75 flame retar-
dants, each with differing structures and properties.
The only thing each has in common is the presence
of bromine. Only one out of 75 BFRs is widely
found in the environment, and this at declining lev-
els. This is penta-BDE for which an E.U. risk as-
sessment has been completed, leading to a proposal
for phase-out in 2003. The industry fully accepts the
proposed phase-out of penta-BDE, as it is based on
a comprehensive risk assessment.

In 1991, a directive was proposed in the E.U. to
limit PBDPO use in articles to 0.1%. The proposed
directive was blocked from proceeding by the E.U.
Environment Committee until such time as fire pro-
tection safety standards could be formulated and
adopted in the E.U., due to the Committee’s concern
that adequate alternatives for these products did not
exist. In 1994, the European Commission withdrew
the directive from the E.U. regulatory process on the
grounds that it was out of date. In doing so, the Com-
mission noted that neither Germany nor the Nether-
lands had proceeded to introduce national rules on
the PBDPO, and that the “international scientific
community is now much less convinced that the
PBDPO pose an unacceptable danger to human
health and the environment” [8].

In May, 2001 the European Committee on the
Environment, Public Health and Consumer Pol-
icy issued the proposal for a European Parlia-
ment and Council directive amending for the
twenty-fourth time Council Directive 76/769/
EEC, which relates to restrictions on the mar-
keting and use of certain dangerous substances
and preparations (pentabromodiphenyl ether).
The last proposal is amended as follows: By way
of derogation these provisions do not apply to
technical grade octabromodiphenyl ether pro-
vided it contains less than 2% diphenylether,
pentabromo derivative (pentaBDE) by mass.
This proposal was justified by the contradiction
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to prohibit the use of pentaBDE as a substance
while permitting its residues to be present in sig-
nificant quantities in other substances. The pro-
posed maximum of 2% pentaBDE as a residue
intechnical grade octabromodiphenyl ether cor-
responds to the lowest percentage which allows
the production of octabromodiphenyl ether to
continue, pending completion of the risk assess-
ment for this substance. [Council Directive
76/769/EEC, OJ No. 1262, 27.9.76, p. 201.]

This chapter describes some basic features of
dioxins and related compounds, and their influence
on the environment. The word “dioxin” stands for a
group of chemicals that occurs rarely, if ever, in na-
ture. A very large proportion of dioxin comes from
human sources. Dioxin began accumulating in the
environment around 1900, when the founder of Dow
Chemical (in Midland, Michigan) invented a way to
split table salt into sodium atoms and chlorine
atoms, thus making large quantities of “free chlo-
rine” available for the first time [16]. Initially, Dow
considered free chlorine a useless and dangerous
waste. Soon, however, a way was found to turn this
waste into a useful product by attaching chlorine
atoms onto petroleum hydrocarbons, thus creating,
during the 1930s and 1940s, a vast array of “chlori-
nated hydrocarbons.” These new chemicals, in turn,
gave rise to many of today’s pesticides, solvents,
plastics, and so forth.

Unfortunately, when these chlorinated hydro-
carbons are processed in a chemical plant, or are
burned in an incinerator, they release an unwanted
byproduct—dioxin—the most toxic family of chem-
icals ever studied.

12.2 TOXICOLOGY OF DBDPO, OBDPO,
PeBDPO, AND HBCD

The three commercial PBDPO flame retardants are
DBDPO, OBDPO, and PeBDPO. The potential tox-
icologic effects of these three products vary with
their degree of bromination. That is, in general, the
greater the degree of bromination on the diphenyl
oxide molecule, the lesser the toxicity of the
PBDPO. (This also appears to hold true with the
PBB.) Minimal effects are observed with DBDPO,
in which both aromatic rings are fully brominated.
Because of this variation in toxicology associated
with the degree of bromination, generalized state-
ments regarding the potential health and environ-
mental effects of the entire class of PBDPO bromi-
nated flame retardants are inappropriate.

12.2.1 Decabromodiphenyl Oxide

(DBDPO)

The DBDPO commercial product is composed of
> 97% DBDPO. DBDPO is a very large molecule
with a molecular weight of 959 g/m. DBDPO has
undergone a wide range of toxicology tests in mam-
malian and aquatic species, and its toxicology is
well characterized (Table 12.1) [17]. DBDPO is not
acutely toxic to mammalian or aquatic species.
DBDPO is not irritating to the skin or eye, is not a
sensitizer, and does not induce chloracne or hepatic
enzymes. The soot and char combustion products
from HIPS/DBDPO/Sb,0; are also not acutely
toxic and are not chloracnegenic. DBDPO is not
a reproductive toxicant and is not teratogenic.
DBDPO has a low degree of long-term toxicity that
can be attributed to its poor absorption, rapid elimi-
nation, and capacity to be metabolized. Doses of
10% and 5% of the diet were tolerated with no
adverse effects by rats and mice for 14 and 90 days,
respectively. Doses of 5% of the diet were tolerated
for two years by rats and mice with no effect on
body weight or mortality and only minimal evi-
dence of organ effects. Two two-year carcinogenic-
ity bioassays have been conducted. The first, at a
top dose level of 1 mg/kg in rats, produced no evi-
dence of carcinogenicity. The second one, con-
ducted at 2.5 and 5% of the diet in rats and mice,
produced some evidence of carcinogenicity depend-
ing on genus and sex [17].

DBDPO does not bioconcentrate in fish and can
undergo photodegradation (at a very slow rate).
DBDPO aqueous photodegradation products are not
lower brominated diphenyl oxides. Leaching from
polymers is insignificant. DBDPO is not widely dis-
tributed in the environment and, where found, is
largely confined to sediments near point sources.
DBDPO is likely to be highly bound to sediment,
which will limit its bioavailability and is unlikely to
be toxic or accumulated in sediment-dwelling
species. DBDPO is not being detected in fish and
water samples. DBDPO is not likely to present a tox-
icologic risk to wildlife, based on its low degree of
toxicity in multiple studies in mammals. DBDPO
does not present a bioaccumulation risk, based on its
physical/chemical properties, and results of labora-
tory studies and environmental monitoring.

12.2.2 DBDPO Compared to PBB
and PCB

DBPDO has been assumed by some to have similar
properties and to pose the same potential environ-
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TABLE 12.1 DBDPO Toxicology Summary, Composed of Existing Data [17]

Test Results
Oral LD50 > 2,000 mg/kg

Dermal LD50 > 2,000 mg/kg

Inhalation LC50 >48.2 mg/L

Eye Irritation

Skin Irritation

Human Skin Sensitization

Ames

Mouse Lymphoma

Sister Chromatid Exchange
Chromosome Aberration

14-Day Rat and Mice Oral (Diet)
90-Day Rat and Mice Oral (Diet)
Rat 1 Generation Reproduction
Rat Teratogenicity

Rat & Mouse Carcinogenicity (Diet)

Rat Carcinogenicity (Diet)

Rat Hepatic Enzyme Induction
Rabbit Skin Acnegenicity

Rat Pharmacokinetics (Oral and IV)

Ready Biodegradation
Fish LC50

Algae EC50

Fish Bioaccumulation
Aqueous Photodegradation
Polymer Extraction

Not an irritant

Not an irritant

Not a skin sensitizer

Not mutagenic

Not mutagenic

Not mutagenic

Did not induce aberrations

NOEL > 100,000 ppm (10%)

NOEL > 50,000 ppm (5%)

NOEL = 100 mg/kg (highest dose tested)

NOEL > 1,000 mg/kg

25,000 (2.5%) or 50,000 (5%) ppm

Negative or equivocal evidence of carcinogenicity
No effect body weight or mortality

Minimal evidence of chronic toxicity

NOEL > 1 mg/kg (highest dose tested)

Did not induce hepatic enzymes

Not acnegenic; Soot and char not acnegenic

Low bioavailability

Poorly absorbed (<1%) from GI tract

Rapidly Eliminated with short half-life (< 24 hours)
Not readily biodegradable

> 500 mg/L

>1mg/L

Not bioaccumulative; BCF<5 (60 pg/L) and <50 (6 pug/L) 6wk
Half-life >> 90 days; Products not lower BrDPOs
Negligible
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mental threats as the polychlorinated biphenyls
(PCBs) and the polybrominated biphenyls (PBBs).
This assumption is apparently based on their seem-
ingly similar chemical structures. However, these
chemicals are very different from one another.

The first difference among the PCBs, PBBs, and
DBDPOs are found in their physical/chemical prop-
erties. The PCBs are liquids. PBBs and DBDPOs are
solids. The lower chlorinated PCBs are volatile. The
PBBs and DBDPOs have extremely low vapor pres-
sures and are not volatile. Their molecular weights
vary greatly between the different classes. Hexa-
chlorobiphenyl (HxCB) weighs 358 g/m; hexabro-
mobiphenyl (HxBB) weighs 622 g/m; and DBDPO
959 g/m. The great difference in the molecular
weights of HXCB and HxBB is due to the difference
in weight of chlorine and bromine. Chlorine’s
atomic weight is 35; whereas, bromine’s atomic
weight is 79. The molecular volumes of the PCBs,

PBBs, and DBDPOs are also very different, again
due to the influences of chlorine and bromine.
Bromine atoms occupy a considerably larger vol-
ume than do chlorine atoms.

The above properties greatly influence the bio-
availability, absorption, and bioaccumulation of the
PCBs, PBBs, and DBDPOs in biotic systems. Phar-
macokinetic studies show DBDPO has a half-life in
rats of less than 24 hours [17]; whereas, less than
10% of the total HxBB dose would ever be excreted
by rats [17]. In a study directly comparing the fish
bioconcentration of DBDPO, octabromobiphenyl
and tetrachlorobiphenyl, DBDPO and octabromo-
biphenyl were not taken up by the fish; whereas, the
tetrachlorobiphenyl bioconcentrated at least 50 times
over the exposure level within 4 hours [18]. In addi-
tion, the PCB and PBB effect levels in mammals are
considerably lower than those of DBDPO and pre-
sent a different toxicological picture.
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The toxicology of the PCB/PBB/dioxins are gen-
erally accepted to be a receptor-mediated event. The
lack of coplanarity and the orthogonal relationship
of the diphenyl rings will not allow DBDPO to in-
duce PCB/PBB/dioxin-like toxicity. There is an ad-
ditional difference between these molecules, result-
ing from the presence of the ether linkage. The ether
linkage causes a 120° bend in the alignment of the
phenyl rings in the diphenyl oxide molecule. PCB
and PBB, having no oxygen link between the two
aromatic rings, lack this bend. Thus, the phenyl
rings in the PBDPO cannot adopt a coplanar confor-
mation similar to the toxic PCB and PBB congeners,
2,3,7,8-TCDD, and 2,3,7,8-TBDF. The PBDPO and
2,3,7,8-TCDD/F have distinctly different molecular
geometries. The PBDPO are electronically and geo-
metrically dissimilar to 2,2°4,4,’5,5’-HxBB, due to
the presence of the ether linkage.

Another major difference between these chemi-
cals is in their use. PCBs were used in applications
with a high potential for environmental release (as
liquids in large volume transformers and capacitors
and in paperless copiers). As a result of their physi-
cal properties and uses, PCB residues are found in
many diverse locations around the world [19]. The
production, distribution, and use of PBBs was not as
widespread as PCBs; and PBBs, unlike PCBs, were
not used in applications with significant potential for
release to the environment. A main use of HxBB was
in thermoplastics used as housings for typewriters
and business machines; in these applications there
has been little tendency to migrate from the thermo-
plastic [19].

As a result of these differences in properties and
uses, environmental contamination with PCB, PBB
and DBDPO commercial chemicals is vastly differ-
ent in magnitude. PCBs were steadily released into
the environment in many countries, presumably over
decades, and were found to be pervasive, world-
wide contaminants as early as 1978 [19]. In addition,
the number of PCBs reaching the environment is
probably nearly 100 different compounds. PBBs,
encompassing a small number of chemical struc-
tures to begin with, are of concern due to a single
contamination incident in 1973 in which a hexabro-
mobiphenyl (HxBB) product was accidentally
mixed in animal feed (this was apparently limited to
the state of Michigan) [19]. Today, only one PBB,
decabromobiphenyl, remains in commercial produc-
tion. This PBB does not share the properties of
HxBB. Finally, DBDPO is not a widespread or dif-
fuse environmental contaminant; its primary use in

thermoplastics limits its environmental release and,
thus, environmental exposure [17].

12.2.3 Octabromodiphenyl Oxide
(OBDPO)

The molecular weight of the OBDPO molecule is
801 g/m. The commercial OBDPO product is a mix-
ture of PBDPO congeners ranging from penta- to
nonabromodiphenyl oxide. Existing data on
OBDPO toxicology is summarized in Table 12.2.
[17]. Like DBDPO, OBDPO is not acutely toxic, is
not irritating, is not mutagenic, and is not biocon-
centrating. OBDPO