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Foreword 

On 21 Jan. 1964, the Board of Directors approved the formation of Committee G1 on 
Corrosion of Metals to consolidate the various standard developing bodies concerned with 
corrosion testing and evaluation. An unexpected benefit of this consolidation was the at- 
traction of a group of corrosion scientists and engineers to the committee. Their efforts 
provided leadership in the development of standards in areas previously neglected. These 
areas included electrochemical test methods, stress corrosion cracking methods, and others. 
In the ensuing 25 years, Committee G1 has developed more than 50 standards and has been 
responsible for the publication of 35 special technical publications resulting from symposia 
sponsored by the Committee. 

In order to celebrate 25 years of exceptional productivity, Committee G1 put together a 
series of special events during its fall meeting in Orlando, Florida, 6-10 Nov. 1989. As part 
of this celebration, the Silver Anniversary Symposium on Corrosion Testing and Evaluation 
was held. This Symposium covered technical areas where Committee G1 has been active. 
A series of highlighting lectures was included to cover the state of the art in each area. In 
addition, research papers provided new unpublished results in these areas. As a result, 38 
papers were presented at this symposium. This publication, Corrosion Testing and Evalu- 
ation: Silver Anniversary Volume, ASTM STP 1000, contains most of these papers. 

The purpose of this STP is to summarize the state of the art in corrosion testing and 
evaluation in the areas where Committee G1 is active. In addition, this STP highlights areas 
where research has provided new information in fields related to corrosion testing and 
evaluation. The STP also covers areas where new standards would be desirable and where 
existing standards have deficiencies. 

Robert Baboian, Texas Instruments, Att leboro,  Massachusetts, and Sheldon W. Dean, 
Air Products and Chemicals, Inc., Allentown, Pennsylvania, served as symposium chairmen 
and were editors of this publication. 
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STP1000-EB/Nov. 1990 

Overview 

This special technical publication resulted from the Silver Anniversary on Corrosion 
Testing and Evaluation and contains 30 papers. Six of these papers summarize the state of 
the art in specific areas. The introductionary paper, written by Robert Baboian, provides 
a global overview of the problems that corrosion damage causes with information on how 
these problems have become more severe in recent years. This paper also explains the 
rationale for corrosion testing and the value of standards in corrosion testing and evaluation. 

Subject Areas 

Corrosion Data and Evaluation 

This section includes two papers on the newly developed computer-related technologies. 
Anderson highlights the field and covers the challenge of developing databases for corrosion 
data including the problem of incorporating data from different sources presented in different 
formats. The need for standards in data collection, compilation, and presentation is dis- 
cussed. The possible interaction between databases and expert systems is also explored. 
Sturrock et al. cover the use of computers in providing advisory information. The work of 
the National Association of Corrosion Engineers (NACE) on the production of corrosion 
databases is discussed. The project sponsored by the Materials Technology Institute of the 
Chemical Process Industries, Inc. and carried out by NACE and the National Institute of 
Standards and Technology to develop material advisors for handling hazardous chemicals 
is covered. These new techniques for presenting comprehensive information on selecting 
materials is a significant new development that should be very helpful for engineers faced 
with handling these difficult chemicals. 

The remaining papers in this section are concerned with failure analysis and corrosion 
evaluation. Clark and Metala discuss the value of nondestructive evaluation (NDE) in nuclear 
power plants. These techniques are very useful in characterizing the size and shape of defects 
including corrosion cracks and pits. Various NDE techniques are compared, and data analysis 
approaches are discussed. These approaches are essential in nuclear applications but have 
applications in many other industries. McCaul covers a number of failures of pump com- 
ponents in corrosive service and explains the techniques for analyzing these failures as well 
as the most common causes of pump failure. Nekoksa reviews a number of corrosion failures 
in water and soil environments and covers the difficult problems of stray currents and other 
electrochemical problems in these environments. Barton, Knotkova, and Holler present a 
generalized approach for selecting materials on the basis of corrosion tests and provide 
information for a broad range of industrial and commercial applications. 

Copyright �9 1990 by ASTM International 
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2 CORROSION TESTING AND EVALUATION 

Corrosion in Environments 

This section covers underground and natural water corrosion as well as environments that 
have an erosion component from multiphase flow. Chaker highlights the field of corrosion 
in soils including the development of test methods needed to identify, measure, and control 
corrosion in soils. This paper presents the development of various techniques for measuring 
corrosion in soil, especially electrochemical techniques. Escalante discusses the electro- 
chemical basis for underground corrosion. Polarization and galvanic current measurements 
are discussed, and some of the problems of these measurements are covered. Induced ac 
increases corrosion as does the disturbance of soil through backfill. Electrochemical mea- 
surements are important techniques for detecting and quantifying underground corrosion. 
Palmer reviews the testing of soils for corrosivity from an engineering view point. Various 
parameters including soil resistivity, pH, redox potential, moisture content, chloride levels, 
and microbiological activity were mentioned. The question of predicting expected life of 
buried facilities was reviewed. Andersen and Donnellan investigated the stress corrosion 
cracking of manganese bronze castings in water distribution systems. Mercury, ammonia, 
water, and mercury clean-up chemicals were all discovered to cause cracking. Only trisodium 
phosphate did not cause cracking. Schorr, Weintraub, and Andrasi employed polarization 
resistance and mass loss measurements to separate the effects of erosion and corrosion in 
tests on materials for mineral processing plants. Various types of apparatus were used to 
simulate the service including a rotating cylinder with an impinging jet and a sliding abrasion 
from a rotating disk. 

Atmospheric Tests 

This section includes seven papers concerned with atmospheric corrosion. Dean provides 
an overview of the changes in the atmosphere that have occurred in the past 80 years and 
the challenges for the future in atmospheric exposure testing. Baker and Kirk provide a 
report on an exposure program for a variety of stainless steels including 200, 300, and 400 
series alloys. These materials were exposed for 29 years at two ASTM sites, State College, 
Pennsylvania and Newark-Kearny, New Jersey. Very little corrosion was observed in these 
alloys aside from cosmetic discoloration, and no loss in properties or stress corrosion cracking 
was found. The results were compared to earlier results from marine exposures. Spence ct 
al. discuss advanced laboratory and field testing systems for evaluating the atmospheric 
corrosion resistance of materials. The laboratory apparatus simulated the complex mixtures 
found in atmospheric exposures and included aerodynamic and chemical variables. These 
studies were compared to atmospheric exposure studies involving runoff collection and rain 
shield covering devices with deionized water sprays on galvanized steel specimens. A re- 
lationship for the corrosion of this material was derived. Spence and Haynie have formulated 
a model of the atmospheric corrosion of galvanized steel based on sulfur dioxide reacting 
with wet surfaces and acidity in the incident rain reacting with the metal surface. This model 
allows the separation of acid precipitation effects from gaseous sulfur dioxide effects. This 
type of model is termed a damage function. A follow up paper by Haynie et al. compares 
the corrosion rates nearest an actual structure and earlier ASTM exposure programs with 
the predictions based on their model. The results of these comparisons show reasonable 
agreement. This approach is claimed to handle real structures better than models, which 
do not include aerodynamic effects and the independent wet and dry deposition effects. 
Cramer and McDonald have developed a model based on similar wet and dry deposition 
to predict the atmospheric corrosion of zinc, galvanized steel, and copper. The Bureau of 
Mines results from the NAPAP study were used in this study. The effect of acid precipitation 
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OVERVIEW 3 

was found to be more important in most sites than gaseous SO2 in affecting atmospheric 
corrosion of these materials based on current conditions. 

Hechler et al. have studied the ASTM G-84 time of wetness sensor in a variety of 
atmospheric conditions. They discovered that there is significant variability in this type of 
sensor to dew detection. Some sensors are not sensitive to dew, and consequently they 
recommend to test sensors and not use any with this problem, 

Laboratory Tests 

This section includes six papers on a variety of subjects. Haynes highlights the subject 
with a review of the activities of Subcommittee G01.05 on Laboratory Corrosion Tests. The 
problems of revising and updating standards, especially older well-established methods, has 
been a major challenge in view of the need to quantify repeatability and reproducibility. 
New standards are being developed in the area of testing for electronic materials. Kane et 
al. have investigated the concept of critical pitting temperature using sodium chloride, ferric 
chloride, electrochemical polarization scans, and simulated service tests. They used these 
tests to characterize duplex stainless steel weldments. They found that pitting susceptibility 
could be related to ferrite content and alloy content of the wetdments. Yau et al. discuss 
coupon testing to assess corrosion of zirconium and zirconium alloys. They noted that some 
of the procedures presented in ASTM Guide for Conducting Corrosion Coupon Tests in 
Plant Equipment (G-4) and ASTM Recommended Practice for Laboratory Immersion Cor- 
rosion Testing of Materials (G-31) were not applicable to zirconium. They presented pro- 
cedures that should be used for these alloys. 

Treseder highlights the development of sulfide stress corrosion tests and their importance 
in material selection for the petroleum production and refining industries. Five test methods 
used for this purpose are compared including the Shell bent beam, the uniaxial load, double 
cantilever beam, C-ring, and slow strain rate test. Comparisons are also provided for the 
environmental test variables. Everhart and Price discuss the stress corrosion cracking of 
nickel-copper alloys in various environments. They found that environments that caused 
pitting in these alloys also caused cracking. The cracking caused by stress corrosion was 
similar to hydrogen embrittlement and liquid metal embrittlement in that low strains pro- 
duced intergranular penetration and higher strains produced a transition to transgranular 
cracking. Corbett covers the development of a multispecimen technique for conducting the 
ASTM Practices for Detecting Susceptibility to Intergranular Attack in Austenic Stainless 
Steels (A 262) Practice C (nitric acid) test to detect sensitization in stainless steels. This 
approach reduces both the cost and space requirement. This apparatus maintained the 
concentration of corrosion products at a low level and so improved reproducibility of 
the method. Comparison tests between the conventional A 262 Practice C apparatus and 
this multispecimen method showed good agreement. 

Electrochemical Tests 

This section includes five papers on a variety of new techniques. Scully highlights the 
section with an overview of developments in the past 30 years. The techniques of poten- 
tiodynamic and potentiostatic potential sweeps, polarization resistance, galvanostaircase, 
single and double loop electrochemical potentiokinetic reactivation, and electrochemical 
impedance are discussed. Silverman discussed the electrochemical impedance technique for 
predicting corrosion rates and provided more detailed information on corrosion mechanisms. 
He used an example from a chemical plant application where this technique was valuable 
in material selection and discussed sources of errors. Simpson et al. cover the use of elec- 
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4 CORROSION TESTING AND EVALUATION 

trochemical impedance measurements for evaluating the performance of organic coatings. 
They employed electrochemical impedance spectroscopy as a technique to evaluate the 
response of an atmospheric degradation monitor and characterized the behavior of this 
device. Hirozawa and Coker discuss the galvanostaircase technique for evaluating the per- 
formance of inhibitors for aluminum alloys in ethylene glycol antifreeze solutions. They 
focus on the interaction of surfactants with a silicate inhibitor at elevated temperatures. 
Berke and Hicks used both electrochemical impedance and polarization resistance to mea- 
sure the corrosion rate of reinforcing steels in concrete environments. The effects of chloride 
migration, carbonation, and the presence of inhibitors such as calcium nitrite were inves- 
tigated. The electrochemical techniques were nondestructive and produced results that cor- 
related well with observed mass loss and visual damage assessments. 

Conclusion 

The papers in this STP cover both the past activities and future directions of ASTM 
Committee G1 on Corrosion of Metals in a comprehensive and thoughtful manner. As such, 
this book is a fitting milestone to mark a quarter century of progress in our battle with 
corrosion damage. Readers can expect to gain a broad view of the progress made and the 
future directions both of corrosion control and the standards that will enable the development 
of systems with high reliability to combat this important problem. 

The authors are grateful to the officers and members of Committee G1 for their assistance 
and support in the planning and production of this volume and also to the publications staff 
of ASTM for their patience and support. 

Robert Baboian 
Texas Instruments, Attleboro, Massachu- 

setts; symposium chairman and editor 

Sheldon W. Dean 
Air Products and Chemicals, Inc., Allen- 

town, Pennsylvania; symposium chair- 
man and editor 
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Rober t  Babo ian  1 

Corrosion A Problem of 
International Importance 

REFERENCE: Baboian, R., "Corrosion--A Problem of International Importance," Cor- 
rosion Testing and Evaluation: Silver Anniversary Volume, ASTM STP 1000, R. Baboian and 
S. W. Dean, Eds., American Society for Testing and Materials, Philadelphia, 1990, pp. 7-13. 

ABSTRACT: Corrosion is a problem of international importance because it affects public 
safety and is costly. The problem has escalated due to a number of factors including an 
increasing demand on the performance of materials and increasingly aggressive environments. 
Examples used to demonstrate the magnitude of the problem include: (1) deterioration of the 
infrastructure; (2) effects on transportation; (3) underground corrosion; (4) reliability of elec- 
trical and electronics equipment; and (5) concern over the fate of outdoor artistic and historic 
works. Corrosion testing and evaluation play an important part in solving corrosion problems. 
Typical concerns are listed, and the importance of planning and preparation is emphasized. 

KEY WORDS: corrosion, testing, evaluation, public safety, cost, economics, materials per- 
formance, infrastructure, transportation, automobiles, aging aircraft, reinforcing steel, un- 
derground corrosion, soils, storage tanks, electrical equipment, electronics equipment, bronze 
statues, atmospheric corrosion 

Corrosion testing and evaluation play a vital role in addressing one of the world's most 
important problems. The importance of corrosion in our modern, high-technology society 
can be measured by the magnitude of the direct and indirect problems which result from 
this degradation process. At  one time, the National Materials Advisory Board in the United 
States published a list of the ten most critical issues in materials. Every single issue involved 
problems associated with corrosion. Frequently, corrosion has an indirect effect on materials 
performance, and therefore it is difficult for the general public to recognize the importance 
of this type of degradation. In 1975, the Congress of the United States requested a study 
on the economic effects of corrosion to be conducted by the National Bureau of Standards 
(now the National Institute of Standards and Technology). The study reported the cost in 
the U.S. to be approximately 4.2% of the gross national product, i.e., over 200 billion 
dollars in 1989 dollars [l]. In addition, between 15 to 25% of the corrosion cost could be 
avoided by making the best possible use of existing technology. Similar studies throughout 
the world have shown that the estimated cost of corrosion is between 2 to 5% of the gross 
national product for the respective country [2]. 

When one considers the economic effects of corrosion, as well as safety factors, the impact 
can be more fully appreciated. In fact, the effects of corrosion: (1) jeopardize human safety; 
(2) cause plant shutdown; (3) waste time and valuable resources; (4) cause loss or contam- 
ination of product; (5) reduce efficiency; (6) involve expensive maintenance; (7) cause 
overdesign; and (8) inhibit technological progress. 

J Head, Electrochemical and Corrosion Laboratory, Texas Instruments, Inc., Attleboro, MA 02703. 
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8 CORROSION TESTING AND EVALUATION 

Corrosion has become one of the world's most important problems due to a number of 
factors, two of the most important being: (1) increasing demands on materials; and (2) an 
increasingly aggressive environment. The first of these is easy to understand given the 
advanced technologies utilized by industries today. In many instances, materials already in 
place cannot perform as requirements change. Also, state-of-the-art materials cannot always 
meet necessary requirements. Therefore, the eight corrosion effects listed above become 
reality. 

The environment has become more aggressive due to a number of factors. For example, 
Fig. 1 shows the annual use of road deicing salts in the United States to be almost nonexistent 
before 1950. The annual usage has increased to a peak of 12 million tons in 1979 and has 
leveled off at 10 million tons per year today [3]. These salts accelerate corrosion by direct 
splash and spray on vehicles and structures, by dissolving in streams, lakes, drinking water, 
etc., by leaching into our soils, and by entering our atmosphere as salt aerosols. 

Figure 1 also shows annual sulfur dioxide (SO2) and nitrogen oxide (NOx) emissions in 
the United States [4]. The upward trend is similar to that for road deicing salts such that 
SO2 has peaked at 30 million tons in 1970 and NOx at 23 million tons in 1978. These pollutants 
are corrosive because they convert to acids. For example, acid rain and snow are the result 
of long-range transport of SO2 and NOx, which convert to sulfuric acid and nitric acid in 
the upper atmosphere. The synergistic effects of road deicing salts and acid precipitation 
on metallic corrosion have been documented so that the increase in emissions and road salt 
usage has produced an increasingly aggressive environment in many areas [5]. 

Several examples can be used to illustrate the magnitude and effect of corrosion in the 
world today. 

Throughout the world, infrastructures are rapidly deteriorating; these include highways, 
bridges, parking garages, water distribution systems, waste water collection and treatment 
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FIG. 1--Annual deicing salt usage, S O  2 and NOx emissions in the Unites States. 
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BABOIAN ON THE PROBLEM OF CORROSION 9 

systems, harbors, reservoirs, and railway and subway systems. In the United States, estimates 
range from 500 billion to 3 trillion dollars to restore the infrastructure over the next 20 to 
30 years [6]. Of particular importance here is the problem of corrosion of reinforcing steel 
in concrete (rebar) not only because of the cost and safety concerns, but also because of 
the inconvenience that comes in making repairs. Structures affected by this problem include 
bridges, elevated highways, and parking garages (see example in Fig. 2). In the United 
States, it is estimated that of the 585 000 bridges under federal, state, and county jurisdiction, 
60% are seriously affected by corrosion and 43% are structurally deficient [7]. The estimated 
cost of repair is 40 to 60 billion dollars over the next ten years. 

Transportation has been affected by corrosion problems in a number of ways. The in- 
creased aggressivity of the automobile environment (Fig. 1) has produced two categories of 
corrosion problems: structural damage and cosmetic corrosion [8]. The automotive industry 
has successfully treated the problem of structural damage (such as corrosion perforations 
in Fig. 3) through the use of galvanized steel, hot waxes, and dip coatings as well as design 
changes to eliminate entrapment areas. However, cosmetic corrosion on automobiles still 
persists and is the subject of intense investigation today. 

Included under transportation is the problem of aging aircraft. This public safety issue 
has brought intense publicity to this subject because each incident is thoroughly investigated 
and documented [9]. 

Underground corrosion has a far-reaching impact because it affects a wide range of 
industries. For example, buried electric power distribution systems can fail by concentric 
neutral corrosion. Telecommunications systems can be affected by corrosion of the electrical 
shielding in buried telephone cables leading to noise or disruption of service (Fig. 4). Buried 
gas distribution pipelines are cathodically protected by law as a result of public concern due 
to corrosion-related leaks and subsequent explosions. Corrosion problems with oil distri- 
bution pipelines, such as the 800-mile Alaska oil pipeline, have now surfaced. Leaking 
underground storage tanks (LUST) have become a major problem due to the resulting 

FIG. 2--Reinforcing steel corrosion causes spalling of concrete, making wood joists necessary for 
additional support on this elevated highway, Providence, RL 
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10 CORROSION TESTING AND EVALUATION 

FIG. 3--Perforation corrosion of auto-body panel is caused by accumulation of poultice, which traps 
salt and acids. 

pollution, health, and safety hazards. It is difficult to find these corrosion leaks because the 
tanks are buried. Estimates range up to $225,000 for a LUST site cleanup, and replacing a 
three-tank system of 10 000-gallon capacity costs up to $100,000 [10]. In 1985, the EPA 
introduced an interim law which stated that underground tanks and piping systems either 
by cathodically protected, constructed of noncorrodible materials, or be designed in a manner 

FIG. 4--Telephone cable is trenched in for field service corrosion tests on metallic shields'. 
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to prevent the release or threatened release of stored substances. In September 1988, the 
EPA announced regulations on underground storage tanks whereby new tanks must be 
protected from corrosion and existing tanks must be provided with leak detection. Using 
existing corrosion technology, the cost to protect a tank is as low as $2000, substantially less 
than the cost of a LUST cleanup or a tank replacement. Large above-ground storage tanks 
are also subject to environmentally caused corrosion damage, especially on the tank bottoms 
where leaks are more difficult to detect and control. 

Electrical and electronics equipment have become more complex in recent years due to 
miniaturization. Technological advances have resulted in the development of sophisticated 
components with closer spacing so that extremely low levels of corrosive contaminants can 
cause failure (Fig. 5). Testing for this type of behavior is difficult and costly. The challenge 
to maintain reliability requirements in an increasingly complex system is important because 
significant technological advances can only occur when the corrosion issues are addressed 
[111. 

International concern grows over the fate of outdoor artistic and historic works. The 
irreversibility of corrosion is most important when considering the deterioration of irre- 
placeable cultural resources such as statues, monuments, and structures of historical signif- 
icance. Corrosion of outdoor bronze sculpture is one example of the seriousness of this 
problem. Acid deposition in the form of rain, snow, fog, dew, and dry deposits has produced 
a type of nonuniform corrosion which conservators refer to as "bronze plague." Throughout 
the world this type of bronze behavior can be observed in which the natural green patina 
formed in the outdoor environment is altered to include patches of black "scab" (Fig. 6). 
This behavior leads to accelerated corrosion of the bronze and is not aesthetically pleasing. 
Methods of treatment to avoid this behavior of outdoor bronzes is currently under inves- 
tigation. 

The above examples include corrosion problems occurring in a wide range of environ- 
ments. Solutions to these problems have been and will be achieved through proper corrosion 

FIG. 5--Corrosion products accumulate in integrated circuit package due to residual chemicals. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



12 CORROSION TESTING AND EVALUATION 

FIG. 6--The Hiker Statue (Providence, RI) suffers from "bronze plague," a form of degradation 
where the green patina is altered to include patches of black scab. 

testing and corrosion evaluation. Proper corrosion testing is essential in order to obtain 
meaningful results. Typical concerns include: (1) Are representative materials used in the 
test? (2) How does the test environment correlate with the actual service environment? (3) 
Are the corrosion mechanisms observed in the test the same as those in the actual service 
environment? and (4) What is the acceleration factor for the test? One can easily understand 
the basis of these concerns when considering the complexity of environments such as con- 
crete, soils, road salt splash and runoff, acid precipitation and industrial atmospheres. 

Laboratory, field, and service corrosion tests are all important in designing for corrosion 
resistance and solving corrosion problems. However, the difference in laboratory accelerated 
tests and tests in the actual environment must be understood. Accelerated tests, although 
shorter in duration, are not usually as reliable as field service tests. In general, accelerated 
tests are used for screening purposes and final decisions on materials and design are based 
on testing in the actual environment. 

Planning and preparation are important factors in evaluation of corrosion test results and 
corrosion failures. Included in the test procedure must be consideration of the ease of 
identification of changes due to deterioration, statistical treatment of the data, and the 
overall reliability of the results. 

In recent years, significant advancements have been made in the area of corrosion testing 
and evaluation. The subjects Corrosion Data and Evaluation, Corrosion in Environments, 
Atmospheric Tests, Laboratory Tests, and Electrochemical Tests form the sections of this 
book. The reader is brought up to date on these subjects in order to more adequately plan, 
prepare, and conduct corrosion tests and corrosion evaluations. 
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Computerization of Corrosion Data 

REFERENCE: Anderson, D. B., "Computerization of Corrosion Data," Corrosion Testing 
and Evaluation: Silver Anniversary Volume, ASTM STP 1000, R. Baboian and S. W. Dean, 
Eds., American Society for Testing and Materials, Philadelphia, 1990, pp. 17-25. 

ABSTRACT: Computerization of the wealth of available corrosion data facilitates both data 
access and interpretation to address specific user needs. Data collection and compilation can 
be enhanced by adoption of format standards which define guidelines for common terminology, 
documentation of performance measurement for both metals and nonmetals, data output and 
presentation, and for assessing data quality. Well-defined programs, using a variety of estab- 
lished computerization techniques, can serve as effective tools for selection of corrosion re- 
sistant materials, assessing material limitations, selection and design of corrosion control 
methods, and for gaining a better understanding of the significance and theoretical consid- 
erations relating to operative corrosion mechanisms. 

KEY WORDS: corrosion, data, databases, artificial intelligence, computerization, data quality 

Computerization of corrosion data provides important resources to aid in the utilization 
of existing technology for selection of corrosion-resistant materials and other methods for 
corrosion control and can expedite introduction and acceptance of newer materials and 
technologies. Computer programs provide ready access to a wide variety of numerical and 
text data and, perhaps more importantly, can provide interpretive guides to the captured 
data. These are key steps in reducing the documented costs of corrosion due to failure to 
utilize existing technology [1]. In this age of information overload, computerization can 
combine the time-consuming investigative steps of locating and digesting voluminous reports, 
publications, data compilations and other diverse, less readily available resources, consulting 
with peers, and analyzing the information obtained to assess relevance and significance to 
specific problems. There are also opportunities to provide data and interpretive tools to 
forge better ties between corrosion, materials science and engineering, and other related 
disciplines. Successful developments in any of these areas requires a clear understanding of 
the nature of corrosion data and the specific needs of the user audience. 

The Nature of Corrosion Data 

Corrosion data are dynamic representations of interactions of materials and environments 
and can be used to characterize both material performance and to assess the effectiveness 
of corrosion control technologies. This is in contrast to mechanical and physical property 
data for engineering materials, which are represented by results obtained under specified 
test conditions. The variety of corrosion data one needs to consider for any given application 
is indicated by the matrix shown in Fig, 1. The prospects of finding statistically valid corrosion 
performance data for any one specified material-environment-exposure condition-operative 
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18 CORROSION TESTING AND EVALUATION 

FIG. 1--Corrosion data matrix. 

corrosion mechanism combination of interest is clearly remote. Thus we are all too often 
faced with the need to make educated estimations, interpretations, and interpolations with 
less than scientifically precise data that has not been subjected to rigorous validation and 
evaluation. This is the scenario for which computer representations of logic patterns used 
in these processes, combined with well-structured databases, have great promise. 

Types of Corrosion Data 

Corrosion data are available from many sources and in many forms. One common source 
is standardized laboratory tests, both the "dip-and-dunk" type and those based on electro- 
chemical measurements. 

Other sources include field tests, examinations of operating equipment, failure analyses, 
natural environment exposures, and theoretical studies. Some of the corrosion data appear 
in technical publications, promotional literature, textbooks, and handbooks, but even more 
data remain in laboratory notebooks, private inspection reports, and other sources that are 
not readily available and are often reported in a restricted format designed to meet an 
immediate need. Both numerical and textual data are involved. Quality and completeness 
vary, as does terminology to identify materials, environments, exposure conditions, and 
performance. The variability of data types and quality compound the problems in data 
interpretation and present added challenges to the development of useful computer pro- 
grams. 

A key step in addressing the terminology and data quality issues is the establishment of 
consensus standards for data format and quality assessment. Both of these issues are being 
addressed within ASTM. A corrosion data format standard guide is being developed through 
Committees E-49 on Computerization of Material Property Data and G-1 on Corrosion 
of Metals, while the data quality issue, as it relates to all material property data, is being 
addressed within Committee E-49. 

Although a number of standard corrosion test procedures have been developed, they tend 
to utilize overly aggressive environments selected to accentuate specific corrosion mecha- 
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nisms (for example, stress corrosion cracking, pitting, corrosion fatigue) in one class or 
subclass of materials, often under the guise of "accelerated tests" whose predictability of 
performance for longer term exposures under less stringent conditions is often suspect. 
Despite strict guidelines for specimen preparation, test environment, and exposure condi- 
tions, there is a general acceptance of significant variability between multiple specimens 
exposed under what are considered identical exposure conditions. The degree of variability 
appears to be dependent upon the severity of the environment relative to the inherent 
corrosion resistance of the material being evaluated and the dominant form of corrosion 
involved [2-13]. Perhaps this is to be expected for tests involving inhomogeneous materials 
exposed in equally inhomogeneous environments. Equally plausible is a realization that the 
critical factors for designing reproducible corrosion tests are not well defined. One could 
also question whether reproducibility of test results should be a primary goal of any stan- 
dardized corrosion test procedure or whether we should accept the variability and study the 
data statistically to try to gain a better understanding of undefined factors. 

Performance data for metals generally are presented in customary terms of corrosion 
rates, depths of attack, corrosion fatigue strengths, type and severity of cracking, etc., based 
on established conventions which are detailed in consensus standards. Although there are 
a number of standardized corrosion tests for nonmetals, conventions for presenting per- 
formance data for this class of materials are not as well established. Data presentations 
frequently involve establishment of somewhat arbitrary serviceability classifications such as 
"acceptable" or "questionable," thus substituting somewhat arbitrary data interpretations 
for presentations of detailed test results to allow the user to make independent judgments 
on material suitability for a specific application. 

Some users, however, are quite happy to accept a supplier's interpretation that a given 
material is acceptable for a defined use rather than being faced with making a judgment 
based on data which one feels unqualified to interpret. Well-structured computer programs 
can provide the best of both worlds, providing interpretations based on consensus rules 
derived by corrosion experts and access to original data for personal interpretation for specific 
applications. 

Components of Corrosion Data 

Four basic components are required to describe any corrosion data: 

1. Material identification--Unambiguous material identifiers are essential, preferably 
through reference to an accepted material identification numbering system such as the 
Unified Numbering System (UNS) developed for metals by ASTM and the Society of 
Automotive Engineers (SAE) or the ASTM Classification System for Specifying Plastic 
Materials (D 4000) for plastics. Where possible, materials should be referenced to established 
standards and should be categorized by class, subclass, and family using the guidelines 
developed by ASTM Committee E-49. Product form, manufacturing, and processing details 
are also important factors that can affect material performance and should be included in 
the material description. 

2. Environment--It is equally important that the corrosion environments be clearly de- 
scribed, preferably in terms of the principal constituents using standard terminology rather 
than generic descriptors such as brackish water, sour gas, white liquor. All known contam- 
inants should be included even if they are only present in trace amounts. 

3. Exposure conditions--Details of the exposure conditions within the corrosive envi- 
ronment need to be clearly defined. Important examples include temperature, pH, velocity, 
aeration and agitation, presence of heat transfer, galvanic relationships, and applied stress. 
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Although velocity conditions commonly are reported in terms of the nominal fluid flow rate, 
more detailed descriptors should be considered to better assess hydraulic sheer forces and 
their effects on limiting forms of corrosion. 

4. Performance data--Different types of performance data are required for metals and 
nonmetals and the specific forms of degradation under investigation. Performance data for 
stress corrosion cracking of metals will differ from pitting test data or property change data 
for nonmetals. Standards for reporting corrosion data have been developed in many of these 
areas and should be consulted to aid in data comparisons. 

Evaluation of Data Quality 

Strict guidelines have been established for evaluation and classification of physical and 
mechanical property data for engineering materials with classification as typical, minimum, 
handbook, or design data. Other qualification schemes consider categories of limited use 
data, qualified data, and highly qualified data [14]. The Committee on Data for Science 
and Technology (CODATA) has defined three broad classes of data [15]. 

Class A--Repeatable  measurements in well-defined systems. 
Class B--Observational data. 
Class C--Statistical data. 

Guidelines for evaluation and classification of corrosion performance properties and the 
elimination of user bias in selection and interpretation of related data have yet to be estab- 
lished. The common perception that computerized data are inherently of good quality can 
be destroyed if data compilations of questionable quality are promulgated. Data quality 
assessment is a fruitful area for future research if the promise of broader understanding of 
corrosion data through computerization is to be fulfilled. 

Scientific evaluation of data is the estimation of the quality and reliability of the data 
using documented procedures. Often this requires statistical analysis and subsequent process 
modeling. The complexities of corrosion data tend to discourage attempts to undertake this 
type of rigorous data analysis. A more common approach is to develop expert consensus, 
often through technical society activities, and prepare summary documents addressing spe- 
cific environments or applications. These documents can serve as valuable reference sources 
for evaluation of new data and can serve as resource documents for expert system devel- 
opment. 

Peer review of compiled data prior to publication or distribution as an electronic database 
remains the most effective means of corrosion data evaluation and should be encouraged 
to control the promulgation of corrosion data of unknown or questionable value. The review 
should be done by acknowledged experts with clear guidelines for the evaluation process. 
This should emphasize the need for a comprehensive, judgmental appraisal to determine 
the quality, reliability, and adequacy for the purpose or application intended [15]. 

Corrosion Data Uses 

An additional consideration in the structuring of computerized corrosion data programs 
is anticipation of the ways in which corrosion data are used. Table 1 provides an indication 
of the diversity of corrosion data users and their individual needs. Each has its own special 
requirements in terms of format, completeness, and quality. Identification of anticipated 
users and an understanding of their needs should be given highest priority in any data 
collection program. 
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TABLE 1--Corrosion data users. 
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Data User Requirements 

Corrosion experts 
Specification writers 

Designers 
Purchasers 
Economists 
Sales executives 
Risk assessors 
Educators 

Consultants 

Attorneys 
Managers 

Students 

Maintenance engineers 

Inspectors 

Planning experiments, interpreting results, providing consultation 
Preparation and revision of specifications detailing acceptable mate- 

rial usage 
Making material choices for new or revised designs 
Identification of possible substitute materials 
Critical material studies 
Identification of sales opportunities and hazards 
Assessment of risk of corrosion for insurance purposes 
Preparation and presentation of classroom materials; design and inter- 

pretation of laboratory and research experiments 
Provide basis for technical recommendations or testimony; resource 

information for failure analysis 
Source of information for assessment of need for litigation 
Provide background information to assist in challenging recommenda- 

tions of others 
Provide specific information for class work, planning of research ac- 

tivities and reports 
Planning and improving plant maintenance procedures; material selec- 

tion for repairs 
Provide a basis for verifying compliance with specification and in- 

structions 

Corrosion Data Programs 

There are a variety of computerization techniques which can be used to compile and 
interpret corrosion data. Some of the types currently in use are discussed below. 

Databases 

Databases are systematic data collections, which, when coupled with database manage- 
ment systems, can be electronically searched and manipulated to identify data of particular 
relevance to user needs. With the advent of more powerful personal computers and tech- 
nology advances for operation of online and network systems, computerized databases are 
rapidly gaining popularity in scientific and engineering communities. They can serve as 
efficient tools for compiling, storing, searching, manipulating, and displaying large amounts 
of data, both numerical and textual. In some database designs, users can add their own data 
or make other modifications while in others the data and database structure are inviolate 
except to the original developer. In either instance, databases can function as relatively 
simple electronic indices to selected data compilations which the user then interprets to meet 
his or her needs. Often this involves data transferring to other established programs for 
subsequent processing, assuming there is some degree of data compatibility. Alternatively, 
the database can be designed with an integrated interface which guides the user to query 
structuring, data selection, and interpretation. Interpretation functions can be enhanced by 
tying the database to expert systems. These and other options are shown schematically in 
Fig. 2. 

The complexities of corrosion data challenge database development efforts. Discrete 
databases can be considered which relate to: (a) specific forms of corrosion relative to one 
class of materials, for example, stress corrosion cracking of high-strength aluminum alloys, 
corrosion-fatigue or crevice corrosion of selected alloys classes in seawater; (b) specific 
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FIG. 2--Database functions. 
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environments such as acetic acid and sour gas; or (c) specific applications such as heat 
exchangers and fasteners. Alternatively, more complex structures can be developed to ac- 
commodate multiple forms of corrosion and the full range of engineering materials. An 
"intelligent" user interface could then be devised to guide the user to assess the limiting 
form of corrosion for any given application, quantify the predicted severity of corrosion 
damage, and provide some guidelines for life prediction. 

Data can be compiled in handbook format as reference data where materials are rated 
A, B, C, or "acceptable," "questionable," and "unacceptable" for a broad range of envi- 
ronments, based on consensus opinions. Alternatively, data can be compiled as numeric 
results of specific tests on a specimen-by-specimen basis or can be text abstracts from the 
technical literature. 

Expert Systems 

Expert systems are specialized computer programs which can provide expert advice based 
on established expertise, combining documented facts with heuristics or rules of judgment. 
A key requirement, then, is established expertise in the areas addressed. Expert systems 
aid in the transformation of information to knowledge and have proven to be valuable tools 
for materials selection and life prediction from a corrosion resistance point of view [16]. 
Limited success has been achieved in the development of programs in evolving technology 
areas that require creation of expertise directly from numeric data. The programs mimic 
the process of consultation and reasoning used by human experts to solve specific corrosion- 
related problems and by their very nature find the greatest success where they are highly 
focused on complex problems in given application areas rather than attempting to generalize 
on broad areas of science and technology. Systems described in the literature cover a broad 
range of corrosion-related topics ranging from cathodic protection design, stress corrosion 
cracking of high-strength aluminum alloys, applications for stainless steels in aqueous chlo- 
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ride solutions to flue gas desulfurization equipment, sour oil and gas production pumps, 
and storage and handling of hazardous chemicals [17-27]. 

User ability to customize a program by addition of proprietary information is a particularly 
interesting feature that has been introduced in several programs. Programs with this feature 
are structured to prevent the new information from interfering with the logic patterns built 
into the knowledge base. However, the new information can identify supplemental conclu- 
sions or can identify proprietary fabrication or purchasing requirements. 

Literature Searching 

Electronic literature indexing and searching are some of the earliest uses of computers 
to address the information crunch in science and technology. Programs range from key word 
index searching which produces a bibliography and may leave the user with the task of 
locating specific references to optical disk programs which permit Boolean (and/and not/ 
or) as well as proximity (context) searches of entire text which are not limited to preassigned 
key words. The optical disc technology permits storage and retrieval of full abstracts or 
extracts or possibly the full text for immediate user access. 

User Interface Design 

The ultimate acceptance of any computer program reflects both the competence and 
usefulness of the information it contains and the "user friendly" aspects of the interface 
that the user must master to retrieve and interpret the information being sought. The needs 
of query structuring and the format for data presentation are equally important. The interface 
can: (a) operate in a spreadsheet format that requires the user to be well versed in spreadsheet 
software manipulation; (b) provide a search menu that allows selection of data that satisfy 
specified requirements; or (c) provide a format for the user to describe the purpose of the 
query, devise an appropriate search strategy, and offer options for structuring of an in- 
terpretive data output. Typical output options are solutions to mathematical algorithms or 
other types of data models and graphic presentations which isolate dependent and inde- 
pendent variables. 

It is also important that the interface present to the user a clear understanding of the 
options provided and the expected result from any user responses to menu selections or 
prompts. 

Benefits of Computerization of Corrosion Data 

Computerization activities can provide effective tools to process the variety of types of 
corrosion data to meet a variety of user needs and interests. Programs can guide users in: 
(a) selection of corrosion-resistant materials for specific corrosion limiting applications; (b) 
assessing material limitations as a function of environmental variables, economic factors, 
mechanical properties, or fabrication difficulties; (c) selection of corrosion control methods, 
and in some instances, designing of corrosion control systems; and (d) selecting data to gain 
a better understanding of the significance and theoretical considerations relating to selected 
corrosion mechanisms. The ability to utilize data from many sources--both textual and 
numerical--and review the data in interpretive format to provide reliable guidance for cost- 
effective corrosion control is a goal that is readily achievable using the many tools that are 
now available. It is the ability to present data in interpretive formats that ensures that 
maximum benefit can be derived. 
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Summary 

Activities relating to the development of computerized corrosion data resources have 
provided important insights into the nature of corrosion data and their relationships to the 
needs of both the resource developers and the data users. Understanding of the data, the 
data sources, and the data users are central to any successful computerization activity. We 
have come a long way from simple tabular presentations of unevaluated data with little 
guidance for data interpretation. Continued development of unique tools that aid in the 
understanding of the many corrosion data resources and the transformation of information 
into knowledge for problem solving provide unique challenges for the future. 

There are three particular areas where concentrated effects can be particularly fruitful: 

1. Development o f  guidelines for evaluation of  corrosion data and assessment of  data 
quality. This requires a better understanding of the environmental and material variables 
that affect corrosion processes. These, in turn, should be the basis for reanalysis of standard 
corrosion test procedures with an aim toward defining specific data recording needs to gain 
better understanding of data variability and extrapolation to service life prediction. 

2. Establishment of  consensus guidelines for recording corrosion data, both from the stand- 
point of  data sources and data compilers. Guidelines are needed for metals, nonmetals, 
composites, and other engineering materials which may be considered for use in corrosion 
applications. ASTM Committees G-1  and E-49  are making good progress in this area, but 
much more needs to be done to meet the needs of the variety of types of data and the needs 
of their users. This activity has a particularly important impact on the quality and usefulness 
of any efforts to compile and assimilate data from multiple sources without sufficient detail 
to eliminate misinterpretations. 

3. Identification of  corrosion data sources and establishment of  mechanisms for capture in 
compatible format for introduction into computerized data resources. This will require em- 
phasis on techniques for electronic transfer in order to eliminate the need for tedious, costly, 
and error-prone manual processing. These computerized corrosion data compilations can 
then serve as the basis for further evaluation and study to gain better insight into the nature 
and significance of these resources. 
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ABSTRACT: Recent advances in information processing technology have made it possible to 
evaluate and counter corrosion problems using computer programs as sources of reference or 
advisory information. Since 1982 the Corrosion Data Program of the National Association of 
Corrosion Engineers (NACE) and the National Institute of Standards and Technology (NIST) 
have produced jointly a number of corrosion databases containing useful reference information. 
More recently, initiatives undertaken by the Materials Technology Institute of the Chemical 
Process Industries, Inc. (MTI), in conjunction with the NACE-NIST Corrosion Data Program, 
have yielded a diverse set of materials advisory programs. The first of a series of modules 
providing advice on materials selection for handling hazardous chemicals has been in use by 
the MTI representative companies since May 1989. Distributed by NACE as CHEM.COR 1, 
this program suggests materials for equipment in concentrated sulfuric acid environments. A 
separate project involving MTI-NACE-NIST is underway to deliver an advisory program 
developed by corrosion experts that assesses the likely corrosion behavior of stainless alloys 
in a wide range of aqueous environments. Finally, MTI and NACE-NIST are separately 
involved in developing a number of other computer programs that disseminate corrosion 
information. All of these programs are discussed herein, with particular emphasis on 
CHEMoCOR 1. 

KEY WORDS: corrosion, corrosion data, material selection, expert systems, database 

The dramatic increases in the rate of technological advances over the last century and in 
the specialization of the technical professions have created a valuable new resource. This 
resource is technical information. Prosperity will reward those companies and nations who 
produce, manage, and distribute the highest quality technical information. 

Information in general is not a particularly tangible commodity and has been stored 
through the ages largely in people's brains and in written media. Until the Renaissance, 
written information was available only to the very rich, who could afford to hire scribes and 
to purchase printing materials. The invention of the printing press made widespread distri- 
bution of written information possible, which in turn had a major role in improving the 
quality of life for the nonrich. However, technical information of a practical nature did not 
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often lend itself to distribution via written documents, and those that had technical training 
became much more valuable to society as a whole: witness the rise in social standing of 
engineers and physicians over the last century. 

The digital computer is undoubtedly one of the greatest technical innovations of the 
twentieth century. Originally invented as a machine to do complex mathematical calculations 
rapidly and reliably, the computer has evolved into a more general-purpose tool for infor- 
mation management. The preponderance of word processing and electronic spreadsheets in 
virtually every office environment has made the computer virtually indispensable as an 
information management tool. The drop in the cost of computer memory and magnetic 
storage has made it possible for anyone, not just central data-processing staff, to have access 
to these resources, available typically within a personal computer. 

Along with computers, the programs needed to run computers, known collectively as 
computer software, have also grown considerably in power and availability. Advances such 
as relational databases, expert systems, and hypertext afford tremendous opportunities to 
manage the ever-growing pool of technical information. Once the privilege of computer 
scientists in well-funded research laboratories, many of these software tools are available 
to users of technical information interested in developing or consulting applications based 
on this software. 

These advances in computer technology have benefited the engineering profession, and 
corrosion engineers are no exception. The corrosion engineer today is confronted with an 
explosion of information which requires assimilation, interpretation, and proper application. 
New materials and methods for controlling corrosion, new methods for monitoring and 
evaluation system performance, and additional performance data are presented to the cor- 
rosion engineer on an almost daily basis. This information overload comes at a time when 
many organizations are confronted with retirement of senior personnel who carry the "cor- 
porate memory" with them on their leaving. Also, organizations frequently are operating 
with reduced staff levels, particularly specialized staff, such that engineers are faced with 
the need to perform at higher levels of productivity in order to meet the challenges presented 
to them. Proper application of computer technology provides one means of retaining, or- 
ganizing, and retrieving the vast quantities of information confronting the corrosion engi- 
neering profession. 

The NACE-NIST Corrosion Data Program 

In 1982 NACE and NIST established the NACE-NIST Corrosion Data Program. The 
objective of the program is to collect, evaluate, and disseminate in computerized forms 
corrosion behavior information on engineering materials. In June of 1985 NACE and NIST 
jointly conducted a corrosion data workshop to determine the specific corrosion information 
needs of industry, academia, and government and how the Program could best meet these 
needs [1]. The workshop resulted in many recommendations, including: 

1. Development of a broad-scope, computerized corrosion database that could be accessed 
via personal computers. 

2. Design of a standard format to facilitate collection and evaluation of data. 
3. Inclusion of data from industrial databases as well as published literature. 
4. Development of expert systems to enhance predictive capacity when data are not 

available. 
5. Establishment of an organization to provide necessary personnel and financial support. 

With these goals, the charter of the Program was established. In addition to NACE and 
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NIST, the Program benefits from direct sponsorship from industry. The first industrial 
sponsorship of the Corrosion Data Program came from the chemical industry. 

MTI-NACE-NIST Project 

MTI is a cooperative research organization, representing 41 private companies, that con- 
ducts generic, nonproprietary studies of a practical nature concerning the deterioration of 
materials and equipment used in the process industries. In 1987 MTI initiated a project 
within the NACE-NIST Corrosion Data Program to develop a series of knowledge-based 
expert systems concerning materials for handling hazardous chemicals. MTI has received 
direct financial support of this initiative from the Nickel Development Institute. 

Distributed by NACE as the CHEMoCOR series, these modules focus on material selection 
and related issues for handling and storage of specific hazardous chemicals. The objectives 
of these modules are twofold: (1) to suggest materials for users to consider when shipping, 
handling, or storing a specific hazardous chemical, and (2) to provide tutorial and background 
information on the same subject. Two audiences for the CHEMoCOR series are envisioned: 
(1) people who work with the specific hazardous chemicals but have little background in 
materials or corrosion engineering; and (2) materials and corrosion engineers who are not 
expert in the materials requirements of the specific hazardous chemicals, but who occa- 
sionally need reliable materials selection information. The first module in the CHEM~ 
series addresses materials for the shipping, handling, and storage of concentrated sulfuric 
acid. 

CHEM'COR 1 

Development Team 

Domain expertise for CHEM~ 1 was supplied by corrosion specialists selected by 
MTI and subcontracted to NACE. The principal domain expert was C. E Dillon, who has 
over 40 years' experience in the corrosion and materials engineering profession. He was 
supported in this effort by a team of four other sulfuric acid experts whose collective 
experience exceeds 125 years. CHEM.COR 1 was designed by Dillon and the first author 
and was implemented by the first author with programming assistance from Robert W. 
Carroll. 

Description 

The objectives and target audience described above indicate that a hybrid design strategy 
was needed for the CHEMoCOR modules. Since these modules were specified to provide 
both advice and reference information, two software technologies were applied: expert 
systems and information retrieval. A technical description of expert systems with examples 
from CHEMoCOR 1 is provided elsewhere [2]. Information retrieval programs enable rapid 
navigation through text and graphic images indexed and stored on computers. The archi- 
tecture and control structure of CHEM~ 1 are illustrated in Fig. 1. Note the hybrid 
design. 

When CHEM~ 1 is invoked, the user is first greeted with welcome and disclaimer 
screens before arriving at the Main Menu (Fig. 2). The user may consult the materials 
advisor (Fig. 2, Option 1) or review supplementary information (Fig. 2, Options 2-6).  
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FIG. 1--Partial architecture and control structure. 

Information Retrieval [ 

C H E M o C O R  1--Mater ia ls  A d v i s o r  

When the user selects Option 1, a knowledge base of some 250 rules regarding a total of 
7l materials in concentrated sulfuric acid environments is loaded into memory. The rule 
inferencing process is initiated, indicated by the box labeled "Obtain Material" in Fig. 1. 
Rule inferencing is a process in which a computer program called an inference engine 
evaluates the entire rulebase to determine which rules are applicable to the user's particular 
case. The inference engine employed for the CHEMoCOR modules is KES~; the C language 
is used for all other programming of CHEMoCOR. 

To evaluate the rules, CHEM.COR 1 interviews the user. During the interview the user 
is asked a series of questions to determine the critical factors affecting material selection. 
Broadly speaking, there are three categories of factors considered: equipment, environment, 
and units. Equipment factors include the type, size, and mechanical constraints of common 
equipment used to ship, store, and handle concentrated sulfuric acid. Environmental factors 
include the acid concentration and temperature, the velocity of the acid and whether the 
flow is continuous or intermittent, and the extent or acceptance of contamination from other 
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Main Menu 

What  would you like to do? 

1. Consult expert system for material selection 

Review the following information: 

2. Material selection listings for manufacturing process 
equipment 

3. Definition of concentrated sulfuric acid and its uses 
4. Data on various materials in concentrated sulfuric acid 

service 
5. Glossaries of  materials and terminology 
6. Relevant information sources 

Esc-exit  F l -he lp  

FIG. 2.- -CHEM, COR 1 main menu. 

species such as iron, oxidizing agents, chlorides, and nitric acid. If CHEM.COR 1 needs to 
ask the user to input a number, the user is first asked whether inch-pound or SI units are 
preferred. 

The interview occasionally is interrupted with short statements that provide preliminary 
conclusions, provisional advice, or cautionary warnings. An example of such a statement is 
shown in Fig. 3. 

When the inferencing process is complete and CHEM.COR 1 has collected the user's 
case data via the interview, materials selection advice pertinent to the current case is sum- 
marized. An example summary screen is shown in Fig. 4. After  reviewing the summary 
screen the user is given the option to see additional detail, review the summary screen, or 
continue. If additional detail review is chosen, the user is presented with a menu of the 
suggested materials from which he may choose in any combination, leading to brief state- 
ments about the composition, corrosion behavior, mechanical properties, fabrication caveats, 
etc. of the chosen material candidates. Examples of such statements are shown in Fig. 5. 

When the user has finished reviewing the summary screens and additional detail, a menu 
of six options (Fig. 6) is presented. Briefly, these options are as follows: 

1. Review summary--review the summary screen(s). 
2. Print summary--pr int  the summary screen(s). 
3. See logic--review the rule(s) that led to the advice. 

f 

A warning about lower temperatures: because the freezing point 
of 98-99% acid is close to 0 C (32 F), the acid should be heated 
during storage to a temperature not to exceed 32 C (90 F). 

Esc-exit  F l - h e l p  

FIG. 3--CHEM, COR 1 preliminary warning. 
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Under the conditions you have described: 

acid concentration 
temperature 
iron contamination allowed 
storage tank capacity 

98-99% 
0-40 C (32-104 F) 
yes 
less than or equal to 1000 tons 

The following materials, listed alphabetically, have been successfully 
used for tanks: 

carbon steel 
glass-lined steel 
Type 304L (UNS $30403) 

For carbon steel storage tanks, the discharge nozzle surfaces should 
be Type 316L or Alloy 20. This is necessary to resist erosion 
corrosion where the velocity is high. 

< Press ENTER to continue > 

FIG. 4--CHEMoCOR summary screen. 

4. Change answer--change any combination of answers to questions during the interview 
and obtain updated advice. 

5. New case--consider  an entirely new case. 
6. Return to Main Menu- - re tu rn  to the Main Menu. 

C H E M o C O R  1--Information Retrieval 

The information retrieval module of CHEM~ 1 consists of a decision tree having text 
files and graphs at the terminal nodes. The user navigates through the tree via a series of 
menus until given the option to see or print the selected information. The first and second 
levels of the tree are described in Fig. 7. The five classes of information available are shown 
as Choices 2 to 6 of the Main Menu (Fig. 2). Examples of selected text and graphic images 
available within CHEM.COR 1 are shown in Figs. 8 to 11. A total of 92 graph and text files 

Carbon steel is iron containing a small amount of carbon. It is the 
standard material of construction for shipment and ambient storage 
of concentrated sulfuric acid where iron contamination can be 
tolerated. Its corrosion rate increases sharply with velocity and 
temperature. (See data via Main Menu) 

Glass-lined steel equipment has a thin (approx, 0.06 inch) lining of 
glass on the steel. It is used in severe environments and/or where 
iron contamination must be prevented, but is subject to mechanical 
damage. 

< Press ENTER to continue > 

FIG. 5--CHEMoCOR sample statements. 

.2 
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What would you like to do? 

1. Review summary of material(s) selection 
2. Print summary of material(s) selection 
3. See the relevant logic structure(s) 
4. Change some answers and reconsider 
5. Consider an entirely different case 
6. Return to the Main Menu 

Ese-Main Menu Fl-help 

FIG. 6--CHEM,COR 1 post-selection menu. 

comprising some 261 kilobytes of information (approximately 250 output screens) are avail- 
able in the information retrieval module of CHEM.COR 1. 

In addition to the read-only version described herein, an "open"  version known as 
CHEM.COR 1.PLUS also is available. Users of CHEM.COR 1.PLUS may add data to the 
system and download their own custom versions of CHEM.COR 1 for internal distribution. 
However, in order to guarantee integrity of system output, there is no provision to suppress 
the output of CHEM.COR 1, and any custom data is clearly marked as such. The data may 
be added via the keyboard or retrieved directly from ASCII  text files, eliminating any need 
to duplicate existing data. The ability to create a custom version of CHEMoCOR 1 in this 
manner adds greatly to its value and utility, because CHEM~ 1 can therefore be used 
as a vehicle to distribute proprietary information to many users within a single company, 
or simply for central storage of company preference and practice. 

The custom options available in CHEM.COR 1-PLUS enable users to add proprietary 
information to CHEM.COR 1 in order to: 

1. Precede a question in materials advisory mode. 
2. Supplement the on-line help for such a question. 
3. Respond to a user's answer to such a question. 
4. Supplement the advice following the materials advisory summary. 
5. Supplement the data available in information retrieval mode. 

With these options, the opportunities to add custom information to CHEM.COR 1 are 
essentially limitless. 

CHEM, COR Development Schedule 

CHEMoCOR 1 and CHEM,COR 1.PLUS were completed in November 1989. Future 
CHEM.COR modules will address such corrosives as: acetic acid, formic acid, hydrogen 
chloride, chlorine, sodium hydroxide, and phosphoric acid. 

Related Programs 

There are numerous other corrosion software projects that are in some way affiliated 
with MTI, NACE,  and NIST. The first NACE-NIST Corrosion Data Program products 
were released in 1987. Derived from the NACE publication (Corrosion Data Survey), 
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/•Chemical vacuum, concentrator ] 

/~ Waste acid concentration [ 

/ / j  Chemico drum concentrator ] 

Contact process I Material selection listings for ~ .  
chemical processing equipment ] -"---1 Alkylation / H2S processes [ 

~ Defn. of concentrated H2SO4 [ 

Utilization of 93% ] 
Definition of concentrated Dilution of 93% [ 
H2SO4 and its u s e s  

Utilization of other concntrms. I 

~ Specialty alloys and castings ] 

Nonmetallics ~[ Tantalum J L . ~  ] 

~ 2 a s t  irons ] 

Data on various materials in ~ [ "  Acid-brick linings ] 
concentrated H2SO4 service 

- \  l ~  [Types3.... 04and316 

~ i c k e ~  ] 

[ Glossaries ~.~__~_.._ i Materials [ 
Terminology [ 

~ 1  Primary reference [ 
Energy considerations ] 

Materials and corrosion ctrl 

Process and design [ 

Specific equipment [ 

fie acid miscellany I 

FIG. 7--CHEM,COR 1 Levels 1 and 2 of information system. 

Information sources 

CORoSUR~ and COR.SUR2 ~ provide corrosion rate data on metals and nonmetals, re- 
spectively, in single corrosive environments as a function of temperature and corrosive 
concentration. Corrosion rate data are available in these programs for 25 common metals 
exposed to approximately 1000 corrosive environments and for 36 nonmetals in over 850 
corrosive environments. A sample data screen from CORoSUR is shown in Fig. 12. 
COR.SUR and COR~ provide extremely useful reference data, but are essentially 
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Localized Corrosion - Hydrogen Blistering 

Hydrogen blistering may occur in steel plates which contain large 
manganese sulfide inclusions. This is most likely when the acid 
suffers minor dilution effects (e.g. at the area where rising/falling 
liquid levels occur in storage tanks with inadequate vents). This is 
due to ingress of  atomic (nascent) hydrogen generated by corrosion. 
However, one source reports that most of the tanks inspected 
(constructed to AP1650) had blisters 2" to 12" in diameter on the 
floor plates and sidewalls (ref 47). In cases which the blisters had 
ruptured, accelerated corrosion was reported within the blister 
sites. 

Steels made to free-grain practice, such as AP1650, are blister 
prone because they contain layers of flattened sulfide inclusions as 
well as clusters of alumina inclusions oriented as bands towards the 
center of  the plate. 

< Press ENTER to continue > 

FIG. 8--CHEM.COR 1 sample text. 

"closed" systems: there is no provision for users to enter their own data or build their own 
corrosion databases. 

For users who wish to build their own corrosion databases NACE and NIST developed 
and released in 1989 CORoDATA PLUS, a database package that provides a standard format 
for the assembly, search, and retrieval of corrosion data. CORoDATA PLUS utilizes a 

350 66Z 

T 300 
e 

m 

p 7-50 
e 
r 7-00 
a 

t 
u 1S0 
r 

e 

100 
C 

50 

B o i l i n g  / ' \  
P o i n t s  / /  \ 

/ /  \\ 
\ 

F r e e z i n g  P o i n t s  

'\ 

/ 

572 T 
e 

48Z p 
e 

392 r 
a 

t 
30Z u 

e 

7-1Z 
F 

17-2_ 

37- 

70 80 90 100 110 120 

X S u l f u r i c  f l c i d  

FIG. 9--CHEM.COR 1 graph of boiling and freezing points for concentrated sulfuric acid. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



70 

STURROCK ET AL. ON INFORMATION DISSEMINATION 35 

158 

T 60  
t2. 

Irl 

p 50  
e 

r 40  
a 

t 
u 30  
P 

e 

20  
C 

10 /' 

140 T 
e 

17_7_ p 

104 r 
a 

t 
B6 u 

r 

6B 
F 

70 80 90 100 110 120 

7. S u l f u r i c  ficid 

FIG. IO--CHEMoCOR 1 isocorrosion chart for carbon steel. 

58 

32 

100 

80 

60 

40 

20 

0 

Tgpe 316 

CF8M 

O.00 0.61 1.22 1.83 

Oelocitg, mps 

FIG. 11--CHEMoCOR 1 veloci~ effec~in95% sulfuricacid at50~ (122 ~ F). 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



36 CORROSION TESTING AND EVALUATION 

FIG. 12--Sample data screen from COR.SUR. 

standard format for organization of corrosion data as developed by NACE Technical Com- 
mittee T-3U on Computers in Corrosion Control. Use of the standard format facilitates 
exchange of information and consistency among users of corrosion control data. 

COR~ PLUS Version 1.0.0 accommodates general weight loss corrosion rate data 
for metals and alloys plus related pitting and crevice corrosion data. Future updates will 
permit additions of data relating to other forms of corrosion, including stress corrosion 
cracking, corrosion fatigue, etc. The initial release of CORoDATA PLUS is designed for 
corrosion scientists and engineers to establish their own database using a series of menu- 
driven screens to organize the data input process. A sample dataset is included to provide 
the user with examples of how data are formatted and how to search and retrieve data. The 
sample data are derived from 300 field tests of nickel alloys in sulfuric acid process envi- 
ronments involving approximately 4000 specimens. 

With the sponsorship of the Industrial Processing Division of the New Zealand Department 
of Scientific Research, NACE-NIST has developed PETRO~ 1, an expert system for 
oil and gas industry applications [3]. PETRO~ 1 suggests materials to consider for 
applications involving sucker rod pumps and is based on information in NACE and American 
Petroleum Institute standards and publications with enhancements that reflect current in- 
dustry practice. The practices are based on advice and technical contributions from sucker 
rod pump manufacturers, oil and gas production companies, and individuals with expertise 
in specifying materials for subsurface pumps. 

The Electric Power Research Institute has recently underwritten a three-year project for 
NACE-NIST to develop six computer modules of interest to the electric power industry [4]. 
Distributed ultimately by NACE as the POWER~ series, these modules will address 
such topics as: corrosion of condenser materials, stress corrosion cracking and intergranular 
attack of Alloy 600 in secondary waters, cracking of structural materials in nuclear envi- 
ronments, corrosion in service waters, microbially induced corrosion, and corrosion in flue 
gas desulfurization systems. The project will involve a broad spectrum of software tech- 
nology, utilizing mathematical modeling, relational databases, hypertext, and expert systems 
in some combination unique to each module. 

One of the MTI members has developed an expert system which MTI is seeking to deliver 
to its entire membership. Known as AUSCOR, this program predicts the likely corrosion 
behavior of stainless alloys in a wide range of aqueous environments [5]. More specifically, 
AUSCOR provides an assessment of the probabilities of the modes associated with general 
corrosion, localized corrosion, and stress corrosion. It also provides an indication whether 
these probabilities are likely to be sensitive to small changes in environmental conditions. 
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NACE has developed corrosion-related software outside of the Corrosion Data Program. 
The CORoAB text retrieval package provides keyword search capabilities over a database 
of abstracts from NACE's  journal, Corrosion Abstracts. Currently the database contains 
abstracts from the journal for the years 1982 through 1987. The final version, available in 
1990, will contain abstracts from the journal for the years 1962 to 1988, inclusive. 

MTI has independently developed a simple database of wrought alloys commonly used 
in the chemical process industries. This database consists of a total of 198 entries, covering 
136 alloys. Each entry includes UNS number, trade name, genetic name, supplier (for 
proprietary alloys), partial mechanical properties, ASTM specifications, ASME Code cov- 
erage, chemical limits, and equivalent specifications. The database is supplied as a file in 
Lotus 1-2-3 format, which can be used as input to most spreadsheet and database programs. 
Additional alloys, including cast alloys, are being added. This database has proven valuable 
in keeping up to date on available alloys, many of which are supplied by several suppliers 
under differing trade names. 

Conclusion 

NACE and NIST are engaged in a program to compile and organize information to assist 
in the cost-effective practice of corrosion engineering. The use of personal computer software 
modules to achieve this goal provides for cost-effective distribution of this information. 
These software modules are available in various forms, including numeric databases, expert 
systems, and text retrieval systems. Hybrid modules also are under development to allow 
for the integrated use of databases, expert systems, and text files. This hybrid approach 
provides a system that gives guidance to the inexperienced while providing more detailed 
technology to the experienced corrosion engineer. 
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DISCUSSION 

M. Schor? (written discussion)--Since I work for the chemical industry, I can say that 
these programs are useful for solving problems in the plants. But they should include detailed 
data on the impurities content of sulphuric acid and the operating conditions of the system. 

IMI, Institute for Research and Development, P.O. Box 313, Haita, 31002, Israel. 
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C. P. Sturrock, et al. (authors' closure)--The corrosion data in CHEM.COR are presented 
as reported by the original investigator. Some data are based on laboratory tests using pure 
acid which does not contain contaminants, often encountered under actual operating con- 
ditions. Where field tests are reported, the original investigator may not have identified 
specific contaminants nor documented their influence. A determined user of CHEM~ 
can review the publications cited therein for this information. 

S. Garnett 1 (written discussion)--As already noted by others, the use of "expert systems" 
by nonexperts opens significant possibilities for mistakes. On the other hand, the experts 
will find the "expert  system" inadequate. The systems being developed will cover the 10 to 
15 heaviest industries, perhaps because they are the ones prepared to fund the development 
work. The chemical process industries, with hundreds to thousands of processes, will find 
the "expert  systems" inappropriate for their very specific conditions and needs. Even for 
those 10 to 15 industries where the investment is made, the "expert  systems" will require 
a generation before they become right and are truly useful. I believe the current need is for 
databases. From these the lesser and greater experts can develop their answers to the specific 
problems they face. 

C. P. Sturrock, et al. (author's closure)--The use of any information resource (not only 
expert systems) by nonexperts opens significant possibilities for mistakes. The greater the 
interpretation of output required, the more mistakes will be made. Because the CHEM.COR 
modules are designed for use by nonspecialists, the output is very specific, e.g. "materials 
x, y, and z have been successfully used under the conditions you have specified." With such 
specific advice we feel there are fewer opportunities for errors through misinterpretation of 
output. 

An expert system designed for use by experts need not be inadequate if it incorporates 
the expertise of many experts and can solve a wider variety of problems than any single 
expert. The materials advisory component of a particular CHEM~ module is of little 
use to an expert on the handling and storage of the hazardous chemical in question; however, 
few individuals have extensive experience with all seven hazardous chemicals in the overall 
CHEMoCOR system. Furthermore, the hybrid design of the modules includes information 
retrieval of corrosion rate data and references to the literature for experts who wish to probe 
further into the domain. 

While it is true that there are thousands of processes within the chemical process industries, 
corrosion phenomena vary only with the choice of material and a few key environmental 
factors. Hot sulfuric acid corrodes carbon steel regardless of the process that brings them 
together. Databases of corrosion rate data (when such data are available and reliable) are 
useful to corrosion experts capable of interpreting the data with respect to their own needs; 
however, we feet uninterpreted data presented to nonspecialists invites error. 

IM1, Institute for Research and Development, P.O. Box 313, Haita, 31002, Israel. 
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ABSTRACT: Recent advances in nondestructive evaluation (NDE) technology have led to 
improved methods for quality control and in-service inspection. In addition, these same ad- 
vancements have led to the development of new options for material diagnostics. No longer 
are NDE considerations directed only at crack detection and sizing. Detailed discontinuity 
characterization has become a major objective of much NDE work underway today. Specif- 
ically, this work is aimed at the creation of quantitative NDE methods which offer a rational 
alternative to destructive metallography for material evaluation. While this goal may be some 
ways off, significant progress has been made in the NDE characterization of corrosion-induced 
degradation. Nowhere have these developments been more evident than in the characterization 
of corrosion phenomena in small-diameter, heat exchanger tubing. This paper presents results 
from a continuing program designed to establish improved inspection methods for the assess- 
ment of corrosion degradation in nickel-alloy nuclear steam generator tubing. The major focus 
is directed at unique test methods and data analysis techniques which offer the potential to 
identify and discriminate between different kinds of corrosion degradation. While the results 
highlight success in the assessment of tubing, tile concepts and general observations are equally 
applicable to other components. 

KEY WORDS: tubing, degradation, eddy current, ultrasonic, corrosion, inspection, visual, 
nondestructive, steam, generator, diagnostics 

A critical aspect of a rational corrosion control strategy is the early detection and char- 
acterization of potential degradation in the hardware-environment system of concern. The 
conventional approach to this problem typically involves the preparation, corrosion testing, 
and periodic nondestructive evaluation (NDE) of laboratory sampies designed to replicate 
the anticipated service conditions. Results from these tests in turn are used to establish 
guidelines for field inspection options. In general, two major aspects of inspection capability 
must be considered--detection and characterization. Detection considerations relate to 
overall inspection sensitivity and the ability to discriminate between relevant and nonrelevant 
indications. Characterization, on the other hand, is the ability to define the source of the 
indication once detected, In the characterization arena we face the challenge of using NDE 
techniques to identify and discriminate between different kinds of material degradation. 
Where corrosion is a source of degradation, the characterization of damage is further ag- 
gravated by the number of potential mechanisms and failure modes that can be involved. 
Despite these complexities, the need to extract more and more information from inspection 

Materials Reliability, Westinghouse Science & Technology Center, 1310 Beulah Rd., Pittsburgh, 
PA 15235. 
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results continues to increase due to the demand for the more efficient use of materials. 
Early damage detection alone is not adequate. Detailed defect sizing and characterization 
has become the major objective of much NDE work underway today. Consequently, the 
technology is moving towards more sensitive tests that yield more complex data which, in 
turn, are more difficult to interpret. To address this challenge, the NDE community has 
turned to a combination of multiple mode inspections and computer-aided data analyses. 
Success in this activity has generated quantitative NDE capabilities which can be used as 
both improved quality assurance tools and new options for material diagnostics [I]. 

Nowhere have the advantages of advanced NDE been more evident than in the detection 
and characterization of corrosion damage in power generation applications and, in particular, 
high-nickel-alloy nuclear steam generator tubing. 

The steam generator in a nuclear power plant serves the role of a heat exchanger where 
heat from water in the core is transferred to the steam system that drives the turbine- 
generator unit. In this application, thousands of small diameter super-alloy (Inconel) tubes 
are used to both expedite heat transfer and to keep the core (primary side) system separate 
from the steam (secondary side) system. These critical operations demand outstanding tubing 
performance, yet the service conditions represent perhaps the most adverse environment in 
the plant. High temperature and progressive concentration of even the slightest contaminant 
can lead to corrosion problems. Over the years, a number of corrosion-related damage 
mechanisms have been encountered [2]. These phenomenon include pitting, general cor- 
rosion (wastage), intergranular attack (IGA), stress corrosion cracking (SCC), corrosion 
fatigue, and tube denting from the growth of corrosion products at support locations. In 
addition, these problems have been known to occur in combination. Variations in tubing 
geometry (transition, bends, etc.), damage location (outside diameter versus inside diam- 
eter), and deposit growth further complicate the situation. Clearly, the accurate character- 
ization of corrosion-related phenomena in steam generator tubing presents a formidable 
challenge for state-of-the-art NDE technology. This challenge, in turn, has led to the de- 
velopment and implementation of some of the most effective NDE capabilities in use today. 
While developed specifically for relatively small-diameter tubing assessment, the techniques 
have broad applicability to a wide range of corrosion problems in all types of components. 
This paper presents an overview of inspection capabilities developed for the evaluation of 
steam generator tubing. Particular emphasis is directed at the use of NDE techniques for 
the characterization of corrosion-induced material degradation. Novel inspection procedures 
developed for both laboratory and field use are described. Visual, radiographic, eddy current, 
and ultrasonic tests are included along with combined mode options and artificial intelligence- 
based data interpretation schemes. 

Visual Inspection 

Recent advancements in optical inspection equipment and, in particular, the development 
of charged-couple-device (CCD) video probes has kept visual methods high on the list of 
practical inspection options for many components, including tubing. While not widely ap- 
plicable to the field inspection of steam generator tubing (because of limited access to the 
tubing interior), video probes are invaluable for the general assessment of laboratory samples 
and tubing segments removed from service. However, visual methods alone are not adequate 
for the quantitative characterization of corrosion damage because the test is limited to surface 
examination, and corrosion products (stains, deposits, etc.) can mask important damage. 
Enhanced visual methods involving the use of dye penetrant testing can improve the situation 
somewhat, but major limitations still remain. 

In order to improve the value of visual inspection for the characterization of steam 
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generator tubing, engineers at Westinghouse have developed a unique silicone rubber/dye 
penetrant replication technique which provides an extremely accurate panoramic view of 
damage on the inside surface of the tube [3]. Figure 1 illustrates the technique as applied 
to a corrosion test sample (tube expanded in a collar). A dye penetrant test is performed 
to entrap dye in any damage open to the tube surface, the excess dye is removed, and a 
silicone rubber mold is made of the distressed area. The rubber replica is removed when 
cured, and cellophane tape is applied over the replica in the area of interest. A tracing of 
damage is made on the tape and the tape removed and placed on a plain sheet of paper, 
thus creating a panoramic view of the tubing degradation as seen from a position within the 
tube. This view is important since it matches the perspective encountered by ultrasonic and 
eddy current probes used to assess tubing. A significant advantage of the replication tech- 
nique is the ability to create a near-metallographic quality permanent record of tubing 
damage without destroying the sample. In addition, replicas can be made periodically during 
a corrosion test to map the extent of degradation as a function of exposure time. Figure 2 
shows such results for a steam test sample. Note the intricate details of crack progression 
revealed by the replication technique. Such data are invaluable for the assessment of cor- 
rosion phenomena as well as for the evaluation of alternate inspection options. A major 
limitation of the rubber replica technique is, of course, the fact that it is applicable only to 
the characterization of surface degradation. 

Panoramic Radiography 

Another NDE technique developed at Westinghouse for the improved characterization 
of steam generator tubing samples is the rotating tube, single-wall X-ray technique. Figure 
3 illustrates the procedure. A cylindrical film pack is placed inside the tube and the tube is 
rotated while being exposed to X-ray radiation passing through a narrow window. Figure 4 
shows the results of a single-wall, panoramic view radiograph versus the corresponding 
double wall radiograph for the same tube containing extensive pitting damage. Note the 
improved sensitivity and resolution of the single wall test versus the more conventional 
double-wall technique. Such enhanced radiographic inspection capabilities permit the de- 

\ 

S 
FIG. 1--Silicone rubber/dye penetrant replication of tubing damage. 
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FIG. 2--Results of periodic replication. 

tailed characterization of corrosion phenomena where through-the-tube wall characterization 
is important. Panoramic radiographic examination can be conducted periodically during 
laboratory corrosion studies, but the test cannot be applied in the field. 

Eddy Current Inspection 

Eddy current methods are widely used for the inspection of nonferromagnetic heat-ex- 
changer tubing. In this test, the impact of discontinuities on the electromagnetic properties 
of the material provides the basis for an effective NDE method. The major advantages of 
eddy current testing are rapid inspection rates and outstanding detection sensitivity. How- 
ever, the popular bobbin coil sensor used to scan the tubing interior surface is not very 
effective for defect characterization. Consequently, the bobbin coil is used primarily for the 
detection of corrosion damage and alternate eddy current sensors are used for improved 
defect characterization. Figure 5 shows two special eddy current probes designed to enhance 
the defect characterization capabilities of electromagnetic testing. The single-element ro- 
tating probe offers a detailed eddy current map of the tubing surface and, thus, an excellent 
characterization of tubing distress. Figure 6 shows a typical data display for stress corrosion 
cracking as detected with a single-element rotating probe. Of course, such outstanding detail 
is obtained at the expense of testing speed. The rotating probe test is orders of magnitude 
slower than the bobbin coil test. 

The multiple element eddy current probe shown in Fig. 5 is an attempt to capture some 
of the advantages of the rotating probe with a straight pull concept. The defect character- 
ization capabilities of the multiple element probe are much better than the bobbin coil, and 
data can be taken at about the same period. However, data reconstruction presents a 
formidable task. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CLARK AND METALA ON NDE CHARACTERIZATION 43 

FIG. 3--Rotating tube single-wall X-ray technique. 

An important development in eddy current testing that expands the discrimination ca- 
pabilities of virtually all eddy current probes is multiple frequency testing. In this procedure, 
the same sensor is activated at two or more frequencies nearly simultaneously, and the 
frequency-induced variation in response is used to further characterize discontinuities. This 
technique is particularly valuable for resolving the effect of surrounding hardware, tubing 
geometry, and corrosion products on eddy current results. For example, a crack filled with 
a conducting or magnetic deposit can yield an eddy current signal much larger than that 
produced by the crack itself. A multifrequency eddy current assessment of the crack can 

FIG. 4--Conventional versus panoramic X-ray of tubing sample (pitting). 
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FIG. 5--State-of~the-art eddy current probes for tubing inspection. 
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FIG. 6--Isometric display of corrosion cracking; rotating EC probe on tube 1D. 
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reveal the presence of the deposit and thus provide a diagnostic capability important for 
the identification of corrosion mechanisms. 

Despite the success of eddy current methods for the assessment of heat exchanger tubing, 
the test has important limitations, particularly with regard to the characterization of wall 
thinning and multiple-crack degradation modes. In an attempt to resolve these limitations, 
ultrasonic inspection techniques have been developed to supplement eddy current testing. 

Ultrasonic Inspection 

Ultrasonic methods are widely used as quality control tests during tubing manufacture. 
However, only recently has this test been considered for the routine in-service assessment 
of steam generator tubing. In the past, ultrasonic test methods have been used successfully 
to map wall thinning in steam generator tubes, but the test was considered too limited and 
too slow for general inspection. With the recent development of multiple-element ultrasonic 
inspection probes, some of the earlier concerns have been resolved and ultrasonic tests are 
now considered prior to pulling tubes for diagnostic purposes. Figure 7 shows two multiple- 
element ultrasonic probes used to assess heat exchanger tubing. The "bore-side array" 
(Krautkramer, Inc.) consists of eight or more ultrasonic transducers arranged in a circum- 
ferential pattern. Each sensor directs a separate angle beam sound wave along the axis of 
the tube. A multiplex instrumentation system is used to create an ultrasonic map of the 
tube cross-section as the probe is pulled through the tube. This test is particularly sensitive 
to circumferential cracking (major plane of the crack is perpendicular to the tube axis), but 

U,T~ 
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FIG. 7--State-of-the-art ultrasonic probes for tubing inspection. 
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it cannot be used to accurately characterize axial degradation. Consequently, depending on 
the source of corrosion damage, the bore side array may be a rational test option. 

The multiple look-angle ultrasonic probe shown in Fig. 7 is not limited to the assessment 
of a particular defect orientation, but, unlike the bore-side array, this probe must be rotated 
in the tubing. Again, outstanding defect characterization can be achieved at the expense of 
test speed. Figure 8 shows the results of a multiple-look angle ultrasonic assessment of a 
steam generator tube containing a crack in an area of wall thinning. To the best of our 
knowledge, no other nondestructive inspection method can match these results. 

Another unique feature of the multiple-look angle ultrasonic probe is the incorporation 
of a spring-loaded, surface-riding eddy current sensor which permits the collection of elec- 
tromagnetic data at exactly the same time as the ultrasonic test. This combined mode 
inspection option further expands the defect characterization capabilities of existing NDE 
technology. Since the ultrasonic and eddy current tests depend on completely different 
physical properties, the comparison of results generated at virtually the same time and at 
the same location permits signal discrimination beyond that possible with a single test mode. 
While multiple mode testing is a relatively new NDE concept, the advantages for improved 
discontinuity characterization make it clear that this option will become more common in 
the near future. 

Data Interpretation 

The continuing development of NDE techniques which provide ever-increasing amounts 
of data at faster and faster rates has created a special problem in data interpretation. In 
many cases the human inspector can no longer be expected to monitor results in real time 
and make timely decisions regarding product integrity. Again, the inspection of steam 
generator tubing clearly illustrates this dilemma. Combined multiple-sensor, multiple-fre- 
quency, and multiple-mode inspection techniques produce so much information that data 
interpretation lags far behind data collection capabilities. To address this concern, West- 
inghouse has pioneered the use of expert system-based artificial intelligence concepts to 
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FIG, 8--1sometric display of  corrosion cracking at an area o f  wall thinning; rotating UT probe on 
tube ID. 
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FIG. 9--Intelligent eddy current data analysis system 'VEDA." 

expedite the interpretation of multiple-element, multiple-frequency eddy current testing of 
SG tubing [4]. The Westinghouse system is called IEDA--Intelligent Eddy Current Data 
Analyses. Figure 9 shows a diagrammatic illustration of the IEDA system. In its present 
format IEDA provides a high-speed screening capability which extracts specific features 
from the inspection data that correspond to known discontinuities. This capability signifi- 
cantly reduces the amount of data that must be analyzed by human interpreters. As new 
rules are developed for the classification of more discontinuities (and nonrelevant indica- 
tions), the appropriate pattern recognition algorithms are included in IEDA. Current plans 
include the expansion of intelligent data interpretation technology to ultrasonic inspection 
results and the pursuit of at least rudimentary self-training options where the computer can 
offer an opinion regarding the source of test signals. Both experimental and analytical 
modeling capabilities will be used to devise the smart system. Included in the goals of this 
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program are the automatic detection, sizing, and characterization of virtually any discon- 
tinuity that can occur in steam generator tubing. To address these goals we will be pushing 
the discontinuity characterization capabilities of NDE methods to the limit. At  the very 
least, we expect this activity to further enhance the ability of nondestructive test methods 
to define the intricate features of discontinuities such that rational material diagnostics is 
possible without destructive metallography. 

Discussion 

Significant progress has been made in the long-standing NDE problem of forward versus 
reverse signal interpretation. In the past it was widely accepted that NDE response could 
be predicted from knowledge of the defect, but the defect could not be described from NDE 
data alone. This situation is changing. Progress has not come easy, and even today a number 
of different inspection methods are required to accurately characterize discontinuities in a 
relatively simple component. This situation is perhaps best illustrated by the extent of the 
steam generator tube inspection menu used at the Westinghouse NDE Center. This chart 
is reproduced in Fig. 10. The options summarized in this matrix reflect some of the consid- 
erations that must be addressed to adequately characterize corrosion damage in steam 
generator tubing. These choices have developed as the result of extensive experience with 
service analyses and laboratory testing. 

Despite the complexities associated with the selection and utilization of NDE methods 
to characterize corrosion phenomena, the advantages over indiscriminate destructive me- 
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tallography are tremendous. A primary advantage is the ability to conduct a thorough 
evaluation and yet keep the sample intact for the assessment and qualification of new and 
developing inspection techniques. In addition, test coupons with actual degradation as com- 
pared to notches and drilled holes provide more defensible training and calibration samples. 
As trends towards life cycle design options and plant life extension considerations grow, the 
need for the in-place nondestructive characterization of material condition grows accord- 
ingly. If the engineering community is to defend design practices that depend on the con- 
tinuing recertification of hardware, the associated inspection activities will need to provide 
more capabilities that defect detection. To meet this challenge we must begin to expand 
NDE technology into the diagnostic arena. The advances in quantitative NDE related to 
the characterization of corrosion in steam generator tubing show what is possible with existing 
systems, and this work should provide the incentive for even more exciting material char- 
acterization options. 
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DISCUSSION 

A. C. Van Ordenl--Is it possible to use NDE to examine complex geometries on real- 
world samples such as welded or riveted joints? And what can be learned? 

IV. G. Clark and M. J. Metalu (author's closure)--The quantitative NDE capabilities 
discussed in this paper, while developed specifically for tubing, are widely applicable to a 
range of structural components. Overall success depends upon the consistency of the com- 
ponent geometry and metallurgy to the extent that the NDE signature can reveal important 
discontinuities. Another  critical factor is the availability of a sufficiently large data base 
which can support the diagnostic capabilities. Several of the NDE methods illustrated here 
are currently in use for the characterization of both welded and riveted structures. 

AS&M, NASA Langley Research Center, Hampton, VA. 
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Evaluation of Corrosion Failures in Pumps 
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ABSTRACT: Pumps are subject to a wide range of corrosion problems. A considerable number 
of these failures can be grouped into two broad categories. In the first category, some deficiency 
in fabrication or processing can lead to enhanced corrosion in a normally resistant material. 
Intergranular attack and corrosion at casting defects are the most common problems of this 
type. Examples of each are discussed and remedies proposed to alleviate this problem. The 
second major category of corrosion failures is caused by unanticipated or unrecognized aspects 
of the environment which adversely affect the material. Examples are discussed wherein 
corrosion and subsequent cracking occurred as a result of deficiencies in water treatment which 
allowed the intrusion or buildup of corrodents. The examples presented in this paper illustrate 
the importance of metallurgical failure analysis as a tool to produce a higher quality, more 
reliable product. 

KEY WORDS: pump, corrosion, failure, intergranular corrosion, casting defect, grain bound- 
ary film, corrosion fatigue, stress corrosion cracking, stray current corrosion 

Pump manufacturers strive for enhanced reliability. This is attained through improvements 
in pump design and technology. Metallurgical failure analysis plays an important role in this 
effort as it provides insight into the factors that are critical to pump performance and 
longevity. While problems in pumps can be induced by a myriad of causes, frequently 
including misuse in operation, corrosion must rank as a leading cause of material failure. 

Metallurgical evaluation of failures in pumps often is essential to an understanding of the 
root cause of the problem, An important aspect of this analysis is gathering information on 
actual service conditions. Operating personnel are frequently the best source for this infor- 
mation. This is followed by chemical analysis, verification of mechanical properties, and 
metallographic examination of the fracture surface and microstructure. 

In the absence of such a rigorous examination, the role of corrosion in the initiation of 
cracking and other forms of deterioration often is not recognized. There is frequently a lack 
of appreciation by all concerned parties of the need for a detailed chemical analysis of the 
pumped fluid. This is particularly so in instances not involving an obvious chemical appli- 
cation. Data sheets frequently identify the fluid as "water," "pure water," or some other 
equally vague description. Actual operating conditions, in terms of fluid chemistry, may 
vary considerably from those specified on the data sheets. Records of operating parameters 
are sketchy or nonexistent, and this makes failure analysis difficult. When cracking occurs, 
the immediate response typically is to blame either the material or the design and to attempt 
to solve the problem with higher strength materials or more rigorous techniques for stress 
analysis. These approaches fail because they do not come to grips with the root cause of 
the problem. There usually is some deficiency in materials processing or fabrication which 

Manager--Materials Engineering, Dresser Pump Division, Harrison, NJ 07029. 
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allows corrosion to initiate in an otherwise resistant material, or an unrecognized aspect of 
the environment which promotes cracking. 

A variety of corrosion failures in pumps are discussed in this paper. These have been 
selected to illustrate the more common types of failure, as well as those that occur less 
frequently but teach important lessons. The objective in discussing these failures is to provide 
information which can be utilized by both manufacturers and users of pumps. An appre- 
ciation of potential corrosion problems will enable manufacturers to optimize design and 
fabrication practices. It will also convey to users the importance of adequately defining and 
controlling the operating environment. 

A report [1] issued by the Materials Technology Institute of the Chemical Process In- 
dustries (MTI) indicates that the leading causes of failure are intergranular corrosion and 
casting discontinuities, many of which have welds associated with them. Table 1, extracted 
from this report, indicates the scope of the problem with pump components; frequently 
castings of alloys CN-7M or CF-8M fail in this manner. 

The frequent examples of intergranular corrosion emphasize the importance of proper 
heat treatment, especially when the casting will see service in an environment capable of 
causing intergranular attack. It might be noted that numerous environments will not induce 
intergranular corrosion even in deliberately sensitized material. There is less concern with 
sensitization induced by welding or other thermal treatments when an austenitic stainless 
steel pump is used in these environments, many of which are identified in a comprehensive 
Welding Research Council report [2] on this subject. In practice, the pump manufacturer 

TABLE 1--Premature failures in the chemical process industries." 

Part Time in 
Alloy Type (No. of Parts) Failure Mode Service 

CN-7M Impeller (1) tntergranular corrosion 1 year 
CN-7M Pump (6) Intergranular corrosion 1 to 3 months 
CN-7M Pump (1) Intergranular corrosion 3 months 
CN-TM Valve (1) Casting discontinuity ... 
CN-7M Backplate (l) Casting discontinuity ... 
CN-7M Pump (6) Leaks at weld repair Startup 
CN-7M Valve Casting discontinuity ... 
CN-7M Bell valve Intergranular corrosion ... 

and casting discontinuity 
CN-7M Pump Intergranular corrosion ... 
CN-7M Pump Incorrect heat treatment ... 
CF-8M Recyclicone Intergranular corrosion ... 

and casting discontinuity 
CF-8M Pump Stress-corrosion cracking 3 months 

and corrosion fatigue 
CF-8 Pump Intergranular corrosion ... 
CW-12M-1 Impeller (2) Cracks at weld repair .., 
CW-12M-1 Pump (1) Intergranular corrosion ... 
CW-12M-1 Pump Intergranular and crevice ... 

corrosion 
CD-4MCu Pump (2) Intergranular corrosion ... 
CY-40 Pump (2) Intergranular corrosion 3 months 
Nickel 200 Sleeve (1) Casting discontinuity ,.. 
Illium 98 Spray nozzle Intergranular corrosion ... 

(carbon pick-up) 
Unknown Pumps (several) Poor welding (assembly) 10 months 

" This table was extracted from Ref 1. 
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often does not know the eventual service and, therefore, must take every precaution to 
supply material with optimum resistance to corrosion. 

Examples 1 through 4 are typical of the intergranular corrosion attack identified as a 
leading cause of failure in the chemical industry. In each instance, chemistry of the failed 
component was verified to be within specification. 

Example 1 

A chemical pump, handling 12% sulfuric acid solution at 57~ failed after less than one 
year of service. The pump was constructed of a high-alloy, austenitic stainless steel similar 
to CN-7M. Extensive corrosion had occurred on the shaft, which was fabricated from hot- 
finished bar. Metallographic examination found this corrosion to be intergranular in nature. 
The microstructure at the outer edge of the shaft was severely sensitized, as shown in Fig. 
1, with individual grains entirely surrounded by carbide films. These films gradually dis- 
appeared toward the center of the section. 

A section adjacent to that shown in Fig. 1 was subjected to solution heat treatment at 
1175~ and water quenched. Figure 2 is a photomicrograph of the solution-annealed struc- 
ture and illustrates that proper heat treatment will eliminate grain boundary carbides. 

Dilute and intermediate concentrations of sulfuric acid are environments known to induce 
intergranular attack in sensitized, austenitic stainless steel. This failure, which occurred some 
years ago, was the direct result of failure by the bar manufacturer to quench the material 
at a sufficient rate. Fortunately, today there is a heightened awareness by most reputable 
manufacturers of the need to water-quench these materials. Purchasers of high-alloy aus- 
tenitic materials should be aware that a water quench is not a mandatory requirement of 

FIG. 1--Severe intergranular carbide precipitation near outer surface of pump shaft, x 100. 
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FIG. 2--Solution anneal, at 1176~ (2150~ followed by water quench eliminates carbides from shaft, 
x lO0. 

many ASTM specifications covering these grades, including the ASTM Specification for 
Castings, Iron-Chromium, Iron-Chromium-Nickel, Corrosion-Resistant for General Appli- 
cation (A 743/A 743M), and the ASTM Specification for Castings, Iron-Chromium-Nickel 
and Nickel-Base Corrosion-Resistant for Severe Service (A 744/A 744M). For added as- 
surance, a user can specify that material be tested in accordance with the ASTM Practices 
for Detecting Susceptibility to Intergranular Attack in Austenitic Stainless Steels (A 262/ 
A 262M), a series of tests designed to detect susceptibility to intergranular attack. 

Example 2 

A stainless impeller in a chemical pump failed after 35 days of service in phosphoric acid 
containing about 1% iron and about 3% calcium sulfate fines. The failure consisted of severe 
intergranular attack over most of the exposed surface of the impeller. Operating temperature 
was about 115~ The material was CN-TMS, a high-nickel alloy austenitic with corrosion 
characteristics similar to CN-TM. Owing to the high nickel, CN-TMS castings should have 
a fully austenitic grain structure. Figure 3 shows a typical structure for this casting, with 
continuous carbides in the austenite grain boundaries. In Fig. 4, corrosion is seen to be 
progressing along these grain boundaries into the material. It was concluded that this impeller 
was in the "as cast" condition and received little or no heat treatment. 

Example 3 

The impeller shown in Fig. 5 had been used in acid injection service. Details pertaining 
to the specific environment are proprietary, however impellers of the same chemistry, that 
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FIG. 3--Intergranular carbides in the cast austenitic structure of a stainless pump impeller, x 100. 

FIG. 4--Intergranular corrosion follows the path of  carbide precipitates in this pump impeller, x 100. 
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FIG. 5--Stainless pump impeller following acid injection service. 

being the CN-7MS composition, had been used previously with good success. Visual ex- 
amination showed the attack to be intergranular in nature with widespread grain dropping. 
Irregularity of the attack suggests that the corrosion took place mostly while the pump was 
not in operation. The microstructure (Fig. 6) shows a semicontinuous network surrounded 
by fine, precipitated carbides. In this instance, the supplier insisted that the castings had 
been solution-annealed and water-quenched. Following careful examination of the vendor 
heat-treating practice, it was concluded that precipitation of fine carbides resulted from an 
appreciable delay during the heat treat operation, between the opening of the furnace doors 
and the quenching of the impeller. 

Example 4 

A CN-7MS impeller suffered severe corrosion after handling a 50% nitric acid solution 
containing 5 to 10 ppm chlorides at 71~ The impeller is shown in Fig. 7. Heaviest corrosion 
occurred in areas where there was some shrinkage. The microstructure showed a greater 
than normal amount of fine carbide. This probably resulted from a slack quench which 
allowed precipitation of the carbide phase. A boiling nitric acid corrosion test, conducted 
in accordance with ASTM A 262/A 262M, Practice C, showed that the material was un- 
satisfactory. Corrosion rates of 0.17 and 0.22 mm/month (0.0066 and 0.0089 in./month) in 
48 and 120 h, respectively, exceeded the limit of 0.15 mm/month (0.006 in./month), which 
experience has shown to be a reasonable upper limit for castings in CN-7MS. 

Although there were no identifying marks on the impeller, it could be traced to a particular 
foundry by the grain-size distribution. Only two foundries produce this impeller. The practice 
at one is to gate in from adjacent corners, while at the other foundry, gating is from opposite 
corners. Figure 7 shows that this impeller was produced by the second foundry. 

Example 5 

A CN-7MS impeller with radical cracking was returned after service in a pump that handled 
black liquor at 125~ The cracking occurred only around the hub between the vanes. The 
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FIG. 6--Microstructure showing semicontinuous network of fine precipitated carbides, x 100. 

FIG. 7--High-alloy austenitic stainless impeller, showing excessive corrosion at shrinkage in vane 
fillets. Grain-size distribution identified foundry. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MCCAUL ON CORROSION FAILURES IN PUMPS 57 

FIG. 8--Austenitic microstructure showing progressive corrosion along grain boundary contaminant 
films. This" condition was limited to the hub section between impeller vanes, x 300. 

cracking apparently was confined to this area because it is the last portion of the casting to 
solidify. It progressed along grain boundary films as seen in Fig. 8. 

Heat treating a small section of the impeller that was afflicted with this problem did not 
cause the grain boundary films to dissolve or go into solution. The microstructure of the 
remainder of the impeller was satisfactory, and the chemistry was within specification. It 
was concluded that the grain boundary films are not carbides, but low melting point con- 
taminants (phosphorus, sulfur, etc.) which have adversely affected corrosion resistance. 

Recent work by J. L. Gossett [3] has demonstrated that the corrosion resistance of CN- 
7M and other higher nickel cast alloys can vary dramatically from heat to heat. These 
differences can be correlated with control of trace elements. The use of a secondary refining 
operation, argon oxygen decarburization (AOD),  has been shown to be quite effective in 
eliminating tramp elements and thereby improving corrosion resistance. Improved welda- 
bility and less susceptibility to hot shortness are added benefits resulting from the use of 
AOD.  While the first cost of an AOD-ref ined casting may be higher, fewer rejects and less 
weld repairs may result in a lower final cost. The higher quality inherent in an AOD-ref ined 
casting has prompted some more sophisticated users of nickel alloy pumps in critical ap- 
plications to require this processing step. Clearly, this is an instance where improved foundry 
technology provides the means to overcome a vexing and long-term problem with the CN- 
7M and CN-7MS compositions. 

Example 6 

A CN-7MS pump casing developed leaks after six months of handling 0.2% sulfuric acid 
and 0.03% sulfur dioxide in a water solution at 66~ The leaks were confined to the flange, 
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which subsequently was sectioned and metallographically examined to reveal a badly cor- 
roded band of weld metal. Corrosion was confined to the weld. The sectioned flange is 
shown in Fig. 9. Drillings through the weld metal had an analysis slightly low in the key 
alloying elements; chromium, nickel, and molybdenum. The weld repairs apparently were 
made to fill in gas holes in the flange that caused leakage. Two additional gas holes are 
seen in the photo, slightly below the weld repair. These gas holes were located just beneath 
the machined surface and were not visible when the pump was assembled. 

It was concluded that a rather ineffectual repair was made in the field. Cracking was 
detected along a considerable portion of the fusion line. Intergranular carbides in the weld 
heat affected zone indicated there had been no subsequent heat treatment. 

Failures of this nature are not uncommon, as indicated in the MTI report. Casting defects, 
not uncovered by machining, may go undetected until leaks develop in service. Hydrostatic 
testing is not an effective means to detect this problem because the corrosion process, 
particularly at porosity and other defects which resemble crevices, takes some time to provide 
a liquid path through the metal thickness. Radiography or other forms of volumetric in- 
spection usually are not employed due to cost considerations. Leaks discovered in the field 
are often repair-welded, sometimes by unqualified welders using less than adequate pro- 
cedures. 

Example 7 

Figure 10 shows the remains of a leaded tin bronze, alloy 934, impeller after four months 
of service in a pump that handled a water and detergent solution at 38~ for use in a car 
wash operation. This was one of 300 impellers suffering to some extent from the same 
problem. Random check of chemical analysis showed the impellers to be the correct com- 
position. At low magnification, it was evident that the impellers are porous at the thin section 
of the vanes. This porosity is common in bronze castings which solidify in a manner that 

FIG. 9--Section from pump flange showing gas pockets beneath ineffectual weld repair. 
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FIG. lO--Leaded tin bronze impeller, fractured after four months handling water and detergent at 
37.8~ (IO0~ Porosity at machined vanes promoted failure. 

results in sound metal at the surface with maximum porosity or entrapped gas at the center. 
Figure 11 is a fractured section from an unmachined vane and shows the color (shading in 
a black and white photo) difference characteristic of this defect. It appears as thin, inter- 
connected porosity at grain boundaries as shown in Fig. 12. 

In this instance, the impeller design and method of casting resulted in sound metal being 
removed by machining, with porous metal remaining. There was also evidence of corrosion 

FIG. 11--Porosity through center of unmachined impeller vane, denoted by color difference. 
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FIG. 12--Microstructure of bronze impeller showing thin interconnected porosity at center of section. 

throughout the casting with perforation at the vane. The solution to this problem involved 
redesign of the impeller to reduce as-cast section thickness of the vane and the addition of 
chills to assure sound metal at this location. Stainless steel, recognized as being more 
corrosion resistant in this environment, was considered but rejected on the basis of cost. 

The types of problems described in Examples 6 and 7, which go undetected during fab- 
rication, emphasize the importance of obtaining sound, high-quality castings. It also rep- 
resents a vexing problem for pump manufacturers, that being how to obtain, at low cost 
and without resort on a routine basis to volumetric inspection, high-quality castings. It is 
often difficult to reconcile this need for quality with the competing pressure to select a 
foundry on the basis of cost and delivery. Defects uncovered during machining are repaired 
where possible, but add unnecessary cost and scheduling delays. Close cooperation between 
the pump designer and foundry engineers can result in an optimized design which is less 
prone to defects, as indicated in Example 7. Improvements in foundry technology, including 
the use of computer-developed isothermal plots of casting solidification which identify areas 
of potential shrinkage, also contribute to higher quality. 

Example 8 

The pump shaft shown in Fig. 13 fractured after six months of service in a paper mill. 
Service had been specified as filtered "white water" at 66~ with a neutral pH. The water 
was supplied to a spray apparatus at a paper machine. The shaft material was 17-4PH-1025 
stainless steel. 

At  first glance, this might appear as a simple fatigue failure, initiating at the keyway. In 
fact, another mechanism first caused metal to spall from the surface, beginning at the keyway. 
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FIG. 13--Fractured shaft, type 17-4PH stainless steel. Failure occurred after s& month's handling 
water with pH 7 at 65.6~ (150~ in a paper mill. 

Only then did fatigue cracks initiate. As seen in Fig. 14, a subsurface crack was propagating 
from a region, at the keyway, where the surface has spalled off. Fatigue striations originated 
from multiple origins on the spalled surface, some distance removed from the keyway. 
Metallographic examination indicated incipient corrosion pits and additional cracks on both 
spalled and intact regions of the surface near the fracture. Evidence of corrosion pits in the 

FIG. 14--Stress corrosion crack propagates from ~palled region. Fatigue cracks initiate on spalled 
surface, some distance from keyway. 
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crevice between the shaft and slip-fit, keyed impeller suggested the presence of chlorides 
or sulfur compounds. While no water analysis could be obtained, as is frequently the case 
with industrial failures, it was learned that the water handled by this pump was actually an 
unfiltered, general-purpose plant water. The water was used for equipment washdown and 
pulp mat shower spray, ainong other applications. The effluent is collected, clarified, pH 
adjusted, and then recycled. Also, makeup for this system is obtained from a major river 
at a point less than 30 miles from the ocean. 

The river water contained some chlorides, and these could be increased significantly as 
a consequence of influx of salt water during seasons of minimum flow. Chlorides initially 
present are greatly concentrated in a partially closed system. A 10- to 20-times concentration 
factor is not uncommon. It is reasonable to assume further concentration in the crevice 
between the shaft and impeller. Thus, the necessary conditions for stress corrosion cracking 
were present in a susceptible material. This particular shaft had a hardness of HRC38 at 
the fracture, well above the minimum for this heat treat condition. High strength, or hard- 
ness, is known to enhance susceptibility to cracking. It was concluded that a stress corrosion 
crack initiated at the keyway, propagated as shown in Fig. 14, led to spalling and subsequent 
fatigue. The specific corrodent was probably chloride rather than sulfide. Corrosion pitting 
in this service and the highly oxidizing conditions normally found in paper mill waters support 
this conclusion. 

There are two interesting sidelights to this failure. It seems that Type 416 stainless steel 
shafts had preceded 17-4PH-1025 in this service. These cracked, and, without benefit of 
metallographic examination or failure analysis, it was concluded that a stronger material 
was required. The fact that this pump is designed to operate with a carbon steel shaft having 
a yield strength of less than 50 000 psi was not considered. Clearly corrosion and not 
inadequate strength was the root cause of this problem. Substitution of a very high-strength 
material probably enhanced susceptibility to cracking. 

Stress corrosion cracking failures of 17-4PH pump shafts in the H900 or H1025 condition 
have been encountered previously. Figure 15 shows a 20-year-old failure in a 17-4PH shaft. 

FIG. 15--Stress corrosion cracking in a second 17-4PH stainless shaft, this taken from a steel mill 
descaling operation. Note the crack in the keyway, parallel to the outer surface. 
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It occurred during a descaling operation at a steel mill. This also involved a closed system, 
handling contaminated water, and a slip-fit impeller design. The failure occurred by precisely 
the same mechanism, with subsurface stress corrosion cracks leading to spalling of the 
surface, followed by fatigue cracking through the shaft. 

Reference to this older failure is made to indicate that the relatively poor resistance of 
17-4PH to stress corrosion cracking has long been known. If the failed 416 shafts had been 
subjected to metallographic examination, it is unlikely 17-4PH-1025 would have been se- 
lected as a replacement. Failure analysis would have prevented additional failures. 

Example 9 

The liquid cylinder of a ductile iron plunger pump failed after three years service. This 
pump had been used to supply water for a steam generation application. The steam sub- 
sequently would be injected into the ground to enhance oil recovery. The data sheet for 
this pump indicated the fluid to be simply "water" at 30~ although the pump manufacturer 
was informed that the water would be treated with an oxygen scavenger and would meet 
other chemistry requirements dictated by the boiler manufacturer. 

As the pump was located in a remote overseas location, a local consultant was requested 
to determine the cause for failure. His report indicated that fatigue initiated at a pit, thought 
to be due to casting porosity, and located at intersecting bores, known to be the site of 
maximum cyclic stress. The implication was that a material defect was responsible for crack 
initiation. Water chemistry and its role in this failure were not considered, as it was assumed 
to be noncorrosive. 

At  this point, the pump manufacturer became involved. The failed cylinder was no longer 
available. A site visit was made to evaluate the condition of other ductile iron liquid cylinders 
in the same service. Figure 16 shows a typical cylinder immediately after it was shut down 
and disassembled for inspection. Active pitting corrosion is occurring, as indicated by the 
bright, shiny spots in the bore in the center of the photo. It was learned that the method 

FIG. 16--Liquid cylinder of a ductile iron plunger pump, showing active pitting in the vertical bores. 
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used on site to check oxygen concentration is not capable of accurate measurement below 
1 ppm. The scavenger used was sodium sulfite, widely regarded by operators and chemical 
suppliers as unreliable and inferior to hydrazine for this type of application [4]. Oxygen and 
sulphite can, in fact, coexist. 

Obviously, inadequate water treatment allowed the intrusion of oxygen and subsequent 
pitting. Ductile iron, adequate for properly inhibited water, is entirely unsuitable where 
corrosion pitting can occur. In this instance, the use of aluminum-bronze liquid cylinders 
was required. Aluminum bronze, while having lower fatigue strength in air than ductile iron, 
is more resistant to fatigue in aggressive waters owing to its better corrosion resistance. 

This example indicates the decisive role often played by water treatment, one all too 
frequently ignored when a component fails in a seemingly innocuous environment. It also 
demonstrates the frequent need to gather on-site information from operating personnel, as 
this is often unknown to the responsible engineer. 

Example 10 

One of eleven submersible pumps, in service in central Africa for only two years, lost 
pressure and was withdrawn from service. The pumps had been fitted with cast iron bowls, 
bronze impeller, and steel column pipe. It was reported that the pump failed by severe 
corrosion attack, which caused perforations of the bowl. Review of the water analysis 
indicated that it was not particularly corrosive and certainly could not have caused the 
extensive corrosion. Photographs of the failed pump were requested. These were provided, 
together with a sample taken from the casing. Figure 17 shows multiple perforations and 
indicates the reason for failure. The electric cable to the d-c motor which was coupled to 
the pump had been damaged, probably during installation of the pump into the well. While 
the customer recognized the defect in the cable insulation, it was not associated with corrosion 
failure of the bowl. Corrosion was due to stray current escaping from the damaged cable. 

FIG. 17--Multiple perforations in the cast iron casing of  a submersible pump. Damaged cable insulation 
led to stray current corrosion. 
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It apparently entered the coated casing at the undamaged and uncoated bolt heads, which 
provided the most convenient means of access. The current exited at the opposite end of 
each bolt. Corrosion was maximized at these locations, as is normally the case with stray 
current corrosion. Large concave-shaped pits developed rapidly on the pump bowl inner 
surface adjoining each bolt. Perforation soon occurred in these areas, as shown in Fig. 17. 

This example was included to highlight this relatively uncommon form of corrosion and 
to emphasize that it should not be overlooked in instances of rapid, seemingly inexplicable 
corrosion. 

Conclusions 

Corrosion plays a role in the failure of many pump components. This often goes unrec- 
ognized, particularly in the case of cracking, which is attributed to fatigue. A superficial 
and incorrect diagnosis will lead to conclusions that do not eliminate the problem. In other 
instances, even where corrosion is recognized as being a contributing factor, the causes for 
this corrosion frequently are not well understood by operating personnel who must imple- 
ment corrective measures. 

For these reasons, a metallurgical failure analysis is often necessary to identify the role 
of corrosion. As shown in this report, corrosion often initiates, not because of improper 
material selection, but as a result of some deficiency in fabrication. In pumps supplied to 
the chemical industry, intergranular attack and casting defects are the primary causes for 
failure. Both arise from less than optimum fabrication and processing. Failure analysis 
enables the pump supplier, together with the foundry or heat treater, to optimize design 
and manufacture, thereby minimizing these problems. 

Likewise, corrosion frequently results from some unanticipated aspect of the environment. 
Failure analysis, by pinpointing the mechanism, will usually also indicate the corrosive agent. 
With this knowledge, the pump user can take steps to control the corrodent or, alternatively, 
a better definition of the environment can be provided and more suitable materials selected. 

Whether fault lies with the material or the environment, corrosion evaluation of pump 
failures has proven to be critical to the advance of pump technology and a key to enhanced 
reliability in a variety of applications. 
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ABSTRACT: Several test methods and procedures applicable to corrosion failure analysis of 
pipelines, tanks, concentric neutral (CN) cables, underground transformers, potable water 
pipes, cooling water systems, and plant components are examined. Correlation of different 
test results from the field and laboratories is shown on three case histories. 

KEY WORDS: corrosion failure analysis, corrosivity of soils, corrosivity of waters, corrosion 
investigation, stainless steels, CN cables 

An investigation of corrosion failures is often complex and requires multidisciplinary 
testing and analyses to determine the cause or causes of corrosion with a high degree of 
probability in order to understand the main corrosion processes and to select proper corrosion 
control methods. 

Frequently the operator of a corroded structure sends metal samples for metallurgical 
analysis and soil or water samples for chemical analysis. The data from these analyses are 
very valuable, but they often do not show the whole picture. When it is found that the 
laboratory results are inconclusive and that more field and laboratory testing is required, it 
is often too late to get fresh samples and to conduct meaningful field testing on the structure. 

This paper emphasizes that an investigation into the causes of corrosion should start with 
a comprehensive and multidisciplinary test program. This program should consider, if ap- 
plicable, a review of the specifications, drawings, operational and repair records, inspections, 
corrosion documentation, field corrosion testing, nondestructive testing, corrosivity deter- 
mination, evaluation of corrosion accelerating factors, collection of test samples, metal- 
lurgical, electrochemical, chemical, microbial, soil and other laboratory analyses, data 
correlation and data analysis. 

Different types of corrosion cracking require specialized testing and are not discussed in 
this paper. 

Review of Specifications, Drawings, and Records 

Design and specifications of buried structures usually provide information about the ma- 
terials, welding methods, heat treatment,  coatings or linings, quality assurance results, type 
of soils and imported backfills, contacts with other structures, and grounding systems which 
could result in galvanic corrosion. 

Design and specifications for the water cooling systems usually provide information about 
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the materials, welding, heat treatment, coatings, water source, water quality, inhibitors, 
biocides, coupling different metals into galvanic cells, water temperatures, velocities, pres- 
sures, operation, maintenance, etc. 

Corrosion failure histories are useful for identification of corrosive areas. A plot of cu- 
mulative failures per 100 km of buried pipes versus the average age demonstrated that the 
corrosion performance of ductile iron pipes has been inferior to that of cast iron [1]. A good 
correlation was found between a sharp decrease of the leak rate and the data of cathodic 
protection installation [2]. 

Inspection and Nondestructive Examination 

If possible, a failed buried structure should be inspected immediately after excavation and 
completion of the emergency repairs. The inspection and examination usually provide first 
indications of the corrosion causes. For instance, buried coated structures with deep and 
rather smooth corrosion attack in coating holidays and with no attack under the disbonded 
edges of the coating can indicate strong stray current corrosion effects, resulting in a sharp 
corrosion imprint of the coating holiday on the metal. In another situation, black slimy 
corrosion products with a hydrogen sulfide smell can indicate corrosion by sulfate-reducing 
bacteria. Deep corrosion cavities at welds on buried sensitized Type 304 stainless steel pipes 
were indicative of microbial corrosion effects. 

Corrosion attack in cooling water systems should be inspected before the corrosion prod- 
ucts are removed by washing, brushing, or sandblasting. The shape, color, and smell of the 
corrosion products can provide an indication of several corrosion causes. For instance, 
distinctive hemispherical or conical nodules of corrosion products on the surface of carbon 
steel and stainless steels may indicate microbially influenced corrosion. Sulfate-reducing 
bacteria produce characteristic black deposits of iron sulfide, while the iron-oxidizing bacteria 
produce brown or reddish-brown deposits [3,4]. 

In the cooling and potable water systems, distribution of the corrosion attack can indicate 
galvanic effects. For instance, a copper alloy tube sheet in a condenser will galvanically 
corrode preferentially close to the more noble titanium tubes. Carbon steel pipe galvanically 
coupled with a copper pipe will preferentially corrode at the copper-steel connection. Im- 
pingement of copper tubes and pipes can be determined by characteristic horseshoe attack 
in locations of high velocity and turbulent flow. Cavitation caused by generating and col- 
lapsing of vapor bubbles can be recognized by a spongy-looking surface, often without any 
significant corrosion products. Stainless steels often corrode in crevices, under deposits, at 
the welds, or in areas of stagnant water where lack of oxygen and development of micro- 
organisms could reduce passivity and cause pitting. 

Good notes, photographs, and sketches of the corrosion attack are very important for 
determination and documentation of the corrosion causes. An inspection kit could include 
a measuring tape, rulers, explorer, handheld magnifier, pit-depth gage, caliper, coating 
thickness gage, marking pens, labels, flashlight, knife, scalpel, disposable blades, wire brush, 
photographic equipment for taking close-up photographs, plastic bottles for water samples, 
plastic bags or containers for soil samples, corrosion products and deposits, and items for 
cold storage or fixing of samples for microbial analysis [4]. 

Visual examination of the interior of the pipes, tubes, and machinery requires use of 
special tools. Borescopes, fiber optic endoscopes, TV camera crawlers, flexible solid-state 
endoscopes, and other visual tools with remote control are available. 

Nondestructive examination can often be used to determine the extent of corrosion. For 
instance, radiographs of welds can show indications of large subsurface cavities before 
through-wall pitting occurs [4]. For nondestructive examination of piping systems, the ul- 
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trasonic, electromagnetic, and radiographic techniques should be considered [5]. Instru- 
mented pigs can be used to monitor corrosion of pipelines. 

F i e l d  T e s t i n g  

Corrosion field testing often provides results that cannot be determined by any laboratory 
sample analyses. 

Rapid failures of buried structures usually are caused by combined effects of corrosive 
soil and other accelerating factors. According to the results of soil testing by the National 
Bureau of Standards, the average maximum penetration on carbon steel samples exposed 
for twelve years in 44 different soils was approximately 5 mils per year (127 ixm/year) and 
the average general corrosion rate was 0.85 mils per year (22 p.m/year) [6]. In average soils, 
only long-cell, differential aeration/concentration, stray current, microbial, and galvanic 
corrosion or other accelerating factors can explain failures in one or few years. 

Measurement of structure potentials, over-the-line and lateral potential profiles [7,8], 
potential gradient mapping, compensation for IR drops in soil [9,10], coating defect surveying 
[10], measurement of IR drop in the structure for current flow determination, potential 
measurements with cathodic protection rectifier "on" and "off" [7], corrosivity evaluation, 
and other field tests can determine many accelerating factors. 

Structure Potential Measurement 

Structure potentials or structure-to-soil potentials are measured with a high impedance 
voltmeter and a reference electrode. Saturated copper/copper sulfate (Cu/CuSO4) electrodes 
are often used for measurements on buried structures, while silver/silver chloride (Ag /  
AgC1), zinc (Zn), or submersible Cu/CuSO4 reference electrodes are preferred in waters. 
A saturated calomel electrode (SCE) is used mostly for electrochemical laboratory testing. 
A correlation between the potentials measured with different reference electrodes can be 
d e t e r m i n e d  f rom the fo l lowing  r e l a t i onsh ip :  - 0 . 8 5  V (Cu/CuSO4)  = - 0 . 7 8  V 
(SCE) = -0 .81  V (Ag/AgC1) = +0.25 V (Zn). 

The structure potentials can be used not only for cathodic protection measurements but 
also for evaluation of galvanic or stray current effects on buried or submerged structures 
without cathodic protection. Measured structure potentials can be compared with typical 
corrosion (open circuit) potentials of different materials, shown in Table 1. Measured struc- 

TABLE 1--Typical corrosion potentials of materials and structures in soils. 

Corrosion Potential 
Material (Cu/CuSO4), V 

Stainless steels, Types 304, 316, 409 
In sandy soils (passive) 
In clay (active) 

Copper 
Tin-lead alloy-coated CN copper wires 
Carbon steel, cast iron 
Rebar in concrete (not corroding) 
Galvanized steel pipes and conduits 
Zinc anodes 
Magnesium anodes 

-0.1 
-0.5 

- 0 . 0 5  to - 0 .35" 

+ 0.2 to - 0.4 " 
-0 .6  

-0.1 to -0.3 h 
-0.95 
-1.1 
-1 .6  

" See Ref 13. 
b See Ref 14. 
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ture potential, substantially more positive than the typical corrosion potential, could indicate 
galvanic coupling to a more noble structure or a discharge of stray currents from the tested 
structure. Substantially more negative potentials could indicate cathodic protection. Noble 
corrosion potentials of stainless steels exposed to natural waters could be an indication of 
microbial activity [13]. 

Potential Profiles and Gradient Mapping 

Corrosion potentials taken with a moving reference electrode and potentials measured 
between two electrodes can be used to plot structure potential profiles and potential gradient 
maps [6-11]. Potential profiles and potential gradient maps can be very useful for evaluation 
of stray, galvanic, long-cell, and cathodic protection effects. 

Several examples of structure potential profiling and gradient mapping are shown in Figs. 
1 and 2. The importance of proper interpretation of the measured data is evident from a 
comparison of similar plots in Figs. 3 and 4. In Fig. 3, the high negative pipe potentials 
indicate corrosive area or a 'hot spot.' The corrosion rate in this 'hot spot' will be affected 
not only by the corrosivity of the clay but also by the long-cell corrosion caused by differential 
aeration between the section of the pipe in clay and in sand. In an example shown in Fig. 
4, the high negative pipe potentials indicate stray current pickup and some cathodic pro- 
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FIG. 1--Examples o f  over-the-line and lateral potential profiles f o r  a buried structure. TS = test station, 

V = voltmeter, M = moving Cu/CuS04 electrode, S = stationary Cu/CuS04 electrode. 
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FIG. 2--Examples of  potential gradient mapping. (a) top view, (b) section o f  an excavation. 

V = voltmeter, M = moving Cu/CuS04 electrode, S = stationary Cu/CuS04 electrode. 

tection. The stray current corrosion will occur in remote areas where the pipe is polarized 
by the discharging stray currents in a positive direction. 

Data from potential profiling are often stored and evaluated by computers and are com- 
plemented by soil resistivity and other measurements. Results of the long-cell corrosion 
testing should be one of the considerations for a selection of proper cathodic protection 
criteria. 

Corrosivity Evaluation--Field and Laboratory Tests 

It is often necessary to determine if the tested environment is sufficiently corrosive to 
explain the corrosion attack or if other accelerating conditions existed. The corrosivity 
evaluation can be done in a laboratory or directly in the field or by a combination of both. 
Because it is difficult to simulate the field conditions in a laboratory, the tests should be 
done, when practical, in the field. 
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FIG. 3--Pipe potential profile in soils with different characteristics. 

Relatively good correlation has been found between the resistivity measurement and the 
corrosion rate. This measurement is usually done for investigation of buried structures in 
the field using four pins at grade and a resistivity meter [1,2,6,14,15]. Follow the ASTM 
Method for Field Measurement of Soil Resistivity Using the Wenner Four-Electrode Method 
(G 57-78). Resistivity of waters and soils can be determined with a soil box. Low pH often 
provides an indication of increased corrosion rate [2, 6,14,15]. Follow the ASTM Test Method 
for pH of soil for Use in Corrosion Testing (G 51-77). 

The soil samples for chemical analyses should be taken at the corroding structure. All 
samples for laboratory analyses should be placed in sterilized and sealed plastic containers, 
kept cold, and shielded from light. Because the samples change with time, the testing on 
the samples should be done as soon as possible. The following characteristics could be 
relevant to soil corrosivity: resistivity or conductivity, moisture content, pH, total salts, 
calcium, magnesium, hardness as calcium carbonate, bicarbonates, chlorides, sulfates, ni- 
trates, organic matter, hydrogen sulfide, redox potential, soil permeability, soil classification, 
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FIG. 4--Pipe potential profile in stray current area. 
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etc. The following methods have been used to rate corrosivity of soils to carbon steel by 
the sum of points assigned to different soil characteristics: 

1. American Water Works Association Standard C105-72 [14] includes resistivity, pH, 
redox potential, concentration of sulfides, and moisture content into the soil corrosivity 
rating. 

2. W. V. Baeckmann and W. Schwenk [10] have included into the soil corrosivity rating 
the following variables: soil type, groundwater level, resistivity, moisture content, pH, redox 
potential, concentration of calcium and magnesium carbonates, concentration of sulfides, 
presence of coal or coke, and concentration of chlorides and sulfates. 

3. C. P. Dillon [16] has selected pH, concentration of chlorides, redox potential, soil 
type, and soil resistivity for rating of the soil corrosivity. 

4. NACE publication TPC-7, "Prevention and Control of Water-Caused Problems in 
Building Potable Water Systems" (1980), includes water hardness/softness, concentration 
of carbon dioxide, pH, concentration of sulfates, sulfate-to-chloride ratio, and water velocity 
into the evaluation of water corrosivity on copper. The same publication includes hardness, 
alkalinity, concentration of nitrates, carbonates, bicarbonates and soluble heavy metals, 
temperature, and pH into the water corrosivity evaluation on galvanized steel. 

The exposure tests conducted on weight loss coupons provide data for determining pitting, 
crevice, and general corrosion [2,6]. Follow the ASTM Test Methods for Corrosivity of 
Water in the Absence of Heat Transfer (Weight Loss Methods) (D 2688-83), the ASTM 
Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens (G 1-88), the 
ASTM Guide for Conducting Corrosion Coupon Tests in Plant Equipment (G 4-84), the 
ASTM Practice for Laboratory Immersion Corrosion Testing of Metals (G 31-72), the ASTM 
Practice for Examination and Evaluation of Pitting Corrosion (G 46-76), the ASTM Practice 
for Exposing and Evaluating Metals and Alloys in Surface Seawater (G 52-88), and the 
ASTM Guide for Crevice Corrosion Testing of Iron Base and Nickel Base Stainless Alloys 
in Seawater and Other Chloride-Containing Aqueous Environments (G 78-83). 

The exposure tests on eleetroresistance probes provide mostly general corrosion rates 
[2,6,17]. Follow the ASTM Test Methods for Corrosivity of Water in the Absence of Heat 
Transfer (Electrical Methods), (D 2776-79). The corrosion severity on concentric neutral 
(CN) wires of the primary buried CN cables can be rated by measuring the CN wire resistance 
between transformers and switches [18]. 

Electrochemical corrosion rate testing using linear polarization, Tafel slope extrapolation, 
and a-c impedance methods provide practically instantaneous readings of general corrosion 
rate and are often used for corrosion studies and monitoring [2,6,17,19,20]. Follow the 
ASTM Test Methods for Corrosivity of Water in the Absence of Heat Transfer (Electrical 
Methods) (D 2776-79). The cyclic potentiodynamic polarization tests determine the sus- 
ceptibility to pitting and crevice corrosion. Follow the ASTM Test Method for Conducting 
Cyclic Potentiodynamic Polarization Measurements for Localized Corrosion Susceptibility 
of Iron-, Nickel-, or Cobalt-Based Alloys (G 61-86). 

The electrochemical exposure racks have been developed for electrochemical long-term 
corrosion data monitoring in flowing cooling water of a power plant [21]. Specimens, anodes, 
and reference electrodes were mounted on PVC panels and wired to a test box to allow 
monitoring of corrosion potentials, cathodic polarization characteristics, galvanic and mi- 
crobial effects on different materials versus time. General, pitting, and crevice corrosion 
rates, corrosion products, calcareous coating, biofilms, deposits, weld corrosion perform- 
ance, and hydryzing of titanium on tension specimens can be determined in a laboratory 
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after the exposure. The test results can be used to determine cathodic protection criteria 
and weld performance in a cooling system with severe microbially influenced corrosion. 

Laboratory Analyses 

Chemical composition of metal samples, uniformity of composition, nonmetallic inclu- 
sions, residual stress, thermal history such as welding, sensitization of stainless steels, cor- 
rosion in heat affected zone, localized and i ntergranular corrosion, stress corrosion cracking, 
erosion, and cavitation are some of the corrosion factors which should be considered for 
evaluation in a metallurgical laboratory [2,6,16]. 

Energy dispersive X-ray, X-ray diffraction, X-ray fluorescence, or wet chemistry analyses 
are often used to analyze the corrosion products. A large number of surface analytical 
techniques is available [22]. 

Samples of corrosion products, soil, and water should be sent to a microbial laboratory 
for analysis. Special sampling techniques and procedures are required to eliminate contam- 
ination and to preserve bacteria in the sample [2,4,6,13,23]. 

Possible changes of the test conditions should be considered when the testing is moved 
from natural environment into a laboratory. For instance, the crevice corrosion rates on 
Type 316 stainless steel after a few weeks of exposure were about two decades larger in 
natural than in sterile synthetic seawater [24]. Differential aeration/concentration, galvanic, 
water level, microbial, a-c corrosion, and other effects have been simulated and investigated 
in a corrosion laboratory [2,11,18,24]. 

To determine causes of coating failures, metal samples with applied organic coating should 
be tested for metal surface preparation, coating thickness, adhesion, electrical resistance, 
porosity, etc. Metallic coatings should be evaluated for composition, thickness, adhesion, 
porosity, corrosion potential, and galvanic performance. 

Case History 1: Corrosion Failures of Spray Modules 

Approximately 150 spray modules (see Fig. 5) were installed in a cooling water pond. 
Each spray module consisted of a Type 304 stainless steel float, suction cone, and pump. 
Several spray modules were found tipped over and sinking after corrosion had perforated 
the floats approximately eight weeks after the installation. During and immediately after 
the installation of the spray modules, the cooling water was brackish with resistivity of 60 
~-cm. Several months after the spray module installation, the cooling water started to change 
from brackish to fresh water. All spray modules were connected to a large copper grounding 
grid buried in 110 ~-cm soil. 

Inspection of several spray modules showed distinct semispherical nodules of corrosion 
products over deep pits. The submerged parts had a slimy deposit which later changed into 
a thick algae growth. Pitting was concentrated at the welds, but some pits were also found 
on surfaces away from the welds, especially on all outside edges of the floats and suction 
cones. Slimy deposits, the shape of the corrosion nodules, and pits in the form of cavities 
indicated that the corrosion process has been affected by microbially influenced corrosion. 
Concentration of the pits in and at the welds indicated corrosion in the heat-affected zone 
and the possibility of intergranular corrosion. Concentration of the pits at the outside edges 
indicated possible discharge of current from the spray modules into the brackish water. 

To support the preliminary findings from the inspection, a sample of the float was cut 
and sent for metallurgical analysis. The results of this analysis showed that the Type 304 
stainless steel at the welds had been sensitized and that the float failed partly because of 
intergranular corrosion. 
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FIG. 5--Schematic o f  corrosion testing on a spray module. V1 = module potential, V2 = 1R drop 
across 0.01 or O.O01-ohm shunt, V3 = copper grounding grid potential ( Cu/ CuS04). 

Water, soil, and corrosion product samples were sent for a chemical and microbial analysis. 
Large quantities of sulfate-reducing bacteria were found in the soil (peat), cooling water, 
and especially under the corrosion nodules, thus supporting the microbial corrosion concept 
of the failure. Chemical analysis of the cooling water showed high concentration of chlorides 
which can cause or accelerate pitting on stainless steels. 

The indication of a current discharge from the spray modules into the water was surprising, 
because stainless steel corrosion potential is usually more noble than potential of buried 
copper. The galvanic interaction between the buried copper grid and the spray modules was 
tested according to the schematic in Fig. 5. The spray modules were temporarily isolated 
from the copper grid and from each other. The test results presented in Table 2 show that 
the module potentials were, by approximately 50 mV, more active than the copper grid 
during the exposure to brackish water. This potential difference caused galvanic current to 
flow from the spray module into the cooling water and soil and further into the copper grid 
and through the grounding wire back into the spray module. In fresh water, the spray 
modules became noble to the copper grounding grid. 

The identification of several conditions which caused rapid corrosion failures on the spray 
modules shows how important it is to conduct the field and laboratory testing before the 
corrosion conditions change and the relevant information and samples are lost. 

Case History 2: Corrosion of CN Cables 

An investigation into the corrosion of buried concentric neutral (CN) cables has been 
sponsored jointly by Pacific Gas and Electric Co. and Electric Power Research Institute 
[11]. This investigation analyzed 129 variables from 36 excavations and identified the fol- 
lowing main corrosion causes on CN cables: differential aeration-concentration corrosion 
in coarse imported backfills used in native soils having resistivities lower than 12.5 kl)-cm, 

TABLE 2--Test  results measured on Type 304 stainless steel spray module. 

Cooling Water Fresh Brackish 

Water resistivity, l)-cm 
Soil (peat) resistivity, O-cm 
Spray module corrosion potential (Cu/CuSO4), mV 
Copper grounding grid corrosion potential (Cu/CuSO4), mV 
Galvanic current discharged from spray module, mA 

1800 60 
110 110 

- 10 ~ -290 
- 240 -240 

... 460 

" Measured on cleaned spray module. 
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galvanic corrosion of the copper wire substrate when the tin-lead alloy wire coating became 
more noble than the copper substrate, d-c and a-c stray currents and corrosive soils with 
high concentration of sulfides and cinders. The first three corrosion causes are described 
here in more detail: 

Differential aeration--Inspection of corroded CN cables showed that grains of coarse, 
sandy backfill adhered to the CN wires and that pits were visible after removal of the grains. 
To demonstrate that differential aeration under the grains of a coarse backfill can cause or 
accelerate corrosion, laboratory tests were conducted in a differential aeration test box 
consisting of two compartments separated by a porous membrane. One compartment was 
filled with moist sand and the other with clay. Corrosion potentials on bare wires buried in 
both compartments showed that the copper wire exposed in clay was, on average, 220 mV 
more negative than the copper wire in sand [11]. Results of the field inspections, laboratory 
tests, and statistical analysis indicated that coarse backfill could be much more corrosive to 
copper than the more conductive native soil backfills. A study in Sweden reached a similarly 
surprising conclusion from pitting corrosion measurements on carbon steel panels buried at 
four different locations above the groundwater level in clay with and without sandy backfill. 
The corrosion-pitting rates of samples buried in native soil ranged from 50 to 190 txm/year, 
while the rates on samples in imported sandy backfills ranged from 140 to 430 Ixm/year 
[15]. The corrosion-protective effects of imported sandy backfills on buried pipelines and 
CN cables in most soils are questionable. 

Galvanic corrosion--Deep pits were found in the CN wire copper substrate, while the 
tin-lead alloy coating had the original appearance. This indicated that the copper substrate 
corroded galvanically in the coating pinholes. To demonstrate that the coating of the wires 
can become cathodic to copper, samples of coated and bare copper wire were exposed in 
imported backfill. The measured corrosion potentials of the CN wires versus time are shown 
in Fig. 6. A correlation of the field and laboratory data shows that, in some imported 
backfills, the tin-lead alloy coating will cause galvanic corrosion attack on CN wires. 

Stray currents--A crossing of CN cable and cathodically protected oil pipeline was in- 
vestigated for stray current effects. The CN cable potential profiles, measured according to 
the schematic in Figs. la  and lc,  showed a positive shift at the crossing indicating that the 
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FIG. 6--Corrosion potentials of bare and tin-alloy coated CN wires in imported backfill versus time 
[11]. 
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CN cable could be discharging current [11]. Potential gradient mapping with two reference 
electrodes at grade, conducted according to the schematic in Fig. 2a, indicated that the d- 
c current was flowing into the oil pipeline [11]. To determine the corrosion condition of 
both structures, the CN cable and the pipeline were excavated at their crossing. It was found 
that CN cable corrosion was most severe where the CN cable was closest to the pipeline. 
No corrosion was found on the pipeline. Potential gradients were measured in the excavation 
according to the schematic in Fig. 2b. Measurements, plotted in Fig. 7, show that the stray 
current was flowing from the CN cable through the imported backfill and native soil into 
the oil pipeline. As the reference electrode was moved away from the CN cable, the more 
positive potential readings indicated stray current discharge. 

Case History 3: Corrosion of Transformers, Switches, and Pipes 

Premature corrosion failures were found on coated subsurface transformers and switches 
manufactured from Type 409 stainless steel. Investigation into the corrosion causes and 
determination of the corrosive area for an early transformer and switch replacement were 
conducted in the field by measuring pH, resistivity, corrosion rate, structure potentials, and 
potential gradients. 

All the failures occurred in manholes filled with groundwater. All  manholes had open 
bottoms filled with gravel. The linear polarization tests were made at location in a beaker 
with a groundwater sample taken from the manhole. A probe with three previously exposed 
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FIG. 7- -CN cable potential gradient in an excavation [11]. 
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and washed carbon-steel electrodes was used. After a 10-min exposure, the corrosion rate 
was read with a portable instrument that polarized the carbon steel electrode by - 1 0  mV. 
The carbon steel electrodes were chosen because the measured corrosion rates on stainless 
steels were negligible. 

Tests were conducted to correlate linear polarization readings on polished and previously 
exposed electrodes. Observation of polished carbon steel electrodes showed localized cor- 
rosion attack in some waters after an exposure of several hours or days. With time, the 
corroding areas increased in size until most of the surface of the electrodes was covered 
with corrosion products. Correspondingly, the corrosion rates monitored on the polished 
carbon-steel electrodes with the linear polarization method were initially low but started to 
increase with time until they reached more stable and acceptable values. The short-term 
readings (after exposure of 10 to 30 min) on previously exposed and washed electrodes 
correlated reasonably well with longterm (weeks) readings on polished electrodes. The main 
difference was larger scatter of data from the short-term exposure test, indicating that the 
surface was not completely stable. It is felt that the short-term measurement on washed and 
previously exposed electrodes eliminates the initial low readings experienced on polished 
electrodes in some waters and, together with the measurement of resistivity and pH, provides 
a relative corrosivity rating. 

Corrosion test data measured for evaluation of subsurface transformers, switches, and 
buried carbon steel pipes without cathodic protection, together with the time to failure and 
the main cause of corrosion, are presented in Table 3. The data show that Type 409 stainless 
steel will corrode when covered by soil or in low resistivity water with high corrosivity rating 
or in places affected by strong stray currents. 

TABLE 3--Corrosion data measured on transformers, switches, and pipes. 

Electrolyte 
Site Potential 

Structure Resistivity, CR, Cu/CuSO4, 
Material Type pH k12-cm p~m/year mV Notes 

1 Switch 409 SS S 
1 Switch 409 SS S 

2 Switch 409 SS GW 
2 Switch 409 SS GW 
2 Switch 409 SS GW 

3 Transformer 409 SS GW 
3 Transformer 409 SS 
3 Transformer 409 SS 

4 Buried pipes Carbon steel S 

5 Samples Carbon steel TW 

7.8 6.3 60 -240 B Manhole dry, filled 
7.8 6.3 60 -300 G with soil. Failed 

after 15 years. 

6.8 1.5 300 -250 B 0.6 m of water in 
6.8 1.5 300 - 250 WL manhole. Failed 
6.8 1.5 300 -270 G after 10 years. 

8.0 1.9 80 + 1480 B 0.8 m of water in 
+ 380 WL manhole. Failed 
-60  G after 11 weeks. 

7.8 2.8 110 -530 G No failure on coated 
pipes after 15 
years. 

8.9 17.0 38 NA Corrosion rate on 
weight-loss cou- 
pons after 1 
month: 25 to 75 
I~m/year. 

NOTE: CR = corrosion rate determined by linear polarization on carbon steel. Electrolyte type: 
S = soil; GW = ground water; W = tap water. Potential at: B = bottom of the manhole; 
WL = water level in the manhole; G = grade. 
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Summary and Conclusions 

1. Premature corrosion failures are often caused by several different conditions. All tests 
necessary for determination of the main causes of corrosion failures should be considered 
at the beginning of the investigation when the original structure and flesh samples are 
available. 

2. To determine the main causes of corrosion with a high degree of certainty requires 
correlation of results from different multidisciplinary field and laboratory tests and exami- 
nations. 
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ABSTRACT: This paper proposes a general scheme for the design of test programs to assess 
corrosion resistance in a meaningful way. Any metallic material or coated metal product that 
is to be used in a specific set of conditions may suffer corrosion. The chemical and physical 
factors of the service application, together with the metallic material, determine the type and 
extent of corrosion damage encountered. Corrosion science can be used to specify the critical 
environmental factors in the test method. 

The test program can provide results that are important for the following: the development 
of new materials and coatings; the choice of protective systems for new equipment designs; 
the development of quality control programs and quality acceptance tests. Statistical methods 
are essential to determine the significance levels of results and the corresponding material 
specifications. 

KEY WORDS: corrosion testing, corrosion resistance, coated metal, test programs, treatment 
of results 

Corrosion resistance is a characteristic of materials. Together with the physical, mechan- 
ical, and fabrication properties, it determines the applicability of a material for a specific 
purpose. These properties may be measured or verified by tests. However, unlike physical 
and mechanical results, which can be used immediately, corrosion resistance results are 
often indefinite and poorly utilized. 

In general, corrosion susceptibility can be defined as an undesired manifestation of a 
chemical interaction between the metal and its environment. Consequently, corrosion re- 
sistance is not an inherent property of a metal but rather an expression of the metal's 
behavior in a specific environment. There are a large number of important metal-environ- 
ment systems in practice, and the number is growing steadily. As a result, it is necessary to 
constantly evaluate these new metal-environment systems to determine the metal's corrosion 
resistance in each system. 

Test methods for determining corrosion resistance are specific and must be based on the 
conditions prevailing and the materials to be used, including coatings and other protective 
measures planned for the specific application. All of these details, including the specification 
ranges for significant variables, must be determined from individually formulated tests based 
on the desired service life and other goals of the application. The emphasis placed on the 
individual characteristics of the testing program and the evaluation methods for each metal- 
environment combination does not preclude the possibility of standardizing the test and 
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evaluation methods because many applications are identical or similar and the information 
gathered from one system is applicable to others. 

This paper proposes a general scheme for the formulation of specific test programs to 
characterize the corrosion resistance of metals and metal-coating systems that will produce 
meaningful results. 

The General Scheme for Formulating a Test Program 

The information necessary for this analysis is a metallic product with or without a protective 
coating system and the corrosive environment that will affect the product. The purpose of 
the analysis is to determine the corrosion resistance of the product so that the information 
produced is a statement of corrosion resistance. Another significant input is the nature of 
the testing that will produce the results required. Figure 1 shows the various components 
of this scheme. The connecting lines on this diagram indicate relationships that need more 
explanation; this is provided below. 

Components o f  the Scheme for  Formulating the Test Program 

The metal in Fig. 1 is any metallic material of construction or a product, coated or 
otherwise, destined for use in a specific application. The conditions of the environment 
shown in Fig. 1 include all the factors able to affect the corrosion process, thereby causing 
deterioration of the metal. These include the chemical nature of the environment, that is, 
its composition, including the presence or absence of components with either stimulative or 
inhibitory effects, and the physical characteristics of the environment such as temperature, 
pressure, flow rates, radiation, etc. 

I METAL I 

CORROSION SYSTEM 

I CONDrr,oNs OF ENVIRONMENT I 

FUNCTION I I CORROSIVITY OF CORROSION SCIENCE ~ VARIABLES 
METAL 

I OUAL,.Y CHA.AOTER,ST,OS J CHARACTERISTICS OF METAL 
OF DETERIORATION J 

I ;I i 
I INTERPRETATION L,, 

OF RESULTS I T M  

TESTING (Questions to be 
PROGRAM answered) 

FIG. 1--General diagram showing the approach to designing tests for assessment of corrosion resist- 
ance. 
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The Testing Program 

In order to arrive at a rational testing program, it is necessary to transform the input data 
of the system described above to both the quality characteristics of the metallic structure 
and the corrosivity variables of the environment such as the condensation of water or the 
presence of a corrosive gas, making use of data obtained from the literature of corrosion 
science. Unless this transformation is carried out, the formulation of the testing program 
and later the evaluation of the results probably will lead to naive or incorrect conclusions. 
Thus, the understanding resulting from the principles of corrosion science provide a basis 
for specifying both the quality characteristics and the corrosivity variables of the environ- 
ment. 

Quality Characteristics of Metal 

The quality characteristics of unprotected bare metal determine their behavior in specific 
applications. These characteristics include: chemical composition, metallic structure, and 
sometimes the condition of the surface. All of these characteristics are determined by the 
production history of the metal, that is, the various production practices that have been 
used in making the metal. This also includes production practices before the final forming, 
machining, welding, and heat-treating steps. 

Forming can affect the structure of the metal profoundly; for example, it can create internal 
stresses that result in some cases in such detrimental manifestations as stress corrosion 
cracking seen in brasses and stainless steels. In other cases, structural changes from forming 
can cause stress-induced intergranular corrosion in aluminum alloys. The metal surface is 
often contaminated during forming with aggressive substances or contamination that hinders 
subsequent coatings, for example, by fatty acid esters. 

Machining, including grinding, grit blasting, and mechanical polishing, affects the surface 
structure of the metal and its profile. Machining processes can chemically change the surface 
of the metal by adsorption or inclusion of components from coolants, grinding compounds, 
and blasting media. In addition, local high temperatures often occur during machining 
operations, resulting in substantially changed chemical properties. The interaction of the 
mechanical action and the presence of coolants with these high temperatures aid in altering 
the surface properties of the metal during machining. For example, the contamination of 
stainless steel surfaces with carbon steel particles from cutting tools, grinding media, and 
grit blasting sometimes results in corrosion damage to the stainless steel. Residues of active 
anions from electrochemical machining processes, especially electrochemical deburring, can 
cause damage. Some heat treatment methods also produce similar results. 

Welding is another processing step that changes the metal structure and can have significant 
effects on the corrosion behavior of the metal. Weld filler metals can vary in composition 
and flux residues can alter the metal surface. In addition, the heat-affected zone of the base 
metal receives a sometimes damaging heat treatment, and the heating and cooling causes 
residual stresses in the structure. A knowledge of corrosion science alIows the investigator 
to evaluate the effects of the processing history and incorporate relevant variables into the 
test protocol while neglecting other effects deemed to be inconsequential. 

Beyond the basic properties of the metal related to chemical composition, structure, and 
surface finish, the investigator needs to consider the requirements for the metal in terms of 
achieving a necessary level of corrosion resistance. This is true particularly for metals that 
generally are used in their passive state, such as the stainless steels. The passivating char- 
acteristics of these alloys may be determined by electrochemical tests, and these procedures 
can also reveal tendencies towards depassivation at local sites and at grain boundaries. 
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Electrochemical results can yield a huge quantity of information. They enable the investi- 
gators to make judgments on the applicability of the metal in situations where it is passive. 
These judgments are based on the assumption that the specimen was prepared properly, 
including all the influences of its processing history. This type of test may also be used to 
assess the resistance of brass to dezincification in a similar manner. 

It is more complicated to determine the testing procedures for coated metal systems. A 
knowledge of corrosion science can be helpful here also. Coatings protect the basis metal 
either by forming a barrier that isolates the basis metal from exposure to the environment 
or by inhibiting the metal from damage by the environment. In either case the corrosion 
rate of the coating must be very low or zero. 

Barrier coatings must have coherence and impermeability of the corrosive components 
from the environment. Both of these characteristics are a function of the coating thickness 
so that this variable is a decisive factor. All metallic coatings including zinc on steel, baked 
enamel, and other inorganic coatings are barrier coatings. In the case of zinc on steel, the 
galvanic character of the zinc layer is of secondary importance. In the case of organic coatings, 
both barrier and inhibition characteristics may be present, but again the thickness of the 
coating is a decisive factor for one or the other of these functions. In general, the inhibition 
function is ensurance in the case of an incomplete barrier, and incompleteness is the pre- 
vailing rule for most coating systems. In the case of thin-layer coatings such as preservation 
oils (for example, slushing oils), the mechanism is inhibition. 

Both the cleanliness and reactivity of the basis metal are factors in determining the 
effectiveness of organic coatings. The status of the base metal surface is therefore an im- 
portant contributor to the performance of the coating. In all organic coatings the adhesion 
of the coating to the metallic surface is, in fact, a partial manifestation of the capability of 
the coating to block the surface from contact with the environment. This adhesion results 
from both physical and chemical forces arising during the formation of the coating. Con- 
sequently, adhesion is lost along with the protection of the coating when the environment, 
especially water, is able to penetrate through the coating and contact the base metal. This 
is the general mechanism for deterioration of paint films. This analysis is the basis for 
determining the performance characteristics of a paint film. These characteristics express 
both the barrier and inhibitory-adhesion function. This characteristic, sometimes termed 
"protective efficiency," describes the resistance to undercutting of the paint in the vicinity 
of an area of damage (holidays) in an accelerated test. 

The quality characteristics derived from corrosion science and used for coated metals have 
formed the basis of the Czechoslovakian system of standards. They are shown in Table 1 
for selected cases. It is very important to specify in detail the function of a metallic component 
in an actual application. The type and degree of deterioration from exposure to environment 
should be evaluated, and the point at which the degradation becomes unacceptable should 
be determined. The following factors typically are evaluated: 

1. Physical and mechanical properties of the metal, including strength hardness, tough- 
ness, and electrical conductivity. 

2. Physical properties of the surface, including the frictional coefficient, electrical surface 
resistance, heat transfer properties and optical properties such as reflectance and absorbance 
of incident radiation. 

3. Ability of the metal to maintain purity of the environment, for example, in food and 
chemical products. 

4. Maintaining the aesthetic function of the metallic surfaces. 
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TABLE 1--Key characteristics of metals and metal~coating systems determining their corrosion 
resistance. 

Metal or Information Needed from 
Metal Coating Characteristic Corrosion Science 

1. Metal Chemical Composition" Chemical properties of metals 
Structure Undesirable structural fea- 
Max acceptable damage after tures 

standard test ~ Tendency for local corrosion 
damage (intergranutar cor- 
rosion or corrosion crack- 
ing) 

Service life of the coating, 
corrosion rate of coating in 
service 

See 2 above 
See 2 above 

2. Zn electrodeposit on steel 

3. Cd electrodeposit on steel 
4. Ni electrodeposit on steel, 

Cu base alloy, AI base al- 
loy, Zn base alloy 

5. Ni-Cr and Cu-Ni-Cr elec- 
trodeposit on steel, AI, 
base alloy Cu base alloy, 
Zn alloys 

6. Sn electrodeposit on steel 
7. Hot-dip galvanized steel 

8. Flame sprayed Zn or AI 
on steel 

9. Anodized aluminum 

10. Organic coating on metals 

Appearance 
Thickness 

See 2 above 
See 2 above 

See 2 above 
Max corrosion in accelerated 

erosion test 

See 2 above 
Thickness" 

Thickness 
Adhesion 
Thickness ~ 
Seal quality" adhesion 
Quality of pretreatment" 
Thickness ~ 
Adhesion �9 
Protective capacity" 

See 2 above 
No possibility of comparing 

quality 
Resistance of defects to cor- 

rosion 
See 2 above 
Service life based on corro- 

sion rate of Zn in service 
Service life based on corro- 

sion rate 
Degree of protection 
Coating uniformity 
Prerequisite for protection 
Minimum required for protec- 

tion 
Minimum required for protec- 

tion 
General requirements for pro- 

tection 

" Decisive characteristic. 

In cases where metals are subjected to damage from corrosion in the above categories,  
specific limits can be set that will then determine when the component  is no longer functional. 
The Czechoslovakian system of standards covers these characteristics, including the case of 
metals with coatings. Examples  are shown in Table 2. 

Corrosivity Variables 

The determinat ion of the corrosivity factors of the envi ronment  is the result of a theoret ical  
analysis of  the metal  system in the specific application. The  investigator can derive from a 
knowledge of corrosion science both qualitative and quantitative factors that will de termine  
the course of corrosion in the system. An  example of the theoretically based and general ized 
factors in the field of atmospheric corrosion is given in CSN 03 8203 (Czechoslovakian State 
Standard).  The classification of corrosivity of the a tmosphere  begins with the uniformity of  
long-term exposures and the combinat ion of two critical factors: the durat ion of surface 
wetness, and the deposit ion of ionizable substances on the metallic surface, such as sodium 
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chloride (NaC1) and sulfur dioxide (SO2). The duration of surface wetness may be calculated 
as the elapsed time when the relative humidity is greater than 80% and the ambient tem- 
perature is greater than 0~ Based on these factors, five degrees of corrosivity have been 
set. These degrees form an important basis not only for the determination of test programs 
but also for the determination of protective systems. Limits can be set for other factors 
affecting the corrosivity of other systems. 

Purpose of  Tests 

A very important component of the process of establishing a testing program is the purpose 
of the test. Primarily it depends on the phase of the development at which the necessity for 
testing becomes known. 

Corrosion testing can be useful in the following cases: 

1. In the development of new metallic materials and protective coatings. Tests can be 

TABLE 2--Selected cases of limiting characteristics for steel. 

Coating Characteristic Limit Comments 

Bare Loss of thickness Min thickness Loss of load carrying 

Metallic 
coating 

Organic 
coating 

Localized penetration 

Penetration of struc- 
ture, e.g. inter- 
granular 

Reduction of chosen 
level of physical or 
mechanical proper- 
ties 

Base metal corrosion 
products (red rust) 

Coating corrosion 
products 

Base metal corro- 
sion, corrosion 
products 

Loss of adhesion 

Blisters 

Change of color, loss 
of luster, and 
chalking 

Size tolerance 
of material 

Individual 
choice 

Individual 
choice 

5% of surface 

0.1% of surface 

0.1, 1, or 5% 
of surface 

1% of surface 

5% of surface 

Degrees 3,4 

Individual de- 
termination 

Individual de- 
termination 

capacity 
Loss of load carrying 

capacity 
Danger of perfora- 

tion 
Breaking of pressure 

vessel 
Indication of loss of 

strength or load 
carrying capaci- 
ties, loss of cross 
section 

End of protection 
function of coating 

End of aesthetic 
function of coating 

Damage to aesthetic 
function of coating 

1% = Reparable 
damage 

Loss of decorative 
function 

5% = Total loss of 
protection func- 
tion, coating to be 
removed and 
metal recoated 

Loss of protective 
function 

Protective function 
limited 

Deterioration of 
decorative proper- 
ties 
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helpful in determining the basic factors controlling corrosion resistance. The results of such 
tests are then utilized in the setting of standards, writing of data sheets, and similar databases. 

2. In choosing corrosion prevention systems for specific items of equipment to be used 
in well-characterized environments. The formulation of tests for this kind of assignment is 
especially demanding because the comparative nature of the results makes it necessary to 
optimize all aspects of the product, not only the basis material but also the processing steps 
so that the corrosion protection system becomes essential to the utility of the equipment. 

3. As a quality control measure in production operation, especially in the production of 
corrosion protection systems. 

4. As a technique for quality certification and inspection. 

Table 3 shows typical cases where corrosion tests may be useful in practice. 

Example of Designing Testing Program for Coated Products 

The analysis of the process of applying a protective coating to a metallic component 
enables the development of a rational system of tests to determine the following types of 
information: (1) factors that determine the quality of the protective coating; (2) factors that 
determine the corrosivity of the test; and (3) the type of test that should be used. 

The evaluation of this information together with the acceptable ranges of these factors 
allows an investigator to establish a valid test program. The test program consists of a series 
of tests that verify all the significant characteristics of the metal system. This program then 
establishes a level of corrosion resistance or protection efficiency for the system. The test 

TABLE 3--Typical functions of corrosion tests. 

Field of Application General Information from Tests 

Research and development of new materials or 
coating systems 

Research and development of design and de- 
velopment of a new product 

Quality control in production 

Quality certification and inspection 

Determination of the properties of the mate- 
rial or coating system that affect corrosion. 

Specification of properties that determine cor- 
rosion resistance. 

Verification of the choice of material for the 
assumed application conditions. 

Verification of the choice of construction and 
processing concept in terms of corrosion re- 
sistance. 

Comparison of various materials, coatings, 
construction and technology alternatives in 
terms of corrosion resistance. 

Comparison of specific design variations and 
determination of the variation with the 
greatest range of application in various envi- 
ronments. Also defines the environmental 
limits of applicability of the project. 

Determination of the key quality factors of 
components in the corrosion protective and 
the techniques for measurement. 

Determination of the acceptable ranges and 
rejection points for key variables. 

Inspection criteria for the systems providing 
corrosion resistance and proper test parame- 
ters for inspection tests. 
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program may use tests that have accelerated or enhanced corrosivity factors. The formulation 
of this part of the test program is especially complicated because the number of corrosivity 
factors may be very large in many cases. In addition to the chemical variables and the 
physical characteristics of the coating, it is necessary to consider factors such as corrosion 
cracking, depassivation, pitting corrosion, undercutting of the coating, etc. The great di- 
versity of factors and their degree of severity require many repetitions of variable levels in 
different combinations. For example, in the field of atmospheric corrosion testing or in 
stress corrosion cracking testing, it is necessary to have gradiations in the intensities of the 
various test variables and to standardize these levels of these variables. This, then, is the 
basis of a relatively large set of standard test methods used for the verification of corrosion 
resistance of materials including coated metal systems. 

Standard Tests 

Among the best known methods are the salt spray test, artificial seawater tests, tests with 
condensing water vapor, and the moist sulfur dioxide chamber test. This latter test more 
closely simulates the atmospheric corrosion in heavily polluted urban atmospheres. The 
standard tests for stainless steels include the tests for susceptibility to intergranular corrosion, 
pitting corrosion, and stress corrosion cracking. Also. similar tests exist for brass, including 
tests for stress corrosion-cracking susceptibility and the tendency toward dezincification. 
The problem of selecting appropriate tests from this group is further complicated by the 
fact that they are all much more severe in their conditions and consequently cause failures 
rapidly. The investigator must understand these tests in detail, in terms of both their conduct 
and significance in order to apply them properly and obtain meaningful results that solve 
practical problems. A knowledge of corrosion science is vital for this purpose. This is 
especially true in cases where accelerated tests are used because the process of acceleration 
often leads to the distortion of the mechanism of corrosion that can cause erroneous con- 
clusions. 

Service Tests 

An integral part of the system of tests are service tests and those carried out under natural 
conditions. In particular, atmospheric tests conducted at testing sites provide results that 
closely approach reality. However, they are both time-consuming and expensive, and their 
results as difficult to apply widely. The basic requirements for carrying out atmospheric 
corrosion tests are given in ISO draft standard ISO/DIS 8565. 

Atmospheric exposure tests are well suited to determine the basic quality requirements 
for metallic materials and protective systems for both technical and economic reasons. Hence, 
they should be incorporated in the final development stage of new materials to give guidance 
on corrosion characteristics. On the other hand, acceptance testing represents an indepen- 
dent grouping. 

Special demands are required for the atmospheric exposure tests of functional elements. 
The selection of a test arrangement and evaluation scheme should be aimed at judging the 
suitability of a design or determining its performance after extended exposure and possible 
deterioration from corrosion. Long-term testing should be carried out in atmospheres varying 
in corrosivity. 

A special family of tests includes those carried out in specific atmospheres. Their purpose 
is not to determine general features of broad validity but rather to monitor changes that 
occur in these specific conditions. However, it is necessary to cover a wide spectrum of 
atmospheric conditions in order to obtain results with broad applicability. 
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Interpretation of Results 

In setting up test programs, the reliability level of the results must be considered. This 
applies especially to the type and number of specimens. The specimens should be suitable 
for the problem they are evaluating. The information required to plan the program comes, 
in part, from an analysis of the application environment and a knowledge of how metals 
behave in such environments. In addition to the general conclusions of this analysis, it is 
necessary to include the variability of the components being evaluated. This variability must 
be considered, both for the metal and the coating, as a result of the variations in the 
production process. These considerations are especially important when the purpose of the 
test is to choose the optimum material and processing variations of the protective system. 
This is also required for quality inspection. 

Variation in Quality 

Variation in quality is frequently found in coated items. In the case of an electroplated 
coating, the key quality characteristic, coating thickness, largely depends upon the shape 
of the part and upon the nature of the process, that is, individual or mass coating, degree 
of automation, and level of process control. Even when the level of process control is high, 
the scatter of thickness data tend to be large, with the coefficient of variation (standard 
deviation divided by average) averaging 30% in the case of mass-processed parts. Similar 
results are formed where individual metal parts have complicated shapes. Parts with paint 
or flame-sprayed coatings also show similar variations when complicated shapes are en- 
countered. This is caused by the different accessibility of the surface for the coating layer. 
In manual coating processes the human factor causes unexpected large scatter also. 

In order to prevent this scatter from being the cause of erroneous results and conclusions, 
it is necessary to plan the number of specimens and sampling to achieve representative 
results. The use of statistics and mathematical modeling is vital in these cases. 

Statistical Analysis 

The evaluation methods are based on the predetermined quality characteristics and the 
limits established for these variables. The evaluation method must determine with certainty 
whether the limits have been exceeded. In addition, these methods should be based on 
measurable physical quantities and should not cause problems. The test report of results 
must cover the purpose of the test (see Table 3). 

In the case of determining the properties and peformance characteristics of a new material 
or coating system including the features that control corrosion resistance, the following 
information is necessary: 

1. General limitations on the application environmental conditions. 
2. Specification of the variables that impart quality expressed as precisely as possible, 

normally in the form of upper and lower tolerance limits. 

The limitations on application conditions is based on a complete description of the prop- 
erties of the metal and on coating systems, including chemical composition and physical and 
mechanical properties that may be necessary in using the new material. The description of 
these properties should also include information on the fields of application with any lim- 
itations of the materials in these applications. In the case of corrosion resistance, it is desirable 
to specify the time rate of uniform penetration in units such as micrometres per unit time. 
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These data, together with the corrosivity of the environment, for example, in an atmospheric 
exposure the corrosivity class, then form the basis for a forecast of expected service life. 
More information on the use of statistical methods in corrosion testing is given in the 
Appendix. 

Statements of probable service life must be supplemented with specifications of quality- 
related parameters, such as the area affected by base metal corrosion. In addition, there is 
a random component in the behavior of many corrosive systems so that the data on service 
lives are stochastic in nature. Consequently, it is desirable to provide confidence intervals 
for projected service lines. Data on the probable service lives of some types of coatings 
both in term of their protective and aesthetic function are important supplements for a 
number of Czechoslovakian standards. 

The values selected for quality-related parameters from test results must represent rea- 
sonable corrosion resistance in actual service environments. It is important that the values 
of the parameters selected be readily measured with sufficient accuracy to ensure adequate 
performance. It must be stressed that the limitations on the applications of the metal or 
coating are strongly related to these parameters. Therefore, the ability to utilize the metal 
or coating is determined by the assurance that the specifications are met. 

In order to define a system with optimum corrosion resistance for a given product,  the 
following approach should be followed. The quality-determining parameters for each alter- 
native must be determined and the appropriate levels selected. These levels must be verified 
by tests for the given set of specimens and the scatter in results determined. If any convenient 
property is identified as a determining characteristic, for example, resistance to undercutting 
in a paint system, it might be advantageous to base the evaluation of alternatives solely on 
this property. This applies only to the protective nature of the system, not to its decorative 
function. This is then a decisive quality parameter. 

The situation is similar in many other cases. In tests of the optimization of heat treatments 
in the processing of stainless steels, the key characteristic can be the resistance to inter- 
granular corrosion or pitting corrosion or stress corrosion cracking resistance as verified by 
standard tests. 

The key characteristic that expresses the corrosion resistance or protection efficiency can 
be used to determine a classification of key parameters and in the case of evaluating test 
programs the determination of the significance of different system components. For example, 
in the evaluation of various alternatives for pretreatment prior to painting, the coating 
thickness to achieve a given level of protection can be used. It is, however, necessary to 
stress the comparative nature of this statement, which generally cannot be interpreted in 
terms of service life, with a few exceptions. It is also necessary to point out that test results 
do not determine the final decision on the choice of the protective system but merely provide 
a basis for the final analysis. 

Quality Assurance 

In the case of certification and quality assurance inspection of corrosion protection systems, 
the statement of test results must address the basic question as to whether the corrosion 
protection system does or does not conform to the specifications of quality requirements. 
This is the reason why key quality parameters correctly measured are unavoidable in state- 
ments of results. Statistical methods are useful in comparing measured results. Methods that 
produce easily measured quantitative results such as coating thickness, corrosion loss in 
standard corrosion tests, areas of undercutting on paint films, etc., are most useful because 
they can be evaluated by statistical methods that can separate both production and testing 
variability. 
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Conclusion 

The formulation, conduct, and evaluation of test programs to set specifications for the 
corrosion resistance of metals or metals protected by various coatings is a very demanding 
activity involving both a knowledge of the science of corrosion processes and a knowledge 
of the variability of the systems involved. 

Because of the technical level required to handle the corrosion information and statistical 
analysis, this type of activity should be carried out by technically trained and competent 
workers. 

APPENDIX 

The Application of Statistical Methods in Testing 

Corrosion or weathering tests are aimed at providing information in the form of a quan- 
titative or qualitative statement that conveys the fitness for service, functional reliability, 
or service life of a product or component. Statistical methods usually are included in the 
following steps of choosing a test method: (1) performance of the test and (2) evaluation 
of the test. 

1. In tests with no prespecified parameters such as nonstandardized tests, parameter  levels 
should be chosen to provide as much information as possible with a minimum number of 
options. The analysis of variance or optimization procedure are used when parameters are 
selected to provide an extreme in relationships, that is, a maximum or minimum. In selecting 
test parameters,  a range should be chosen such that changes in the mechanism of corrosion 
are avoided. 

2. In processing test results, changes in properties or functions are dealt with by means 
of mathematical and statistical methods. Normal or Student-t distributions most frequently 
are assumed to estimate parameters such as means and standard deviations, or to calculate 
limiting values such as confidence intervals for selected significance levels. However,  it must 
be noted that many laboratory tests yield other types of data distribution such as logarithmic, 
Weibull's, etc. In establishing a relationship between degradation and environmental factors 
or test parameters, inaccuracy in determining or maintaining the parameters should be 
considered and the uncertainty included in the calculation. It is very advantageous to make 
use of simple functions and as few variables as possible in these analyses. In many cases, a 
linear function over a limited range is more appropriate than a complex nonlinear one that 
generalizes the entire course of the relationship. With these functions, extrapolations should 
be made only in the vicinity of the experimental points. 

In order to ensure that the quality of the test procedures and evaluation of test results 
are acceptable in contract documents, the following steps are required of testing laboratories: 

1. Take proper measures to ensure correct performance of the tests, both technically and 
in the qualifications of the personnel. This calls for periodically verifying the testing and 
measuring devices and carrying out appropriate training programs. 

2. Run parallel tests to analyze independent reference samples that provide documen- 
tation on whether tests and their evaluations are carried out in a proper manner. 
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3. Check on a regular basis the scatter of the results and whether there is any bias or 
systematic shift of the data to higher or lower levels. Based on this evaluation, take necessary 
steps that would correct such bias. 
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ABSTRACT: Corrosion has become one of the major contributors to the gradual depletion 
of many essential materials for survival on earth. Corrosion in soils can claim the lion's share 
of this destruction. 

This paper outlines the development of test methods needed to identify, measure, and control 
corrosion in soils. Recognizing the limitations of present test methods, a challenge is offered 
to the professional world to embark on a program to develop new techniques for testing 
corrosion in soils, thus leading to better control and contributing to the prosperity and continued 
use of the earth's resources. 

KEY WORDS: soil resistivity, moisture content, soil acidity, soil corrosivity, polarization, 
differential aeration, pH of soil, redox potential 

Soils Evaluation in the Past 

History 

Corrosion caused by stray current was assumed before 1900 to be responsible for all 
corrosion of metals buried in the soil [1]. The seriousness of underground corrosion was 
recognized by the U.S. Congress in 1910. At  that time, the National Bureau of Standards 
was directed to study corrosion caused by stray electric currents and recommend methods 
for their mitigation. A ten-year extensive investigation indicated that very serious corrosion 
resulted from stray currents; however, equally serious corrosion occurred under circum- 
stances that excluded stray currents. 

In 1921, the American Committee on Electrolysis decided that the effect of soils on the 
corrosion of pipe in the absence of stray electric currents should be investigated. The National 
Bureau of Standards started that work in 1922. The results of those efforts began appearing 
in 1928 during the first Soil/Corrosion Conference followed by several others held in 1930, 
1933, 1937, 1943, etc. 

On the international scene, several countries had experiences similar to the U.S. and 
started investigation work. In 1912, the British Board of Trade issued rules and regulations 
to govern the installation of tramways. In 1910, Germany regulated stray-current electrolysis 
by limiting the potential gradient between the rails and earth, prohibiting electrical drainage 
to pipe systems. The Dutch Research Institute for Metals set up a Central Corrosion Corn- 
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mittee in 1931. In Australia, several organizations conducted extensive investigations of 
underground corrosion; the results were presented in the U.S. conferences of 1937 and 
1943. In England, the Post Office Engineering Department conducted studies on corrosion 
of lead cable sheath, reported in 1938. In a symposium held in 1952, the British Iron and 
Steel Research Association reported the results of research work on underground corrosion. 
In Belgium, the seriousness of corrosion problems resulted in the organization of the "Centre 
Belge d'Etude de La Corrosion" in 1952. In Canada, severe corrosion of cast iron water 
mains in Winnipeg, Manitoba, led to an extended study of soil corrosion at the University 
of Manitoba. 

Characteristics of Soils 

Soil is the product of soil-forming processes acting on materials deposited or accumulated 
by geologic factors. The term "soil" is applied to the first few feet of finely divided, modified 
rock material covering the earth. Crushed rock and unmodified rock on mountain tops are 
not soils. Also, earth moved from its original position is not soil if it has lost its structure. 

The characteristics of the soil are determined by the physical and mineralogical compo- 
sition of the parent material, the climate under which it accumulated and has since existed, 
the plant and animal life on and in the soil, the topography of the land, and the length of 
time the forces of soil development have acted on the soil material. The classification of 
soils is based on their physical and chemical properties. 

Since 1899, the U.S. Department of Agriculture has been engaged in mapping the soils 
of the United States. Soil reports are available for counties or larger areas. The reports do 
not discuss the corrosivity of the soils; nevertheless, they contain valuable information to 
the corrosion engineer, such as aeration, drainage, etc. 

Chemical analyses of soils for corrosion purposes are usually limited to determination of 
the elements that are soluble in water. The base-forming elements are usually sodium, 
potassium, calcium, and magnesium. The acid-forming elements are carbonate, bicarbonate, 
chloride, nitrate, and sulfate. The nature and amount of soluble salts, together with the 
moisture content of the soil, generally determine the ability of the soil to conduct an electric 
current. The development of acidity in soils is a result of the natural processes of weathering 
under humid conditions. 

Bacteria may affect the chemical properties of soils. Certain types of bacteria are capable 
of fixing atmospheric nitrogen and converting nitrogenous material in the soil to a form 
useful to plant life. Other bacteria convert sulfur and sulfides to sulfates, and stil~ others 
accomplish the reverse reaction. 

The physical properties of soils important in corrosion are mainly those that determine 
the permeability of the soil to oxygen or air and to water. The particle size distribution of 
the soil is an important factor with respect to aeration and moisture content. In coarse 
texture soils, such as sands and gravels, where there is free circulation of air, corrosion 
approaches the atmospheric type. Clayey and silty soils are characterized in general by fine- 
texture, high water-holding capacity and, thus, by poor aeration and poor drainage. 

Factors Affecting Corrosion in Soils 

Since corrosion is an electrochemical process, it requires a potential difference between 
two points electrically connected and immersed in an electrolyte. Electrons flow from the 
anodic area through the electrolyte to the cathodic area and back through the metal to 
complete the circuit. The anodic area is the most negative in potential and is the area that 
corrodes through the loss of metal ions to the electrolyte. The cathodic area is protected 
from corrosion because of the deposition of the hydrogen ions that carry the current. 
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The factors affecting corrosion in soils are aeration, electrolyte, electrical factors, and 
miscellaneous. 

1. Aeration affects the access of oxygen and moisture to the metal, consequently affecting 
corrosion. Oxygen causes corrosion by combining with the metal ions to form oxides, hy- 
droxides, or salts of metal. If these corrosion products are soluble or removed from the 
anodic areas, corrosion proceeds, but if the products accumulate, they may act as a protective 
layer to reduce corrosion or initiate localized corrosion because the corrosion products are 
more noble than the base metal. 

2. Electrolytes affect the flow of electric current. Moisture in soils helps the current flow, 
thus promoting the corrosion process. The ions in the electrolyte determine the electrical 
conductivity as well as the acidity or alkalinity of the electrolyte, and the chemical reaction 
between the primary products of corrosion and the electrolyte. 

3. The principal electrical factor in the corrosion of metals in soils is the variation in 
potential that exists at different points or areas on the surface of the metal. Potential 
differences involve both the metal and the electrolyte. It may be affected by local variations 
in either one. The amount of current that flows through the cell as a result of the potential 
difference is dependent upon the electrical characteristics of the electrolyte and by the 
polarization of the metal surfaces. The potential difference and the resulting corrosive current 
is not necessarily constant with time. The relative size of the anode and cathode areas is a 
factor in determining the amount of corrosion damage. 

4. Some of the miscellaneous factors affecting corrosion in soils are the effect of different 
soils in contact with the same pipe, different compactness in the case of backfill in a pipe 
trench, foreign material or stones in contact with the pipe; bacterial action is another factor 
and is associated with aeration and the formation and presence of soluble salts. 

Test Methods Used in the Past to Identify and Measure Corrosion in Soils 

1. In 1928, the Bureau of Standards in a paper by Logan [2] stated, "Originally non- 
uniformity in the metal caused by impurities or strains was assumed to account for much 
of the corrosion. Then Evans and others pointed out that differences at the surface of the 
metal, oxygen concentration cells, etc., were factors. The soil corrosion tests indicated that 
the structure and chemical properties of the soils as well as the nature of the contact between 
the soil and the pipe must be considered." 

2. In 1928, an article by Henry Hough [3] appeared in Gas Age Record where he men- 
tioned that soil samples are normally taken at intervals of not more than one mile, by means 
of an auger, to the depth at which the pipe will lie when in service. The sample is placed 
in an air-tight container. At  the laboratory it is weighed as received, air-dried, and weighed 
again to determine the moisture content. A solution is made by thoroughly mixing a portion 
of each sample with distilled water. Both the solution and the soil are then subjected to a 
carefully worked out series of chemical analyses to determine the amount of certain con- 
stituents known to be active factors under certain conditions in accelerating or inhibiting 
corrosion. In addition to the chemical analyses, each sample is subjected to determinations 
for hydrogen ion concentration on physical, electrolytic, and accelerated corrosion tests. 

3. In 1930, The Oil and Gas Journal published an article by Joseph E Putnam [4] entitled 
"Predetermination of Soil Corrosion May be Evaluated in Terms of Electrical Units. Simple 
Ammeter  Voltmeter Test has been Devised." The article discussed theoretical considerations 
which included: 

a. soil corrosion in an electrolytic phenomenon. 
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b. Faraday's first law of electrolysis may be interpreted to state that the amount of 
iron lost by a buried pipe due to soil corrosion is proportional to the quantity of 
electricity flowing from the pipe to the soil. Thus, corrosivity (C) is proportional 
to current (I) 

then 

applying Ohm's law 

C ~ I  

I = E/R 

C ~ E/R 

4. Whenever an electrolytic reaction takes place, decomposition products are formed 
which set up a counter electromotive force. This value, called by physical chemists the 
decomposition potential (Ea), must therefore by subtracted from the causation potential 
(E,) in order to obtain the value of E for the above equation 

E = (E~ - E~) 

When a piece of iron is buried in the soil, a difference of potential (Ec) exists between two 
points A and B of the buried iron. Electrons start to flow from A through the soil to B and 
back through the metal to A, thereby completing the circuit. Electrically, the resistance of 
the metallic part of the circuit is usually so small compared with that of the soil that it may 
be neglected. Furthermore, the actual resistance of the soil path is difficult to determine, 
but it is proportional to the resistivity or specific resistivity (Rw) of the soil. Thus, the relative 
corrosivity may be taken as 

C -  k(E~.-  Ed) 
R~ 

where k is constant, which for purposes of relative measurement is usually taken as 1000. 
To determine the decomposition potential (E,~), two metal plates are immersed in an 

electrolyte connected through an ammeter, voltmeter, and potentiometer to a battery. A 
curve as shown in Fig. 1 can be drawn for various settings of the potentiometer. Beyond 
point P, the electrolyte obeys Ohms law. P is called the decomposition potential (E,~) of 
the electrolyte. 

Soil Resistivity (R,p): 

Soil conductivity depends on many factors, such as degree of consolidation, salt content, 
organic matter, moisture, etc. The effect of pressure or soil packing is seen in Fig. 2. 

It is probable that the rise in resistance beyond point B is due to squeezing out water 
under high pressures. Soils under test should be compressed to point A, beyond which the 
resistivity is practically constant. 

Moisture is by far the most important variable in soil resistivity. In Fig. 3, it can be seen 
that soil resistance varies markedly with moisture content. As the moisture content is in- 
creased, the resistivity drops rapidly, becoming nearly constant until the mud point (P) is 
reached, beyond which the salt solution becomes diluted with an increase in moisture. 
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P 
FIG. 1--Decomposition potential--current. 

E 

Unless the average integrated moisture content is known, no relative measurements of 
corrosivity will be of value. A soil sample taken with moisture content of point A when the 
integrated average for the year is that of point B will show the soil to be only about one 
fifth as corrosive as it actually is. 

Many tests have been devised in which soil is saturated with distilled water with the result 
that fairly noncorrosive soils have often been thought corrosive, and a great deal of pipe 
treatment has been needlessly applied, including useless expenditures. 

Electrical Tests 

The soil sample is compressed in a Bakelite box between two steel end pieces which have 
been previously cleaned by emery cloth. Connections are made as shown in Fig. 4. The 
switch is first connected to position B and a resistivity measurement made on a slide wire 
bridge, using alternating current to eliminate polarization effects. The switch is then con- 
nected to position C; the potentiometer having been adjusted, the voltmeter (E) reads a 

Pressure 

FIG. 2--Effect of pressure on soil resistivity. 
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FIG. 3--Effect of moisture on soil resistivity. 

causation potential (Ec) of 1.4 V. Figure 5 shows the relationship of current and time. When 
the switch is first connected to B, the full causation potential (Ec) of 1.4 V acts on the soil; 
being a unit cube, it has a resistance of Rsr. The current at zero time is 

Ec 
I0 = -  

Rsp 

As the electrons start to flow, decomposition products are built up on the steel end plates, 
setting a counter potential which reaches the decomposition potential (Ea) in 5 to 10 rain. 
The current value is 

Ec -- Ed 
/ 1 0  - -  

Rsp 

If the ammeter reading is in milliamperes, the constant (k) is 1000. The current reading in 
milliamperes equals the corrosivity (C) of the soil equals causation potential (Ec) equals 

Steel 

r 
I 

Soil 

I 

Steel 
FIG. 4--Sketch of corrosivity measuring equipment. 
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FIG. 5--Drop in current with time. 
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1.4 V. The selection of 1.4 V as a causation potential was not arbitrary but the result of an 
extended investigation. 

Moisture and Rainfall 

The fact that soil resistivity varies so sharply with moisture makes it necessary to establish 
an integrated average of moisture content before making a corrosivity measurement. It is 
necessary to know the average rainfall in the terrain under test and the time of the last rain 
before the sample was taken. Then the integrated average can be estimated from the knowl- 
edge of soil texture, drainage, etc. 

Soil Corrosiveness Measurement Methods 

The following methods were reported in Gas Age Record of 1932 [6]. 

Historical Methods 

Use actual corrosion experienced by parallel lines in neighboring territories or lines in 
apparently similar soil as a guide. This does not permit satisfactory differentiation along a 
line as soil conditions change. 

The second historical method is less precise. It depends solely upon the opinion formed 
after inspection of ground surface conditions. 

Ground Moisture Determination 

Soil corrosion is dependent upon physical condition, chemical composition, and amount 
of moisture. Moisture is the only variable and therefore is the controlling factor. 
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This method may be useful in demonstrating relative variations within any strictly limited 
area, but appears inherently inapplicable to comparisons between widely separated areas. 

The method involves repeated field sampling, laboratory determinations of moisture con- 
tent, and loss of weigh measurements on corrosion specimens. 

Hydrogen Evaluation Method 

A measurement of the hydrogen evolved during corrosion as reflecting the combined 
effect of a group of six important soil properties. This method provides for the intimate 
mixing of equal weights of soil and of iron filings, the immersion of the mixture in water 
under an inverted graduated test tube and the subsequent reading, after a definite period 
of time, of the quantity of gas collected. 

The method, while simple, does not appear to be adequate because of the possibility of 
the gas volume being affected both by the generation of carbon dioxide from vegetable 
matter in the soil and the fineness of the soil particles. There is also the probability that the 
rates of corrosion in various soils will be different for iron filings and for iron or steel pipe 
because of differences in relative area and nature of the exposed surface. 

Total Acidity Measurements 

Denison found a certain measure of correlation between the total acidity of certain soils 
and repair records of a pipeline along which they were collected. He used chemical methods 
of analysis. Holler used direct electrometric titration for the same purpose. This method, 
like the preceding one, is limited in its applicability besides requiring a considerable degree 
of technical skill in laboratory manipulation. It has no usefulness in the case of alkali soils. 

Loss of Weight Method 

A clean, very thin, steel disk is buried in the moistened soil to be tested and maintained 
at constant temperature in a water saturated atmosphere for two weeks. The loss of weight 
of the clean dry disk is then determined. 

The method eliminates measurements of the relative effect of the moisture content of the 
soil in situ as well as of temperature and humidity variations. The test exposes a standardized 
prepared metal surface, unlike the surface of commercial pipe, to corrosive action. 

The Geological Method 

The method is based on the fact that a particular degree of soil corrosiveness is charac- 
teristic of a definite geological soil series. This method recognizes the effect of rainfall and 
drainage on soil corrosiveness. Ewing [7] proposed the development of tables showing the 
relative corrosivity of all the various soils which may be encountered and reference to such 
tables after expert geological classification of the soils under investigation. It is easier to 
recognize a geological similarity between two soils which have caused a comparable degree 
of corrosion than it is to classify soils with assurance before experience has demonstrated 
their corrosiveness. 

Electrical Methods Using an External Electromotive Force to Measure Conductivity 
or Resistivity 

These methods are based on the electrochemical theory of corrosion and the assumption 
that chemical action is accompanied by the flow of electrons. Any activities facilitating such Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
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flow increases chemical action. Thus, pure dry sand has a high resistance; pure water is not 
a good conductor. The methods of Putnam, Williams, and Corfield all involve laboratory 
determinations; therefore, they are all subject to criticism that the neglect to control certain 
test conditions or their arbitrary definite establishment may nullify the practical value and 
usefulness of the results obtained. 

1. Putnam proposed a test apparatus using 10 ft (3.048 m) of No. 28 iron wire wound in 
a 2-in. (50.8-min)-diameter coil buried vertically in the soil to be tested. A 1/4-in. (6.35-mm) 
iron rod connected to the bottom of the spiral provided the second connection for a 2-V 
battery. After four days, an inspection of the wire should show a point where the character 
of corrosion changed, which by measurement and proportion could be used to determine 
the so called "ionization potential" which Putnam claimed bore an inverse relationship to 
soil corrosiveness. 

2. Putnam also proposed a second apparatus consisting of a unit volume box with steel 
end plates. The soil is packed in the box, and potential of 1.4 V is impressed across the soil 
for 10 min at which time the current is measured. This current is proportional to the 
corrosiveness of certain soils. The validity of 1.4 V was questioned, as well as the soil density, 
the dimensions of the box, and other variables. 

3. The Williams method (and Corfield's modification) are essentially measurements of 
the loss of weight of pipe samples used as cathodes buried in soil samples contained in tin 
cans which serve as anodes. Williams uses a 2-V battery for 24 h or less. Corfield uses 6 V 
to increase the weight loss and availability of this size battery. The choice of a maximum 
24 h is made to avoid polarization effects. The results are less accurate due to the effect of 
direct current on polarization, soil temperature,  etc. 

4. The Shepard Method [5] differs from the previous methods in its use of measurements 
made in the field, with minimum interference of important existing conditions such as 
compactness and moisture content. 

Using the steel-tipped rods to make earth contacts at least 6 in. (152.4 ram) apart and a 
3-V battery, instantaneous readings are made of the resulting current. These readings are 
indicative of relative soil resistivity, which is a measure of soil corrosiveness. 

Other Electrical Methods 

1. The apparatus developed by Legg used dissimilar electrodes on a single rod, and the 
use of external source of current is eliminated. A milliameter is used to measure the current 
from the primary cell set up when both electrodes are in contact with soil. 

2. The Schlumberger and Leonardon methods are based on measurements of the path, 
direction, and magnitude of earth currents. Some attention is also paid to measurements of 
soil resistivity. 

Methods Involving Chemical Analysis of Soil 

1. Dickey never published the detailed results of his methods nor suggested any definite 
procedure. Thus, the only method using chemical analysis is that of Richards and Smith 
developed in 1927. It has since been improved. 

2. The procedure includes the inspection of local climatological data, a study of any 
pertinent electrolysis surveys, the completion of a topographical reconnaissance, and the 
interpretation in the light of all such available information of chemical analyses of soil samples 
and of their water extracts. A survey so made recognizes the effect of all important influencing Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
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factors and presents the nearest  approach to the ideal method  of  determining soil corro- 
siveness. 

Relationship of Soil Properties to Corrosion of Buried Steel 

In 1938, the following conclusions appeared in Industrial and Engineering Chemistry in a 
paper  by Rogers  [9]. 

1. The  controlling factor in soil corrosion of buried steel is the effect of  variations in the 
soil water-air  proportions.  Laboratory variations of  these factors allowed variations in cor- 
rosion rates of 31.1 to 1 to 56.5 to 1 to occur. 

2. The electrical resistivity of a soil exerts an influence on its corrosion rate. Variations 
in this factor in the laboratory for Kalmia sand and over  the range 12 000 to 94 ohm-cm 
resulted in a variation in a corrosion rate between 1.5 and 1.0 mils per  year. 

3. The  pH  of a soil exerts an influence on its corrosion rate. Laboratory  tests show that 
varying the pH of Kalmia sand between 4.5 and 9.75 resulted in a variat ion in corrosion 
rate between 2.2 and 1.0 mils per year. 

4. Comparison of soil resistivity measurements  at saturation with the corresponding pipe 
pit depth show that there is a definite t rend between resistivity and corrosion. The  trend is 
not sufficiently accurate; but, however ,  is to be used as an index of soil corrosion. It can 
only be said that very few corrosive soils have resistivity values greater  than 1800 ohm-cm. 
The majori ty  of  soils possess values of resistivity less than this. 

5. Comparison of soil pH  values with field corrosion rates indicate a comple te  lack of 
any correlat ion between these quantities. The  method cannot be used as a field index of 
soil corrosion. 

6. The corrosion rate of a soil in the field may be determined by following its seasonal 
variation in water-air  volumes and checking again a laboratory index test. 

A Method for Direct Determination of Soil Corrosivity in Terms of Conductivity 

In the December  1937 issue of Gas Journal [8], Burton introduced a new method  and an 
instrument for the direct laboratory determinat ion in terms of conductivity. Accura te ,  re- 
producible,  and dependable  results were obtained.  

The method  employs an alternating current bridge using an a-c frequency of  100 cycles 
or more.  With the use of a-c of 50 or 60 cycles, polarization effects are greatly minimized 
over  those of d-c. 

Limitations of Text Methods 

In 1939, Logan [10] offered the following summary: 

The corrosion of pipelines depends on a number of factors which make it impossible to fully 
report underground corrosion phenomena in the terms commonly used for the report of corrosion 
data. This is especially important with respect to maximum pit depths. The maximum pit depth 
observed on any area will, on the average, be less than the maximum pit depth on a larger area 
exposed to the same conditions. Pits usually change in depth more slowly as they become older, 
but this change, as well as the pit depth, differs greatly for different soils. It is therefore necessary 
to accompany rates of penetration by data on the effects of area and time if the pit depth are to 
be used for an estimation of the life of pipe. Such estimates should be based on data for the 
particular soil conditions associated with the pipe, rather than on rates of penetration for average 
soil conditions. The relative depths of pits on two materials or on the same material exposed to 
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two soils may differ for different periods of exposure or for different exposed areas. Some of the 
soils which produced relatively high initial rates of corrosion were shown to be less destructive to 
pipelines than others with lower initial rates of corrosion. 

Comparisons between experience and predictions of corrosion based on experiments are fre- 
quently unsatisfactory because the pipelines may be subjected to influences not represented in the 
experiment. In general, however, the observed correspondence is sufficiently good to warrant the 
conclusion that if local conditions are properly taken into account, the results of the soil corrosion 
investigation properly adjusted for the effects of area and time constitute the best available basis 
for decisions as to the proper wall thickness and the necessity for protection of a proposed pipeline. 

Introduction of the Polarization Technique for Testing 

In 1955, the NA CE Journal of Corrosion published a paper by W. Neighbours [11] entitled 
"A New Method for Measuring Potentials of Polarized Electrodes in Soil Corrosion Cells." 
The method in summary included interrupting the current through a soil corrosion cell and 
measuring the potentials of the polarized electrodes during the period of interruption. An 
electronic circuit was used to interrupt the current, and the potential across the cell at 
interruption is balanced against a known potential; an oscilloscope was used as a null 
indicator. This method was developed in New Zealand; it was an improvement over a method 
designed by Hickling and applied by Denison and Darnielle of the Soil Bureau of the New 
Zealand Department of Scientific and Industrial Research. The improvements included the 
use of a visual method with oscilloscope presentation rather than the sound method of the 
Hickling meter. A circuit was developed along these lines and has proved to be satisfactory 
in the measurement of potentials of soil corrosion cells. 

Soil Corrosivity Based on Investigation of Highway Culverts 

In 1961, a paper by R. F. Stratfull [12] appeared in the NACE Journal of Corrosion 
entitled "A New Test for Estimating Soil Corrosivity Based on Investigation of Metal 
Highway Culverts." The new test method estimates relative soil corrosivity by combining 
the relative influences of the hydrogen ion concentration (pH) and the minimum resistivity 
of the soil. It establishes relative soil corrosivity by plotting these combined values on a 
chart showing the soil corrosivity in terms of the corrosion rate of steel buried in a similar 
soil as reported by the National Bureau of Standards. The results of this new test method 
were compared to the soil corrosivity determined by the reported weight loss of steel spec- 
imens. It was concluded that the new test is a reasonable overall indicator of relative soil 
corrosivity. The new test method utilized the minimum resistivity value of a soil solution 
that was obtained by varying the moisture content. In contrast, the NBS data are based 
upon a soil being saturated with moisture, with all measurements made or corrected to a 
temperature of 60~ (15.6~ 

A noteworthy statement was made: "Experience indicates that in a number of cases the 
minimum soil resistivity does not occur at the saturation point." 

Differential Aeration and Its Effect on Soil Corrosion 

In 1963, the NACE Journal of Materials Protection published a paper by Edward Schaschl 
and Glenn Marsh [13] entitled "Some New Views on Soil Corrosion." The paper stated 
that corrosion of steel in soil frequently has been blamed on such factors as low pH, 
electrolysis due to stray currents, bacterial action, or reactive chemicals in the soil. Though 
these factors may be important in some cases, they should be considered as exceptional 
rather than common causes of corrosion. A more general cause, differential aeration in- 
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volving drained soil, is of primary importance. In differential aeration mechanism, oxygen 
and water alone are responsible for severe corrosion. The paper discussed the relationship 
of water saturation, resistivity, and draining characteristics with the corrosive nature of soil. 

Corrosion of steel in soils can be explained in terms of long cell action arising from 
differential aeration. Oxygen plays the dominant role as a cathodic reactant. Cathodic activity 
is intense when a soil is partially drained or when it contains 50 to 95% of the water needed 
for saturation. In this state, the resistivity is low enough to allow extensive long cell action. 

The Present Measurement Techniques of Soil Properties [16] 

In the mid-1970s, Escalante [15] and Iverson [14] concluded that a low soil resistivity of 
500 ohm-cm or below is a good indicator of a corrosive soil. At  higher resistivities, above 
2000 ohm-cm, the relationship is not as clearly defined. They also concluded that no cor- 
relation was found between the corrosivity of soil as measured by weight loss or galvanic 
current and its pH or redox potential. 

Resistivity 

This is the most widely used criterion for evaluating soil corrosivity. Resistivity measure- 
ments can be made in two ways. One method involves making the measurement directly at 
the site without disturbing the soil. Wenner's four-electrode method [15] is the most widely 
used for that technique. The second method involves removing a sample of the soil and 
placing it in a box with an a-c bridge and null meter to directly read the resistivity. Each 
method has its advantages and disadvantages leading to untrue readings. However, resistivity 
as a criterion, when performed properly, is probably the single best indicator of the ag- 
gressiveness of the soil. 

1. The effect of temperature on soil resistivity is shown in Fig. 6. There is a gradual 
increase of resistivity with a decrease in temperature until the freezing point of water is 
reached. At  temperatures below freezing, the soil resistivity increases very rapidly. The 
relationship between temperature and soil resistivity is controlled by the following equation 

(24.5 + t) 
Rz5 5 = R, 

4O 

where 

R~5~ = resistance in ohms at 15.5~ 

R, -- measured resistance at t~ and 
t = temperature in ~ of the soil. 

2. The effect of pressure on the soil resistivity is shown in Fig. 2. It was found that the 
resistivity decreased with increasing pressure reading a minimum of 100 lb/in. 2, but above 
this pressure there was little change in resistivity. 

3. The effect of moisture content on the resistivity of a clay soil is shown in Fig. 7. When 
the soil is nearly dry, its resistivity is very high. However, the resistivity decreases rapidly 
with increases of moisture content until the saturation point, after which further moisture 
has little or no affect on the resistivity. 
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p H  Measurement 

This is the measure of acidity or alkalinity of the soil. It does not give information about 
the total acid content related to the corrosivity of the soil. It is recommended to measure 
pH of soil in its natural state, since changes after removal have been reported, pH of soil 
is usually measured using a portable pH meter. Calibration of the electrodes is performed 
just prior to the measurement using a standard buffer solution of pH of 7. 

Redox Potential 

Two platinum electrodes are used to measure the soil redox potential versus a saturated 
calomel electrode. The redox potential or oxidation-reduction potential is the potential of 
an inert electrode in an electrolyte developed with reference to a half cell and converted to 
the standard hydrogen scale. 

Eh = TS + 0.250 + 0.06 (pH) 

where 

E h = redox potential at pH 7 (standard hydrogen scale), 
E = probe potential, the mean of two platinum electrodes, and 

pH = the soil pH. 

The relationship between the soil corrosivity and the redox potential (Table 1) was de- 
veloped by Starkey and Wight. 

Polarization Techniques 

Electrochemical polarization which can provide a numerical value of the corrosion rate. 

1. Polarization Resistance Method 
The polarization resistance technique is based on the following relationship derived by Stern 
and Geary 

AE i BoBc 

A1 2.3 loot, (B. + Be) 

where 

AE = overvoltage produced by a polarizing current AI. 
AE 
A---)- = slope of the polarization curve (polarization resistance), 

B,, = slope of the anodic polarization curve in the Tafel region, 
B, = slope of the cathodic polarization curve in the Tafel region, and 

Ic,,rr = corrosion current. 

2. Polarization Break Method 
This technique is based on the observation that anodic and cathodic polarization curves 
consist of straight line segments having different slopes. The current at which the change 
in slope occurs is designated lp for the cathodic and I~ for the anodic curve. The corrosion 
current L can be calculated from the following relationship derived by Pearson and confirmed 
by Holler 
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TABLE 1--The relationship between the soil corrosivity and the redox potential was developed by 
Starkey and Wight. 

Range of Soil Redox 
Potential, mV 

Classiciation of 
Soil Corrosion 

Below 100 Severe 
100 to 200 Moderate 
200 to 400 Slight 
Above 400 Noncorrosive 

by Holler  

fc= Uq 
Ip+t.  

Challenge Offered to the Professional World 

Many different soil conditions are being developed as a result of our changing world. 
Pollution of the underground streams by chemical contamination, abandoned deteriorated 
structures buried underground, nuclear waste, acid rain, leaking underground tanks, etc. 
will cause drastic changes in the previously known soil characteristics. Thus, we cannot 
depend with any degree of certainty on the physical and chemical characteristics of soils 
tested years ago by the Agricultural Department and other agencies. The measurements of 
the soil characteristics to determine its corrosivity need to be conducted just when a project 
is ready. Periodic monitoring of these criteria is also highly recommended to alter the needs 
for corrosion control. 

Computers have impacted many of the measuring techniques and test procedures. How- 
ever, soil eorrosivity and its criteria have not benefited from that progress except in a very 
limited way. A challenge is offered to the professional world to develop new sensors to 
determine the soils corrosivity by taking into consideration the combined affect of its physical 
chemical criteria, and other factors. Similar sensors are needed to clearly identify, measure, 
and control corrosion in soils. 

Summary 

Corrosion by soils as an electrolyte is a serious and important subject that cannot be 
ignored. The cost of corrosion by soils is rising at an alarming rate. Individual characteristics 
have been used to indicate corrosivity without complete accuracy. The synergetic effect of 
all known physical and chemical characteristics of soil to determine its corrosivity is des- 
perately needed. The protection of our current buried structures and future ones depends 
on this generation to develop new sensors to achieve that goal. Obviously, the market  is 
there, but above all, the preservation of our natural resources must be our ultimate goal. 
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DISCUSSION 

M. Schorr' (written discussion)--A pH of 1.5 may indicate the presence of about 1 mol/ 
L of a strong acid. Neither steel nor reinforced concrete can withstand such an acidic soil. 
Are they planning some kind of soil treatment to neutralize the acid before starting to build 
the foundations? 

V. Chaker (author's closure)--I agree that the pH of the soil is very acidic. I know that 
there are plans to use special concrete to withstand that environment. I am not sure that 
there are plans for a soil treatment. 

A. VanOrden z (written discussion)--Do we have a public relations problem? If we have 
been studying corrosion in soils since the turn of the century, and we are reinventing the 
wheel, perhaps we need to provide more information to our own organizations and then to 
the larger technical and engineering community. 

V. Chaker (author's closure)--I don't think we have a public relations problem. However, 
I believe we have a time lag between research and development and the change in the 
environment. In the meantime, the existing information and tools are still being used. Some 
of the existing information is not correct and needs to be updated. The equipment is manual 
and too slow. Development of sensors and equipment taking into consideration the computer 
age is needed. In the meantime, symposia like this one should continue to alert and challenge 
the technical community to evaluate each situation carefully and to work on developing 
advanced tools. 

1 IMI, Institute for Research and Development, Haifa, Israel. 
2 AS&M, NASA Langley Research Center, Hampton, VA 23665. 
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E. Escalante 3 (written discussion)--Corrosion studies at several laboratories have shown 
that steel piles driven into soil display negligible corrosion compared to piles in back-filled 
soil. These data have been collected in soil with a pH above 5.5 where the cathodic reaction 
is oxygen controlled. You suggest that at pHs of 1 and 2 corrosion occurs on driven steel 
piles. Do you believe that the cathodic reaction is hydrogen reduction in this case? 

V. Chaker (author's closure)--Your question about the cathodic reaction in soils of p H l  
and 2 being hydrogen reduction is interesting. No tests were performed to confirm or deny 
that. Obviously, more tests are needed under the above-mentioned conditions before an 
answer can be given. 

3 NIST, Gaithersburg, MD. 
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Measuring the Corrosion of Metals in Soil 

REFERENCE: Escalante, E., "Measuring the Corrosion of Metals in Soil," Corrosion Testing 
and Evaluation: Silver Anniversary Volume, ASTM STP 1000, R. Baboian and S. W. Dean, 
Eds., American Society for Testing and Materials, Philadelphia, 1990, pp. 112-124. 

ABSTRACT: Polarization resistance and galvanic current measurements, used for under- 
ground corrosion studies, are described, and problems encountered in making these mea- 
surements in the field, along with solutions, are discussed. Polarization measurements, 
supported by physical measurements, have shown that induced alternating current increases 
the corrosion rate of copper concentric neutrals compared to copper neutrals without ac. These 
measurements also revealed that driven piles undergo less corrosion attack than similar piles 
in backfilled trenches. Galvanic current measurements provide valuable information on the 
behavior of galvanically coupled materials and can be used to compare the corrosivity of soil 
environments. 

KEY WORDS: corrosion in soil, galvanic current, polarization resistance, underground cor- 
rosion measurements 

Advances in technology allow measurements, previously considered limited to the labo- 
ratory, to be extended to field situations. These advances include improved performance 
of electronic components, miniaturization of equipment, and development of portable com- 
puters and high-impedance digital voltmeters, which are an important result of these ad- 
vances. This paper describes equipment used in the field in the past and equipment used 
today with examples of data collected. These data will emphasize the difference observed 
in corrosion of steel between conditions of disturbed and undisturbed soils. 

Measurements and Procedure 

Electrochemical measurements are useful for obtaining information on corrosion of struc- 
tures underground, and generally these measurements can be performed without difficulty. 
Corrosion rate and galvanic current are the two measurement categories that are described 
here. Physical measurements, for verification of electrochemical measurements, are also 
discussed. 

Corrosion Rate Measurements 

The technique of polarization resistance is useful for obtaining corrosion rate data of 
metals in soil. The measurement is easy to perform, and the primary complication is the 
necessity to eliminate or compensate for errors in the potential measurement during polar- 
ization. There are many excellent detailed descriptions of the technique [1-3], and only a 
brief review will be provided here. 
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In 1957, Stern and Geary published their work mathematically describing the shape of 
polarization curves, showing that at values slightly removed from open circuit potential (~-20 
mV), potential can be assumed to be a linear function of applied current [4]. This expression 
is written as 

where 

dv) f~~ 
-d~ w0 = 2.3 icorr(~a "1- [~c) (1) 

dv/di = slope of potential versus applied current, 
B, = anodic tafel slope, 
Bc = cathodic tafel slope, and 

icorr - -  corrosion current. 

Thus, if the tafel slopes are known, and the slope of potential versus applied current is 
measured, then the corrosion current can be calculated. This corrosion current, however, 
only represents corrosion of the working electrode (WE) during the period that the mea- 
surement is made. The mass of metal reacted during the measurement is determined using 
the Faraday equation [5] 

mass loss = kicorrt (2) 

where 

k = electrochemical equivalent, and 
t = time. 

If several measurements are made during the exposure period of the WE, these data can 
be integrated over the exposure time, and an estimate of total mass loss is obtained. With 
information on the surface area of the WE, a corrosion rate can be calculated. 

However, as is always the case, this is more easily said than done because there are several 
problems, especially in underground corrosion measurements, that must be considered and 
overcome. The difficulties encountered in corrosion measurements in soil range from very 
mundane problems of maintaining good electrical continuity to the structure or specimen 
being measured, to more technical problems of eliminating iR error and taking into account 
current distribution where necessary. Each of these problems will be addressed and discussed. 

iR Error 

Since the resistivity of soil is generally high (>500 12 cm), some means must be used to 
eliminate or compensate for iR error, the error that arises in measuring the potential of the 
WE in the presence of an electric current. This is often described in the following way 

WE Potential ....... o = WE Potential~arized + (iR) . . . . .  (3) 

The resistive component, R, is the resistance through the soil between the WE and the 
reference electrode (REF). The current, i, is the current applied between the WE and the 
counter electrode (CE) during the polarization measurement. 

One effective manner of eliminating iR is to use the technique of current interruption 
[6]. This takes advantage of the fact that the process of polarization, and depolarization, of 
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the WE is a time-dependent process, whereas the iR component goes to zero as the applied 
current goes to zero. The result is that when the current to a polarized electrode is turned 
off, depolarization occurs relatively slowly, but iR is eliminated immediately. A very effective 
way to automatically eliminate iR is to use a portable computerized system that is pro- 
grammed to control a data logger (voltmeter with switching capabilities) and a power supply 
[7]. The computer monitors the potential (Fig. la) of the WE as the applied current (Fig. 
lb), controlled by the computer, is turned on and off. The potential of the WE is measured 
immediately after the current is turned off, and applied current is measured just before the 
current is turned off. The system is designed to reach and hold the WE at a predetermined 
potential (for example, - 1 0  mV versus open circuit potential) for a length of time while 
data are collected and stored. 

The same process can also be accomplished by manually turning off the polarizing current 
while the potential of the WE is monitored with a recording oscilloscope. Figure 2a is a plot 
of potential versus time, showing the instantaneous change in potential, iR, when the applied 
current is turned off (Fig. 2b). The /R-free polarized potential, Vpo], is discernible where 
the WE begins to depolarize. In some situations, when depolarization is very slow, even an 
analog voltmeter will allow the/R-free polarized potential to be identified. 

A Holler bridge circuit has been used very effectively to manually eliminate iR during 
the polarization measurement [8]. This circuit is a modified Wheatstone bridge with the 
capability of applying polarizing current from a variable power supply. As shown in Fig. 3, 
the four resistances in the Wheatstone bridge are two 100 k~ reference resistors, the soil 
resistance between the WE and REF, and a 100 kfl variable resistor that is adjusted to 

E 
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75 ms 

V3 

Time,s 

(a) 

2o 

Time,s 

(b) 

F I G .  1--Computer-controlled trace o f  potential and current versus time showing iR component in 
potential. 
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FIG. 2--Manually controlled trace of potential and current versus time showing iR component in 

potential. 

equal the soil resistance. The circuit is balanced by applying short (~0.5 s) pulses of current 
to the WE and noting the effect on potential. When the bridge is unbalanced, the iR 
component causes an instant change in the potential when the current pulse is applied. 
Between pulses, the variable bridge resistance is adjusted to eliminate the sudden change, 
due to iR, in potential. Once the bridge is balanced, potential measurements during sub- 
sequent current applications are iR free. 

Finally, iR can also be compensated by measuring the resistance of the soil between the 
WE and an electrode near the REF, and after the polarization measurements are performed, 
using Eq 3 to correct the measured potentials. 

Current Distribution 

In order to calculate corrosion rate, the area of the WE must be known, and for finite 
structures such as piles or tanks, their area, in general, is known. Furthermore, proper 
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FIG. 3--Holler bridge circuit for compensation of iR. 

placement of the CE will allow polarization of the entire surface of the structure. However, 
if polarization measurements are made on a structure such as an underground pipeline or 
cable which appear infinitely long, then the applied current can only polarize a portion of 
the structure at a time. In such a case, the distribution of current must be determined so 
that the polarized area of the structure can be identified. Once this area is known, then a 
corrosion rate can be calculated. 

A convenient method used to determine the approximate area polarized is to measure 
the change in potential over the structure before and during polarization. Using an under- 
ground cable as an example, open circuit potential measurements, employing a high-imped- 
ance voltmeter, are made along the length of the cable for a distance of several meters, and 
the ground surface is marked at each location so each measurement can be repeated. The 
polarization measurement is carried out with the CE located near the midpoint of the 
potential measurements. The measurement is held at the point of maximum applied current, 
and potential measurements are repeated along the length of the cable. The difference 
between the open-circuit potential measurements and the potential measurements with 
current applied are then plotted for each measurement point as shown in Fig. 4. 

This plot gives an indication of the distribution of current during the polarization mea- 
surement, and from these data the area of polarization can be approximated. The example 
in Fig. 4 shows the results of cathodically polarizing a concentric neutral cable located 1 m 
below ground level. The potential measurements were made along a line directly over the 
cable, and the CE was placed 1 m from the centerline of the potential measurements. These 
data indicate that when a current of 1.5 mA was applied, the cable was polarized from the 
4-m mark to the 18-m mark, a distance of approximately 12 m. From this information, the 
area of the cable can be determined and a corrosion rate calculated. 

Galvanic Current Measurements 

It is sometimes necessary to connect unlike metals together, and in such a case it is 
desirable to understand the electrochemical behavior of the couple. A common technique 
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FIG. 4--Current distribution to underground cable as indicated by plot of potential change versus 
position with application of 1.5 mA. 

employed is to measure the galvanic current generated between the two metals in the 
environment of interest. The measurement provides information on the amount of current 
generated and the direction of the flow of current. Since current travels from the cathode 
to the anode through the ammeter,  the metal acting as anode is identified. With information 
on the area of the anode and the amount of current measured, the corrosion rate of the 
anode can be calculated. Excellent descriptions of this measurement technique have been 
published [9,10]. This measurement is performed on test coupons or, if possible, on the 
structure of interest. It is important to use an ammeter that does not introduce a resistance 
into the galvanic cell circuit. Such instruments, often referred to as zero-resistance ammeters, 
are used for this purpose and have been described [11,12]. 

Problems Encountered 

Two major types of problems are encountered in making field measurements and can be 
categorized as (1) equipment failures and (2) electrical interference. One can attempt to 
avoid equipment failures by using sturdy instruments designed for field use, but often the 
equipment needed (such as oscilloscopes) is not designed for field use. It is not uncommon 
to trace equipment failures to damage during transportation, and this source of damage can 
be reduced through careful packing of equipment. This includes immobilizing moving com- 
ponents such as pen assemblies on recorders, and packing equipment in foam or other shock- 
absorbing material. Batteries should be removed from equipment and packed separately. 
If specific components are known to be prone to fail, replacement parts should be carried 
along. 

During the process of making measurements, high-resistance contacts can be considered 
equipment failures. Electrical conductors must be of high quality to take the abuse of field 
use. Wire components should be soldered, rather than just crimped or screwed together. 
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Temporary electrical contact to a structure can be made with heavy duty clamps or locking 
pliers. 

Electrical interference generally reveals its presence through erratic potential readings. 
It is useful to examine the signal with an oscilloscope to identify its form. Interfering signals 
from cathodic protection sources are a steady direct current (dc). On the other extreme are 
alternating current (ac) interfering signals that can range from 60 Hz from power utilities 
to radio station signals in the kHz range. Certainly, the worse type of interference is the 
erratic signal of unknown source. 

Most interfering signals can be dealt with by (1) removing the interfering signal or (2) 
suppressing the interfering signal. The first option, turning off interfering signals, is better, 
especially in the case of a nearby cathodic protection system. This requires cooperation from 
other organizations. Suppression of d-c interference by filtering is, generally, not possible. 
Sometimes, if the interfering d-c signal is steady, measurements can be made in its presence, 
but one must be aware that the reference potential is shifted by the iR produced by the 
interference. 

It is more difficult to deal with a-c interference than d-c interference. Usually the problem 
with ac is that of keeping it out of measuring instruments. As before, it is better to turn off 
the interfering signal, but with ac this usually is not possible. Filtering the input signals with 
bypass circuits can remove the a-c interference very successfully. However, filtering will 
also suppress rapidly changing signals that one may be interested in observing. Thus, filtering 
to remove ac and current interruption techniques for iR suppression may not be compatible. 

Another alternative not yet mentioned is moving the equipment and reference electrode 
to a location where interference is reduced. If the interfering signal is intermittent, it is 
sometimes possible to make measurements while the interfering signal is off. This may 
require making measurements at night. Persistence, in the presence of interference, usually 
pays off with better data. 

Physical Measurements 

Electrochemical measurements are useful for monitoring the performance of materials 
during exposure. Verification of these measurements can be carried out by calculating weight 
loss from gravimetric measurements before and after exposure and comparing this actual 
weight loss with electrochemically calculated weight loss. Generally, this approach is re- 
stricted to small coupons that can be conveniently weighed. Where structures are too massive 
to weigh (for example, steel piling), changes in thickness measured with micrometers before 
and after exposure may provide sufficient information to allow calculation of corrosion rate 
[13]. Pit depth measurements are useful for evaluating the extent of localization of corrosion. 
Typically, the surface of interest is visually examined and the deepest pits are identified. 
These pits then are measured with a pit depth micrometer, and the deepest pit is recorded. 
It is also useful to note the total number of pits found per unit area or the percentage of 
the total surface area pitted. 

Underground Corrosion Test Sites 

Most of the data presented here has been obtained from test sites owned by the U.S. 
government. The exception to this is a steel piling test site in Canada owned by the Canadian 
National Railroad. The sites will not be described in detail here since they have been reported 
in the past [12-14]. Only a few measurements have been performed at nongovernment- 
owned sites. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ESCALANTE ON MEASURING CORROSION IN SOIL 119 

z 

a =  

o = 

a .  
a .  

CABLE #3 NO ac 

. . . . . . . .  r . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . .  5 . . . . . .  
5 10 15 20 

acton TIME, mo acloff 

FIG. 5--Plot of applied current versus time showing increased corrosion of underground copper neutral 
with applied ac. 

Results and Discussion 

This section will be directed at providing examples of the type of data obtained using the 
techniques and approaches described. Up until the late 1970s, most polarization measure- 
ments in our laboratory were made using a Holler bridge circuit. The bridge system is rugged 
and of simple design, as already described, but compared to present day computerized 
systems it is slow and cumbersome to use. 

Measurements made on underground concentric neutral cables in a simulated in-service 
environment indicated that ac applied between two cables, from the copper neutrals, in- 
creased their corrosion rate [15]. The electrochemical measurements, shown in Fig. 5, 
illustrate this effect when 0.7 mA/cm 2 of ac are imposed between two cables (Cable 1), and 
no ac is imposed on controls (Cable 3). Cable 1 shows a dramatic increase in corrosion rate 
with the application of ac, while the corrosion rate of the controls, without ac, remained 
low and constant. Physical examination of the cables after removal from the site verified 
the electrical measurements, and Table 1 compares the electrochemical results to the grav- 
imetric measurements. In both cases, with and without ac, the electrochemical measurements 
underestimated weight loss by 20 to 30%. 

Corrosion measurements made, over a 14-year period on bare steel piling supporting a 
bridge deck pier, indicate that the rate of corrosion of these driven piles decreased by an 
order of magnitude. Initial measurements were made with the Holler bridge system, but 
later measurements were duplicated with the portable computer system described earlier. 
Figure 6 shows the results obtained on 32 interconnected piles under one pier (Pier A-10) .  
The initial corrosion rate of this pier is calculated at 0.4 mil/year (10 p,m/year), which 
decreases to less than 0.04 mil/year (1 ixm/year) after 14 years. The surface layer of soil is 
a fill made of cinders and clinkers on top of peat and clay with a soil resistivity ranging from 
460 to 4830 l)-cm and a pH ~7 [14]. 

TABLE 1--Comparison of electrochemical measurements to gravimetric mesurements. 

Gravimetric Polarization Error 
Cable weight loss, g weight toss, g % 

No. 3, no ac 26.8 17.7 34 low 
No. 1, with ac 218.4 167.6 23 low 
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Concrete-capped test piles, some driven vertically in place and others laid horizontally in 
trenches and backfilled with soil, were located nearby. Figure 7 is a plot of the flange profile, 
measured with micrometers, of Pile C3 vertically driven in place, showing its original thick- 
ness and final thickness after 13 years. Some attack is apparent near the waterline, but the 
remainder of the pile has undergone negligible attack. Average corrosion on Pile C3 has 
been calculated as 0.3 mil/year (7.5 Ixm/year). On the other hand, Fig. 8 shows the same 
type of profile for Pile C7 laid horizontally and backfilled. Note the extensive attack over 
the entire surface of the pile, which has developed an average corrosion rate of 1.0 mil/ 
year (25 ixm/year). The backfilled soil environment of Pile C7 is significantly more corrosive 
than the "undisturbed" soil environment of Pile C3. 

The corrosion of several stainless steels exposed at six underground test sites has been 
investigated. The properties of the soils at the sites are summarized in Table 2, revealing 
that the average soil resistivities range from very low at Site C to high at Sites B and D. 
One specimen configuration used was a Type 301 stainless steel galvanically coupled to a 
zinc anode in such a way that the galvanic current could be measured above ground. The 
stainless steel and zinc electrodes were placed approximately 30 cm apart at a depth of 
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TABLE 2--Properties of  soils at underground test sites. 

Average 
Resistivity, 

Site Soil Location fl-cm pH 

A Sagemoor sandy loam Toppenish, WA 8,8 
B Hagerstown loam Loch Raven, MD 32' 990 5.4 
C Clay Cape May, NJ 660 4.3 
D Lakewood sand Wildwood, NJ 33 550 5.6 
E Coastal sand Wildwood, NJ 23 780 7,1 
G Tidal marsh Patuxent, MD 4 520 5.6 

0.8 m. An insulated electrical wire attached to each electrode extended to the surface, where 
the wires were connected to complete the couple. Every three or four months, for a period 
of four years, the galvanic current between the electrodes was measured using a zero re- 
sistance ammeter. The galvanic current reflected the conditions of the soil environment and 
changes occurring at the electrode surfaces over the exposure time, and Fig. 9 illustrates 
the results of these measurements [16], Note that the couples in the low-resistivity soils 
generated the highest galvanic currents, and vica versa, those in high-resistivity soil developed 
low galvanic currents. The specimens at Site E are unusual in that they show a decrease in 
galvanic current with time, indicating a change in the resistivity of the environment or changes 
at the metal surface. 

Conclusions 

Polarization and galvanic current measurements are a useful way of obtaining information 
on corrosion characteristics of metals and structures underground. Polarization measure- 
ments, supported by physical measurements, have shown that induced ac increases the 
corrosion rate of copper concentric neutrals compared to copper neutrals without ac. They 
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FIG. 9--Plot  o f  galvanic current versus time for Type 301 stainless steel coupled to zinc at six under- 

ground test sites. 
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have also revealed that driven piles undergo less corrosion attack than similar piles in 
backfilled trenches. Galvanic current measurements provide valuable information on the 
behavior of galvanically coupled materials and can be used to compare the corrosivity of 
soil environments. 
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DISCUSSION 

D. A.  Jones ~ (written discussion)--Why did stainless steel at Sites C and G display heavy 
corrosion when coupled to zinc, which should act as a sacrificial anode? 

Mackay School of Mines, University of Nevada, Reno, NV 89557. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



124 CORROSION TESTING AND EVALUATION 

E. Escalante (author's closure)--Initially, we tried to visit each of the test sites once every 
three or four months to measure galvanic currents and protection potentials of the coupled 
specimens. In this way we could tell whether the anodes were still effectively protecting the 
stainless steel. The anodes were replaced when they were found to be ineffective. As the 
program progressed, it became more difficult to visit the sites in a timely manner, and during 
these lapses the anodes failed, leading to corrosion of the stainless steels. Sites C and G, 
being the two most corrosive soils, required anode replacement on a regular basis. Thus, 
the stainless steel at sites C and G corroded because the zinc anodes were depleted for 
extended periods. 

P. J. Peterson 2 (written discussion)--(1) When using corrosion couples for measuring 
corrosivity of soils, should the mix potential also be measured? (2) When using linear 
polarization data, must we still make assumptions for the tafel slopes? 

E. Escalante (author's closure)--(1) Yes, the mixed potential is useful in evaluating the 
effectiveness of the anode. When zinc is protecting steel, the mixed potential of the couple 
is approximately ~ - 1 V versus Cu/CuSo4, and is very stable. As the zinc deteriorates, the 
mixed potential becomes more positive. (2) Yes, an assumption for the Tafel slope must be 
made, one way or another. Sophisticated systems in the laboratory can determine the Tafel 
slope during the polarization measurement and apply that assumption to the calculation of 
corrosion current. This approach requires modeling and curve-fitting capabilities. Our field 
approach, at that time, was less sophisticated. On the basis of gravimetric weight loss for 
all the specimens, we calculated a Tafel slope that gave a reasonable fit to the data. 

2 IBM, General Products Division, San Jose, CA. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



J. David  Palmer 1 

Field Soil Corrosivity Testing 
Engineering Considerations 

REFERENCE: Palmer, J. D., "Field Soil Corrosivity Testing--Engineering Considerations," 
Corrosion Testing and Evaluation: Silver Anniversary Volume, ASTM STP 1000, R. Baboian 
and S. W. Dean, Eds., American Society for Testing and Materials, Philadelphia, 1990, pp. 
125-138. 

ABSTRACT: The state of the art in soil corrosivity testing was evaluated, with particular 
emphasis on field and in-situ tests that can be performed with reasonable accuracy by non- 
scientific personnel. Parameters reviewed include resistivity, pH, redox potential, moisture 
content, chloride levels, structure/soil potential, and microbiological activity. The reliability 
of in-situ tests versus laboratory tests is examined. Particular emphasis is placed on buried 
and immersed ferrous materials. A distinction is made between studies intended to determine 
the soil factors affecting the integrity of intended new installations and studies which examine 
the condition of the existing facilities and the relationship of soil parameters to structure 
condition and anticipated life. The latter circumstance is becoming increasingly evident as 
infrastructure rehabilitation studies focus on the condition and future life expectancy of buried 
facilities. Several approaches to expected life prediction are reviewed. Emphasis is focused 
on information presented in ASTM STP 741, Underground Corrosion, and ASTM STP 1013, 
Effects of Soil Characteristics on Corrosion. The applicability of the ASTM Method for Field 
Measurement of Soil Resistivity Using the Wenner Four-Electrode Method (G 57-78) and the 
ASTM Test Method for pH of Soil for Use in Corrosion Testing (G 51-84) is considered. The 
available information is consolidated into recommended practices for soil corrosivity evalua- 
tions. 

KEYWORDS: soil corrosion, ferrous materials, parameters, resistivity, potential, pH, redox, 
moisture, sulfates, life prediction, statistical treatment 

The  need for soil corrosivity testing can be due to several reasons: 

1. Character izat ion of  a soil versus one or more materials.  
2. Characterizat ion of  material  performance (new or existing) in one or  more  soils. 
3. Investigation of a failure. 

This paper  deals with pragmatic engineering considerations involved in the immersion of 
ferrous metals in soils that result in cost-effective considerations of service life, failure 
consequences,  and mitigative effort. It does not  deny the need for continued scientific 
investigation of  the relative effect of environmental  variables, but evaluates the currently 
available information from the standpoint of today's  designer/specif ier  trying to decide what 
to do with a particular water  main. 

Fitzgerald [1], Bushman [2], and Chaker  at this symposium have covered the past, present,  
and future activity in soil corrosion testing, but  none mentions the parameter  potential  which 
is the basis for every soil, water ,  and concrete corrosion control standard used today. 

1 President, Corrosion Control Engineering Ltd., London, Ontario, Canada. 
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TABLE 1--Factors affecting ferrous corrosion rates in soil. 

Soil Factors Metal Factors 

1. Moisture content. 
2. Resistivity 
3. Permeability. 
4. Chloride ion content. 
5. Sulfide ion content. 
6. Sulfate ion content 
7. Presence of corrosion-activating bacteria. 
8. Oxygen content. 
9. pH. 

10. Total hardness and hardness as CaCO3 of soil moisture. 
11. Stray d-c currents. 

1. Metallurgy. 
2. Type and condition of coating. 
3. Diameter. 
4. Length 
5. Temperature. 
6. Movement or vibration. 
7. Stress level and stress distribution. 
8. Presence of dissimilar metals. 

Bushman lists the variables shown in Table 1, but assigns no relative or numerical signifi- 
cance. The steel pipeline industry considers only resistivity [3], while the cast and ductile 
iron industry introduces moisture, sulfides, and redox potential. Dillon [4] goes further by 
adding chlorides and soil type and admits that stainless steel will corrode underground. 

Since the early focus on stray-current electrolysis as the primary cause of soil corrosion 
of ferrous materials, other factors have been introduced, with particular emphasis on resis- 
tivity and factors related to microbiologically induced corrosion. 

Dillon's inclusion of chloride is of particular significance in the "Frozen North" with the 
simultaneous post-World War I1 introduction of deicing salt and ductile iron pipe. Subse- 
quently, the increasing development  of salt-saturated tidal lands also emphasizes the sig- 
nificance of this variable. 

The focus of soil corrosivity interest has shifted over the years from municipal utilities to 
steel pipelines and back to utilities. In the oil and gas industries, coating and cathodic 
protection are required almost universally by code and law in the developed world. The 
only soil corrosion parameters of general interest to the steel pipeliners are resistivity as 
related to the design of groundbeds and the selection of sacrificial anodes, and potential as 
an indicator of relative corrosion activity. 

Currently, most soil corrosivity investigations are focused on municipal water and sewage 
piping systems and on the remaining oil and gas systems not yet cathodically protected. The 
focus of the predecessor to this paper was on the former facilities [3], and the significant 
parameters will be examined primarily from this viewpoint in the following sections. 

Imagine a conversation between a corrosion engineer and a new client: 

Dialogue 

Q. If I bury this pipe, will it corrode? 
A. Yes. 
Q. Why? 
A. Here 's  a book you can read. 
Q. How fast will it corrode? 
A. The US NBS says that in a similar soil it would corrode at X m d d  [milligrams/decimeter/ 

day]. 
Q. Will mine corrode that fast? 
A. Maybe faster or slower. 
Q. How can I find out? 
A. Put it in, dig it up in five years and look. 
Q. What else can I do? 
A. Use an inert material or coat and cathodically protect. 
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TABLE 2--Summary of soil conditions at excavated test sites. 

127 

Soil Resistivities" Soil pH Chloride 

Site Main Midpoint Building Main Midpoint Building Main Midpoint Building 

N1 2 815 5 704 4 250 6.0-6.4 3.5-4.0 4.5 Present ND b ND 
$3 26 000 37 000 25 667 5.4 5.5 5.7 Present ND Trace 
S7A 9 555 25 333 36 000 4.3 4.1 4.4 Present ND Trace 
S9A 17 872 14 182 17 859 5.2 5.6 5.1 ND ND Trace 
W4 8 389 16 000 9 239 5.2 6.0 6.4 Trace ND ND 
W5A 1 169 16 667 9 750 6,0 5.5 6.4 Present Trace Trace 

~Obtained in a soil box with soil wet. 
hNot detected. 

This dialogue more or less sums up the state of our knowledge today. We feel it will be 
many years before we can predict soil corrosion rates to the precision that a pipeline can 
be designed for its first leak in 60 months in the way that a refinery engineer can design 
and monitor five years' pipe life in an acid unit. Considering the heterogenous nature of 
the average urban soil environment, the only valid parameter can be the performance of 
similar methods in the same environment. Once these data have been obtained, it is then 
practical to evaluate the relationship of soil characteristics to the material behavior and 
broadly predict future performance. Historically, a number of variables have been used in 
this process, limited by the fact that in a pressure pipe failure the soil in contact with the 
failure point usually is gone. The following sections will present the practical relevance of 
the more significant variables ranked in their deemed order of importance. 

Resistivity 

The reciprocal of conductivity-restivity is indicative of the abiiity of soil to carry the 
currents associated with the activity of the anode and cathode of a corrosion cell, whether 
local or remote. In the former case, it is the resistivity of the soil layer in contact with the 
pipe surface which is relevant. In the latter case, broader geological variations may prevail. 
In developed areas subject to industrial, atmospheric, and deicing salt pollution, and con- 
sidering that many utility piping systems are not electrically continuous, the localized con- 
ditions will prevail. 

Palmer [5] noted that appreciably lower resistivity of soil samples taken from the gas main 
ditch compared to that of undisturbed soil in the vicinity. Steinmetz and Hoxie [6] reported 
the curb-to-house variations shown in Table 2. The following resistivities were recently 
measured in sandy loam in the northeast of London, Ontario: 

Open Field2--1.5 m (5ft), 300 000 ohm-cm 
3 m (10ft), 310 000 ohm-cm 
4.5 m (15ft), 213 000 ohm-cm 

Edge of  Road Allowance3---ll 000 ohm-cm 
61 cm (24 in.) Steel Main3--2 300 ohm-cm 

The contaminating effect of urban pollutants in sharply lowering resistivity is quite evident. 
Urban soil chemical analyses regularly show chloride levels greater than the 50 ppm which 
Dillon apparently considers to be a threshold level. The Ford Motor Co. prepared the salt 

2 Four-pin Wenner at grade. 
3 Fully moistened soil box. 
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FIG. 1--Automobile corrosion map of North America (automotive corrosion zones--Ford). 

corrosion intensity map for motor vehicles shown in Fig. 1. This map is probably quite 
descriptive of soil corrosion intensity. There can be little doubt that urban and highway 
corridor soils in the Snow Belt and the salty soils of the West are corrosive to ferrous metals. 

A number of studies, including the monumental NBS program [7], failed to establish 
definitive corrosion/resistivity relationships. The rating scale commonly used [8] (Table 3) 
was originally developed by the US Department of Agriculture based on a combined as- 
sessment of resistivity, soil texture, acidity, and drainage--not on any specific field exposure 
data. We have found many instances of appreciable pitting of cast iron mains in soils with 
soil box resistivities well in excess of 10,000 ohm-cm. Schwerdtfeger [9], analyzing the data 
for wrought ferrous pipe samples exposed in the NBS study, arrived at corrosivity groupings 
of 500 ohm-cm, 500 to 3 000 ohm-cm, and 3 000 to 54 000 ohm-cm, predicting perforations 
of 8 mm (0.322 in.) wall pipe within 15 and 30 years for the first two groups, respectively. 
These predictions were based on empirical projections from rather widely scattered data 
and are contradicted by many experiences, including ours, of catastrophic failures of ductile 
iron piping systems after only five years' exposure in soils with resistivities greater than 
1 000 ohm-cm [10,11]. 

It would appear that soil resistivity cannot be used to predict specific corrosion rates, but 
can be used as a guide to likely relative corrosion severity. The only resistivity values useful 
in this prediction are those from fully moistened samples taken from the pipe ditch at pipe 
level. In most urban areas, the samples needed to prepare a statistically reliable resistivity 
contour map can be obtained in scheduled excavations over a one-to-two year period at a 
very nominal cost. Contour definition can be readily provided by a computer using grid 
systems currently available for system inventory. 

The accuracy of soil box resistivity measurements is currently being evaluated by ASTM 
Subcommittee G01.10. The NBS study report noted that most measurement variables can 
be eliminated by fully moistening the sample. This procedure would also produce the worst- 
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130 CORROSION TESTING AND EVALUATION 

case condition commonly used in municipal engineering. Statistical sampling techniques can 
be used easily to determine risk and error in such a sequential sampling program. A 5% 
risk of an error of 10% or 100 ohm-cm, whichever is greater, should be quite acceptable 
for engineering decision-making. This degree of accuracy has been found reasonable for 
soil surveys in general [8]. 

Where soil resistivity testing is carried out preliminary to new construction, it must be 
realistic. Where the installation will be made in a trench blasted through rock, it is obvious 
that the pipe will not be backfilled with rock. The corrosivity analysis must consider the 
likely contamination of the sand or gravel backfill by industrial, agricultural, and highway 
runoff. 

The statistical probability technique proposed by Scott [12] and expanded by Husock [13] 
and Bushman [2] appears to be the best approach for the interpretation of resistivity data 
and is recommended in ASTM G 57-78. 

Potential 

Pipe-to-soil potential as an indicator of relative corrosion activity has long been used in 
the steel pipeline industry, but much less generally in the water utilities field. In the latter 
case, this is primarily due to the discontinuous nature of mechanically joined cast and ductile 
iron and reinforced concrete pipe, the lack of readily accessible electrical contacts to the 
pipe, and the presence of pavement. There is little argument with the understanding that 
the most actively corroding part of a metal structure is identifiable by the most negative 
potential in the absence of outside electrical effects and galvanic couples. 

Close-interval potential measurement is an accepted technique in the corrosion control 
of bare or poorly coated structures, often followed by the installation of sacrificial anodes 
at the "hot-spots" so identified. The suppression of active anodic areas can result in the 
conversion of former cathodes into anodes, albeit corroding at a lower rate, and the process 
must be repeated on a regular basis until the structure is fully protected. 

Potential, usually measured with reference to a saturated Cu/CuSO4 reference electrode, 
varies appreciably as a function of the environment and pipe age, material, and condition 
and cannot be used accurately to predict corrosion rate. When continuously monitored, 
changes in potential are indicative of environmental changes. This is particularly significant 
when a pipe comes under the influence of stray d-c currents. Current densities not detectible 
on a short-term basis may be detrimental and are only indicated by a long-term positive 
potential shift. In a study of cast iron water main condition, the rough correlation between 
potential and pit depth shown in Fig. 2 was established [14]. 

Close-interval survey techniques, not requiring electrical contact with the pipe, have been 
used to detect currents associated with local cell activity by measuring voltage gradients at 
grade. These have been reported applicable to corrosion activity on reinforced concrete pipe 
[15], but are rarely used on iron pipe in urban areas because of the probability of unrelated 
ground currents being present. 

Husock [16] has proposed a graphical technique (Fig. 3) for the correlation of potential 
and resistivity, assuming that " . . . p o t e n t i a l  peaks in high resistivity soils generate lower 
values of corrosion current than would be the case in low-resistivity soil." We know of no 
case of this approach being applied to discontinous iron piping. 

Polarization resistance techniques which measure the relationship of potential to applied 
current are widely used to estimate corrosion rates in aqueous media and have been used 
in soils [17]. The results are specific to the metal electrode used and produce average 
corrosion rates rather than pitting rates. When carried out in situ on metal samples or 
existing structures, the technique will indicate relative corrosivity. The data could be used 
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FIG. 2--Relationship of average and maximum pit depth to potential Argentia cast iron. 

to predict the life on buried structures when information is available on the actual perform- 
ance of the same material in a similar environment. 

As is the case for resistivity, the measurement must be taken "in the ditch" to be rep- 
resentative, either using special electrodes or using actual structures. The in-the-ditch test 
results should represent the combined effect of all the variables herein discussed. 

Moisture 

A buried utility main which is not at least partially moist is difficult to imagine in the 
"Frozen North,"  where burial below frost depth is required. Where drainage is excellent 
and water tables are low, some pipes occasionally may be dry, but at least partial wetting 
must be anticipated from a corrosion standpoint. Partial immersion may produce a more 
aggressive wet-dry condition, commonly related to corrosion of tanks buried transiting a 
water table with periodic fluctuations. 

NBS testing [7] showed that the effect of moisture content on soil resistivity was a rapid 
decrease with increased moisture content up to the saturation point and little or no effect 
with further moisture additions. 

The pipe ditch is rarely compacted to the degree of the natural soil and remains a preferred 
drainage channel for surface runoff, exacerbating the previously noted pollution effects, as 
well as increasing the probability of a moist pipe. Where the pipe sits below a static water 
table with little movement of water in the ditch, the probability of anaerobic conditions will 
increase. This tendency would be further increased if the runoff contained components with 
a high biological oxygen demand. 

Soil samples should be well packaged immediately on removal to preserve moisture and 
moistened with free water from the ditch if fi'eely draining (sand, etc.). On-site or in-situ 
resistivity measurement will reduce errors due to moisture content below saturation. We 
have found that an ordinary domestic plant moisture meter, using a galvanic probe, gives 
a satisfactory moisture indication in soils that would normally be considered corrosive. 
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FIG. 3--Typical plot o.f pipe soil potential versus soil resistivity (circled dots are leak locations). 

Chlorides 

The presence of soluble chlorides in a soil will be directly reflected in its resistivity, shifting 
washed construction sand backfill resistivity in the direction of seawater. The resultant 
corrosivity may be greater than that of the natural soil in the vicinity. As well as increasing 
the conductivity of the environment, chlorides tend to break down naturally protective 
surface films and initiate pitting. Pipe repair clamps commonly feature stainless steel com- 
ponents, and the presence of chlorides in such a static environment may result in pitting 
and cracking as a function of the grade of stainless steel used. 

The presence of chlorides must be anticipated in deicing salt and coastal areas and in 
many western soils. Chloride testing of preconstruction soil samples would be informative, 
but would not necessarily be descriptive of the future exposure. Unless chloride analysis is 
required for other reasons, testing beyond the use of indicator strips or other simple field 
tests is not endorsed. 

A degree of accuracy sufficient to determine whether the threshold level has been exceeded 
normally should suffice. A 5% risk of a 10% or 10 ppm error, whichever is greater, should 
be acceptable. 

Redox or Oxidat ion- -Reduct ion  Potential  

This measurement is intended to identify soil conditions conducive to the activity of 
anaerobic bacteria, particularly sulfate reducers. The end product of the reduction of sulfates 
to sulfides are both depolarizing and corrosive in themselves and are often characterized by 
a black iron sulfide deposit. 

Identification of conditions conducive to anaerobic bacterial activity can be accomplished 
by determining whether the soil is reducing or oxidizing by measuring the potential generated 
by a platinum/hydrogen or platinum/calomel probe. Negative or low positive potentials are 
reported to be indicative of anaerobic conditions [18]. The presence of sulfate reducers can 
be determined by culturing a soil sample in a nutritive medium. 
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The presence of active sulfate reducers on a pipe surface can be determined visually from 
deposit appearance, nasally by the evolution of hydrogen sulfide on treatment with dilute 
hydrochloric acid, and visually by the blackening of lead acetate paper. The identification 
of activity in failure or performance studies is readily accomplished, but the prediction of 
future activity is a difficult process. 

McVey [19] described the considerable difficulty in obtaining reliable field data, in par- 
ticular the fussy nature of platinum electrodes. As oxygen--even on the p robe - -can  affect 
the reading, in-situ measurement with great care appears to be the only acceptable practice. 
Testing on a removed sample is unreliable and a waste of time if the sample is bagged, 
tossed in the trunk, and tested in the lab days later. 

Correlation of redox potential with corrosion has been described as poor, and there has 
been little reported recent activity in this area. Iverson [18] noted a negative shift in redox 
potential with increased corrosion rates in laboratory tests of sulfate-reducing bacterial 
corrosion, but made no recommendations for the field application of the tests. 

Mitigation of anticipated bacterial corrosion requires the application of normal industry 
procedures including the use of granular backfill, coating, and cathodic protection. It appears 
that the use of redox measurements is limited to laboratory testing, in-situ failure, and 
conditon examinations and should be evaluated from a yes/no standpoint rather than by 
the assignment of a specific rating point based on the potential value. 

p i t  

Most rating formulas assign points to extreme pH values--below 4 and above 8 .5- -  
probably based on interpretation of simplified Pourbaix diagrams for the potential range 
usually associated with natural ferrous corrosion in soils. Soils with pH levels in the extremes 
of the above range are rarely found in the absence of outside contamination (cinders and 
acidic waste). Of the 125 soils included in the NBS study, only six had extreme values. 
Acidity was usually found in tidal marsh and peat, while alkalinity was associated with 
western clays and loams. 

In high-chloride soils, pH relationships may be affected by the increasesd acidity resulting 
from autocatalytic effects in a corrosion pit [20]. The combination of low pH and chlorides 
is of particular concern where stainless steels are exposed. Natural pH levels usually can be 
determined from published soil surveys. There appears to be little benefit from the routine 
measurement of pH for new construction except in industrial areas where there is the 
possibility of waste acid dumping. Low pH values can be anticipated in eastern marsh and 
bog soils and in areas where high sulfur coal and ore are present. Mitigation involves the 
normal use of protective coatings and cathodic protection and the use of crushed limestone 
backfill as a buffering and alkalizing agent. 

As indicated in ASTM G 51-77, soil pH measurements should be taken in the field, 
preferably in situ and least desirably in the laboratory. 

Temperature 
Temperature may be a significant variable when north versus south exposures are com- 

pared, particularly since northern installations tend to be deeper to avoid frost and tem- 
peratures may be steadier than in shallow southern installations. Errors in resistivity 
measurement can result where soil samples are removed for testing, but the reading can be 
corrected using a nomograph included in NBS Circular 579 [7]. Using this reference, if a 
resistivity of 500 ohm-cm is measured at 21~ (70~ the error is about 80 ohm-cm if the 
natural temperature is 15.5~ (60~ The error increases with increased temperature dif- 
ference and may be greater than the previously indicated acceptable error. 
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Laboratory temperatures can be expected to be higher than ground temperatures, yielding 
lower resistivity values, with an error greater than the 10% deemed acceptable. There is 
considerable reason for resistivity measurements to be made in situ at pipe depth or im- 
mediately after removal of a soil sample. In-the-ditch measurements can be made using a 
pin arrangement shown in Fig. 4 with pin spacings of 15.9 cm (6.25 in.). This arrangement 
will give direct readings when used with a commercial soil resistivity meter. Where tem- 
perature correction is desired, the pertinent soil temperature can be estimated from the 
temperature of running local tap water. 

Soil Type 

The soil type can be broadly descriptive of its corrosivity if contamination effects are 
excluded. Poorly drained, finely textured soils will be more corrosive than well-drained, 
coarse soils. Peat bogs and marshes should be of concern because of low resistivity, poor 
aeration, and low pH. Sand backfill tends to assume the electrochemical nature of the 
natural soil and may be appreciably more corrosive if contaminants such as deicing salts are 
present. 

Where "numbers" are required, a soil type shown on a soil map may be characterized 
by tests under a range of drainage conditions, say poor, fair, and well-drained. Some state 
soil maps include resistivity data. Such surveys do not usually contain urban soil data, but 
such descriptive information can be obtained by observing excavations carried out for other 
purposes. 

Sulfates 

Sulfate levels may be pertinent where anaerobic conditions and sulfate-reducing bacteria 
are present, but otherwise are more pertinent to the performance of concrete structures. 
The identification of sulfides may be pertinent to in-situ corrosion failure examinations, but 
not particularly relevant to soil corrosivity rating. It is difficult to justify the expense of 
routinely testing sulfate levels for ferrous installations. 

Failure and Condition Inspection 

Failure investigations are often complicated by the absence of the soil at the point of 
failure due to the nature of the failure. The corroding agent may be a small lump of clay 
in granular backfill. The lump is "down the block" after a major failure and may only be 
identified as a possible culprit in the absence of other identifiable factors. Early access to 
the site is often restricted by the need to return the pipe to service. The failure site may be 
hidden forever beneath a clamp, but a pipe section containing the failure should be cut out 
if at all possible. Simple soil tests may be possible, but at least a sample should be obtained 
at  the first opportunity. Municipalities involved in resistivity mapping programs will have 
sealable containers on hand and will usually obtain a representative sample if the foreman 
remembers to do so. 

The regular documentation of failure-related data can be of tremendous value in assessing 
a system's condition and life expectancy. Usually "break" frequency data is available, but 
the cause of the break is less often determined. Corrosive conditions may be identified by 
the description "soft pipe," but reporting this condition is a function of the workmen's  
experience, interest, and available time. 

Where precise exterior condition data are needed for life-prediction purposes, it may be 
necessary to arrange a series of pipe inspections. If time permits and scheduling can be 
arranged, inspections may be carried out in excavations regularly required for normal op- 
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erations. In one case, co-op college engineering students were provided with transportation 
and radio connection with a gas company maintenance dispatcher, and almost 500 inspections 
were completed in two three-month summer periods. Subsequent analysis showed the geo- 
graphical distribution and excavation reason to be acceptably randomly distributed. 

Where information is needed in a shorter time, a series of random excavations can be 
scheduled. An inspection frequency of no less than one mile of pipe is required for acceptable 
statistical accuracy according to Logan and Koenig [21]. The inspections should be randomly 
located--a process requiring a set of random numbers, and a procedure for laying out the 
system footage in one-mile increments and assigning numbers. Some spare locations should 
be designated, as some locations may be inaccessible. For less extensive systems or individual 
sections, sample exposure guidelines in the ASTM Recommended Practice for Conducting 
Atmospheric Corrosion Tests on Metals (G 50-76) can be used, requiring at least triplicate 
sample for each exposure period and environment. The ASTM Recommended Practice for 
Applying Statistics to Analysis of Corrosion Data (G 16-71) can be used where a more 
precise statistical basis is desired. 

Where individual pipe sections are to be examined, we prefer at least three inspections, 
and at least ten inspections for small systems or more extended segments. At least a 1-m 
(3-ft) length should be examined, with good 360 ~ access required. The character of corrosion 
product deposits on cast and ductile iron requires vigorous cleaning, and grit blasting is 
preferred. Be prepared for leaks! All significant pitting depths should be recorded, and 
where slab corrosion or wide pits are found, it may be necessary to determine cross-sectional 
area reduction and remaining hoop strength. Ultrasonic thickness measurement has not 
proven reliable, but some radiographic techniques are promising for minimum thickness 
determination. A number of procedures are available for evaluating the effects of corrosion 
on buried piping life. The simplest is the analysis of annual break/leak frequence, on both 
a historical and geographical basis. Total and local maintenance requirements can be pre- 
dicted and parameters set for replacement/repair economic decisions. This and subsequent 
approaches are facilitated by computerized pipe inventory systems. 

The NBS study report [7] suggests that a soil may be characterized by the following 
formula: 

P = kTn 

where P = depth of the deepest pit, 
T = time, and, 
k, n = constants for the particular soil and pipe material. 

Other approaches use extreme value statistics to predict maximum pit depth. Using the NBS 
data, Ford, Bacon, and Davis [22] developed tabulations based on this formula which 
produced a number called "percent condition." Their approach used the average of the ten 
deepest pits as a predictor of the deepest pit. The approach did not consider size/area effects 
which were considered to be negligible above 10.1 cm (4 in.) in diameter. A 1-m (3-ft) 
inspection length was used in pipe excavations to gather data for analysis of gas piping 
systems in order to develop depreciation rates for the setting of gas rate changes. We have 
used this approach in a number of studies, including a major study for the Consumer's Gas 
Co. of Toronto [23]. 

Conclusions 

Resistivity appears to be the most reliable parameter in the prediction of soil corrosivity 
to ferrous materials, but it can only be used to predict corrosion rates with reference to 
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actual exposure in similar soils, pH and redox potential measurements are of lesser reliability, 
and only then when measured in situ. Moisture generally must be presumed present from 
an engineering standpoint. Chloride content is of interest, particularly where stainless steel 
is exposed, but is reflected in resistivity measurements. 

Where new construction is being considered, information obtained from the laboratory 
analysis of soil samples must be considered suspect, and the data should be evaluated from 
the standpoint of future in-the-ditch conditions, particularly deicing salt contamination. 

The only reliable information concerning pipe condition and life comes from actual ex- 
posures under service conditions using statistically acceptable inspection procedures. In terms 
of future research directions, the polarization resistance technique appears to be promising, 
particularly if correlations can be established with other exposure data and parameters. For 
utility system operators, the best approach appears to be the methodical logging of soil and 
pipe performance data on a geographical basis in conjunction with a computerized inventory 
record including size, material, and age. 

Many individuals and organizations are unaware that ASTM standards cover resistivity 
and pH testing, perhaps because soil testing generally comes under Committee D-18. Per- 
haps better promotion is required by both ASTM Committees D-18 and G-1.  From a 
corrosion standpoint, it appears that considerable unnecessary or unreliable testing is per- 
formed. 
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ABSTRACT: Stress-corrosion cracking (SCC) has been found to be the cause of failure of 
48-in. (1219.2-mm) and 30-in. (762-mm) diameter manganese bronze gate valve bodies, a 48- 
in.-diameter shaft cap, and llA-in. (38-mm)-diameter nuts. All of these in-service failures 
occurred in New York City distribution shafts for Water Tunnels Nos. 1 and 2. The valves 
and shaft cap, which were made of Copper Development Association (CDA) Alloy C86500, 
failed in predominantly transgranular mode with some intergranular cracking. The nuts, made 
of CDA Alloy C86300, cracked in an intergranular mode only. 

With numerous manganese bronze castings presently in service in all 37 water distribution 
shafts in New York City, a stress-corrosion cracking test program has recently been initiated. 
The specimens used were of the modified compact wedge-loaded type made of CDA Alloy 
C86500. The purpose of the test was not only to find which distribution shafts contained an 
aggressive SCC environment, but to identify any corrosive agents in the shafts. All 37 shaft 
environments produced cracking in one or more of the specimens tested in 15 to 63 days. Most 
of the cracking occurred with the pH in the range from 7.5 to 9.5. 

The spillage of elemental mercury from flowmeters in the shafts plus the introduction of 
chemicals used for mercury cleanup accelerated the SCC investigation. Mn-bronze specimens 
were tested in jars containing ammonia, mercury, water, trisodium phosphate, and commercial 
mercury cleaning solutions. All chemical induced cracking in the specimens in a range from 
1 to over 300 days, except mercury and trisodium phosphate. 

Scanning electron microscopy was used to characterize the crack pattern of several in-service 
failures and SCC test specimens. Energy-dispersive analysis was used to identify the corrosion 
products on the crack surfaces. 

KEY WORDS: stress-corrosion cracking, high-strength manganese bronze castings, gate 
valves, shaft caps, intergranular cracking, transgranular cracking, mercury, scanning electron 
microscope fractograph 

The City of New York supplies 1.5 billion gallons of water  per  day, gravity fed from three 
upland surface supplies. Two water  tunnels are presently in operat ion while a third one is 
under construction. There  are 37 distribution shafts throughout  the city operated by the 
Maintenance Division of Field Operat ions for the Bureau of Water  Supply and Wastewater  
Collection. 

The  Quali ty Assurance and Corrosion Control  Section of the Bureau  has per formed failure 
analysis of waterworks equipment  for the last five years. Stress-corrosion cracking (SCC) 
has recently been found to be the cause of failure of a number  of shaft components ,  including 

Administrative engineers, City of New York Bureau of Water Supply and Wastewater Collection 
Department of Environmental Protection, New York, NY 10004. 
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140 CORROSION TESTING AND EVALUATION 

a shaft cap, a pitot connection located below a shaft cap, three gate guard valves at two 
shafts, and many critical fasteners. The failed components have been exposed to both water 
and air. They have mainly been of two grades of cast high-strength manganese bronze, 
Alloys C86300 and C86500. Other SCC environments that may have contributed to these 
failures include ammonia (from nearby sewage backup or rodent waste), mercury (from 
flowmeter spillage), and other chemicals considered for use in the mercury cleanup. It has 
long been known that water and water vapor may cause SCC of copper alloys [1]. Recently, 
alpha-beta brass tested in tension and in distilled water was found to fail in a transgranular 
cleavage mode [2]. 

High-strength manganese bronze stems, 200 ft (60.9 m) long and 6 in. (152.4 ram) in 
diameter used to hold section valves in the open position at two shafts may now be susceptible 
to SCC due to an environmental change. These stems, which are under considerable tensile 
stress, are now in an environment that contains mercury cleanup chemicals. If either stem 
fails, the section gate would fall and suddenly stop flow in one of the water tunnels. After 
failure, there would be no direct way to open the section valve. The consequence of such 
an event or similar occurrence has prompted the Bureau to initiate a program to investigate 
the SCC of cast manganese bronze. 

Recently, specimens of Alloy C86500 manganese bronze were machined and tested in the 
actual shaft environment and in laboratory simulated environments. This paper presents 
case histories of several SCC failures in cast manganese bronze and reviews results of stress- 
corrosion cracking failures of the following cast Mn-bronze components and specimens: 

1. In-service failures of valves, shaft caps, and nuts in New York City water distribution 
shafts. 

2. Constant strain SCC specimens made of Alloy C86500 placed in all 37 water distribution 
shafts. 

3. Laboratory tests of modified compact wedge-loaded SCC specimens made of Alloy 
C86500 exposed in various chemicals considered for use in a mercury cleanup program. 

FIG. 1--One 48-in. gate valve body and two 30-in. gate valve bodies of Alloy C86500. 
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FIG. 2--48-in. valve body leaking from a crack at shaft chamber. 

FIG. 3--Crack propagated to the interior surface on a 30-in. valve. 
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FIG. 4--Alloy C86300 manganese bronze nuts failed on flange of 48-in. valve. 

Service Failures 

The 48-in. (1219.1-mm)-diameter and 30-in. (762-mm)-diameter Alloy C86500 Mn-bronze 
valve bodies which cracked after being in service for 50 and 70 years, respectively, are shown 
in Fig. 1. The 48-in valve is also shown in Fig. 2 at the point of failure. Figure 3 shows a 
crack propagating the entire wall thickness of the 30-in. valve body. Figure 4 shows six Alloy 
C86300 1Vz-in. (38-mm) diam Mn-bronze nuts, which cracked at multiple locations. These 
nuts, selected from 44 which failed, were in service for about 50 years in moist atmospheric 
exposure; they were used on the flanges of the same 48-in.-diameter gate valve body which 
failed. It should be noted that mercury cleanup chemicals were not used in the valve chambers 
until all of the aforementioned failures occurred. 

Results and Discussion 

Metallographic examination of failed sections of all three valve bodies reveal transgranular 
cracking as shown in Fig. 5; the microstructure consists of alpha phase needles in a beta 
phase matrix. Small amounts of iron produced the numerous black dots dispersed throughout 
the microstructure. The crack generally progressed around the alpha phase. Figure 6 shows 
the multiple branched cracking that is characteristic of SCC in high-zinc copper alloys. Visual 
examination combined with metallography indicates that all stress corrosion cracks in the 
valve bodies initiated on the exterior surfaces. This was evidenced by the varying degree of 
corrosion on the fracture surfaces. 

Typical chemical composition of the service failures examined is shown in Table 1. The 
nuts, made of Alloy C86300, failed almost exclusively in an intergranular mode as shown 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ANDERSEN AND DONNELLAN ON MN-BRONZE CASTINGS 143 

FIG. 5--Transgranular crack in beta phase of Alloy C68500. Crack propagates around alpha needles 
( x lOO). 

in Fig. 7. Alloy C86300 differs from Alloy C86500 in that the alpha needles are much larger 
in Alloy C86500. Iron-rich particles are present in both alloys. 

Intergranular cracking of these alloys near room temperature is characteristic of SCC. 
This is also shown in Fig. 8, which is a scanning electron microscope fractograph showing 
the smooth intergranular facets or rock-candy structure. Assembly stresses contributed to 
the SCC of the nuts as well as the valve body. 

FIG. 6--Branched transgranular cracking characteristic of SCC failures ( x 100). 
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TABLE 1--Chemical composition of service failures. 

CDA Alloy Service Part Cu Sn Zn Fe AI Mn 

C86500 Valve body 57.67 0.39 39.11 1.36 1.48 0.12 
C86300 Nut 64.85 0.19 23.39 2.04 6.14 3.00 

SCC of Specimens in Shafts 

Replacement of all manganese bronze castings will not be feasible for at least 15 years. 
The stress-corrosion cracking test program was conducted at all shaft locations to determine 
the areas which are the most conducive SCC environments. All specimens tested were 1/2 
in. (12.7 mm) thick, made of Alloy C86500, and of the type that is a modified compact 
wedge loaded with a bolt. A speciment is shown in Fig. 9. This complies with MC(Wb) of 
the ASTM Standard Terminology Relating to Fracture Testing (E 616). The specimens were 
machined from a sound section of one of the valve bodies. Specimens were not precracked. 
Strain was introduced by a stainless steel bolt torqued to approximately 65 in. �9 lb. It was 
determined that this amount of torque brought the wedge front of the specimens near the 
yield strength. Control specimens were loaded and left on an office desk. Specimens were 
exposed to the ambient shaft air by placing them on top of the riser caps and immersing 
them in water in the sump pits. Note that the shaft tests were performed after chemicals 
were used in the shaft during the mercury cleanup. The chemicals tested for SCC are 
described in the next section. 

Results and Discussion 

All 37 shaft environments produced cracking in one or more of the specimens tested. The 
time to failure ranged from 15 to 63 days. None of the control specimens have cracked after 
one year in a dry office. The majority of the cracks occurred in specimens placed on the 

FIG. 7--Intergranular crack in Alloy C86300 nut, predominantly beta phase ( • 100). 
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FIG. 8--SEM fractograph with a "rock candy" appearance on Alloy C86300 nut. 

FIG. 9--Modified wedge open-loading SCC specimen (1/2 in. thick), made of Alloy C86500. 
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riser caps. The pH of the water in each shaft chamber was found to range from an average 
of 7.0 to an average of 11.5 in the sump pits. In the test locations where the pH was high 
(greater than 11), there was only one cracked sample. Most of the cracking occurred with 
the pH in the range from 7.5 to 9.5. 

SCC of Specimens in Laboratory Tests 

The spillage of e lementalmercury from flowmeters in the shafts and the subsequent 
introduction of chemicals used for mercury cleanup expanded the SCC investigation to 
include laboratory tests. Also necessitating these tests were the aforementioned shaft situ- 
ations where Mn-bronze stems were possibly prone to SCC catastrophic failure. Alloy C86500 
test specimens identical to the one used in the shafts were tested in glass jars containing 
ammonia, mercury, water, trisodium phosphate, and commercial cleaning solutions. Tests 
were also conducted in mixtures of the aforementioned liquids. Specimens were immersed 
in the partially filled jars, and additional specimens were suspended above the liquids to 
expose them to vapors of the liquid. 

Results and Discussion 

The results of the laboratory tests are shown in Table 2. The specimens cracked in 
concentrated ammonia in one day, in dilute ammonia in four days, in distilled water in 
eleven days, and did not crack in trisodium phosphate or mercury vapor. A cleaning solution 
of 85% sodium thiosulfate and 15% ethylene diamine tetraacetic acid mixed with water 
caused cracking in 95 days. Another concentrated cleaning solution of an activated carbon- 
iodine mixture brought on cracking in 28 days. 

Trisodium phosphate concentrated appears to be an effective inhibitor and has been 
recommended for future mercury cleanup, if necessary. 

It should be noted that there are records of earlier failures in Mn-bronze castings in the 
distribution shafts; however, no metallurgical analysis is available. While failure analysis 
was not performed and SCC of the Mn-bronze valves, nuts, and other components presum- 
ably was not realized until after 50 years of service, the initiation of the cracking occurred 
much earlier; this can be exhibited by the dealloying of cracked regions shown in Fig. 6. 

TABLE 2--Results of  laboratory SCC tests. 

Time to Cracking, days 

Test Environment Liquid Vapor 

Aqua ammonia (concentrated, approximately 10% NH3) Not tested 1 
Aqua ammonia (dilute, approximately 2% NH3) Not tested 4 
Distilled water 11 12 
Mercury (no water) Not tested No cracking" 
A b + water (saturated) No cracking ~ 95 
B c + water (saturated) 28 28 
A + B (equal volumes of saturated solutions) 29 29 
Na3PO~ (1% aqueous solution) No cracking" No cracking a 
A + Na3PO~ (saturated) No cracking ~ Between 300 and 550 

~ After 550 days. 
b Commercial mercury cleanup solution of 85% sodium thiosulfate and 15% ethylene diamine 

tetraacetic acid. 
c Mercury cleanup solution; an activated carbon-iodine mixture. 
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FIG. IO--SEM fractograph of Alloy C86500 SCC specimen that failed in cleavage mode. 

FIG. 11--SEM of transition fractograph of SCC specimen: cleavage mode on left, ductile rupture on 
lower right. 
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Since all of the Mn-bronze components were cast alloys, locked-in stresses as well as service 
stresses in tension contributed to the failures. 

After  the tests were completed, specimens were selected at random and their fracture 
surfaces examined by scanning electron microscopy. All specimens failed in a predominantly 
transgranular cleavage mode of cracking as illustrated in Fig. 10. To determine the location 
of the SCC crack front, several specimens were overloaded to complete fracture and ex- 
amined in a scanning electron microscope. The fracture transition from SCC to overload 
failure is exhibited in fractographs shown in Figs. 11 through 13. The SCC crack front is at 
the point of transition from cleavage mode to microvoid coalescence, which is characteristic 
of Mn-bronze overload. Traces of any known SCC-causing corrodent were not found on 
any of the fracture surfaces examined to date. 

Energy-dispersive X-ray analysis was used to examine specimens which failed both in 
areas of SCC fracture surfaces and torque overload fractures for comparison. An energy 
dispersive X-ray spectrum of the ductile overload region is shown in Fig. 14. Note that the 
copper-zinc ratio is approximately 60 to 40%. Figure 15 shows the X-ray spectrum of the 
stress-corrosion cracked surface after being immersed in a shaft sump pit; note that the 
copper-zinc ratio has almost reversed due to corrosion which occurred after cleavage cracking 
had opened the sample. This is a manifestation of a dezincification reaction with a zinc-rich 
corrosion product at the cracked surface. 

Conclusions 

Stress-corrosion cracking has been found to be the mechanism of failure of various man- 
ganese-bronze valve bodies and other components in New York City water distribution shaft 
chambers. 

FIG. 12--Transition fractograph of SCC specimen with dual mag/split screen SEM, 
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FIG. 13--SEM of transition area of Fig. 12 at x 3500 showing ductile rupture pattern of Alloy C86500. 
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FIG. ]4--Energy dispersive X-ray spectrum of fracture surface caused by overload. 
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FIG. 15--Energy dispersive X-ray spectrum of fracture surface caused by SCC. 

Placing specimens in various locations within 37 New York City water distribution shafts 
has revealed environments which induce SCC in all shafts. Most cracking was found to occur 
in chambers where the water tested had a pH in the range from 7.5 and 9.5. Above pH 9.5 
there was little or no cracking. 

Mercury and mercury cleanup chemicals considered for use in the distribution shaft cham- 
bers all were tested for the potential of causing SCC in specimens. The testing provided 
direction in the selection of cleanup chemicals. 

Fractography of failed specimens using scanning electron microscopy proves SCC in a 
cleavage mode for Alloy C86500. Normal overload failure of this alloy results in a dimpled 
rupture pattern. Fractography of failed nuts made of alloy C86300 reveals SCC in an in- 
tergranular mode. 

In critical areas in New York City water distribution shafts, where Mn-bronze components 
are in a condition prone to SCC, precautionary measures can be taken, including dehu- 
midification and avoidance of deleterious chemicals. 
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ABSTRACT: Two instruments for the study and measurement of erosion-corrosion (EC) were 
developed and built: the erosion-corrosion unit (ECU) and the erosion-corrosion tester (ECT). 
These instruments simulate the shear and impact forces acting on industrial equipment to 
evaluate the corrosive wear effects of the fluid on the equipment and their interaction. The 
specimen in the ECU consists of a cylinder rotated about a vertical axis while a jet of slurry 
impinges continuously onto its curved surface through an interchangeable nozzle. The ECF 
applies rotational sliding abrasion by the slurry on a static disk specimen. In both devices, a 
three-electrode system (working, reference, and counter electrodes) is used to evaluate the 
electrochemical corrosion component by the polarization resistance technique. The contri- 
bution of mechanical erosion to the synergetic EC process is measured by weight loss on long- 
term exposures. 

The instruments were applied as follows: in industrial plants to monitor the influence of 
corrosion parameters during production, in pilot plants and in the laboratory to evaluate and 
select corrosion-resistant alloys, to assess the corrosivity of the ores and slurries handled, and 
for analysis of EC failures. 

The instruments are described and their characteristics compared. The results obtained in 
several environments are presented and their significance discussed. 

KEY WORDS: corrosion, erosion-corrosion monitoring, electrochemical techniques, slurries, 
laboratory tests, plant tests, instruments, stainless steels, Ni-base aUoys 

Erosion-corrosion (EC) is a complex phenomenon in which chemical, electrochemical, 
hydrodynamic, mechanical, and metallurgical aspects are intimately connected. Its form and 
magnitude depends on several factors: the nature and composition of the fluid, including 
aggressive ions such as C1 and F ; flow regime; velocity; angle of impingement; energy of 
impact; and the solid particle properties: size, shape, density, hardness, and friability. 

EC is characterized in appearance by deep gullies, grooves, waves, rounded holes, and 
valleys, exhibiting a directional pattern usually related to the direction of the fluid flow. 
These EC effects impair the protective film present on passive alloys such as stainless steels, 
causing breakdown of passivity. On active alloys such as carbon steel, an active surface is 
maintained. In this way, the corrosion process is accelerated by mechanical removal of 
asperities, proturbances, and corrosion products such as oxides or phosphates which oth- 
erwise might form a protective layer. A continuously renewed surface is generated, enhancing 
corrosion activity, 

Corrosion, erosion, and abrasion are frequent problems in chemical and mineral processing 
plants, leading to failures of equipment operating under severe hydrodynamic conditions 

1 Head, corrosion engineer, and senior technician, respectively, Corrosion and Materials Section, 
IMI (TAMI)--Institute for Research and Development Ltd., RO.B. 313, Haifa, Israel 31002. 
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such as pumps, turbines, centrifuges, agitators, ball mills, etc. The combined and simulta- 
neous action of these deterioration processes results in various types of surface wear of the 
equipment, which are defined in accordance with the following guides: the ASTM Definitions 
of Terms Relating to Corrosion and Corrosion Testing (G15-85a) and the ASTM Termi- 
nology Relating to Erosion and Wear (G 40-83). 

In equipment handling, in particular in moving corrosive fluids containing suspended solid 
particles such as in slurries, the main phenomenon is EC, a particular type of localized 
corrosion caused by the synergetic action of mechanical erosion and electrochemical cor- 
rosion. Several environments and equipment are affected by EC in local plants: handling 
and processing slurries, for example phosphate ore washing; wet process phosphoric acid 
(WPA) production; periclase hydration; and carnallite and sylvinite slurries, used in potash 
production. 

In order to understand the causes and mechanisms of EC phenomena and to measure its 
magnitude, the chemical and mineral industries apply different laboratory and plant devices 
which simulate service conditions and sometimes increase the severity of the chemical, 
mechanical, and hydrodynamic factors involved in EC. 

Many EC-measuring devices have been designed and constructed in the last years and 
frequently are reported in the literature [1-5]. They are based, in principle, on simulation 
of the mechanical forces acting on the plant equipment surface and a measurement of the 
mechano-chemical effect on a static or dynamic metallic specimen exposed to a moving 
fluid. The EC effect is assessed by physical changes (weight, length, volume, roughness), 
by an electrochemical measurement, or by applying both techniques simultaneously or 
successively. 

IMI Erosion-Corrosion Measuring Devices 

During the past years the Corrosion Laboratory of IMI (TAMI)--Institute for Research 
and Development was engaged in the study of corrosion in several industrial plants handling 
aggressive slurries and in the selection of EC-resistant alloys to be used in these plants. 
Since EC is the main type of corrosion encountered in these systems, it was necessary to 
develop devices to study and measure EC phenomena in these slurries. Accordingly, two 
instruments were developed, built, and applied in several plants. 

Erosion-Corrosion Unit ( ECU) 

This instrument simulates EC phenomena occurring in equipment handling flowing fluids, 
enhanced by suspended solids in slurries or entrained solids in brines. A jet of slurry or 
brine is impinged continuously on the curved surface of the submerged rotating specimen, 
through a nozzle. The instrument measures corrosion potential and instantaneous corrosion 
current by the polarization resistance technique in accordance with the ASTM Practice for 
Conducting Potentiodynamic Polarization Resistance Measurements [G 59-78 (1984)]. 

Figure 1 presents a schematic diagram of the apparatus, which consists of three parts: the 
cell, the agitated vessel, and the electrochemical measuring instrument. 

The cell (a)--In a polypropylene vessel (1) (diameter 12 cm, height 18 cm) the alloy under 
test in the form of a cylinder (2) (diameter 20 mm, height 6 mm) is rotated about a vertical 
axis (3) while a jet of fluid is impinged continuously onto its curved surface through an 
interchangeable nozzle (4). The specimen and its mercury contact (5) are kept in place by 
means of a hollow rod holder. Immediately adjacent to the cylinder are an auxiliary platinum 
electrode (6) and a reference electrode (7). 
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154 CORROSION TESTING AND EVALUATION 

The effects due to rotation, impingement, and simultaneous rotation and impingement 
are determined by varying the specimen's rotational velocity and the jet's impact energy. 

Agitated vessel (b)--The cell is connected to an agitated vessel (13) which supplies the 
solids-containing fluid via a pump (14). 

The electrochemical measuring instrument @)--This instrument measures the potential (9) 
of the specimen and the corrosion current (10) which flows between the specimen (2) and 
the auxiliary electrode (6) when a fixed, 20-mV polarization potential (12) is applied to the 
specimen. The potential is set with respect to an Ag/AgC1 or a SCE reference electrode 
(6) with a polypropylene body. The instrument also measures the oxidation-reduction po- 
tential Eo~p of the fluid. The electronic instrument was designed by Ch. Yarnitzky, Tech- 
nion--Israel Institute of Technology, and built by Opal Co., Israel [6]. 

Erosion-Corrosion Tester ( ECT) 

The instrument applies rotational sliding abrasion on a static metallic specimen to simulate 
the corrosive wear effects of the solids-containing fluid on the surface of the equipment. 
The abrader material and its shape vary according to the solids type, the plant equipment, 
and their interactions. The magnitude of the effect on electrochemical corrosion is measured 
by the polarization resistance technique to determine the instantaneous corrosion rate and 
by weight loss to assess the contribution of mechanical erosion. 

The tester described in Fig. 2 consists of two parts: 
The EC cell (a)--The cell (3) is a polypropylene cylinder, 40 cm high and 10 cm in diameter. 

It contains three electrodes; the working electrode (5) in the form of a disk, made from the 
alloy under the test and the Ag/AgC1 reference electrode (8) and auxiliary platinum electrode 
(9), both immediately adjacent to the disk (5). The cell is immersed into the vessel (1) 
containing the agitated fluid (2). A cross-shaped, rigid polypropylene abrader (6) or a soft 
rubber wiper (6a) is attached to the base of the rotating shaft (7). The solids are swept 
outwards and their particles are ground on the specimen surface. The shape of the abrader 

5 

~'///4////. 
6a 

b 

FIG. 2.--Schematic diagram of the IMI erosion-corrosion tester (ECT). 
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TABLE 1--Comparative evaluation of the IMI erosion-corrosion measuring instruments. ~ 

Instrument Characteristics EC Unit EC Tester 

Instrument-Slurry Slurry from the WPA reactor is Direct immersion in the agitated 
interaction pumped through a nozzle into the WPA slurry 

instrument 

Corrosion Specimen: 
Shape and dimensions 
Exposed surface, area 

Mechanical forces: 

Mechanical parameters 

Specimen motion 
Slurry motion 
Specimen-slurry 

interaction 
Effect on specimens 
Specimen appearance 

(after test) 

Electrochemical parameters: 
Potential 

Current 

Instantaneous corrosion 
rate 

Cylinder: diameter 20 mm, height 
6 mm Curved, 3.8 cm 2 

Slurry jet impinging on rotating 
specimen 

Specimen rotational velocity; slurry 
jet velocity and impact 

Rotating or static 
Linear jet 
Homogeneous mass of slurry impinges 

on rotating or static specimen 
Erosion by a moving slurry 
Uniformly polished surface which may 

be shiny or matt according to 
degree of erosion-corrosion 

Uniform shift from the passive to the 
active state 

Regular values, proportional to the 
intensity of the mechanical forces 
applied 

Acceptable values 

Disk: diameter 35.6 mm, height 
3 mm Flat, 10.0 cm z 

Weighed rotating abrader (or 
wiper) bearing on specimen 

Abrader (wiper) rotational 
velocity; pressure on specimen 

Static 
Sliding on fiat specimen 
Discrete ore particles abrade 

static specimen 
Circular scratching abrasion 
Fine, circular concentric scratches 

Fluctuating shift from the passive 
to the active state 

Fluctuating values, proportional 
to the intensity of the 
mechanical forces applied and 
increased by scratching of 
discrete solid particles 

Acceptable values 

The measurements were conducted in the same WPA slurry. 

(and  wiper)  permi ts  the  part icles to be  swept  on to  the  spec imen surface. The  severi ty  of 
the  mechan ica l  ac t ion is cont ro l led  by weights  (10) m o u n t e d  on  the  ro ta t ing  shaft  and  by 
increasing the  ro ta t iona l  velocity of the  shaft .  

Electrochemical measuring instrument ( b ) - - T h i s  i n s t rumen t  measures  the  open-c i rcui t  
po ten t ia l  (12) of the  spec imen and  the  corrosion cu r ren t  (13) which  flows b e t w e e n  the  
spec imen (5) and  the  auxiliary e lec t rode  (9) when  a fixed, small  po lar iza t ion  po ten t i a l  (15) 
is appl ied to the  spec imen,  set  with  respect  to the  re fe rence  e lec t rode  (8). 

Comparative Evaluation o f  the IMI  EC Devices 

A compar i son  of the  character is t ics  and  the  pe r fo rmance  of the  E C U  and  the  E C T  is 
shown in Table  1. A l t h o u g h  the  in te rac t ion  be tween  the  e q u i p m e n t  surface and  the  moving  
slurry is expressed  in d i f ferent  modes ,  by regula t ing the  opera t ing  condi t ions  and  the  intensi ty 
of the  mechanica l  forces,  s imilar  corros ion ra tes  are ob t a ined  in the  same a l l o y / e n v i r o n m e n t  

system. 
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TABLE 2--Erosion-corrosion measurements in WPA slurry. 

Corrosion Rate, ~ ~A/cm 2 (ram/year) 
Corrosion 
Potential, Rotation Impingement Rotation Plus 

Alloy Tested SCE, V Static Speed Velocity Impingement 

AISI 316 SS 0.27 to - 0.13 58 (0.60) 16t (1.7) 384 (4.0) 845 (8.9) 
Fe-20Cr-25Ni 0.28 to 0.26 6.1 (0.06) 10.6 (0.11) 47 (0.50) 103 (1.1) 
Nickel-base 0.35 to 0.25 1.1 (0.01) 1.9 (0.02) 6.4 (0.08) 13.8 (0.46) 

" The measured corrosion current density, i ...... in ~A/cm 2 is converted into a weight loss and expressed 
as loss in wall thickness in mm/year. Hydrodynamic parameters: Rotation speed, 1200 rpm; jet im- 
pingement velocity, 5.1 m/s. 

Applications in Chemical and Mineral Industries 

The EC devices were applied in several industrial plants to control corrosion during 
production. The devices were also applied in pilot plants, and in the laboratory to evaluate 
and select EC-resistant alloys and to assess the corrosivity of the fluids handled. 

Phosphoric Acid Production [7,8] 

Wet process phosphoric acid (WPA) is produced by attack of phosphate ore by concen- 
trated sulphuric acid. Impurities such as C1 and F-  increase the corrosivity of the medium. 
EC appears mainly in the reaction stage, where an aggressive slurry, containing 42% phos- 
phoric acid (H3PO4), 2% sulfuric acid (H2SO4), and 30% solid particles (gypsum, sand, 
quartz, and undissolved rock) is processed at 75~ (167~ The main equipment undergoing 
EC are the reactor agitators and pump impellers, made of an austenitic stainless steel (Fe- 
20Cr-25Ni-4.5Mo-l.5Cu), in short, Fe-20Cr-25Ni. 

Typical results obtained with the ECU connected to an industrial WPA plant reactor are 
shown in Table 2. The duration of the test for each alloy is 1 h. The temperature in a slurry 
supply vessel is controlled electronically and measured in the cell to 75 + / - 1~ The trial 
included a Ni-base alloy (Ni-15Cr-16Mo-5Fe-2.5Co-4W). The results show that the rate of 
corrosion increases significantly as the hydrodynamic conditions increase in severity. The 
rates observed under conditions of simultaneous rotation and impingement are 15 to 50 
times greater than those under static conditions. 

The EC instruments were employed in WPA pilot plants to evaluate the corrosivity of 
various phosphate ores [9,10] and for selection of EC-resistant alloys to be used for the 
fabrication of industrial plant equipment [11]. 

In an industrial plant trial [12], the ECT was applied to assess the effect of the addition 
of siliceous clays to the WPA reaction system, to complex the free hydrofluoric acid and 
minimize its corrosivity. AISI 316 SS high-alloyed austenitic stainless steels (Steel A,  Fe- 
20Cr-25Ni-4.5Mo-l.5Cu, and Steel B, Fe-27Cr-31Ni-3.5Mo-l.5Cu) and a Ni-base alloy (Ni- 
15Cr-16Mo-5Fe-2.5Co-4W) were tested. The results of several runs with and without addition 
of clay, shown in Fig. 3, indicate clearly the significant reduction of EC rates in the presence 
of clay. The ECT was set at a rotation speed of 100 rpm and the load on the abrader was 
1.1 kg/cm 2. The EC rate was measured by the linear polarization resistance technique. 

Figure 4 presents anodic polarization plots (at a scan rate of 60 mV/min) of a Fe-20Cr- 
25Ni alloy, obtained both on a static specimen and on a specimen being abraded by the 
ECT. The current fluctuations, Plot b, indicate a rapid sequence of breakdown of the passive 
film by the mechanical action of the hard, sharp particles in the slurry, followed up by the 
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formation of a protective oxide film. On the other hand, Plot a shows stable and smaller 
currents. Both plots reach the same value in the transpassive region. A similar behavior 
was reported by M. Matsumura et al. during erosion-corrosion measurements [3]. 

Copper Ore Grinding 

Wet grinding plants for communition of ores which operate by the application of compres- 
sion and shear forces between the equipment's hard metallic surfaces and the ore particles 
suffer from mechanical wear. The problem is sometimes aggravated by electrochemical 
corrosion when brackish water and/or electrolyte solutions are involved. 

In a wet-grinding plant processing a siliceous copper mineral, the main plant equpiment, 
which includes rotating ball mills, spiral classifiers and mixing tanks, is made of hard carbon 
steel, austenitic manganese steel, and cast irons. 

The EC tester was used to assess the degree of corrosive wear that might occur on the 
plant equipment. Two types of corrosion tests were carried out: plant tests under operating 
conditions by exposing specimens prepared from the alloys used in the plant, and laboratory 
tests by immersing the ECT cell in the agitated slurry. The ECT was operated at a shaft 
rotation speed of 100 rpm with a load on the abrader of 1.1 kg/cm 2. 

The rates of electrochemical corrosion, mechanical erosion, and conjoint corrosion and 
erosion were measured. The results, summarized in Table 3, show that damage to the plant 
equipment is due mainly to the mechanical actions of erosion, abrasion, and impact. 

The contribution of corrosion to the overall wear process in these slurries is up to 10%, 
depending on the slurry pH, the characteristics of the mineral particles, and mainly on the 
severity of the mechanical operating conditions. 

Conclusions 

Based on the knowledge and experience accumulated during the application of the EC 
instruments and a continuing survey of the literature, the following conclusions have been 
drawn: 

1. The EC devices have been developed to a stage that ensures a reliable and useful 
performance in several types of solids-containing fluids. 

2. The EC devices evaluate mechanically accelerated corrosion by application of me- 
chanical forces that simulate the interaction between a moving fluid and the surface of 
industrial plant equipment. 

TABLE 3~Corrosive wear in copper ore slurries 

Test Test Test Wear Loss Rate, 
Location Device Specimen Process Medium Measurement ram/year 

Laboratory EC tester D i s k  Electrochemical Water, slurries Corrosion 0.2-2 
corrosion current 

Laboratory EC tester D i s k  Mechanical Slurries (coarse Weight loss, 25-90 
corrosion and fine) thickness loss 

Wet grinding Spiral Shoe  Mechano-chemical Slurries (coarse Weight loss, 2-15 
plant classifier erosion-corrosion and fine) thickness loss 

(corrosive wear) 
Wet grinding Ball mill Liners and Mechano-chemical Slurries (coarse Weight loss, 20-110 

plant ba l l s  erosion-corrosion and fine) thickness loss 
(corrosive wear) 
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3. The EC measurements allow one to distinguish between the quantitative contribution 
of mechanical erosion (or abrasion) and electrochemical corrosion to the total synergetic 
corrosive wear process. 

4. The EC tester provides a convenient tool for in situ determination of instantaneous 
EC, mainly in industrial plants, since it is easy to install and operate and gives reliable 
results. 
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ABSTRACT: Atmospheric corrosion has been a significant cause of metal degradation ever 
since metals have been used. The testing of metals for their performance in the atmosphere 
has been carried out for about 80 years. The early tests focused on the performance of materials 
in various atmospheric conditions so that accurate estimates of useful lives could be obtained. 
This work showed that sulfur dioxide from fuel combustion and chlorides from marine sources 
were the main accelerants of atmospheric corrosion. More recently, the focus of testing has 
changed to determine how variations in atmospheric constituents affect corrosion of metals. 
Standardization has become more important in carrying out tests and evaluation of results as 
well as evaluating the corrosivity of the atmosphere. The concept of standard classification of 
the atmospheres is discussed along with some outstanding issues in atmospheric corrosion 
testing. 

KEY WORDS: atmospheric corrosion, time of wetness, sulfation plate, classification of at- 
mospheres, weathering steel, acid precipitation, site monitoring, chloride candle, particulates, 
kinetics 

It has been known for centuries that most metals, when exposed to natural atmospheric 
conditions, will corrode and the degradation that this corrosion causes is a significant fact 
limiting the useful life of the metal object. Some recent examples of atmospheric corrosion 
causing significant damage include: the cables supporting the Williamsburg Bridge over the 
Eas tRiver  in New York City have become significantly corroded and consequently their 
load-bearing capacity has been degraded [1]; the cast iron components of the dome on the 
tower of the Philadelphia City Hall had to have major repair and in some cases replacement 
because of atmospheric corrosion [2]. Many other examples of atmospheric corrosion damage 
can be cited. 

Atmospheric corrosion generally is considered to be corrosion that occurs from exposure 
of metals to atmospheric conditions, including natural environmental conditions with pre- 
cipitation and dew. Atmospheric corrosion damage includes general attack, cracking, and 
localized corrosion, although this paper will be concerned mainly with general attack. At- 
mospheric corrosion does affect buildings and other structures such as bridges, towers, 
monuments, fences, barriers, and signs. It also affects automobiles, trucks, railcars, aircraft, 
ships, and other means of transportation. This paper will cover the development of atmo- 
spheric corrosion testing methods that have evolved with special emphasis on ASTM Com- 
mittee G-1 activities and ISO/TC156 efforts. The role of standards in atmospheric exposure 
testing is highlighted together with a discussion of unresolved issues. 

1 Chief engineer--Materials, Air Products and Chemicals, Allentown, PA 18195-1501. 
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Although atmospheric corrosion has been recognized as a major cause of metal degra- 
dation for many years, it has been an ongoing challenge to make accurate predictions of 
the rate of atmospheric corrosion and the effectiveness of preventive measures. Shortly after 
the American Society for Testing and Materials was founded, the need for having reliable 
information on the performance of metals in the atmosphere was recognized [3]. It was 
further discovered that laboratory tests to simulate atmospheric corrosion were singularly 
unsuccessful. Consequently, it was decided to initiate atmospheric corrosion tests to deter- 
mine the type of damage that occurred as well as the rate that damage was occurring. In 
this way ASTM has been a leader in recognizing atmospheric corrosion and attempting to 
measure it. Initial work that was done in this field showed that atmospheres vary greatly in 
their corrosivity, that urban and industrial areas have substantially higher corrosion rates 
for most engineering materials than rural areas, and'furthermore, that marine environments 
and locations within a mile or two of the ocean surf also suffer higher corrosion rates than 
other inland areas [4]. 

Consequently, an informal classification system evolved for atmospheric exposures con- 
sisting of industrial, marine, and rural environments. It was determined that sulfur dioxide 
from combustion of fossil fuels was the primary corrodent that differentiated industrial areas 
and that chlorides from sea salt accelerated the corrosion in marine environments. In general, 
the acceleration of corrosion that occurred in marine atmospheres is different from that 
which occurred in industrial atmospheres in that it tends to cause localized corrosion in 
many alloys. This system of classifying atmospheric exposures gained wide acceptance in 
the field of atmospheric corrosion testing until about 1960 [5]. 

The role of ASTM in atmospheric corrosion testing up to this point had been divided 
among many different committees concerned with different metals and metal products, and 
the major emphasis had been to understand the performance of these metals and products 
in various atmospheres. With the formation of ASTM Committee G - l ,  Subcommittee 4 
(G01.04) was given the responsibility for atmospheric corrosion testing. This responsibility 
now included testing to determine the performance of materials, standardization of test 
methods for atmospheric corrosion, the standardization of monitoring methods for exposure 
sites, and the promotion of knowledge concerning atmospheric corrosion [6]. 

Atmospheric Corrosion Testing in a Changing Environment 

The decade of the 1960s was marked by a growing awareness that industrial activity was 
a major contributor to the pollution of the atmosphere. This pollution was causing a variety 
of problems deemed unacceptable. Consequently, restrictions were placed on environmental 
discharges. As a result of these new regulations, the sulfur dioxide concentrations in urban 
and industrial areas have decreased substantially in the United States. This has been ac- 
complished by the construction of tall stacks mainly for coal-burning power plants that 
transport the sulfur-containing flue gases into the upper atmosphere where they become 
oxidized to sulfur trioxide and sulfuric acid. Nitrogen oxides are also present in these flue 
gases and become oxidized to nitric acid. As a result, the pH of precipitation hundreds of 
miles downwind from these stacks has been reduced substantially. This effect has been 
especially troublesome in rural areas that previously had been free of industrial pollutants. 
The problems of acid precipitation or acid rain have been noted both in the United States 
and in Europe [7]. 

An early concern with the discovery of acid precipitation was how it would affect at- 
mospheric corrosion. Since the levels of gaseous pollutants have been reduced, the cost of 
achieving further reductions is higher, and so there has been a growing need and desire to 
determine a cost/benefit relationship between the levels of pollutants in the atmosphere 
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and the damage that these pollutants cause. Accordingly, the Environmental Protection 
Agency along with other government agencies has been attempting to develop damage 
functions expressing the relationship between corrosion rates and the concentration of pol- 
lutants both in the gaseous atmosphere and precipitation [8]. 

It is very important in terms of pollution control laws to differentiate between damage 
caused by gases in the environment and substances present in precipitation because, as a 
general rule, only gases originating from sources that are nearby cause damage, while 
substances in precipitation may originate from sources hundreds or even thousands of miles 
away. The damage function concept then provides a way to assess the economic impact of 
the pollution so that a cost/benefit analysis can be carried out. Atmospheric cleanup has 
caused the average sulfur dioxide concentration at the industrial ASTM Newark/Kearny 
atmospheric exposure site to be lower than the rural ASTM State College site. [9]. Con- 
sequently, there is concern as to what the results from these sites will mean in ongoing and 
future ASTM exposure programs. 

The Role of Standardization in Corrosion Testing 

In ASTM prior to the formation of ASTM Committee G- l ,  atmospheric exposure tests 
were carried out by several committees to generate the data they needed for writing standards 
[6]. In many cases, rather carefully thought-out techniques were used to carry out these 
exposures but the procedures were not formalized as standards. With the formation of 
Committee G-1 and Subcommittee G01.04 on Atmospheric Testing, it was recognized that 
a standard on carrying out atmospheric exposures of metallic panels would be desirable. 
The ASTM Practice for Conducting Atmospheric Corrosion Tests on Metals (G 50-76) was 
written for this purpose. Subcommittee G01.04 was involved in several other projects, 
including initiation of exposure programs and review of the progress of exposure programs 
already under way. 

As time progressed, the writing of standards has become a more important activity in 
Subcommittee G01.04. A variety of ASTM standards are now in place that are relevant to 
atmospheric corrosion testing. These are shown in Table 1 and include both the cleaning 
and evaluation of specimens and the visual evaluation of coated specimens. Monitoring of 
exposure sites has been another area of interest and activity. Techniques for using panels 
to monitor sites corrosivity are discussed in the ASTM Practice for Characteristics of At- 
mospheric Test Sites (G 92-86). 

Galvanic corrosion in the atmosphere is another concern, and two standards have been 
written on this subject. One has completed the standardization process, The ASTM Test 
Method for Assessing Galvanic Corrosion Caused by the Atmosphere (G t04), and the 
other is in progress. ASTM G 104 was based on ISO 7441 developed by the International 
Organization for Standardization Technical Committee 156. Techniques for monitoring sul- 
fur dioxide through sulfation plates and chloride deposition using wet candle techniques 
have been developed. The ASTM Practice for Monitoring Atmospheric SOz Using the 
Sulfation Plate Technique (G 91-86); describes the use of the sulfation plate technique to 
monitor SO2 both at exposure sites and other locations. The chloride candle method is still 
under development. 

The prediction of the performance of weathering steels has been a difficult challenge. 
Initial work showed that low levels of copper improved the performance of steels in the 
atmosphere, and consequently copper-bearing steels became popular for exterior applica- 
tions. Subsequent work demonstrated that low-alloy steels performed even better than the 
copper-bearing steels. The development of weathering steel was based on this principle. 
Initially, limited short-term exposures of weathering steels indicated that those steels would 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



166 CORROSION TESTING AND EVALUATION 

TABLE 1--ASTM standards relevant to atmospheric exposure testing. 

Purpose Designation Notes 

Specimen preparation G 50 Flat panels 
Specimen preparation G 104 Galvanic specimen 
Specimen cleaning G 1 General mass loss 
Specimen evaluation G 33 Metal-coated steel 
Specimen evaluation G 46 Pitted samples 
Specimen evaluation B 537 Electroplated samples, 

pitting 
Specimen evaluation G 104 Galvanic panels 
Specimen evaluation New" Galvanic wire on bolt 
Exposure method G 50 Flat panels 
Exposure method G 104 Galvanic panels 
Site monitoring G 84 Time of wetness 
Site monitoring G 91 Sulfation plate 
Site characterization G 92 Standard panel tests 
Site monitoring New" Chloride candle 
Alloy Resistance G 101 Weathering steels 

" Standards currently under development. 

lose about half as much metal as copper-bearing steels, which in turn lost about half as 
much metal as plain carbon steels. Consequently, the specifications for weathering steels 
were written in this way. However, it was soon observed that steels generally show corrosion 
rates that decrease with exposure time and weathering steels show a greater decrease than 
other steels. Furthermore, the extent to which these decreases occurred was a strong function 
of the atmospheric conditions that prevailed during the test period. Consequently, there 
was a need to have a method for estimating what the performance of a low-alloy steel would 
be to determine its suitability as a weathering steel. 

A study of the performance of steel alloys in the atmosphere as a function of composition 
was carried out and reported by Larrabee and Coburn [10]. The results of this study were 
analyzed by Legault and Leckie [11]; this analysis provided a quantitative evaluation of the 
effects of alloy element on atmospheric corrosion in a controlled exposure. This analysis 
was used by Subcommittee G01.04 to define an arbitrary corrosion resistance index based 
on steel composition. The composition range of weathering steel was used to set limits for 
this corrosion resistance index. The new ASTM Guide for Estimating the Atmospheric 
Corrosion Resistance of Low Alloy Steels (G 101-89) was developed using this corrosion 
resistance index to determine if a low-alloy steel of known composition will perform as a 
weathering steel in environmental exposures. The previous approach of requiring that weath- 
ering steel be twice as resistant as copper-bearing steels would require that no steel could 
be used as a weathering steel until corrosion tests have been performed to establish its 
performance [12]. There are no tests except atmospheric exposure that would be suitable, 
and any reasonable atmospheric exposure would require several years to achieve reliable 
results. In addition, the variability of atmospheric exposure results, especially in a short- 
term test, makes any evaluation of corrosion resistance questionable. The ASTM G 101 
approach provides an absolute basis for the evaluation that does not require exposures or 
the delays that such testing would require. 

ISO 

The International Organization for Standardization (ISO) has formed Technical Com- 
mittee TC156 for the purpose of writing corrosion testing standards. At  its first meeting in 
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TABLE 2--IS0 standards on atmospheric corrosion and atmospheric corrosion testing. 

Designation Title 

ISO7441 
DIS8565 
DP9223 
DP9224 
DP9225 
DP9226 

Determination of Bimetallic Corrosion in Outdoor Exposure 
Atmospheric Corrosion Testing-General Requirements for Field Tests 
Classification of Corrosivity Categories of Atmospheres 
Guiding Values for the Corrosivity Categories of Atmospheres 
Aggressivity of Atmosphere--Method of Measurement of Pollution Data. 
Method of Determination of Corrosion Rate of Standard Specimen for the 

Evaluation/Corrosivity 

Riga, USSR in 1976, ISO/TC156 identified atmospheric corrosion testing as a priority area 
for standards development. Subsequently, Working Group 3 was organized for the purpose 
of writing standards on atmospheric corrosion testing. Working Group 4 was organized for 
the purpose of developing a classified method to classify the corrosivity of the atmosphere. 
Working Group 3 has produced two ISO standards: one on galvanic corrosion testing in the 
atmosphere and the other on a general method of corrosion testing. Working Group 4 has 
produced four draft standards on the subject on classifying the atmosphere and using the 
classification techniques to predict long-term atmospheric corrosion performance of materials 
of construction. These standards are listed in Table 2. 

Working Group 4 has also undertaken a major worldwide atmospheric exposure program 
to attempt to develop a basis for using the proposed procedure for evaluating atmospheric 
corrosivity [13]. This program is known as ISO-CORRAG.  The United States is participating 
in this program through ASTM Committee G-1.  Eleven other countries throughout the 
world are also participating in this program. They are listed in Table 3. 

Classification of Atmospheres 

The traditional approach of classification of atmospheres has been to make a determination 
based on the surroundings, e.g., industrial, urban, or rural. One problem with this approach 
is that there are different degrees of industrial activity and differences with regard to urban 
density, types of fuel in use, and proximity to surf. To account for these variations, compound 
classes such as mild industrial-marine have been used. This approach has not provided a 
quantitative classification approach that would allow a prediction of site corrosivity. This 

TABLE 3---Exposure sites in ISO CORRAG program. 

Country Number of Sites Climate Type of Atmosphere 

Canada 1 Moderate Industrial 
Czechoslovakia 3 Moderate Urban, industrial, rural 
FGR 1 Moderate Industrial 
Finland 3 Moderate Urban, rural 
France 9 Moderate Marine, rural, industrial, urban 
Japan 1" Moderate Urban 
Norway 6 Moderate, cold Urban, industrial, marine 
Spain 4 Moderate Urban, rural, industrial, marine 
Sweden 3 Moderate Urban, marine 
UK 4 Moderate Urban, marine, rural, industrial 
USA 6 Moderate, tropical Rural, urban, marine, 

industrial 
USSR 4 Moderate, cold Marine, urban, rural 

"Two more sites may be included. 
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~OLYAMIDE  HOLDER AND NUT 
~/IRE LENGTH 1 M 

..)PEN HELIX SPECIMEN A S S E M B L Y  

FIG. 1--Open helix specimen assembly. 

problem has now been compounded by the pollution control regulations that make even 
heavy industrial areas low in sulfur dioxide. Therefore, tests done previously in these areas 
are no longer representative of the site corrosivity of these areas. Fortunately,  in many 
cases, the most severely corrosive areas have improved substantially, but rural areas are 
somewhat more severe than previously measured because of increased acidity in the pre- 
cipitation. Consequently, there is a real need for a quantitative system of classifying at- 
mospheric corrosivity. 

The ISO/TC156 activity to develop a quantitative system of classifying atmospheric cor- 
rosivity hopefully will address this need [14]. There are two approaches for assessing site 
corrosivity. One approach requires that standard specimens of relatively pure aluminum, 
steel, copper, and zinc be exposed for a one-year period. Flat panels, 100 by 150 mm in 
size, or wire helices, Fig. 1, may be used. The corrosion mass loss is measured and the site 
corrosivity is determined from these mass loss values. Because different metals respond to 
compounds in the atmosphere differently, it is possible that the corrosivity class for different 
metals could be different at the same location. Table 4 shows the corrosivity classes based 
on one-year corrosion mass loss values for the four specimen metals. 

The other approach is to obtain measurements or estimates of the sulfur dioxide concen- 
tration, chloride deposition, and time of wetness at the location in question. A variety of 
techniques are available for measuring or estimating these quantities. For example, the time 
of wetness may be measured using a sensor such as is described in the ASTM Practice for 
Measurement of Time of Wetness on Surfaces Exposed Wetting Conditions as in Atmo- 
spheric Corrosion Testing (G 84-84). Alternatively, the time of wetness may be estimated 
by measurements of the relative humidity and calculation of the fraction of the time that 
the relative humidity is greater than 80% and the temperature is above freezing. After  the 

TABLE 4--1S0/TC156 corrosivity classes for metals based on one-year exposure results, mass losses. 

Corrosion 
Steel, g/m z Copper, g/m 2 Aluminum, g/m 2 Zinc, g/m z Category 

<10 <0.9 - 0  <0.7 1 
10-200 0.9-5 <0.6 0.7-5 2 

201-400 5-12 0.6-2 5-15 3 
401-650 12-25 2-5 15-30 4 

>650 >25 >5 >30 5 
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TABLE 5--Wetness class based on time of wetness. 

169 

Wetness Time Wet, Hours Wet 
Class % per Year Examples of Occurrence 

T1 <0.1 < 10 Indoor 
T2 0.1-3 10-250 Indoor, unheated 
T3 3-30 250-2600 Shed storage or cold climate 
T4 30-60 2600-5200 Outdoor temperate climate 
T5 >60 >5200 Tropical outdoor or surf 

time of wetness is known, a wetness class, T, is determined from Table 5. Sulfur dioxide, 
P, and chloride, S, classes are determined in a similar manner from Table 6. The corrosivity 
class is then determined from Table 7 using all three of the input classes. This procedure is 
shown schematically in Fig. 2. 

After the corrosivity class is obtained by either method the extent of corrosion damage 
can be estimated for either short- or long-term exposures using Table 8. The values in Table 
8 show ranges of performance one might expect, and for practical purposes this is probably 
adequate. 

One important drawback to this approach is that it does not take into account the acid 
precipitation effect. It also does not give information on sheltering effects or on microclimate 
effects that occur from situations such as puddles, cool spots, splash, dirt accumulation, etc. 
These local situations can cause substantially accelerated corrosion in some cases. 

Current Issues in Corrosion Testing 

Site Monitoring 

With the rather substantial changes in environmental conditions at ASTM sites, it is 
apparent that the qualitative definitions of what a site is are no longer descriptive of the 
corrosion performance that can be expected. For example, industrial sites in the United 
States are no longer locations with high sulfur dioxide contents, and consequently the 
atmosphere may not be as corrosive as it has been previously [9]. On the other hand, rural 
sites are now experiencing acid precipitation, and thus more damage may be appearing in 
these locations than previously experienced. The initial results of the ISO-CORRAG ex- 
posure test programs have shown little difference between rural and industrial sites [23]. In 
future exposure tests at ASTM sites and others, it will be more important to obtain envi- 
ronmental data or at least exposure of control test materials so that there can be a mea- 
surement of the site corrosivity. A measurement of other site characteristics, such as the 
sulfur dioxide concentration, may also be helpful in terms of estimating the importance of 

TABLE 6--Sulfur dioxide and chloride classes. 

SO2 Chloride 

SO_, Deposition Rate, Concentration, C1 Deposit Rate, 
Class mg/m2/day mg/m 3 Class mg/m2/day 

PO <10 <12 SO <3 
P1 10-35 12-40 S1 3-60 
P2 36-80 41-90 $2 61-300 
P3 81-200 91-250 $3 >300 
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TABLE 7--Corrosion classes for environmental classes. 

T2 T3 T4 T5 
SO, 

Class S0-S1 $2 $3 S0-1 $2 $3 S0-S1 $2 $3 S0-S1 $2 $3 

UNALLOYED STEELS 
P0-P1 1 2 3-4 2-3 3-4 4 3 4 5 4 5 5 
P2 1-2 3-4 3-4 3-4 3-4 4-5 4 4 5 5 5 5 
P3 2 3 4 4 4-5 5 5 5 5 5 5 5 

ZINC AND COPPER 
P0-P1 1 1-2 3 3 3 3-4 3 4 5 4 5 5 
P2 1-2 2 3 3 3-4 4 3-4 4 5 5 5 5 
P3 2 3 3-4 3 3-4 4 4-5 5 5 5 5 5 

ALUMINUM 
P0-P1 1 2-3 4 3 3-4 4 3-4 3-4 5 4-5 5 5 
P2 1-2 3-4 4 3 4 4-5 3-4 4 5 4-5 5 5 
P3 2-4 4 4 3-4 4-5 5 4-5 5 5 5 5 5 

NOTE: T = Wetness class; P = SO2 class; S = Chloride class. 

the site variables on the corrosion process. This can then allow the investigator to predict 
how material will perform in other atmospheric environments. 

Top Side-Bottom Side 

A major  concern of any exposure  program is the in terpreta t ion of the data that  is obta ined.  
A 100 by 150 mm panel exposed  at an angle of 30 ~ horizontal  facing south is a very convenient  
test configuration.  The issue, however ,  is how to take this informat ion and apply it to o ther  
exposures ,  even in the same location. Many investigators have noted  differences be tween  
the top and the bo t tom side of the panel  [15]. The top side of the panel  tends to have more  

ATMOSPHERIC DATA METHOD 
I TEMPERATURE ] WETNESS 
HUMIDITY DATA SENSOR DATA 

I I 

(OR) 

TIME OF 
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lAND) 
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[ MEASJRED I 
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$S 

STANDARD VALUES OF CORROSION RATE I 
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FIG. 2--Schematic information flow diagram of the alternative approaches to atmospheric corrosivity 
classification. 
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TABLE 8--Atrnospheric corrosion rates for corrosion class, ixm/year. 

171 

Weathering 
Steel Copper Zinc Aluminum Steel 

Corrosion 
Class ST LT ST LT ST LT ST LT ST LT 

1 <0.5 <0.1 <0.01 <0.01 <0.1 <0.01 <0.01 <0.01 <0.1 <0.1 
2 0.5-2 0.1-1.5 0.01-0.1 0.1-0.1 0.1-0.5 0.01-0.5 0.01-0.025 0.01-0.02 0.1-2 0.1-1 
3 2-10 1.5-6 0.1-2 0.1-1.5 0.5-2 0.5-2 0.025-0.2 0.02-0.2 2-8 1-4 
4 10-35 6-20 2-3 1.5-3 2-4 2-3.5 0.2-1.0 0.2-1 8-15 4-10 
5 >35 >20 >3 >3 >4 3.5-8 >1.0 >1.0 >15 >10 

NOTE: ST = Average corrosion rate during the first ten years of exposure; LT = Steady state 
corrosion rate for long-term exposures. 

exposure to rain and particulates. However, the rain exposure tends to wash off the par- 
ticulates that accumulate. Unfortunately, there is no general rule on the relative behavior 
of the top side of the panel versus the bottom side. The ISO CORRAG program has 
employed both flat panels and wire helices. Wire helices do not have a top side-bottom side 
configuration but exposure occurs at all angles. It has been rather widely observed that the 
helices tend to corrode at a higher rate than the flat panels, but the reason for this difference 
in behavior has not been apparent [16]. 

Time of Wetness 

Many investigators have noticed that panels exposed to the atmosphere go through periods 
of being wet and then drying out. The wet periods seem to be the time when corrosion 
occurs, and so it has been of interest to measure the time of wetness and use this time as 
the basis for calculating corrosion damage. Wetness can occur from either dew or precipi- 
tation. In general, dew formation appears to be more damaging than precipitation because 
the time of wetness from dew is longer and dew equilibrates with the acid gases in the 
atmosphere rapidly. On the other hand, dew formation seldom yields sufficient moisture to 
cleanse the surface to any significant degree. 

A variety of techniques have been proposed for measuring time of wetness. Initially, this 
was done by means of a zinc panel with platinum strips and an electronic device that switched 
on a timer when a potential developed between the zinc and platinum [17]. This device was 
rather unwieldly, and its results appeared to be dependent on the method of attaching the 
platinum strips to the zinc electrode. More sophisticated devices have been developed that 
can be used not only for time of wetness in atmospheric exposures but also are applicable 
for use inside building walls and other places with difficult access. The detection principle 
is based on a galvanic couple between either gold and zinc or gold and copper. A standard 
based on this type of device was developed by ASTM Committee G-1 (ASTM G 84). 

Another approach to the time of wetness concept came out of the Kucera-Mattsson 
atmospheric corrosion monitor [18]. This technique was studied in some detail by Mansfeld 
who showed that it could be used to measure time of wetness [19]. Two variations of this 
approach have been used. One employs a steel-copper couple and a zero-resistance ammeter 
to monitor current flow between these electrodes. The other approach employs two steel 
electrodes and a polarization resistance approach to detect wetness. 

Another approach to time of wetness is to measure the relative humidity as a function of 
time and assume that wetness occurs when the relative humidity exceeds 80% [20]. This is 
the basis of the ISO TC156 WG4 temperature humidity complex. It has been widely rec- 
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ognized that these different techniques for measuring time of wetness give different results; 
however, the more surprising consequence is that the variations in time of wetness are 
relatively small when measured by different techniques. For practical purposes, these dif- 
ferences have little effect on estimates of corrosion damage. 

Sheltering 

Another  concern is the question of sheltering. It has been observed that corrosion in 
sheltered areas is often quite different from that which occurs in bold exposures. Weathering 
steels, for example, are less able to develop protective patinas in sheltered areas, especially 
in areas where loose corrosion products and dirt can accumulate. It is therefore important 
to be able to run tests in the atmosphere that will anticipate the problems of sheltered areas. 
A variety of techniques have been used in the past, including louvered boxes and roofs over 
exposure sites. However, more work needs to be done to understand the behavior of 
materials in these types of exposures. 

Other Pollutants 

There is no question that chlorides from marine sources and elsewhere are a major factor 
in contributing corrosive components to atmospheric exposures. However, with the reduction 
in local sulfur dioxide concentrations, other gases in the atmosphere may begin to have 
important roles. It is known, for example, that aluminum alloys at West Coast locations 
experience higher corrosion rates than other locations. This has been attributed to the 
presence of nitrogen oxides in the atmosphere, perhaps in the absence of sulfur dioxide 
[21]. It is not clear, however, why nitrogen oxides should affect the corrosion rate of 
aluminum and not other metals such as copper alloys. It is also not clear how one should 
measure the nitrogen oxide concentrations in the atmosphere or in precipitation. 

Sulfation Plates 

The sulfation plate technique for monitoring sulfur dioxide in the atmosphere was de- 
veloped as an inexpensive monitoring technique that would integrate the exposure of sulfur 
dioxide over a reasonably long period of time, for example, 30 days. Another  approach to 
monitoring sulfur dioxide exposure is to take atmospheric samples and measure the sulfur 
dioxide contents at regular intervals, such as every few minutes or every hour. Of course 
this approach is substantially more expensive and requires rather sophisticated equipment 
at the exposure sites in order to obtain the samples and carry out the analysis technique 
and record the results. It also requires that electric power be available at each exposure site 
where the monitoring is carried out. 

Another  approach is to use a wet candle for sulfur dioxide absorption. However,  wet 
candles require even more attention than the sulfation plate because the wet candle needs 
to be changed once a week. It also occupies more space and is more subject to problems 
such as freezing. Neither the sulfation plate, nor the volumetric sampling, nor the wet candle 
techniques are useful for measuring sulfur content in precipitation. The sulfation plate will 
pick up sulfuric acid aerosols where these would tend to be lost in a volumetric sample. 

One unanswered question regarding sulfation plates is whether the sulfation plate is more 
effective when the lead peroxide is wet from dew than when the plate is dry. It seems likely 
that the wet peroxide would be more effective and in this way would simulate corrosion 
product-covered surfaces better than the volumetric sampling process. Also, the mass trans- 
fer to a horizontal surface such as a sulfation plate is affected by the local wind currents in 
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a similar manner to a flat panel. Consequently, a sulfation plate should give a somewhat 
weighted average of sulfur flux to the surface rather than a measure of the bulk concentration 
of sulfur dioxide. It should be noted that sulfation plates are normally exposed in an inverted 
orientation to exclude sulfates from precipitation. This should not affect the kinetics of mass 
transfer of sulfur dioxide from the air to the reactive surface, but it should be noted that 
the technique is not truly similar to flat panel or other geometries, and so the results must 
be viewed as approximations of service conditions. 

In the case of the wet candle technique, for both chloride and sulfur dioxide the exposed 
area is in question. In the case of the conventional wet candle, the area should probably be 
the surface of the tube used to construct the wet candle; however, the extrapolation of a 
vertical cylinder to a flat panel or some other orientation does raise some questions. All  of 
these questions leave some room for doubt on how to interpret the results of the measure- 
ments. 

Particulates 

Many investigators have noted that the particulates are a source of concern in atmospheric 
corrosion. Pitting on the skyward side of panels exposed in industrial locations has been 
associated with the deposition of fly ash [22]. Loose rust deposits on weathering steels have 
created conditions that have lead to the formation of nonprotective rust layers. It is likely 
that particulates cause other corrosion problems; for example, particulates are known to 
aggravate the corrosion of auto body steels, especially in occluded areas. It is not apparent 
how one can determine the effect of particulates in simple tests, and furthermore, it is not 
obvious that all particulates behave in the same way. More work is necessary to characterize 
this problem. In particular, it would be desirable to use standard procedures to measure 
the quantity and types of particulate matter that deposit on corrosion specimens. 

Evaluation 

Another  area of importance in atmospheric corrosion testing of metals is the question of 
evaluation results. Normal procedure has been to clean the corrosion products from the 
specimens' surfaces at the end of the exposure and to obtain mass loss and pit depth and 
possibly change in tensile properties of the exposed panel. More recently, investigators have 
looked at the crystal structure and morphology of the corrosion product films that develop 
on atmospheric specimens [23]. Also, microanalysis techniques such as electron microprobe 
surveys reveal interesting results and sometimes have been able to explain the behavior of 
materials. 

Atmospheric corrosion testing generally leads to nonlinear kinetics. This is especially true 
in relatively short-term exposures and is probably a result of the development of a semi- 
protective corrosion product film on the specimen surface. As time goes on this film tends 
to thicken and becomes more protective. Consequently, mass loss versus time curves can 
usually be best correlated by using an expression of the type 

M = Kt" 

where: 

m = the total mass loss caused by corrosion per unit of the exposed area, 
with typical units of g/m 2, 

t = the exposure time, typically years, 
K = a proportionality constant, and 
n = the mass loss exponent. 

(1) 
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This expression of kinetics has been generally observed for steels, especially weathering 
steels and aluminum alloys. In these cases, the mass loss exponent generally varies between 
0.5 and 1. Generally, the smaller the mass loss exponent, the more protective the coating 
and the better the long-term performance of the alloy. Zinc alloys generally show mass loss 
exponents very close to 1. Copper alloys, on the other hand, do not generally follow these 
kinetics. The power law function has been criticized as an approach for extrapolating long- 
term corrosion behavior on the grounds that ultimately linear kinetics should prevail and, 
if the power law relationship is used beyond its range of applicability, it will seriously 
underestimate the resulting corrosion damage. Unfortunately, the transition time from power 
law to linear kinetics has not been well established. Further work to develop good reliable 
models for the kinetic behavior of metals in atmospheric exposures would be very helpful, 
both in interpreting results and in making long-term predictions. 

Conclusions 

1. The environment in the United States has become significantly less corrosive in urban 
and industrial areas, particularly to ferrous metals such as zinc and zinc alloys. 

2. The emphasis of atmospheric corrosion testing in recent years has changed from the 
measurement of how materials behave in various atmospheric conditions to how environment 
variables affect the kinetics of degradation of various materials. 

3. Because the atmosphere has changed rather substantially in recent years, it has become 
much more important to characterize atmospheres where tests are carried out and develop 
techniques for predicting how materials will behave under different atmospheric conditions. 

4. Standards for atmospheric testing, site monitoring, and specimen evaluation have 
played an important role in technology development and increasingly there will be a need 
for better and more sophisticated standards in this area. 

5. More work has been done on the development of models for atmospheric corrosion 
including more sophisticated kinetic expressions. There will continue to be a need to refine 
these models. 
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DISCUSSION 

W. W. Kirk 2 (written discussion)--In response to Mr. Kinstler's question regarding time- 
of-wetness sensing, Subcommittee G01.04 is currently reviewing ASTM Standard Practice 

~- Chairman, ASTM Subcommittee G01.04, La Que Center for Corrosion Technology, Wrightsville 
Beach, NC 28480. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



176 CORROSION TESTING AND EVALUATION 

for Measurement of Time-of-Wetness on Surfaces Exposed to Wetting Conditions as in 
Atmospheric Corrosion Testing (G 84). A notation is included in that standard stating that 
the Sereda sensor is available commercially from Epitek Electronics, Ltd.,  Kanata,  Ontario, 
Canada. A recent telephone check confirmed that the sensor is being manufactured and is, 
indeed, available. 

S. W. Dean (author's closure)--I appreciate Mr. Kirk's discussion on the availability of 
G 84 sensors. Having these devices readily available should make the use of the time-of- 
wetness measurement a desirable component of atmospheric exposure studies as well as in 
other applications where moisture condensation may occur. 
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ABSTRACT: Stainless Steels have been used in outdoor applications for many years. The 
classic example is the roof of the Chrysler Building in New York City that was constructed in 
1926; it has been cleaned only once (in 1961) to remove surface deposits and restore its original 
gleam. Architecture, industry, and transportation (land, air, water, and space) all utilize 
stainless steels, and the list of components in each is endless. 

Eleven grades of stainless steel were evaluated after 29 years of exposure at two ASTM test 
sites: the rural atmosphere at State College, PA and the industrial atmosphere at Newark/ 
Kearny, NJ. Previous evaluation of these same materials from the Kure Beach, NC 25- and 
250-m marine sites have been reported and are referenced in this paper. The alloys evaluated 
include 200, 300, and 400 series stainless steels. This paper dwells on results from the rural 
and industrial sites, but summarizes alloy corrosion behavior from the mildest rural atmosphere 
to the most severe marine environment. 

All materials at each site had the same general appearance, and no significant corrosion 
was evident. In the rural atmosphere, all stainless steel surfaces remained virtually unchanged 
after 29 years of exposure. In the industrial atmosphere, all alloy surfaces were dark brown 
to black in color, resulting from the deposit of industrial airborne particles. These deposits 
could be removed by brisk rubbing with a wet cloth and nonabrasive cleanser, nearly returning 
the surfaces to their original appearance. 

No evidence of stress corrosion cracking was found around any welds or Erichsen cups. 
Mechanical properties of all alloys were unaffected by these long exposures. 

KEY WORDS: stainless steels, atmospheres, rural, industrial, marine, long-term corrosion, 
reflectivity, pitting, mechanical properties, welds, Erichsen cups 

Stainless steels have been used successfully for many years in various environments  for 
architectural applications, sculptures, t ransportat ion vehicles, and other  components .  His- 
torically, the austenitic grades of stainless steel have been chosen for these applications. 
The Book o f  Stainless Steels [1], published in 1933, describes the use of  stainless steel in the 
Chrysler Building in New York  City, and the architect predicted a wonderful  future for 
stainless steels in architecture.  The Chrysler Building was first c leaned in 1961 [2], 32 years 
after its construction, to remove  dirt deposited on the surface f rom the atmosphere.  

In 1958, former  A S T M  Commi t t ee  A - 1 0  on I ron-Chromium,  I ron-Chromium-Nickel ,  and 
Rela ted Alloys established a test program to determine the long-term atmospheric  corrosion 

Senior research technologist and president, respectively, LaQue Center for Corrosion Technology, 
Inc., P. O. Box 656, Wrightsville Beach, NC 28480. 
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178 CORROSION TESTING AND EVALUATION 

behavior of various grades of stainless steel in rural, industrial, and marine environments. 
Guidelines were established that specified the types of materials, types of test panels, test 
panel preparation, and exposure test locations. These guidelines were distributed throughout 
industry to obtain the needed test panels for test exposure. 

Removals of selected materials were conducted after three, five, and seven years from 
all sites as indicated in the ASTM annual proceedings of Committee A-10,  Subcommittee 
IV from 1961 through 1969 [3]. 

Upon the merger of Committee A-10 with Committee A-1 on Steel, Stainless Steel, and 
Related Alloys in 1972, the program was continued with no further documented action until 
1984. At  that time, the LaQue Center for Corrosion Technology, Inc. (LaQue Center) 
initiated an evaluation of the test panels on exposure at its marine atmospheric test sites in 
Kure Beach (KB), NC. With the approval of Committee A-1  and Committee G-1 on 
Corrosion of Metals, test panels were removed from the Kure Beach 25- and 250-m sites 
and evaluated under the sponsorship of Inco Europe and the Nickel Development Institute 
(NiDI). Results from these evaluations have been published [5]. NiDI currently is sponsoring 
the evaluation of companion stainless alloys exposed at the ASTM test sites in State College 
(SC), PA, classified as a rural site, and Newark/Kearny (NK), NJ, historically classified as 
an industrial site. However, relatively recent results have been reported [4] which show the 
NK site to be only slightly more corrosive than a rural atmosphere during a 1976 to 1979 
study. 

The objective of this paper is to focus on the results gathered from the evaluation of 
stainless steels exposed in rural and industrial environments, introduce a new method to 
assess material performance, and present additional data gathered from marine atmospheric 
exposures. 

Experimental Procedure 

The following guidelines for the preparation of test panels, as identified in Tables 1 and 
2, were established. 
1. Flat Panels 

a. Each test panel was nominally 100 by 356 by 0.94 mm ( +  1.27, - 0.79). 
b. Rolling direction was perpendicular to the 356-mm length. 
c. Panels of any given material were fabricated from the same heat (Tables 1, 2). 

2. Spot Welded Panels 
a. Materials were supplied as 100 by 100 by 0.94 mm (+0.25,  -0 .00)  and 100 by 200 

by 0.94 mm ( + 0.25, - 0.00) specimens for spot welding into panels 100 by 356 mm. 
The identification code was along one side, parallel to the direction of rolling. 

3. Arc Welded Panels 
a. Materials were welded and sheared into panels 100 by 356 by 3.2 mm (+0.25,  

-0 .13) .  
b. Panels of any given material were fabricated from the same heat. 

4. Erichsen Cup Panels [ASTM Test Method for Ball Punch Deformation of Metallic Sheet 
Material (E 643-84)] 
a. Material was supplied as 76 by 356 by 0.94 mm (-+0.25) specimens. 
b. Panels were supplied with three Erichsen cups (two to 80% and one to 50% max- 

imum depth of expected value for failure), equally spaced along the center line 
with the small cup in the center. The small cup and one large cup were drilled with 
a 6.35-mm drill. 

5. All Panels 
a. Passed the boiling nitric acid test as outlined in ASTM Standard Practices for 

Determining Susceptibility to Intergranular Attack in Austenitic Stainless Steels (A 
262/A 262M). 
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TABLE l--Materials used for corrosion evaluations. 
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AISI Type Temper 

Type of Panel 

Spot Arc Erichsen 
Finish Flat Welded Welded Cup Supplier 

201 So~ 
201 1/4 hard 
201 1/2 hard 
201 3/4 hard 
201 S o l  
202 S o l  

16-16-1 Soft 
16-16-1 1/2 hard 
301 S o l  
301 1/4 hard 
301 1/2 hard 
301 3/4 hard 
302 S o l  
302 1/4 hard 
302 Soft 
302 Quenched 
302 Quenched 
304 Soft 
304 Soft 
304L Soft 
316 S o l  
316 S o l  
316L S o l  
321 S o l  
347 So~ 
410 Annealed 
430 So~ 

Cold rolled X X ... X US Steel 
Cold rolled X . . . . . . . . .  US Steel 
Cold rolled X . . . . . .  US Steel 
Cold rolled X X ... US Steel 

2B X" US Steel 
Cold rolled X X ... X Allegheny Ludlum 
Cold rolled X ... X Allegheny Ludlum 
Cold rolled X X Allegheny Ludlum 
Cold rolled X iii X Allegheny Ludlum 
Cold rolled X X . . . . . .  Allegheny Ludlum 
Cold rolled X . . . . . .  Allegheny Ludlum 
Cold rolled X ")( ... Allegheny Ludlum 
Cold rolled X X ... X" Republic a 
Cold rolled X . . . . . .  Republic 

2B ... X ... Republic 
No. 4 X . . . . . . . . .  Republic 
No. 7 X ... Republic 

Cold rolled X X" X" Republic 
2B . . . . . .  X ... Republic 
2B X Armco 

Cold rolled X X X' US Steel 
2B . . . . . .  X ... US Steel 
2B . . . . . .  X ... Armco 
2B . . . . . .  X ... Eastern Rolling b 
2B X Eastern Rolling 

NO. 2 X X ... X Crucible c 
Cold rolled X X ... X Sharon 

Republic is now LTV Steel. 
0 Eastern Rolling is now Eastern Stainless 
c Crucible is now Colt Industries. 

Steel. 

TABLE 2--Nominal Composition for Materials (principle elements), percent. 

Stainless 
Steel 
Type Cr Ni C, max Mo Mn N, max Fe Other 

201 17 4.5 0.15 ... 6.5 0.25 Balance ... 
202 18 5 0.15 ... 8 0.25 Balance ... 

16-16-1 16 1 ... ... 16 ... Balance ... 
301 17 7 0.15 . . . . . . . . .  Balance ... 
302 18 9 0.15 . . . . . . . . .  Balance ... 
304 18.5 9.5 0.08 . . . . . . . . .  Balance ... 
304L 18.5 10.0 0.03 ... . . . . . .  Balance ... 
316 17 12 0.08 2.25 . . . . . .  Balance ... 
316L 17 13 0.03 2.25 . . . . . .  Balance ... 
321 18 11 0.08 . . . . . . . . .  Balance Ti = 5•  C level rain 
347 18 11 0.08 . . . . . . . . . . . .  Ti = 5 x C level rain 

Cb + Ta = 10• C level min 
410 12 ... 0.15 . . . . . . . . .  Balance ... 
430 17 ... 0,15 . . . . . . . . .  Balance ... 
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All test panels were sent to the LaQue Center, where they were sorted and distributed 
to the following six atmospheric test sites for exposure: 

1. State College (SC), Pennsylvania (rural). 
2. Newark/Kearny (NK), New Jersey (industrial). 
3. Brazos River, Texas (industrial/marine). 
4. Battelle, Columbus, Ohio (urban). 
5. Kure Beach (KB), North Carolina (marine 25-m). 
6. Kure Beach (KB), North Carolina (marine 250-m). 

Test panels were exposed at the State College, PA, Newark/Kearny,  N J, and Kure Beach, 
NC test sites during May to October, 1958. Scheduled removals were made after three, five, 
and seven years, and the panels were distributed to different participating companies (Table 
1) for evaluation. Unfortunately, no results have been found from those removals that relate 
to corrosion behavior or appearance. The only results available are mechanical properties 
measured after three years' exposure at the SC, NK, and KB sites. Duplicate test panels 
were removed from Kure Beach in 1984 after 26 years of exposure and at the State College, 
PA and Newark/Kearny,  NJ test sites in 1987 after 29 years of exposure with the permission 
of ASTM Committees A-1 and G-1.  

Over the years, several methods have been used to assess the performance of stainless 
steels in the atmosphere. The MDL Method (Manufacturing Development Laboratory of 
Ford Motor Co.) uses charts to convert the percent defective area (pits or corroded area) 
to a rating number [5]. This system is a part of the ASTM Practice for Rating of Electroplated 
Panels Subjected to Atmospheric Exposure (B 537). In an earlier paper [6], this system was 
used to rate the pit density on the surface of stainless steels exposed at Kure Beach, NC 
for 26 years. Also reported was the percent of the surface area that was covered by rust 
stain or visible rust, Fe(OH)3. 

Another  paper [7] describes a photometric technique to analyze visible light reflectivity 
from the surface of stainless steels. A colorimeter (color difference meter) was used to 
analyze visible light reflectivity from the surface of stainless steel panels. 

Being confronted with the fact that all the various grades of stainless steel at one test site 
can have the same appearance and no corrosion may be evident, some other objective 
method was needed to evaluate performance. It was necessary to compare some surface 
property with corresponding companion controls of the same heat that had not been exposed. 
This was done by measuring the reflectivity with a D&S Alphatometer  Model A1, a min- 
iaturized thermopile-type pyranometer that measures solar reflectivity, absorptivity, and 
transmissivity. To obtain reflectivity of a surface, the alphatometer is aimed at the sun, and 
the RD1 scaling digital voltmeter is adjusted to read 1.00 (100% reflectivity); then the 
alphatometer is aimed at the surface of interest, and the RD1 indicates reflectivity directly 
as a percentage of the maximum. 

Reflectivity measurements were made on the various grades of stainless steel from the 
SC, NK, and KB test sites and were compared with measurements taken on companion 
unexposed controls from the original stock. These results now have documented the per- 
formance of eleven types of stainless steels, some with different cold-rolled tempers, in 
rural, industrial, and marine environments. 

Chemical Analyses 

Two materials, Types 304 and 316 stainless steel, were selected for chemical analysis as 
given in Table 3 to determine that the compositions were within established limits. 
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TABLE 3--Chemical analysis of austenitic stainless steels exposed in the 
marine atmosphere for 26 years. 
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Weight %, Balance Fe 

C Mn Si Ni Cr Mo P S N2 

Type 304 stainless steel, 25-m lot 
Nominal 0.08 2.00 1.00 8.0 18.0 ... 0 . 0 4 5  0.030 ... 

composition ~ max max max 10.5 20.0 ... max max 
Spectrographic, 0.021 0~05 

combustion, and 
wet chemical analysis 0.05 1.0 0.50 8.2 17.8 b 0.40 0.01 

Type 316 stainless steel, 25-m lot 
Nominal 0.08 2.00 1.00 10.0 16.0 2.0 0 . 0 4 5  0.030 ... 

composition ~ max max max 14.0 18.0 3.0 max max ... 
Spectrographic, 

combustion, and 
wet chemical analysis 0.05 1.30 0.35 13.3 18.0 2.5 0.013 0.015 0.02 

Nominal composition, reference: Metals Handbook, Vol. 3, 9th ed., 1980. 
b Slightly low but within the tolerance allowed on a check chemical analysis as noted in the ASTM 

Specification for General Requirements for Flat-Rolled Stainless and Heat Resisting Steel Plate, Sheet, 
and Strip (A 480/A 480M). 

Mechanical Properties 

Five materials (Types 201-1/2h, 301-1/2h, 302-1/4h, 304 ann, and 316 ann) were selected 
for mechanical properties evaluation. Samples tested were taken from storage (26 years), 
SC (29 years), NK (29 years), and KB 25- and 250-m lots (26 years). Since more rust staining 
was noted in the marine environments, five additional material conditions (Types 201 ann, 
201-1/4 h, 301 ann, 301-1/4 h, 302 ann) were selected from the latter two sites for tension 
tests. 

Corrosion Evaluation 

All materials were evaluated for evidence of corrosion attack in the form of rust, rust 
stain, pitting, crevice attack, and cracking or weld failure. Panel surfaces were examined 
with a modified Unitron microscope with attached ONO Sokki digital linear gage. 

Results 

Rural Atmosphere 

The various grades of stainless steel exposed in a rural test site at State College (SC), 
PA, as illustrated in Fig. 1, displayed the same general overall appearance. In 1987, after 
29 years, panels of each type of stainless steel were removed from the test. 

Since no difference in appearance among the alloys and no corrosion was evident, the 
reflectivity of each material (not cleaned) was measured and compared with the reflectivity 
of an unexposed control of the same material. The measurements taken are given in Table 
4. The mechanical properties of Types 201, 301, 302, 304, and 316 were tested, and the 
results are given in Table 5. 

The few particles or stain spots found on the side facing skyward appear to be related to 
deposits from birds, insects, vegetation, or simply water stains. The particles and stain spots 
could be removed easily with a damp cloth and mild soap. It is evident that the spots and 
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FIG. 1--View of  rural test site at State College, PA, where various grades o f  stainless steel have been 
on exposure for 29 years (1958 to 1987). The test panels are positioned at 30 ~ to the horizontal facing 
south. 

stain cycle appear and disappear frequently due to weather conditions (rain or snow) and 
as seasonal changes occurred (pollen, insects, leaves, grass clippings, etc.). 

All the stainless steels exposed in this rural environment exhibited the following qualities: 

1. Original appearance retained. 
2. Corrosion resistant. 
3. Sound spot welds. 
4. Sound arc welds. 
5. No evidence of corrosion or cracking on either the surfaces in tension or in compression 

at the Erichsen cups. 
6. No loss of mechanical properties. 

Industrial  A t m o s p h e r e  

The various grades of stainless steel exposed in the industrial test site at Newark/Kearny 
(NK), N J, as illustrated in Fig. 2, displayed the same general, overall appearance. A dark 
brown stain covered the skyward surface with scattered small, dark spots. These dark nodular 
spots (1 mm in diameter) are soft and have a consistency of tar or paint. An energy-dispersive 
X-ray (EDAX) analysis identified the presence of several elements in these deposits: alu- 
minum, 1.1%; calcium, 3.6%; silicon, 4.2%; titanium, 3.8%; sulfur, 1.7%; chromium, 1.7%; 
potassium, 1.2%; and iron, 82.7%. 

The relatively high levels of iron, titanium, silicon, and calcium suggest that the deposits 
are indeed paint. This same surface coverage was visible on all other specimens exposed at 
this site. Overspray from coating a nearby bridge or an industrial plant site are likely sources. 
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TABLE 4--Reflectivity ~ o f  stainless steels after long term exposure in rural, industrial, 
and marine environments. 
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Rural Industrial Marine Marine 
State Newark/ 250-m Lot 25-m Lot 

College, Kearny, Kure Beach, Kure Beach, 
PA NJ NC NC 

Material Control Sky %h Sky %b Sky %~ Sky %b 

201 soft 58 58 100 27 46.6 47 81.0 28 48.3 
201 1/4 63 63 100 32 58.8 59 93.7 29 46.0 
201 1/2 68 68 100 33 48.5 58 85.3 31 45.6 
201 3/4 68 67 98.5 33 48.5 57 83.8 32 47.1 
201 2B 42 42 100 23 54.8 31 73.8 22 52.4 
202 CR 58 58 100 31 53.4 51 87.9 26 44.8 
16-16-1 soft 62 55 88.7 29 46.6 34 54.8 25 40.3 
16-16-1 1/2 69 69 100 37 53.6 45 65.2 32 46.4 
301 soft 57 57 100 28 49.1 34 59.6 24 42.1 
301 1/4 63 63 100 30 47.6 58 85.7 32 50.8 
301 1/2 63 63 100 31 49.2 57 90.5 30 47.6 
301 3/4 66 66 100 31 47.0 61 92.4 34 51.5 
302 soft 57 57 100 27 47.4 35 61.4 28 49.1 
302 1/4 63 63 100 30 47.6 49 77.8 29 46.0 
302 soft 2B 58 57 100 31 54.4 44 77.2 28 49.1 
302 No. 4 64 64 100 33, 51.6 57 89.1 31 48.4 
302 No. 7 65 62 95.4 34 52.3 63 96.9 31 47.7 
304 soft 61 61 100 28 49.5 45 73.8 29 47.5 
304 soft 2B 54 54 100 29 53.7 37 68.5 24 44.4 
316 soft 61 61 100 27 44.3 61 100 31 50.8 
316 soft 2B 54 54 100 29 53.7 53 98.1 29 53.7 
316L soft 2B 60 60 100 30 50.0 48 80.0 29 48.3 
321 soft 2B 49 49 100 26 53.1 33 67.3 24 50.0 
347 soft 2B 44 44 100 26 59.1 32 72.7 23 52.3 
410 annealed No. 2 61 56 91.8 26 42.6 21 34.4 10 16.4 
430 soft CR 64 62 96.9 33 51.6 29 45.3 22 34.4 

" Measurements made with a D&S Alphatometer Model A1 on one panel of each material from each 
test. 

b Percent reflectivity retained equals % reflectivity exposed panel skyward side divided by the re- 
flectivity of control panel of same material from storage. 

In general ,  these  small  deposi ts  had  no th ing  to do with any cor ros ion  of the  alloys but  did 
con t r ibu te  to the  da rk  color.  

In addi t ion  to the  da rk  deposi ts ,  a few microscopic  br ight  o range  nodules  were  found  on  
all alloys and  were  ident i f ied to conta in  approximate ly :  92% iron,  3 %  ch romium,  1% silicon, 
2 .5% sulfur,  and  1% calcium. These  appea r  to be  m i n u t e  cor ros ion  p roduc t  stains,  no t  even  
visible to the  naked  eye. U n d e r  some  of  these  nodules ,  a microscopic  a rea  was found  to be  
very slightly e tched.  

Since all the  mater ia ls  had  essential ly the  same genera l  appea rance  and  the  ex ten t  of 
corros ion was not  cons ide red  significant,  the  reflectivi ty of each  tes t  pane l  was measu red ,  
as descr ibed in the  p rocedure ,  and  c o m p a r e d  with an  unexposed  control .  Resul ts  are given 
in Table  4. The  mechan ica l  p roper t i es  of Types 2 0 1 , 3 0 1 , 3 0 2 ,  304, and  316 stainless steel 
are given in Table  5. 

The  surface dir t  on  the  skyward side was easily r e m o v e d  f rom all grades  of stainless steels 
with a d a m p  cloth and  mild (nonabras ive )  househo ld  cleanser .  The  g roundward  side of all 
alloys had  a soot- l ike film tha t  was also easily r emoved .  
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TABLE 5--Mechanical properties of stainless steels exposed in different environments. 

Marine Marine 
Material Control, Rural, Industrial, 250-m Lot, 25-m Lot, 

Properties 26 years a 29 years 29 years 26 years 26 years 

201 1/2: 
YS, psi 142 000 120 000 123 000 137 000 136 500 
UTS, psi 155 000 156 000 159 004) 157 000 155 500 
elongation, % 21.5 20.0 21.0 21.0 23.0 

301 1/2: 
YS, psi 139 000 142 000 135 000 135 000 142 500 
UTS, psi 177 500 186 000 181 000 180 500 184 500 
elongation, % 21.5 23.0 22.0 24.3 23.3 

302 1/4: 
YS, psi 110 000 108 000 107 000 112 000 110 000 
UTS, psi 130 500 130 000 127 000 127 000 130 000 
elongation, % 19.5 19.0 21.0 21.5 22.5 

304 annealed: 
YS, psi 41 250 41 300 40 600 41 000 39 950 
UTS, psi 82 250 82 300 86 000 89 750 89 750 
elongation, % 56.5 56.0 56.0 59.8 59.8 

316 annealed: 
YS, psi 46 850 49 500 45 100 43 450 43 750 
UTS, psi 91 250 90 500 88 100 92 500 92 000 
elongation, % 48.0 47.0 46.0 49.0 51.0 

" Stored for 26 years. 

A few isolated pits of 0.05-mm maximum depth were found on the martensitic (Type 410) 
and ferritic (Type 430) stainless steels. The crevice of the spot-welded panels of these two 
alloys was very slightly etched at the edge of the overlap. 

It was concluded that all the different grades of stainless steel had generally the same 
aesthetic appearance. The austenitic stainless steels displayed a few microscopic etched spots 
on the side facing skyward. No crevice attack was evident in the crevice of the spot-welded 
panel. The martensitic and ferritic stainless steels did suffer microscopic pitting attack on 
the side facing skyward, and very slight attack (surface appears etched) was found in the 
crevice of the spot-welded panels. 

All the stainless steels exposed in this industrial environment exhibited the following 
characteristics: 

1. Alloys exhibited some microscopic pitting and staining. 
2. Spot welds were sound, no evidence of intergranular attack was found, and no crevice 

attack was found in the overlapped area. 
3. Arc welds were sound, with no evidence of cracks. 
4. No corrosion or cracking was evident on either the surface in tension or in compression 

at the Erichsen cups. 
5. No loss of mechanical properties. 

Marine Atmosphere 

The stainless steels exposed for 26 years in the 25- and 250-m lots at Kure Beach, NC 
(Fig. 3) were evaluated, and the results were reported previously [6]. It was determined 
that further investigations were warranted to provide more definitive data on chemical 
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FIG. 2--View of industrial test site at Newark/Kearny, NJ, where various grades of  stainless steel have 
been on exposure for 29 years (1958 to 1987). The test panels are positioned at 30 ~ to the horizontal 
facing south. 

composition, pitting, reflectivity, and mechanical properties of these materials. Reflectivity 
was measured after 26 years of exposure, and these data are compared with the rural and 
industrial data in Table 4. 

The mechanical properties of ten materials were examined to document yield stress, 
ultimate stress, and percent elongation after 26 years to compare with values for unexposed 
controls (held in storage) and data from three years of exposure, as given in Tables 6 through 
8. The 26-year data for five materials are compared with data from the same five materials 
exposed at the rural and industrial sites in Table 5. The results confirmed that these stainless 
steels exposed in the most severe environment for stainless steel, the marine atmosphere 
[5], did not lose any of their mechanical properties after 26 years. 

A focusing-depth microscopic examination of the skyward side of all materials revealed 
the pitting attack was greater than previously reported (0.01-ram evaluation by mechanical 
dial depth gage) [4]. The results are given in Table 9. 

Stainless steels exposed in marine environments exhibited the following characteristics: 

1. Rust and rust staining that was dependent on alloy content and distance from the 
ocean. 

2. Shallow pitting and crevice attack. 
3. Sound arc welds with no cracks evident. 
4. Spot weld failures on Type 430 stainless steel. 
5. No loss of mechanical properties. 
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FIG. 3--Views of the atmospheric lots at Kure Beach, NC, where various grades of stainless steel have 
been exposed for 26 years (1958 to 1984). Top: view of 25-m lot panels facing east. Bottom: view of 250- 
m lot panels facing south. 
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TABLE ~-Mechanical properties a of stainless steels exposed in the 25-meter lot. 

Alloy 

3 Years' Exposure 26 Years' Exposure 

Yield Ultimate Yield Ultimate 
Stress, Stress, Elongation, Stress, Stress, Elongation, 

psi psi % in 2 in. psi psi % in 2 in. 

201 annealed 60 200 110 850 58.2 58 300 111 000 54.8 
201 1/4 hard 106 920 136 920 37.0 102 000 131 000 35.3 
201 1/2 hard 128 680 162 050 22.5 136 500 155 500 23.0 
301 annealed 39 900 102 100 58.9 36 850 106 500 63.0 
301 1/4 hard 110 350 179 700 27.5 117 000 177 000 30.3 
301 1/2 hard 131 200 190 700 22.6 142 500 184 500 23.3 
302 annealed 36 030 87530 56.5 35 750 88 500 59.0 
302 1/4 hard 107 100 134 950 19.8 110 000 130 000 22.5 
304 annealed 38 200 85 610 54.0 39 950 89 750 59.8 
316 annealed 46 550 91 820 51.0 43 750 92 000 51.0 

" The mechanical properties are averages of two samples tested from a given test or control panel. 

Discussion 

Rural Atmosphere 

In the rural atmosphere at State College, PA it was found that all austenitic, martensitic, 
and ferritic types of stainless steel retained their original texture and appearance after 29 
years of exposure. Some particles or organic matter were observed to have deposited on 
the panels clinging to the surfaces for some period of time, but eventually would be washed 
naturally or could be removed with a damp cloth. The stainless steel surfaces remained 
unchanged, retaining virtually 100% of their original reflectivity. No corrosion was found 
on any of these materials, and there was no change in the mechanical properties. 

Industrial Atmosphere 

In the industrial atmosphere at Newark/Kearny, NJ it was found that changes to the 
stainless steels after 29 years of exposure were minimal. All were covered by the same type 
and quantity of airborne particles which attached to the panel surfaces. The adherence of 
some of these particles was such that they would not wash off naturally and reduced the 
aesthetic quality of the stainless steel. It was found that, after 29 years of buildup, all the 
types of stainless steel retained 40 to 50% of their reflectivity. Also, the attached particles 
could be removed easily with a wet cloth and mild nonabrasive cleanser, returning the metal 
surface to its original appearance. It was found that the austenitic stainless steels did have 
a few microscopic spots where the metal surface was very slightly etched. The martensitic 
and ferritic stainless steels displayed more microscopic pits and etched spots. Overall, cor- 
rosion on all types was considered insignificant. There was no change in the mechanical 
properties. 

Marine Atmosphere 

In the marine atmosphere at Kure Beach, NC, all types of stainless steel exhibited a good 
resistance to corrosion over 26 years of exposure. Microscopic pitting was measured on the 
boldly exposed surfaces of all materials. At the 250-m site, the average pit depth ranged 
between 0.02 and 0.08 mm on the flat surface. At the 25-m lot, the average pit depth ranged 
between 0.03 and 0.12 mm on the flat surface. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



188 CORROSION TESTING AND EVALUATION 

TABLE 7--Mechanical properties" of  stainless steels exposed in the 250-m lot. 

Alloy 

3 Years' Exposure 26 Years' Exposure 

Yield Ultimate Yield Ultimate 
Stress, Stress, Elongation, Stress, Stress, Elongation, 

psi psi % in 2 in. psi psi % in 2 in. 

201 annealed 60 160 113 270 58.2 58 250 112 000 55.8 
201 1/4 hard 107 880 137 020 37.0 101 500 132 000 35.3 
201 1/2 hard 139 950 159 440 23.2 137 000 157 000 21.0 
301 annealed 40 550 101 300 58.6 40 800 103 500 59.8 
301 1/4 hard 103 900 178 050 25.5 113 500 172 500 27.5 
301 1/2 hard 134 700 190 200 23.8 135 500 180 500 24.3 
302 annealed 35 010 86 280 57.5 36 350 89 750 61.3 
302 1/4 hard 109 600 134 350 20.0 112 000 127 000 21.5 
304 annealed 41 140 86 000 56.0 41 000 89 750 59.8 
316 annealed 47 800 91 880 52.8 43 450 92 500 49.0 

The mechanical properties are averages of two samples tested from a given test or control panel. 

All  of the stainless steels exhibited rust staining and rust coverage to varying degrees.  In 
the 250-m marine atmospheric site, considered a modera te  marine site, the 200 and 300 
series stainless steels showed less than 50% rust stain coverage and the percent  reflectivity 
retained was be tween 60 and 100%. Reflectivity retained on Types 410 and 430 stainless 
steel was 34.4 and 45.3%, respectively. In the 25-m marine atmospheric site, considered a 
severe marine site, the 200 and 300 series stainless steels showed 100% rust and rust stain 
coverage,  and the percent  reflectivity retained was between 40 and 50%. The  reflectivity 
retained on Types 410 and 430 stainless steel was 16.4 and 34.4%, respectively. Rust  staining 
on all stainless steels exposed in the marine a tmosphere  could be removed  but only by a 
scrub brush and abrasive cleanser,  by commercial  cleaning solutions, or by 30% nitric acid. 

The spot-welded stainless steels displayed some crevice corrosion be tween the over lapped 
plates. In this crevice area, significant pitting and intergranular corrosion was observed.  In 
the 250-m lot, the average attack on the e leven stainless alloys ranged f rom 0.01 to 0.10 

TABLE 8---Mechanical properties a o f  stainless steel controls held in storage 3 and 26 years. 

Alloy 

3 Years 26 Years 

Yield Ultimate Yield Ultimate 
Stress, Stress, Elongation, Stress, Stress, Elongation, 

psi psi % in 2 in. psi psi % in 2 in. 

201 annealed 62 880 113 390 57.2 56 500 110 000 52.8 
201 1/4 hard 104 880 136 480 36.8 103 000 131 000 33.3 
201 1/2 hard 138 700 164 540 23.5 142 000 155 000 21.5 
301 annealed 40 400 100 500 58.5 39 900 102 800 62.0 
301 1/4 hard 108 100 180 900 27.5 110 000 174 500 29.0 
301 1/2 hard 133 750 192 000 22.2 139 000 177 500 21.5 
302 annealed 35 570 86 680 58.0 35 400 87 500 59.0 
302 1/4 hard 108 900 134 300 21.0 110 000 130 500 19.5 
304 annealed 40 420 87 120 58.2 41 250 85 250 56.5 
316 annealed 47 950 91 600 50.8 46 850 91 250 48.0 

" The mechanical properties are averages of two samples tested from a given test or control panel. 
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TABLE 9---Average pitting attack a on stainless steels after 26 years' exposure 
in marine atmospheric lots. 

189 

250-m Lot 25-m Lot 

Panel Surface, Crevice, Panel Surface, Crevice, 
Material mm mm mm mm 

201 soft CR 0.05 0.05 0.08 0.10 
201 1/4 CR 0.03 ... 0.10 ... 
201 1/2 CR 0.03 0.09 
201 3/4 CR 0.04 01(J9 0.09 0~'1"3 
201 soft 2B 0.06 0.05 
202 soft CR 0.07 01(J9 0.04 0~09 
16-16-1 soft CR 0.06 0.07 
16-16-1 1/2 CR 0.06 0~'1"2 0.08 0~23 
301 soft CR 0.04 0.08 ... 
301 1/4 CR 0.03 0~05 0.10 0.19 
301 1/2 CR 0.04 0.12 ... 
301 3/4 CR 0.04 0".05 0.04 0,12 
302 soft CR 0.05 0.08 0.06 0.12 
302 1/4 CR 0.04 ... 0.05 ... 
302 soft 2B 0.04 ... 0.04 ... 
302 No. 4 Q 0.05 ... 0.06 ... 
302 No. 7 Q 0.05 0.07 
304 soft CR 0.05 0~06 0.07 0~'1"1 
304 soft 2B 0.04 ... 0.03 ... 
304L soft 2B 0.05 ... 0.10 
316 soft CR 0.04 0.05 0.06 0~'1"4 
316 soft 2B 0.02 ... 0.03 ... 
316L soft 2B 0.03 ... 0.05 ... 
321 soft 2B 0.04 ... 0.05 ... 
347 soft 2B 0.05 ... 0.06 
410 annealed No. 2 0.08 0.07 0.12 0~'15 
430 soft CR 0.05 0.05 0.11 0.21 

~ Pit depths measured by a modified Unitron microscope with a digital linear gage attachment at 
x 210 magnification. 

mm. Type 430 stainless steel  did suffer failures at spot  welds in both  the 250- and 25-m lots 
because of  corrosion of  the weld. 

All the arc-welded stainless steels exposed  showed no evidence of weld failure. 
All stainless steels with Er ichsen cups exposed showed no evidence of stress corrosion 

failure in the stressed areas.  There  were  a great  many more  pits visible on the side of the 
Erichsen cup than were  found on the fiat surface of the test panels exposed  in the 25-m lot. 
Even in light of  the corrosion noted  in the marine  envi ronments ,  no changes in mechanical  

proper t ies  were  evident.  

Conclusions 

The aesthetic qualities of  various grades of  stainless steel will vary in different  environ- 
ments ,  as observed  after 26 to 29 years of  exposure.  

1. In a rural or relatively clean env i ronment ,  nature  usually will provide sufficient cleaning, 

and the surface will retain its original appearance  indefinitely. 
2. In an industrial env i ronment ,  some airborne particles can adhere  to the surface which,  
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after many years, may require cleaning. This can be accomplished with a slight scrubbing 
with a brush or cloth, mild soap, and water. The metal surface can be restored almost to 
its original appearance. Austenitic stainless steels can suffer microscopic etched spots. Mar- 
tensitic and ferritic stainless steels can suffer microscopic pitting and etched spots. 

3. In the rural and industrial environments, the minor amounts of corrosion can be 
considered insignificant. No effects of intrinsic material properties, for example, composi- 
tion, surface finish, temper, or metallurgical structure could be observed. 

4. In the very corrosive marine atmosphere, because of the constant presence of chlorides, 
stainless steels will develop various degrees of rust staining associated with microscopic 
pitting and etching on the surface, depending on the alloy content (chromium, nickel, and 
molybdenum) and distance from the ocean. The degree of rust staining will usually be 
established within two to five years and will cycle slightly thereafter for many years. The 
surface can be cleaned with a scrub brush and abrasive cleanser, metal cleaning solutions, 
or 30% nitric acid. The surface will return to a bright finish, although the surface texture 
may change slightly. 
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ABSTRACT: A unique laboratory exposure system for exposing materials to complex air 
mixtures that simulate atmospheric conditions has been developed for studying the aerody- 
namic and chemical processes controlling atmospheric degradation of materials. Runoff studies 
using covering-spray devices were also developed to provide insight into the effects of at- 
mospheric acidity on materials in the early stage of field exposure. Using these facilities, 
exposure studies of galvanized steel panels have shown that the deposition of sulfur dioxide 
(SO2) is controlled by the gas phase resistance of the atmosphere during periods of surface 
wetness. The delivery of SO2 to the galvanized steel surface is controlled by the atmosphere. 
Each molecule of SO2 that deposits to the wet surface will react with one zinc (Zn) atom to 
form zinc sulfate (ZnSO4). During periods of surface dryness, the surface density of SO2 
corresponds to the formation of a saturated monolayer of SOy The deposition of nitrogen 
dioxide (NO2) is an order of magnitude less than SO2 during periods of surface wetness and 
appears to be controlled by the surface resistance of galvanized steel. The delivery of NOz is 
limited to its solubility within the aqueous surface film. Of the atmospheric gases, nitric acid 
(HNO3) readily deposits during periods of surface wetness and dryness. Rain acidity contributes 
to the corrosion of zinc according to the stoichiometric relationship 2(H +) = Zn 2+. The 
corrosion film that forms on zinc is soluble in rain due to dissolved atmospheric carbon dioxide 
(CO2). The dissolution of the corrosion film depends on the residence time of rainwater on 
the surface of the galvanized steel panel. 

KEY WORDS: laboratory exposure system, field covering spray device, galvanized steel, 
atmospheric corrosion, atmospheric wet and dry deposition, sulfur dioxide, nitrogen dioxide, 
nitric acid, rain acidity 

In 1980 Congress passed the Acid Precipitation Act, which established an interagency 
task force to plan and implement a ten-year national research program. The task force 
implemented the National Acid Precipitation Assessment Program (NAPAP) by forming 
task groups composed of federal agencies to investigate the various aspects of acidic dep- 
osition. Task Group VII, Effects on Materials and Cultural Resources, was formed to 
investigate the effect of acidic deposition on materials. 

The primary mission of Task Group VII is to provide NAPAP with cause and effect 

1 U.S. Environmental Protection Agency, Research Triangle Park, NC 27711. 
: NSI Environmental Sciences, Research Triangle Park, NC 27709. 
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192 CORROSION TESTING AND EVALUATION 

relationships for the incremental effects of acidic deposition on materials-at-risk. A listing 
of the materials that Task Group VII considers to be at risk to acidic deposition is shown 
in Table 1, The U.S. Environmental Protection Agency (EPA) and the Bureau of Mines 
(BOM) are responsible for planning and conducting effects research on materials of con- 
struction, whereas the National Park Service and the U.S. Geological Survey have been 
funded to study cultural materials. A general description of the Materials Effects Research 
Program and procedures that have been adopted by Task Group VII has been reported 
previously [I]. Information from this exposure program will be used by NAPAP to prepare 
State of Science and Assessment Reports to Congress in 1990. 

Prior material exposure studies that EPA [2-5] and other researchers [6-8] have conducted 
indicate that atmospheric pollutants such as sulfur dioxide (SO2), relative humidity, or time 
of surface wetness can accelerate the degradation of many of the materials shown in Table 
1. The cause-and-effect relationships that the task group was charged with developing had 
to show the incremental effects of atmospheric species associated with dry deposition and 
wet deposition on the materials at risk. Dry deposition involves atmospheric gases that are 
delivered to materials when the surface is dry and when it is wet with dew. Wet deposition 
concerns those atmospheric species delivered to materials in rain, snow, etc. To distinguish 
the damage to materials by dry deposition from that by wet deposition, the task group had 
to develop unique chamber and field exposure systems for the research program. 

This paper describes exposure systems and techniques that were developed during NAPAP 
for determining the key chemical and physical parameters associated with dry deposition 
and wet deposition of atmospheric species to material surfaces. Major  findings that were 
obtained for acidic deposition damage to galvanized steel are presented in this paper. 

Experimental 
Laboratory Exposure System 

For studying deposition under controlled environmental conditions, a laboratory exposure 
system was developed by NSI-Environmental Sciences, under contract to EPA, for exposing 

TABLE 1--Materials being tested for acidic deposition damage. 

Materials-At-Risk Agency 

Construction materials Bureau of Mines and US 
Environmental Protection Agency 

1010 carbon steel 
Cor-Ten A steel 
110 copper 
3003 HI4 aluminum 
191 zinc 
G-90 galvanized steel 
Galvalume 

Exterior coatings on metal 
Exterior coatings on wood 

Cultural materials 

Salem limestone 
Vermont marble 

Bronze 

National Park Service 
and US Geological Survey 
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materials in the presence of simulated urban environments and other complex air mixtures. 
This chamber has some characteristics of earlier chambers that were developed for EPA 
[9,10]. Earlier studies have shown that laboratory environmental exposures provide consid- 
erable insight into the effects of pollutants on materials degradation [10-12]. 

A diagram of the exposure system, which consists of a material exposure chamber coupled 
to an l l .3-m 3 chamber for generating photochemical smog, is shown in Fig. 1. The system 
operates as a continuous, stirred-tank reactor in which the large chamber serves as a pollutant 
reservoir for exposing materials within the flow chamber. The procedures for charging the 
chamber with individual pollutants and reactants for generating smog within the chamber 
have been reported previously [13]. Banks of black lights and sun lamps, which are not 
shown in Fig. 1, are located on both sides of the l l .3-m 3 chamber to initiate the photochemical 
reaction for smog. The composition of the photochemical smog mixture is continuously 
recorded by air-monitoring instrumentation [13]. The formation of smog at desired levels 
of concentration can be maintained by adjusting the flow rate of the reactants and the 
residence time in the l l .3-m 3 chamber. Materials within the exposure chamber are exposed 
to photochemical smog of known steady-state, chemical composition. As shown in Fig. 1, 
the material exposure chamber is connected to the photochemical chamber, and blowers 
are used to maintain turbulent flow conditions in the chamber. 

A cross-sectional drawing of a materials exposure chamber is shown in Fig. 2. The exposure 
chambers are equipped with lamps, thereby permitting the simulation of sunlight during the 
exposure cycle. Test panels are mounted to a chill plate which permits the temperature of 
the panels to be lowered below the dew point temperature of the chamber, thus forming 
condensation on the test panels. 

Exposure systems are operational at the U.S. EPA in the Research Triangle Park, NC 
and on the campus of the North Carolina State University (NCSU) in Raleigh, NC. The 
EPA chamber has two materials exposure chambers for exposing a total of 14 panels, whereas 
the NCSU chamber has four chambers for exposing up to 48 panels. Figure 3 shows the 
NCSU four chambers with bottles for collecting condensation from the panels. 

The condensation is analyzed by ion chromatography and atomic absorption spectroscopy 
to identify the gaseous species within the smog mixture that deposit and the soluble products 
that form through reactions with the material test panel. Details on the instrumentation and 
procedures for analyzing for the cations and anions within the condensation have been 
reported previously [14,15]. In addition, the volume and pH of each sample are recorded. 

Field Exposure Devices 

When Task Group VII began the Materials Effects Research Program, five field sites 
were located in the eastern, northeastern, and midwestern United States for boldly exposing 
the materials shown in Table 1. Air quality, meteorological parameters, rain chemistry, and 
airborne particles were monitored continuously at these sites. Techniques that were used 
to measure the rate of environmental damage to the materials have previously been re- 
ported [1]. 

In a prior EPA material exposure field study, statistical regression techniques showed 
that the effects of pollutants were masked by strong covariances with other environmental 
parameters [5]. At the five material exposure sites that Task Group VII established, the 
range of rain acidity (pH) was not large. To enhance the study of the effects of wet and dry 
acidic deposition on boldly exposed materials, automatic covering-spray devices were in- 
stalled at the Research Triangle Park, NC and Steubenville, OH sites. The NC site is a rural 
environment, whereas the OH site is a highly industrial site. The annual average SOz loading 
at the OH site is approximately eleven times that for the NC site. 
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FIG. 2--Cross-sectional diagram of material exposure chamber. 

The covering-spray device, as diagrammed in Fig. 4 and as shown at the NC site in Fig. 
5, separates the effects of wet acidic deposition and those of dry acidic deposition on materials 
[16]. This device covers one set of test panels and sprays an identical set with deionized 
water of pH 5.6 during each rain event. The covering device sprays approximately the same 
volume of water that falls for each rain event. However, the spray does not simulate rain 
intensity nor direction of rainfall. After each rain event, the moveable racks are returned 
automatically to the boldly exposed position. 

As shown in Fig. 4, collection bottles are mounted to the exposed material panels to 
collect rain and spray runoff for each rain event. The runoff collections are analyzed in a 
manner similar to that used for the condensation samples that are obtained from panels 
exposed in the laboratory exposure system. The analysis of the spray collections provides 
information on the effects of the dry deposition process, that is, the reaction of gases during 
periods of surface wetness (dew) and dryness. The analysis of rain runoff collections from 
the boldly exposed test panels provides information on the effects of both dry and wet 
deposition. Since the analyses of the runoff collections provide information of the soluble 
reaction products of the corrosion film, it complements the weight loss measurements of 
galvanized steel panels that BOM is conducting [1]. 

Preparation of Test Panels 

For the laboratory and field exposure experiments, galvanized steel panels were prepared 
from sheet stock of 20-gage zinc-coated (hot-dipped) steel. The average thickness of the 
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FIG. 3--Material exposure chambers for the exposure system at North Carolina State University. 

zinc coating was 20 Ixm. Test panels were sheared to enhance smearing of the edges with 
the zinc coating. This procedure tends to minimize edge effects during exposure [1]. For 
the chamber exposures, test panels were 8 by 13 cm, whereas the standard 10 by 15-cm 
panels were used for the field exposures. All panels were cleaned prior to exposure by 
immersion in 10% by weight of ammonium chloride (NH4CI) at 60 to 80~ for 2 min. The 
panels were next rinsed with deionized water, then with anhydrous methanol, and allowed 
to dry. During field exposures, the panels were mounted at 30 ~ facing south. For the chamber 
exposure experiments, both clean panels and panels that had been field exposed for several 
months at the NC site were exposed. 

Results 

Controlled exposures using a laboratory exposure system were conducted to study the 
transport of gaseous compounds to panels of galvanized steel. The transport of a gaseous 
compound to a surface is expressed as a deposition velocity (Vd, cm/s), which is defined as 
the flux to a surface divided by the ambient concentration. These experiments involved the 
analysis of condensate (simulated dew) collections from panels during exposures to single 
pollutants and to mixtures of photochemical smog with and without SO2. The velocity at 
which gaseous compounds deposited on galvanized steel panels was determined two ways: 
(1) from the concentration of chemical species in the condensate and its volume; and (2) 
from the difference in the gas phase concentrations during periods of surface dryness and 
wetness [13]. 

The results of the chamber deposition studies, as shown in Table 2, indicate that SO:, 
nitric acid (HNO3), and formaldehyde (HCHO) readily deposit onto the panels of galvanized 
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steel in the presence of condensation. Of these gases, HNO3 was found to deposit during 
periods of wetness and dryness [13]. The deposition of nitrogen dioxide (NOt) is lower than 
that of the other gases and is limited by its solubility and reactivity in the condensation on 
the panels. This finding is consistent with investigations of the rate of uptake of NOt by 
surface waters [17]. The deposition of SO2, HNO3, and HCHO can be viewed as being 
controlled by the gas phase resistance of the atmosphere, since these gases are readily soluble 
in the aqueous film on the galvanized steel panel, whereas, NO2 deposition is controlled by 
the surface resistance of the aqueous film on the galvanized steel panels. In these studies, 
it was not possible to determine the deposition velocity of other gaseous species such as 
ozone (O3), peroxyacetyl nitrate (CH3COONOz), acetaldehyde (CH3CHO), or hydrogen 
peroxide (H2Oz). However, concentrations of these species were observed to remain rela- 
tively constant during wet and dry exposure periods of the panels [13]. 

As indicated in Table 2, the anion of hydroxymethane sulfonic acid, HCHOHSO3 , was 
present in the condensate. This anion probably formed as the adduct of HCHO and bisulfite 
(HSO3-) and prevented the formation of sulfate (SO4 z-) from the sulfite (SO3 ~-) or its 
HSO 3- precursor. Because the adduct was observed in the presence of high concentrations 
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FIG. 5--Automatic materials covering-spray device at the NC exposure site. 

of HCHO,  it is questionable whether this reaction occurs on galvanized steel in the ambient 
environment. However, the adduct has been identified in Los Angeles fog [18]. 

Exposure experiments were conducted in which the SO2 concentration was increased 
incrementally over a range of 3.0 to 650 ppb [14]. At each level of SO2 concentration, the 
concentration of zinc ion (Zn 2+) in the condensate collections was determined and plotted 
as the flux of Zn § (Fig. 6) against the flux of SO42-. Linear least square fits of the data 
provided a value of 1.06 for the slope and a correlation coefficient of 0.995. If it is assumed 
that all of the deposited SO2 appears as SO42- in the condensate, the slope (1.06) gives the 
effective stoichiometry for the reaction of SO2 and the corrosion product film. This indicates 
that, for every SO2 molecule that deposits on galvanized steel during periods of surface 
wetness, an equal number of Zn atoms react to form zinc sulfate (ZnSO4). 

For these studies, most of the deposition of gaseous compounds, except for HNO3 (Table 

TABLE 2--Gas phase deposition velocity of atmospheric species. 

Deposition Velocity, 
Gases Anion Measured in Condensate V~ (cm/s) 

SO2 SO4 0.8 
NO2 NO2 0.03 
HNO3 NO3- 2.0 (0.7)" 
HCHO CHOO 0.6 
HCHO + SO2 HCHOHSO3 ... 

The value in parentheses is based on the deposition obtained after subtracting the HNO3 surface 
density from the deposition obtained by dew analysis. 
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2), occurred during periods of surface wetness of the panels. However, SO2, NO2, and 
HCHO were found to deposit on dry panels until saturation occurred. In the case of SO2, 
the saturation surface density on dry panels was found to correspond to a monolayer of 
adsorbed SO2 [13]. 

During chamber exposure experiments, panels were removed and sprayed with solutions 
of ammonium bisulfate (NH4HSO4) of varying pH levels to investigate simulated rain acidity. 
The dependence of the Zn 2§ measured in the spray runoff collections on incident pH for 
panels exposed to 30-ppb SO2 is shown in Fig. 7. The zinc flux represents the number of 
nmol of zinc dissolved into the sprayed solution per cm 2 of panel per cm of spray (cmR). 
The flux is numerically equal to zinc concentration expressed as nmol per mL. The zinc 
concentration is observed to increase by less than a factor of 2 as the pH of the incident 
spray drops from 5.6 to 4.0, whereas an increase of nearly an order of magnitude is observed 
between pH 4.0 and 3.0. Panels that were exposed to 3, 30, and 45-ppb SO2 were also 
sprayed with NH4HSO4 solutions of various pH values. Statistical differences were observed 
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(Fig. 8) for the slopes and intercepts of data from exposing panels at the three concentrations. 
The slope and intercept were observed to decrease as the SO2 exposure of the panels 
increased. 

In order to enhance the study of the dry and wet deposition, runoff samples were collected 
from galvanized steel panels that were exposed to ambient conditions and sprayed with 
deionized water by using the covering device at the NC site. Runoff collections for eleven 
rain and spray events that occurred between April 25 and July 12, 1987, were analyzed for 
major anion and cation species [15]. Average measurements of cations and anions (expressed 
as nmol/cm2/day) are shown in Table 3 for the 78-day collection period for galvanized steel 
and for Teflon panels. Teflon was exposed, as it represents a relatively inert surface to 
atmospheric reactions. Chemical species found in the deionized water spray represent those 
that deposit during periods of dry deposition and are soluble in dilute solutions of carbonic 
acid. The deionized water spray was found to equilibrate readily with atmospheric carbon 
dioxide (CO2) to produce a pH of approximately 5.6. The ambient rain runoff collections 
contain those species that deposit during periods of dry deposition and are soluble in the 
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F I G .  8--Zinc flux as a function of incident hydrogen ion flux for SOz exposures at 3, 30, and 45 ppb. 

rain, as well as unreacted chemical species in the incident precipitation. For the eleven rain 
events, the rain pH had a range of 3.7 to 4.4. 

The presence of sodium (Na+), potassium (K+), and calcium (Ca 2§ in the spray and rain 
collections, as shown in Table 3, is likely due to coarse dry particles that deposited to the 
surface of the panel or simply washed out of the atmosphere during rainfall. These cations 
were found in the runoff collections from the galvanized steel and Teflon panels. The Zn 2+ 
was present only in collections from the galvanized steel panel, was not measured within 
the rain or spray from the Teflon panel, and, in comparison to the other cations within the 
spray and rain runoff samples, was present in substantial amounts. Thus, ambient precipi- 
tation clearly contributes to the formation of soluble zinc corrosion products. 

The contribution of the ammonium ion (NH4 § in the rain dominated the amount due to 
dry deposition within the spray runoff for both the galvanized steel and Teflon panels. These 
values likely represent lower limits, as the NH4 + measurements were made weeks after the 
samples were collected. 

Since the pH of the ambient rain was below 4.4, the low hydrogen ion (H § measurement 
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TABLE 3--Average spray and rain runoff results for NC site. 

Ionic Concentration, nmol/cm 2 day 

VoP H + Na + NH4 + K + Ca ++ Zn § HCOO CH3COO C1- NO3- 804- 

GALVANIZED STEEL 
Spray 1437 0.05 0.26 0 .04  0.31 0.44 4.65 0.54 0.36 1.04 0 ,60  2.41 
Rain 951 0.03 0.73 0 .68  0 .59 0 .87 12.95 1.58 0.49 3.11 4 .13  7.93 

TEFLON 
Spray 461 0.08 0.38 0 .09  0 .69 0.73 . .)  0.10 0.03 0.42 0 .90  0.68 
Rain 764 3.34 0.51 0 .65  0 .44  1.04 . .)  0.37 0.18 0.65 2 .94  2.42 

Total runoff volume, mL. 
b Not measurable. 

in the rain and spray runoff samples for the galvanized steel indicates reaction of the H+. 
The H § within the ambient rain samples from the Teflon surface had the highest value for 
the cations measured in the runoff, whereas the H* within the spray was lower than expected 
for an inert surface. 

Both the formic ion (HCOO-)  and the acetic ion (CH3COO)  were measured from the 
spray and ambient collections from the galvanized steel and Teflon panels; however, these 
measurements are suspect because of short-term stability of these anions. Lower measure- 
ments were obtained for these anions for the spray and rain samples from the Teflon panel. 

Of the anions measured in the runoff collection, substantial amounts of nitrate (NO3-) 
and SO42- as well as chloride (C1)  were present in the rain samples from the galvanized 
steel panels. Considerably more NOa-, SO42-, and C1 were measured in the rain runoff 
samples than for the spray collections from the galvanized steel and Teflon panels. For the 
spray, the NO3- is most likely due to uptake of gaseous HNO3 and particulate NO3-. The 
SO42 within the spray may also come from particles containing SO42- and from the ab- 
sorption of SO2 in the films of surface moisture and its subsequent oxidation to SO42-. The 
presence of the CI- is likely attributed to the dry deposition of particles. 

The average charge balance for the cations and anions with the spray and rain and their 
ratios for the galvanized steel and Teflon panels are shown in Table 4. Within the limits of 
the measurements, the ratios of cations to anions for the Teflon spray and rain samples were 
close to unity, whereas there appears to be an excess of cations over anions for both runoff 
samples from the galvanized steel. This suggests the presence of undetected ions. 

D i s c u s s i o n  

The experimental results obtained from the environmental chamber system and from the 
runoff experiments using the covering-spray device at the NC site provide considerable 

TABLE 4--Charge balance results. 

Spray, nmol/cm:/day Rain, nmol/cmVday 

Material F( + ) F( - ) F( + ) /F (  - ) F( + ) F(  - ) F( + ) / F (  - ) 

Galvanized steel 10.84 7.36 1.47 29.67 24.09 1.23 
Teflon 2.70 2.81 0.96 7.02 8.98 0.78 
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insight into parameterizing dry and wet deposition effects on the corrosion of galvanized 
steel panels. In these experiments, chemical species found in either the condensation during 
the chamber experiments or the runoff in the field experiments represent the soluble cor- 
rosion products that form because of wet and dry deposition of atmospheric species. Results 
of these experiments have been used to propose a damage function model for the effects 
of dry and wet deposition on the corrosion of galvanized steel [19]. Characterization of the 
corrosion film that forms on galvanized steel during ambient exposures was not pursued in 
these experiments but is being conducted during field weight loss experiments by the Bureau 
of Mines [1]. Results from this field study will be used to test and evaluate the galvanized 
steel model. 

In the environmental exposure chambers, the uptake of SO2 on galvanized steel was 
enhanced by the presence of a surface moisture film. In the presence of moisture, SO2 will 
undergo a series of reversible ionizations that result in the acidification of the film [20] 

S O  2 + H20 = 802 �9 H20 (1) 

S O  2 " H 2 0  = HSO3 + H + (2) 

H S O 3 -  = H § + SO3- (3) 

A chemical equilibrium will be established whereby the SO2 uptake will decrease in the 
acidified moisture. In the presence of alkaline compounds, such as basic zinc carbonate, 
2ZnCO33Zn(OH)2, that form on galvanized steel during exposure [21,22], the H + (Eq 3) 
will be consumed. This reaction shifts the equilibrium and permits more uptake of SO2 into 
the surface moisture film. The corrosion of galvanized steel is coupled to the atmospheric 
deposition of SOz. Regression analysis of field corrosion of galvanized steel in the St. Louis 
area indicated stoichiometry for the reaction of absorbed SOz [3]. This is in excellent agree- 
ment with the results of exposing galvanized steel to SO2 (Fig. 6) during the environmental 
chamber experiments. The presence of SO42 in the chamber condensation film and in the 
field spray runoff indicates that some form of sulfite (SO2 �9 H20, HSO3 , or SO3 z ) has 
been oxidized. The formation of SO42 will shift the equilibrium of Eqs 1, 2, and 3 to the 
right. Upon evaporation of the surface moisture film, ZnSO4 will remain within the corrosion 
product film of the galvanized steel. 

Acids that deposit through wet deposition can react with galvanized steel by anodic 
dissolution of the zinc coating and by dissolution of the basic zinc carbonate coating [21,22]. 
The low H + concentration that is shown in Table 3 for the rain runoff samples for galvanized 
steel clearly indicates that practically all of the acidity within the rain has reacted within the 
galvanized steel panels. Laboratory experiments in which preweathered galvanized steel 
panels were sprayed with various pH levels of sulfuric and nitric acid show that two H + ions 
react with one Zn 2+ ion in solution [23]. This stoichiometric relationship (2H + = Zn § is 
in reasonable agreement with runoff results from the Bureau of Mines exposure study in 
Washington, DC [24]. As shown in Fig. 8, the corrosion of galvanized steel by acidity may 
depend on its exposure history and likely involves a mechanism of competing formation and 
dissolution of the basic zinc carbonate film. 

The charge balance as shown in Table 4 suggests that a substantial amount of anions is 
not detected in the spray or the ambient runoff collections. Zinc carbonate (ZnCO3) is a 
major constituent of the corrosion product film of galvanized steel [22,23] and is slightly 
soluble in water. The missing anion could be HCO3- since it is one of the major ionic 
constituents of an aqueous mixture of ZnCO3 [25]. The difference in the positive and negative 
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charge concentrations and the spray volume in Table 3 provided an estimated value that is 
well below 80 nmol/L for Zn 2+ concentration in a saturated aqueous solution in the presence 
of 320 ppm CO2 [26]. Considering the residence time of the spray on the galvanized steel 
panels, it seems likely that ZnCO3 is being dissolved by the presence of atmospheric CO2. 
A surface residence time effect has been observed during laboratory spray experiments of 
deionized water [23]. Digsolution of the zinc corrosion film appears likely, even in the 
absence of anthropogenic acidity in rain. 

Other anions including HCOO , CH3OO-,  NO3-, and C1- were present in both the spray 
and rain runoff collections. For the spray, the NO3- most likely arose from the dry deposition 
of gaseous HNO3 and particulate NO3-. NO~ is a major constituent of photochemical smog, 
but chamber exposure experiments show it does not play a significant role in acidifying the 
surface moisture film on galvanized steel. A synergistic reaction of NO2 with SO2 has been 
reported to produce sulfuric acid [27]. This reaction has not been observed within the 
environment exposure chamber experiments; however, design of specific experiments to 
study the synergistic reaction have not been undertaken. Except for the rain runoff collec- 
tions, C H O O -  and CH3OO- are very low. If these anions result from the corresponding 
acids, they could contribute to the corrosion of galvanized steel. The C1- that appears in 
the runoff collections likely resulted from sea salts and crustal particles. No measurements 
of gaseous hydrochloric acid (HC1) were made at the site; however, its ambient concentra- 
tions are expected to be extremely low (<1 ppb). The presence of C1- likely contributes to 
the corrosion of galvanized steel by increasing the time of surface wetness. Most C1-- 
containing salts are deliquescent. 

Particulate Na +, K +, and Ca 2§ are not major constituents of the spray and rain runoff 
collections and do not appear to enhance the corrosion of the galvanized steel at the NC 
site. High-volume particulate concentrations averaged 32 I~g/m 3 for the NC site. In a recent 
analysis of spray runoff from galvanized steel at the OH site, the average Zn 2+ was 1.9 times 
the NC value, even though the average atmospheric SO2 for the OH site is eleven times 
that for the NC site [28]. The Ca 2§ at the OH site was found to be 19 times the value for 
the NC site for the deionized spray runoff. Preliminary analysis suggests that the dry dep- 
osition of alkaline particles, such as CaCO3, may neutralize the atmospheric deposition of 
acidic species at the OH site. Further analysis of runoff data and the ambient concentrations 
at the OH and NC sites is required. 

Conclusion 

A unique laboratory exposure system has been developed at EPA for exposing materials 
to simulated atmospheric conditions. Results from short-term exposure experiments can be 
used to acquire insight into the aerodynamic and chemical processes that control the at- 
mospheric corrosion of galvanized steel. A second laboratory exposure system was recently 
built on the campus of the North Carolina State University. This system can expose 48 test 
panels to different aerodynamic conditions. Much information has been gained regarding 
atmospheric deposition from the analyses of condensation and spray rinses of test panels. 
Field covering-spray devices provide an effective means for studying the impacts of dry and 
wet deposition damage to galvanized steel and other materials. By conducting runoff studies, 
large amounts of corrosion data for galvanized steel can be obtained over short exposure 
periods. Major findings that have been obtained from experiments with the environmental 
exposure system and field covering-spray device regarding the atmospheric corrosion of 
galvanized steel are summarized as follows: 

1. During periods of surface wetness, the deposition of S02 and HCHO is controlled by 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SPENCE ET AL. ON LAB AND FIELD EXPOSURE SYSTEMS 205 

the gas phase resistance of the atmosphere. For every molecule of SO2 that deposits, one 
Zn atom reacts to form ZnSO4. The saturation surface density of SO2 on dry panels was 
found to correspond to a monolayer of absorbed SO2, 

2. The deposition velocity of NO2 in the presence of surface condensation is an order of 
magnitude less than that of SO2. NO2 deposition is controlled by the surface resistance. 

3. Gaseous HNO3 will readily deposit during periods of surface wetness and dryness. 
4. Rain acidity contributes to the corrosion. Laboratory and field exposures suggest that 

2H + ions react with one Zn 2+ ion in solution. 
5. The corrosion film is soluble in rain as the results of dissolved atmospheric CO2. The 

dissolution appears to depend on the residence time of rain water on the surface. 

With NAPAP ending in 1990, these unique facilities will be available for environmental 
testing and development of materials. By passing the Technology Transfer Act  of 1986, 
Congress expressed a desire to make technology developed by the government available to 
private industry and other organizations through cooperative research and development 
agreements. 
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DISCUSSION 

G. Downs 1 (written discussion)--Your paper addresses gaseous and liquid contaminants. 
Have you considered particulate contaminants~ salt crystals, dust organic particulates, etc. ? 

J. W. Spence et al. (author's closure)--Material specimens are exposed to gaseous pol- 
lutants and aerosols that form within the photochemical chamber of the laboratory exposure 
system. Particulate contaminants, etc. are not introduced into the laboratory exposure sys- 
tem. Material specimens that have been exposed in the field for various lengths of time can 
be tested in the laboratory exposure system. This permits the study of gaseous pollutants 
and aerosols on the corrosion film of metals as it forms during different ambient field 
exposures. Of course, material specimens are exposed to particulates, gaseous pollutants, 
etc., using the covering-spray systems that were designed to study wet and dry deposition 
during field exposure. 

D. A. Jones: (written discussion)--You described various atmospheric parameters: particle 
deposition, pollutant fluxes, acidity, and dissolved constituents of drain water from exposed 
panels. Have you made any progress in direct measurements of surface reaction or degra- 
dation by electron microscopy, analytical electron spectroscopy, or other methods? 

J. W. Spence et al. (author's closure)--The results I have described using the laboratory 
exposure system and field covering-spray devices pertain to only the soluble corrosion 

U.S. Army DPG Tropic Test Site, APO Miami 34024. 
2 Mackay School of Mines, University of Nevada, Reno, NV 89559. 
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reaction products of galvanized steel panels. Scanning electron microscopy, X-ray photoe- 
lectron spectroscopy, etc. are being used by Steve Cramer with the Bureau of Mines to 
characterize the corrosion product film of various metallic materials as part of the NAPAP 
project. Results of this work were presented by Steve during the symposium. 

P. J. Peterson 3 (written discussion)--l. NO2 is a very good oxidizer. NO2 + e- >> NO2 -1 + 
NO2 and HNO2 are very hard to distinguish by analytical instruments, therefore the lack of 
loss of NO2 by analysis does not mean that it was not consumed by the corrosion reactions. 

2. On galvanized steel, CI -> Na; on Teflon, C1 = Na, and Na on Teflon ~- Na on 
galvanized steel, therefore NaCI is not the only source of C1 on galvanized steel. HCI? This 
would be collected on galvanized steel but not on Teflon. 

J. W. Spence et al. (author's closure)--Our investigation, which involved only the soluble 
corrosion products of galvanized steel, indicates that NOz and HNOz are not major  con- 
tributors to the corrosion of galvanized steel, especially when SO2 is present. I don't  believe 
NO: has been identified as a major component of the corrosion film that is being conducted 
by Steve Cramer with the Bureau of Mines. 

The CI that was detected in our runoff collections during the field exposure of galvanized 
steel may indeed be from the dry deposition of gaseous HC1 and particulate C1 . There are 
times during the summer months that high C1- concentrations are observed in rain and 
runoff collections at the NC site. These concentrations are likely associated with sea salt in 
the rain that results from a Bermuda high in the Atlantic. 

3 IBM, General Products Division, San Jose, CA. 
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ABSTRACT: A damage function for predicting the corrosion of galvanized steel structures 
by wet and dry deposition has been developed from the thermodynamics and kinetics of 
atmospheric corrosion chemistry. The function mathematically expresses the competing re- 
actions for the buildup and dissolution of the basic zinc-carbonate corrosion film with exposure 
time. Major findings as expressed by the theoretical function are as follows: 

1. During periods of surface wetness, SO2 reaching the surface reacts stoichiometrically 
with the zinc. 

2. Rain acidity reacts stoichiometrically with the zinc. 
3. The corrosion film of basic zinc carbonate is soluble in clean rain. The dissolution depends 

on the residence time of rain on the galvanized steel surface. 
4. Deposition velocity controls the rate of corrosion of galvanized steel structures by gaseous 

SO2 during periods of wetness. 

This paper recommends testing the applicability of the proposed damage function with field 
corrosion data that is being acquired by the Bureau of Mines and the U.S. Environmental 
Protection Agency and with corrosion data from prior field exposure studies. In this manner 
a validated damage function should be developed for conducting an assessment of acid dep- 
osition to galvanized steel structures. 

KEY WORDS: galvanized steel, damage function model, sulfur dioxide, rain acidity, nitric 
acid, carbon dioxide particles 

For the National Acid Precipitation Assessment Program (NAPAP), Task Group VII has 
been conducting a materials effects program to develop damage functions for manmade and 
cultural materials at risk because of atmospheric wet and dry deposition. An overview of 
the research program, including the materials-at-risk, exposure sites, site atmospheric mea- 
surements, testing methodology, etc., has been previously reported [I]. A damage function 
is a mathematical expression that relates the rate of degradation of a material to the various 
contributing environmental factors associated with dry and wet deposition. Dry deposition 
involves atmospheric gases and particles that deposit during periods of surface dryness and 
wetness with condensation. Wet deposition involves those chemical species associated with 
rain, fog, or snow. The functions that Task Group VII develops will be used by NAPAP 

~ Atmospheric Research and Exposure Assessment Laboratory, U.S. Environmental Protection 
Agency, Research Triangle Park, NC 27711. 
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along with other information such as distribution of materials to prepare state of science 
and assessment reports to Congress in 1990. 

The Bureau of Mines (BOM) and the U.S. Environmental Protection Agency (EPA) are 
conducting exposure studies of galvanized steel because it is fabricated into many products 
that are boldly exposed to wet and dry deposition. Coating steel with zinc is one of the least 
expensive and more durable methods for protecting steel structions. The service life of 
galvanized steel structures such as roofing and fencing depends on maintaining the zinc 
coating during exposure. 

As shown in Table 1, different galvanized steel products corrode at different rates even 
when exposed at the same location over the same period of time. Even the relative placement 
of specimens on an exposure rack can make a difference in corrosion rates. The American 
Society for Testing and Materials (ASTM) has established standard procedures for atmo- 
spheric testing so that corrosion data from different sites may be compared. Using these 
procedures and simultaneously measuring environmental parameters, a corrosion-environ- 
mental data set can be produced from which an empirical damage function can be derived 
using multiple regression techniques. The resulting empirical coefficients and their calculated 
standard errors of the damage function have limited applicability. Within the limits of the 
standard errors of the function, the empirical damage function can predict the corrosion 
rate of similar specimens at other sites provided that environmental data with the same 
accuracy and precision used to derive the function are available for the other sites. 

The use of an empirically derived damage function to predict corrosion rates of galvanized 
steel structures with environmental data of unknown accuracy and precision raises consid- 
erable concern. Galvanized steel structures are not standard specimens. Moreover,  it is not 
possible to determine the environmental parameters surrounding each structure with the 
same accuracy and precision. Not only would biased errors be produced by such a damage 
function, but also the calculated confidence limits would be misleading. 

To address this concern, the following steps are being taken to develop a damage function 
for galvanized steel that can be used to assess damage to real structures: 

1. Use of fundamental principles of thermodynamics and kinetics to derive a damage 
function. 

TABLE 1--Corrosion rates o f  zinc on galvanized steel products exposed to different environments 
prior to 1954 [7], 

Mean Corrosion Rates and Estimated 
Standard Deviation, ~,m/year 

Site Sheet Wire and Fencing 

Altoona, PA 7.57 + 0.54 
Pittsburgh, PA 5.63 -+ 0.34 10.86 --- 1.02 
Sandy Hook, NJ 2.74 - 0.30 4.37 --- 0.45 
Bridgeport, CT 4.25 -+ 0.44 
Lafayette, IN 2.94 +- 0.34 
Ithaca, NY 2.68 --- 0.42 
State College, PA 1.27 --- 0.29 2.48 --- 0.24 
Ames, IA 1.68 --- 0.19 
College Station, TN 1.22 -+ 0.43 
Santa Cruz, CA 0.83 _-2 0.26 
Manhattan, KS 0.79 -+ 0.27 
Davis, CA 0.76 --- 0.42 
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2. Establishment of the applicability and consistency of the function by using laboratory 
and field experiments. 

3. Confirmation of applicability to changing real-world environments by using standard- 
ized exposure procedures at test sites where the accuracy and precision of environmental 
parameters are known. 

4. Checks on how well the function can predict corrosion rates on real structures with 
environmental parameters of unknown accuracy and precision. 

This paper describes the development of a damage function for the effects of wet and dry 
deposition on galvanized steel structures by applying fundamental principles of thermody- 
namics and atmospheric corrosion kinetics. Confirming the applicability and consistency as 
well as environmental testing of the damage function is the subject of a separate paper. By 
following the steps as outlined above, a damage function for galvanized steel structures 
should emerge that is suitable for use by NAPAP in preparing reports to Congress and by 
EPA in developing control strategies for acidic deposition. 

Atmospheric Exposure 
Atmospheric corrosion of galvanized steel products involves electrochemical reactions 

that are initiated when the zinc surface becomes wet with rain, mist, or dew [2,3,4]. Chemical 
analysis of the corrosion film that forms during exposure of galvanized steel products in- 
dicates the formation of basic zinc carbonate, 2ZnCO3Zn(OH)z [4,5[. The film likely forms 
by the reaction of atmospheric carbon dioxide (CO2) with electrochemical reaction products. 

The basic zinc carbonate film will tend to inhibit the corrosion of the zinc provided the 
film is not removed or chemically altered. Under these conditions, the rate of zinc corrosion 
would be controlled by diffusion through the film and would be inversely proportional to 
the thickness of the film. The corrosion time function would exhibit a parabolic shape. In 
the presence of acidity, the basic zinc carbonate film may be dissolved or chemically changed, 
the thickness of the film would be reduced, and the corrosion would be less inhibited. 

During atmospheric exposure of galvanized steel products, there are environmental con- 
ditions in which the mechanism of formation and removal of the basic zinc carbonate film 
are competing. Haynie previously derived the following relationship for corrosion of zinc 
[6,71: 

where 

C = Bt + A l l  - e x p ( - B C / A ) ] / B  

C = corrosion, (Ixm) 
t = time, year, 

B = solution rate of the film, ixm/year, and 
A = diffusivity of corrosive species through the film, ~xmVyear. 

(1) 

C = A / B  + Bt (2) 

The net zinc corroded (C) after steady state is reached is the sum of the zinc in the film 
(A /B)  and the zinc dissolved from the film (Bt). 

In polluted, acidic environments, the corrosion of zinc would be expected to be linear 
early in the exposure. The A / B  term of Eq 2 would be the intercept, and the B term 

After long exposures, the term - BC/A  of Eq 1 is large; therefore, exp( - B C / A )  approaches 
zero and Eq 1 becomes a linear function. 
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represents the slope with a constant corrosion rate. The intercept would be proportional to 
the steady thickness of the film when the rate of film dissolution is equal to the rate of its 
formation. Diffusivity (A) through the film can be affected by pollutant species incorporated 
in the film. The solution rate (B) of the film is expected to be a function of the rate of 
delivery of acidic pollutants to the film. The B term may be separated into environmental 
terms involving wet and dry deposition. The wet and dry delivery mechanisms provide a 
means of describing the corrosion rate-controlling factors. In the next section, we attempt 
to apply fundamental principles of atmospheric corrosion kinetics and thermodynamics to 
derive a damage function for the corrosion of galvanized steel structures. 

Dry Deposition 

During exposure of galvanized steel structures, both gaseous and particulate pollutants 
are deposited to the zinc surface; however, the machanisms of deposition differ. The rate 
of delivery of gases to a surface is determined by airflow, whereas particulate matter is 
deposited by gravitational settlement and wind-blown impaction. 

Deposition Velocity of  Gases--The ambient concentration of gaseous pollutants is related 
to pollutant flux to a surface by defining deposition velocity (Vd) as the ratio of the flux to 
the ambient concentration measured at some point away from the surface. Deposition 
velocity is simply a coefficient that relates flux of a pollutant to its ambient concentration. 
For gaseous pollutants, deposition velocities are usually around 1 cm/s [8]. 

Transport phenomena for various shapes and orientations with respect to fluid flow have 
been compiled [9-11]. Considerable engineering data exist on momentum, heat, and mass 
transfer as a function of the Reynolds number, which is defined as length times the velocity 
of air divided by the kinematic viscosity of air. The length term in the Reynolds number 
varies with the shape and orientation of the surface over which air flows. When only surface 
friction is considered, the following relationship is applicable for air at normal temperatures 
and pressures. 

where 

f / 2  =,1~ = Jh 

f = friction factor for momentum transfer, 
Jm = factor for mass transfer, and 
Z, = factor for heat transfer. 

(3) 

The factors are dimensionless terms. From analogy with momentum transport, the deposition 
velocity of gases that readily absorb on surfaces and that have a Schmidt number of ap- 
proximately one can be expressed as follows 

where 

Vd = V*2/V = Vf /2  

V* = friction velocity, and 
V = average wind speed. 

(4) 

The friction velocity, V*, is equal to V( f /2 )  1/2. The deposition velocity to a particular shape 
can be estimated provided the J factors or the friction factor, f ,  are known as a function of 
the Reynolds number. 

Most corrosion data, particularly for galvanized steel or zinc, are determined by using 
standard 102 by 152-mm flat panels. Thus, the effect of wind flowing over these specimens 
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is important when attempting to extrapolate to structures of different shapes and sizes. 
Figure 1 is a sketch of the boundary layer of fluid flowing over a flat panel. The relationships 
between the friction factor and Reynolds number (length) for different flow regions are 
shown. The edge of the boundary layer is where the fluid velocity approximates the free- 
stream velocity. For the standard panels at normal wind speeds, the flow is expected to be 
laminar, whereas for most roofing and siding on real structures the flow is likely to be 
turbulent. 

Fencing constitutes a major portion of all boldly exposed galvanized steel. Fortunately,  
the relationship for flow perpendicular to cylinders has been studied in some detail for 
momentum, heat, and mass transfer. Sherwood and Pigford [12] have demonstrated re- 
markable agreement between f/2, Jh, and J~ as a function of Reynolds number with cylinder 
diameter as the length term. The data are closely approximated by the relationship: 

f/2 = Jr = Jm = 0.63 RV~--~ (5) 

where REo = Reynolds number = DV/v, 
D = cylinder diameter over which air flows, cm, 
v = kinematic viscosity of air, 0.15 cm2/s at 20~ and 
V = wind velocity, cm/s. 

From Eqs 4 and 5 it can be seen that wind velocity and the shape and size of a surface 
affect the deposition velocity. It is informative to compare deposition velocities calculated 
for standard plates with those for a large sheet 5 m long and for 9-gage, 3.76-ram-diameter, 
galvanized fence wire. With kinematic viscosity at 0.15 cm2/s and wind velocity (V) in metres 
per second, the following deposition velocities in centimetres per second were calculated 

Corrosion panels: V~ = 0.73X/-V (6) 

Large sheet: V~ = 0.25V 6/7 (7) 

Fencing: Vd = 4X/-V (8) 

For an average wind speed approaching each surface of 3 m/s,  the respective deposition 
velocities are 1.3, 0.64, and 6.9 cm/s. Based on these values, fencing is expected to corrode 
faster than roofing or siding when exposed to the same polluted environment. These rela- 
tionships for determining the deposition velocities to different surfaces are essential in 
estimating the corrosion of galvanized steel structures. A dry-deposition study of different 
galvanized steel structures is being conducted by EPA for N A P A E  This study should provide 
an evaluation of Eqs 6 through 8. 

Although gases may be delivered to different surfaces at calculated deposition velocities, 
the net flux of a gas to a surface is not necessarily proportional to the deposition velocity. 
The depositon of a gas to a dry surface will likely proceed until saturation occurs. The net 
flux of the gas would then be zero, because the amount of gas delivered to the surface is 
equal to that removed. As previously discussed, zinc corrodes by an electrochemical process 
when the surface is wet. Therefore, it is important to have a means of estimating time of 
surface wetness of galvanized steel structures. This permits the flux of a gas that is soluble 
and reacts to be determined during periods of surface wetness. 

Time of Surface Wetness--Atmospheric corrosion of zinc will occur when the surface is 
wet by rain or dew. Dew will form if the surface temperature is below an effective dew 
point. The presence of hygroscopic salts such as sodium chloride (NaC1) or calcium sulfate 
(CaSO4) tends to increase the effective dew point or equivalently lowers the critical relative 
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FIG. 1--Boundary layer on a fiat plate. 

humidity (RHc) at the zinc surface. Tables of relative humidities in equilibrium with saturated 
salt solutions at different temperatures are readily available [13]. The RHc for NaC1 is about 
75% and is relatively constant with temperature. In contrast, the data for zinc sulfate 
(ZnSO4), which has been identified on galvanized steel panels during exposure studies, fit 
the relationship 

RH~ = 96.03 - 0.313DP (9) 

where DP = ambient dew point temperature,  ~ 

When the surface of zinc is wet depends not only on the surface temperature and ambient 
relative humidity, but also on the accumulated corrosion products. Thus, the time of surface 
wetness (tw) of zinc can best be defined as the amount of time it is raining plus when the 
relative humidity exceeds a critical relative humidity (Eq 9) and when the dew point is 
greater than 0~ or not freezing. Significant corrosion is not expected to occur when the 
surface is frozen. 

In practice, the time of surface wetness (tw) is most often estimated from the amount of 
time some selected RH~ is exceeded. Different researchers have used different values, with 
the most common value of 85%. The use of 85% is probably a good approximation where 
polluant levels, particularly SO2, exceed 30 txg/m 3. In areas where levels are less than that, 
Eq 9 is probably a better approximation. In marine locations or in areas where deicing salts 
are used, 75% may be a better estimate of RHc. 

Deposition of  Gases--The solubility of atmospheric gases in liquid water has been deter- 
mined as the coefficient of Henry's  law. The solubility of nitrogen dioxide (NO2) in liquid 
water has a value of I x 10 -~2 mol /L atm at 25~ [14]. Therefore, very little NO2 is expected 
to deposit on the zinc surface during periods of surface wetness. Sulfur dioxide (SOz) that 
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has a solubility of 1.24 mol /L atm in liquid water at 25~ [15] will readily deposit during 
periods of surface wetness and will react with the zinc [16,17]. SO2 has been observed to 
deposit on a dry surface of galvanized steel panels until a monolayer of SO2 formed [17]. 
This should enhance the corrosion of the panels during periods of surface wetness with dew. 
Other atmospheric gases such as nitric acid (HNO3) and formaldehyde (HCOH) are quite 
soluble.in liquid water. HNO3 is the only atmospheric gas that readily deposits to zinc 
surfaces during periods of surface wetness and dryness [18]. Unless the HCOH that deposits 
undergoes chemical reaction, it will likely be reemitted to the atmosphere upon evaporation 
of the surface moisture on the zinc. In summary, the deposition of SO2, ]-INO3, and HCHO 
appears to be controlled by the gas-phase resistance of the atmosphere, whereas NO: dep- 
osition is controlled by surface resistance of the galvanized steel structures. 

Of the atmospheric pollutant gases, SO2 and HNO3 can react with the zinc and basic zinc 
carbonate film. Table 2 presents reactons of interest and the equilibrium constants for each 
at 25~ The equilibrium constants for these reactions were calculated from thermodynamic 
data that was obtained from the National Bureau of Standards Table of Chemical Ther- 
modynamic Properties [19] as tabulated in the Appendix. The calculated equilibrium con- 
stants for the first four reactions in Table 2 for SO2 and HNO3 with zinc and basic zinc 
carbonate are observed to be rather large. This suggests stoichiometric reactions of these 
gases with the zinc surface when conditions favor the kinetics. For every SO2 molecule or 
every two HNO3 molecules that deposit to the wet surface of galvanized steel, a zinc ion 
(Zn 2+) will be consumed. Reactions 5 and 6 of Table 2 indicate that when both SO2 and 
HNO3 deposit, the formation of sulfates (SO4 2 ) is favored on wet zinc surfaces. As suggested 
by these equations, a minimum amount of zinc nitrate [Zn(NO3)2] would be expected within 
the zinc corrosion film as HNO3 is emitted back into the atmosphere as a gas. The calculated 
equilibrium constants for these reactions strongly suggest that, in polluted environments, 
SO2 will play a major role in the corrosion of galvanized steel structures, even when HNO3 
is present. 

The zinc corrosion (Cd) due to the deposition of gaseous SO2 during periods of surface 
wetness and dryness may be expressed as follows 

where Ca 

Va 
SO2 

tw 
A, 

N 

Ca = O.045Va(SO2)tw + 1.29 x 10 4A,N 

= zinc corrosion due to the deposition of S02, ~tm, 

- deposition velocity, cm/s, 

= ambient S02 concentration, p.g/m 3, 

= time of surface wetness, years, 
= ratio of actual to apparent surface, and 

= number of periods between surface wetness. 

(10) 

The first term of Eq 10, O.045Vd(SO2)t,,., represents the deposition of SO2 during periods of 
surface wetness due to condensation (dew). The coefficient, 0.045, represents the stoichi- 
ometric reaction of SO2 with the wet zinc surface to form ZnSO4. The Va component,  as 
shown in Eqs 6 through 8 for different galvanized steel structures, determines the flux of 
SO2 to the zinc surface from atmospheric measurements of SO2 concentrations 0zg/m3). 
The time of surface wetness, tw, accounts for the deposition or flux of atmospheric SO2 
during periods of wetness to galvanized steel structures. In polluted environments, the t,, 
may best be estimated from Eq 9, which permits the determination of the RHc for the surface 
wetness of galvanized steel structures from ambient dew point measurements. 

The last term within Eq 10, 1.29 x 10-4ArN, represents the corrosion of zinc that is 
associated with the formation of a monolayer of SO2 during periods of surface dryness. This 
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TABLE 2--Equilibrium constants for selected acidic gas reactions (see the Appendix). 

Reaction In(k) 

l. Zntr 0 + SO2(g) + Oz(g)::~ Zn 2+ + SO4=I~o~ 238.56 
2. Zntcr) + 2HNO3Ig)~ ZnZ+(ao) § 2NO3-~o) + Hz(g) 86.76 
3. Zn(OH)~:(CO3)04(,~ + SO2(g) + 0.502(g)ff Zn2+~,o) + SO4-(,o) + 0.4COzlg) + 1.6H2Oc~) 106.44 
4. Zn(OH)lz(CO3)04t,i + 2HNO3tg~ ff Zn2§ + 2NO3-~,o) + 0.4CO2(g) + 1.6HzOt~) 50.3 
5. H2Oo) + 2NO3 (,i) + SOz(g) + 0.50zig), :z)SO42-(ao) + 2HNO3(g) 56.14 
6. Zn(NO3)z 6H20~r + H2SO4~) ~ ZnSO4 �9 6H20~) + 2HNO3(g~ 4.5 

NOTE: g = gaseous; cr = crystalline solid; 1 = liquid; ai = aqueous solution, ionized substance 
standard, and ao = aqueous solution, anionized substance or anionized for which no further ionization 
is considered. 

corrosion is shown as a function of the exposed surface area and the number of periods 
between surface wetness. The coefficient, 1.29 x 10 4, represents the micrometres of zinc 
loss of a clean zinc surface due to the absorption of a monolayer of SO2. 

Deposition of  Particles and Aerosols--The deposition velocity for particles to surfaces is 
more difficult to determine than the deposition for atmospheric gases. Particle size, shape, 
and density as well as surface orientation are factors that affect the deposition velocity of 
particles [20]. Atmospheric monitoring of particles involves determining fine-mode (sub- 
micrometre diameter) and coarse-mode fractions. Deposition velocities for fine-mode par- 
ticles are low with averages 7.4 • 10 -4 + 4.8 • 10 4 cm/s for both horizontal and vertical 
surfaces. By contrast, average deposition velocities for coarse-mode particles to horizontal 
and vertical surfaces are reported as 1.55 -+ 0.08 cm/s and 0.34 + 0.12 cm/s, respectively 
[21]. Acid aerosols that would react with zinc surfaces are most often found in the fine- 
mode fraction of total suspended particulate (TSP). Because of the low deposition velocities 
of fine particles, acidic aerosols are not likely to contribute significantly to the corrosion of 
galvanized steel structures. On the other hand, constituents found in coarse-mode particles 
are likely to affect the corrosion, particularly horizontal galvanized steel structures. Coarse- 
mode particles that deposit will increase the surface area upon which atmospheric gas may 
absorb and subsequently react during periods of wetness. If constitutents of these particles 
are hygroscopic, the RHc would be lower, thereby facilitating the deposition of gaseous 
pollutants to the wet surface. Coarse-mode particles that contain cation species with electrode 
potential more negative than zinc may react preferentially with gaseous pollutants that 
deposit during periods of surface wetness. 

Wet Deposition 

Rain not only contributes to the time of surface wetness of galvanized steel structures but 
also delivers reactive species to the surface. The rate of delivery of a reactive species is the 
amount of rain per unit time multiplied by its ion concentration. 

Rain Acidity Due to Hydrogen Ions (H+)--The acidity of rain, which is due to H § , is 
expected to increase the corrosion rate of galvanized steel structures by reaction with the 
basic zinc carbonate film or the zinc metal. The H § within the rain would be consumed 
according to the following stoichiometric relationship: 2H § = Zn 2§ The upper limit of 
H+-induced corrosion of zinc would simply be a function of the amount of rainfall and its 
H + concentration or pH. The H + concentration, equivalents per litre, is 10 P". Hence, 
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hydrogen ion equivalents delivered per square centimetre of horizontal surface is the amount 
of rain times 10 -3-pH. One equivalent of H + per square centimetre of zinc will consume 4.6 
cm of zinc (that is, the ratio of equivalent weight to density). The relationship for zinc 
corrosion of galvanized steel structures caused by rain acidity (CRA) may be expressed as 
follows 

where 

Ce, A = 46R10-P" 

C~  = zinc corrosion due to H +, I~m, and 

R = total rainfall during exposure, cm. 

(11) 

For standard test panels exposed at 30 ~ from the horizontal, the average corrosion on both 
sides would be less by a factor of 0.5 cos 30 ~ 

Rain Acidity Due to Carbon Dioxide (CO2)--Rain acidity is also caused by dissolved CO2 
within the atmosphere. This produces bicarbonate ions (HCO3-) that likely contribute to 
the solubility of the basic zinc carbonate on galvanized steel structures. If it is assumed that 
rainwater equilibrates with both atmospheric COz and the galvanized steel surface, then the 
zinc corrosion can be estimated from the solubility of the basic zinc carbonate film. A 
description of the derivation of the zinc corrosion estimate using principles of thermody- 
namics is shown in the Appendix. 

Figure 2 depicts a plot of Zn 2+ concentration as a function of atmospheric carbon dioxide 
at 298.16 K for the three solid phases: ZnCO3, Zn(OH)2, and 3Zn(OH)2 �9 2ZnCO3. Within 
the range of normal atmospheric CO2 concentrations, the basic zinc carbonate appears to 
be the least soluble and would likely precipitate from a saturated solution of Zn 2+. The 
concentration of Zn 2+ for reaction of CO2 and H20 with basic zinc carbonate as the solid 

-3.0- I 
i 
i 

i 
i 

"=  i 
~ -3.5 Zn(OH) 2 . ~  ............ 

, _,o 1 1 2  + - 

._.N ....... . ........ ! .ooa 
0 -4.5 _J 

50 ppm CO 2 
i 
= 
i 

-5.0 ~ ~ ~ ~ i 1 [ t 1 1 I / 1 i 1 I I I i 

- 5  - -4 .5  - 4  - 3 . 5  - 3  

LOG(CO 2- Atm) 

FIG. 2--Solubility of films as a function of CO,_ at 298.16 K. 
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phase can be determined by the following relationship 

Zn z* = [k(COz)l.6/4] 1/3 (12) 

where Zn 2+ = concentration, tool/L,  
k = equilibrium constant, mol/L,  and 

CO2 -- atmospheric concentration, arm. 

Atmospheric concentrations of CO2 have been observed to vary at an urban location 
within a range between 300 and 550 ppm [22]. The average in the United States is assumed 
to be 345 ppm. Figure 3 is a plot of the estimated solubility of basic zinc carbonate as a 
function of temperature at 345 and 500 ppm atmospheric CO2. This plot was derived from 
thermodynamic functions in the Appendix and Eq 12. Temperature has a greater effect on 
solubility than does CO2 concentration. Solubility in winter is expected to be about double 
what it is in summer. Within the range of 0 to 20~ the curve for solubility of basic zinc 
carbonate exposed to 345 ppm COz is closely approximated by the relationship 

Zn 2+ = exp(-21 .343  + 3651/T) (13) 

where Zn z+ = solubility of basic zinc carbonate, mol/L,  and 
T = temperature,  K. 

Using this relationship, the amount of zinc corrosion due to CO2 dissolved in rain may be 
expressed as a function of the amount of rainfall and residence time factor 

CRc = 91.56 exp ( -21 .34  + 3651/T)rR (14) 

where CRc = zinc corrosion due CO2 in rain, Ixm, 

r = residence time factor, and 
R = rainfall, cm. 
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FIG. 3--Solubility of bastc zinc carbonate as a function of temperature. 
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Since rainwater may not remain in contact long enough with the zinc surface of various 
galvanized steel structures to reach equilibrium [23], a residence time factor is included in 
Eq 14. The residence time should vary with rain intensity and should be proportional to the 
length of surface over which the rain flows and the angle of exposure. This suggests that 
equilibrium may be reached for large sheets such as roofing. On the other hand, it may be 
more appropriate to assume that there will be little effect on fence wire. As previously 
mentioned, for standard test panels mounted at 30 ~ to the horizontal, this effect would be 
less by a factor of 0.5 cos 30 ~ 

Results 

By combining the dry and wet deposition terms that were derived for the corrosion of 
zinc surfaces, the following linear damage function for predicting the long-term corrosion 
(~m) of galvanized steel structures is proposed 

C = F +  Cd + CRA + CRC (15) 

For this function, the F term represents the zinc remaining in the corrosion film and is 
expressed according to Eq 2 as A / B  for steady-state corrosion of zinc. The diffusivity (A) 
and solution (B) rates of the corrosion film can best be evaluated from long-term field 
corrosion data that are being acquired by the BOM at five field exposure studies for NAPAP 
[1]. The other terms for zinc corrosion of the function are for the deposition of SO2 during 
periods of surface wetness and dryness (C~, Eq 10) for the rain acidity (C~, Eq 11) and for 
the dissolution of the basic zinc carbonate film due to atmospheric CO2 (CRc, Eq 14) that 
is dissolved in rain. These terms can best be evaluated from field and laboratory runoff 
studies of galvanized steel that the BOM and EPA have conducted for NAPAP. 

A term for the deposition of coarse-mode particles has not been included in the proposed 
damage function. As previously discussed, coarse particles that likely deposit on zinc surfaces 
may increase the surface area as well as the time of surface wetness. The incorporation of 
terms for the effects of particles, as well as other atmospheric gases into Eq 15, must await 
the evaluation of NAPAP field monitoring and corrosion data by the BOM and EPA. 

Discussion 

During long exposure periods, the zinc remaining in the basic zinc carbonate corrosion 
film (F) that forms on galvanized steel structures should be relatively constant. For long 
exposure periods, the contributions to zinc corrosion that are due to the dry deposition of 
S02, C~, the acidity in rain, CRA, and the COz dissolved in rain, CRc, may be determined by 
assuming certain environmental conditions, As an example, for the following environmental 
parameters 

Wind speed 3 m/s 
Time of surface wetness 0.30 years 
Rainfall 100 cm 
Temperature 23~ 

Table 3 indicates the zinc corrosion (pxm) of standard panels due to Ca, CRA, and CRc at 
10 and 80 Ixg/m 3 SO2 and at rain pH of 4.2 and 5.0. The sum of Ca, CRA, and CRc (Table 3) 
does not represent total zinc corrosion because the zinc remaining in the corrosion film is 
not known but assumed to be constant for these calculations. 
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TABLE 3--Predictions of zinc corrosion (C) by dry deposition of S02 (Cd), rain acidity (C,A), and 
dissolved C02 in rain (CRc) for standard test panels. 

Corrosion, I~m 

802, Ixg/m 3 pH Ca CRA CRc C 

10 4.2 0.223 0.290 0.558 1.071 
80 4.2 1.451 0.290 0.588 2.282 
10 5.0 0.223 0.046 0.588 0.857 
80 5.0 1.451 0.046 0.588 2.085 

For environments with an SOz concentration of 10 p,g/m 3 and rain acidity of 4.2, the zinc 
corrosion of the panel is 1.071 p,m, and the CO: in rain (CRc) contributes about 52% of the 
corrosion. The dry deposition of SO: contribution is about 20% of the zinc corrosion. 
However, the SO2 deposition during periods of panel dryness represents about 27% of the 
0.223 Ixm of zinc corrosion due to dry SOz deposition (C~). In order to make this deter- 
mination, the ratio of actual-to-apparent surface (At) was assumed to be 3.0, and the number 
of periods (N) between surface wetness was 250 for the SO: deposition term of Eq 10. When 
the SO2 concentration is increased to 80 p.g/m 3 with the rain pH remaining at 4.2, the zinc 
corrosion due to the dry deposition of SO2 (C~) is 1.45 Izm. At  this level of SOz concentration, 
the SO2 deposition to a dry panel would contribute about 3% to the zinc corrosion. For 
these conditions, the dry deposition of SO2 during periods of surface wetness with conden- 
sation would contribute about 64% of the zinc corrosion of 2.282 ~m. If the SO2 level is 
lowered from 80 to 10/xg/m 3, the corrosion model predicts a 53% reduction in zinc corrosion 
of standard panels for rainfall of 4.2 pH and for the environmental parameters as shown 
above. 

When the acidity of rain is decreased to a pH of 5.0 and the SO2 level is 10 [zg/m 3, the 
contribution of rain acidity on the zinc corrosion is about 5%, whereas pH 4.2 rain contributes 
about 27% at the same level of SO2. The model predicts about 20% less zinc corrosion when 
rain acidity is reduced from 4.2 to 5.0 pH. At  80 ixg/m 3 of SO2, a rain acidity of 5.0 pH 
contributes about 2.0% to the zinc corrosion, which is considered to be negligible. 

As observed in Table 3, the contribution of CO2 dissolved in rain (CRc) on zinc corrosion 
remains constant for the various conditions. The CRc term of the corrosion model was 
derived, as indicated by Eq 14, as a function of temperature,  which was assumed to be 23~ 
The residence time factor (r) was assumed to be 0.5 for standard test panels. EPA and 
BOM field studies involving rain runoff and simulated rain of pH 5.6 should provide a 
determination of r values for test panels and sheets of galvanized steel. As shown in Fig. 
3, the solubility of basic zinc carbonate is a function of temperature as well as ambient CO2 
concentration. A CO2 concentration of 345 ppm was assumed for calculating the CRc shown 
in Table 3. However, CO2 concentrations should be determined for the geographic area for 
which zinc corrosion of galvanized steel structures is to be estimated. 

For galvanized steel fencing that is exposed to 80 ixg/m 3 of SO2 and rain acidity of 4.2 
pH, the proposed model would predict zinc corrosion to be 8.30 txm for the three terms. 
The dry deposition of SO2 would represent more than 90% of the zinc corrosion, while the 
rain acidity would contribute only 3.5 % of the corrosion of the fencing. The proposed model 
predicts higher zinc corrosion for galvanized steel fencing than for standard panels that are 
exposed to the same environment. 

The above scenario is intended to illustrate the capability of the proposed model for 
partitioning the contributions of wet and dry acidic deposition on galvanized steel structures. 
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Before further application of the proposed function, it should be tested with field corrosion 
and environmental data that have been acquired by the BOM and EPA for NAPAP. 

Conclusions 

A linear damage function for estimating the corrosion of galvanized steel structures by 
wet and dry acidic deposition has been developed from thermodynamics and kinetics of 
atmospheric corrosion chemistry. The function was derived in terms of the competing re- 
actions for the buildup and dissolution of the basic zinc carbonate film that forms on gal- 
vanized steel structures during exposure. The contributions to zinc corrosion by the dry 
deposition of SO2, by H + in rain, and by dissolved CO2 in rain can be estimated for various 
galvanized steel structures by the proposed model. A second paper involves the evaluation 
and testing of the function with field exposure data that were obtained by BOM and EPA 
for Task Group VII during NAPAP. The damage function should also be checked using 
historical corrosion data for standard test exposure panels as well as different structures. 
By using this approach, a validated damage function for estimating the effects of acidic 
deposition on galvanized steel structures should be developed. 
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APPENDIX 

Thermodynamic Data 

Thermodynamic data that was used to calculate equilibrium constants for reactions in- 
volving the solubility of zinc corrosion film is presented in Table 4. It comes from Ref. 27, 
Appendix B, except for those footnoted values that were estimated from solubility data. 

Derivation of the Zinc Corrosion Estimate 

Grauer and Feitknecht have used solution thermodynamics and X-ray analysis to deter- 
mine the stability of basic zinc carbonate with respect to H + and CO2 concentrations [24]. 
Their investigations of the basic zinc carbonate/water/carbon dioxide system resulted in 
determination of the equilibrium constant (k) for the overall reaction 

Zn(OH)(2-z~)(CO3)x + 2H + = Zn 2+ + xCO2 + (2 - x)H20 (16) 

However, Kelley and Anderson [25] and Hougen et al. [26] have also shown that the 
overall reaction, based on electrical charge balance, may be expressed as follows 

Zn(OH)r 2x)(CO3)x + xH20 + (2 - x)CO2 = Zn 2+ + 2HCO3- (17) 

Within a pH range of 5 to 9, the concentrations of H +, O H - ,  CO3 z- ions were found to be 
negligible with respect to the Zn -~+ and HCO3- ions. The effective difference between 
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T A B L E  4--Standard thermodynamic properties of formation at 25~ 
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S u b s t a n c e  S ta t e  A H  ~ k c a l / m o l  AF ~, k c a l / m o l  S ~ c a l / m o l  Ct,, K 

COz g - 94 .051 - 94 .254  51 .085  8 .87  
C O :  a o  - 98 .901 - 92 .251 28 .107  (47.04)"  
CO3 = a o  - 161.84  - 126.15  13 .599 
H C O 3  a o  - 165.39  - 140.241 21 .797  (8i;i)o 
H2CO3 a o  - 167.22 - 148.92  44 .79  (65.039)"  
C a  ~ ~ a o  - 129 .739  132 .309  12.691 
C a C O 3  cr  - 288 .461  - 269 .787  22 .204  19".'57 
H + a o  0 .0  0 .0  0 .0  0 .0  
H20 1 - 68 .315  - 56 .675  16 .709 17 .995 
M g  + + a o  - 111.58  - 108 .7  - 33 .007  
M g C O 3  cr  - 261 .902  - 241 .898  15.703 18.'()5 
NO3 a o  - 48 .996  - 25 .989  3 4 . 9 9  - 20 .698  
H N O 3  1 - 41 .611 - 19.29 37 .198  26 .26  
H N O 3  g - 3 2 . 2 8  - 17 .859 63 .666  12.751 
H N O 3  ai - 49 .56  - 26 .589  34 .99  - 20 .698  
0 2  g 0 .0  0 .0  49 .029  7 .016  
0 2  a o  - 2 .796  3 .92  26 .506  
SO2 g - 70 .994  - 7 1 . 7 4 8  59 .326  9'~529 
SO2 a o  - 77 .194  - 71 .863  38 .695  ...  
SO3 = a o  - 151 .9  - 116 .276  - 6 .931 
SOs  = a o  - 217 .321  - 177 .948  4 . 8 0 4  - 7(~(]29 
H2SO3 a o  - 149.67  - 126.13 33 .389  
H2SO4 a o  - 217 .079  - 180.667 31 .501 - 20".'076 
H2SO4 1 - 194 .548  - 164.915 - 37 .501  33 .2  
H2S04 ai - 217 .321  - 177 .948  4 .804  - 70 .029  
Z n  c r  0 .0  0 .0  9 .95 6 .07  
Z n  § § a o  - 36 .781 - 35 .148  - 26 .793  10 .994  
Z n ( O H ) 2  cr  - 153.42  - 132 .294  19 .40  17 .304  
Z n C O 3  cr  - 194.259 - 174 .837  19 .69  19.051 
3 Z n ( O H ) 2  �9 2 Z n C O 3  er  ( - 8 5 0 . 2 1 ) "  ( - 7 4 9 . 9 3 5 )  ~ (102 .42)  ~ (90.015)"  
Zn(NO3)2  ai - 135.901 - 88 .329  43 .188  - 30 .114  
Zn(NO3)2  �9 6 H 2 0  cr  - 551 .3  - 423 .688  109 .202  77 .2  
Z n S O 4  c r  - 234 ,895  - 208 .294  26 .41  23 .709  
Z n S O 4  ai - 254 ,099  - 213 .095  - 21 .989  - 59 .034  
Z n S O 4  �9 6 H z O  cr  - 663 ,829  - 555 .554  86 .902  85 .49  

NOTE: g = g a s e o u s ;  cr  = c rys ta l l ine  so l id ;  1 = l iquid ;  ai = a q u e o u s  so lu t i on ,  i on i zed  s u b s t a n c e  
s t a n d a r d ,  a n d  a o  = a q u e o u s  so lu t i on ,  a n i o n i z e d  s u b s t a n c e  o r  a n i o n i z e d  f o r  w h i c h  n o  f u r t h e r  i o n i z a t i o n  
is c o n s i d e r e d .  

~ E s t i m a t e d  f r o m  so lub i l i ty  d a t a .  

R e a c t i o n s  1 a n d  2 a n d  m a y  b e  e x p r e s s e d  a s  f o l l o w s  

2 ( H 2 0  + C O  2 = H + + H C O 3 - )  (18) 

T h u s ,  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  R e a c t i o n  2 ,  In  k2, m a y  b e  e x p r e s s e d  a s  t h e  e q u i l i b r i u m  

c o n s t a n t  f o r  R e a c t i o n  1 ,  In  k l ,  p l u s  t w i c e  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  R e a c t i o n  3 ,  2 i n  k3. 

T h e  e q u i l i b r i u m  c o n s t a n t s  t h a t  w e r e  c a l c u l a t e d  b y  G r a u e r  a n d  F e i t k n e c h t  [24] a r e  c o m -  

p a r e d  i n  T a b l e  5 w i t h  v a l u e s  c a l c u l a t e d  f r o m  t h e r m o d y n a m i c  d a t a  t h a t  w e r e  r e c e n t l y  t a b u l a t e d  

b y  W a g m a n  e t  a l  [27]. N o  v a l u e s  f o r  t h e  f r e e  e n e r g y  o f  f o r m a t i o n  a r e  r e p o r t e d  f o r  b a s i c  

z i n c  c a r b o n a t e .  T h e  d i f f e r e n c e  f o r  t h e  e q u i l i b r i u m  c o n s t a n t s  ( In  k )  s h o w n  i n  T a b l e  5 f o r  R e f  

24, f o r  t h e  r e a c t i o n  o f  z i n c  h y d r o x i d e  a n d  z i n c  c a r b o n a t e ,  p r o v i d e d  a v a l u e  o f  - 1 . 0 0 0 4 .  

T h i s  v a l u e  w a s  u s e d  w i t h  d a t a  f r o m  W a g m a n  [27] t o  c a l c u l a t e  t h e  v a l u e s  o f  In  k s h o w n  i n  
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TABLE 5--Comparison of equilibrium constants for film dissolution, ln(K)". 

Reaction 1 Reaction 2 

Solid Phase Ref 1 Ref 4 Ref 1 Ref 4 

Beta Zn(OH) 27.078 27.349 - 8.916 - 8.728 
ZnCO3 18.306 18.971 - 17.688 - 17.106 
Zn(OH)~ 2(CO3)a 4 22.565 (22.994) b - 13.429 ( - 13.083) ~' 

~ At 298.16 K. 
b Data from Wagman [27] used to calculate In K values shown in parentheses. 

parentheses in Table 5. These values are in reasonable agreement  with those provided in 
Ref  24. The value for the energy of formation of basic zinc carbonate ,  3Zn(OH)22ZnCO3, 
was now calculated as -749 .532  kca l /mol /K.  

Since a strong tempera ture  inverse relationship of COz solubility in water  exists, the 
solubility of zinc carbonate  is likely to be greater  at 18~ than at 25~ [28]. With thermo-  
dynamic relationships, this t empera ture  dependence  may be expressed as follows 

AF = AH - TAS (19a) 

AH = IH + d~CpT (19b) 

AS = Is + AC,, In T (19c) 

In k = I , /R  - IH/RT + ACp(1 - In T ) / R  (19d) 

where R = gas constant,  
T = absolute tempera ture ,  

ACp = change in heat  capacity, 

L, IH = constants, 

AF = change in free energy,  
AH = change in enthalpy,  and 
AS = change in entropy. 

If thermodynamic  parameters  for reactants and products for Eq  17 were known,  the equi- 
librium constant could be calculated as a function of temperature  by Eq  19d. However ,  heat  
capacity data for the bicarbonate ion ( H C O 3 )  is not  available. In addition, the equil ibrium 
constants at three or more  temperatures  would be needed to empirically determine  the 
constants Is and IH for Eq 19d. 

Fortunately,  tempera ture  and CO2-dependent solubility data [28] exist for magnesium 
carbonate (MgCO3) and calcium carbonate (CaCO3). These data were  evaluated with respect 
to the equil ibrium constant for the overall  reaction scheme 

MeCO3 + H20  + CO2 = Me 2+ + 2HC03  (20) 

By using a least-square fit of  Eq 19d, values for the I,, IH, and ACp for MgCO3 and CaCO3 
were der ived as shown in Table 6. The  dXCp are not  significantly different for the solubilities 
of the two carbonates.  Thus,  a variance-weighted average of 127.3 -- 36.7 ca l /mol  �9 K may 
be a reasonable est imate for the solubility of zinc carbonate.  With this value and Cp values 
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TABLE 6--Regression coefficients and standard deviations. 

223 

Carbonate L, cal/mol �9 K I, ,  cal/mol ACp, cal/mol . K 

Magnesium -763.657 - 0.424 -51036 -+ 9136 124.725 - 62.981 
Calcium -784.455 - 0.123 -47303 -+ 8501 127.791 -+ 28.496 

for ZnCO3, H20, CO2, and Zn 2+ [27], the Cp for HCO3 was determined to be 81.1 + 18.8 
cal/mol �9 K. 

By using this value for the Cp for the HCO3-, it is possible to calculate the following 
coefficients for Eq 20 for the solubility of basic zinc carbonate 

Zn(OH)a.2(CO3)o.4 + 0.4H20 + 1.6CO2 = Zn 2+ + 2HCO3 (21) 

The Cp for the basic zinc carbonate is calculated as 0.6 times the Cp of zinc hydroxide plus 
0.4 times the Cp of zinc carbonate. The Cp difference for the reaction is calculated to be 
134.8 --- 36.7 cal/mol �9 K from Table 5. The free energy change (AF) for the reaction is 
7.753 kcal/mol. The enthalpy and entropy of formation of basic zinc carbonate are not 
known but should not be very different from the sums of the values of the reactants Zn(OH)z 
and ZnCO3 of which it is composed. The enthalpy change (AH) and entropy change (AS) 
for Reaction 6 are thus calculated to be -19.997 kcal/mol and -91.143 cal/mol �9 K, re- 
spectively. With Eq 19a and these values, the free energy change for the reaction is 7.178 
kcal/mol,  which is -0 .575 kcal/mol less than the value calculated from the reported equi- 
librium constant. Splitting the difference between the two values yields - 19.7 kcal/mol for 
AH and -92.109 caI/mol.K for AS. By using Eqs 19b and 19c, IH and/~ are calculated to 
be -59902 +- 10943 cal/mol and -860 .2  +- 209.1 cal/mol �9 K, respectively. Because the 
coefficients are related through the thermodynamic equations, values within the ranges of 
the standard deviations have little effect on the overall solubility-temperature relationship. 
A thermodynamic function error of I cal/mol.K, however, can cause an error on the solubility 
of about 18%. 
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ABSTRACT: A model for corrosion of zinc based on competing mechanisms of the formation 
and dissolution of a protective film of basic zinc carbonate was evaluated. The model consists 
of a diffusivity term (ions through the film) which controls the buildup of a protective film 
and a solubilization term which controls the rate of dissolution of the film. The model was 
evaluated by using comprehensive data collected from field experiments designed to separate 
the effects of wet and dry acid deposition from normal weathering effects such as clean rain, 
temperature, wind speed, and relative humidity. These data were used primarily to evaluate 
the theoretically calculated components of the dissolution rate term because after about three 
years it becomes the rate upon which long-term corrosion behavior may be predicted. The 
model was also evaluated with respect to historical long-term data for different shapes and 
sizes of galvanized products. 

The field data used in this evaluation were found to be consistent with values predicted by 
the model. Thus, the model can be used with reasonable confidence to predict long-term 
corrosion behavior of different structures in real environments if those environments are 
properly described. 

KEY WORDS: zinc corrosion, acid rain, sulfur dioxide, deposition velocity, corrosion products 

A damage function for galvanized steel was developed for the National Acid Precipitation 
Assessment Program (NAPAP) to use in assessments for Congress. A damage function is 
a mathematical expression that relates the rate of degradation of a material to various 
contributing environmental factors. The model function was developed for galvanized steel 
on the basis of theoretical considerations [1 ] and laboratory experiments [2-5]. The simplest 
expression of the model is that the rate of corrosion is inversely proportional to the thickness 
of a protective basic zinc carbonate film and that after a few years of exposure a steady 
state is reached in which film growth equals film dissolution and the corrosion rate becomes 
constant. This dissolution rate, upon which long-term corrosion behavior can be predicted, 
is controlled by the rate of delivery of reacting species to the zinc (Zn) surface rather than 
activation energies for reactions. The mathematical expression contains term A with units 
of diffusivity and term B, which is a dissolution rate. 

The Bureau of Mines and the US Environmental Protection Agency (EPA) have conducted 
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226 CORROSION TESTING AND EVALUATION 

comprehensive field exposure studies of galvanized steel and zinc as well as other metals. 
Standard mass loss and mass gain data were collected, and rain runoff was collected and 
analyzed for ionic species. The mass loss-mass gain data are well suited for analyzing the 
diffusivity term, A, which controls most of the short exposure variations in corrosion be- 
havior. These data are the subject of another paper. The runoff data are the result of 
analyses of soluble species and thus are well suited for determining the effects of various 
components on the dissolution term, B. 

The EPA conducted runoff experiments on three types of exposures of 10.2 by 15.2-cm 
specimens at Research Triangle Park, NC (RTP) and Steubenville, OH (STU) on a rain 
event basis. The Bureau of Mines conducted a separate experiment on 30.5 by 61-cm 
specimens at Washington, DC (DC), collecting runoff samples monthly. In this paper the 
data from these two studies are analyzed separately in a similar manner and the results 
compared. 

To test the universal applicability of the model, long-term ASTM data on colocated 
galvanized sheet, fencing, and standard specimens were analyzed with respect to best es- 
timates of environmental conditions that existed during their exposures at different sites. 

Evidence for Dissolution Mechanism 

There are three main components of the theoretical model associated with dissolution of 
zinc on galvanized steel: (1) zinc replacing hydrogen ions (H § in solution; (2) solubilization 
of basic zinc carbonate by dissolved carbon dioxide (CO2); and (3) the formation of soluble 
zinc sulfate from the deposition of sulfur dioxide (SO2) gas. The reactions with hydrogen 
and sulfur dioxide are essentially stoichiometric and relatively fast; thus, the overall rates 
are controlled by the rates of delivery of those species to the zinc surface. The dissolution 
of basic zinc carbonate by carbonic acid is a slower process; thus, equilibrium is not likely 
to be reached within the time water remains on a surface that is not horizontal. Although 
some coefficients in the model can be calculated from first principles, others such as the 
residence time factor must be determined empirically from experimental data. 

The best evidence for these processes is obtained through determining input-output ma- 
terial balances of different soluble species. These determinations have been made by using 
environmental data and runoff data for specimens exposed under conditions designed to 
separate the different effects. Such an experiment was performed by EPA. A different but 
similar experiment was performed by the Bureau of Mines. 

EPA Experiment 

Details of the experiment performed by EPA have been reported [6-8]. The essential 
parameters are that runoff from galvanized steel and relatively inert painted specimens, 
exposed at two well-monitored sites under different conditions, were collected and analyzed 
for each rain event. The RTP site is a relatively "clean" site with low ambient levels of both 
sulfur dioxide and particulate matter. The STU site is relatively "dirty" with high levels of 
both pollutants. Specimens were exposed at 30 and 90 ~ from horizontal to ambient rain. 
Another  set of specimens exposed at 30 ~ was protected from ambient rain by using a covering 
device and sprayed with deionized water (DI) each time it rained. 

Previous papers have reported subsets of results [6-8]. This paper presents results of 
analyses of all of the data collected at each site. Exposures at RTP were from February 
1986 through May 1988, and exposures at STU were from November 1986 through May 
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1988. There were 135 different rain events at RTP during 28 months and 61 events at STU 
during 19 months. Collections from each specimen were analyzed for pH, cations (by atomic 
absorption), and anions (by ion chromatography). 

Rain volume and chemistry were measured on a monthly basis as a part of acid precipitation 
network [9]. Particulate matter concentrations and chemistry were measured weekly [10]. 
Meteorological parameters and gaseous pollutants were monitored continuously, with the 
data reduced to hourly averages or accumulations [I1]. 

To do an input-output analysis, the measured parameters must cover the same exposure 
periods. Thus, the minimum period is set by the rain chemistry measurements. With the 
magnitude of measurement variability fairly constant, the relative error for small samples 
such as a rain event is greater than it is for longer accumulations. Most of the data were 
analyzed as quarterly accumulations. Because July through September 1986 at RTP was 
relatively dry, October rains were added to that quarter, leaving November and December 
as a two-month period. The beginning and ending periods at both RTP and STU were only 
two months. 

The runoff results of interest for galvanized steel specimens are given in Table 1. These 
data were obtained from single specimens exposed at one of the three sets of conditions. 

An estimate of within-sample variability is needed to determine if observed differences 
among conditions are statistically significant or if they are the result of experimental vari- 
ability. Data were collected also on relatively inert painted specimens and Teflon. These 
surfaces respond similarly to the various environmental conditions and serve as multiple 
specimen samples that can be subjected to analysis of variance. These data also indicate 
what accumulates on nonreactive surfaces. 

The results of analysis of variance on the inert surfaces are given in Table 2, These results 
are based on data for five quarterly periods and four paints that were common to both sites. 

TABLE 1--Quarterly runoff accumulations from galvanized steel. 

Accumulation, nmol/cm 2 

DI Spray, 30 ~ Ambient Rain, 30 ~ Ambient rain, 90 ~ 

Site Volume, mL Zn ++ SO4 = Volume, mL Zn *+ SO4 = Volume, mL Zn ++ SO4 = 

STU 

RTP 

2180 848 1003 1780 1657 2085 295 1613 
696 478 524 806 1228 843 235 408 1204 

2617 927 990 2927 1994 2585 1136 1061 1571 
2266 600 788 4547 3109 3585 2145 2626 2263 
1539 1317 1523 2559 3701 4669 738 2584 2292 
1560 1312 1485 2710 3721 3510 1209 3596 2417 
788 798 820 969 1806 1823 383 1496 1406 

1026 612 488 622 563 515 405 1361 
701 309 275 497 453 429 511 545 713 

1672 373 187 1556 719 555 1266 948 678 
799 386 268 743 1065 741 241 656 601 

2243 845 651 1610 1828 1188 345 547 480 
2550 631 404 1284 1213 702 534 328 219 
2157 487 253 2391 2108 1085 882 687 412 
1937 502 251 925 1066 593 105 266 199 
1085 731 544 847 1939 1481 75 294 246 
1129 404 269 730 1109 649 . . . . . . . . .  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  W e d  D e c  2 3  1 8 : 3 8 : 2 8  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .



228 CORROSION TESTING AND EVALUATION 

TABLE 2 Analysis of variance of sulfate on inert paints. 

Concentration Volume Accumulation 
Degrees 

of Mean Mean Mean 
Variable Freedom Square f Square f Square f 

Site 1 105 457 111.2" 17 510 994 47.4" 16 901 912 243.2" 
Period 4 12 295 13.0" 6 040 562 16.4" 745 521 10.7" 
Paint 3 2 199 2.3 241 082 0.7 127 174 1.8 
Exposure 2 76 382 80.6" 11 870 755 32.1" 2 128 916 3.1 
Residual 109 948 ... 369 564 ... 69 495 .., 

" Statistically significant at the 1% level. 

The dependent measurements of runoff volume, sulfate concentration, and sulfate accu- 
mulation (volume times concentration) were each analyzed with respect to the variables of 
exposure site, exposure period, paint type, and type of exposure (rain or DI spray and 
angle). With the residual variability consisting of all the possible interactions between these 
variables taken as error, the type of paint is not a statistically significant factor for differences 
among the measured parameters. In other words, the within-sample variability for paints is 
the same as the residual variability for the analysis of variance. With the exception of type 
of exposure on sulfate accumulation, all of the other variables produce highly significant 
effects. No effect of paint type was expected; therefore, the residual variability is believed 
to be a good estimate of error associated with the measured quarterly parameters. The 
standard error for runoff volume on 155-cm 2 specimens is 609 mL per quarter. The standard 
error for sulfate accumulations is 264 nmol/cmL Measurement precision is more than an 
order of magnitude better than these errors based on data dispersion. These standard errors 
can be used to analyze differences between exposures and to test models for lack of fit. 

Ion balances show that sulfate is the major negative charge contributor and, depending 
on the exposure, either hydrogen or calcium is the major positive ion contributor in runoff 
from inert surfaces. The sulfate generally is balanced by hydrogen and calcium. 

Calcium was measured in the runoff from the inert surfaces. (Some paints containing 
calcium carbonate were exposed at the same time but were not included in the analysis of 
the inert samples.) Most of the calcium comes from the deposition of coarse mode particles 
(diameters >2.5 Ixm) with a small amount contributed by ambient rain. Average deposition 
velocities for coarse-mode particles to 30 and 90 ~ specimens were determined by (1) sub- 
tracting the rain contribution of calcium from the average runoff accumulations on inert 
surfaces for each period and exposure and (2) regressing that data on average particulate 
matter calcium concentrations in air for the same periods at each site. The results are 
1.15 - 0.13 and 0.63 +-- 0.12 cm/s for the 30 and 90 ~ specimens, respectively. These values 
are consistent with values of 1.55 +- 0.08 and 0.34 -+- 0.12 cm/s calculated from particle size 
distribution data using scanning electron microscopy in a soiling study of ambient particle 
deposition on horizontal and vertical surfaces done at the RTP site [12]. The greater dep- 
osition velocity to horizontal surfaces is due to the additional effects of gravitational settling. 

The sulfate accumulation on inert surfaces comes from particles, rain, absorption of sulfur 
dioxide on the sample surface, and the neutralization of calcium from particles. If absorption 
on the surface is negligible, the sulfate accumulation should equal the calcium from particles 
plus the sulfate from rain. Calcium from particles was calculated by using particulate matter 
concentrations and the above deposition velocities. These values were added to the amounts 
of sulfate contributed by rain, and sulfate accumulations were regressed on the combined 
values. The 50 sets of data give an excellent fit of the model, producing a coefficient of 
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1.02 +- 0.05 (model value is 1) and a standard error of 180 nmol/cm2/period which is less 
than 264 nmol/cmZ/period estimated above as standard error. This gives an f statistic for 
lack of fit of only 0.68, which indicates that lack of fit is insignificant. 

Not all of the sulfate measured in the runoff from galvanized steel is available to react 
with the basic zinc carbonate film. Some sulfur dioxide preferentially absorbs on and reacts 
with the calcium which also is deposited on the galvanized steel. The amount is indicated 
by what is deposited to the inert surfaces. Some sulfate in rain is balanced by calcium and 
cations other than hydrogen, and this sulfate is not available to react with zinc. In any case, 
the theoretical model considers the hydrogen ion concentration in rain; therefore, to avoid 
doubling the effect with both hydrogen and sulfate ions, sulfate in rain should be excluded 
from the sulfate available to react with zinc. With these amounts subtracted from the sulfate 
accumulations on galvanized steel, what is left is sulfur dioxide deposition available to react 
with the basic zinc carbonate. 

Hydrogen ions from rain and sulfur dioxide deposition are two of the three theoretical 
components in the dissolution model. The third component is the solubility associated with 
dissolved carbon dioxide (bicarbonate ions). The equilibrium solubility of basic zinc car- 
bonate with 345 ppm carbon dioxide in the atmosphere is believed to follow the temperature 
relationship [1] 

Zn > = exp(-21 .343  + 3651/T) 

where, 

Zn 2+ = zinc ion, mol/L,  and 
T -- temperature,  Kelvin units. 

(1) 

The average temperature of the DI spray that was stored iiadoors is assumed to have been 
20~ The average temperature of the ambient rain is assumed to have been equal to the 
average dew point for the fraction of time in each period that the relative humidity exceeded 
75%. The maximum possible effect of dissolved carbon dioxide then is obtained by using 
the temperatures in Eq 1 and multiplying them by the water volumes collected from each 
specimen. Table 3 presents the resulting three calculated components and the measured 
accumulations of zinc dissolution. 

Estimation of Model Coefficients 

Multiple linear regression of the measured zinc dissolution against the three theoretical 
components produces a fit with a standard error of 370 nmol/cm 2, which is not significantly 
different from the previously calculated standard error of 264 nmol/cm 2. The resulting 
coefficients for SO2, H § and HCO 3- effects, respectively, are 1.002 _+ 0.108, 0.686 -+ 0.289, 
and 0.201 + 0.065. They all are significantly different from zero, and the SOz and H + 
coefficients are not significantly different from theoretical coefficients of one. The bicar- 
bonate ion coefficient is significantly less than one, indicating that rain does not remain on 
the specimens long enough to reach equilibrium (residence time factor). If the effects of 
SO2 and H + are assumed to be stoichiometric (coefficients equal one), the residence time 
factor for the bicarbonate ion becomes 0.162 +- 0.028 and the standard error for the regression 
is reduced slightly to 366 nmol/cm 2. This model can account for 85% of the variability. If 
8% is associated with experimental error, the 7% not accounted for does not constitute a 
significant lack of fit. 

These results provide evidence that once the components reach the surface they behave 
according to model expectations. For SO2 and H*, the rates of deposition on the basic zinc 
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TABLE 3--Calculated components of zinc dissolution. 

Accumulations, nmol/cm 2 

Exposure Site SO2 deposition H § HCO3 Zn 2+ 

DI 30 ~ STU 

RTP 

Rain 30 ~ STU 

RTP 

Rain 90 ~ STU 

RTP 

682 0 1936 848 
20 0 618 478 

621 0 2324 927 
-211 0 2012 600 

959 0 1367 1317 
1274 0 1385 1312 
330 0 700 798 

420 0 911 612 
193 0 623 309 
128 0 1485 373 
219 0 710 386 
596 0 1992 845 
331 0 2264 631 
203 0 1915 487 
201 0 1720 502 
499 0 964 731 
224 0 1003 404 

1327 457 3243 1657 
144 191 1526 1228 

1151 1144 3604 1994 
1239 1074 4456 3109 
3259 401 4511 3701 
2593 639 4578 3721 
1037 272 1294 1806 

374 62 935 563 
224 115 543 453 
326 199 1505 719 
618 84 1097 1065 

1013 139 2772 1828 
463 181 1397 1213 
703 429 2088 2108 
451 94 1359 1066 

1329 120 1316 1939 
467 155 957 1109 

871 56 445 408 
956 444 1399 1061 

1080 507 2102 2626 
1739 116 1301 2584 
1987 285 2043 3596 
1021 t08 511 1496 

542 118 558 545 
507 162 1225 948 
550 27 356 656 
424 30 594 547 
110 76 581 328 
262 158 770 687 
16I 11 154 266 
212 11 117 294 
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carbonate surface control the dissolution rates. The model for the H § delivery is the con- 
centration of the ion in rain times the volumetric rate of rain striking a unit of surface. 
Ambient concentration times deposition velocity during periods of wetness plus approximate 
monolayer adsorption during periods of dryness is the model for delivery of SO2. 

If rain is assumed to fall vertically and the amount of rainfall is measured, the amount 
striking a particular size specimen exposed at a particular angle can be calculated. Unfor- 
tunately, rain is blown by wind and does not fall vertically as evidenced by the significant 
amount of runoff collected from specimens exposed at 90 ~ to the horizontal. Also, losses 
can occur when drops bounce or splatter on these relatively small specimens. In Table 4, 
measured averages and standard deviations of volume accumulations are compared with 
calculated volumes from rain measurements falling vertically on 155-cm 2 specimens exposed 
at 30 ~ to the horizontal. These results indicate that from 23 to 58% of the calculated volumes 
could be lost from these small specimens. From 18 to 29% of what is calculated for 30 ~ 
specimens runs off of 90 ~ specimens. 

Both volume losses and specimen-to-specimen variability are important factors to consider 
when analyzing data from small specimens. These effects should be inversely proportional 
to the area of exposed surface; thus, application of the theoretical model to large areas of 
roofing and siding should be less sensitive to volume losses. Because of wind, siding probably 
is exposed to about 20% of the volume that may be calculated for roofing. Cylindrical 
shapes, such as fence wiring, are less likely to have splash losses than small fiat specimens 
because most of the drops will strike at a low angle. Application of the model to the diameter 
and length of fence wiring is not expected to introduce significant error. 

Data in Table 3 are fluxes of SO2 to galvanized steel specimens exposed under various 
conditions. The SO2 accumulation data (based on runoff) are measures of SO2 flux, and if 

TABLE 4--Comparison of calculated and measured runoff accumulation volumes. 

Measured Runoff Accumulation Volumes ~ , 
Mean and Standard Deviation--mL 

Calculated 
Site Volume, mL DI 30 ~ Rain 30 ~ Rain 90 ~ 

STU 

RTP 

2210 2564 700 1194 513 293 72 
1741 765 276 701 90 218 47 
4130 2917 883 2603 223 1036 128 
2683 2850 969 3529 561 1556 315 
2389 1773 540 1953 385 697 53 
2102 1637 119 2388 200 874 182 
2088 1027 284 986 92 402 25 

2125 1548 433 647 54 402 156 
2081 1247 500 623 129 519 39 
5785 3587 1909 2018 327 1187 185 
2174 1499 1155 858 134 238 14 
2019 1625 813 1164 427 405 102 
3139 1301 815 1292 595 700 168 
4670 1579 701 2259 918 1152 194 
2109 1183 658 1199 498 170 76 
2432 604 311 851 477 115 52 
1790 733 358 1010 690 . . . . . .  

" Based on volumes from 155 cm 2 specimens. 
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the regression coefficients for H § and HCO3- are used to subtract their effects, the zinc 
accumulation data provide another measure of the same fluxes. These combined data can 
be compared with environmental data to determine the applicability of the gaseous flux 
components of the theoretical model (deposition during different definitions of periods of 
wetness and monolayer deposition during periods of dryness). 

Materials Balance with Ambient Conditions 

The collected ambient data used in the model were hourly averages of SO2 in parts per 
billion, wind speed, temperature,  dew point, and relative humidity. Hourly accumulated 
rainfall was also used. The SO2 values were converted to concentrations per unit volume 
considering the effect of temperature on gas volume. Deposition velocities, Vd, in centimeters 
per second were calculated from wind speed using the theoretically determined relationship 
for standard specimens 

V~ = 0.73X/-~v (2) 

where v is wind speed in meters per second. Possible hourly accumulations of SO2 then were 
calculated by multiplying the specimen surface area by the volume concentration times the 
deposition velocity. Accumulations for each period were determined by summing the hourly 
accumulations when criteria for different definitions of wetness were met. The criteria were 
that a critical relative humidity was exceeded, and that the dew point was greater than 0~ 
or it was raining. Different critical relative humidities were selected at intervals of 5% from 
75 to 95%. The number of periods of dryness for each exposure period and selected criteria 
were counted. 

From the data in Table 3 it is evident that significantly more SO2 is deposited on galvanized 
steel specimens exposed to ambient rain than those exposed to the DI spray. This behavior 
is consistent with model expectations. Because of the hydrogen ion effect, the ambient rain 
specimens corrode faster than the DI spray specimens. This effect is more pronounced in 
the first stages of corrosion when the basic zinc carbonate film has not built up because zinc 
directly replaces hydrogen ions in solution. More corrosion can increase SO2 deposition in 
two ways: (1) by the buildup of hygroscopic corrosion products increasing the fraction of 
time the surface is wet, and (2) the corrosion increases the actual surface area upon which 
a monolayer may deposit during periods of dryness. Thus H + has both direct and synergistic 
effects with SO2. 

The SO2 accumulation data in Table 3 were lumped with calculated accumulations by 
using the regression equation to adjust the zinc runoff data for the effects of H § and HCO3-. 
These data were divided into two sets, DI spray and ambient rain. Each set then was regressed 
for each assumed level of critical relative humidity (from 75 to 95%) on two sets of envi- 
ronmental parameters: (1) periods of dryness; (2) theoretically calculated accumulations of 
SO2. 

Because the rate-controlling factor during periods of wetness is gas phase resistance, the 
SO: accumulation coefficients for DI spray and ambient rain should be the same, but the 
critical relative humidity for the ambient rain should be less than that for the DI spray 
because of the expected greater accumulation of hygroscopic corrosion products. For the 
DI spray, the regression that produces a coefficient closest to the theoretical value of one 
is the criterion that includes 90% as the critical relative humidity. For the ambient rain, the 
critical relative humidity that gives a coefficient nearest to one is 75%. The results for these 
two regressions are given in Table 5. 
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TABLE 5--Regression results for rates of deposition of S02. 

Coefficients 
Standard Error, Lack of Fit, 

Exposure Dry Wet nmol/cm 2 fa 

DI spray 1.96 - 0.86 1.05 -+ 0.19 292 1.11 
Rain 4.48 -+ 1.54 1.14 _+ 0.17 667 2.53 

" Experimental error assumed to be 264 nmol/cm 2. (Both values indicate no significant lack of fit.) 

All of the coefficients are significantly different from zero, and both regressions show no 
significant lack of fit. Based on laboratory experiments, saturation of a clean, flat surface 
during a period of dryness is expected to produce a coefficient of 1.4 nmol/cm 2 [4]. The 
comparable regression coefficient for the DI spray is not significantly different from this 
value, indicating an actual-to-apparent surface area ratio of only 1.4. The coefficient for the 
ambient rain is significantly different, and the resulting actual-to-apparent surface area ratio 
is calculated to be 3.2. The fraction of time that 75% relative humidity is exceeded is about 
twice the fraction of time that 90% relative humidity is exceeded. Based on these results, 
the contribution of SO2 to the corrosion of zinc is about twice what it would be if there 
were no acidity in rain. This is an interaction effect of H + and SO2. 

Bureau of Mines Experiment 

The experimental procedure has been described by Cramer et al. [13] and essentially 
consists of the analysis of monthly rain collections from 30.5 by 61-cm specimens of zinc 
and stainless steel exposed at 30 ~ to horizontal, facing south. Similar specimens of copper 
and weathering steel were also exposed. Unlike the volumes for the small specimens at RTP 
and STU, the volumes collected on the larger specimens were in very close agreement with 
each other and, except during a few months, agreed very well with rain bucket collections. 
This suggests there was little, if any, loss due to splash, which was not the case for the 
smaller specimens. Collection and analysis of environmental data were similar to that at 
RTP and STU except that weather data were taken at nearby Washington National Airport.  

The data were aggregated into quarterly accumulations with exposures started in June 
1985. They were treated in the same manner as the RTP and STU data with generally the 
same results. Stainless steel was used as an inert surface in calculating deposition velocity 
for coarse mode particles, and calcium was used as the indicator element. The regression 
deposition velocity was 1.09 -+ 0.21 cm/s, which is consistent with the values obtained in 
the EPA studies. The sulfate, hydrogen ion, and carbonic acid coefficients for the DC data 
were not statistically different from the coefficients obtained from the RTP and STU data. 

The environmental data were treated in the same manner as the RTP and STU data, 
including calculating accumulations of sulfur dioxide based on deposition velocities to stan- 
dard 10.2 by 15.2-cm specimens. Deposition velocities to 30.5 by 61-cm specimens are 
believed to be less than those for standard specimens, since length Reynolds numbers (Re's) 
are high enough that some turbulence is expected. 

The effects of bicarbonate and hydrogen ions in rain are both covariant with rain volume. 
Therefore, the stoichiometric hydrogen ion effect was subtracted from the zinc runoff ac- 
cumulations and the results regressed on the critical relative humidity criteria for SO2 dep- 
osition, periods of dryness, and calculated solubility based on bicarbonate. As with the RTP 
and STU data, the critical relative humidity criterion giving a SO2 effect coefficient closest 
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to one was 75%. The resulting coefficients and their standard errors were 0.964 -+ 0.554, 
2.428 +- 4.044, and 0.258 -+ 0.057 for deposition during periods of wetness, for that during 
periods of dryness, and the bicarbonate in rain (clean rain) effects, respectively. 

Although the coefficient for deposition of SO2 during periods of wetness is not significantly 
different from zero, it also is not different from that obtained from the RTP and STU data. 
It is lower as the effect of the difference in specimen size predicts. The coefficient for 
deposition during dryness is statistically different neither from zero nor for the coefficient 
from the RTP-STU regression results. The magnitude indicates an actual to apparent surface 
area ratio of 1.73. The coefficient for the effect of bicarbonate ion (residence time factor) 
is statistically different from zero and is higher than the similar coefficient obtained on 
smaller specimens. 

The relative contributions of the different model components to the corrosion of zinc at 
the DC site are illustrated in Fig. 1. The theoretical and empirical coefficients are combined 
and the data converted to equivalent losses of thickness that are accumulated with time. 
The results are corrosion-time curves. At  Washington, the major contributor to corrosion 
of this zinc specimen is the bicarbonate or "clean rain" effect. The effects of hydrogen ion 
in rain and the deposition of SO2 during periods of wetness are about the same. Deposition 
of SO2 during period of dryness has a relatively minor, almost constant-with-time effect. 
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Comparison of Results from EPA and Bureau of Mines Experiments 

The predicted and actual corrosion time curves for the three sites are shown in Fig. 2. 
ALthough STU has higher ambient levels of SO2 than DC, the corrosion rates are about the 
same. Higher wind speeds and longer rain residence times on the larger specimens at DC 
have compensated for the higher concentration of SOz at STU. Although the corrosion rate 
at the relatively clean RTP site is small, it is still about half of what it is at the STU site 
with much higher levels of SO2. This is because the "clean rain" and hydrogen ion effects 
are about the same at the two sites. 

Application of Model to Historical Data for Different Shapes 

Zinc on galvanized structures of different shapes and sizes corrodes at different rates, 
even when exposed to the same environment. This difference is believed to be due to 
differences in deposition velocities to different structures such as sheet and fencing [14]. 
Differences in corrosion rates of 10.2 by 20.4-cm specimens and 71 by 91-cm sheet can be 
seen when the results of two long-term studies done at approximately the same time in the 
sixties and seventies at the same ASTM sites are compared [15,16]. Corrosion on the smaller 
specimens of rolled zinc was determined by mass loss. Corrosion of the galvanized sheet 
was determined visually as percent rust. The latter was converted to thickness loss by 
assuming normal distribution of thickness with a standard deviation of 20%. Additional data 
on corrosion rates of chainlink fencing in four cities has been obtained by measuring the 
remaining thickness of galvanizing on highway fencing exposed for different lengths of time 
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[17], These data provide long-term corrosion rates (from 7 to 30 years) for different shapes 
and sizes with which the dissolution model predictions may be compared. 

Estimating Environmental Conditions 

The climatic parameters at each location were obtained from long-term averages at weather 
service stations. The fraction of time when a surface was wet was estimated by using an 
empirical relationship among times when 75% relative humidity is exceeded as well as the 
average temperature and dew point, based on data at RTP. The pH of rain is assumed to 
be 4.2 in the eastern states and 5 on the West Coast. Average SO2 levels were estimated 
from available EPA data at monitoring sites and times closest to the exposure sites and 
periods. All of these data are subject to considerable error, which affects the predictability 
of the model. The results are given in Table 6. 

Application o f  Model to Environmental Data 

The model consists of four components, as follows 

Corrosion Rate = ao H § + at HCO3- + a2 SO2dry + a3 SO2wet (3) 

with the terms calculated from environmental conditions and with the a I coefficients for the 
model components differing with application to specific structures. The rain component 
coefficients, a0 and a~, vary because the amount of rain striking the surface varies with 
structure and orientation. For flat surfaces exposed at 30 ~ , the amount of rain striking the 
upper surface when falling vertically is cos30 ~ times the measured amount of rainfall. Al- 
though mass-loss measurements are based on both upper and lower surfaces, the rain effect 
only applies to the upper half. Splash losses occur on small specimens but not on larger 
specimens (approximately one half). For wire or fencing, one diameter of rain is spread 
over the perimeter or 3.14 diameters of surface. 

The residence time factor, r, for small specimens empirically determined in the EPA 
experiment is around 0.16. Surface tension on small-diameter wire should increase the 
residence time of rain drops, and it takes longer for rain to run off larger sheet materials. 
A factor of 0.3 was assumed for both structures. For all except Denver (dry climate with 
longer but fewer dry periods) the effect of deposition of SO2 during periods of dryness 

TABLE 6---Estimates of environmental conditions at different sites. 

Temperature, Dew Point, RH, Wind Speed, Rain, SOz, 
Site ~ ~ % m/s cm f > 75% Ixg/m s pH 

Newark 12.5 5.1 65.5 4.2 112 0.34 245 4.2 
Kearny 12.5 5.1 65.5 4.2 112 0.34 55 - 4.2 
Pt. Reyes 13.7 8.4 74.0 4.7 49 0.47 6 5.0 
Brazos River 21.0 15.2 72.0 4.0 94 0.45 4 4.2 
State College 10.2 3.3 67.5 4.2 99 0.35 14 4.2 
State College 10.2 3.3 67.5 4.2 99 0.35 25 4.2 
Pittsburgh 10.2 4.1 70.5 4.0 92 0.39 300 4.2 
Denver 11.0 0.1 53.5 3.9 39 0.20 25 4.2 
Philadelphia 12.6 5.1 65.5 4.3 105 0.34 125 4.2 
Hartford 9.5 1.7 64.0 3.8 113 0.30 56 4.2 
Houston 20.5 15.2 74.1 3.5 114 0.48 9 4.2 
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(a2SO2dry) is assumed to be constant at 0.07 ixm/year (the empirical value obtained from 
the DC data). Denver was assumed to be half of that. 

The hydrogen ion term is 

H § = R x 10-P H (4) 

where R is annual rainfall in centimeters. 

The bicarbonate term is 

HCO3- = r • R x Zn z+ (5) 

where, 

r = the residence time factor, and, 
Zn :+ = zinc solubility calculated using Eq 1. 

The term for the effect of sulfur dioxide deposition during periods of wetness is 

SO2wet = 0.045 x V~ x f75 • SO2 (6) 

where 

V,~ = deposition velocity, cm/s, 

f7~ = the fraction of time when the relative humidity exceeds 75%, and 

SO: = the average sulfur dioxide concentration, ixg/m 3. 

Deposition velocity depends on wind speed and on shape and size. The basic relation- 
ship is 

Vd = 100 x v x f / 2  

where 

v = wind speed, m/s, and 
f = the friction factor which is shape-, size-, and wind speed-dependent. 

(7) 

Coefficients needed to calculate zinc corrosion rates in micrometers per year for the three 
different shapes and sizes are given in Table 7. The Re is length times wind speed divided 
by kinematic viscosity of air. The square root of the length times width is used for the length 
term for the flat surfaces. A diameter of 3.72 mm is used for the fencing. Flow over flat 
plates will be mostly parallel to the surface. Flow over fence wire can range from parallel 
to perpendicular to the wire axis. Parallel is used in this application, which gives a constant 
deposition velocity of 3.19 cm/s. 

TABLE 7--Dissolution model coefficients for different structures. 

Structure a0 al a3 = f /2  

Large sheet 39.7 23.8 O.O15/(Re) v7 
Weight loss, specimens 19.8 6.4 0.664/(Re) ~2 
Wire: 

Parallel 14.6 13.1 8~(Re) 
Perpendicular 14.6 13.1 0.63 /(Re) 1'2 
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238 CORROSION TESTING AND EVALUATION 

In Figure 3 the calculated results are compared with the actual corrosion rates. Even with 
these rough estimates of environmental conditions, the model can account for 33% of the 
variability in corrosion rates. If the Pittsburgh and Philadelphia fencing data are excluded, 
the model can account for 73% of the variability. The model overestimates the corrosion 
rate of fencing at high SO2 levels by about 60%. Overestimation for sheet materials exposed 
to the same conditions is only about 17%. This suggests that the estimated deposition velocity 
used for fencing was too high and that the estimate of the SO2 level at Pittsburgh during 
the fifties was probably too high. 

Summary and Conclusions 

Two different studies at three sites provided evidence confirming a model for dissolution 
of zinc and the corrosion product film that tends to protect a galvanized steel surface. One 
zinc ion replaces two hydrogen ions in rain that reaches the surface. Equilibrium with 
bicarbonate ions from dissolved carbon dioxide is not reached because the residence time 
for rain on the surface is not long enough. Sulfur dioxide gas adsorbing on the surface reacts 
stoichiometrically when water is present. Regression analysis of the runoff data produced 
coefficients consistent with the model and indicated no significant lack of fit. 

Although particulate matter calcium compounds cause more adsorption of sulfur dioxide 
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on the surface, the additional amount does not react with zinc or the protective corrosion 
product film because it preferentially reacts with the more active calcium compounds. There- 
fore, calcium has no direct effect to either accelerate or protect zinc corrosion. 

Analysis of the data indicates that nearly twice as much sulfur dioxide is adsorbed on 
surfaces exposed to acidic rain than simulated clean rain. This is believed to be the result 
of the formation of corrosion products that are more hygroscopic in acidic rain exposures 
than in clean rain exposures. This, in effect lowers the critical relative humidity used in the 
application of the model from 90 to 75 % and increases the area for adsorption during periods 
of dryness. There is not enough variation in the levels of pH in the data to determine the 
functional relationship of this interaction. 

The model provides estimates of corrosion of galvanizing on different structures that are 
in reasonable agreement with measured corrosion rates. Predictability suffers from inac- 
curacy of estimates of environmental data as much as or more than it does from possible 
errors in the model. One model parameter,  however, that appears to lead to an overesti- 
mation is the calculation of deposition velocity to wire or fencing. The effect of this over- 
estimation is significant at estimated high levels of sulfur dioxide which, fortunately, do not 
exist in the United States at present. The relative error is much smaller at existing pollution 
levels. 

With reasonably good environmental data, the model can be expected to partition the 
effects of pollutants from clean conditions for use in assessing economic effects on the 
corrosion of galvanized steel products. 

Disclaimer 

The information in this paper has been funded by the United States Environmental 
Protection Agency and has been subjected to Agency review and approved for publication. 
Mention of trade names or commercial products does not constitute endorsement or rec- 
ommendation for use. 
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ABSTRACT: The Bureau of Mines, as part of the National Acid Precipitation Assessment 
Program, studied the atmospheric corrosion of zinc, galvanized steel, and copper at five sites 
in the eastern United States for periods up to five years. Air quality, meteorology, precipitation 
chemistry, and particulate chemistry were monitored at each site. Long-term (steady-state) 
corrosion rates were measured by mass loss and by determining the rate that corrosion products 
were removed in precipitation runoff. A three-term runoff flux model fit long-term field 
corrosion data well, giving R 2 values greater than 0.95. The model was based on the fluxes of 
precipitation volume, wet-deposited hydrogen ion, and dry-deposited sulfur dioxide that are 
available from regional environmental monitoring activities. The parameter values obtained 
from this model agreed with values obtained by direct measurement, indicating they are 
physically significant. These parameters are the dry deposition velocity of sulfur dioxide to 
the metal, the number of hydrogen ions needed to release a metal ion from the corrosion 
product, and a product of residence time and the solubility of the corrosion product in pre- 
cipitation. Experimental evidence suggests the model needs a fourth term for the dry deposition 
of particulates that deposit on the metal and neutralize a fraction of the acidic species sub- 
sequently deposited. Damage to zinc, galvanized steel, and copper from wet and dry acidic 
deposition was estimated to be 50% or more of the total damage at each of the five sites. 
Damage to zinc at the Ohio site by acid deposition was more than 80% of the total damage. 
For copper, damage from the wet deposition of hydrogen ions was greater than that from the 
dry deposition of sulfur dioxide at four of the five sites. 

KEY WORDS: corrosion, atmospheric corrosion, metals, copper, zinc, air quality, rain chem- 
istry, acid rain, acid deposition, sulfur dioxide, dry deposition, deposition velocity, damage 
function, corrosion products 

Zinc,  primarily as galvanized steel, and copper  are commonly  used in outdoor  construction 
because of  their favorable resistance to atmospheric corrosion. Degradat ion  of  these ma- 
terials in outdoor  applications is the result of weathering processes involving the chemistry 
and meteoro logy of the envi ronment  and surface chemical and electrochemical  processes. 
Anthropogenic  species can alter the corrosion process by favoring specific reaction paths 
and by providing new reaction paths [1-11]. 

Damage  functions can simplify the description of the corrosion process by quanti tat ively 
relating the response of  a proper ty  of interest,  such as corrosion rate,  to the chemistry and 
meteoro logy of  the envi ronment  [2,5,6,12-16]. This approach sacrifices, to some degree,  
specificity in describing the mechanism and kinetics for a quanti tat ive characterization of 
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the major effects of the environment on the property. On the other hand, the value of the 
approach can be greatly enhanced by the application of sound chemical and physical prin- 
ciples to model the functional relationship. 

Early efforts at modeling the atmospheric corrosion performance of zinc and copper 
produced empirical relationships with limited applicability to other atmospheric environ- 
ments [2~17]. Nevertheless, the strong effect of sulfur dioxide was identified in a number 
of studies [2-4,10,17]. Recent studies of atmospheric corrosion involving a more complete 
characterization of the environment have been conducted under the National Acid Precip- 
itation Assessment Program to measure the differential impact of acid deposition on metals 
damage. As part of this work, Lipfert et al. [12,15] developed damage functions for copper 
and zinc using available historical corrosion and environmental data and addressing the 
effects of sulfur dioxide and precipitation. Spence [8], Flinn [18], Edney [6], Haynie [13], 
and Cramer [9] have conducted detailed studies of environmental effects on galvanized steel 
corrosion. 

Zinc and copper form a number of corrosion products during the initial atmospheric 
exposure and the weathering processes that follow [7,10,11]. The response of these corrosion 
products to the environment, that is, reactions with environmental constituents resulting in 
film dissolution, is one important factor in determining the protection provided by the 
corrosion film. A second factor is the intrinsic film-forming properties of the corrosion 
products. Atmospheric corrosion is the result of these two processes, film formation and 
film dissolution. The total mass loss from a corroding metal surface, m(t) ,  at time, t, is the 
sum of the mass incorporated in the corrosion film, ms(t ) , and that dissolved in precipitation 
and washed from the surface in runoff, mr(t), as follows 

re(t) = mr(t ) + mr(t) (1) 

Metal ions in the corrosion film can be mobilized in runoff by reactions with environmental 
species [for example, hydrogen ion (H) and sulfur dioxide (SO2)] that form readily soluble 
compounds and by the inherent solubility of the corrosion products in precipitation without 
these environmental species. The runoff term is the sum of these processes over the exposure 
period 

m,(t)  = f3(t)dt (2) 

where [3 is the runoff flux and defines the rate that the corrosion product is dissolved in and 
removed from the surface by precipitation. Haynie [19] has used the time derivative of Eq 
1 to develop a two-parameter film growth rate law 

dm I _ dm 
dt dt 

[3 (3a) 

_ a 13 ( 3 b )  
mf 

where the corrosion rate is the reaction rate at the metal/film interface and is assumed to 
be inversely proportional to film mass (or thickness), m r, and a is a characteristic of the 
film. 

The relative importance of film growth and runoff varies widely early in the exposure and 
is strongly dependent on the initial exposure conditions. Cramer et al. [9] have shown that 
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zinc corrosion films continue to grow well beyond one year of exposure and copper corrosion 
films grow for much longer times. Nevertheless, once the steady-state film thickness has 
been achieved and dmfldt = 0, further corrosion is controlled by the runoff losses 

dm 
d-7 = 13 (4) 

This paper presents a model relating the runoff flux from zinc, galvanized steel, and 
copper to environmental factors. The parameters of this model will be computed from runoff 
data obtained at a site in Washington, DC. The model will be tested by computing these 
same parameters using long-term corrosion data obtained at five sites in the eastern United 
States. The contributions of environmental factors, namely dry deposition of sulfur dioxide 
and wet deposition of excess hydrogen ions, to the annual average runoff losses at these 
sites will be reported. 

Experimental Procedure 

Runoff Experiment 
Single, large panels of rolled zinc (UNS-Z44330) and electrolytic tough-pitch (ETP) copper 

(UNS-Cll000) were exposed for 33 months in Washington, DC, so that a total mass balance 
could be made on all environmental and metal species deposited or reacting on the panel 
surface. This was done by collecting and analyzing the precipitation incident on the panel 
(wet deposition), the precipitation runoff that drained from the skyward side of the panel, 
and by periodic analysis of the skyward-side corrosion film chemistry. 

The zinc was hot rolled and contained (in weight percent) 0.81 copper (Cu), 0.003 lead 
(Pb), and 0.003 iron (Fe). The copper was hot rolled and annealed. It contained 0.03 max 
nickel (Ni), 0.003 max silicon (Si), and 0.03 max Pb. The panels measured 0.3 by 0.6 m (1 
by 2 ft) and were 1.6 mm (Vl6 in.) thick. The groundward side was masked with electroplating- 
grade vinyl tape to prevent corrosion. Prior to exposure, the skyward side was cleaned to 
remove organics and "as-received" corrosion product according to the ASTM Recommended 
Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens (G1-72). 

The panels were mounted with nylon screws in a rigid polypropylene tray designed to 
capture all precipitation runoff from the panel. The ratio of the tray area to panel area was 
1.03. The trays were mounted at an angle of 30 ~ with the horizon and faced south. The trays 
drained through a vertical 0.9-m Teflon tube (1.9 cm inside diameter) into a 20-L container. 
Evaporation losses from the collected runoff and direct absorption of acidic gases were 
minimized by the long, small-diameter diffusion path between the container and the tray. 
Runoff from the panels was collected at monthly intervals for analysis. 

The effects of particulate deposition on runoff chemistry were determined at the same 
time by collecting runoff from an inert surface. A panel of Type 304 stainless steel (UNS- 
$30400) was chosen for this purpose. Panel configuration, mounting, and runoff collection 
and analysis were identical to that for the zinc and copper panels. 

Wet deposition to the panels was collected using a wet/dry precipitation collector. Monthly 
wet-only precipitation samples were collected concurrently with the runoff samples for 
analysis. 

All runoff and wet deposition samples were analyzed for the following ions: H, Na, K, 
Ca, Mg, NH4, SO4, NO~, PO4, and CI [20]. Hydrogen ion concentration was determined by 
direct measurement of pH. The ammonium ion and the anions were determined by ion 
chromatography. The remaining cations were determined by atomic absorption (AA). In 
addition, the runoff samples from zinc were analyzed for Zn, from copper for Cu, and from 
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stainless steel for Zn, Cu, Fe, and Cr, all by AA. Volume and collection time were also 
recorded. 

A separate set of one-sided 10 by 15 cm (4 by 6 in.) zinc and copper panels were exposed 
concurrently with the larger runoff panels for mass loss and corrosion film chemistry de- 
terminations. The groundward side of each panel was masked with the vinyl tape to prevent 
corrosion. They were prepared identically to the runoff panels and exposed to the atmosphere 
in accordance with the ASTM Recommended Practice for Conducting Atmospheric Cor- 
rosion Tests on Metals (G50-76) at an angle of 30 ~ facing south. Sets of three panels each 
were removed after exposures of 1, 3, 12, and 33 months. Corrosion products were quan- 
titatively removed from zinc panels with 15 vol % ammonium hydroxide and from copper 
panels with 33 vol % hydrochloric acid (ASTM G1-72). The solutions containing the dis- 
solved corrosion products were analyzed by wet chemical techniques to determine the com- 
position of the corrosion film. All panel weights were recorded to 0.1 mg. 

Field Corrosion Experiment 

Mass loss panels were exposed at five eastern sites (North Carolina, Washington, DC, 
New Jersey, New York, and Ohio) which represent differing combinations of the environ- 
mental parameters considered important in determining the effects of acid deposition on 
materials damage [21]. Specific information on the sites is given in Table 1. Air quality, 
precipitation chemistry, and meteorology were monitored continuously at each of the sites 
from 1982 through May 1988. The facilities at the Washington, DC, site, shown in Fig. 1, 
are typical of those at each site. 

In addition to zinc and copper, galvanized steel was exposed at the five sites. The chromate- 
treated 28-gage galvanized steel strip was continuous hot-dipped and had a coating weight 
(for two sides) of 0.27 kg/m 2 (0.90 oz/ft2). The coating thickness was 19 p.m. The mass loss 
panels measured 10 by 15 cm. They were treated in the same way as the one-sided mass 
loss panels used in the runoff experiment except that they were not masked on one side. 
Galvanized-steel corrosion product was stripped and subsequently analyzed by the same 
procedure used for zinc. Panels were exposed in triplicate for periods of 12, 36, and 60 
months. All panel weights were recorded to 0.1 mg. 

Experimental Results 

An array of mass transfer, chemical, and electrochemical processes that can occur on 
copper and zinc surfaces in an atmosphere where sulfur dioxide is the primary gaseous 
pollutant is shown in Fig. 2. The mass balance for species i in the corrosion film showing 
the relationship between the input fluxes and the output flux can be written as follows 

f0 m~,(t) = [Fw.,(t) + F,.,(t) + Ft,(t) - Fr.i(t)]dt (5) 

where 

my.,(t) = mass per unit area of species i accumulated in the corrosion film, 
Fw., = wet deposition flux, 
F,., = dry deposition flux, 
F,., = corrosion reaction flux, and 
F,., = runoff flux. 
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246 CORROSION TESTING AND EVALUATION 

FIG. 1--Washington, DC, materials exposure site on the roof of  the West End Library including metals, 
stone, and paint samples, collector for precipitation chemistry sample, and sampling line for continuous 
air quality measurements. 

Each term in Eq 5 except dry deposition flux is known from experimental measurements. 
One can take the time derivative of Eq 5 and rearrange terms to solve for Fdj 

drnf.i 
Fa.,(t) = ~ - ( t )  + F,.~(t) - Fwj(t) - F~.i(t) (6) 

Each term on the right side of Eq 6 was replaced by the average flux and accumulation rate 
for the monthly measurement cycle of the runoff experiment to obtain the dry deposition 
flux of sulfur to the surface of the runoff panels, Fj.,. 

A small sulfur dry deposition flux was measured for the stainless steel panel. Since no 
chromium or iron was detected in the runoff that could be attributed to corrosion of the 
stainless steel panel, the sulfur most likely come from dry deposition of sulfate-containing 
particulates and from reactions of sulfur dioxide with basic particulates, for example 
(Ca,Mg)O and CaCO3, on the panel surface under humid conditions. The assumption was 
made that these two sources contribute the same amount of dry-deposited sulfur to the 
copper and zinc panels. The net sulfur available to react with the corrosion product, 
F~s(t), is the sulfur flux to the zinc and copper panels corrected for the sulfur associated 
with particulates. 

(t) = Fa.s(t) - F,i.ss(t) 

where 

Fa.ss = the stainless steel sulfur dry deposition flux. 

(7) 
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With particle deposition excluded, the net sulfur flux to copper and zinc is attributed to 
dry deposition of sulfur dioxide. It is related to the ambient atmospheric concentration of 
sulfur dioxide by the mass transfer coefficient, vd, commonly called the dry deposition 
velocity since it has the units of velocity, centimetres per second [6,22] 

v.(t) = F%(t)/[SO2(t)] (8) 

where [SO2(t)] is the ambient atmospheric concentration of sulfur dioxide. Monthly dry 
deposition velocities for sulfur dioxide, computed from the runoff experiment using Eqs 6 -  
8, are plotted in Figs. 3 and 4 for zinc and copper, respectively. The mean values of the 
dry deposition velocities are: zinc, 0.44 + 0.15 cm/s, and copper, 0.16 - 0.09 cm/s. 

Multiple layers of water have been shown to adsorb on zinc surfaces [23], and presumably 
copper surfaces, at ambient temperatures and a relative humidity of 93%. Moisture is more 
readily available on corroded zinc and copper surfaces from capillary condensation and from 
the hydrophilic nature of their corrosion products. Sulfur dioxide dissolves in this water to 
form the bisulfite ion, which in turn is readily converted to sulfate by ozone, hydrogen 
peroxide, and transition metal ions [24]. Transition metal ions such as iron are available in 

ATMOSPHERE 

Wet deposition: H20, H + 

CORROSION PRODUCT 
Weathering: 

H20 
MO n/2 SO ~_2. 

CI- 
co2 

Dry deposition: H2SO 
SO 2 + H20<+O2>~H2SO ~ 

H 2 S O 3 H +  + HSO~ 
H2SO 4 HSO~ 

Cathodic reaction: 
0 2 + 2H20 + 2 e - ~ 4 0 H -  

Charge transfer: 

Runoff: H20, M n+ 

Anodic reaction: 
M - -  M n+ + ne-  

FIG. 2--Chemical, electrochemical, and mass transfer processes that can occur during corrosion in 
atmospheres containing sulfur dioxide as the primary gaseous pollutant. 
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FIG. 3--Monthly dry deposition velocities for sulfur dioxide to zinc measured at Washington, DC, 
beginning June 1985. Broken line is the average value of 0.44 em/s. 

deposited particulates [25]. Two hydrogen ions are released for every sulfur dioxide molecule 
deposited on the surface in this process. These hydrogen ions then react with corrosion 
products to form soluble compounds which can be flushed from the surface by precipitation. 
The amount of corrosion product in this dry deposition contribution to the runoff flux should 
be stoichiometrically related to the dry-deposited sulfur dioxide. The associated runoff flux 
term, written in terms of equivalents of metal dissolved, is 

S(dry) = a,vd[S02] (9) 

The coefficient al is a conversion factor to give S(dry) the correct units. 
The dry deposition contribution to the runoff flux, S(dry), is subtracted from the runoff 
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FIG. 4--Monthly dry deposition velocities for sulfur dioxide to copper measured at Washington, DC, 
beginning June 1985. Broken line is the average value of 0.16 cm/s. 
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flux, [3, and divided by the precipitation volume flux, V', to give the concentration of metal 
ions in the runoff attributed to wet deposition, [13 - S(dry)]/V' .  This concentration has 
been plotted in Figs. 5 and 6 versus the net change in the concentration of the wet-deposited 
hydrogen ions that occurs as the precipitation washes the panel surface. Zinc carbonate and 
zinc hydroxycarbonates are among the principal compounds formed in the atmospheric 
corrosion of zinc [9-11]. The two dashed lines in Fig. 5 correspond to the 1:1 and 2:1 
stoichiometric ratios for hydrogen ion required to release zinc from the corrosion film in 
the following reactions 

and 

ZnCO3 + H + > Zn 2§ + HCO3 (10a) 

ZnCO3 + 2H + , Zn 2+ + H20 + CO2 (10b) 

The solid curve is the least squares fit of the data. It corresponds to a value for the stoi- 
chiometric ration of 3.2 and an intercept of 46.5 p.mols Zn/L.  The intercept is the solubility 
of the corrosion product adjusted for the residence time of precipitation on the panel surface. 
Two similar curves are shown in Fig. 6 for copper corresponding to the following reactions 

and 

Cu20 + 2H + ' ) 2  Cu + + H20 ( l l a )  

CuO + 2H § ~ Cu 2+ + H20 ( l l b )  

The solid curve is the least square fit of the data. It corresponds to an n of 2.6 and an 
intercept of 18.9 Ixmols Cu/L. 

The results presented in Figs. 3 to 6 indicate that much of the dispersion in the runoff 
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FIG. 5--Effect of wet deposition on zinc runoff, Solid line is least squares fit of data. Broken lines 

correspond to 1:1 and 2:1 stoichiometric ratios .for the moles of hydrogen ion required to release one 
mole of zinc from the corrosion product. 
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flux data can be accounted for by a three-term model 

where 

V t 

H L '  = 

F 

S =  

gt 

f5 = r S V '  + H L ' / n  + alvd [802] (12) 

the precipitation volume flux, 
the wet-deposition hydrogen ion flux, 
a residence time factor (valued from 0 to 1), 
the solubility of the corrosion product in precipitation at pH 5.6 (the pH of water 
in equilibrium with the ambient carbon dioxide concentration), and 
the stoichiometric coefficient for the reaction of hydrogen ion with the corrosion 
product. 

Runoff flux data obtained from the field corrosion experiment were used to determine 
how well Eq 12 represented the runoff data using the aerometric and precipitation chemistry 
data that typically are available from regional monitoring activities. Average runoff flux 
values were computed for this purpose from the mass loss and corrosion film chemistry data 
for every exposure at each of the five sites. Average values of V', HL', and [SO2] were also 
computed for each exposure. A least squares fit of Eq 12 was performed for zinc, galvanized 
steel, and copper using the data for exposures of 12 to 60 months at the five sites. The 
regression was not weighted. The regression for each metal included data from seventy 12- 
month, four 36-month, and four 60-month exposures. Each exposure was the result of 
triplicate corrosion measurements. 

One of the two reactions given in Eq 10 is the dominant dissolution reaction (or proxy 
for an equivalent dissolution reaction) for zinc. Similarly, one of the two reactions in Eq 
11 is the dominant dissolution reaction for copper. The value of the stoichiometric coefficient 
in Eq 12 is either 1 or 2. The results in Figs. 5 and 6 indicate that a value of 2 is the correct 
choice for both zinc and copper. With this value fixed, Table 2 gives the estimates of the 
other parameters obtained from Eq 12 obtained by a least squares fit. The R 2 values are 
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computed relative to [3 = 0. The predicted values of [3 are shown as a function of the 
observed values for galvanized steel exposed at the five sites in Fig. 7. The R 2 for this case 
is 0.98. 

Discussion 

The deposition velocity is dependent upon factors characteristic of the environment and 
of the receiving surface. Environmental factors most important to the dry deposition of 
sulfur dioxide are wind speed, temperature,  and the orientation, size, and shape of the 
surface. Important  surface factors are roughness, area, wetness, temperature,  and compo- 
sition. The variation in the monthly deposition values in Figs. 3 and 4 are a reflection of 
these factors, particularly wind speed and surface wetness. The measured values represent 
an average of these effects over the measurement period. 

The inverse of the deposition velocity can be regarded as proportional to the sum of an 
aerodynamic resistance, r,, and a surface resistance, r,, [22] 

1 
va ~ - -  (13) 

r , ,+ r ,  

The aerodynamic resistance is dependent on the environmental factors noted above, and 
the surface resistance depends on the surface factors. As a simple example, an increase in 
wind speed decreases the aerodynamic resistance; an increase in surface wetness decreases 
the surface resistance. Both effects increase the deposition velocity. These kinds of effects 
lead to the results in Figs. 3 and 4. More commonly, however, complex and interacting 
atmospheric and surface processes occur, some of short duration, which significantly affect 
the dry deposition rate. 

Because of this, the fit of Eq 12 to field corrosion data seeks to find an effective deposition 
velocity that represents the dry deposition of sulfur dioxide in a broad geographic region 
having similar climatological characteristics. The deposition velocities reported in Table 2 
are statistically highly significant. Furthermore, they were not site dependent,  indicating 
that the deposition rate at each of the five sites was effectively represented by the values 
given in Table 2. While these values depend upon the statistical inference of a relationship 
between the corrosion and the environmental data, the values measured in the runoff 
experiment at Washington, DC do not. The quantities needed to define those values were 
measured directly. The sulfur dioxide dry-deposition velocities obtained for copper by the 
two methods agreed identically. The values for zinc differed by only 15% and were not 
statistically different. This agreement would suggest that the dry-deposition velocities in 
Table 2 are not only statistically significant but are also physically significant. They should 

TABLE 2--Parameter values for runoff flux model based upon 12- to 60-month exposures in field 
corrosion experiment, 1982 to 1988. 

Flux Term Parameters 

Precipitation rS, Hydrogen Ion, Sulfur Dioxide vd, 
Metal R 2 ~M/L mol H/mol Zn cm/s 

Zinc 0.96 26.8 -+ 13.8 2 0.385 -+ 0.046 
Galvanized 

steel 0.98 26.2 -+ 6.4 2 0.298 -+ 0.023 
Copper 0.98 18.4 +- 7.9 2 0.167 -4- 0.028 
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obtained using the parameters in Table 2. 

apply to at least a broad part of the eastern United States encompassing the Middle Atlantic 
states and New England. On the other hand, it is unlikely that they would apply to the 
more arid parts of the country. 

Barring differences in the roughness of the developing corrosion product, the aerodynamic 
resistance of copper, zinc, and galvanized steel panels exposed under identical conditions 
would be the same. Differences in the deposition velocity for these metals would, therefore, 
occur because of differences in the surface resistance. The higher deposition velocity for 
zinc than for copper indicates that the copper corrosion product has a substantially lower 
affinity for sulfur dioxide than the zinc corrosion product. The higher deposition velocity 
for zinc than for galvanized steel indicates a higher surface resistance for galvanized steel. 
This is the effect expected from the chromate treatment applied to galvanized steel to inhibit 
"white rusting" and to reduce the reactivity of the surface. 

Predicted runoff losses were obtained from the runoff experiment by integrating Eq 12 
over the 33-month period of the experiment. The mean dry deposition velocities and the 
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slopes and intercepts from Figs. 5 and 6 were used to compute the predicted values. The 
values for zinc and copper are plotted in Figs. 8 and 9, respectively, along with the measured 
runoff losses, as a function of the accumulated precipitation volume. The contributions of 
the individual runoff terms are given by the curves for: (1) the dry deposition of sulfur 
dioxide; (2) sulfur dioxide and the wet deposition of excess hydrogen ion; and (3) sulfur 
dioxide plus hydrogen ion and dissolution in pH 5.6 water. All three terms make significant 
contributions to the dissolution of the corrosion product in runoff. Dry deposition of sulfur 
dioxide has the greatest effect on the zinc corrosion products. Wet deposition of hydrogen 
ions has the greatest effect on the copper corrosion products. 

The sum of the three terms overestimates the measured runoff for both copper and zinc, 
particularly in long exposures. This difference is small, representing only 15% of the runoff 
loss for zinc and 10% of the runoff loss for copper. This systematic and not insignificant 
deviation for both metals in long exposures suggests that other important processes may be 
involved. One source of this deviation could be the effect of temperature on the corrosion 
product solubility. Also, high precipitation fluxes could reduce residence times and con- 
ceivably reduce the mass of corrosion product dissolving in the runoff. 

The most likely source of the deviation between predicted and measured runoff is the 
reaction of hydrogen ions with basic particulates dry deposited on the panel surface. This 
would be in addition to any such reaction that occurred on the stainless steel panel and was 
corrected for in Eq 7. The basic particulates would include CaCO3 and (Ca,Mg)O. Not all 
calcium particulates are basic or would contribute to this process. The fraction of basic 
particulates reacting would depend upon the composition of the corrosion product surface 
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at any time and the relative reaction rates of hydrogen ion with the corrosion products and 
with the particulates. The dry deposition flux for calcium could serve as an indicator for 
this process. One would also need to know the fraction of the particulates that are basic 
and the relative rates of the neutralization reactions occurring on the panel in long-term 
exposures. As the corrosion products on zinc and copper weather and form more stable 
mineral compounds, it is possible that reactions of the available hydrogen ions with basic 
particulates accounts for an increasing fraction of the acidic species consumed on the panel 
surface. This would require modifying Eq 12 to include a term proportional to the calcium 
dry deposition flux, F~.r~, that would reduce the amount of corrosion product dissolved by 
acid deposition, as follows 

f5 = rS (T )V '  + HL' /n  + atVo, [S02] - a~Fa.c,, (14) 

The calcium dry-deposition flux can be estimated from the ambient particulate concentrations 
and chemistry [25]. The term a~ includes the fraction of basic calcium particulates in the 
total dry deposition flux. It also includes a factor for weighting the kinetics of the different 
neutralization reactions. The factor S(T)  in the first term of Eq 14 is the solubility of the 
corrosion product at temperature T. While Eq 14 has not been validated, the results in Figs. 
8 and 9 indicate that the addition of a term for basic particulates would improve the model. 
Such a term would also help explain the slopes in Figs. 5 and 6, which gave stoichiometric 
coefficients greater than 2. By the very construction of Figs. 5 and 6, all of the effect of the 
neutralizing particles was assigned to the wet deposition flux. Because of this, substantially 
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more hydrogen ions would appear to be needed to release a zinc or copper ion than required 
by the stoichiometric equations. 

The limit to which zinc can react with acid deposition is defined by the solubility curves 
given in Fig. 10. The carbonate ion equilibria are given in this figure for water saturated 
with carbon dioxide at ambient conditions (CO2 partial pressure = 3 x 10 4 atm). The 
solubility of zinc carbonate in water saturated with carbon dioxide at partial pressures from 
10 -s to 10 -~ atm is also shown in this figure along with the solubility of 13-Zn(OH)2, one of 
the zinc hydroxides more likely to form under atmospheric corrosion conditions [26]. The 
two solubility curves intersect at about pH 7.5. At  lower pH values zinc carbonate is more 
stable; at higher pH values zinc hydroxide is more stable. The conditions at the outer surface 
of the zinc corrosion product, where the pH would be lowest and the carbon dioxide 
concentration highest, favors the formation of zinc carbonate under ambient conditions. 
Those near the metal/film interface favor the formation of zinc hydroxide. 

The cross-hatched area contains the pH-concentration data for the 33 monthly runoff 
samples. All  of the measured zinc concentrations lie below or on the solubility curves. A 
substantial part of the zinc collected in the runoff is due to the highly soluble zinc sulfate 
formed by dry deposition sulfur dioxide that readily washes from the panel surface early in 
each precipitation event. After  this has occurred, a mass balance shows that the zinc con- 
centration in the runoff during the remainder of the precipitation event is well below the 
values in the cross-hatched area. One estimate of this concentration is given by the data in 
Fig. 5, where the concentration on average is 46.5 ~mol Zn /L  plus that which is dissolved 
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TABLE 3--Annual average environmental parameters for runoff flux model, 1982 to 1987. 

Hydrogen Ion Flux, 
Precipitation mmol H + Sulfur Dioxide 
Volume Flux, Concentration, 

Site L/m 2 - day m 2 - day ppb 

North Carolina 2.74 107.1 2.3 
Washington, DC 2.66 109.6 10.1 
New Jersey 3.58 211.3 6.3 
New York 2.89 120.1 1.6 
Ohio" 2.32 201.9 20.7 

"Averages for 1985 to 1987. 

by the excess hydrogen ions. This is at least an order of magnitude lower than the solubility 
given by the curves in Fig. 10 and suggests a value for the residence time factor of less than 
0.1. The lower value of the solubility obtained from the field corrosion data, Table 2, 
compared to the value from the Washington, DC, runoff data may reflect the influence of 
the lower temperatures observed at the New Jersey, New York, and Ohio sites in Table 1. 
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FIG. 11--Annual average contribution of wet and dry deposition to corrosion damage resulting from 
precipitation runoff for zinc ( Z) and galvanized steel ( G). The numbers at top of  bars are total damage 
rates in p.rn/year. The numbers in shaded segments are corresponding percentages of the total. 
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precipitation runoff for copper. The numbers at top of bars are total damage rates in p~m/year. The 
numbers in shaded segments are corresponding percentages of the total. 

The parameter values given in Table 2 were used in Eq 12 to estimate the annual average 
corrosion damage resulting from runoff losses at each of the sites. Average values of the 
precipitation volume flux, hydrogen ion flux, and sulfur dioxide concentration were com- 
puted from the precipitation chemistry and air quality data for the years 1982 to 1987 (1985 
to 1987 for the Ohio site) (Table 3). These values gave the results in Fig. 11 for zinc and 
galvanized steel and in Fig. 12 for copper, expressed as a uniform corrosion penetration 
rate in micrometres per year. 

The dominant feature in Fig. 11 is that acid deposition (wet and dry) accounts for 50% 
or more of the total damage to zinc and galvanized steel at all sites. At the  Ohio site it 
accounts for more than 80% of the damage because of the large contribution of the sulfur 
dioxide term. Even at the two sites where sulfur dioxide concentrations are low, total damage 
is doubled by acid deposition because of the strong contribution of the hydrogen ion term. 
The reason that total damage varies by a factor of 3 when sulfur dioxide concentrations vary 
by a factor of more than 10 is that other terms also make significant contributions to the 
total damage. 

The dominant feature in Fig. 12 is that acid deposition accounts for more than 50% of 
the total damage to copper. The hydrogen ion term is the principal contributor to the total 
damage at four of the five sites. Dry deposition is not as important to copper damage as is 
wet deposition except when sulfur dioxide concentrations are high. 
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Conclusions 

Atmospheric corrosion rates for zinc and copper in long-term (steady-state) exposures 
are equivalent to the loss rates for corrosion product dissolved in precipitation runoff. A 
three-term runoff flux model, involving the precipitation volume, the hydrogen ion wet 
deposition, and sulfur dioxide dry-deposition fluxes, describes the runoff flux from field 
corrosion measurements on zinc, galvanized steel, and copper at five sites in the eastern 
United States with R z values greater than 0.95. Systematic deviations in the runoff results 
indicate the model would be improved by adding a term for the dry deposition of particulates 
that neutralizes a fraction of the acid deposition subsequently deposited and, hence, reduces 
the runoff flux. 

The parameters in the three-term model obtained by a least squares fit of field corrosion 
data agreed well with values obtained by direct measurement of dry deposition and runoff 
fluxes. Because of this, the parameters are not only statistically significant but also physically 
significant. The stoichiometric coefficient for the neutralization of corrosion product by 
hydrogen ions was 2 for both zinc and copper. The average dry deposition velocity for sulfur 
dioxide to zinc was 0.44 cm/s and for copper was 0.16 cm/s. The higher value for zinc 
indicates the zinc corrosion product has a higher affinity for sulfur dioxide than the copper 
corrosion product. The value for galvanized steel was less than for zinc as a result of the 
chromate treatment given the steel. The product of residence time and solubility for the 
zinc corrosion product in precipitation was 46.5 ~mol Zn/L;  for the copper corrosion product 
it was 18.9 p~mol Cu/L. The zinc value was more than an order of magnitude below the 
solubility values for likely zinc corrosion products and yields a residence time factor of about 
0.1. The lower solubilities computed for the field corrosion experiment compared to the 
runoff experiment suggests that the solubility term in the three-term model should include 
a temperature dependence. Curves of pH versus solubility indicate that zinc carbonate 
formation is favored in the outer portion of the corrosion product and zinc hydroxide near 
the metal/film interface. 

Damage to zinc, galvanized steel, and copper from wet and dry acidic deposition is 
estimated to be 50% or more of the total damage at each of the five sites. Damage from 
acid deposition was more than 80% of the total at the Ohio site. For copper, damage from 
the wet deposition of hydrogen ions was greater than that from the dry deposition of sulfur 
dioxide at four of the five sites. 
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ABSTRACT: Three sets of 32 to 39 ASTM time-of-wetness G 84-84 sensors were exposed 
during summer and winter in Montreal. For the summer periods, all sensors responded well 
to rain but had a very different sensitivity to dew, with some sensors never responding to dew. 
For the winter period all sensors responded well to condensation below the freezing point. 
The ASTM sensor selection criteria are sound for atmospheres having a small dew time-of- 
wetness compared to the rain time-of-wetness. For atmospheres having a large dew time-of- 
wetness, the sensors should be tested in order to discard those which are not very sensitive 
to the dew. A sensitivity factor for each sensor within a given set can be determined experi- 
mentally in order to increase the precision of the time-of-wetness values. 

KEY WORDS: time-of-wetness, TOW, moisture sensor, corrosion, metals, atmosphere, hu- 
midity, measurement, calibration 

One of the most important parameters responsible for the degradation of materials exposed 
to the atmosphere is moisture, which can be present as rain, dew, snow, hoarfrost, etc. In 
order to quantify the influence of this parameter, various techniques have been developed 
to measure what is now called "time-of-wetness" (TOW), that is, the time during which the 
surface of a material is wet. It is well known that metallic materials corrode essentially when 
wet and that their corrosion obeys electrochemical laws. It was therefore obvious to look 
to electrochemical sensors to determine the TOW [1-6]. One is the sensor developed by 
P. J. Sereda upon which the ASTM Standard Practice for Measurement of Time-of-Wetness 
on Surfaces Exposed to Wetting Conditions as in Atmospheric Corrosion Testing (G 84- 
84) is based. This sensor has proven to be very useful in the past [7-9] even though it has 
been more or less ignored in recent extensive atmospheric corrosion studies in the western 
world. This is in contrast with studies performed in the communist countries members of 
COMECON (Council of Mutual Economic Aid), where similar sensors are used on a regular 
basis [6], and with the recent extensive efforts to establish atmospheric damage functions 
for materials where the notion of TOW is always present [10,11]. 

Basically, this sensor consists of a system of two different electrodes insulated electrically, 
which develop a galvanic potential when moisture covers both electrodes. Different sizes, 
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configurations, and electrodes were studied during the course of its development [2-4]. 
Currently, a second generation of these sensors is available commercially [12]. This sensor 
(Fig. 1) has a gold and a copper electrode on an insulated plastic base. It is very small (1.8 
by 1.1 by 0.1 cm) in order to follow closely the thermal history of the material on which it 
is located. The TOW is defined as the time for which the voltage is higher than a prede- 
termined threshold which, according to ASTM G 84-84, can be 10 or 20 mV. Except for a 
study of three of these sensors exposed simultaneously at the same location as mentioned 
in ASTM G 84-84, no study of a large number of these sensors has yet been undertaken. 
Such a study appeared necessary to the authors, who obtained very different values of TOW 
with two sensors exposed for the same period at the same location [13]. The objectives of 
the project were: (1) to better understand the functioning of the sensor; (2) to quantify the 
possible errors when using one isolated sensor; (3) to reveal eventual differences of quality 
during production; (4) to define the procedures necessary to select a set of sensors capable 
of being used to adequately show differences in TOW at different locations during the same 
period; and (5) to understand better the meaning of the measured TOW. 

Experimental 
Sensors Selection 

The sensors used all came from a set of 150 made during production runs E 8603 and E 
8537. When tested as received and in a dry state they all had an impedance greater than 
100 MI2. They were then all tested according to the ASTM procedures as follows. After  
immersion in a salt solution (10 mg/L sodium chloride, 1% ethanol) for 1 h, their voltage, 
111, was measured; it varied from 30 to 160 mV. After  one week at ambient temperature 
and at 100% relative humidity, 124 sensors produced voltages, 112, between 10 and 105 mV. 
The remaining 26 showed voltages between - 2 0  and 10 mV. The 110 sensors used for the 

FIG. 1--The ASTM G 84 sensor. The electrode on the right is the gold electrode. 
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study were chosen at random from among the set of 124. Examples of values of V1 and V2 
are given in Table 1 for the first set of sensors used. They represent well the kind of values 
which can be obtained after the selection. 

Exposure o f  the Sensors and Site o f  the Study 

Two sets of 39 sensors were studied at temperatures above the freezing point during two 
periods in summer: Period 1 (41 days), when humidity was mostly due to rain, and Period 
2 (16 days), which had little rain but much dew. A third set of 32 sensors was studied at 
subzero temperatures in winter: Period 3 (42 days). These periods, considerably shorter 
than the 17 months of ASTM G 84-84, were partly imposed by the date the authors wanted 
to study the microclimates around a building using these sensors [14]. These three periods 
have nevertheless demonstrated the basic behavior of these sensors at all useful temperatures. 

Each individual sensor was glued with epoxy resin on a 4 by 4 by Y16-in. aluminum plate. 
This plate was screwed on the plastic waterproof box which contains the measuring circuit. 
For each period, 39 (32 for Period 3) such assemblies were placed on an ASTM G 50-type 
rack on the roof of the Ecole Polytechnique of the Universit6 de Montr6al along with four 
similar assemblies having a temperature sensor to measure the temperature of the aluminum 
plate (Fig. 2). The sensors were exposed to the south 30 ~ above the horizontal facing the 
sky. 

The Ecole Polytechnique building is located on the western slope of Mount Royal and 
overlooks the neighboring residential areas of Montreal some 100 m below. The pollution 
from the immediate surroundings is due mainly to the automobile exhaust gases coming 
from nearby parking lots and to occasional fumes coming from the chemistry laboratory 

TABLE 1--Characteristics of selected sensors used during Period 1. The TOW is the measured value 
for the 20-mV threshold obtained by continuously scanning the sensors. 

Voltage After Voltage After Maximum Voltage 
Immersion in Salt 1 Week at During Period 1 

Sensor Measured TOW, Solution (V0, 100% RH (V2), (Vm,x), Sensor 
Number h mV mV mV Type 

33 191.2 114 35 158 2 
31 183.8 79 28 138 2 
34 177.8 77 38 152 2 
43 175.4 70 11 147 1 
32 169.1 110 46 173 1 
8 163.7 112 50 158 2 

44 163.0 92 82 176 2 
18 160.2 114 29 159 1 
12 159.1 103 20 131 2 
37 158.8 61 23 133 2 
36 157.2 111 35 172 1 
27 156.5 70 48 135 2 
23 151.2 68 26 159 3 
16 145.9 92 22 119 3 
46 143.0 100 60 137 3 
6 136.9 83 10 155 3 

11 123.2 122 20 134 3 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HECHLER ET AL. ON ASTM G 84 TOW SENSORS 263 

FIG. 2- -The  39 sensors exposed on an A S T M  G 50 standard rack. 

and the cafeteria. With each sensor having the same environment, it was assumed that their 
respective location on the rack had no influence on their response. 

Data Acquis i t ion  Sys tem 

A special measuring system designed to measure the TOW over large buildings using a 
minimum of wires was used. Basically, the system consists of a central microcomputer (Apple 
II + ) which, through optocouplers, controls an interface circuit which in turn drives a com- 
munication line consisting of a pair of single wires. This line is used to power the measuring 
circuits on which the sensors are connected and also to carry the measured voltages back 
to the computer. Each measuring circuit consists of a digital address decoder which, on 
recognizing its own address inscribed on the circuit, activates an analog measuring circuit. 
A voltage-to-frequency converter then is used to send an a-c signal through the line to be 
detected and interpreted by the computer. Other details of this system are given in Refs 15 
and 16. The calibration of the whole system showed an error of around 1 mV at the 20 mV 
level (5%) for temperatures between - 4 0  and +60~ Although it has been remarked 
previously that sometimes the voltage becomes negative (the copper electrode being the 
cathode), this phenomenon could not be analyzed here since the measuring system used 
could not measure negative potentials, which were thus replaced by zero. The sensors were 
scanned continuously, each individual voltage being measured about every minute in order 
to get the total TOW, which was determined for a threshold of 20 inV. Every 30 min, the 
voltages, the temperatures, and the total TOWs were printed and stored on floppy disks. 
Measurements of relative humidity were added for Period 3. Around 200 000 measurements 
were made on the sensors during the 99 days of testing reported here. This huge amount 
of data was transferred to a VAX 3500 (Digital Equipment Co.) and analyzed by a specially 
developed software. 
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Results 

Qualitative Study of the Voltage Changes with Time during the Summer Periods 

Figure 3 shows the typical curves which can be obtained during a summer day: one period 
of night and morning dew (4:00 to 8:00 h) and two periods of rain (16:00 to 21:00 h and 
22:00 to 24:00 h). These curves have been fully described in earlier papers [2-4]. The dew 
period appears at the same time as a decrease in temperature, which causes a slow increase 
of the voltage of the sensors. These voltages decrease slowly again as the sensors start to 
dry when the temperature increases with the appearance of the sun. The beginning of the 
rainfall causes a rapid fall in temperature,  which is associated with a sudden rise of the 
voltages. At  the end of the rainfall, the temperature rises slowly, causing a slow drying of 
the sensors and a slow decrease in their voltages. Thus, by recording the temperatures and 
the voltage of the sensors, it is easy to see how many rain periods and dew periods occurred 
just by looking at the shape of the voltage curves. Period 1 thus had 18 periods of dew and 
38 rainfalls. Period 2 had 13 periods of dew and only two rainfalls. Common voltage values 
were about 60 to 150 mV for rain periods and 5 to 40 mV for dew periods. 

At  the beginning of a rainfall after several dry days, the curves displayed a particular 
shape. The voltages increased rapidly, then decreased after about half an hour before staying 
relatively constant for the remainder of the rain. This behavior has already been mentioned 
by Sereda [2] and is similar to the observation made by Kucera and Mattson [5]. They 
attributed it to the absorption of gaseous pollutants during the dry periods, which are 
responsible for a large corrosion current when in contact with water. This clearly shows that 
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within a given period of wetness the corrosion intensity can be very different and that dry 
deposition between two wetness periods is partly responsible for it. 

A careful study of the complete set of curves shows that, in a general manner, the sensors: 

1. See the beginning of a period of rain at the same time. 
2. Take different times to dry completely after a period of wetness, except when the 

temperature is high. 
3. Do not all see the dew. 
4. Give very different potentials for the same humidity but show identical variations. 

As a result, the TOW determined from these voltages will be different, and these differ- 
ences have as their origin: 

1. A different sensitivity for each sensor (dew periods more or less detected, voltages 
more or less high, etc.). 

2. Climatic conditions (temperature, size of the last drops of rain leading to different 
times of drying, etc.). 

It nevertheless appears at this point of the study that the dispersion of the time of wetness 
values mainly is caused by the dew periods more than the rain periods. 

Quantitative Study of the Results for the Summer Periods. 

As mentioned, two sets of data were recorded. The first set was the measured TOW for 
the 20-mV threshold. With each voltage being measured about every minute, the error of 
the measured total TOW was therefore small (minutes compared to hours). The second set 
was the voltage values printed and recorded every 30 min. These values will be used to 
compute the TOW corresponding to thresholds different from 20 mV. Having only one 
value every 30 min, the maximum error of the TOW was 30 rain each time the voltage 
crosses the chosen threshold. This may cause a nonnegligible error. In computing these 
TOWs, the experimental curve, consisting of straight lines between two consecutive recorded 
points, has been used instead of the complete real curves, which are unknown. In order to 
estimate the error made in using this experimental curve, the measured and computed values 
corresponding to the 20-mV threshold were determined for all sensors for Period 1. The 
minimum and maximum errors were 1.7 and 8.3%, respectively, with a mean value of 5.3%. 
This error remained small. Therefore, in the following, the experimental curves were con- 
sidered as a good representation of the unknown real curves. 

Response curves--ASTM G 84-84 suggests 10 or 20 mV as thresholds for the definition 
of the TOW. Except that these two values lead to very similar values of the TOW, no study 
has yet been made to justify the use of these particular values. By drawing a response curve 
of these sensors (TOW versus threshold) some information might come out. Using the 
experimental curve and computing the TOW for the threshold values from 5 to 100 mV for 
Period 1, three types of curves are obtained (Fig. 4). Type 1 can be characterized by a curve 
having a more or less apparent flat portion around 30 mV. The longer this flat portion is, 
the more independent of the threshold is the value of the TOW. This type of curve, having 
a flat portion where the TOW is less dependent on the threshold values, might allow a better 
definition of the TOW; a fixed and empirical value for a threshold in this case is not necessary, 
and eventually this flat portion may be related to some specific corrosion conditions on the 
surface of the sensors leading to a more physical definition of the TOW. Table 1 gives the 
measured TOW for the 20-mV threshold for some sensors of Type 1 as well as for the other 
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FIG. 4--Typical response curves ]:or the three types of  sensors used during Period 1. Type I: Sensor 
43 (--0--) ;  Type 2: Sensor 27 (--A--) ;  Type 3: Sensor 6 ( - - I - - ) .  

types. The Type 2 sensor has a curve which has no flat portion but nevertheless presents 
more or less an inflection point. This type of sensor can give TOW values higher than those 
of Type 1 with a larger dispersion. Type 3 sensor has a curve which decreases continuously 
without even an inflection point. It is very difficult to try to define a TOW using this type 
of curve since there is really no distinct point on it. Type 3 curves can differ greatly from 
one sensor to another. This type of sensor gives TOW values considerably lower than the 
two other types. 

The Type 1 and Type 2 curves have, generally speaking, a slight hump around 80 mV. 
This characteristic feature is related to the phenomenon described earlier where the voltages 
of the sensors have higher values at the beginning of a rainfall after a dry period. Such a 
feature was completely absent for the Type 3 sensor. This denotes a certain inactivity of 
this type of sensor. 

Qualitatively, it has been shown that the response of the sensor to dew can be quite 
different, and therefore the response curves for rain and dew have also been drawn. These 
curves were obtained by carefully analyzing the whole Period 1 in order to delimit in time 
the periods corresponding to each type of humidity. All rain and dew periods then were 
regrouped and analyzed separately. Figures 5 and 6 give these curves for the same sensors 
as in Fig. 4. The rain response curves have almost all the same shape where the flat portion 
is again apparent. The rain TOW values are relatively close for thresholds up to around 20 
inV. The dew response curves are quite different even at the 10 to 20-mV level. It is also 
important to note that the dew TOW values for the 5-mV threshold are almost double those 
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for the 10-mV threshold. The ASTM G 84-84 thresholds therefore appear somewhat high 
to give a good total length of the dew periods. 

From all these curves, it is obvious that no special threshold stands out. The 10 or 20- 
mV values have no special significance. The only justification that can be given here is that 
they are around a certain inflection point on the response curves, showing that the TOW 
change with the threshold value is minimal. 

Statistical studies--This analysis was performed in order to get information on the TOW 
standard deviation. Tables 2 and 3 show the results of the analysis performed on the total, 
rain and dew TOW for Periods 1 and 2 and the separate contribution of the two types of 
humidity. For Period 1 in Table 2 it can be seen that, for a threshold of 10 mV corresponding 
here to the smallest TOW standard deviation, the rain TOW is 185.3 h and the dew TOW 
10.3 h, which represents 5% of the total TOW. The standard deviation of the values for the 
dew periods (56%) is much larger than the standard deviation for the rain periods (7.1%), 
a difference of almost one order of magnitude. The dew TOW is small compared to the 
rain TOW, and the standard deviation due to the dew does not have any effect on the 
standard deviation of the total TOW (7.3%). This will not be the case for periods where 
the dew is significant compared to the rain, as it is the case for Period 2 where the dew 
TOW for the 10-mV threshold is 26% of the total TOW. Although the rain TOWs are very 
different for Periods 1 and 2, their standard deviations are almost identical (7 and 9%) for 
the 10-mV threshold. This shows that all 78 sensors studied have a similar response when 
exposed to the rain. Since they all see the beginning of the rain at the same moment,  the 
standard deviation of the TOW comes in part from the difference in time they take to dry. 
These values are slightly higher than the 4% value as given in ASTM G 84-84. 

The standard deviation of the dew TOW is again very high for Period 2 and much higher 
than for Period 1, but seems to decrease substantially with the lengths of the dew periods. 
This result confirms that the standard deviation of the TOW here is mainly due to the dew. 
The influence of the dew is predominant for the thresholds from 5 to 25 mV. In Table 3 it 
can be seen that the standard deviation (Column 4) decreases from 5 to 25 mV, then increases 
after 30 mV. The minimum standard deviation corresponds here not to 10 mV, as for Period 
1, but to 30 mV. Again the result is that no special threshold value stands out since the best 
threshold depends on the type of humidity, the length of these humid periods, and so on. 

Evolution o f  the T O W  with t ime--I t  has been seen that some of the sensors are less 
sensitive to humidity. If a homogeneous set of sensors is needed (for instance to measure 
small TOW changes from one location to another), these sensors have to be tested before 
use. The evolution of the TOW and its standard deviation with time can show how long 
they should be tested and if, in some way, a sensitivity factor can, again experimentally, be 
established. This has been done for Period 1. 

Figure 7 represents the evolution of the calculated TOW (10-mV threshold) for the sensors 
having the highest and the lowest final TOW. The horizontal portions represent dry periods, 
and the remaining portions represent wet periods. The TOW change with time was studied 
using specific times on the horizontal portions when all sensors were dry. The mean TOW 
standard deviation for the 10-mV threshold stayed fairly constant (7.3 to 8.9%) with time 
and therefore close to the value obtained at the end of Period 1. It thus seems possible to 
test the sensors over a short period of time since the results are the same for longer periods. 

Curves like those in Fig. 7 for sensors having high and close final TOW are almost identical. 
On the contrary, the curves for sensors having low and close final TOW diverge to some 
extent, especially during the periods of dew. In Fig. 7, it can be seen that the distance 
between the two curves increases continuously with time. This could mean that the sensors 
have a simple behavior compared to the mean TOW value. Table 4 gives the evolution with 
time of the TOW of individual sensors divided by the mean value of the TOW for typical 
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FIG. 7--TOW evolution with time for the sensors having the highest and the lowest TOW during 
Period 1. 

sensors for the 10-mV threshold. It appears that, in a general manner, this ratio varies 
slightly in this experiment during the first 500 h and then for the majority of the sensors it 
changes less than 2% during the remaining testing time. For a threshold of 20 mV there 
are 16 sensors out of 39 presenting a variation higher than 2% but only 9 for a threshold 
of 10 inV. Here again 10 mV seems better. Sensors of Type 3 show larger variations than 
Types 1 and 2 and at the same time give lower values of this ratio. 

Finally, it seems that, for sufficiently long times, the TOW given by any sensor is related 
to the mean TOW, which could be taken as the real TOW, by a factor which can be 
determined experimentally as done here and which can be quite different from unity. This 
factor represents the physical differences between the sensors arising from manufacture, 
conditioning, etc. It is different from the sensitivity factor related directly to humidity 
parameters (such as relative humidity) as discussed in Refs 3 and 4, which is difficult to 
assess. This experimental factor should increase considerably the precision of the TOW 
measurements. 

Qualitative Study o f  the Voltage Change with Time for the Winter Period 

Period 3 had around 40 wetness periods, all corresponding to condensed humidity except 
for three periods of wet snow or freezing rain. Common voltage values were between 40 
and 200 mV for this period. 

Figure 8 shows typical curves obtained at subzero temperatures. As already mentioned 
[4], a voltage develops down to - 30~ proof of some electrochemical reactions and there- 
fore of corrosion. This happens in an almost general way when the relative humidity is 
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higher than 40 to 45% at all subzero temperatures, including periods of nonwet snow. The 
voltage curve follows very closely the variations of the relative humidity with values always 
different from zero when the relative humidity is higher than 40 to 45%. Some of these 
voltages are surprisingly high, up to 500 mV, and are usually associated with a rapid rise in 
temperature, causing melting of the snow lying or falling on the sensors, and with freezing 
rain. These high voltages might indicate some important corrosion reactions caused by species 
contained in the snow or in the freezing rain. This is in accordance with results showing 
that, on the same building, the corrosion rates of clean copper surfaces are around twice 
as high in winter as in autumn [14]. 

When the response of all sensors for the whole period is carefully analyzed, it appears 
that they respond better to condensation at subfreezing temperatures than at temperatures 
higher than O~ If in summer some sensors never responded to dew, during the winter, 
with only a few exceptions, all humidity periods were seen by all sensors. 

TABLE 4--Evolution with time o f  the ratio TOW~mean TOW for selected sensors used in Period 1. 
The TOW values are those calculated for the lO-mV threshold. 

Time, TOW 
Sensor h mean TOW 

Sensor giving highest TOW: 
33 

Sensor giving lowest TOW: 
46 

Sensor giving a TOW close to the mean TOW 
39 

Sensor giving a TOW close to the mean TOW 
13 

Sensor giving a TOW higher than mean TOW: 
43 

107 1.023 
248 1.089 
534 1.173 
742 1.210 
911 1.201 

1156 1.189 

107 0.992 
248 0.963 
534 0.938 
742 0.895 
911 0.870 

1156 0.873 

107 0.918 
248 1.025 
534 0.989 
742 1.020 
911 0.999 

1156 1.009 

107 1.092 
248 0.928 
534 0.915 
742 0.990 
911 0.986 

1156 1.001 

107 0.983 
248 1.184 
534 1.323 
742 1.155 
911 1.105 

1156 1.077 
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Quantitative Study of the Voltage Change with Time for the Winter Period 

Period 3 voluntarily was limited to 42 consecutive days where temperature was always 
below 0~ except for three short periods of wet snow or freezing rain, although the testing 
extended well into spring. Therefore no attempt has been made to study separately the 
contribution of the different types of humidity as for Period 1. 

Response curvesr-Figure 9 shows typical response curves obtained during the winter. The 
shape of the curves is similar to the shape of Sensors 3 during the summer periods. Again 
no special threshold appears, even less so than for the summer periods since no inflection 
point appears around the 10 to 30-mV thresholds. 

Statistical analysis--Figure 10 shows how the mean TOW changes with the threshold 
values. Its standard deviation increass continuously with the threshold value and is around 
11% for the 10 to 20 mV values. This value appears to be better than the 20% value given 
in ASTM G 84-84. This analysis has been extended to study the influence of temperature. 
Figure 11 shows the distribution of the TOW at subfreezing temperatures. This distribution 
shows that, for the whole Period 3, half of the TOW appears at temperatures lower than 
-6~ Since corrosion decreases with the TOW, it can be seen that corrosion is likely to 
be small below - 15~ and nonexistant below - 20~ explaining earlier results. The standard 
deviation of the TOW, around 11% for periods having temperatures lower than -5~ 
increases to around 55% for periods with temperatures lower than -20~ 

Evolution of the TOW with time--This evolution is given in Table 5. The standard deviation 
for subzero temperatures stays around 11% for the whole period. Curves like those given 
in Fig. 7, giving the TOW evolution with time, show that they follow a similar progression, 
which suggests a simple relation with the mean TOW. For the three sensors giving the 
highest, the lowest, and the mean TOW, Table 5 gives also the ratio TOW/mean TOW and 
its change with time. The values of these ratios, which can be quite different from unity, 
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remain fairly constant during the whole period. So again, if small changes of TOW have to 
be detected simultaneously on different locations, a sensitivity factor can be determined by 
calibration. For both winter and summer periods it was verified that no relationship existed 
between these factors and the locations on the rack, especially for the sensors at the edge 
of the rack. 

Comparison Between the Characteristics of the Sensors Before Exposure and their 
Behavior During the Tests 

Before exposing the sensors, they were selected on the basis of their V~ and Vz values. 
During the tests the maximum value, Vmax, displayed by each sensor was noted, These three 
values are given in Table 1 for Period 1. It can be seen that there is no obvious relationship 
between these values. For instance, Sensor 31, which gives one of the highest TOW, has 
Vx = 79 mV whereas Sensor 46, which gives one of the lowest TOW, has V1 = 100 mV. 
The contrary was expected. The same goes for V2. If the TOW is represented as a function 
of Vmax, there is no clear relation except for a very slight tendency of sensors having a higher 
Vmax to give a higher TOW. The voltage values, which are easy to measure in the laboratory, 
are not able to predict their behavior in service. An observation with an optical microscope 
showed the good quality of all these sensors. No difference could be detected. The only 
thing that was noticeable was, that for certain sensors, the glue used at the base of the 
electrical connections covered one or two fingers of the electrodes. The difference in behavior 
of the sensors, in the absence of any other obvious physical differences, could be due to a 
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certain solubilization of this glue by humidity which, after drying, could stay on the electrode 
and modify its surface properties, especially its moistening properties. 

After Period 1, a study by infrared spectroscopy (FTIR reflectance) was undertaken on 
several sensors, especially on those not very sensitive to the dew. No trace of organic products 
were detected on the electrodes. The only difference observed in the spectra is a slightly 
higher absorption due to OH groups on the copper electrode for the less sensitive sensors. 
On the same electrode the absorption due to Cu20 also seems smaller for the less sensitive 
sensors. This last observation could mean that a certain thickness of the corrosion products 
is necessary to retain the dew and initiate corrosion reaction on the copper electrode. 

TABLE 5--Evolution with time of the mean TOW and of the ratio TOW~mean TOW for three 
sensors during Period 3. The TOW values are those calculated for the lO-mV threshold. 

Time, 
h 

TOW 
mean TOW 

Mean TOW, TOW Standard 
h Deviation, % Sensor 90 Sensor 100 Sensor 117 

159 83.4 10.4 1.157 1.061 0.815 
353 166.9 9.6 1.150 1.010 0.839 
659 293.9 11.6 1.179 0.988 0.846 
905 390.7 12.0 1.244 1.016 0.828 

1008 449.5 11.4 1.228 1.019 0.828 
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Enlarged photographs of selected sensors were also taken in order to check accurately the 
distances between the two electrodes. These distances do not differ very much, having values 
between 160 and 185 Ixm. Except for a slight tendency of the total TOW to decrease with 
the electrode distances within each type, there is no evident apparent correlation between 
these distances and the TOW when all types of sensors are considered. No correlation 
appears either with Vmax for dew nor rain. 

Since the TOW has a large dispersion for the few periods, the wettability of the sensing 
element substrate might therefore be the important factor; depending on its surface-mois- 
turing properties, it requires more or less deposited dew to form a continuous film of humidity 
to bridge the separation between the electrodes. The first generation of the sensors, having 
only 50 /zm (2 mils) between the electrodes [2], could thus have been more sensitive to 
dew. Further development of these sensors will have to concentrate on these two parameters: 
the wettability of the substrate and the distance between the electrodes. 

Discussion 

Choice of a Threshold Value for the Definition of the TOW 

Although a certain number of electrochemical studies have been done in the field of 
atmospheric corrosion, it has not yet been possible electrochemically to measure convincingly 
the instantaneous corrosion rate. These determinations are difficult since the electrolyte in 
this case is a very thin film of dew, rain, or even only the adsorbed humidity on the surface 
of the metal [17]. Trying to correlate the instantaneous corrosion rate of copper with the 
voltages measured here also appears very difficult since the same corrosion conditions do 
not lead to a unique voltage value for all sensors. It should nevertheless be mentioned that 
some relations exist if one considers the special behavior of the sensors at the start of the 
rain following a dry period and the high voltages which can be associated with the high 
corrosion in winter. It is therefore impossible to define theoretically a certain threshold 
which would correspond, for example, to a known negligible corrosion rate, the correspond- 
ing TOW giving the time during which corrosion happens. 

It has been seen that it is possible to determine a range of voltage for the sensors of Type 
1 (10 to 30 mV) where the TOW varies slowly with the threshold. According to the study 
of the influence of the dew, the fiat portion of the response curves associated with this 
domain can only be explained by a poor sensitivity to dew. Dew generally caused voltages 
on these sensors that do not exceed 10 to 15 inV. Rain caused voltages in excess of 40 mV. 
There is thus a range from 15 to 40-mV voltage values very seldom shown by this type of 
sensor. This threshold, which appears experimentally, thus has no theoretical foundation. 

From Tables 2 and 3, the importance of the different thresholds can be discussed. Ac- 
cording to ASTM G 84-84, the ratio TOW(20 mV)/TOW(10 mV) is 0.875. This is exactly 
the value found here for Period 3 and for the rain TOW of Periods 1 and 2 (not the total 
TOW). When the total TOW is considered, the values for Periods 1 and 2 are 0.847 and 
0.714, respectively, indicating a larger difference between the two TOWs than given in the 
norm. If only the dew TOW is considered, then the values are 0.311 and 0.210, respectively, 
meaning that the change of threshold from 20 to 10 mV multiplies the dew TOW by a factor 
of about 3 and 5, respectively. And if the threshold is changed from 20 to 5 mV, then the 
dew TOW changes by a factor of about 6 and 11, respectively. This raises the importance 
of knowing the corrosion rates and their respective values for different humidities. If the 
corrosion rates during the dew periods are small compared to the corrosion rates during the 
rain period, then the dew TOW is unimportant and a high threshold can be taken. If this 
is not the case, then a low threshold must be taken. 
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Since no such information is available at this time, it follows from this study that the only 
criteria for selecting a threshold value could be those of precision, that is, the value giving 
the best standard deviation. The statistical treatment shows that the best TOW threshold 
can vary depending on the respective importance of the periods of rain and dew. Therefore 
this best value might change with time at a given location and will be different at the same 
time at different locations. Considering that this best TOW threshold was always around 
the 10 to 20 mV specified by ASTM G 84-84 and that the standard deviation changes little 
around these values, these values therefore appear to be acceptable until further information 
is gained on the atmospheric corrosion rates. 

Selection Criteria for the Sensors 

According to the present study, two cases have to be considered. If the sites to be studied 
have little or no dew, the criteria mentioned in ASTM G 84-84 are sufficient. A TOW 
standard deviation of around 7% can be used as an error estimate even if the TOW contains 
up to around 5% of dew TOW. If the sites to be studied have a nonnegligible dew, the 
ASTM criteria in this case are strongly insufficient since, as it has been shown, these criteria 
can apply to a sensor completely insensitive to the dew. The reason for this behavior could 
not be explained here even with a surface study. Recent, more careful preparation of other 
sensors, such as washing with good organic solvents, seems to enhance the sensitivity of the 
sensor to light humidity. The only way to select a set of similar sensors is to test a larger 
number of sensors than needed before using them in an experiment. The testing period 
must have a good quantity of rain and dew in order to compare their behavior for both 
types of humidity. The testing period will then provide the TOW standard deviation. In 
both cases, the precision of the TOW determination can be increased by determining the 
sensitivity factor for each sensor. 

Conclusion 

This study has shown the behavior of a large number of currently commercially TOW 
sensors exposed simultaneously at the same location. It apears that these sensors give precise 
values of the rain TOW. Their response to condensed humidity is less good, but reliable 
values of the TOW can nevertheless be obtained by adding to the ASTM G 84-84 selection 
criteria a period of testing in a real atmosphere before use. The low cost, the ease of use, 
and the better knowledge of their functioning as presented here should continue to make 
them a useful tool in studies of atmospheric degradation. 
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ABSTRACT: ASTM Subcommittee G01.05 on Laboratory Corrosion Tests currently has nine 
task groups working on the development of new standards and revisions of its existing 13 
standards. Revisions to existing test methods and practices often have been overlooked, re- 
suiting in confusion regarding compliance with the standards. This paper highlights the changes 
that have been made in existing standards over the last ten years. Problems and misconceptions 
associated with existing standards such as the salt spray test are discussed. 

Particular attention is paid to corrosion testing of electronic materials and modified salt 
spray testing. The former is the topic of a draft proposal in ISO, while standardization of the 
latter has been fragmented. The need for a coherent approach to standardization of salt spray 
tests is discussed. Round-robin data showing the interlaboratory reproducibility of the salt 
spray test are presented. 

KEY WORDS: laboratory corrosion tests, corrosion standards, accelerated corrosion tests, 
salt spray test, cyclic salt spray test, electronics corrosion 

The object of an accelerated test is to cause degradation or failure in a shorter time period 
than under natural conditions without changing the failure mechanisms. This can be accom- 
plished using electrochemical techniques, simple immersion tests, cabinet tests, simulated 
service tests (for example, automotive test tracks), accelerated coastal exposure, and in situ 
field service tests. In general, the ability of the test to predict actual service performance 
increases with the length and complexity of the test. The most reliable predictor of per- 
formance is, of course, service experience. 

The job of the investigator is to choose or develop a laboratory corrosion test that will 
predict service performance and distinguish materials. The importance of correlating service 
performance with accelerated test results cannot be overemphasized. For example, the 
introduction of latex paints was delayed for many years due to poor performance (50 h to 
failure) in the salt spray test when compared to oil-alkyds (1000 h to failure) until it was 
found that the service performance of the latex was comparable or superior to that of the 
oil-alkyds [1 ]. The cause of the misleading accelerated test results was a change in the failure 
mechanisms. Another important aspect of accelerated testing is the acceleration factor. 
Proving ground tests have shown an acceleration factor of between 1.7:1 and 26:1 for the 
same test duration depending on the mechanism of degradation [2]. In order to establish a 
meaningful accelerated test it is necessary to correlate service performance with test results 
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for the material of interest and establish an approximate acceleration factor that ensures 
that the mechanisms of degradation are not changed. Recent ASTM STPs have been pub- 
lished on laboratory corrosion tests and synthetic environments for corrosion testing which 
offer some guidance on selection and development of tests [3,4]. 

Technical societies (ASTM, NACE, ISO, etc.), government bodies (DOD), industry 
groups (MTI), and individual companies (GM, Ford, etc.) have developed standards on 
laboratory corrosion tests. Many of these tests are similar; however, conformance with a 
standard issued by one group does not necessarily ensure conformance with the same stan- 
dard issued by another group. For example, the concentration of salt solution as well as 
solution collection rates in the salt spray test are specified differently by ASTM, military 
standards, and federal test methods [5]. A methodology for locating and identifying standards 
has been published recently which should be useful for minimizing some of this confusion 
161. 

Although ASTM Committee G-1 on Corrosion of Metals was established in 1964 to 
consolidate standardization of corrosion tests, many other ASTM committees have juris- 
diction over corrosion standards which relate specifically to their area of interest, and some 
continue to develop new standards. As a result, corrosion testing standards are scattered 
throughout many volumes of the Annual Book of ASTM. The recent decision by ASTM to 
publish a compendium of corrosion standards not contained in the volume on Metal Cor- 
rosion (Vol. 03.02) will aid users in locating corrosion standards. 

ASTM Subcommittee G01.05 on Laboratory Corrosion Tests has responsibility within 
Committee G-1 for developing new standards and for reviewing and revising existing stan- 
dards on laboratory corrosion tests. ASTM requires that all existing standards be reviewed 
and revised or reapproved every five years. Changes in the rules and regulations governing 
ASTM standards has resulted in many modifications to existing standards [7]. Often stan- 
dards users are not aware of these changes and, in some cases, may no longer be in compliance 
with the current revision of a standard. The purpose of this paper is to highlight significant 
changes that have been made to ASTM standards on laboratory corrosion tests during the 
last ten years. Problems and misconceptions associated with existing standards such as the 
salt spray test are discussed. 

Laboratory Corrosion Tests 

The fixed designations (for example, B 117) of the standards on laboratory tests, their 
places in the Annual Book of  ASTM Standards, and their titles are listed in Table 1. The 
number immediately following the designation (for example, -85) indicates the year of 
original adoption or the year of the last revision. The number in parentheses indicates the 
last year of reapproval. These standards can be divided into the following categories: (1) 
general corrosion practices; (2) specific immersion tests; and (3) cabinet tests. 

General Corrosion Practices 

These practices given general guidance on conducting and evaluating laboratory corrosion 
tests. An extensive reorganization and revision of the ASTM Practice for Preparing, Clean- 
ing, and Evaluating Corrosion Test Specimens (G 1-88) was completed in 1988. The list of 
chemical and electrolytic cleaning methods was greatly expanded based on a Draft Inter- 
national Standard [8]. These cleaning methods have been gleaned from ASTM, NACE, 
literature, and individual experiences. Other significant changes to ASTM G 1-88 include 
improvement of the section on marking specimens, inclusion of a discussion on corrosion 
product analysis, and the addition of a section on precision and bias. 
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Volume in the Annual 
Designation Book of ASTM Standards" Title 

B 117-85 02.05,03.02,06.01 
B 287-74(1980) 02.05,03.02,06.01 
G1-88 03.02 

G16-88 03.02 

G28-85 03.02 

G31-72(1985) 03.02 

G34-86 03.02 

G43-75(1980) 02.05,03.02 

G46-76(1986) 03.02 

G48-76(1980) 03.02 

G 60-86 03.02 
G 66-86 03.02 

G 67-86 03.02 

G 85-85 03.02 
G 87-84 03.02 

Method of Salt Spray (Fog) Testing 
Method of Acetic Acid-Salt Spray (Fog) Testing 
Practice for Preparing, Cleaning, and Evaluating 

Corrosion Test Specimens 
Guide for Applying Statistics to Analysis of Corro- 

sion Data 
Method for Detecting Susceptibility to Intergranular 

Attack in Wrought Nickel-Rich, Chromium-Bear- 
ing Alloys 

Practice for Laboratory Immersion Corrosion Test- 
ing of Metals 

Test Method for Exfoliation Corrosion Susceptibility 
in 2XXX and 7XXX Series Aluminum Alloys 
(EXCO Test) 

Method of Acidified Synthetic Sea Water (Fog) 
Testing 

Practice for Examination and Evaluation of Pitting 
Corrosion 

Test Method for Pitting and Crevice Corrosion Re- 
sistance of Stainless Steels and Related Alloys by 
the Use of Ferric Chloride Solution 

Method for Conducting Cyclic Humidity Tests 
Method for Visual Assessment of Exfoliation Corro- 

sion Susceptibility of 5XXX Series Aluminum Al- 
loys (Asset Test) 

Test Method for Determining the Susceptibility to 
Intergranular Corrosion of 5XXX Series Alumi- 
num Alloys by Mass Loss after Exposure to Nitric 
Acid (NAMLT Test) 

Practice for Modified Salt Spray (Fog) Testing 
Practice for Conducting Moist SO2 Tests 

The ASTM Guide for Applying Statistics to Analysis of Corrosion Product Data (G 16- 
88) has been completely reorganized and revised for a more consistent presentation of 
statistical methods. The intent of this revision was to make the document more concise and 
of practical value, An active task group in Subcommittee G01.05 is still in the process of 
revising the examples in the appendixes. 

The ASTM Practice for Laboratory Immersion Corrosion Testing of Metals (G 31-72), 
and the ASTM Practice for Examination and Evaluation of Pitting Corrosion (G 46-76) 
have not been revised since they were originally adopted and have had only a few minor 
editorial changes. 

Specific Immersion Tests 

These test methods have been developed to determine the susceptibility of particular 
alloys to specific forms of corrosion. They are predictors of actual service performance 
because results have been correlated with the occurrence of that form of corrosion in actual 
environments. Although they produce quantitative or semiquantitative results, there are no 
performance specifications within the standards as Committee G-1  is not a balanced com- 
mittee and does not write specifications. Often, however, these standards are used by other 
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committees for specification purposes. The ASTM Method of Detecting Susceptibility to 
Intergranular Attack in Wrought Nickel-Rich, Chromium-Bearing Alloys (G 28-85) was 
originally published in 1971 and consisted of a boiling ferric sulfate-sulfuric acid test for 
specific alloys [9]. It was revised in 1985 to include an alternative test solution for another 
specific alloy [10]. At that time, as required by ASTM, sections on precision and bias were 
included, and the references were updated. Data from a round-robin study conducted in 
1985 addressing the precision and bias of this method are available from ASTM as Research 
Report RR:G01-1002. 

There have been some problems and confusion with the ASTM Test Method for Exfol- 
iation Corrosion Susceptibility in 2XXX and 7XXX Series Aluminum Alloys (EXCO Test) 
(G 34-86). When originally published in 1972, this standard was intended for research 
purposes. Subsequently it was approved for use by DOD, and lot acceptance criteria in 
some specifications were based on the photographic classifications of exfoliation suscepti- 
bility in this test method. In a 1979 revision the photographs were changed and cleaning of 
the specimens before rating was required. This revision made the standard unsuitable for 
lot acceptance purposes and for several years, ASTM G 34-79 was the latest revision, while 
ASTM G 34-72 was published in the gray pages of the Annual Book of ASTM Standards 
for specification purposes. In 1986 ASTM G 34 was revised to satisfy the needs of the existing 
specifications, and cleaning of the specimens before rating was made optimal. At that time 
the significance and use statement was modified to emphasize the use of the method for 
research and development and "not as the optimum method for quality acceptance." Despite 
these efforts to clarify the purpose of the method, dissatisfaction about its use for lot 
acceptance continued. A task group in Subcommittee G01.05 continues to address this 
problem and currently is balloting a revision which specifically states that ASTM G 34 
"should not be construed as a method for quality acceptance." 

The Materials Technology Institute (MTI) has test procedures for determination of critical 
pitting temperatures and critical crevice corrosion temperatures, which are often confused 
with the ASTM Test Method for Pitting and Crevice Corrosion Resistance of Stainless Steels 
and Related Alloys by the Use of Ferric Chloride Solution (ASTM G 48-76). ASTM G 48 
specifies fixed test temperatures of 22 or 50~ while the MTI procedures have temperature 
as the test result. Often results obtained using the MTI procedures are reported as having 
been obtained using the ASTM procedure. A task group in Subcommittee G01.05 currently 
is conducting round-robin tests in order to develop a unified test procedure for testing in 
ferric chloride solution. 

The last two specific immersion tests (Table 1) were developed to detect susceptibility to 
exfoliation (ASTM G 66-86) and intergranular (ASTM G 67-86) corrosion of 5XXX series 
aluminum alloys. These methods were originally adopted in 1980. The last revision in 1986 
incorporated new precision and bias sections in both documents. 

Cabinet Tests 

The ASTM Method for Conducting Cyclic Humidity Tests (G 60-86) describes procedures 
for conducting cyclic humidity tests with a corrosive dip. Originally developed for the au- 
tomotive industry [12], it is used to rank steels under conditions which retard the formation 
of a protective type of rust and should not be used for simulating atmospheric exposure of 
weathering steels. Adopted in 1979, it was revised in 1986 to include statements on precision 
and bias. 

The ASTM Practice for Conducting Moist SO2 Tests (G 87-84) is useful for detecting 
pores or other sources of weakness in protective coatings and deficiencies in corrosion 
resistance associated with unsuitable alloy compositions or treatments. Based on the German 
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Kesternich test (DIN 50018), it consists of exposure to condensing humidity containing 
either 0.2 or 2 L of sulfur dioxide in a 300-L cabinet. This test is considered quite severe, 
and, although useful for comparative testing, its relevance to performance in specific en- 
vironments must be considered carefully. Although it is similar to the sulfur dioxide test in 
ASTM B 605, it should not be confused with this test. 

The oldest and most widely used standardized laboratory corrosion test is the ASTM 
Method of Salt Spray (Fog) Testing (B 117-85), which was originally approved in the early 
1900s. A history of ASTM activity on salt spray testing was first published by McMaster 
[13] and later updated by Ketcham [14]. Over the years the concentration of the salt solution 
has ranged from 3.5 to 20%. The present 5 % concentration was established in 1954. Although 
used extensively for specification purposes, results from salt spray tests seldom correlate 
with service performance [15,16]. The use of the salt spray test in research is adequately 
described in Appendix X2 of ASTM B 117-85. In the 1985 revision of B 117 the scope was 
modified to state specifically: "It  should be noted that there is seldom a direct relation 
between salt (fog) resistance and resistance to corrosion in other media, because the chem- 
istry of the reactions, including the formation of films and their protective value, frequently 
varies greatly with the precise conditions encountered [11]." The water for the salt solution 
was also changed to Type IV water described in the ASTM Specification for Reagent Water 
(D 1193). Despite these revisions, some users continue to assume that there is a direct 
correlation with service performance. 

The salt spray test is useful for comparing the relative corrosion resistance of closely 
related materials and has been used successfully for many years for specification purposes. 
The task group on the Salt Spray Test within Subcommittee G01.05 has moved cautiously 
on revising the test due to its widespread use. A round-robin study for establishing a standard 
panel for assessing comparative corrosivity of chambers was completed in 1987. The par- 
ticipants in the round-robin are listed in Table 2. It is interesting to note that three of the 
thirteen laboratories in the round-robin had to be eliminated since they had incorrect col- 
lection rates at the end of the test. The round-robin consisted of exposure of cold-rolled 
carbon sheet steel (76 by 127 by 0.8 mm) in the chamber for 48, 96, and 168 h. Mass loss 
measurements were made on the exposed panels. The mean mass loss and +-2 standard 
deviations are plotted in Fig. 1. The rate of mass loss was 1.66 --- 0.42 g/m2/h, which is 
comparable to the rate specified in a draft ISO standard [17]. 

The mass loss of steel in a chamber run according to ASTM B 117-85 should fall within 
the -+2 standard deviations since this includes 95% of all data, provided random variations 

TABLE 2--List of participants in salt spray round-robin. 

Contact Company 

M. J. Klimowski Meta Coatings Int., Inc. 
T. Wollan Underwriters Laboratories Inc. 
T. J. Summerson Kaiser Aluminum & Chemical Corp. 
V. Agarwala Naval Air Development Center 
D. Courtright Naval WPNSTA 
F. Lutze ACT Testing Laboratories 
R. Baboian Texas Instruments Inc. 
H. Anderson Pacific Gas and Electric 

National Steel Corp. 
H. Lawson ARMCO Inc. 
D. Snyder Harshaw/Filtrol 
N. Tipton Singleton Corp. 
T. A. DeBold Carpenter Technology Corp. 
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FIG. 1--Mass loss of cold-rolled carbon sheet steel in ASTM B 117. 

are the only source of error. Although the ultimate goal is to include a standard panel in 
ASTM B 117-85 for evaluating the corrosivity of a cabinet, the task group is initially balloting 
an appendix to ASTM B 117-85, which gives a procedure for determining the mass loss of 
steel without setting limits. The appendix does state that the mass loss would not vary 20% 
from test to test. A second round-robin involving many more laboratories is currently in 
progress so that specific limits can be incorporated into ASTM B 117-85. 

A number of variations of the salt spray test have been standardized for specific purposes. 
These include the ASTM Method of Acetic Acid-Salt (Fog) Testing (B 287), which was 
developed for research studies on decorative chromium plating on steel or zinc die-cast base, 
the ASTM Method for Copper-Accelerated Acetic Acid-Salt Spray (Fog) Testing (CASS 
Test) (B 368), which was developed for production control and acceptance purposes for 
decorative chromium plating, and the ASTM Method of Acidified Synthetic Sea Water 
(Fog) Testing (G 43), which was particularly applicable for exfoliation testing of aluminum 
alloys. In 1985, in order to minimize proliferation of salt spray tests and avoid confusion, 
the ASTM Practice for Modified Salt Spray (Fog) Testing (G 85-85) was adopted. This 
standard included ASTM B 287, ASTM G 43, and a salt/SO2 test which was useful for 
simulating aircraft carrier exposure [18] in a single standard and was constructed such that 
additional methods involving the salt spray test could be added. Subsequently ASTM B 287 
and ASTM G 43 were discontinued in 1988 and no longer appear in the Annual Book of  
ASTM Standards. Since ASTM B 368 is not under the jurisdiction of Committee G - l ,  it 
was not included in this consolidation; however, a similar consolidated salt spray standard 
under development by ISO does include the CASS test [17]. Recently there has been activity 
in Subcommittee D01.27 to develop a standard on cyclic salt spray testing. It would be 
helpful to standards users to incorporate ASTM B 368 and any future modified salt spray 
tests into ASTM G 85 so that all variations of the salt spray test are in a single standard. 

A cabinet test that has received much attention in the area of standardization is the flowing 
mixed gas test for corrosion of electronic and magnetic materials. This test consists of 
exposure of specimens in a stream of air containing very small concentrations (parts per 
billion) of pollutants such as chlorine, nitrogen dioxide, hydrogen sulfide, or sulfur dioxide 
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under controlled humidity conditions. Results from this test have been reported to correlate 
with field experience in a number of electronics environments [19-21]. Presently most 
specifications for these tests exist within individual companies; however, ISO is already 
working on a draft proposal for mixed gas testing. Other national or international committees 
interested in these tests include IEEE TC-1, IEC TC-50, and ASTM Committees B-4  and 
G-1.  The goals of the task group on corrosion of electronic and magnetic materials within 
Subcommittee G01.05 include establishment of a standard multigas corrosion chamber, 
establishment of standard methods for measuring and reporting atmosphere corrosion of 
electronics, and establishment of standards for various levels of corrosive environments. 

Summary 

The purpose of the ASTM regulation that all standards be reapproved or revised every 
five years is to ensure quality and timeliness. At  the discretion of the appropriate committee, 
standards may be revised more often. Revisions follow the normal balloting sequence, and 
those interested in the standards should participate in the process. Failure to do so can result 
in the type of problems and confusion encountered with specifications when ASTM G 34 
was revised in 1979. 

The focus of this paper has been to highlight significant changes in ASTM standards for 
laboratory corrosion tests over the last ten years. ASTM standards which have been revised 
extensively include G 1, G 16, G 28, G 34, G 85, and B 117. It is important for those who 
use these standards to ensure that they have a copy of the latest revision. Those using 
standards on laboratory corrosion tests for specification purposes should also be aware of 
the latest revision as well as the discontinuance of ASTM B 287 and ASTM G 43. 

Current activities that will result in revision of existing standards or new standards on 
laboratory corrosion tests have also been described in this paper. The goal of developing a 
standard panel for salt spray chambers appears to be attainable. The development of a 
standard for mixed gas testing for electronics corrosion currently is underway. The devel- 
opment of a unified test method for ferric chloride testing (ASTM G 48) also will alleviate 
a great deal of existing confusion. It is strongly recommended that the work initiated in 
Subcommittee G01.05 to unify salt spray testing procedures into one standard be continued. 
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ABSTRACT: This paper presents the results of a laboratory testing program whose objective 
was to evaluate the localized corrosion resistance of duplex stainless steel weldments and to 
validate screening test methods for this task. The results of sodium chloride (NaCI) critical 
pitting temperature (CPT) tests, ferric chloride tests, electrochemical polarization (pitting) 
scans, and simulated service environment tests are presented. These studies revealed that the 
sodium chloride CPT screening test provided the best correlation with long-term simulated 
service environment tests in terms of rank ordering resistance to pitting and in the morphology 
of attack. In terms of pitting resistance of duplex stainless steel weldments, it was found that 
pitting susceptibility could be related to both ferrite content and pitting index (PI) of the weld 
metal. At equivalent values of PI and ferrite content, the weld metal had higher resistance to 
pitting than the base metal. 

KEY WORDS: corrosion testing, localized corrosion, pitting, duplex stainless steel, welding, 
critical pitting temperature, microstructure, electrochemistry 

In recent years, there has been increasing interest in the use of corrosion resistant alloys 
(CRAs) for use in the production of oil and gas. Their inherent resistance to corrosion offers 
attractive engineering alternatives to conventional inhibitors and steel for many applications. 
The use of CRAs is of particular importance to off-shore development where hydrogen 
sulfide, carbon dioxide, and brine are produced. In these systems, the use of duplex stainless 
steels for pipelines is being developed as a means to reduce overall maintenance cost and 
extend the period of reliable field operations. 

A number of problems, however, have been encountered in the application of duplex 
stainless steels for off-shore pipelines. A major hurdle for the widespread use of these 
materials is the low productivity resulting from the conventional field welding processes 
needed for these materials versus the high-rate welding that can be utilized in carbon steels. 
Alternate welding techniques are available for duplex stainless steels. Nevertheless, there 
is difficulty with the use of rapid welding techniques in that they produce welds with po- 
tentially inferior mechanical and corrosion properties. 

The present study was conducted as part of a major multiclient-sponsored research pro- 
gram to explore alternate techniques and consumables for rapid field welding of duplex 
stainless steels. One of the facets of this program was the evaluation of welding techniques 

Cortest Laboratories, Inc., 11115 Mills Rd., Suite 102, Cypress, TX 77429. 
2 Currently with ARAMCO, Dhahran, Saudi Arabia. 
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290 CORROSION TESTING AND EVALUATION 

which would preserve adequate corrosion performance in these materials. Therefore, a 
significant effort was directed at studying the applicability of various screening tests used 
for evaluation of the corrosion of duplex stainless steel weldments. 

Background 

Duplex stainless steels exhibit optimum corrosion and stress corrosion cracking perform- 
ance when the ratio of ferrite to austenite in their structure is near 50:50 (see Fig. 1) [1,2]. 
In homogeneous wrought materials, this can be easily attained by a combination of com- 
positional balance of ferrite and austenite forming elements, followed by annealing at a 
suitable temperature. During welding the ferrite and austenite balance also is dependent 
on the cooling rate, which, in turn, determines the time spent in the temperature range 
from 425 to 650~ [3]. 

When weld deposition rate is high, heat input is typically low, which ultimately results in 
high cooling rates. Consequently, in welded duplex stainless steels, high welding speed will 
result in a nonoptimum balance of ferrite and austenite. Under these conditions, the ferrite 
content of the weld metal and particularly, the heat-affected zone (HAZ) can increase. 
Weld metal ferrite content, however, can also be controlled by varying the composition of 
the filler wire used in the welding processes. In production welds, ferrite content is usually 
maintained in the range from 40 to 60%, with higher ferrite contents associated with un- 
acceptable corrosion and mechanical performance. 

Another related problem is that there has been little success with conventional screening 
tests for ranking the relative susceptibility to localized corrosion of duplex stainless steels. 
The experience with the ferric chloride test per the ASTM Test Method for Pitting and 
Crevice Corrosion Resistance of Stainless Steels and Related Alloys by the Use of Ferric 
Chloride Solution (G 48) has been that it is generally too severe for duplex stainless steels, 
and the results have not correlated with service experience [4]. 
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FIG. 1--Effect of ferrite content of duplex stainless steels on SCC resistance in MgCl2. 
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Experimental Procedure 

Materials 

The present study was conducted on commercially available duplex stainless steel pipe 
with a nominal composition of 22% chromium, 5.5% nickel, 3% molybdenum, and 0.14% 
nitrogen made in accordance with the ASTM Specification for Seamless and Welded Ferritic/ 
Austenitic Stainless Steel Tubing for General Service (A 789/A 789M). The composition, 
austenite/ferrite, percentages, and pitting index (PI = Cr + 3.3 Mo + 13 N) values are 
given in Table 1. 

To make welds of varying properties, different filler wires of various compositions, di- 
ameters, and sources were used. The weld wires ranged in PI values from 29.5 to 37.1. All  
welds in the duplex stainless steels were made with the pulsed gas metal arc welding 
(PGMAW) method using a cover gas of 95% argon/5% carbon dioxide. 

A total of eight welds made with different weld wires and cooling rates were utilized in 
the corrosion study. The composition of the welds were determined at both root and midfill 
locations. Weld metal compositions are given in Table 2. Table 3 presents the ferrite percent 
and PI for the various weld metals sampled. 

Corrosion Testing 

Four types of corrosion tests were conducted: 

1. Critical pitting temperature (CPT) tests. 
2. Electrochemical polarization curves per the ASTM Test Method for Conducting Cyclic 

Potentiodynamic Polarization Measurements for Localized Corrosion Susceptibility of Iron, 
Nickel, or Cobalt-Based Alloys (G 61). 

3. Ferric chloride (CPT) tests per a modified ASTM G 48 procedure. 
4. Simulated service environment tests in high-pressure autoclaves. 

Sodium Chloride Critical Pitting Temperature ( CPT) Tests 

The CPT tests were used to screen all welds for susceptibility to localized corrosion. The 
method utilized was adapted from previous studies [5] used for evaluating stainless steels 
for seawater service. 

The current CPT experiments were conducted in a 2% sodium chloride (NaC1) solution, 
acidified to a pH of 4.5 with glacial acetic acid. This solution was used to simulate corrosive 
gas-gathering service, including the effects of chlorides from produced fluids along with the 
pH depression that occurs from relatively high partial pressures of carbon dioxide in the 
produced hydrocarbon gas. 

TABLE 1--Chemical composition of pipe. 

Identification: Duplex P-2 
Diameter (ram): 324 

Wall thickness (ram): 17.5 
Composition, weight percent: 

0.017 C; 1.73 Mn; 0.41 Si; 0.019 P; 0.016 S; 23.1 Cr, 6.1 Ni; 
3.1 Mo, 0.09 V, 0.165 N; 0.05 Cu; 0.014 W; 0.01 AI 

Austenite/ferrite, vol. percent: 52.2/47 
PI: 35.4 
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TABLE 3--Percent ferrite and pitting index in duplex welds. 

293 

Ferrite, % 

Cooling Time, Root 
Weld Filler t 1200/800 Midfill 

Number Wire s HAZ Weld PI" Weld 

43-1 W-1 4.66 68.0 42.5 35,2 39.0 
45-2 W-2 4.66 65.0 51.5 36,3 43.0 
53-3 W-5 4.66 62.0 24.0 ... 42.0 
46-4 W-6 4.66 67,0 21.0 ... 43.0 
47-5 W-7 4.66 67.0 44.0 33.2 39.0 
48-6 W-8 4.66 67.0 18.5 38.0 
49-7 W-IO 4.66 58.0 48.0 35"~3 43.0 
51-8 W-1 6.47 55,0 33.5 36.3 40.0 
54-9 W-2 6.47 64.0 40.0 37.8 37.0 
57-11 W-6 6.47 59.0 7.0 ... 35.5 
58-12 W-7 6.47 63.0 25.0 32.9 36.5 
60-14 W-IO 6.47 59.0 44.0 34.7 38.0 

"Weld metal pitting index (PI = Cr + 3.3 Mo + 13 N) values for root pass only. 

The specimens were sections from weldments and therefore contained parent metal, weld 
metal, and HAZ.  They were machined into 35-mm-long by 6.4-mm-diameter rods with the 
weldment located 9.5 mm from the bottom of the specimen. After machining, the specimens 
were cleaned and degreased. 

The test solution was mixed, then deaerated by nitrogen purging and heated to 40~ 
Once at temperature, the specimens were placed into the solution and held there for a 
period of 10 min under continuous nitrogen purging and stirring. During this time, the 
corrosion potential was monitored. The specimens then were polarized to 300 mV anodic 
to the corrosion potential for a period of 10 min. All potentials were measured relative to 
a saturated calomel electrode (SCE). Nitrogen purging, stirring, and specimen polarization 
were maintained during the entire experiment. 

The test sequence was to increase the solution temperature by 5~ over a 5-min period, 
followed by a hold for an additional 10-min period. This procedure was repeated until pitting 
was detected. The specimen was monitored for pitting by both visual and electrochemical 
means. Pitting was detected by the increased current necessary to polarize the specimen. 
Typically, pitting could be observed visually at x 20 when approximately an order of mag- 
nitude current increase was detected. 

Electrochemical Polarization Pitting Scans 

A series of pitting scans were conducted on selected duplex stainless steel weldments. 
They were performed in a deaerated solution of 2% sodium chloride at a pH of 4.5 obtained 
by additions of glacial acetic acid. The solution temperature for these tests was 55~ For- 
ward/reverse anodic polarization scans per ASTM G 61 were conducted whereby both the 
forward and reverse scans were made at a rate of 0.5 mV/s. From these tests, three param- 
eters were measured: (1) E ..... corrosion potential; (2) Ep, pitting potential; and (3) Er, 
repassivation potential. 
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294 CORROSION TESTING AND EVALUATION 

Ferric Chloride CPT Tests 

A series of tests were conducted using a 10% ferric chloride solution. The test was modified 
from that given in ASTM G 48. It utilized a special specimen holder which exposed just 
the root pass of the weld area on the internal pipe surface to the ferric chloride solution. 
The specimens were exposed for 23-h periods starting at 20~ After each exposure period, 
the specimen was rinsed, weighed, and examined for pitting. It was then put into a fresh 
solution, the temperature was raised 2~ and the exposure was repeated until localized 
corrosion was observed. In this manner, a ferric chloride CPT value was determined for the 
various weldments. 

Simulated Service Environment Tests 

High-pressure autoclave tests were conducted in which the gas-gathering line environment 
was simulated. The objectives of these tests were: (1) to develop a better understanding of 
the corrosion behavior of duplex stainless steels and their weldments; and (2) to better 
correlate the results of the laboratory screening tests to service conditions. 

The autoclave test utilized specimens of both base metal and the various weldments. They 
included unstressed corrosion coupons taken from the inside diameter of the pipe containing 
the root pass, HAZ,  and base metal. 

The autoclave environment consisted of a deaerated 5% sodium chloride solution saturated 
with a test gas of 800 psia carbon dioxide and 1 psia hydrogen sulfide. The tests were 
conducted at 93~ for a period of 30 days. The gas composition in the autoclave was 
monitored weekly and replenished as necessary to maintain the gas composition to -+20% 
of the desired hydrogen sulfide level. 

At the completion of the autoclave test, the gas pressure was released and the specimens 
removed from the autoclave. The specimens were then rinsed, reweighed, and observed for 
localized corrosion. Pit depths were measured on all specimens on only the side correspond- 
ing to the pipe inside diameter surface. 

Results and Discussion 

Sodium Chloride CPT Tests 

The results of the CPT tests are given in Table 4. They indicate a range of CPT values 
from less than 40 to 60~ for the various duplex stainless steel weldments. Also shown in 

TABLE 4--Results of sodium chloride critical pitting temperature tests. 

Ferrite, % 
Weld Filler CPT, 

Number Wire PI" HAZ Weld PP ~ Failure Location 

43-1 W-1 33.8 68.0 42.50 35.2 58 Parent and weld 
45-2 W-2 37.1 67.8 51.5 36.3 60 Parent and weld 
53-3 W-5 35.7 61.5 24.0 ... 48 Weld 
46-4 W-6 29.5 7.0 21.0 53 Weld 
47-5 W-7 31.0 67.3 38.7 33.2- 57.5 Parent and weld 
48-6 W-8 24.9 67.0 18.5 _. <40 Weld 
49-7 W-10 58.5 58.5 48.0 35.3 60 Parent and weld 
51-8 W-1 33.8 52.0 33.5 36.3 58 Parent and weld 
P-2 c 57 

" Pitting index of filler wire. 
b Pitting index of weld metal root pass. 
" Parent metal (pipe) only. 
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this table are the percent ferrite in the root pass H A Z  and weldment, along with the PI for 
the weldment. The percentage of ferrite varied from 7.0 to 68.0% in the H A Z  and from 
18.5 to 51.5% in the weld metal. 

In Fig. 2a-c, the CPT results presented in Table 4 are plotted as functions of the following: 
(1) weld metal ferrite percentage; (2) weld metal PI; and (3) filler metal PI. From this 
presentation of the data, it can be seen that the CPT value is dependent on both composition, 
as evident in the PI, and on the ferrite content. Typically, pitting resistance, as measured 
by CPT, increased with increasing PI of either the weld metal or filler metal. Furthermore,  
pitting resistance increased with weld metal ferrite content over the range 18.5 to 51.5%. 
Pitting resistance did not correlate to H A Z  ferrite content in this study. 

The visual observations of the CPT specimens following the test revealed that, in all cases, 
the location of pitting failure was in either the parent metal or weld metal or both. The 
H A Z  did not play a significant role in determining the corrosion performance of the weld- 
ment, even though in some cases the ferrite content was significantly above 60% and below 
40%. The lack of any correlation between CPT values and H A Z  ferrite percentage support 
this conclusion. 

In terms of absolute resistance to pitting corrosion, it appears that many of the weldments 
made in this study have resistance greater than or equal to that of the parent metal. As 
shown in Fig. 2, the CPT values of the parent metal were consistently less than those exhibited 
by the weld metal at an equivalent ferrite content and PI value. An explanation for this 
behavior was found in subsequent metallurgical analysis of the materials. Scanning electron 
microscopy (SEM) and E D A X  analysis of the austenite and ferrite in the weld and parent 
metal revealed that significantly less alloy partitioning (variation in composition between 
ferrite and austenite phase) took place in the weld metal than in the parent metal. This is 
probably the result of the limited diffusion taking place in the weld metal due to its rapid 
cooling rate versus the long period of time the parent metal spends at elevated temperatures 
during processing. 

Based on the outcome of the CPT tests, in all but one case welds of varying ferrite content 
and PI values could be separated using this test method. These test results indicate that the 
localized corrosion resistance of the duplex stainless steel weldments made with rapid welding 
techniques was determined by ferrite content and composition in weld and parent metal, 
not the HAZ.  

Ferric Chloride CPT Tests 

The results of the ferric chloride CPT tests are given in Table 5. They show CPT values 
ranging from 26 to 34~ In most of the ferric chloride CPT specimens, pitting was initiated 
in the HAZ.  This result is substantially different than that found for the CPT tests conducted 
in the 2% sodium chloride solution at pH 4.5. In the case of the sodium chloride CPT tests, 
pitting was commonly observed in either the parent or weld metal with the H A Z  not 
significantly contributing to the overall corrosion performance of the weldment. 

As shown in Fig. 3a-c ,  the ferric chloride CPT varied with the PI values determined from 
the weld metal and filler metal compositions. Generally, ferric chloride CPT increased with 
increasing PI value. However, the degree of scatter in the test data is much greater for the 
ferric chloride CPT than in the sodium chloride CPT data presented previously. By com- 
parison, the sodium chloride CPT increased with the PI of the filler metal and was found 
to be relatively insensitive to the PI of the weld metal root pass over the range of values 
examined. 

The most interesting aspect of the ferric chloride tests is that most of the failures were 
produced in the HAZ.  Therefore, it would be expected that a relationship should exist 
between the ferric chloride CPT and the condition of the HAZ.  Figure 3c shows ferric 
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TABLE 5--Corrosion testing summary, duplex. 
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Ferrite, % FeCL3 Pitting 
Cooling Rate, 

Weld Filler T 1200/800, Temperature, Failure 
Number Wire PI ~ (s) HAZ Root PI h ~ Location 

P-2 C 35.5 34 Parent 
43-1 W-1 33.8 4.66 68 42.5 35.2 26 HAZ 
45-2 W-2 37.1 4.66 65 51.5 36.3 30 HAZ 
47-5 W-7 31.0 4.66 67 39.2 33.2 33 Weld 
49-7 W-10 34.6 4.66 68 48.0 35.3 32 HAZ-Weld 

51-8 W-1 33.8 6.47 55 33.5 36.3 34 HAZ 
54-9 W-2 37.1 6.47 64 40.0 37.8 32 HAZ-Weld 
58-12 W-7 31.0 6.47 63 25.5 32.9 20 Weld 
60-14 W-10 34.6 6.47 59 44.0 34.7 26 HAZ 
52-15 W-1 33.8 10.94 57 35.2 ... 34 HAZ 

~ Pitting index of filler wire. 
b Pitting index of weld metal root pass or parent metal. 
" Parent metal only. 

chloride CPT plotted versus the ferrite content of the H A Z and the weld metal root pass. 
As can be seen in this figure, no clear relationship exists. 

By comparison, the sodium chloride CPT data show pitting in the weld metal and parent 
metal. The sodium chloride CPT increased with the ferrite content of the root pass of the 
weld metal. These results are in direct contrast of the ferric chloride CPT tests. 

Electrochemical Polarization Tests 

The results of the forward/reverse scan electrochemical polarization tests are given in 
Table 6. This table shows the various electrochemical parameters (E ..... Ep, and Er) for 
selected weldments and parent metal conducted in the sodium chloride test solution. For 
comparison, the results of the sodium chloride and ferric chloride CPT tests are also given. 

In these tests, there appears to be significant scatter in the Eco,, values for the various 
materials. It is not expected that this variation resulted from electrochemical differences in 
the weldments but rather from variations in the initial conditions during the start-up transient 
period of the test. This scatter could probably have been reduced by increasing the initial 
exposure period prior to the measurement of Ecor, 

The values of Ep and E~ are generally more consistent and appear to give better indications 
of the actual corrosion behavior of the materials. The values of E~ ranged from + 50 to 
+ 600 mV. Rank ordering the weldments from the highest Ep to the lowest (relating to 
highest resistance to pitting initiation to lowest) gives the same ranking of pitting performance 
as found in the sodium chloride CPT test. However, based on limited ferric chloride CPT 
test data, a similar correlation is not possible. In terms of E ,  the electrochemical pitting 
scan measurements show a different ranking with values of E~ ranging from + 0 to - 150 
mV, with higher values of Er relating to better repassivation performance. This ranking does 
not directly correspond to that found in the sodium chloride CPT test. The E, results 
correspond much better to the limited ferric chloride CPT. This may indicate that good 
ferric chloride test results are derived from the ability of the material to repassivate in the 
aggressive solution. More data over a wider range of welding conditions is necessary, how- 
ever, before a definite relationship can be made with the results of the ferric chloride CPT 
tests. 
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TABLE 6--Electrochemical pitting-scan test results. ~ 
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Weld Filler E~ .... Ep, E. Failure 
Number Wire mV, SCE mV, SCE mV, SCE Location 

P-2  Base pipe -138  +350 + 0 Parent 
P-2 Base pipe -396  +300 + 0 Parent 

45-2 W-2 -244  +350 - 50 Parent/weld 
45-2 W-2  -422  +600 - 50 Parent/weld 
46-4 W-6 -462  +250 - 50 Root weld 
46-4 W-6  -490  +300 - 50 Root weld 
48-6 W-8  - 454 + 250 - 150 Root weld 
48-6 W-8  - 499 + 50 - 100 Root weld 
51-8 W-1 -452  +350 + 0 Parent/weld 
51-8 W-1 -152  +350 + 0 Parent/weld 

All tests were conducted per ASTM G 61 at 55~ in a deaerated solution of two% sodium chloride 
in distilled water, acidified with glacial acetic acid to a pH of 4.5. 

In genera l ,  the  Ep values  d e t e r m i n e d  f rom the  e lec t rochemica l  p i t t ing scan tests  cor re la te  
very well with  those  of the  sodium chlor ide  C PT  tests. This  may  be  for tui tous ,  since b o t h  
tests d e t e r m i n e  res is tance  to pit ini t iat ion.  However ,  the  t rue  significance of any results  f rom 
the  results  of the  CPT  tests  and  pi t t ing scan tests mus t  be  based  pr imari ly  on  the  cor re la t ion  
to s imula ted  service e n v i r o n m e n t  tests  and  the i r  ability to predic t  service b e h a v i o r  of the  
var ious we ldments .  

Simulated Environment Autoclave Test 

The  results  of the  s imula ted  service e n v i r o n m e n t  autoclave  test  are  given in Table  7. The  
results  are p re sen ted  in t e rms  of m a x i m u m  pi t t ing ra te  ( m m / m o n t h )  m e a s u r e d  on  the  welded  
coupons.  As  can be  seen  in this  tab le ,  t he  results  of the  sodium chlor ide  CPT tests  indicate  
tha t  all of  the  duplex stainless steel  tes t  welds eva lua ted  should  have  general ly  comparab l e  
susceptibil i ty to pi t t ing,  whereas  the  ferric chlor ide C PT  tests show significant var ia t ion  in 
the  pi t t ing resistance.  

TABLE 7--Summary of simulated environment autoclave test data. 

Ferrite Content CPT(C) 
Pitting, 

Weld Wire PI ~ HAZ Root PI b NaCI FeC13 ram/month 
Maximum Pitting, 

mm/month 

51-8 W-1 38.8 55 33.5 36.3 60 30 0.053 0.061 
0.610 
0.028 

54-9 W-2 37.1 64 40.0 37.8 58 34 0.071 0.071 
0.043 
0.028 

58-12 W-7 31.0 63 25.0 32.9 60 22 0.084 0.084 
0.018 

P-2" . . . . . .  47.0 35.4 35 34 0.071 0.071 
0.043 
0.061 

" Pitting index of filler wire. 
b Pitting index of weld metal root pass. 
c Parent metal only. 
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The autoclave tests indicate that the welds have a comparable resistance to pitting, having 
maximum pitting rates in the range of 0.061 to 0.084 mm/month.  The total variation in 
pitting rates observed on the coupons in the autoclave test was 0.018 to 0.084 mm/month.  

Most importantly, it was noted that the nature of the pitting attack on the specimens in 
the autoclave test was similar to that found in the sodium chloride CPT test and not at all 
like that in the ferric chloride test. The pits in the coupons exposed in the autoclave test 
were distributed in both the parent metal, weld metal, and H A Z  with no preference to any 
particular location. Preferential attack of the H A Z  in the duplex stainless steel weldments 
did not occur in the simulated service environment as would have been predicted by the 
results of the ferric chloride test. 

Figure 4a-c shows the results presented in Table 7 plotted versus CPT, PI value, and 
ferrite content. Figure 4a indicates that based on the sodium chloride CPT data all weld 
and parent metal specimens should exhibit pitting tendencies of similar magnitude by virtue 
of the fact that all materials had sodium chloride CPT values between 55 and 60~ The 
ferric chloride CPT values show a substantial range of values from 20 to 34~ In fact, the 
specimens from the autoclave test had similar pitting behavior. 

As shown in Fig. 4a-c, there were no observable trends in the autoclave pitting data 
based on PI value or ferrite content. This indicates that, over the limited range of PI (33 
to 38) and a wide range of ferrite contents (25 to 64%), these parameters were not significant 
in determining pitting performance under the simulated service environment evaluated. 
Based on the results of the sodium chloride CPT tests in Fig. 2a-c, it is seen that over the 
range of PI and ferrite content evaluated in the autoclave tests, CPT did not vary considerably 
until the PI was less than 30 and the ferrite content was less than 25. In this regard, the 
short-term sodium chloride CPT screening test provided remarkable correlation with the 
results of the long-term simulated service environment test. 

As a final statement, the results of the simulated service environment tests have been 
corroborated through a full-scale simulated environment test conducted on the same ma- 
terial. In this test, pit depths were found to be in the range of 0.010 to 0.065 mml which is 
very consistent with the results of the laboratory autoclave test presented in this study. 

Conclusions 

Based on the experimental study on the pitting behavior of duplex stainless steels in acidic 
chloride solutions described herein, the following conclusions were made: 

1. The sodium chloride CPT test was found to have very good correlation with the results 
of long-term simulated environment tests. They showed the relationships between pitting 
susceptibility and various parameters such as pitting index (PI) and ferrite content. 

2. The sodium chloride CPT test provided better correlation than that found for ferric 
chloride CPT tests based on the actual pitting morphology and behavior as observed in a 
simulated service environment. 

3. The results of electrochemical polarization curve (pitting) scans gave the same ranking 
of materials as obtained through the use of the sodium chloride CPT test based on comparison 
of the Ep and CPT. 

4. The localized corrosion resistance of duplex stainless steel weldments made with rapid 
welding techniques such as PGMAW appears to be equivalent or better than that of the 
parent metal for many combination of filler wires. When compared at equivalent PI or 
ferrite content, the weld metal often exhibits higher sodium chloride CPT values. 
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ABSTRACT: Zirconium and its alloys resist attack by most strong acids and alkalies. These 
alloys are often considered for highly corrosive applications. Conducting corrosion coupon 
tests for candidate materials under simulated or actual service conditions is popular in the 
process of materials selection. However, certain procedures in existing ASTM and NACE 
standards, i.e., ASTM Standards G 4 and ASTM G 31 and NACE Standard TM-01-69, are 
not applicable to zirconium and its alloys. A tailored practice for conducting corrosion coupon 
tests on zirconium and its alloys in chemical environments has been prepared. Emphasis is 
placed on coupon quality and preparation, galvanic corrosion, test duration, contamination 
resulting from the corrosion of other metals, and handling of corroded coupons. This practice 
should be used with applicable ASTM and NACE standards. 

KEY WORDS: zirconium, zirconium alloys, corrosion coupon tests, coupon quality, cleaning, 
pickling, oxide formation, pyrophoric film 

In recent years, the chemical process industry (CPI) has undergone some dramatic changes. 
There is a pronounced emphasis on process efficiency, product quality, plant safety and 
reliability, and waste minimization. Consequently, the use of metals and alloys that have 
high corrosion resistance is on the rise. These metals are necessary for new and advanced 
processes that take place in harsh corrosives at elevated temperatures and pressures. In 
1983, the use of highly corrosion-resistant metals in the CPI was conservatively estimated 
to be increasing by 2.8% per year for the next five years [1]. 

Zirconium and its alloys are among the most corrosion-resistant metals. They resist attack 
by strong acids and alkalies. They are being used in the CPI at an increasing rate. Reasons 
for this increase include: 

1. A better understanding of the corrosion properties of zirconium and its alloys has been 
achieved. 

2. The CPI, equipment designers, and fabricators have become more knowledgeable 
about the properties of zirconium and its alloys. 

3. The price of zirconium and its alloys has been stable during the past decade. On the 
other hand, prices for alternate high-performance alloys have been increasing and flue- 
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tuating. Zirconium and its alloys are often found to be the most economical solution to 
many corrosion problems [2]. 

The CPI presents a complex set of materials selection challenges. Conducting corrosion 
coupon tests for candidate materials under simulated or actual service conditions is popular 
in the process of materials selection. The ASTM Guide for Conducting Corrosion Coupon 
Tests in Plant Equipment (G 4) and the ASTM Recommended Practice for Laboratory 
Immersion Corrosion Testing of Metals (G 31) and the NACE Standard for Laboratory 
Corrosion Testing of Metal for the Process Industries (TM-01-69) are the general guides 
for immersion testing. This practice is very useful in making a preliminary list of the best 
candidate materials. However, these standards are most suited for the more common metals 
and alloys such as steels, aluminum alloys, and copper alloys. Certain procedures, e.g., 
cleaning methods, in these standards are not applicable to zirconium and its alloys. Although 
the ASTM Practice for Aqueous Corrosion Testing of Samples of Zirconium and Zirconium 
Alloys (G 2) was prepared specifically for zirconium and its alloys, it was designed for 
nuclear applications. Therefore, a tailored practice for conducting corrosion coupon tests 
on zirconium and its alloys in chemical environments is needed. Without such procedures, 
tests results may be invalid or flawed. 

For example, field tests were conducted on zirconium and other metals and alloys in 
acetic acid environments [3]. Zirconium was the only metal tested to exhibit excellent 
corrosion resistance under most conditions. It suffered, however, severe general corrosion 
and pitting in acetic acid when the acid was contaminated with both acetic anhydride and 
copper ions. The presence of copper ions was the result of the corrosion of copper coupons 
which were tested at the same time. In fact, zirconium resists attack by a wide range of 
acetic acid and anhydride environments when such contamination is not a factor. Zirconium 
is an important structural material in the production of acetic acid and anhydride [4]. 

The corrosion group at Teledyne Wah Chang Albany (TWCA) has been actively testing 
zirconium and its alloys during the past decade. The group is often asked to examine the 
results, particularly unusual ones, of corrosion tests conducted by chemical companies. This 
experience is the basis for the following recommended procedures for conducting laboratory 
or field tests on zirconium and its alloys. Emphasis is placed on coupon quality and prep- 
aration, galvanic corrosion, test duration, contamination resulting from the corrosion of 
other metals, and handling of corroded coupons. The procedures recommended herein 
should be used in conjunction with applicable ASTM and NACE standards. 

Coupon Identity 

Zirconium ores generally contain a few percent of hafnium. Zirconium and hafnium are 
similar chemically and metallurgically, but differ markedly in their nuclear properties. Zir- 
conium is almost transparent to thermal neutrons, and hafnium is highly opaque to thermal 
neutrons. As a result, there are nuclear and nonnuclear grades of zirconium and its alloys. 
The nuclear grades are essentially hafnium-free, and the nonnuclear grades may contain up 
to 4.5% hafnium. The alloy names Zircaloy, Zr-2.5Nb, and Zr lNb apply to nuclear grade 
materials. Zircaloy is the general term for a series of zirconium-tin alloys containing minor 
amounts of iron, chromium, and nickel that were developed by the US Navy Nuclear 
Propulsion Program. Only Zircaloy-2 and Zircaloy-4 are still in common usage. For com- 
mercial applications, ASTM specifications list three grades, namely UNS R60702 (Grade 
702), UNS R60704 (Grade 704), and UNS R60705 (Grade 705). Grade 702 is commercially 
pure zirconium, and Grades 704 and 705 are correspondingly close to Zircaloy-4 and Zr- 
2.5Nb, respectively. Commercial grades of zirconium and its alloys produced by TWCA are 
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given a trade name,  that is, Z I R C A D Y N E  702, 704, and 705. There  are many o ther  less 
common zirconium alloys and names. 

The first step in corrosion testing is to correctly identify corrosion coupons. One  common 
mistake is to use the name Zircaloy for o ther  alloys, such as Zircaloy 705. The reason for 
this mistake is probably because of the familiarity and spelling of Zircaloy. When  corrosion 
coupons need an identifying mark,  a vibrating tool can be used. Record  the alloy grade and 
coupon number.  

Coupon Quality 

It is impossible to de termine  if coupons are of good quality without  chemical or metal-  
lurgical examination.  Nevertheless ,  each coupon should be examined visually for irregular- 
ities such as stains, scratches, foreign particles, etc. Unusual  features should be recorded.  
Surface condit ion is very important  in corrosion resistance. 

Zi rconium coupons,  sent to T W C A  for examinations,  were somet imes found to be of 
poor  quality. They were supplied by various sources. One  of the major  problems is cross- 
contaminat ion resulting from coupon fabrication. Examples  of  contaminated  areas of several 
coupons are given in Table 1. Obviously,  test results are invalid when these coupons are 
used. It is important  to obtain corrosion coupons from reliable sources. 

Precautions 

Hazardous chemicals are used frequently in corrosion coupon preparat ion and testing. 
This is particularly true for zirconium and its alloys. First, zirconium and its alloys are 
covered with a hard and tightly bonded oxide that defies removal  by ordinary chemical  or  
mechanical  means. Second, zirconium and its alloys are often evaluated for highly corrosive 
applications. Deta i led  information on safe handling of involved chemicals and zirconium 
should be obtained from competen t  sources. 

TABLE 1--Results of E D X  analyses of contaminated areas of untested coupons from various sources. 

Composition, wt % 

Element 1 2 3 4 5 6 7 8 9 10 

Zr 83.08 97.83 16.15 99.11 83.56 43.35 91.71 38.35 61.24 79.55 
Ti . . . . . .  1.27 ... 0.60 ... 0.37 
Fe ... 2.17 4.05 . . . . . .  if:z9 ... 15122 8.54 131;9 
Cr . . . . . . . . . . . . . . . . . . . . .  3.65 
Cu . . . . . . . . .  3]bl i]40 
ca  ... " . . . . . . . . . . .  7163 
AI i]] 1];9 6189 "'" 7170 . . . . . .  i]21 
Si 1;ii5 ... 34.48 ... 7190 15.27 8]i9 2;];8 2];7 4.26 
Na . . . . . . . . . . . .  7.60 . . . . . .  7.01 ... 
Mg . . . . . .  131;0 . . . . . . . . .  
C1 . . . . . .  5.14 ... ;]87 9156 ... 7179 d]62 ... 
S . . . . . .  8.98 . . . . . . . . . . . .  
K 1.53 ... 31;7 4175 ... 1147 
Ca 21;7 ]ii 12.46 . . . . . .  6.37 ... 0.91 d2i6 121 
Zn . . . . . . . . . . . . . . .  3.61 . . . . . .  16.37 ... 
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Preparation of Corrosion Coupons 

Corrosion Coupons 

The size and shape of corrosion coupons is affected by several factors and cannot be 
rigidly defined. Convenient standard coupons for laboratory and field tests are 25 by 50 by 
1.6 mm (1 by 2 by 0.062 in.) and 50 by 50 by 1.6 mm (2 by 2 by 0.062 in.). A round coupon 
38 by 1.6 mm (1.5 by 0.062 in.) or 50 by 1.6 mm (2 by 0.062 in.) is sometimes employed. 

The edges of corrosion coupons should be machined or ground in order to eliminate cold- 
worked metal unless the effects of cold working are being studied. 

Cleaning 

Usually corrosion coupons with as-manufactured surfaces are tested without further sur- 
face treatment other than cleaning. Corrosion coupons can be cleaned in a cleaner such as 
Cole-Parmer's MICRO cleaner or in 5 to 10% aqueous ammonia. An ultrasonic device can 
be used if available. Use a nylon brush or other nonmetallic brush if required. Rinse cleaned 
coupons in running cold water for 5 min. Then coupons may be air-dried, wiped dry with 
a clean, lint-free cloth, or blown with clean, dry air. Handle cleaned coupons only with 
clean, lint-free gloves or forceps. When not being processed, enclose the coupons in a clean 
container or wrap in cloth, plastic, or clean heavy paper that will not affect weight or 
appearance. 

Pickling 

Pickling is necessary if one of the following situations exists: 

1. The surface condition of coupons is poor. 
2. The effects of pickling are being studied. 
3. Coupons will be subsequently treated to form thick oxide films. 

For unalloyed zirconium and the zirconium-tin alloys, the volumetric bath composition 
for pickling is 3.0 -+ 0.5% of hydrofluoric acid (52%), 39 + 10% of nitric acid (sp gr 1.42), 
and the remainder distilled water. The pickling bath temperature should not exceed 50~ 
preferably maintained at 35~ 

For zirconium-niobium alloys, the volumetric bath composition for pickling is 9 - 1% of 
hydrofluoric acid (52%), 30 -+ 5% of nitric acid (specific grade 1.42), 30 -+ 5% of sulfuric 
acid (sp gr 1.84), and the remainder distilled water. The pickling bath temperature should 
be controlled to 55 - 5~ 

Corrosion coupons should be completely immersed in the bath. If a large number of 
coupons is pickled, the bath should be vigorously agitated. It takes about 30 to 60 s to get 
a good, smooth surface finish. However, the required pickling time is a function of tem- 
perature, acid concentration, and surface condition. Visual inspection can be exercised to 
determine the required time. 

Pickled coupons should be transferred from the pickling bath to the first rinse tank as 
rapidly as possible. If any acid product remains on the surface or is allowed to dry on the 
surface, the coupons will not rinse clean and must be repickled. The first rinse tank contains 
cool flowing water. Coupons should be completely immersed for at least 5 min. The final 
rinse is in distilled water. It may be performed in either a dynamic or a static system. Rinsed 
coupons may be air-dried, wiped dry with a clean, lint-free cloth, or blown with dry air. 
They should be handled only with clean, lint-free gloves. 

Detailed procedures for pickling are given in ASTM Standard G 2-88. 
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Methods of Oxide Formation 

The corrosion resistance of zirconium and its alloys is due to a stable, protective, and 
strongly cohesive oxide film. This film forms spontaneously when a fresh surface is exposed 
to an oxygen-containing environment. It may be invisibly thin, but gives excellent corrosion 
resistance in many corrosives. In order to take full advantage of the unique properties of 
this protective zirconium oxide, several methods of oxide formation are possible. Thick 
oxide-coated metal has superb friction resistance, corrosion resistance, and electrical insu- 
lation. Normal methods include: 

1. Autoclaving in high-temperature water or steam. 
2. Formation in air at high temperatures. 
3. Formation in a molten salt. 

Autoclave film formation is common in the nuclear industry. In this process, a uniform 
film of high integrity can be formed in pressurized water at 360~ for 14 days or in high 
purity steam at 400~ for 1 to 3 days. 

The most common film used in the CPI is that formed in air. Coupons are heated in a 
clean furnace at 550~ for 30 min to 6 h. This film varies in color from a straw yellow 
through an iridescent blue or purple, to a powdery tan or light grey. 

The thickness of the oxide film formed in air, water, or steam ranges from less than one 
to several micrometers. This oxide film enhances corrosion resistance and serves as an 
excellent bearing surface for sliding contacts. It can be damaged by a striking action. At- 
tempts to form a much thicker layer of oxide film with excellent properties in air, water, 
or steam have not been successful. Zirconium and its alloys undergo breakaway oxidation 
when the conditions are excessive. 

However, a thick, protective, strongly cohesive oxide film can be formed on zirconium 
and its alloys by a patented process developed at TWCA [5]. In this process, coupons are 
treated in fused sodium cyanide containing 1 to 3% sodium carbonate, or in an eutectic 
mixture of sodium and potassium chlorides to which 5% sodium carbonate is added. Treat- 
ment is carried out at temperatures from 600 to 800~ for up to 50 h. A treatment time of 
several hours typically is used. The thickness of oxide film formed in the fused salt bath 
ranges from 20 to 30 txm. This oxide film has greatly improved resistance to abrasion and 
galling over thick oxides grown by other means. 

Dimensions, Weight, and Inspection 

Measure and weigh each clean, dry coupon. Dimensions determined to the third significant 
figure and mass determined to an accuracy of 0.1 mg are suggested. Do not weigh coupons 
until they are thoroughly dry and at the same temperature as the balance. Examine each 
coupon for folds, cracks, blisters, foreign material, luster, brown acid stain, etc. Reject any 
bad coupon or record any significant findings. 

Corrosion Testing 

Installation of Corrosion Coupons 

In laboratory testing, zirconium coupons should not be placed in the same container with 
coupons of other metals. The supporting device and container should also not cause con- 
tamination of the test solution. 

In field testing, zirconium coupons should be placed nearest the inlet of the process solution 
when other metals are also being tested. It is desirable to have the coupon or test rack 
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securely fixed in place. Eliminate the possibility of galvanic effects resulting from metal-to- 
metal contact by using an insulating material. 

Polytetrafluoroethylene tape, tube, and washers can be used to prevent the galvanic 
coupling. Properly oxidized Zircaloy materials can also be used for this purpose. Zirconium 
oxide is an excellent insulating material. Zircaloy-2 or Zircaloy-4 is preferred here since its 
resistance to breakaway oxidation is much better than that of unalloyed zirconium. 

A note should be made about the location and position of test coupons in the testing unit. 
Preferably, corrosion coupons should be placed so that any flow of liquid will be against 
the edges of the coupons. The same condition of agitation of the liquid should then be 
encountered by all coupons. 

Test Solutions 

Test solutions should be prepared accurately from chemicals conforming to the specifi- 
cations of the Committee on Analytical Reagents of the American Chemical Society and 
distilled water unless they are naturally occurring solutions or plant solutions. The pH and 
specific gravity of fresh and tested solutions should be measured and recorded. Minor 
constituents should not be overlooked because they often affect corrosion rates. If there is 
any doubt, the composition of the test solutions should be checked by analysis. In corrosion 
testing, one should always expect the unexpected. For example, significant amounts of 
chloride and fluoride have been found in reagent grade nitric and sulfuric acids [6]. 

The composition of the test solutions should be controlled to the fullest extent possible. 
Change in composition can occur, for example, resulting from evaporation or depletion. 
Evaporation losses may be controlled by a constant level device or by frequent addition of 
appropriate solution to maintain the original volume within __-1%. The use of a reflux 
condenser ordinarily precludes the need to add solution. 

In some cases the composition of the test solutions may change as a result of catalytic 
decomposition or by reaction with the test coupons. These changes should be determined, 
if possible. Where required, the exhausted constituents should be replenished or a fresh 
solution provided during the course of the test. 

Temperature of Solution 

Temperature of the test solutions should be controlled within 2~ and the temperature 
must be reported with the test results. 

Aeration of Solution 

Unless specified, the test solutions should not be aerated. Most tests related to process 
equipment should be run with the natural atmosphere inherent in the process, such as the 
vapors of the test solutions. 

If aeration is required, test coupons should not be located in the direct oxygen or air 
stream from the sparger. Unrelated effects can be encountered if the gas stream impinges 
on the coupons. 

If exclusion of dissolved oxygen is necessary, specific techniques are required, such as 
prior heating of the test solutions and sparging with an inert gas (usually nitrogen). A liquid 
atmospheric seal is required on the test vessel to prevent further contamination. 
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Solution Velocity 

Effects of velocity are not usually determined in most laboratory tests, although specific 
tests have been designed for this purpose. In field testing, the velocity of the test solution 
should be measured and recorded. 

Tests at the boiling point should be conducted with the minimum possible heat input, and 
boiling chips should be used to avoid excessive turbulence and bubble impingement. Cleaning 
may be needed to remove trace amounts of impurities in boiling chips before their usage. 
For example, amphoteric aluridum granules, which may have some fluoride contamination, 
should be cleaned in boiling 20% sulfuric acid (H2SO4) for 24 h, rinsed in water, cleaned 
in boiling 40% nitric acid (HNO3) for 24 h, rinsed in water, and dried. 

In test solutions of high viscosity, supplemental controlled stirring with a magnetic stirrer 
is recommended. 

Volume of Test Solution 

The volume of the test solution should be large enough to avoid any appreciable change 
in its corrosivity during the test, either through exhaustion of corrosive constituents or by 
accumulation of corrosion products that might affect further corrosion. A minimum solution 
volume-to-coupon area ratio of 20 mL/cm 2 (125 mL/in}) is recommended. 

Duration of Test 

Zirconium and its alloys are normally either reactive or highly corrosion resistant when 
they are tested in a corrosive. In an incompatible environment, corrosion can show up within 
a short period of time, that is, a few hours to a few days. On the other hand, in a compatible 
environment, coupon weight can show little change (gain or loss) for years. Consequently, 
the commonly suggested test duration in hours, which is 50 divided by the corrosion rate 
in millimetres per year (mm/y) or 2000 divided by the corrosion rate in mils per year (mpy), 
may be excessive and impractical. For example, if the corrosion rate is 0.0025 mm/y 
(0.1 mpy), the suggested test duration would be 20 000 h! 

An often-used test schedule at TWCA is the 2 - 4 - 2  day cycle. This schedule gives some 
indication about the time effect on the corrosivity of the test solution and the corrodibility 
of the test coupon. 

Nevertheless, the duration of any test should be determined by the nature and purpose 
of the test. In studying the effects of a minor impurity, the duration of test can be 1 h or 
shorter, depending on the time required to measure an effect. In a confirmation test, the 
duration of the test can be 14 days to a year. 

During the test, frequent checks should be made, if possible, at the test vessel for changes 
in solution color, temperature, pressure, bubbling, etc. 

Removal of Coupons from Test 

The condition and appearance of the holder and coupons after removal from the test 
should be noted and recorded. It may be desirable to photograph the holder and coupons. 
Coupons should then be rinsed in water and dried. They can be cleaned with a nylon brush 
or other nonmetallic brush if required. In removing the coupons, care should be taken to 
keep them in proper order relative to each other so that any coupon may be identified from 
the original record of its position on the holder. This is important if corrosion has been so 
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severe that identification marks have been removed. Corroded coupons should be handled 
by forceps. 

Coupons of zirconium and its alloys can be covered with a layer of pyrophoric film when 
they are tested under certain specific conditions, for example, a stagnant solution of 77.5% 
sulfuric acid and 200 ppm ferric ion at 80~ for ten days [7]. Treating in hot air or steam 
can eliminate this pyrophoric tendency. This takes 20 to 30 min at 250~ It should be noted 
that most corroded coupons do not have a pyrophoric layer. The formation of pyrophoric 
films is possible but not guaranteed when both the following conditions exist: 

1. The test solution is stagnant or there are stagnant areas (e.g., under a gasket) on the 
test coupons. 

2. The test solution can cause localized corrosion on a macroscale. 

To clean exposed coupons, a nonmetallic brush or rubber stopper can be used if necessary. 
There is not an applicable chemical or electrolytic cleaning method for zirconium and its 
alloys since zirconium oxide and most corrosion products on zirconium alloys are very inert. 

Interpretation and Calculation of Results 

After exposed coupons have been cleaned, they should be reweighed with an accuracy 
corresponding to that of the original weighing. The mass change during the test period can 
be the principal measure of corrosion. 

The pH and specific gravity of spent solutions should be measured and recorded. Spent 
solutions should be saved for a reasonable period of time. They should be analyzed if test 
results are unexplainable. 

Each tested coupon should be examined carefully for the presence of any pits or unusual 
marks. If there are any pits, the average and maximum depths of pits are determined with 
a pit gage or a calibrated microscope. 

If tested coupons are suspected of being subject to intergranular attack, a cross section 
of the coupons should be examined microscopically for evidence of such attack. 

Tested coupons may be subjected to simple bending tests to determine whether any 
embrittlement has occurred. Metallographic examination should be carried out on coupons 
if hydrogen embrittlement is a concern. 

The corrosion rate of each coupon should be calculated as follows 

Corrosion rate, mm/y = 87.6 
AW 

D x A x t  

Corrosion rate, mpy = 534 
AW 

D x A x t  

where 

AW = weight loss, mg, 
D = density (6.50 for Grades 702 and 704 and 6.53 for Grade 705), g/cm 3, 
A -- area of coupon, cm 2 (top equation), or in. 2 (bottom equation), and 

t = time, h. 
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Report 

It is important to report  all data as completely as possible. Expansion of the testing program 
in the future or correlating the results with other test results will be possible only if all 
pertinent information is properly recorded. The following checklist is a guideline. 

1. Names of personnel and laboratory involved. 
2. Date. 
3. Identification of coupon material and number. 
4. Form and metallurgical conditions of coupons. 
5. Treatment used to prepare coupons. 
6. Weights and dimensions of coupons before and after the corrosion testing. 
7. Composition of the test solution. 
8. Volume of test solution. 
9. The pH and specific gravity of the test solution before and after the corrosion testing. 

10. Type of vessel used for test. 
11. Test temperature,  pressure, aeration. 
12. Agitation. 
13. Duration of each test. 
14. Visual appearance remarks of each coupon before and after the corrosion testing. 
15. Evaluation of attack if other than general. 
16. Cleaning method. 
17. Corrosion rate. 
18. Minor occurrences or deviations from the proposed test program should be reported 

if known. 

References 

[1] Anti-corrosion Methods and Materials, Vol. 30, No. 8, 1983, p. 3. 
[2] Webster, R. T., "Zirconium Cost Effective Uses in Corrosive Applications," Paper No. 459, Cor- 

rosion/87, NACE, Houston, TX, 1987. 
[3] Takaaki, S., Takamura, A., and Segawa, S., Boshoku Gijutsu, Vol. 15, No. 2, 1966, pp. 49-55. 
[4] "Zirconium Heat Exchangers Resist Corrosion in the Production of Acetic Acid and Anhydride," 

Outlook, Vol. 4, No. 2, 1983, p. 1, Teledyne Wah Chang Albany, Albany, OR. 
[5] Haygarth, J. and Fenwick, L., "Improved Wear Resistance of Zirconium by Enhanced Oxide Films," 

Thin Solid Films, Vol. 118, 1984, pp. 351-362. 
[6] Yau, T. L., "Chemical Impurities Create New Challenges in Material Selection," Outlook, Vol. 9, 

No. 4, 1988, p. 4, Teledyne Wah Chang Albany, Albany, OR. 
[7] Yau, T. L., "Methods to Treat Pyrophoric Film on Zirconium," Industrial Applications of Titanium 

and Zirconium: Third Conference, ASTM STP 830, ASTM, Philadelphia, PA, 1984, pp. 124-129. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Richard  S. Treseder 1 

A Comparison of Sulfide Stress 
Cracking Tests 

REFERENCE: Treseder, R. S., "A Comparison of Sulfide Stress Cracking Tests," Corrosion 
Testing and Evaluation: Silver Anniversary Volume, ASTM STP 1000, R. Baboian and S. W. 
Dean, Eds., American Society for Testing and Materials, Philadelphia, 1990, pp. 312-318. 

ABSTRACT: Sulfide stress cracking, a form of hydrogen embrittlement, first became a serious 
problem in the oil industry in 1951. Subsequent improvements in the metallurgy of steels for 
high-pressure gas and oil wells and improved selection methods for high-strength alloys have 
been based on laboratory test methods. Of the large number of test methods that have been 
used, five have survived: the Shell bent beam test, the uniaxial load tension test, the double- 
cantilever-beam test, the C-ring test, and the slow strain rate test. Major features of these 
tests are compared in terms of their applicability to specific sulfide stress cracking problems. 
In addition, a general comparison is made of the testing requirements for the sulfide stress 
cracking system and for anodic stress corrosion cracking systems involving hydrogen sulfide. 
These comparisons illustrate the need to design environmental cracking tests which reflect 
both corrosion mechanism factors and application requirements. 

KEY WORDS: review, sulfide stress cracking (SSC), oil industry, laboratory tests, tension 
test, bent beam test, double-cantilever-beam test (DCB), C-ring test, slow strain rate test, 
hydrogen sulfide, low alloy steels, corrosion resistant alloys (CRAs) 

The first major equipment failures that were identified as sulfide stress cracking (SSC) 
failures were reported in 1951 and 1952 and involved relatively high-strength steel tubing 
and casing in sour gas wells in the US and Canada. These were followed shortly by the 
catastrophic failure of drill pipe and casing in the Lacq field in France. As a result of these 
failures early industry practice was to select steels for sour service on the basis of hardness. 
A maximum of 20 HRC was commonly used. Some operators restricted tubular goods to a 
minimum yield strength of 380 MPa (55 ksi) and a maximum yield strength of 550 MPa (80 
ksi). With greater understanding of the sulfide stress cracking effect, new SSC-resistant 
tubular steels were developed. Currently, steels with a specified minimum yield strength of 
620 MPa (90 ksi), a maximum yield strength of 720 MPa (105 ksi), and a maximum hardness 
of 26 HRC are being used with the prospect of raising this strength level in the near future. 
This increase in strength of tubular steels acceptable for sour service has permitted devel- 
opment of sour gas reservoirs with depths of 6000 m (20 000 ft) as contrasted to the 3000- 
m (10 000-ft) limit existing in 1951 [1]. 

These developments were made possible by the existence of reliable laboratory tests for 
evaluating SSC resistance. Since 1951 a large number of test methods have been used, 
included the following: 

1. U-bend. 
2. Ductility test after exposure. 

Consulting corrosion engineer, Oakland, CA 94611. 
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3. Two-point beam. 
4. Three-point beam. 
5. Four-point beam. 
6. Cantilever beam. 
7. Tuning fork. 
8. C-ring. 
9. Direct tension. 

10. Double cantilever beam. 
11. Slow strain rate, 

The methods were patterned after commonly used stress corrosion cracking methods [2]. 
Specimens were either smooth or with a stress raiser such as a notch and with either a fixed 
load or fixed deformation. In each case there have been variations of the test environment 
and means of evaluation. Of these many tests five have found general acceptance in the oil 
industry. One of these has been standardized by NACE [NACE Standard for Testing of 
Metals for Resistance to Sulfide Stress Cracking at Ambient Temperatures (TM0177-86)]. 
The other four tests are in the final stages of standardization by NACE Committee T-1F. 
This paper is a review of the characteristics of these five test methods, with emphasis on 
the roles of engineering requirements and cracking mechanism in the selection of specimen 
features and test procedures. Since many of the latter are common to well-known environ- 
mental cracking test methods, this discussion will concentrate on features that are specific 
to the sulfide stress cracking problem. 

Test Factors 

Specimen Size 

The engineering products of main concern are tubular goods, primarily tubing and casing, 
and these have dictated the specimen size requirements. A typical tubing size is 73 mm 
(2.875 in.) outside diameter and 5.5 mm (0.217 in.) wall thickness. Most early failures were 
observed transverse to the tubing axis, indicating axial tensile stress to be the dominant 
stress factor. This supported the concept of tension or beam-type specimens with relatively 
narrow widths and with the long direction of the specimen parallel to the axis of the tubing. 

Tensile Load 

Although the design load in axial tension for tubing and casing is significantly below the 
specified minimum yield strength, the presence of stress raisers plus bending and tonging 
effects could be expected to result in local stresses exceeding the yield strength. Therefore, 
some of the tests have incorporated plastic deformation as a test factor. 

Environment 

In 1951 and 1952 there was no agreement as to the mechanism of the observed failures. 
Some thought it was a form of hydrogen embrittlement and others considered it to be a 
form of stress corrosion cracking. The currently accepted explanation is that the failures of 
low-alloy steels result from hydrogen stress cracking, with the hydrogen being provided by 
corrosion by hydrogen sulfide in the presence of water (NACE TM0177-86). This conclusion 
has simplified the test procedure since it can be argued that a single test environment should 
suffice, providing the amount of hydrogen entering the steel corresponds to that which could 
enter under the most severe well conditions. 
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Hydrogen entry was shown to be increased by lowering the pH and was not affected 
significantly by increasing hydrogen sulfide concentration beyond a relatively low value. 
This resulted in the acceptance of a low-pH test solution in equilibrium with hydrogen sulfide 
gas at 1 atm. A pH value of 3 was chosen. This corresponds to the pH resulting from the 
high combined pressure of hydrogen sulfide and carbon dioxide found in deep gas wells. 
To avoid use of pressure equipment, 0.5% acetic acid was added to provide the required 
pH. The acetic acid addition was rationalized from the known presence of aliphatic acids 
in some natural gas reservoirs. Chloride ion, in the form of sodium chloride, was added to 
the test solution to simulate the high salt content of some well fluids and to provide a more 
severe environment, particularly for alloys. The concentration chosen was 5 %. This hydrogen 
sulfide-saturated, 0.5% acetic acid, 5% sodium chloride solution is commonly known as the 
"NACE solution" because of its use in NACE TM0177-86. 

Temperature 

Since hydrogen effects in steels have been found to decrease with increasing temperatures 
above ambient temperature,  selection of 20 to 25~ as a test temperature was both convenient 
and mechanistically acceptable [3]. 

Duration 

Time to failure was found to be quite fast for susceptible steels, failures being observed 
in a few hours under severe constant load or constant deformation conditions. To be con- 
servative, test durations of 21 to 30 days commonly have been used. 

Corrosion-Resistant Alloys 

In oil and gas wells general corrosion is controlled either by using carbon and low-alloy 
steels plus inhibition or by using corrosion-resistant alloys (CRAs). CRAs include stainless 
steels (austenitic, ferritic, martensitic, and duplex), nickel-base alloys, cobalt-base alloys, 
titanium alloys, and zirconium alloys. For CRAs exposed to sour gas systems, the amount 
of hydrogen required to initiate sulfide stress cracking failure may not result from normal 
corrosion, but could occur under conditions of galvanic contact with a less noble metal (such 
as carbon steel) or under conditions of cathodic protection. This factor has been introduced 
into some sulfide stress cracking tests by coupling the test specimen to carbon steel or by 
an applied potential. 

Acceptance Criteria 

In early laboratory tests it was demonstrated that all steels would fail by cracking in a 
severe test environment if strained to a sufficient degree [4]. However, field experience had 
shown that only high-strength steels above about 550-MPa (80-ksi) yield strength were subject 
to failure. From this fact it was concluded that normal field conditions were such that severe 
straining did not occur, and that susceptibility of steels to cracking was related to the strain 
required for failure. Thus it became a matter  of correlating field experience with laboratory 
test results to define an acceptability criterion as described below for the bent beam test. 
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Test Methods 

Bent Beam Test 

This three-point loaded bent beam test is based on the Shell Sc test developed between 
1952 and 1958 [4,5]. It was used extensively by Shell and others in the early development 
of SSC-resistant steels. It is of interest that this relatively simple, empirical test method has 
survived despite subsequent development of more sophisticated test methods. For example, 
it was one of the tests used recently in research aimed at developing SSC-resistant steels 
with specified minimum yield strengths of the order of 700 MPa (100 ksi) [6]. 

The Sc test makes use of a small beam [4.6 by 1.5 by 67 mm (0.18 by 0.06 by 2.65 in.)] 
with stress raisers in the form of two small drilled holes, 0.7 mm (0.028 in.) diameter,  in 
the center of the beam. The beam is loaded with a screw at the center point and is supported 
at each end. The test solution is a 0.5% acetic acid solution saturated with hydrogen sulfide 
at atmospheric pressure. Tests are made at 20 to 25~ Multiple tests are made with measured 
variations in the beam deflection. A statistical determination is made of the beam deflection 
required for a 50% probability of failure in 21 days. The deflection value is converted to a 
nominal maximum stress value in ksi, which is divided by ten to give the Sc value. The Sc 
value becomes a number for rank ordering the sulfide stress cracking resistance of the steel 
being tested. Typically, susceptible steels such as API Grade P-110 steel would have Sc 
values in the range from 2 to 5, whereas resistant steels like API Grade J-55 steel would 
range from 15 to 20. Correlation with field experience led to critical acceptance Sc values 
in the range from 10 to 12 [7]. Use of a unique number rather than a stress or strain value 
was intentional to discourage engineers from assuming that a critical stress or strain value 
obtained in such an arbitrary test could be used as a design parameter.  

The 50% probability of failure concept follows the practice used in other failure/no failure 
systems such as toxicity studies. The advantage of this approach as compared to the threshold 
stress approach is that it is less subject to influence by an erratic test result. 

Advantages of the Sc test are: 

1. The spread of results that are obtained on both sides of the acceptability criterion 
provides a good tool for research on improved steels since one has a measure of the nearness 
to the desired goal. 

2. The test evaluates the effect of plastic strain, thus simulating a common field condition. 
3. The small area of maximum strain allows evaluating SSC susceptibility of localized 

areas and minimizes inclusion-related hydrogen effects (see below). 
4. The test can be used to evaluate environmental factors such as temperature,  pH, and 

hydrogen sulfide concentration. 

A limitation of the Sc test is the constant deformation aspect, which deemphasizes crack 
growth factors. 

Tension Test 

It was not until 1977 that industry agreed on a standard test method (NACE TM0177). 
This method uses a smooth, tension bar specimen as described in the ASTM Standard 
Practice for Preparation and Use of Direct Tension Stress Corrosion Test Specimens (G 
49). The specimen is exposed under constant load or sustained load to a solution of 0.5% 
acetic acid plus 5% sodium chloride saturated with hydrogen sulfide at 1 atm. The test 
results in an apparent threshold stress for failure in 30 days (expressed as percent of yield 
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strength). API  Specification 5CT for Casing and Tubing requires the minimum threshold 
stress to be 80% of the specified minimum yield strength for Grade C90 products. 

One of the stated advantages of this test is that it uses a specimen with a well-defined 
stress state. One drawback of NACE TM0177 is that the presence of nonmetallic inclusions 
may lead to hydrogen-induced cracking (HIC) related failures in lower strength steels at 
lower threshold stress values than normally expected for such steels [8]. By comparison, 
the probability of such a failure in a single Shell Sc test is very much lower than in a NACE 
TM0177 test since the probability of a significant inclusion existing in the small volume of 
metal under maximum strain in the Sc test is very low. 

Double-Cantilever-Beam Test 

The double-cantilever-beam (DCB) test uses fracture mechanics techniques in the eval- 
uation of the SSC resistance of tubular steels [9]. Typically it employs a 9.5 by 25 by 100 
mm (0.375 by 1.0 by 4.0 in.) specimen with side grooves and loaded with a double taper 
wedge. In some cases a precracked specimen is used. A typical test duration is 14 days. 

The DCB test has the major advantage of providing a numerical result, critical stress 
intensity, that has general engineering acceptance. In contrast to the Sc test, it emphasizes 
crack growth factors rather than crack initiation factors. The fact that the DCB test provides 
a rank-ordering number rather than a failure/no failure result makes it useful in the de- 
velopment of improved steels and alloys. One disadvantage is the specimen size, which 
limits its application, although a subsize specimen, 4.8 mm (0.188 in.) thick, is considered 
acceptable in some cases. 

C-Ring Test 

This test utilizes an unnotched C-ring type specimen machined from tubing or bar stock 
as described in the ASTM Standard Practices for Making and Using C-Ring Stress Corrosion 
Test Specimen (G 38). Load is applied by a conventional bolt assembly. Test duration is 30 
days. Specimens are exposed at varying levels of outer fiber stress, and an apparent threshold 
stress for failure is determined. The advantage of this test is that it evaluates the effect of 
circumferential stress and thus serves as an adjunct to the NACE TM0177 tension test when 
testing tubular goods. 

Slow-Strain-Rate Test 

The slow-strain-rate test has seen only limited use in sulfide stress cracking testing aimed 
at finding improved steels. One reason may be the difficulty of establishing a criterion for 
failure in borderline cases. However, it has been very useful in evaluating the stress corrosion 
cracking susceptibility of CRAs as a function of environmental factors such as gas compo- 
sition, gas pressure, temperature,  chloride ion concentration, and free sulfur concentration 
[10]. 

The test details follow those of conventional methods for slow-strain-rate testing. Di- 
mensions of the test section of the uniaxial tension specimen are commonly 3.8 mm (0.150 
in.) diameter by 25 mm (1.0 in.) long, with an overall diameter of about 6 mm (0.25 in.). 
A typical extension rate for such a specimen is 1 • 10 4 mm/s (4 x 10 6 in./s). Tests 
commonly are made at temperatures in the range from 90 to 230~ (200 to 450~ in the 
presence of H2S and CO2 at pressures as high as 35 MPa (5000 psi). 
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Other Failure Mechanisms 

Stress Corrosion Cracking 

The mechanistic differences between sulfide stress cracking and stress corrosion cracking 
(anodic type) are significant and influence the test methods used. Stated simply, the critical 
variable in SSC of carbon and low-alloy steels is the strain required to initiate failure in an 
arbitrarily selected severe environment. In stress corrosion cracking the critical variables 
are the electrochemical polarization characteristics of the metal/environment system, which 
control the anodic processes involved in crack initiation and growth. Therefore, the com- 
parison of stress corrosion cracking susceptibility of different alloys is done by determining 
the critical environmental factors (temperature, chloride concentration, etc.) required to 
cause failure of a severely stressed specimen. 

For many alloys in sour gas systems there is the possibility of failure occurring from either 
sulfide stress cracking or stress corrosion cracking. Obviously this complicates the testing 
program by requiring evaluation by two different testing procedures. 

Hydrogen-Induced Cracking 

Hydrogen-induced cracking (HIC) is also called step-wise cracking and hydrogen blister- 
ing. It differs from sulfide stress cracking in that it is associated with inclusions in the steel 
and is observed with lower strength steels. Crack initiation results from formation of mo- 
lecular hydrogen at inclusions and discontinuities in the steels, and crack growth results from 
the applied and residual stresses aided by the embrittling effect of hydrogen. HIC is prevented 
by controlling the number, size, and shape of inclusions, particularly sulfide inclusions. 
Evaluation is via tests which measure the number and size of subsurface cracks following 
exposure to a standard hydrogen sulfide solution, which may be similar to that used for 
SSC testing. As noted above, this type of failure may complicate the evaluation of the SSC 
susceptibility of some carbon steels when certain test methods are used. 

Conclusions 

The complex nature of the sulfide stress cracking testing problem results from: (1) existence 
of three possible failure mechanisms (sulfide stress cracking, stress corrosion cracking, and 
hydrogen-induced cracking), which can occur with steels exposed to sour well environments; 
and (2) the wide range of equipment types and well environments that exist in sour well 
operations. 

Each of the five tests discussed has been shown to have a unique property that has resulted 
in its survival as a test for evaluating sulfide stress cracking of materials for the oil and gas 
industry. 

The Shell bent beam test has been used because: (1) it emphasizes the effect of localized 
plastic strain on crack initiation, an important aspect of SSC of steels; and (2) the test 
evaluation technique gives a rank ordering number useful in research aimed at improved 
steels and in evaluating critical environmental factors such as temperature and hydrogen 
sulfide concentration. 

The tension test (NACE TM 0177-86) has been used primarily as an acceptability test 
because of its simplicity and its versatility for a wide range of materials. 

The DCB test has been used because it emphasizes factors controlling crack growth rate 
and provides a rank ordering number of engineering significance (critical stress intensity) 
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useful both as an acceptability criterion and as an evaluation tool in research aimed at 
improved steels. 

The C-ring test has been useful in evaluating anisotropic properties of tubular steels that 
could be factors in hoop stress-induced failures and thus provides a useful acceptability test. 

The slow-strain-rate test has been useful in evaluating environmental effects, particularly 
those involving the stress corrosion cracking susceptibility of CRAs. 

References 

[1] Treseder, R. S. and Tuttle, R. N., "Historical Review of the Sulfide Stress Cracking Problem in 
Oil and Gas Production," Proceedings, Sixth Asian-Pacific Corrosion Control Conference, Sing- 
apore, 1989, Asian-Pacific Materials & Corrosion Assn., Sydney, Australia. 

[2] Metals Handbook, 9th ed., Vol. 13, American Society of Metals International, Metals Park, OH, 
1987, pp. 245-282. 

I3] Stress Corrosion Cracking and Hydrogen Embrittlement of lron Base Alloys, National Association 
of Corrosion Engineers, Houston, TX, 1977, pp. 147-161. 

[4] Fraser, J. P. and Treseder, R. S., Corrosion, Vol. 8, No. 10, 1952, p. 342. 
[5] Fraser, J. P., Eldredge, G. G., and Treseder, R. S., Corrosion, Vol. 14, No. 11, 1958, p. 37. 
[6] Kaneko, T., Okada, Y., and Ikeda, A., Corrosion, Vol. 45, No. 1, 1989, p. 2. 
[7] Treseder, R. S. and Swanson, T. M., Corrosion, Vol. 24, No. 2, 1968, p. 31. 
[8] Greer, J. B., Materials Performance, Vol. 16, No. 9, 1977, p. 9. 
[9] Heady, R. B., Corrosion, Vol. 33, No. 3, 1977, p. 98. 

[10] McIntyre, D. R., Kane, R. D., and Wilhelm, S. M., "Slow Strain Rate Testing for Materials 
Evaluation in High Temperature H2S Environments," Corrosion~86, paper No. 149, National 
Association of Corrosion Engineers, Houston, TX, 1986. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Leah G. Everhart  1 and Christopher E. Price 2 

Stress Corrosion Cracking in Alloy 400 
(UNS NO4400) at Room Temperature 

REFERENCE: Everhart, L. G. and Price, C. E., "Stress Corrosion Cracking in Alloy 400 
(UNS N04400) at Room Temperature," Corrosion Testing and Evaluation: Silver Anniversary 
Volume, ASTM STP 1000, R. Baboian and S. W. Dean, Eds., American Society for Testing 
and Materials, Philadelphia, 1990, pp. 319-334. 

ABSTRACT: Selective pitting studies were used to determine environments likely to cause 
stress corrosion cracking (SCC) in Alloy 400. Slow strain rate tests were performed on waisted 
specimens, with solution composition and concentration, strain rate, grain size, and prior cold 
work as variables. It was found that environments which caused pitting also caused SCC; 
examples include ammonium hydroxide, ammonium persulfate, and hydrofluoric acid in the 
presence of an oxidizer. 

As in the case of both hydrogen and liquid metal embrittlement of Alloy 400 and other 
nickel-base alloys, the SCC at low strain levels was intergranular with a transition to trans- 
granular at higher strains. The fractography of the SCC resembled that of the other embrittling 
environments. 

KEY WORDS: corrosion, stress corrosion cracking, pitting, Alloy 400, intergranular cracking, 
transgranular cracking 

The efficiency of detecting general corrosion has been improving rapidly, resulting in new 
specialized alloys that resist general corrosion. This allows materials to be used in more 
aggressive environments, with increased severity of the operating stresses, temperatures, 
and concentrations. Consequently, localized corrosion is on the rise, leading to a great 
increase in the frequency of failures due to environmental-assisted cracking (EAC). EAC 
introduces a high potential for catastrophic failure. This disaster potential is often compen- 
sated for by the use of overly conservative design. With the increasing cost of materials and 
the severity of many common environments, overdesigning is an insufficient answer. 

One of the most important material systems utilized in industries for general corrosion 
resistance is stainless steel. Stainless steels, however, are often subject to EAC. As the 
corrosion resistance of stainless steel is often improved by increasing the molybdenum 
content, it is distressing that the presence of molybdenum has been shown to have a det- 
rimental effect on the stress corrosion cracking (SCC) resistance in some environments [1,2]. 
The nickel-base alloys generally are used to combat SCC where austenitic stainless steels 
have failed. However, two events have occurred that necessitate an increased knowledge 
of SCC resistance [3,4]. First, there is now an almost continuous range of alloy content from 
stainless steels to nickel-base alloys. Second, the nickel-base alloys are now being used under 
more severe conditions. 
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Due to their use in extreme environments, the tendencies of nickel-base alloys towards 
EAC must be understood and the susceptibility anticipated. It has been determined, for 
example, that many nickel-base alloys can experience hydrogen embritt lement (HE) at room 
temperature [5-10]. Additionally, nickel-base alloys are susceptible to liquid metal em- 
brittlement (LME), at least by mercury [11]. In some instances, alloys that were found to 
be resistant to LME in slow strain rate tests (SSTs), such as Alloys 800 and 825, were 
severely embrittled under cyclic loading [12]. Nickel-base alloys have generally been con- 
sidered to be resistant to SCC [4]. However, the similarities of susceptibility to cracking in 
stainless steels and nickel-base alloys, as noted by Jones [13], imply that SCC could become 
a major problem. Kolts [4] goes as far as to state that virtually every nickel-base alloy is 
susceptible to SCC in chloride solutions if the proper conditions exist. 

Several cases of SCC in nickel-base alloys at elevated temperatures have been cited in 
recent years, often associated with the segregation of damaging elements to the grain bound- 
aries [14-24]. In particular, a problem has arisen with Alloys 600 and x 750 in nuclear 
power plants [21-24]. This is a theme of a recent international symposium on environmental 
degradation of materials in nuclear power systems [25]. Further, since diverse nickel-base 
alloys suffer HE and LME at room temperature,  it is likely that there are many environments 
that can cause SCC at room temperature. This has been demonstrated for Alloy 600 in 
tetrathionate and thiosulfate solutions [26]. 

SCC is caused by localized corrosion, as is pitting; the two often occur together, with the 
attack of both austenitic stainless steels and aluminum alloys in chlorides being the most 
obvious examples. A material 's susceptibility to pitting at room temperature is easy to 
establish. Since SCC cracks often initiate at pits, pitting studies may provide a guide to SCC 
susceptibility. For this reason, preliminary observations of the pitting characteristics of 
several nickel-base alloys in an oxidizing environment were used as a prelude to a more 
detailed study upon Alloy 400, involving both pitting experiments and SSTs. 

The scope of this study has four main objectives: 

1. To illustrate that pitting can occur in different nickel-base alloys at room temperature.  
2. To discover environments that cause pitting in Alloy 400, in addition to aerated HF 

(see later). 
3. To seek a correlation between pitting and SCC in Alloy 400. 
4. To compare the cracking characteristics obtained with Alloy 400 suffering SCC with 

those obtained after HE and LME. 

Alloy 400 (UNS N04000) 

The emphasis placed on Alloy 400 stems from the observation that it is the nickel alloy 
system most susceptible to EAC [10-12]. Alloy 400 is a two-to-one nickel-copper solid 
solution alloy that is also available in an age-hardening version Alloy K500 (NO5500). It 
has comparatively poor mechanical properties in many service situations. For example, the 
fatigue limits of copper and nickel in air are above their yield strength, but with Alloy 400, 
it is less than half the yield strength [12]. EAC failures of Alloy 400 in hydrogen or mercury 
may occur at only 5% elongation [27,28]. Service failures of Alloys 400 and KS00 in the oil 
industry, due to HE,  have been reported recently [29,30]. Fatigue in mercury may decrease 
the lifetime of Alloy 400 by more than a hundredfold [12]. Much of the E A C  damage is 
caused by ready intergranular (IG) cracking. It is not clear why this occurs, but phosphorous 
segregation can sometimes be a factor [27]. 

Caustics are known to cause SCC in Alloy 400 at elevated temperatures [31]. At room 
temperature,  the only deleterious service environment recorded is hydrofluoric acid vapor; 
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immersion in the liquid is harmless [32-34]. Several failures in this environment, mostly 
involving sheet specimens, have been reported. Both IG and transgranular (TG) fractures, 
as well as longitudinal splits on cold worked material, have occurred. The isocorrosion chart 
for Alloy 400 in hydrofluoric acid indicates only slight attack at room temperature and is 
insensitive to HF concentration above 20%; the rates given are <1 mils/year (air free), <10 
mils/year (aerated) [31]. Graf and Wittich [35] conducted laboratory experiments on 0.3- 
mm-thick sheet specimens of different nickel-copper alloys. The study involved the influence 
of temperature and concentration of copper fluoride (CuF2) additions to the hydrofluoric 
acid. They determined that the time to fracture decreased with increasing temperature, over 
the range from 12 to 63~ generally independent of the HF and CuF2 concentrations. It 
was also noted that alloys in the Alloy 400 range of approximately 30% copper performed 
the worst. This may be expected since the composition of Alloy 400 corresponds to the 
highest general corrosion resistance in the nickel-copper system [31]. It would imply a 
heightened sensitivity to localized corrosion. 

Experimental Proeeflure 

Materials 

The alloys studied are 400 (N04400) and K500 (N05500), to a lesser extent, supplied as 
12.7-ram-diameter rod. Some preliminary pitting tests utilized 12.7-mm-diameter hot-rolled 
rods of other nickel-base alloys. Additional pitting studies were conducted with 1.5-mm- 
thick coupons, approximately 25 by 12 mm, of Alloy K500 sheet specimens in the solution 
heat-treated condition. 

The SST specimens of Alloy 400 were annealed in a mild vacuum, 15 Pa pressure, at 
temperatures of 750 to 1050~ for periods of up to 12 h to give grain sizes of 35 to 350 Izm. 
This was followed by furnace cooling under vacuum. 

Surface Preparation 

A 600-grit finish was used for immersion tests on the nickel-base alloys. The Alloy K500 
coupons were sanded through 600 grit, mechanically polished through 0.05-1~m alumina, 
using flooded wheels at low speeds, then chemically polished at 90~ in mixed acids [36]. 

For SSTs, the specimens were mechanically polished through a 600-grit finish, cleaned, 
and lightly etched by immersion in a 50/50 solution of nitric and acetic acids for 45 s. Finally, 
they were rinsed in water, flooded with methanol, and blow-dried with warm air. 

Immersion Tests 

For exploratory pitting tests on nickel-base alloys, the specimens were placed in covered 
petri dishes containing solutions of hydrofluoric acid with copper chloride. The specimens 
were observed in place for up to 26 days; upon removal, they were examined before and 
after rinsing and drying. 

The pitting studies on Alloy K500 coupons utilized twelve different solutions. The coupons 
were immersed in covered 50-mL containers containing 30 rnL of prepared solutions. The 
temperature was 23~ the solutions were not agitated and not aerated specifically, but the 
environment above the solutions was air, Alloys KS00 and 400 have similar chemical prop- 
erties and essentially identical chemical behavior [37]. Therefore, the solutions were selected 
based upon the anticipation of slight attack, in the range from 0.25 to 1.25 mm per year, 
of the appropriate order for pitting, largely using data from Hoyt [38]. Environments were 
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selected to encompass a wide range of pH, confined to comparatively common systems for 
Alloy 400, while emphasizing short time tests, to correlate with subsequent SSTs. Accord- 
ingly, the coupons were removed for study within the first hour and then hourly for periods 
of up to 30 h. Upon final removal from solution, each coupon was rinsed with water, sprayed 
with methanol, and blow-dried with warm air. 

Slow Strain Rate Tests 

The SSTs used waisted specimens of a 6.35-mm minimum diameter that gradually increased 
to 12.7 mm at the shoulders at the end of the gage length, 44 ram. An advantage of this 
geometry is the strain gradient, hence a damage gradient, along the gage length, which 
maximizes the information obtained from each test. The SSTs were conducted at room 
temperature on an MTS machine under displacement control. The ram speeds were between 
3.6 x 104 and 1.8 x 106 s for a 76-mm displacement, giving initial strain rates at the gage 
length center of 3 x 10 -~ to 6 x 10 7 s-1 approximately. These strain rates were based on 
prior measurements with small strain gages [12]. Time constraints did not allow the use of 
strain rates of the order of 10 s s -a, which are sometimes optimum for SCC experiments. 

Preliminary tests were conducted in air to permit the direct measurement of the strain at 
any location at any given time. For subsequent tests, the appropriate selected liquids were 
contained in a poly(methyl methacrylate) (PMMA) container that surrounded the specimen. 
The container had a neoprene O-ring to ensure a tight seal at the bottom of the test section; 
the container lid had a 12.7-ram-diameter opening at its center. The top of the chamber 
rested just below the upper shoulder of the specimen, leaving a gap sufficient for the addition 
of fluid, for bubbling air through, or to allow a vapor zone. Several tests were conducted 
with the chamber filled to just above the waist. 

Observations 

Surfaces of all specimens were observed under a stereoscopic zoom microscope (SZM) 
at up to x 70 magnification. Pertinent samples were prepared for view under a metallograph. 
Additionally, selected specimens were studied in a scanning electron microscope (SEM). 

Results 

Immersion Tests on Nickel-Base Alloys 

After the immersion of nine different nickel-base alloys in a 0.5 M CuCI2, 1.0 M HF acid 
solution for 26 days, three alloys showed gross general attack and five showed pitting. One 
alloy was unaffected, as viewed under a SZM (Table 1). The pitting that occurred ranged 
from several large pits, over 1 mm in depth and breadth, in the Alloys 825,800 and x 750, 
to occasional small but deep pits in Alloy 600, to numerous shallow pits in Alloy 718. The 
alloy that seemed to be unaffected by this solution was 625. However, small pits were 
detected in the SEM as well as preferential grain boundary attack (Fig. 1). The very different 
nature of the pitting in Alloys 600 and x 750 is shown for comparison in Fig. 2. Within the 
pits of Alloy x 750, the corrosion was TG, with individual grain facets distinct. 

Immersion Tests on Alloy K500 

The observations from the immersion of the coupons in twelve different solutions are 
summarized in Table 2. A wide variation in corrosion behavior occurred, with appreciable 
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TABLE 1--Appearance of nickel alloy coupons after a 26-day immersion in a 0.5 M CuCl2, 
1.0 M HF solution. The last column ranks the alloys (1 is most) in terms of total corrosion, 

based on appearance. 

Alloy UNS Number Top Surface Bottom Surface Rank 

200 N02200 C C 3 
400 N04400 C C 1 

K500 N05500 C C 1 
600 N06600 B-C B 7 
625 N06625 A A 9 
718 N07718 B A 8 

• N07750 B-C B 6 
800 N08800 B-C B 5 
825 N08825 B-C B 4 

NOTE: A = no change, B = pitting, C = general attack, with deposits. 

differences from the behavior  anticipated from the data of  Hoyt  [38]. However ,  these tests 
were for screening purposes only and longer t ime tests may have given a bet ter  correlat ion.  
F rom these observations,  solutions based on ammonium hydroxide,  ammonium persulfate,  
and lead chromate ,  as well as HF-based  solutions, were  considered to be appropr ia te  for 
SSTs. Lead chromate  was later deleted from this list because of possible complications due 
to sediments.  

The  pitting in ammonium persulfate solutions was explored further as a function of solution 
concentrat ion,  t ime, and grain size and condition. The  t ime factor was considered to be 
critical because a typical SST lasted about  12 h. The  extent of the pitting was found to 
increase as the solution concentrat ion rose from 0.0125 to 0.4 M. Genera l  corrosion became 

FIG. 1--Small isolated pits in Alloy 625, with grain boundary attack visible at a higher magnification, 
after a 26-day immersion in a 0.5 M CuCI2, 1.0 M HF solution. 
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FIG. 2- -A contrast in pit formation in Alloy • 750 (left) and Alloy 600, after a 26-day immersion in 
a 0.5 M CuCl> 1.0 M HFsolution. 

extensive at solution concentrat ions of  0.2 M and above. The extent  of  pitting increased 
continually with t ime; Fig. 3 shows the appearance in the SEM of specimens immersed  for 
2 and 16 h in a 0.05 M solution. In the former  situation, remains of the 600 grit finish and 
grain boundary etching are discernable;  in the latter, there is no evidence of  preferential  
grain boundary attack. Nei ther  grain size (25 to 500 ~m) nor prior cold work ( H R B  55 to 
97) made  discernable differences in the degree of pitting. 

Slow Strain Rate Tests 

The initial tests involved an Alloy 400 with a grain size of 35 ~m and a strain rate of  
1.2 • 10 -6 s -1. These conditions were used as a basis for any comparisons.  Tests in air 

TABLE 2--The  results o f  immersion tests on Alloy K500. 

Corrosion Rate, mm/year, 
Solution Concentration Hoyt [38] Measured Observations 

Ammonium hydroxide 29% 1 24 B to C 
Ammonium persulfate 0.175 M 72 109 B to C 
Hydrogen peroxide 10% 3 A 
Hydrofluoric acid 26% "'i 52 B to C 
Hydrobromic acid 12% 30 A 
Ferric chloride 0.125 M 8() 32 C 
Nitric acid 28% 3000 C 
Hydrochloric acid 19% "'i 15 C 
Acetic acid 10% <1 3 A 
Potassium chromate 0.15 M ... 6 C 
Lead chromate 0.1 M 30 B to C 
Lactic acid 10% "'i 1 A 

NOTE: A = thin film formation or polishing, B = pitting, C = general corrosion. 
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FIG. 3--Pitting in Alloy 400 after a 2-h (left) and a 16-h immersion in a 0.05 M ammonium persulfate 
solution. 

lasted approximately 12 h and gave cup and cone fractures. The tensile strength in air was 
approximately 630 MPa, the yield strength was 220 MPa, and the reduction in area was 
about 72%. All tests in environments causing SCC gave cup and cone fractures, too, with 
no change in the tensile strength. When SCC occurred, the surface cracks were up to 3 
grains deep. Representative examples of the SCC are shown in Fig. 4. 

Inactive Environments 

Fused sodium hydroxide has been noted to cause SCC in Alloy 400 at elevated tempertures 
[31]. For elimination purposes, one specimen was tested at room temperature,  in an aqueous 
solution of sodium hydroxide (0.25 M). As expected, no indications of corrosion or cracking 
occurred. 

It was presumed that a hydrofluoric acid solution (26%) would also not cause cracking. 
This was confirmed, even though a coarse grain size of 350 Ixm was used to amplify any 
tendency towards cracking. Some minor pitting, however, did occur. Also, localized IG 
cracking was detected in the vapor region, near the top shoulder. 

Active Environments 

All tests in solutions of ammonium hydroxide (15%), ammonium persulfate (0.175 M), 
and various hydrofluoric acid solutions containing an oxidizer caused cracking. In each 
instance, the cracking was IG near the shoulders in regions of low strain, with a transition 
to TG nearer the waist. The TG cracking often occurred along slip bands or at tranverse 
grinding grooves. 
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FIG. 4--Side and fracture surface views of an Alloy 400 specimen after a SST in a 0.063 M CuF2, 
0.38 M HF solution. Extensive transverse cracking is seen, with gaping in the fracture vicinity. Except 
where associated with machining grooves, the cracks are short and wavy. 

Effect o f  Grain Size 

An increase in the grain size, within the range investigated, 35 txm to 350 ~xm, led to 
more extensive cracking. This was also the situation for the SSTs of Alloy 400 in liquid 
mercury [28]. The coarse grain size facilitated the SEM observations because the slip bands 
were more distinct and the increased plastic deformation led to gaping of the cracks, per- 
mitting views into the cracks. Consequently, many subsequent tests utilized a coarse grain 
size. 

Effect o f  Concentration 

The immersion tests on ammonium hydroxide solutions showed slight pitting. In accord, 
the SCC that occurred during SSTs increased as the solution concentration increased from 
15 to 29%. The IG and TG cracking was shallow and the original 600-grit surface finish 
appeared unaffected. 

Consistent with the immersion tests, showing extensive general and pitting attack at all 
concentrations studied, the SSTs with ammonium persulfate solutions illustrated that the 
SCC decreased with an increase in solution concentration. Both the IG and TG cracking 
were more severe than for ammonium hydroxide, and the original 600-grit finish was elim- 
inated. Figure 5 shows the appearance - 5  and - 1 0  mm from the fracture, after a SST in 
a 0.10 M solution. Both views reveal gaping IG cracks. A difference is that the grain attack 
is more uniform in the more highly strained zone nearer to the fracture. Away from the 
fracture, the grain attack becomes more localized, and individual pits are discernable. After 
a SST in a 0.175 M solution, the appearance away from the fracture zone is shown in Fig. 
6. General grain pitting can be seen with a pit-free zone adjacent to the grain boundary, 
with a renewal of pitting at the grain boundary leading to cracks. 
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FIG. 5- -Gaping  1G cracking, - 5  m m  (left) and - 1 0  m m  f rom the fracture point, after a SST  in a 
0.10 M ammonium persulfate solution. General grain attack is more evident nearer the fracture. 

FIG. 6--Pi t t ing  and 1G cracking away f rom the fracture location, after a SST  in a O. 175 M ammonium 
persulfate solution. There is a pit-free zone adjacent to the grain boundary, with a renewal o f  pitting at 
the grain boundary. 
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SCC was always obtained in solutions of hydrofluoric acid and an oxidizer. The HF 
concentration was varied from 0.38 to 18 M; the oxidizers used were CuC12 (0.125 to 0.5 
M), CuF2 (0.063 to 0.125 M), and air bubbled through the HF solution. Increasing the 
concentration always increased the general corrosion and the deposits of corrosion byprod- 
ucts. For example, a solution of 0.25 M CuC12, 0.5 M HF led to an encrusted salt deposit 
for - 6 . 5  mm below the fracture point. The scale was loosely adherent; where the scale was 
broken away, pitting was seen. IG cracking was most conspicuous near the top shoulder 
above the liquid level. A specimen of grain size - 350 /~ m subjected to aerated 26% HF 
had gaping TG cracks to a depth of - 1  mm, containing corrosion byproducts. A specimen 
immersed in a 0.063 M CuF2, 0.38 M HF solution to just above the waist had a dark scale 
and copper oxide in the immersed portion and a blue salt with metallic copper in the upper 
levels. This occurrence of copper and copper oxide was noted previously by both Copson 
and Cheng [32] and Graf and Wittich [35]. Both  halves contained a multitude of blunted 
cracks; both halves exhibited IG and TG cracking. The cracking characteristics in this 
solution are shown in Figs. 7 to 10 for a specimen of -350-1xm grain size. In Fig. 7, taken 
- 3  mm from the fracture, extensive TG cracking can be seen, along with plastic deformation; 
a more localized view shows the stepped nature of an inner crack surface. General and 
detailed views of mixed mode cracking occurring further from the fracture are seen in Fig. 
8. The higher magnification reveals mild IG cracking with much more prominent TG cracking 
adjacent. Near to the shoulder, the TG cracking is less prominent (Fig. 9). Neither the TG 
nor the IG cracking demonstrated by this specimen are associated with pitting. The contrast 
with the behavior in ammonium persulfate solutions can be seen from a comparison of Figs. 
6 and 9. The appearance of the TG cracking at the fracture location is illustrated in Fig. 
10. There is a strong resemblance to the TG cracking resulting from both HE and LME 
[28]. 

FIG. 7--Plastic deformation and gaping TG cracks (left), with a view into one crack. The SST was 
in a 0.063 M CuF2, 0.38 M HF solution. 
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FIG. 8--Mixed mode cracking on the same specimen as Fig. 7, occurring further from the fracture. 
The detailed view (right) shows pitting, slip bands, and many small cracks. A t  this magnification, the 
most prominent crack is seen to be TG, adjacent to a mildly cracked grain boundary. 

FIG. 9- -The  surface appearance towards the shoulder on the same specimen as Figs. 7 and 8. The 
TG cracking persists but is on a finer scale; the 1G cracking is not obviously associated with pitting. 
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FIG. lO--The fracture surface appearance of  the specimen o f  Figs. 7 to 9. The TG zone ends gradually, 
about two grains deep. The higher magnification view shows the variation in surface detail across a grain 
boundary. 
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Effect o f  Strain Rate 

The effect of strain rate was explored in two solutions, ammonium hydroxide (15%) and 
a CuF2 (0.063 M), HF (0.38 M) solution. Increasing the strain rate, as may be anticipated, 
decreased the attack. At  a strain rate of 30 • 10 -6 (30 rain to failure), no attack occurred 
in the former solution, but TG cracking still occurred in the latter solution to a distance of 
- 6  mm from the fracture location; there was no IG cracking. By contrast, at the strain rate 
of 1.2 • 10 6 s -I the TG cracks extended for - 1 8  mm from the waist, with IG cracks 
beginning at - 1 2  mm. The gradation in cracking is illustrated in Fig. 11. 

Effect o f  Cold Work 

The as-received Alloy 400 rod was in the cold-worked condition with a hardness of - 9 7  
HRB, at a grain size of - 2 5  txm. Specimens tested without heat treatment showed, without 
exception, less cracking. The TG cracking extended to 48  mm from the waist, and no IG 
cracking was detected. The cracks were shallow, closed, and not visible in the SZM. An 
annealed specimen, prestrained in air, behaved similarly. The active solutions investigated 
were ammonium persulfate (0.175 M), ammonium hydroxide (29%), aerated hydrofluoric 
acid (29%), and a CuF2 (0.063 M), HF (0.38 M) solution. 

Alloy K500 

Alloy K500 samples were tested in a 0.063 M CuFz, 0.38 M H F  solution for both the as- 
received and annealed conditions. The as-received condition was supposedly age-hardened 
but only had a hardness of - 2 3  HRC, compared to handbook values of 32 HRC, so was 
not fully hard [37]. The observed cracking was similar to that described previously for Alloy 
400. 

FIG. ll--Gaping cracks (left) near the fracture zone of the specimen of Fig. 4. A specimen tested a 
tenfold higher strain rate (right) shows extensive side cracking, but the cracks are smaller. 
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Discussion 

This study has demonstrated the occurrence of SCC in Alloy 400 at room temperature in 
several environments, all of which also caused pitting attack. Thus, pitting corrosion is a 
guide to SCC susceptibility. It is probable that many other environments can be found that 
will cause both pitting and SCC. Furthermore, the demonstration of pitting in other nickel- 
base alloys is suggestive that room temperature SCC can occur in those alloys. It is important 
to note that SCC does not have to be associated with the precipitation of a damaging species 
at the grain boundary, and that both IG and TG cracking occur on the same specimen. 

SCC has been demonstrated over a wide range of concentrations of both ammonium 
persulfate and active hydrofluoric acid solutions. In the former, the SCC increased with a 
decrease in concentration because of less general corrosion. However, even in the most 
dilute solution studied, 0.01 M, the general corrosion was still greater than in any HF base 
solution tested, as witnessed by the disappearance of the original grinding marks. The greater 
attack in ammonium persulfate accounts for the differences in appearance of the IG attack 
in the two solutions, as well as the intensity of pitting in ammonium persulfate. In retrospect, 
tests in a diluter solution of ammonium persulfate would have been of value. Another  
contrast, illustrated by Figs. 3 and 6, demonstrates that pitting attack alone does not outline 
the grain boundaries. The presence of a stress is required and results in the grain boundary 
becoming anodic with respect to the adjacent zones, which will then show a marked decrease 
in the pitting attack. 

A significant observation is the prevalence of IG cracking in the lower stress regions near 
the shoulders, with a transition to TG cracking near the waist. The same situation has been 
observed in HE and LME of Alloy 400 [28], as well as with nickel [39], and Alloys 600 and 
800 [10,40]. In Alloy 400, the IG cracking occurred at about the yield stress for both HE 
and LME, as it did here for SCC. Near the shoulder, the cross-section area is three to four 
times that at the waist, and the yield strength of the Alloy 400 is of the order of a third of 
the tensile strength. With yielding, the high-energy sites are the grain boundaries and IG 
attack ensues, with maybe some additional attack at points of stress concentration, such as 
grinding grooves (Fig. 4). With continued plastic deformation, the slip bands become the 
higher energy sites and a transition to TG cracking occurs. For EAC resistance, the heavily 
cold-worked state is to be preferred because of general, rather than localized, high-energy 
locations. The observations of this study are in accord. 

The previous paragraph has pointed out the transition from IG to TG cracking that occurs 
with HE, LME, and SCC. The fractography of the embrittlement is also indistinguishable. 
Features found in SCC, as demonstrated in Figs. 7 and 10, can also be found in both HE 
and LME. For example, there is a strong resemblance between Fig. 7 and the Fig. l l b  of 
Ref 28. Differences between the HE,  LME, and SCC of Alloy 400 may be in degree only. 
It is apparent that SCC tests at slower rates could give fractures with very low elongations. 
Alloy 400, therefore, is an appropriate system to explore the extent of the commonality of 
the cracking mechanisms. 

Conclusions 

SCC can be obtained in Alloy 400 at room temperature in diverse oxidizing environments. 
The occurrence of pitting is an indication of a susceptibility to SCC. It is anticipated that 
the demonstrated occurrence of pitting in other nickel-base alloys indicates the potential 
for SCC in those alloys. The SCC cracking mode is intergranular at low strain levels with 
a transition to transgranular at higher strain levels. In the cold-worked state the susceptibility 
is reduced and the cracking is transgranular. Intergranular cracking begins at the yield stress. 
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The cracking sequence and the fractography are indistinguishable from those observed during 
the hydrogen embrittlement or liquid metal embrittlement of Alloy 400. 
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D I S C U S S I O N  

W. R. Waike 1 (written discussion)--Would the authors expect the same results for K500? 

L. G. Everhart and C. E. Price (author's closure)--Yes, similar behavior was noted when 
Alloy K500 was examined. Tests were conducted on Alloy K500 in both the annealed 
and the as-received conditions using 0.38 M HF and 0.063 M CuF2, at a strain rate of 1.2 
(10 -6) s-,. 

The annealed sample displayed a 16-mm side cracking zone with widely gaping TG cracks 
near the fracture and IG cracks in the lower strain regions. The sample closely resembled 
the annealed Alloy 400 samples. 

The hardness of the as-received sample was only slightly higher than the cold-worked 
Alloy 400. Alloy K500 exhibited a 10-ram side cracking zone near the fracture. There was 
a distinct TG cracking border of -0 .3  mm deep. The side cracking was similar to that of 
the annealed sample but less severe. Also, the as-received sample did not show any IG 
cracking. 

Amoco Corp., P.O. Box 3011, Naperville, IL 60566. 
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REFERENCE: Corbett, R. A., "Using Multisample Test Apparatus for the ASTM A 262, 
Practice C Nitric Acid Corrosion Testing of Types 304 and 304L Stainless Steels," Corrosion 
Testing and Evaluation: Silver Anniversary Volume, ASTM STP 1000, R. Baboian and S. W. 
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ABSTRACT: The single-sample, single-flask method generally is used by testing laboratories 
when industry and government agencies specify corrosion evaluation of Types 304 and 304L 
stainless steels to ASTM A 262, Practice C. Information presented confirms that multisample 
test equipment in use for many years has permitted major savings in chemicals, labor, labo- 
ratory space, and equipment and at the same time has successfully avoided problems associated 
with the detrimental buildup of hexavalent chromium ions. A new multisample tester design 
is also discussed. This new design avoids the problems of weight, bulk, and expense associated 
with early multisample testers and yields results of the same accuracy and reproducibility as 
both the single-sample, single-flask method and earlier multisample testers. 

KEY WORDS: nitric acid testing, Huey test, multisample testing, corrosion evaluation, ac- 
ceptance test 

To ensure optimum intergranular corrosion resistance of critical stainless steel process 
equipment in severe environments, Types 304 and 304L stainless steels have been nitric acid 
acceptance tested for many years. In some process exposures, the corrosion resistance of 
these alloys may vary greatly depending on their composition and heat treatment. Therefore, 
it is important to know in advance that the chemistry and metallurgical condition of the 
alloys are capable of withstanding the various heating operations encountered during fab- 
rication, field installation, and repair and will still possess the expected corrosion resistance. 
Over the years, some companies as well as many government agencies have required that 
samples taken from heats and lots of stainless steels intended for fabrication into critical 
equipment for use in certain corrosive environments pass a nitric acid acceptance test. 

The conventional boiling 65% nitric acid acceptance test is found in Practice C of the 
ASTM Practices for Detecting Susceptibility to Intergranular Attack in Austenitic Stainless 
Steels (A 262). In this test, a single stainless steel sample is exposed to boiling 65% nitric 
acid in a 1-L flask on an electrically heated hot plate for a total exposure time of 240 h. 
The acid is replaced every 48 h. Experience has shown, and it has been widely reported in 
the literature [1-5], that if more than one sample is exposed in the same flask, the buildup 
of hexavalent chromium ion corrosion product may cause the corrosion rate of all samples 

President, Corrosion Testing Laboratories, Inc., Wilmington, DE 19804. 
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to accelerate exponentially [1]. (How hexavalent chromium is formed, why and how it affects 
the corrosion of stainless steel, and the role different condensers play in this process have 
been thoroughly reviewed and discussed by Streicher [6].) However, it is possible to expose 
more than one sample simultaneously in the same flask if the accumulated hexavalent 
chromium ion concentration does not exceed approximately 30 ppm [2,3]. The problem with 
the flask method is that, with multiple samples, the sample surface-area-to-acid-volume ratio 
allows only very low corrosion rates before the critical 30-ppm chromium concentration is 
exceeded. If a single sample fails with a high corrosion rate, the chromium concentration 
may become high enough that corrosion is severe on all, including acceptable samples. If 
more than one sample fails, all samples must then be retested individually. Even if all 
samples in the same flask have acceptable rates, the rates usually will be higher than with 
single sample exposure because of the increasing accumulation of chromium ion. Since 
retesting can be both costly and time consuming, there is great reluctance to test more than 
one sample in the same flask. 

Nitric Acid Testing 

There are two major objections to performing the nitric acid acceptance tests on austenitic 
stainless steels. The first is the time and cost. The test requires 240 h of test exposure, plus 
the time needed for acid change-outs (approximately 12 to 14 days). Little can be done 
about shortening the time for the test exposure. From a cost standpoint, the acid needed 
to test a single sample is about 3 L and currently costs about $11. Disposal and handling 
this amount of strongly oxidizing concentrated nitric acid may add substantially to the cost 
of testing each sample. 

The second objection is concern for the possible detrimental accumulation of hexavalent 
chromium ion in some tests, even for single samples during a 48-h exposure. Some alloys 
with high but marginally acceptable test rates may fail the test because the accumulation of 
chromium ion in the nitric acid during the individual test periods increased the overall 
corrosion rate beyond the acceptable limit. 

Space and equipment are also considerations. On any major construction project where 
much critical equipment requires the nitric acid acceptance testing of many heats, forms, 
and shapes of Types 304 and 304L stainless steels, hundreds of flasks and thousands of litres 
of nitric acid, not to mention considerable laboratory space, may be required at any given 
time. 

Multisample Testing Apparatus 

The first multisample testing apparatus (MSTA) appeared in the late 1940s [1] and different 
types of MSTA have been described by various authors [2,3,5,7,8]. While they all suc- 
cessfully addressed the problems of acid consumption and chromium ion buildup, most had 
other limitations such as cost, complex construction, limited sample capacity, size or large 
space requirements. The earliest successful MSTA was developed by DeLong in 1948, when 
the need for testing many thousands of samples each year required large amounts of lab- 
oratory space, took many skilled technicians away from other important tasks, and was very 
costly. The DeLong apparatus was constructed of high-silicon cast iron and heated by steam. 
Its successful operation eliminated 4 fume hoods, 44 hot plates, and 350 flasks for an annual 
saving of $12 000 (1948 dollars). 2 This basic DeLong apparatus was used for nitric acid 
acceptance testing by DuPont for over 40 years. Recently, DuPont replaced the silicon cast- 
iron pot with the glass pot described in this paper. 

2 W. B. DeLong, private communication, 1986. 
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While the DeLong equipment performed satisfactorily and served well for many years, 
it also had several drawbacks. The silicon cast-iron pot was fragile, subject to thermal shock, 
difficult to repair, as well as being heavy, awkward, and expensive to operate and replace. 
Because of these limitations, the author developed a MSTA, based on the DeLong apparatus, 
which was lightweight, small in size, comparatively inexpensive, and capable of testing from 
1 to 100 samples simultaneously without any acid changes during the 240-h test. 

This new appratus is illustrated in Fig. 1 (schematic depicted in Fig. 2). It consists of an 
8-L glass pot, similar to the conventional resin kettle, as the outer chamber. A 2.5-L glass 
test cup is supported inside the glass pot. The samples rest on one of four Teflon trays held 
in place by a glass funnel device. The trays are specially machined so that the tray surface 
area in contact with the samples is minimized and each sample receives a maximum amount 
of acid circulation. A glass cold-finger condenser fits snugly in the top of the glass pot and 
is similar to Fig. 9 in ASTM A 262, The glass pot is insulated and heated by a jacketed 
heating mantle controlled by a variable voltage regulator. Chi|led cooling water to the cold- 
finger condenser is recirculated to a refrigerator constant temperature bath. In the event of 
a failure in the cooling water system, a thermometer and temperature sensing device controls 
the power to the heating mantle. 

This glass MSTA requires only 4 L of nitric acid to charge both the inner and outer 
chambers. Since the apparatus is well-insulated, less than 1000 W of power are required to 
maintain the acid at boiling. It can be plugged into any standard 120-V a-c outlet. When 

FIG. 1--Glass multisample testing ( GMST) apparatus. 
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FIG. 2--Schematic of GMST apparatus. 

empty, the glass pot and mantle weigh less than 20 lb. The entire apparatus, including 
refrigerated bath, occupies approximately 4 ft 2 and is easily accommodated on the top of a 
laboratory bench or in a standard fume hood. (Safety Note: Any hot, fuming acid should 
be handled under an exhaust hood or vent.) As many as 100 samples can be tested simul- 
taneously. 

Evaluating the Glass Multisample Testing Apparatus 

The DuPont Co. has more than satisfied itself that the DeLong MSTA provided accurate 
and reliable nitric acid acceptance test information. Recently, DuPont has been able to 
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demonstrate that the glass multisample testing apparatus designed by Corrosion Testing 
Laboratories, Inc. (CTL) and described herein not only provides the same accuracy and 
reliability, but also is more economical to operate than the original DeLong MSTA. Industry 
in general, however, still appears to have questions and perhaps, doubts regarding the use 
of glass MSTA. Actually, many of the questions about the glass apparatus are the same as 
they would be for the high-silicon cast-iron DeLong equipment and come down to questions 
more about use of multisample testing versus single-sample, single-flask testing in general. 

During many years of close association and involvement with corrosion acceptance testing 
in general and ASTM A 262, Practice C nitric acid testing in particular, the author has had 
many opportunities to compare and review different nitric acid acceptance testing proce- 
dures, equipment and techniques, and their results. From this long association, and much 
experience in explaining the sampling, testing procedures, and interpretation of results to 
government agencies, industrial users, alloy suppliers, and fabricators, the following five 
questions are typical of those frequently asked: 

1. When the same sample is tested in a single-sample flask and in a multisample tester, 
what differences in corrosion rates can be expected? 

2. What are the advantages of a continuous 240-h exposure versus an exposure where 
four acid changes are required? 

3. If a highly sensitized sample is added to the array of test samples in a multisample 
tester, will the corrosion rates of the other samples be adversely affected? 

4. What is the measured acid exchange rate in the test cup of a multisample tester? 
5. What is the cost advantage of using the multisample tester over the individual sample 

flask method? 

Since these five questions keep recurring and the answers are important in making a choice 
between using the single sample flask technique or the multisample apparatus, they will be 
discussed and answered here. 

Corrosion Rate Comparison--Single Sample Flask versus MSTA 

To better compare the corrosion rates for the same sample using the two different types 
of test apparatus (flask with cold finger versus MSTA), some background should be reviewed 
first. In 1984, ASTM Subcommittee A01.17 on Flat Stainless Steel Products solicited twelve 
different laboratories to participate in a round-robin test of ASTM A 262, Practice C, on 
Type 304 strip material containing various levels of residuals and with different analytical 
tolerances. Ten samples were submitted to each laboratory to be tested in accordance with 
the practice. The twelve laboratories were to use the single-flask method according to ASTM 
A 262, Practice C. A summary of the results is presented in Table 1. There is considerable 
variation, even though none of these samples had any susceptibility to intergranular attack. 
If test results from Laboratories 4 and 5 are eliminated because of the unusually low values, 
the deviation is about -+25% from the average result. 

At a later date, the author chose to run the same test samples in a CTL glass pot apparatus 
without any acid change. The results (Table 1, GMST) deviated less than 10% from the 
round-robin average rate and indicated that the use of the glass pot did indeed produce 
acceptable results. The results of this round-robin test also provided an idea of the variation 
that can be expected in laboratories that are supposedly experienced and following the same 
specification. 

In another test, a variety of sample forms and types were selected for direct comparison 
between the single flask method and the glass pot using the same specification. The sample 
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forms and types included bar, castings, tube, sheet, pipe, weldments, and plate. For the 
test using the glass pot, all samples were run together simultaneously and continuously 
without an acid change for 240 h. In the comparison test, each sample was placed individually 
in a single flask for a total exposure of 240 h, but with acid changes at 48-h intervals. 

Table 2 indicates the results of this comparison test on the various shapes and forms. 
While variation is expected, out of the 78 pairs of numbers, 83% were within -+0.0003 and 
91% were within +0.0005. In these comparison tests, it was generally observed that if the 
sample passed the acceptance criteria [9], it passed in both tests, and if it failed, it failed 
both tests, even if the numerical results for the corrosion rates were not the same. In this 
particular series of tests, the glass pot accepted two samples that were rejected by the single- 
flask method and rejected one sample that passed in the flask method. In these cases, it 
has been suggested that scale on the two samples involved in the flask method test may not 
have been completely removed after the sensitizing heat treatment [10]. However, it is more 
likely that there actually will be certain cases near the acceptance rate [9] of 0.0020 in./  
month (0.05 mm/month or 0.61 mm/year) where the flask test will fail a sample which 
passes in the pot test and visa versa. 

TABLE 2- -ASTM A 262, Practice C Type 304L stainless steel, sensitized 1 h at 1250~ (676.6~ 
individual flask method versus glass multisample tester. (Corrosion rates are in inches per month. ~ 

Flask Corrosion Glass Pot Corrosion 
Form Sample Rates, in./month h Rates, in./month ~ 

Bar 1 0.0016 0.0019 
2 0.0007 0.0007 

Casting 3 0.0005 0.0005 
4 0.0007 0.0007 
5 0.0007 0.0009 
6 0.0005 0.0005 
7 0.0006 0.0006 
8 0.0006 0.0006 
9 0.0011 0.0016 

10 0.0006 0.0007 
11 0.0006 0.0007 
12 0.0006 0.0006 
13 0.0007 0.0008 
14 0.0004 0.0005 
15 0.0004 0.0005 
16 0.0005 0.0005 
17 0.0006 0.0008 
18 0.0007 0.0007 
19 0.0011 0.0008 
20 0.0004 0.0005 
21 0.0008 0.0007 

Seamless tube 22 0.0011 0.0007 
23 0.0009 0.0011 

Sheet 24 0.0011 0.0008 
Seamless pipe 25 0.0007 0.0006 

26 0.0007 0.0008 
27 0.0008 0.0015 
28 0.0009 0.0011 
29 0.0007 0.0006 
30 0.0051 0.0030 
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TABLE 2--Continued. 

Flask Corrosion Glass Pot Corrosion 
Form Sample Rates, in./month b Rates, in./month c 

Welded pipe 

Plate 

31 0.0008 0.0007 
32 0.0008 0.0007 
33 0.0019 0.0011 
34 0.0006 0.0007 
35 0.0006 0.0009 
36 0.0007 0.0009 
37 0.0005 0.0006 
38 0.0009 0.0007 
39 0.0009 0.0007 

40 0.0008 0.0009 
41 0.0012 0.0015 
42 0.0011 0.0012 
43 0.0009 0.0011 
44 0.0013 0.0013 
45 0.0009 0.0009 
46 0.0008 0.0010 
47 0.0010 0.0012 
48 0.0013 0.0014 
49 0.0007 0.0008 
50 0.0016 0.0011 
51 0.0008 0.0010 
52 0.0007 0.0007 
53 0.0008 0.0008 
54 0.0019 0.0023 
55 0.0011 0.0015 
56 0.0010 0.0010 
57 0.0010 0.0008 
58 0.0011 0.0008 
59 0.0027 0.0015 
60 0.0010 0.0008 
61 0.0010 0.0008 
62 0.0011 0.0008 
63 0.0042 0.0027 
64 0.0009 0.0008 
65 0.0008 0.0010 
66 0.0006 0.0007 
67 0.0007 0,0008 
68 0.0007 0.0008 
69 0.0007 0.0009 

70 0.0008 0.0009 
71 0.0012 0.0009 
72 0.0009 0.0010 
73 0.0024 0.0032 
74 0.0007 0.0008 
75 0.0007 0.0008 
76 0.0043 0.0025 
77 0.0031 0.0018 
78 0.0009 0.0007 

NOTE: The typical industrial criteria for acceptable material has been reported [8,9]. For Type 304L 
stainless steel, the passing criterion, after a sensitization heat treatment, is a corrosion rate of no more 
than 0.0020 in./month. 

c, To convert from in./month to mm/month, multiply by 25.4. 
b Five 48-h periods, acid changed after each period. 
c One 240-h exposure, no acid change. 
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Continuous 240-h Exposure 

The need for frequent nitric acid changes has been discussed and detailed extensively in 
earlier publications [1,3,5,12]. These earlier works have confirmed, without doubt, that 
buildup of hexavalent chromium ion in 65% nitric acid greatly accelerates the corrosive 
attack on stainless steel. This increase in the corrosion rate is most dramatic above the 
concentration of only 30 ppm of the chromium ion. It has also been demonstrated and 
confirmed that changing the acid every 48 h will minimize this buildup, even when severely 
sensitized samples are tested. However,  the hexavalent chromium ion must be kept to a 
minimum during the entire exposure period. 

The CTL glass pot design discussed herein continuously replenishes the test cup with 
redistilled acid. All  the condensed acid from the boiling liquid is returned to the test cup, 
and it has been determined that this amounts to more than 9 L (about four test cup changes) 
of redistilled acid per hour. This continuous acid replenishment flushes corrosion products, 
particularly the chromium ion, from the test cup into the outer pot where it accumulates 
and remains during the testing cycle. 

Effect on Other Samples While Exposing a Heavily Sensitized Sample 

As has been discussed before, there is good reproducibility of test results when mildly 
sensitized samples of the same lot of material are exposed in the MSTA. To explore the 
effect that one highly sensitized sample would have on other less-sensitized samples in the 
same MSTA, the following two tests were performed: 

1. One heavily sensitized stainless steel sample was tested along with five mildly sensitized 
samples. 

2. One mildly sensitized stainless steel sample was tested along with five heavily sensitized 
samples. 

The results of these two tests are presented in Table 3. Neither the single highly sensitized 
sample nor the five highly sensitized samples appeared to have a significant effect on the 
corrosion rate of the other samples in the test. This indicated that there was no significant 
buildup of the hexavalent chromium ion in the test cup after 240 h exposure in the same 
acid charge. 

Acid Exchange Rate in the MSTA 

Using a MSTA of a largely different design, another laboratory [2] evaluated the rate at 
which the test cup was flushed of corrosion products during normal operation. In their test, 
they added a chromium ion solution (100 ppm Cr +6) directly to the test cup and, with the 
acid boiling, analyzed the acid in the test cup for chromium at frequent intervals for 2 h. 
The results of their tests indicated that half of the chromium was flushed from the cup in 
about 40 min, and that 90% was removed after 2 h. Since the MSTA used in that test was 
different from the glass pot currently being discussed, the test was repeated using the 
equipment of this current design. For this retest, 200 ppm of Cr +6 ion was added to the acid 
in the test cup and the solution in the apparatus brought to a normal boil. Acid samples 
were taken from the test cup every 5 min for 2 h and the chromium content determined by 
the atomic absorption method. The results of this test are shown in Fig. 3. The Cr +6 con- 
centration was reduced by half in less than 30 min, and 90% of the Cr +6 ion was removed 
in less than 2 h. 
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TABLE 3--Effects of heavily sensitized samples" on corrosion rates; a comparison between the flask 
method and the glass pot. 

Corrosion Rate, 
Sample in./month b 

Flask method, single sample 
Type 304 0.0148 
Type 304L 0.0008 

Glass pot, five Type 304L mildly 
sensitized samples plus one 
Type 304 heavily sensitized sample: 
304L-1 0.0008 
304L-2 0.0009 
304L-3 0.0008 
304L-4 0.0010 
304L-5 0.0011 
304S-1 0.0121 

Glass pot, five Type 304 heavily 
sensitized samples plus one 
Type 304L mildly sensitized sample: 
304S-6 0.0132 
304S-7 0.0135 
304S-8 0.0145 
304S-9 0.0128 
304S-10 0.0139 
304L-6 0.0012 

" Sensitized 1 h at 1250 ~ E 
b To convert from in./month to mm/month, multiply by 25.4. 

In another test, in the glass pot containing nitric acid, 200 ppm of Cr +6 ion was added to 
the test cup. The system was boiled for 1 h. Three samples representing three different 
heats of stainless steel were placed in the test cup and exposed for a single 240-h period. 
Three duplicate samples were also tested by the single-flask method for 240 h with acid 
changes at the end of the usual 48-h periods. The results are presented in Table 4. The rates 
on all samples from both tests were within an acceptable variation. These results agree with 
those of Alger et al. [2] and indicate once more that the undesirable hexavalent chromium 
ion is being removed constantly from the presence of the stainless steel samples in the test 
cup. The results also indicate that use of the glass pot, with a single nitric acid exposure of 
240 h, provides accurate results equal to the single-flask method. 

In an evaluation test exposing 102 samples of sensitized Type 304L in the glass pot for a 
continuous 240 h, metal ion concentrations were measured after testing. The maximum 
corrosion rate for any of these samples was 0.0022 in./month. Analysis of the acid in the 
outer chamber was 68 ppm Ni, 142 ppm Cr, and 620 ppm Fe; the inner test cup analysis 
was 26 ppm Ni, 21 ppm Cr, 120 ppm Fe. The concentration of deleterious chromium ion 
was below the critical level of 30 ppm and again emphasized the acceptability of using a 
continuous 240-h exposure. 

Cost Advantages of  the Glass MSTA 

While the CTL glass pot costs more than the flask apparatus for testing a single sample, 
the glass pot has clear cost advantages when numerous samples are tested on a frequent 
basis. For ten or less samples the individual flasks may be less expensive, but for more than 
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ten samples, and as the number increases, the glass pot becomes more and more the economic 
choice. A cost comparison is made in Table 5. 

As mentioned earlier, a significant amount of concentrated nitric acid is used in acceptance 
testing. To perform the test in individual flasks, the acid must be changed at 48-h intervals. 
The total 240-h exposure will require approximately 3 L of acid for each flask. With a single 
sample of each flask, the acid will cost over $11 per sample at current prices. With no acid 
changes during the 240-h exposure, and up to 100 samples per 4-L acid charge, the acid 
savings alone with the glass pot are obvious. 

In addition to the savings in acid consumption, some other areas where the 240-h glass 
pot may result in substantial savings are: 

1. Less laboratory bench and fume hood space used. 
2. Less waste acid for disposal. 
3. Less cooling water and power used during testing. 
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FIG. 3--Chromium concentration versus time for normal boiling o f  inner test cup. 
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TABLE 4--Type 304L corrosion rate comparisons, flask versus glass pot. a 

Carbon, Flask, b Glass Pot, c 
Heat % Sample in./month d in./month ~ 

A 0.010 1 0.0008 0.0009 
2 0.0009 0.0010 
3 0.0009 0.0009 

B 0.028 1 0.0048 0.0045 
2 0.0040 0.0040 
3 0.0046 0.0038 

C 0.026 1 0.0010 0.0011 
2 0.0013 0.0009 
3 0.0011 0.0012 

" 200-ppm C: ".6 ion added to boiling acid in glass pot test cup 1 
;' Five 48-h periods, acid changed after each period. 
' One 240-h exposure, no acid change. 
'; To convert from in./month to ram/month, multiply by 25.4. 

h prior to adding samples. 

4. Less technician at tention and flask manipulat ion (a serious safety consideration) during 
testing. 

Summary 
The procedure usually used for A S T M  A 262, Practice C nitric acid corrosion acceptance 

testing of stainless steels, involves a single sample in a single flask with an acid change every 
48 h to prevent  accumulation of undesired hexavalent  chromium ion during the 240-h test 
period. A glass mult isample testing apparatus can accommodate  up to 100 samples simul- 
taneously and uses only 4 L of nitric acid. Its unique design recycles freshly distilled acid 
over  the samples and flushes away the products of corrosion. The  test results compare  

TABLE 5--Cost comparison between flask method and glass pot method (1989 dollars)." 

Each 10 50 

Flask method equipment: 
Flasks $ 5.60 
Condensers $ 50.50 
Hot plates $ 210.00 
Tubing $ 5.00 
Cradles $ 8.30 

Total $ 279.40 
Glass pot equioment: 

Glass pot $ 610.00 
Teflon support rings $ 475.00 
Heating mantle $ 150.00 
Voltage regulator $ 116.00 
Tubing $ 15.00 

Total $1366.00 

$ 34.OO $ 230.00 
$ 455.00 $2275.00 
$1020.00 $5100.00 
$ 20.00 $ 100.00 
$ 83.00 $ 830.00 

$1612.00 $8535.00 

~ Accessory equipment which can be added to either system: 
Refrigerated recirculating water cooler for condensers $1200.00 
Temperature controller to override power to heaters in event of cooling water failure 

$ 600.000 
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favorably with those obtained when the same samples are exposed in individual flasks with 
periodic acid changes. 

For the testing laboratory performing a significant number of the nitric acid acceptance 
tests on a regular basis, there is the potential for major economic savings in acid consumption, 
manpower, and use of laboratory space. 

Additional work is needed before the pot method should be applied to Types 316,316L, 
and other stainless steels. Hopefully the author will be able to report  on this work in the 
future. 
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ABSTRACT: Electrochemical methods are extremely useful for the study of aqueous corrosion 
phenomena, particularly when utilized in conjunction with other techniques. Basic electro- 
chemical principles are reviewed and examples given of application of a variety of electro- 
chemical techniques to corrosion. Standards of ASTM Subcommittee G I . l l  on 
Electrochemical Measurements in Corrosion Testing describe some useful experimental guide- 
lines for the application of many of the techniques discussed. 

KEY WORDS: anode, anodic polarization, auxiliary electrode, breakdown potential, cathode, 
cathodic polarization, corrosion, corrosion potential, corrosion rate, current density, diffusion 
limited current density, electrode, electrode potential, electrochemical cell, equilibrium cell, 
exchange current density, galvanic current, galvanic couple, galvanic current density, galva- 
nostatic, impedance, intergranular corrosion, localized corrosion, mixed potential, open circuit 
potential, overvoltage, oxidation, passivation, passive, pitting, polarization, polarization re- 
sistance, potentiodynamic, potentiostat, reduction, stress corrosion cracking, Tafel slope, uni- 
form corrosion, working electrode 

Metallic corrosion is usually an electrochemical process. Electrochemical processes require 
anodes and cathodes in electrical contact and an ionic conduction path through an electrolyte. 
The electrochemical process includes electron flow between the anodic and cathodic areas, 
which quantify the rates of the oxidation and reduction reactions that occur at the surfaces. 
Monitoring this electron flow provides the capability of assessing the kinetics of the corrosion 
process, not simply the thermodynamic tendencies for corrosion nor only the metal loss 
registered after the test. Several textbooks cover many of the major aspects associated with 
the application of electrochemical methods in corrosion [1-8]. Electrochemical techniques 
for studying corrosion phenomena have been the subject of several symposia [9-14]. 

Most forms of metallic corrosion, including uniform, localized, galvanic, dealloying, stress 
corrosion, and hydrogen-induced failure, can be studied with electrochemical techniques. 
Passivation, anodization, cathodic and anodic protection, and performance of barrier and 
sacrificial coatings on metals can be investigated with electrochemical techniques. Electro- 
chemical techniques for studying hydrodynamic (mass transport controlled) corrosion pro- 
cesses [15] as well as transient electrochemical methods [16] designed to avoid mass transport 
control are also available. Electrochemical techniques have been applied to high-tempera- 
ture, high-pressure aqueous applications as well as to the study of corrosion processes in 

1 Formerly, Metallurgy Dept., Sandia National Laboratories, Albuquerque, NM, 87185. Presently, 
Center for Electrochemical Sciences and Engineering, Department of Materials Science, University of 
Virginia, Charlottesville, VA 22901. 
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352 CORROSION TESTING AND EVALUATION 

nonaqueous environments and aqueous environments of low conductivity. Here we present 
specific examples of various electrochemical methods to study corrosion. 

Conducting an Electrochemical Polarization Experiment 

According to mixed-potential theory, any electrochemical reaction can be algebraically 
divided into separate oxidation and reduction reactions, and there can be no net electrical 
charge accumulation [17]. For corrosion in the absence of externally applied potential,  the 
oxidation of the metal and the reduction of some species in solution occur simultaneously 
at the metal/electrolyte interface. Under  these circumstances the net measurable current is 
zero. However, a finite rate of corrosion (metal oxidation) occurs at local anodic sites on 
the metal surface. Such a current-potential relationship is shown schematically in Fig. 1. 

When the corrosion potential, Ec .... is located at a potential that is distinctly different 
from the reversible electrode potentials (redox potential, or Eredox) of either the corroding 
metal or the species in solution that are cathodically reduced, the oxidation of the cathodic 
species or the reduction of any metallic ions in solution becomes negligible. Ecor, indicates 
the potential at which the metal oxidation rate equals the reduction rate, and the net current 
measured externally is zero 

iapp= iox - i,ed ( l )  

Because the metal oxidation current present at the corrosion potential is the quantity of 
interest in the corroding system, this parameter must be determined independently of the 
reaction rates of other adsorbed or dissolved reactants. Electrochemical polarization tech- 
niques can be utilized to determine the corrosion rate. Figures 2 and 3 illustrate a typical 
experimental arrangement and electrochemical cell, respectively. The potential can be ap- 
plied in a ramp fashion, stepped as a function of time (sometimes called potentiostaircase), 
or held at a fixed potential as in the potentiostatic method and the change in current measured 
[18]. Conversely, the current can be applied in a continuous galvanostatic or stepped galvano- 
staircase manner and the change in potential monitored. Several American Society for 
Testing and Materials (ASTM) standards discuss methods for performing these experiments 
[19,20]. 

Measurement of lox at the potential of interest, where Io~ = io~ • Area,  over a known 
period of time leads to direct determination of the weight loss 

W = (I • t • M/nF)  (2) 

where 

W -- the weight loss, g 
I x t = the product of current and time, C, 

n = the number of electrons involved in the electrochemical reaction, 
F = Faraday's  constant, 96 487 C/g-equivalent, and 

M = the molecular weight of the electroactive species. 

This relation is known as Faraday's  law. Rearrangement of Eq 2 leads to a straightforward 
determination of the penetration rate (applicable only when lox is uniformly distributed over 
the entire wetted surface area or where the localized actively corroding area, A,  is known), 
as follows: 

CR = 3.27 • 10 -3 x iox x E W / p  (3) 
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FIG. 2--1nstrumentation setup for electrochemical polarization cell. 

where 

CR -- the corrosion rate, mm/years,  
E W  = the equivalent weight, g, 

p = the metal or alloy density g/cm 3, and 
iox = the corrosion current density, ~A/cm 2. 

For alloys, the equivalent weight, EW, should be calculated using the atomic fractions of 
each alloying element 

E W  = Z f , /Z ( f ,  • n , /AWi)  (4) 
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where 

f, = the atomic fraction of the ith component of the alloy, 
AW, = the atomic weight of the ith component clement, 

n, = the electron loss required to oxidize the ith component element under the con- 
ditions of the corrosion process [n is usually equal to the stable valence of the 
elements oxidized or must be determined from either a Pourbaix (potential-pH) 
diagram or experimentally from an analysis of the corroding solution], and 

i = the number of component elements in the alloy. 

This expression assumes that all the component elements oxidize when the alloy corrodes 
and that they are all oxidizing at essentially a uniform rate. In some situations, these 
assumptions are not valid; in these cases, the calculated corrosion rate will be in error. For 
example, if an alloy is composed of two or more phases and one phase preferentially oxidizes, 
the calculation must take this into consideration. 

Electrochemical Methods for the Study of Uniform Corrosion: Polarization Methods 

The following relationship observed between applied current and potential provides the 
basis for the electrochemical polarization technique [1,2,21]: 

i,p~ = icorr{exp[2.3 (E - Eco,)/13o] - e x p [ - 2 . 3  (E - Ecorr)/[3c]} + C(dE/dt) (5) 

THER~ 

F GAS OUTLET 

SALT BRIDGE 
F CONNECTION 

F GAS INLET 

AUXILIARY 
ELECTRODE 

LUGGIN PROBE 

WORKING _ _ _ /  
ELECTRODE 

FIG. 3--Typical electrochemical polarization cell illustrating locations for working and auxiliary elec- 
trodes and associated cell components. 
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where 

iapp 

icorr 
E 

Ecorr 
C 

13o 

f~c 

d E / d t  

= the applied current density based on the electrochemical surface area, 
= the corrosion current density, 
= the applied voltage, 
= the open-circuit or freely corroding potential, 
= the interracial capacitance associated with the electrochemical doublelayer [1,2], 
= the anodic Tafel coefficient related to the slope of the polarization curve in the 

anodic regime, 
= the cathodic Tafel coefficient related to the slope of the polarization curve in 

the cathodic regime, and 
= the time rate of change in applied potential, or voltage, scan rate. 

Ideally, the second term of the expression C • d E / d t  approaches 0 at low potential scan 
rates. Note that i~pp becomes approximately equal to either iox or irod at large overpotentials, 
~1- At  very large anodic or cathodic overpotentials, Eq 5 can be rearranged in a more simplistic 
form [1-3,5,  7] 

"G = Be log(iapp/icorr) (6) 

"qc = - f~c log( i,pp/ ico,,) 

where 

"q = E - E ..... 
"qa = the anodic overpotential,  and 
"qc = the cathodic overpotential. 

(7) 

The reader should note that these equations are only valid for one anodic and one cathodic 
reaction. 

Tafel Extrapolat ion 

By plotting ~q versus log(i,pp), a linear relationship between current density and potential 
is obtained [1,5,7,21]. i .... is determined from extrapolation of applied current from either 
the anodic or the cathodic Tafel region to the open-circuit potential (zero overpotential). 
Figure 4 illustrates this method. 

Compl icat ions  with the Polarizat ion M e t h o d  Involv ing  Solut ion Resis tance 

Polarization techniques can be complicated by several factors. One such factor arises from 
the resistivity of the solution, the cell geometry, the location of the reference electrode, and 
the magnitude of applied current [2, 6]. Placement of the reference electrode near the working 
electrode is facilitated with a Luggin-Haber capillary. This arrangement is used to minimize 
the solution resistance error, which can be estimated from the product of the applied current 
density, the solution resistivity, and the distance from the Luggin probe to the specimen 
surface. The error contributes to the measured overpotential in the following manner 

"lqapp = 31 .. . .  -~- IR  (8) 

where 

IR  = equal to  lap p X R~o,. 
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R~o~ is the uncompensated component of solution resistance between the working and ref- 
erence electrodes. Thus, the true overpotential is overestimated at each applied current 
density, and the Tafel slope becomes inaccurate. The true scan rate in the potentiodynamic 
technique may also be altered. Several excellent reviews are available on the subject of the 
voltage error introduced from solution resistance [23-26]. 

Complications Involving Concentration Polarization Effects 

The Tafel relationship established above is dependent on pure activation control, or charge 
transfer control. An additional consideration involves the concept of concentration polari- 
zation. In this case, the reaction rate is large enough that the electroactive species is depleted 
or concentrated at the reacting surface. In order to maintain the reaction rate, diffusion 
becomes the kinetic limitation, and the reaction becomes diffusion controlled at the limiting 
current density, iL. The deviation from activation control is described by [5] 

-q = 2 .3RT /nF  log(1 - i,po/iL ) (9) 
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where 

R = the gas constant, and 
T = the absolute temperature. 

As iap p approaches iL, the overpotential,~q, becomes very large. Many corroding systems are 
under mixed activation and mass transport control [5]. This behavior can be described 
mathematically by the algebraic combination of Eqs 5 and 9. To increase the reaction rate 
and thus minimize the contribution of Eq 9 to the overpotential, the diffusional boundary 
layer thickness is decreased by solution stirring or by the use of a rotating cylinder or disk 
electrode [15]. 

Other Issues Concerning Tafel Extrapolation 

Experimentally, there are several problems with the Tafel extrapolation method. Large 
applied current densities may not be representative of the true corrosion situation occurring 
at open circuit. This is particularly true in the case of anodic polarization, in which the 
surface is changing because of corrosion and/or  passivation of the metal. In the cathodic 
case, an excess of adsorbed hydrogen or a buildup of hydroxyl ions in solution at the metal 
surface may result in alterations of surface chemistry not representative of the freely cor- 
roding case. In addition, concentration polarization may eliminate the Tafel region entirely. 

Polarization Resistance Methods 

For anodic and cathodic polarization within 10 mV of the corrosion potential, it is often 
observed that the applied current density is approximately linear with potential [1]. This 
behavior is shown in Fig. 5 for 430 stainless steel in sulfuric acid (HzSO4). The slope of this 
plot is determined at the corrosion potential, as shown in Fig. 5 [27,28]. This slope has units 
of resistance-area and is the polarization resistance. Stern and Geary simplified the Butler- 
Volmer equations describing charge transfer controlled reaction kinetics (Eq 5) for the case 
of small overpotential perturbations at the corrosion potential [29,30]. This simplified re- 
lationship has this form if C • dE/dt is negligible 

i . . . .  = (tSi.pplZ.3aAE)(f3o ~cl~. + f3c) (10) 

i . . . .  = (1/2.3Rp)(13a ~c/(3, + ~3c) (11) 

where 

R e = the polarization resistance. 
13. = the anodic Tafel slope, and 
13~ = the cathodic Tafel slope. 

The value Rp is determined from the slope of the potential-current density plot. The surface 
area of the working electrode must be known. Knowledge of R e and Tafel slope values 
permit direct determination of the corrosion rate at any instant in time [28-31]. The ASTM 
standards G-59 [20] and D-2776 [32] describe procedures for conducting polarization re- 
sistance measurements. These standards do not address all possible complications. 

Complications with Polarization Resistance Measurements 

The literature reports several complications and possible alternative methods in the use 
of the polarization resistance method [33-38]. Three of the most obvious errors that are Copyright by ASTM Int 'l  (all rights reserved); Wed Dec 23 18:38:28 EST 2015
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FIG. 5--Polarization curves for polarization resistance measurements based on the results from eight 
independent laboratories for type 430 stainless steel in 1 N H2S04. Curve I is the mean result, with curves 
2 and 3 showing +-2 standard deviations [20]. 

possible when using these methods involve invalidation of the results through oxidation of 
some other electroactive species besides the corroding metal in question, a change in the 
open-circuit or corrosion potential during the time taken to perform the measurement, and 
the application of a large applied potential resulting in inadvertent departure from linear 
current density versus potential behavior. Several techniques actually take advantage of the 
departure from nonlinearity in order to calculate the anodic and cathodic Tafel slopes at a Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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Iow overpotential and thus avoid some of the problems associated with large polarization 
[38]. 

Another  source of error involves cases in which both the anodic and cathodic reactions 
are not charge transfer controlled processes, as required for the derivation of Eq 10. Cor- 
rections to Eq 10 exist for cases in which pure activation control is not maintained, such as 
in the case of partial diffusion control or passivation [39]. Other researchers have attempted 
to calibrate their results through gravimetric determination of mass loss [40]. In fact, in one 
case, polarization resistance data for a number of alloy-electrolyte systems were compared 
to the observed corrosion currents determined from weight change [31]. A linear corre- 
spondence was obtained over six orders of magnitude in corrosion rates. 

Two other frequently encountered complications are the need to correct for the electrolyte 
(solution) resistance, R,o~, and the effects of capacitive hysteresis, C x dE/dt, occurring as 
a function of the voltage scan rate [2]. Hysteresis in the current density-potential plot is 
observable when the time rate of change, dE/dt, of the applied potential is large or the 
interracial capacitance and polarization resistance are large. The effect can be minimized 
by performing the polarization resistance test at a lower scan rate or by taking two or more 
d-c current density-potential measurements instead of continuously varying the potential. 
The solution, or ohmic resistance, on the other hand, still complicates the measurement 
because the algebraic sum of the polarization resistance and the solution resistance is mea- 
sured in a d-c measurement. 

Many treatments of this subject have used an electrical equivalent circuit model to simulate 
the corroding metal/electrolyte interface [41,42]. The simplest form of such a model, the 
Randles circuit, is shown in Fig. 6. The three parameters discussed above (Rp, R~o~, and C) 
are shown in the relationship to one another that best approximates a corroding electro- 
chemical interface of a metal. The sum of the polarization resistance and the uncompensated 
solution resistance is measured when a d-c measurement is performed because the capacitive 
reactance approaches infinity. Thus, the true corrosion rate will be underestimated when 
R~o~ is appreciable. Conversely, any experiment conducted at a fast voltage scan rate causes 
the algebraic sum of the ohmic resistance and the resultant parallel impedance of the parallel 
resistive-capacitive network ' to  be measured. This value will be lower than the sum of R, 
and R~o, determined at an infinitely slow scan rate. This will usually result in an overestimation 

�9 , A / X , - -  

Rs 

II 
C 

, /X/X/'  
FIp 

FIG. 6--Electrical equivalent circuit model simulating a simple corroding metal~electrolyte interface 
(see also Fig. 7). 
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of the true corrosion rate. These complications can be overcome by using the electrochemical 
impedance method. 

Electrochemical Impedance Methods 

One approach for determining the corrosion rate of a metal involves the electrochemical 
impedance (sometimes known as a-c impedance) method [41-45]. In this technique, a small- 
amplitude sinusoidal potential perturbation is applied to the working electrode at a number 
of discrete frequencies. At each one of these frequencies, the resulting current waveform 
will exhibit a sinusoidal response that is out of phase with the applied potential signal by a 
certain amount. The electrochemical impedance is a frequency-dependent proportionality 
factor that acts as a transfer function by establishing a relationship between the excitation 
voltage signal and the current response of the system. As such, an electrochemical impedance 
is a fundamental characteristic of the electrochemical system it describes. A knowledge of 
the frequency dependence of impedance for a corroding system allows a determination of 
an appropriate equivalent electrical circuit describing that system. Figure 6 illustrates in the 
most simple case the equivalent electrical circuit model for an actively corroding metal. The 
following expression describes the impedance for that system 

Z = Rso, + Rp/(1 + ~2Rp2C2) -jwCRp2/(1 + (02Rp2C 2) 

where 

Z = the impedance magnitude, 
co = 2~rf is the frequency of the applied signal, rad/s, 
C = the interfacial capacitance, and 
j2 = _ 1. 

(12) 

Experimentally, it can be easily seen from Fig. 7 that, at very low frequencies 

Zmin = R~ol + Rp (13) 

while at very large frequencies 

Zm.~ = R~o, (14) 

A calculation of the polarization resistance is possible in media of high resistivity because 
R e can be mathematically separated from R~o~ by measuring Z at high and low frequencies 
and subtracting the two (Rp = Zm,. -- Zm,x). Determination of the corrosion rate also re- 
quires accurate values for the anodic and cathodic Tafel slopes 134 and 13c, as shown in Eq 
11. The minimum frequency required to obtain R~ol + Rp is estimated by 

fm~, < fb~ = [2wC(R, + Rp)] -I 

where 

fbp = the breakpoint frequency, and 
fro,, = the minimum test frequency required. 

(15) 

Since C, R~ol, and Rp are  not known explicitly a priori, prudence dictates that fm,n equal 0.1 
to 0.5 of the estimated fbp. Thus, large values of C, R~o~, or Rp mean that a lower frequency 
is required to accurately obtain Zm~n. A frequency minimum of 1 mHz is typically chosen, 
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FIG. 7--Bode phase in magnitude plots demonstrating the frequency dependence of electrochemical 
impedance for the circuit model shown in Fig. 6. 

but it is obvious from Eq 15 that either lower or higher frequencies are acceptable under 
the given circumstances. This issue equally plagues time domain and frequency domain 
measurements of Rp since in the time domain measurement the triangle waveform is simply 
the Fourier synthesis of a series of sinusoidal functions. 

Other information determined from this technique includes the value of C, the capacitance. 
In the simple case of active corrosion, C may be found to scale linearly with the true 
electrochemical surface area from the relationship C = c x A ,  where c is a specific capac- 
itance per unit area, and A is the true electrochemical surface area [46]. 
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Electrochemical Methods for the Study of Galvanic Corrosion 

Methods Based on Mixed-Potential Theory 

Galvanic corrosion can be explained by mixed-potential theory as schematically illustrated 
in Fig. 8. In the case of bimetal or multimetal galvanic attack in which two or more metals 
are electrically in contact with one another, there is in theory a minimum of two cathodic 
and two anodic reactions. One of each of these reactions is occurring on each metal. In this 
case, the more noble of the two metals is cathodically polarized and its anodic reaction rate 
will thus be suppressed. Conversely, the less noble or anodic material is anodically polarized 
and the anodic reaction rate is accelerated. The mixed potential (the galvanic couple po- 
tential, Eco~p~o) of the galvanic couple and the resulting gaIvanic current can be uniquely 
determined from the sums of all of the individual anodic and cathodic currents obtained for 
each material at each potential when the following condition is met 

E i ,  x A, = Eic x Ac (16) 

where 

E io • Aa = the sum of the anodic currents (current density multiplied by area), and 
E ic • Ac = the sum of the cathodic currents for all of the metals coupled. 

This relationship will be uniquely satisfied at one value of the applied potential and can be 
determined if: (1) potential versus anodic and cathodic current density data are available 
for each material in the galvanic couple; (2) the area of each metal is known; and (3) the 
current distribution is uniform. Thus this mixed potential will depend strongly on kinetic 
considerations as well as thermodynamic considerations. In simple bimetal cases, direct 
superposition of polarization data (corrected for wetted surface) yield the same result [47]. 
This technique is schematically illustrated in Fig. 8. However, because applied currents, not 
anodic or cathodic currents, are measured in the polarization experiment, the technique will 
introduce the least error when the cathodic reduction reaction rate on the anode material 
is negligible and the anodic oxidation reaction rate on the cathode material is negligible at 
the galvanic couple potential. Obviously when the open-circuit potentials of the anode and 
cathode material are similar, this complication is more likely to arise but, in this case, 
galvanic corrosion may be less significant. In addition, special care must be taken in the 
procedures used to develop the polarization data [47], especially if time effects are to be 
taken into consideration when evaluating long-term galvanic corrosion behavior. 

Direct Measurement of Galvanic-Corrosion Rates 

A more straightforward procedure involves immersing the two dissimilar metals in an 
electrolyte and electrically connecting the materials together using a zero-resistance ammeter 
to measure current [9, 48,49]. In this method, the galvanic current is directly determined as 
a function of time. A reference electrode is used to determine the galvanic couple potential. 

Electrochemical Methods for the Study of Passivity and Localized Corrosion 

Pitting and crevice corrosion are associated with the breakdown of passivity [50]. The 
anodic electrochemical behavior of a passive alloy in deaerated acid is shown schematically 
in Fig. 9. Changes in the characteristics of this diagram with the addition of halides or other 
species which promote pitting aid in determining the resistance of an alloy to localized 
attack. Electrochemical tests for evaluating the susceptibility of a material to pitting and 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



364 C O R R O S I O N  T E S T I N G  AND EVALUATION 

~ ' m  

o 

i I j 

A 

+= 

o 

2 

/ 
i / 

I 

Z 

, . I  

==,,~ 

El 

o 
I - .  

//, 

Z 

I 

I 
I 
I . ~  m 

I ! 
.-, . . .  
o 

I,.I.I 

o 

I 

Z 
I,.I,.I 

~o  

, i  ~. 

+ ~ ~,u ~--  I 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SCULL"( ON ELECTROCHEMICAL METHODS 365 

S I " I O A  '=IHS s^ " I V I I N : I I O d  =IQOI~IO=J'FI 
c~ 

~ . J  Z ~. P- 
<~->z 

~ u J  

~ ~o 

~ N = .- ,,= ~ /  
= z o 

d ~" o ._o 

uJ 

r uu Z ug 

II ~ 
o 

._~ a. o 

O 
Z 
<~ 

( + ) : I I 8 O N  3AIJ .OV ( - ) 

(S I " IOA)  3:3S SA " IV I /N : I .LOd 3QOEI IO: I ' I  =1 

,r 
~J 

d~ 

z ~  

i g ~  
9~ 

~3 

L~ 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



366 CORROSION TESTING AND EVALUATION 

crevice corrosion include potentiodynamic, potentiostatic, scratch potentiostatic, tribo- 
ellipsometric methods, pit-propagation rate curves, galvanostatic, and electrochemical noise 
measurements [50-52]. 

Cyclic Potentiodynamic Polarization Methods 

The ASTM Test Method for Conducting Cyclic Potentiodynamic Polarization Measure- 
ments for Localized Corrosion Susceptibility of Iron-, Nickel-, or Cobalt-Based Alloys (G 
61) describes a procedure for conducting cyclic potentiodynamic polarization measurements 
to determine relative susceptibility to localized corrosion [53]. The test method is designed 
for use with iron- or nickel-based alloys in chloride environments. In this test, a cyclic anodic 
polarization scan is performed at a fixed voltage scan rate. Particular attention is focused 
on two features of cyclic polarization behavior. The first is the potential at which the anodic 
current increases significantly with applied potential (the breakdown potential). In general, 
the more noble this potential, obtained at a fixed scan rate in this test, the less susceptible 
the alloy is to the initiation of localized attack. The second feature of great interest is the 
potential at which the hysteresis loop is completed upon reverse polarization scan. In general, 
once initiated, localized corrosion can propagate only at some potential more positive than 
the potential at which the hysteresis loop is completed (when determined at a fixed scan 
rate). In other words repassivation will occur at more negative potentials even after localized 
corrosion initiation. Therefore, the more positive the potential at which the hysteresis loop 
is completed, the less likely that localized corrosion will propagate. This potential is known 
as the protection potential. Figure 10 illustrates cyclic polarization behavior for Hastelloy 
C-276 and 304 stainless steel in 3.5% sodium chloride solution. Based on this criterion, it 
is evident that Hastelloy C-276 is more resistant to localized corrosion in this environment. 

Complications With Cyclic Potentiodynamic Polarization Methods 

Although the cyclic method is a reasonable method for screening variations in alloy 
composition and environments, the cyclic potentiodynamic polarization method has been 
found to have a number of shortcomings [52-56]. One major problem concerns the effect 
of the potential scan rate. The values of both the protection potential and the breakdown 
potential are a strong function of the manner in which the tests are performed, particularly 
the potential scan rate employed. This problem is related predominantly to the induction 
time required for pitting, the repassivation rates, and complications arising from allowing 
too much pitting propagation to occur before reversing the scan direction. This alters the 
localized chemistry in pits and subsequently affects the polarization behavior after the re- 
versal in the direction of scanning. 

Potentiostatic and Galvanostatic Methods for Localized Corrosion 

The shortcomings of the cyclic potentiodynamic polarization method have become the 
basis for several other electrochemical techniques. Other methods are illustrated schemat- 
ically in Fig. 11. Potentiostatic methods can be used to overcome the inherent problems 
involving scan rate. Figure l l a  shows a schematic of the cyclic potentiodynamic method. A 
refinement to the breakdown potentials shown can be obtained by polarizing individual 
samples for long periods of time at potentials above and below the Eprot and Eba previously 
determined from the potentiodynamic method. Eventual initiation is indicated by a current 
increase. A new value for Epro, can be determined. In the second method (Fig. l lb  and c), 
initiation of pits is intentionally induced by applying a potential above the breakdown 
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FIG. lO--Cyclic potentiodynamic polarization curves for Hastelloy C-276 and Type 304 stainless steel 

in 3.56 wt. % NaCl solution [53]. 

potential and then quickly shifting to a potential below that value. If this second applied 
potential is above the protection potential, propagation of the existing pits will continue 
and the current will increase. However, at potentials less than Evro, the pits will eventually 
repassivate and the current will subsequently decrease with time. In the galvanostatic or 
galvanostaircase technique (Fig. l ld) ,  potential is measured versus time at various constant 
applied currents that are increased incrementally in steps, then reversed and decreased. 
Potential measurements are made until the time rate of change in potential approaches zero. 
This forward and reverse potential-current density data is extrapolated to the zero current 
density to obtain Ebd and Epro,. The technique is described by ASTM G 100 as a test method 
for aluminum alloys [57]. 

The Scratch-Repassivation Method for Localized Corrosion 

One additional technique to be mentioned in the area of localized corrosion involves the 
scratch method [58]. In this method, the alloy surface is scratched at a constant potential 
and the current is measured as a function of time. The potential dependencies of the induction 
time and the repassivation time are determined by monitoring the current change over a 
range of different potentials. This is illustrated in Fig. 12. From this information the critical 
pitting potential, thought to be less than the breakdown potential, can be determined. Other 
methods of studying localized corrosion are also available [19]. 
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FIG. l l --Schematic representations for  (a) a cyclic potentiodynamic polarization curve, (b) poten- 
tiostatic current-time curves with a passivated surface, (c) potentiostatic current-time curves for  an activated 
surface, and (d) a galvanostatic potential-time curve [50]. 

Environmental Cracking 

There are several electrochemical techniques for assessing susceptibility to environmental 
cracking. One of the techniques is for alloys that undergo slip-induced passive film rupture 
and anodic dissolution. The scratch-repassivation technique discussed above may be more 
useful to study stress corrosion cracking (SCC) than pitting [59]. This is because natural 
pitting is often initiated at defect sites in the passive film that are electronic or chemical in 
nature and not necessarily mechanical. Mechanical defects induced by scratching syntheti- 
cally simulate SCC where mechanical film rupture processes are operative. The tribo-ellip- 
sometric method is an advancement to the scratch method and has been used to distinguish 
between the case where an alloy is susceptible to localized corrosion, such as pitting or SCC. 
In general, once the passive film is disturbed mechanically at some potential, an electro- 
chemical current can be measured that will decay back to a low level when repassivation 
has occurred. The total anodic current will consist of the sum of the repassivation current 
and the current corresponding to dissolution of the exposed bare metal without film for- 
mation. The electrochemical current measurement is conducted in conjunction with the 
optical ellipsometric method to measure the rate of film thickening. This combination offers 
a method of separating the two currents (dissolution-repassivation) from one another because 
it is a means of studying the kinetics of the film thickening associated with repassivation 
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(assuming that the oxidized species and density of the film are known so that charge can 
be determined from thickness). Based on the ratio of the charge involved in dissolution and 
the charge associated with repassivation, a criteria for stress corrosion is established 

R,cc = 1 + Qd /Q,  (17) 
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where 

Qd = the charge involved in dissolution, and 
Qr = the charge associated with repassivation. 

For example, a low-carbon steel was not found to be susceptible to SCC in a solution in 
which R~c was 2.8. The steel was found to be susceptible when the ratio was 26, and it was 
not susceptible again in a solution in which Rscc was 75 [59]. In the latter case, widespread 
pitting occurred instead. 

Evaluation of Alloy Sensitization 

Measurement of the quantity of coulombs generated during the electrochemical polari- 
zation of a material from the passive range to the active corrosion potential can be used to 
detect the susceptibility to intergranular attack associated with the precipitation of chromium 
carbides and chromium nitrides at grain boundaries [60-62]. A modification of this pro- 
cedure, called the double loop electrokinetic repassivation test [63,64], involves polarizing 
the metal surface initially from the open-circuit potential in the active region to a potential 
in the passive range. This is followed by reverse polarization in the opposite direction back 
to the open-circuit potential. Both variations of the method are illustrated in Fig. 13. In the 
latter method, the degree of sensitization is determined by taking the ratio of the maximum 
current generated in the reactivation or reverse scan to that generated in the initial anodic 
scan (L/1,,). The rationale for this procedure is contingent on the presence of anodic current 
upon the reactivation scan that results mainly from incomplete passivation of the region 
adjacent to the grain boundaries because of chromium depletion at grain boundaries. For 
nonsensitized material, the passive film essentially remains intact during the reverse scan, 
and the size of the reactivation polarization peak remains small. As a result the charge Q 
(obtained from integration of current versus potential for a known voltage scan rate) in the 
single loop is small. As a refinement to the method the charge is normalized by the grain- 
boundary area (GBA) because this is the area from which most of the current arises in the 
single reactivation scan [62]. 

P, C/cm 2 = Q / G B A  

GBA = As [5.0954 x 10 -3 • exp(0.34696 x GS)] 

where 

P = the reaction charge density associated with the sensitized area, 
As = the specimen surface area, and 
GS = the ASTM grain size. 

(18) 

(19) 

The same procedure was used for the ratio L/L [64]. The current peak, L, for the reactivation 
scan was normalized for the grain boundary area while the initial anodic current peak was 
normalized to the wetted surface area, A,. 

it~i, = L/L [5.0954 x 10 -3 x exp(0.34696 x GS)] (2o) 

A number of investigators have correlated this electrochemically derived ratio with optical 
metallographic evaluations of the degree of material sensitization such as those outlined in 
ASTM A 262 [65]. This has been accomplished for several different iron-nickel-chromium 
alloys [66-68]. The technique is nondestructive and can be applied in the field. 
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FIG. 13--Schematics of two procedures for anodic reaetivation polarization testing: (a) Clarke method 

[61,62]; (b) Akashi method [63,64]. 

Electrochemical Evaluation of Protective Coatings and Films 

Numerous a-c and d-c electrochemical methods have been used to study the performance 
and the quality of protective coatings, including passive films on metallic snbstrates and 
evaluation of the effectiveness of various surface pretreatments. Several are discussed below. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
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Anodized Aluminum Corrosion Test 

The Ford anodized-aluminum corrosion test (FACT) [69, 70] involves the cathodic polar- 
ization of the anodized aluminum surface by using a small cylindrical glass clamp-on cell 
and a special 5% sodium chloride (NaC1) solution containing cupric chloride (CuC12) acidified 
with acetic acid. A large voltage is applied across the cell by using a platinum auxiliary 
electrode. The alkaline conditions created by the cathodic polarization promote dissolution 
at small defects in the anodized aluminum. The coating resistance is decreased, more current 
begins to flow, and the voltage decreases. The cell voltage (auxiliary electrode to specimen 
voltage) is monitored for 3 min, and the cell voltage multiplied by time is recorded. ASTM 
B 538 describes the method in greater detail [69]. A similar test, known as the cathodic 
breakdown test, involves cathodic polarization to - 1.6 V versus saturated calomel electrode 
(SCE) for a period of 3 min in acidified NaCI. Again, the test was designed for anodized 
aluminum alloys because the alkali created at the large applied currents will promote the 
formation of corrosion spots at defects in the anodized film. 

The Electrolytic Corrosion Test 

This test was designed for electrodeposits of nickel and chromium on less noble metals, 
such as zinc or steel [71-73]. Special solutions are used, and the metal is polarized to +0.3 
V versus the standard calomel electrode. The metal is taken through cycles of 1 min anodically 
polarized and 2 min unpolarized. An indicator solution is then used to detect the presence 
of pits that penetrate to the substrate. Each exposure cycle attempts to simulate one year 
of exposure under atmospheric-corrosion conditions. ASTM B 627 describes the method in 
greater detail [74]. 

The Paint Adhesion on a Scribed Surface Test 

This involves the cathodic polarization of a small portion of painted metal. The area 
exposed contains a scribed line that exposes a line of underlying bare metal. The sample is 
polarized cathodically 'for 15 min in 5% NaC1. At  the end of this period the amount of 
delaminated coating is determined from an adhesive tape pulling procedure. 

The Impedance Test for Anodized Aluminum 

The method described by ASTM B 457 is used to study the seal performance of anodized 
aluminum [75-77]. In this sense, the test is similar to the FACT test except that this method 
uses a 1-V root-mean-square 1-kHz signal source from an impedance bridge to determine 
the sealed anodized aluminum impedance. The test area again is defined with a portable 
cell and a platinum or stainless steel auxiliary electrode typically is used. The sample is 
immersed in 3.5% NaCI [75]. 

Electrochemical Impedance Spectroscopy 

The electrochemical impedance technique offers an advanced method of evaluating the 
performance of metallic coatings (passive film forming or otherwise) and organic barrier 
coatings [75-86]. The method does not accelerate the corrosion reaction and is nondestruc- 
tive. The technique is quite sensitive to changes in the resistive-capacitive nature of coatings 
as well as the electrochemical interface as shown in Fig. 14. It is also possible to monitor 
the corrosion rate with this technique. In this respect, the electrochemical impedance tech- 
nique offers several advantages over d-c electrochemical techniques in that resistances related 
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from 2 to 285 days [85]. 

to the corrosion rate can be separated from the high d-c resistance of the dielectric coating. 
This is not possible with the d-c methods. Because a large frequency bandwidth is utilized 
for the applied signal (usually from the mHz range to the kHz range), the electrochemical 
impedance technique is "spectroscopic" and surpasses the capabilities of single-frequency 
impedance methods. The reason for this lies in the capability of the electrochemical imped- 
ance technique to discriminate between the resistive properties of the coating or passive 
film because of its ionic and or electronic conductance and the capacitive nature of the 
passive film or coating due to its dielectric constant, area, and thickness. Although impedance 
circuit models for coatings (Fig. 15) are complex compared to the model shown in Fig. 6, 
frequency regimes in which impedance information primarily is due to the coating capacitance 
or coating resistance can be separated from one another and analyzed independently by 
using a broad frequency bandwidth. If the coating or passive film capacitance can be de- 
termined and if the dielectric constant is known, then the film thickness can be estimated 
for a given exposed area 

C = ~ % A / d  

where 

A = the surface area, 
d = the dielectric thickness, 
~o = the electric permittivity of free space (8.854 x 10 12 F/m),  and 

= the dielectric constant for the passive fihn or coating. 

(21) 

In addition to this correlation, the uptake of water in an organic coating can be monitored 
because the dielectric constant for water is over an order of magnitude greater than the 
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FIG. 15--Simplified electrical equivalent circuit to simulate a coated steel panel with a defect [86]. 

dielectric constant for the dry organic coating. The quantity of water absorbed in the organic 
coating is estimated as follows [82]. 

H20, vol% = 100 log(C,/Co)/log(79) (22) 

where 

C, = the coating capacitance after some exposure time, and 
Co = time zero when the exposure begins. 

The coating resistance can also be monitored as a function of exposure time. Large decreases 
signify permeation of ionic species through the coating or the presence of defects in the 
coating [85,86]. The high-frequency breakpoint frequency is a useful method for determining 
the area fraction of physical defects in an organic coating [84-86]. The following expression 
describes the dependency between breakpoint frequency and defect area 

where 

fbp, = Afl(2'neeopA ) (23) 

Increases in the specimen breakpoint frequency often occur mainly as a function of the 
increases in the defective area. The relationship between fbp, and the defect area is shown 
in Fig. 16. 

A d = the defect area, 
A = the total area, and 
p = the resistivity of the coating at the defect. 
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FIG. t6--Relationship between breakpoint frequency and estimated electrochemically active area for 

opaque and transparent epoxy coatings on steel. Solid lines are added to indicate the expected relationship 
between breakpoint frequency and defect area according to Eq 23 [85,86]. 

Examples of metallic corrosion testing with a-c and d-c electrochemical methods have 
been described. Despite the long list of applications, electrochemical techniques are not 
always successful and it is instructive to identify some of the more general reasons for this 
situation. First and most obvious is the requirement that the metallic corrosion process be 
an electrochemical phenomena. Three more specific keys to successful application of these 
techniques include the implementation of relevant environment, relevant alloy and surface 
preparation, and relevant mechanical perturbations. Without these essentials even the most 
sophisticated electrochemical test will be destined for failure. More subtle but equally im- 
portant is the necessity that any electrochemical acceleration of the corrosion act only upon 
the prevailing mechanism of corrosion under normal nonaccelerated conditions. Finally, 
careful application of electrochemical methods in conjunction with other methods can be a 
tremendous aid in solving corrosion problems. 
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ABSTRACT: One practical use of the electrochemical impedance technique is rapid screening 
of either alloy corrosion resistance or process corrosivity as a function of process conditions. 
Curve-fitting of the impedance spectra using simple circuit analogue models can allow polar- 
ization or charge transfer resistances to be extracted even when there is limited understanding 
or characterization of the system under study. Practical corrosion predictions can be made 
from these results. Some successes and shortcomings in the technology are explored using 
corrosion of steel and 304SS in several environments. The results show that corrosion rates 
between 2.5 x 10 4 and 250 mm/year can be estimated and predictions made even when only 
limited information on the solution chemistry and corrosion mechanism is available. Some 
discussion is presented on how one can gain confidence that the model circuit elements are 
providing reliable information. 

KEY WORDS: electrochemical impedance technique, electrochemical impedance spectros- 
copy, steel, 304SS, corrosion prediction, corrosion modeling, polarization resistance, electro- 
chemistry 

The electrochemical impedance technique or Electrochemical Impedance Spectroscopy 
has been gaining more popularity as a tool for corrosion measurement and prediction. Recent 
articles show that a variety of corrosion phenomena can be studied and corrosion rates 
estimated [1-5]. Among the areas demonstrated in these published articles are rapid esti- 
mation of corrosion rates, estimation of low corrosion rates, assessment and ranking of 
corrosion inhibitors, corrosion rate estimation in tow conductivity media, and evaluation of 
organic and inorganic coatings. 

The popularity of this technology can be attributed to the present ease of generating the 
results. There are a plethora of methods available [6]. Commercial instrumentation is avail- 
able from several manufacturers. Though care must be taken in setting up the experiment, 
for example overall cell design or the positioning of the reference electrode sensing point, 
most problems can be overcome and data acquisition has become fairly routine. 

Generation of the "raw" impedance spectra only provides one part of the required in- 
formation. The data must still be interpreted to provide both information on the corrosion 
process and estimates of the corrosion rate. At present, difficulties in data interpretation 
remain an obstacle to making practical, routine use of this technology. This interpretation 
includes both modeling of the frequency response and determining that the model is valid 
and represents the corrosion process. 
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Though much literature discusses use of frequency response analysis to try to understand 
corrosion mechanisms, this type of information may be of only secondary importance to the 
corrosion practitioner. Faced with the decision of what material of construction to use, the 
practitioner needs a rapid survey of potential candidates followed by a more detailed analysis 
of only those candidates that seem to be promising. Faced with a process change, the 
practitioner must often quickly estimate how that process change will affect corrosion of a 
given alloy. Faced with the increasing need for product purity, the practitioner must quickly 
estimate if the containment vessel can contaminate the product. Vessel failure is not always 
the concern. Time and funding are often inadequate to allow detailed mechanistic conclusions 
to be made. 

The information available from the electrochemical impedance technique can fulfill these 
needs since the technique has the potential for being used to make rapid estimates of 
corrosion rates from 2.5 x 10 4 to 250 mm/year [5]. The ability to use this technology to 
estimate such low corrosion rates has been demonstrated by several workers [5, 7]. Practical 
and routine use is now mostly limited to situations in which corrosion can be classified as 
general corrosion. This usage includes corrosion under coatings [8]. 

Making predictions requires some way of deconvoluting the impedance spectra to extract 
those corrosion-related parameters that can be used to predict the corrosion rate or mech- 
anism. Two general philosophies have arisen for modeling the data and, from the resulting 
model, for obtaining quantitative estimates of important corrosion characteristics. The first 
and more prevalent method is modeling by use of circuit analogues and making predictions 
from the magnitudes of the elements. An analogous electrical circuit composed of resistors, 
capacitors, and inductors is constructed for modeling the data. These circuit analogues allow 
the corrosion practitioner to bridge the gaps in knowledge so that corrosion rates might be 
estimated, corrosion mechanisms hypothesized, and materials selections made in these 
poorly characterized systems. Certain elements of the circuit are said to model such elec- 
trochemical parameters as the polarization resistance and the double-layer capacitance [1,2]. 
For example, fairly good agreement has been achieved between corrosion rates estimated 
by using the polarization resistance and as estimated directly by mass loss or solution analyses 
[5,9,10]. 

This type of data analysis has sometimes required the introduction of certain empirical 
factors such as the angle of depression below the real axis being expressed as an exponent 
on the frequency which has a value lying between 0 and 1 [5,10-12]. This depression (constant 
phase element) is created by a kind of dispersion of the capacitive time constant around a 
central value. The cause may not be understood (e.g., transmission line effects, inadequate 
placement of reference electrode, etc.), but to properly fit the data by circuit analogues this 
parameter often must be included. 

Corrosion is both a physical and a chemical process governed by laws of thermodynamics 
and kinetics which might be difficult to understand in poorly characterized, real-life systems. 
Circuit analogues are only simplified models. Agreement with the model does not always 
mean agreement with the physics that the model is thought to represent. This shortcoming 
has led some workers to attempt to adopt a second philosophy and develop kinetic and 
diffusion equations to describe the frequency response and then show that the physical 
constants so derived are reasonable. If successful, this type of approach should eliminate 
some of the empiricisms mentioned above. An example of this approach is the model of 
three-dimensional, inhomogeneous surfaces [13,14]. This model has been able to predict 
the impedance spectra for several systems from consideration of only diffusion and chemical 
reactions. The results strongly suggest that this type of approach to data analysis may 
ultimately provide a way to obtain both mechanistic and rate information from first prin- 
ciples. 
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However, information required for such a fundamental approach is often not readily 
available in the complex environments that may be encountered in everyday corrosion 
testing. Often, the solutions are not well characterized. Not only might the components not 
be known, but determining them might be impossible. These shortcomings in knowledge 
usually mean that less fundamental, more phenomenological models such as circuit analogues 
may be the only approach to characterizing the corrosion process to obtain corrosion rates. 
Use of circuit analogues has been the approach used in this study to obtain rapid estimates 
of corrosion rates from simple models so that practical predictions can be made when 
knowledge is incomplete. 

The objective of this paper is to provide a practitioner's view of the strengths and limi- 
tations of the electrochemical impedance technique for rapidly estimating corrosion rates 
so as to make practical predictions quickly and efficiently. The paper uses several examples 
to show how different circuit analogues can be used to classify corrosion in order to make 
rapid, practical predictions when knowledge, funding, and time are limited. The examples 
are rapid estimation of low corrosion rates and rapid estimation of corrosion rates in complex, 
poorly characterized systems. Corrosion of steel and 304 Stainless Steel (304SS) in 
DEQUEST | (registered trademark of Monsanto Company) 2016 product (the salt of 1- 
hydroxy ethylidene-l,1 diphosphonic acid) and steel in a waste stream are the examples 
used. In both cases, the goal is to make rapid estimates of corrosion in a minimum amount 
of time and with limited funding. 

Circuit Analogue Models 

Four simple circuits were constructed. These circuits are expected to model empirically 
four distinct types of corrosion phenomena [5]. These models are shown in detail in Fig. 1. 
They represent a single relaxation time constant, two relaxation time constants, extended 
diffusion analysis of John and Dawson [15], and pseudoinductance analysis similar to that 
of Epelboin and Keddam [12]. These circuits were chosen to model a single charge transfer 
reaction, a partially coated electrode as might be found with an inhibitor, diffusion through 
a finite boundary layer, and an adsorbed intermediate that might cause pseudoinductance. 
All models allow for dispersion of the time constant (depression below the real axis in 
Nyquist format). The maximum number of adjustable parameters was kept to a minimum 
so that agreement between the calculated and actual frequency response hopefully would 
reflect the adequacy of the model. This approach was taken to circumvent the problem of 
having so many adjustable parameters that one model fits any response. These four circuit 
analogues have been found to cover a large percentage of the situations analyzed at Mon- 
santo. - 

Experimental 

The experimental arrangement has been discussed in detail previously [5] and is shown 
in Fig. 2. A Hewlett-Packard 9816S microcomputer guides the experiment by controlling 
the flow of commands. The frequency response is measured by a Solartron 1250A Frequency 
Response Analyzer and a Princeton Applied Research 173D potentiostat with a 276 pro- 
grammable interface. The algorithm for the experiment first optimizes the gain of the 
potentiostat every half decade of frequency by finding the maximum gain that does not 
cause a current overload. This gain is implemented at each half decade of frequency during 
generation of the spectrum. The minimum gain (1 12) is used between 10 000 and 1000 Hz 
or 100 Hz. The choice depends on the amount of instrument-induced phase angle shift that 
is observed at high frequency. Also, the potentiostat low-pass filter is turned on below 0.5 
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FIG. t - -Circui ts  used to analyze the electrochemical impedance results: (I) one relaxation time constant; 
(2) two relaxation time constants; (3) one relaxation time constant with extended diffusion analysis; (4) 
one relaxation time constant with pseudoinductance [5]. 

Hz so that only one sine wave is needed at each frequency below that point. The excitation 
amplitude for these studies was 2, 5, or 10 mV depending on the situation. If nonlinearity 
between input and response was suspected, all three amplitudes were used to verify that no 
such nonlinearities existed. 

The data are uploaded to an IBM mainframe computer for analysis in terms of the circuit 
analogues mentioned before and shown in Fig. 1. The subroutine used to estimate the circuit 
elements performs a nonlinear regression of the data against the equations for the impedance 
which represent the circuits. The sum of the squares of the residuals between the calculated 
and actual spectra in real and imaginary coordinates is minimized automatically. 

Two different experimental setups were used depending on experiment, a static cell or 
the rotating cylinder electrode described in detail elsewhere [16]. Both electrochemical cells 
were fitted with ports for the Luggin-Haber capillary, counterelectrode feed-through, ther- 
mocouple or thermometer,  and gas sparger, the rotating cylinder electrode was operated at 
200 rpm in the experiments reported here. There were brief excursions to 1000 rpm to 
examine the sensitivity of corrosion to fluid velocity. 
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Two different solutions were used. The first is DEQUEST 2016 product. This product is 
the sodium salt of 1-hydroxy-ethylidene-l,1 diphosphonic acid, a sequestrant. The product 
is a concentrated solution of the salt, about 50 wt% in water. The pH of this product ranges 
from 10 to 12. The goal is to determine if steel or 304SS might be used for storage under 
ambient conditions. Therefore, the temperature used was 50~ (323 K), the expected max- 
imum temperature of the product when contained in a tank exposed to direct sunlight. The 
static electrode was used since a sensitivity of corrosion to fluid velocity was not expected. 
The frequency responses were generated at various times over 48 h for steel and 72 h for 
304SS. Mass losses were obtained. In the case of 304SS, the solutions were analyzed as well 
by inductively coupled plasma (ICP) for iron, nickel, and chromium. 

The second solution is the combined waste stream described previously [10,17]. It was 
made by combining waste solution samples in proportion to the amounts expected in the 
plant. Water was the predominant component. The exact composition is not known and 
could not be determined. However, the mixed solution tested is known to have small amounts 
of iminodiacetic acid, nitrilotriacetic acid, low molecular weight organic acids, and ammo- 
nium sulfate. The conductivity was not measured. The presence of salts at the several weight 
percent levels coupled with the small uncompensated resistance indicated by the intersection 
of the high-frequency portion of the spectrum with the real axis (Nyquist format) shown 
here and elsewhere [10,17] suggest that low solution conductivity would not be a problem 
with the measurements. The goal of the portion of the study discussed here is a quick 
assessment of the effect of excursions of pH from that pH range in which corrosion seems 
to be minimized. 

The inhibitor normally used in the plant was added at the beginning of the experiment 
in the appropriate level of 40 ppm. The inhibitor is a sulfite-containing solution. It is supplied 
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to Monsanto. Its composition was not divulged so it is one of the unknown components. 
However, since it was added at the same concentration in all of the experiments, it is a 
constant unknown. The pH was adjusted to 9.0 using reagent grade ammonium hydroxide 
and from 9.0 to 7.5 using reagent grade sulfuric acid. The latter addition is not expected to 
introduce new components because the waste already contained sulfate ions. The temper- 
ature was 49~ (322 K), the highest expected temperature. Impedance spectra were gen- 
erated periodically over a period of five to seven days. A ntirogen blanket was maintained 
at all times. The nitrogen was taken directly from a cylinder. A small, e.g. ppm, level of 
oxygen might have been present though no attempt was made to measure it. 

Results  

Corrosion in DEQUEST 2016 

Figures 3 and 4 show the impedance spectra in Nyquist and Bode formats for steel in 
DEQUEST 2016 product after 24 h. Figures 5 and 6 show the impedance spectra in both 
formats for 304SS in DEQUEST 2016 product after 48 h. The calculated curve in Figs. 3 
and 4 corresponds to Circuit 2 in Fig. 1. The calculated curve for Figs. 5 and 6 corresponds 
to Circuit 1 in Fig. 1. These models provided the best fit and did not change with exposure 
time. 

Tables 1 and 2 show the estimated polarization resistances and corrosion rates for steel 
and 304SS, respectively. The resistances that correspond to each of the two time constants 
for steel are listed in Table 1. The polarization resistance for the steel is hypothesized to 
be R2, the low frequency resistance, in Circuit 2 in Fig. 1. The proportionality factor between 
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the  polar iza t ion  res is tance  and  the  cor ros ion  rate  was assumed to be  0.05 V. This  va lue  
should  provide  an overes t imate  since the  value  is normal ly  expected  to lie in the  r ange  of 
0.025 V, especially for  steel  in aqueous  solut ions [18]. This  factor  could not  be  der ived  f rom 
a curve-fi t  of  d-c type of results  assuming one  anodic  and  one  cathodic  reac t ion  [5]. T h e r e  
are two reasons.  First, the  cur ren ts  measu red  dur ing  genera t ion  of the  small  ampl i tude  d- 
c curves  to 0.02 V (ca thodic  and  anodic  to the  cor ros ion  potent ia l )  were  nea r  the  noise 
th resho ld  of  the  po ten t ios ta t .  Second,  and  more  impor tan t ly ,  the  corros ion m e c h a n i s m  is 
unknown .  There fo re ,  how the  propor t iona l i ty  factor  is re la ted  to the  Tafel slopes and  the  
appropr ia t e  form of the  equa t ions  re la t ing corrosion cur ren t  to po ten t ia l  are unclear .  For  
example ,  if the  cor ros ion  po ten t ia l  is within 0.025 V or  so of the  revers ib le  po ten t i a l  of  one  
of the  reac tants ,  t hen  bo th  the  forward  and  reverse  react ions involving tha t  species would  
have to be  inc luded [19]. D e t e r m i n a t i o n  of the  reac t ion  steps involved  and  d e v e l o p m e n t  of 
the  appropr ia t e  form for  the  cur ren t  versus potent ia l  funct ion were b e y o n d  the  scope of 
this effort.  

TABLE 1--Corrosion rate estimate for steel in DEQUEST 2016. 

High Frequency Low Frequency Corrosion Rate, 
Time, Resistance, Resistance, 

h D-cm 2 II-cm 2 mm/year mpy 

1 1.29 x 104 8.15 x 104 6 x 10 -3 3 x 10 -1 
5 1.17 x 104 6.19 x 105 1 x 10 -3 3 x 10 -2 

24 1.39 x 104 5.68 x 105 1 x 10 .3 4 x 10 -2 
48 1.09 x 104 4.71 x 105 1 • 10 -~ 5 x 10 -2 
72 1.21 • 104 1.08 • 106 5 x 10 .4 2 x 10 -2 
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TABLE 2--Corrosion rate estimate for 304SS in DEQUEST 2016. 

387 

Corrosion Rate, 
Time, Resistance, 

h f~-cm ~ ram/year mpy 

1 1.63 x 105 3 x 10 3 1 x 10 1 
5 5.44 x 105 1 x 10 -3 4 • 10 -2 

24 3.20 x 106 2 z 10 4 6 x 10 3 
48 3.46 • 106 2 x 10 -4 5 x 10 .3 

Metal ion accumulation in the solution in which 304SS corrosion was estimated are shown 
in Table 3. Inductively coupled plasma (ICP) was used to analyze the concentrations in 
duplicate solution samples. This analysis was not done for the solution in which steel cor- 
rosion was estimated. 

The results show that there was no increase in concentration from 304SS within the 
accuracy of the analysis (about 1 ppm or so). The solution volume for the corrosion study 
was 500 cm? A 1 ppm increase would correspond to a corrosion rate of under 10 -~ mm/ 
year. This finding is in approximate agreement with the low corrosion rates estimated from 
the electrochemical impedance spectra of 10 4 to 10 -3 mm/year.  In addition, mass loss of 
the electrodes was within the accuracy of the analytical balance, less than 5 x 10 -4 g. This 
result would be expected for the low corrosion rates estimated in Tables 1 and 2. This 
agreement is a necessary but not a sufficient condition to corroborate the impedance results. 

C o r r o s i o n  in  P l a n t  W a s t e  

The goal of this study was to assess steel corrosion in a combined waste stream from a 
chemical plant as a function of pH, velocity, and inhibitor level. Previous results have shown 
that in the presence of the inhibitor the optimum pH lies between about 8 and 9 [17]. The 
problem was that excursions can occur in process conditions. The question was, "Can those 
excursions accelerate corrosion to undesirable rates which can affect equipment integrity?" 

The most common excursion was expected to be a decrease in pH. Previous results had 
shown that lower pH values could increase the corrosion rate, possibly to undesirable levels. 
The electrochemical impedance technique was used to rapidly assess the effect of such an 
excursion. The experiment was first to expose the steel to the waste at a pH of 9. Then the 
pH of the solution was dropped to a value of 7.5 with sulfuric acid. The impedance spectra 
and parameters estimated from them after the drop in pH were compared to those for 
exposure to a pH of 7.5 only to determine if some protection might remain from the higher 
pH exposure. Results reported here are for a rotation rate of 200 rpm in the rotating cylinder 
electrode apparatus. 

TABLE 3--1CP analysis of metal contamination in DEQUEST 2016 By 304SS, 

Metal Ion Contamination, ppm by weight 

Solution Iron Nickel Chromium 

As received 5.4 0.0 a 2.5 
5.7 0.5 2.9 

After 24 h 4.0 0.0 ~ 2.1 
of immersion 4.0 0.4 2.3 

After 48 hr 4.7 0.0" 2.6 
of immersion 5,4 0.0 a 2.8 

~ Some metal was detected but was below the threshold of being quantitative. 
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200 rpm, 45 h exposure [17]. 

Figures 7, 8, 9, and 10 show the impedance spectra at a pH of 9 just before adjustment 
to a pH of 7.5 (24 h after passivation occurred at the pH of 9) and 24 h after lowering the 
pH. The corrosion potential had reached approximate steady state for a number of hours 
prior to the generation of each spectrum. Both plots could be modeled by two relaxation 
time constants. In both cases, the resistance associated with the high frequency time constant 
was of the order of 1000 fl-cm 2 (900 and 1500 lI-cm2). Also, this model fit the data for an 
exposure to a pH of 9 only for about one week as reported elsewhere [17]. However, the 
resistance associated with the low frequency relaxation time constant changed from about 
2.8 x 10 5 fl_cm 2 at a pH of 9 to the range of 1 x 104 tO 1.5 X 104 ~-cm 2 at a pH of 7.5. 
Note that about 20 h were required for the steel to passivate at a pH of 9. 

Figures 11 and 12 show the results generated after about 119 h of exposure to the waste 
at a pH of 7.5 without preexposure to a pH of 9. This response was modeled by one relaxation 
time constant, Circuit 1 of Fig. 1. This model applied throughout that exposure. 

Table 4 shows the exposure time, resistances, and estimated corrosion rates for exposure 
to a pH of 7.5 after exposure to the pH of 9. Included are the ranges of the polarization 
resistances measured for the exposures to a pH of 7.5 and a pH of 9 only. Corrosion rates 
were estimated from the polarization resistances by using a proportionality constant, B, of 
0.025 V in lieu of actual values. This approach was followed because of the complexity of 
the corrosion process as evidenced by the complexity of the structure of the impotance 
spectra. This complexity suggests that use of one anodic and one cathodic charge transfer 
process might not be appropriate to model the current versus voltage response. The imi- 
nodiacetic acid or nitrilotriacetic acid in the solutions could be complexing with iron and 
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affecting the corrosion rate [20]. The two time-constant response could either be caused by 
diffusion of some species, possibly oxygen, through the removable crust on the electrode 
surface that seemed to form under basic conditions or by some type of adsorbed intermediate 
suggested to occur in this environment [20]. As discussed later, use of 0.025 V yields 
reasonable agreement between the average corrosion rates estimated from the impedance 
results and the time-averaged corrosion rate estimated from the mass loss. This assumed 
value of the constant is not unreasonable for this screening since, as shown in Table 4, the 
effect of pH on corrosion is so large that even if the value is off by 50% the conclusion of 
the effect of preexposure to a pH of 9 would not change. 

Discussion 

As mentioned previously, simple models might allow practical answers to be obtained 
and practical predictions to be made from the electrochemical impedance results. This paper 
has shown how this procedure might work in practice. The major difficulty with using such 
models is proving that the corrosion rates estimated do predict those in the actual system. 
This proof is important because often there is a paucity of information on the solution 
chemistry and answers must be provided before a definitive study of the corrosion mechanism 
can be completed or even undertaken. The less that is known about the solution chemistry 
or corrosion mechanism, the more imperative is the need for such corroboration. The 
following discussion shows how and from what results one might obtain the information 
necessary to provide confidence in the corrosion rate estimate. The discussion is meant to 
give a flavor for the approach. 

When corrosion rates are to be estimated, the best corroboration is an alternative estimate 
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TABLE 4--Corrosion rate as a function of time. 

Corrosion Rate, 
Time, Resistance," 

h f~-cm 2 pH h mm/year mpy 

1 1.50 • 103 9 2 x 10 ~ 8 
4 1.40 x 103 9 2 x 10 ~ 8 

21' 8.00 • 102 9 4 x 10 -1 2 • 10 
45 2.76 x l0 s 9 1 x 10 3 4 • 10 -2 
71 9.90 x 103 7.5 3 x 10 2 1 
73 9.80 x 103 7.5 3 x 10 2 1 

106 1.19 x 104 7.5 3 x 10 2 1 
170 1.50 x l0 t 7.5 2 x 10 2 8 x 10 -I 

" For exposure to pH of 9 only, the low-frequency resistance ranged from 5 x 104 to 7 x 104 f~-cm 2. 
For exposure to pH of 7.5 only, the polarization resistance ranged from 300 to 600 ~Q-cm 2. 

pH changed to 7.5 after 53 h. 
c There was a large decrease in corrosion rate after 21 h of exposure accompanied by a several 

hundred millivolt shift in corrosion potential in the anodic direction. 

of the  corros ion rate  in the  same solut ion and  unde r  the  same exposure  condi t ions .  Mass 
loss and  solut ion analysis are the  two mos t  practical  methods .  However ,  they are  only useful  
when  the  corros ion rate  is large enough  or  the exposure  long enough  so tha t  mass  or  ion 
changes  are  measurab le .  

In the  case of  the  waste  s t r eam study,  such co r robora t ion  was possible  because  the  mass  
loss of the  steel e lec t rode  was measurab le .  For  example ,  the average  corros ion ra te  f rom 
mass loss at  pH values of 7.5, 8.0, and  9.0 are 0.56, 0.12, and  0.05 r a m / y e a r  [17]. Those  
der ived f rom the  impedance  results  are 0.47, 0.15, and  0.034 m m / y e a r  for  the  same values  
of pH [17]. In addi t ion ,  the  exper imen ta l  results  l isted in Table  4 yield an  average  cor ros ion  
rate  f rom mass loss of 0.57 m m / y e a r .  Tha t  f rom the  impedence  results  using the  Tafel  slope- 
re la ted  p a r a m e t e r  equal  to 0.025 V is 0.64 ram/year .  The  10 -3 m m / y e a r  cor ros ion  ra te  
suggest ing a pass ivat ion of the  surface was assumed to last for 24 h. The  o thers  were  averaged  
toge the r  over  the  t imes consis tent  with  the  appropr ia t e  p H  of the  solut ion.  This  a g r e e m e n t  
strongly suggests tha t  use of the  models  in Fig. 1 in con junc t ion  with the  es t imated  Tafel 
p a r a m e t e r  results  in acceptable  predic t ions  of corros ion even  though  the  solut ion,  chemis t ry ,  
and  corros ion m e c h a n i s m  are not  clearly unders tood .  

This type of co r robora t ion  may  not  always be possible.  U n d e r  these  c i rcumstances ,  cor- 
rosion ra tes  p red ic ted  f rom the  impedance  spectra  mus t  s tand a lone  for  cor ros ion  predic t ion .  
The  results  for steel and  304SS in D E Q U E S T  2016 produc t  are examples .  For  this study, 
the  p rob lem addressed  is con t amina t i on  and  not  system integrity.  As  shown in Tables  1 

TABLE 5--Time constants and pseudocapacitance for corrosion of  steel in DEQUEST 2016. 

Time, h 

High Frequency 
Low Frequency 

Time Pseudo- Time 
Constant, s capacitance, ixF/cm 2 Constant, s 

Pseudo- 
capacitance, 

ixF/cm 2 

1 1.1 8.2 x 10 ~ 3.9 x 101 4.7 x 102 
5 4.7 x 10 -~ 4.0 x 10 j 1.9 x 102 2.7 x 102 

24 3.3 x 10 -~ 2.4 x 10 J 1.5 x 102 2.6 x 102 
48 4.7 x 10 -~ 4.3 x 10 ~ 2.9 x 102 6.1 x 102 
72 4.4 x 10 -1 3.6 x 10 ~ 5.6 x 102 5.2 x 10: 
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TABLE 6--Time constants and pseudo-capacitance for corrosion of 304SS in DEQUEST 2016. 

Time, h Relaxation Time Constant, s Pseudo-capacitance, ixF/cm 2 

1 2.7 • 101 1.7 • 102 
5 3.6 • 101 6.6 • 10 ~ 

24 1.7 • 102 5.3 • 10 ~ 
48 1.6 x 10 z 4.5 • 10 ~ 

through 3, the corrosion rates are about 1 • 10 -4 to 1 • 10 3 mm/year.  As shown by 
Williams and Asher,  corrosion rates as small as several tens of microns (10 -3 ram/year)  per 
year may be estimated by the electrochemical impedance technique [7]. Thus, the rates 
shown are not really beyond the possible range of this technology. The problem is to verify 
the validity of the estimates. 

The question addressed is the amount of metal ion contamination that might be present 
after storage. The moderately alkaline pH range of 10 to 12 and the near-ambient conditions 
suggest that the actual corrosion rate of steel would not be very large. Both alloys would 
not be expected to pose risks of catastrophic failure. Corrosion rates less than 2.5 • 10 3 
mm/year  (0.1 mpy) might be expected for 304SS. Using the rule of thumb that test time in 
days equals 2000/mpy would suggest a required immersion test of 2 • 104 h to minimize 
errors on an analytical balance. Such immersion times were beyond the project time con- 
straints. Solution analyses by the ICP technique might shorten the required time but would 
increase the expense. 

The fact that the mass change of the electrode is in the range of the accuracy of the 
analytical balance is a necessary condition for this corroboration, not a sufficient condition. 
Since the electrode areas were about 5 cm 2, a corrosion rate of 10 -3 mm/year  would have 
resulted in a mass loss of about 3 • 10 -s g over 48 to 72 h, below the threshold of the 
analytical balance. The  ionic concentration would have been less than 0.1 ppm, again below 
the detectable limit of the ICP analysis. The reported corrosion rates being so low support 
the idea of using the electrochemical impedance technique for predicting long-term metal 
ion contamination. 

Other corroborating evidence is provided by the analysis of the time constants. The 
relaxation time constant in the first circuit and the high-frequency relaxation time constant 
in the second circuit of Fig. 1 might be hypothesized to represent the double layer capaci- 
tance. The value would be expected to be in the range of 20 txF/cm 2 [21], especially if the 
electrode is not corroding. Tables 5 and 6 show the values of the pseudocapacitances as- 
sociated with the various relaxation time constants. Except for the results after very short 
exposure times, the capacitances estimated from the high frequency relaxation time constant 
for steel and the relaxation time constant for 304SS approach this 20 IxF/cm ~ value. This 
finding suggests that these time constants represent the double layer at the electrode-solution 
interface. More importantly, the resistances associated with the low-frequency relaxation 
time constant for steel and the relaxation time constant for 304SS might be hypothesized 
to be caused by the charge transfer reactions. Without more information on the mechanism, 
this conclusion remains a strong hypothesis. Nevertheless, these resistances were used to 
estimate the corrosion rates shown in Tables 1 and 2. 

Unfortunately, the Kramers-Kronig transforms cannot be used to assess the reliability of 
many of these results. The reason is that the impedance spectra at the lowest measured 
frequency must be close or equal to its limit at zero frequency. As shown in Figs. 3 to 6, 
even at 0.001 Hz there remains a large capacitive contribution. This result is often found 
when measuring low corrosion rates because the D-C limit is not reached. Thus, the Kramers- 
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Kronig transformations would not be useful for assessing if the impedance spectra are correct 
transforms for most of the studies reported here. This discussion agrees with that of Shih 
and Mansfeld who discuss this shortcoming when trying to use the Kramers-Kronig trans- 
formations as a general, practical criterion against which to test correctness of the impedance 
spectra [22]. Care is required when using the Kramers-Kronig transforms. 

One last point must be discussed further. As mentioned before, the parameter  derived 
from the Tafel slopes must be used to relate the polarization resistance to the corrosion 
rate. Estimating this parameter  is difficult for the two studies discussed here. In the case of 
the waste streams, the complex, poorly characterized chemistry and the possibility that some 
of the components might complex with steel strongly suggest that an assumption of one 
controlling anodic reaction and one controlling cathodic reaction may be in error. The 
procedure of using nonlinear regression to fit a Wagner-Traud type of relationship with one 
anodic and one cathodic reaction [5] is not necessarily correct in this case. However,  though 
the Tafel slopes might not be obtained by regression of the voltage-current date generated 
during small amplitude d-c polarization [5], the internal agreement with the mass loss results 
strongly suggests that the 0.025 V assumed for the constant is reasonable. This value may 
be used for the purpose of screening of steel in this system. 

However, in the case of corrosion in DEQUEST 2016, not only' is the interaction between 
the alloys and the solution not understood, but the currents generated during a small am- 
plitude d-c polarization are close to the noise level of the potentiostat. Both observations 
again strongly suggest that estimating the Tafel slopes for this situation would be difficult. 
Unfortunately, corroboration of the estimated corrosion rate by other techniques is not 
easily done. Therefore, one practical alternative is to chose a proportionality factor that is 
expected to be larger than the actual value. Then if the calculated rate is acceptable, the 
real rate should be acceptable. The hypothesis is that a value of 0.05 V or even 0.1 V fulfills 
this need. A value of 0.05 V was used in this portion of the study. Obviously more work is 
required to define an appropriate value of the Tafel-related parameter  or a procedure for 
estimating it. This need is very apparent when trying to use the electrochemical impedance 
technique for estimating very low corrosion (contamination) rates. 
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DISCUSSION 

A. VanOrden ~ (written discussion)--What techniques can you recommend for validation 
for the electrochemical impedance techniques since you suggested it is important to use 
several different techniques rather than relying only on electrochemical impedance mea- 
surements? 

D. C. Silverman (author's closure)--Your question is important because good experi- 
mental procedure should include two independent measures of the same phenomenon. 
Additional independent measures of the corrosion rate which could be used to corroborate 
the estimate from impedance spectra are mass loss of the electrode itself and analysis of the 
metal ion content of the solution. There are limitations to both in terms of the change being 
large enough to be measured or, in the case of metal ion content, having a solution which 
is conducive to such measurement. Polarization resistances estimated from impedance spec- 
tra should agree with those measured by d-c polarization resistance techniques. Lastly, if 
an actual process is being simulated, the results must be consistent with those in the actual 
process. 

N. Berke 2 (written discussion)--Did you get the chance to run longer-term experiments 
to verify that the early results were correct? How do the predictions compare to field 
experience? 

D. C. Silverman (author's closure)--Unfortunately, long-term experiments could not be 
run before the predictions from the impedance spectra had to be translated into recom- 
mendations. However, as far as the plant waste study, tighter control of pH has been 
implemented. At  this point, corrosion seems to have been decreased by making this change. 

S. T. Hirozawa 3 (written discussion)--When a metal/al loy is immersed in an inhibiting 
medium, the corrosion rate is high initially and decreases with time. The corrosion inhibition 

1 AS&M, NASA, Langley Research Center, Hampton, VA 23665. 
2 W. R. Grace, Cambridge, MA. 
3 BASF Corp., 1419 Biddle Ave., Wyandotte, MI 48192. 
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process takes about 24 h or longer. It is common practice to immerse a specimen about 20 
to 24 h before running the corrosion test. However, the corrosion rates in the first 2 h, 
when there is a rapid drop in the rate and a rapid drift in the open circuit potential,  are 
very desirable because these data are related to the kinetics of the passiviation process. The 
passivation kinetics may decide whether an alloy can withstand depassivation processes such 
as cavitation erosion, sand abrasion, and hot surface corrosion which are found in the 
automobile cooling system. We have developed a potentiostaircase polarization resistance 
method which can determine corrosion rates in very unstable systems. 

Is it possible to run EIS in such unstable systems, perhaps by using alternating current 
instead of the usual alternating voltage? 

D. C. Silverman (author's closure)--Your question amplifies a critical need in corrosion 
science and engineering, an ability to measure transient phenomena on a routine and reliable 
basis. A paper has recently appeared [1] in which the authors claim to have developed a 
procedure for using impedance techniques for examining nonstationary systems. Special 
mathematical procedures (spline under tension functions) had to be used to implement this 
technology. The procedure is definitely experimental at this point. 

The more traditional methodology of using electrochemical impedance spectroscopy will 
only be partially successful. Stability is one of the criteria that must be fulfilled for the 
Laplace transform of the ratio of the voltage to the current or the current to the voltage to 
be an impedance. Stability means that the system must return to its original state after the 
perturbation is removed. A transient system will not be at the same state at the beginning 
and end of each perturbation, whether the perturbation is voltage or current. The only hope 
is that the degree of stray is small enough that nonlinearities are not introduced. As discussed 
in a recent paper [2], one way to estimate the system drift is to monitor the corrosion 
potential. One could, in principle, measure the impedance spectrum up to that time at which 
the system has not strayed far from its initial state and then use circuit analogues to ex- 
trapolate to low frequency. The assumption would be that no additional time constants 
arise. If this procedure is followed, then an independent measure of corrosion should be 
made to insure that the assumptions are correct. For example, the time-averaged corrosion 
rate from the impedance spectra could be compared to the time-averaged corrosion rate 
from mass loss. 
[1] Berthier, E Diard, J.-P., Jussiaume, A., and Rameau, J.-J., Corrosion Science, Vol. 30, Nos. 2/3, 

1990, p. 239. 
[2] Silverman, D. C., "Rapid Corrosion Screening in Poorly Defined Systems by Electrochemical 

Impedance Technique," accepted for publication by Corrosion Journal, 1990. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Theresa C. Simpson, 1 Patrick J. Moran, 1 Howard Hampel, 1 
Guy D. Davis, 2 Barbara A.  Shaw, 2 Chike O. Arah, 2 
Tammy L. Fritz,2 and Kenneth L. Zankel  3 

Electrochemical Impedance Measurements 
for Evaluating and Predicting the 
Performance of Organic Coatings for 
Atmospheric Exposure 

REFERENCE: Simpson, T. C., Moran, R J., Hampel, H., Davis, G. D., Shaw, B. A., Arah, 
C. O., Fritz, T. L., and Zankel, K. L., "Electrochemical Impedance Measurements for Eval- 
uating and Predicting the Performance of Organic Coatings for Atmospheric Exposure," 
Corrosion Testing and Evaluation: Silver Anniversary Volume, ASTM STP 1000, R. Baboian 
and S. W. Dean, Eds., American Society for Testing and Materials, Philadelphia, 1990, pp. 
397-412. 

ABSTRACT: This paper focuses on the use of electrochemical impedance spectroscopy (EIS) 
as a predictive tool in assessing organic coating deterioration. EIS has been used by a number 
of investigators in recent years to assess coating deterioration. Good correlations between EIS 
data in immersion environments and other deterioration parameters exist (primarily evaluated 
visually). The potential use of EIS for sensing coating degradation in atmospheric exposure 
has not been fully evaluated. We have recently developed an atmospheric electrochemical 
monitor (ATMEIS) designed to assess degradation of painted metal substrates during atmo- 
spheric exposure using EIS. The monitor consists of a painted steel coupon upon which a gold 
electrode was electron-beam deposited to serve as a reference/counter electrode. EIS mea- 
surements are made between the underlying steel substrate and the gold reference/counter 
electrode residing on the coating surface. The ATMEIS has been tested both in immersion 
exposure and in an atmospheric exposure chamber and has been found to generate EIS data 
consistent with those predicted for a painted metal coupon in an aggressive environment. This 
paper reports the details of recent studies by other investigators in immersion environments 
using EIS to sense coating deterioration and discusses the design and testing of our ATMEIS 
monitor for atmospheric EIS. 

KEY WORDS: acidic deposition, atmospheric, coating, corrosion, electrochemistry, steel 

Electrochemical  impedance  spectroscopy (EIS) is a sensitive, essentially nondestruct ive 
technique that is ideally suited for detection and monitor ing of  the deter iorat ion of  organic 
coatings on metall ic substrates. EIS has been used by a number  of  investigators in immersion 
environments  to detect coating degradat ion [1-141. This paper  will include a brief review of 
some of the most recent  studies, particularly those which report  correlations with visual or  
other  degradat ion parameters .  Recently,  Scully [1] has reported a good correlat ion between 
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early EIS data and long-term coating performance in immersion in seawater. Epoxy-coated 
steel specimens were immersed in ASTM artificial seawater for 550 days, and EIS data were 
collected throughout the exposure period. The goal of the study was to determine which, 
if any, EIS parameters could best be used to predict long-term coating deterioration and to 
establish the earliest time when such information could be obtained from EIS data. Coating 
capacitance, coating resistance, near d-c impedance, and the break point frequency ]fre- 
quency (in high frequency range) at which a 45 ~ phase angle shift occurs] were the parameters 
investigated. The EIS parameters which correlated most closely with actual performance 
were near d-c impedance and the break point frequency. Ten-day EIS data were favorably 
correlated with performance for 550 days of seawater immersion. 

Similarly, Tait [2] has used EIS to examine corrosion behavior of coated aerosol containers 
and steel drums. Three types of EIS data were observed for exposure periods of approxi- 
mately 100 days which correlated well with service data for these coatings. Coated metal 
samples that exhibited purely capacitive behavior throughout the exposure time had service 
lives in excess of two years. Those that showed resistive/capacitive behavior typical of a 
coated metal containing defects failed in service at a rate which was proportional to the rate 
of decrease of the polarization resistance. Some specimens exhibited low-frequency data 
consistent with a Warburg model. These coatings did not fail due to underfilm corrosion, 
but rather due to electrolyte-induced delamination at the coating/metal interface. In these 
specimens, the rate of coating capacitance changes correlated well with the extent of coating 
delamination. 

Skerry et al. [3] have used EIS to characterize degradation of vinyl chloride and alkyd 
paints on mild steel substrates in seawater. Decreases in polarization resistance (as deter- 
mined using EIS) correlated well with extent of blistering and rusting evaluated visually. In 
addition, EIS data was clearly distinct for the two coatings, indicating the sensitivity of the 
impedance method to differences in coating properties. At early exposure times, EIS data 
for vinyl chloride specimens are purely capacitive, consistent with an intact coating in the 
absence of defects. After 2000 h of exposure, evidence for significant defects becomes 
apparent. In contrast, the alkyd coating shows evidence of porosity or defects within the 
first 24 h after immersion. 

Fastrup and Saarnak [4] evaluated alkyd, acrylate, and vinyl chloride paints on cold-rolled 
steel which were exposed to a simulated acidic deposition environment. Exposure conditions 
consisted of spraying the specimens with acidic solutions at regular intervals and allowing 
intermittent drying. EIS data were collected after exposure (specimens were immersed in 
the same acidic solution as the spray during EIS data collection). The EIS data were com- 
pared to visual performance of these specimens after three months' exposure. The perform- 
ance of these coatings was generally quite good, which limited the extent of comparison 
possible. The only parameter for which a good correlation was established for these systems 
was coating capacitance. In general, large changes in coating capacitance corresponded to 
poor coating performance. Minimal changes occurred for good coatings. No low-frequency 
correlation was established between impedance data and coating performance. 

Wang and Radovic [5] evaluated two automotive paint coating systems applied to cold- 
rolled or galvanized steel in sodium chloride immersion. Some specimens were defected 
intentionally by drilling small holes in the coating to expose the underlying substrate. After 
EIS data were collected, specimens were removed from exposure, cross-sectioned, and 
examined by optical microscopy. Changes in EIS data correlated well with visual corrosion. 
All of the coatings that did not have intentional defects showed capacitive EIS data, with 
near d-c impedance values of - 109 ohm-cm 2 throughout the 500-h test. Rust was not observed 
on these panels after cross sectioning. Samples containing intentional defects showed EIS 
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behavior consistent with that predicted for a coated specimen containing defects; near d-c 
impedance values were three to five orders of magnitude lower than those for the intact 
films. Further, the polarization resistance decreased as a function of exposure time, indicating 
increased degradation of the metal substrate. Examination of the cross sections confirmed 
this increase in corroded area. 

Hirst et al. [6] evaluated three coating systems applied on various pretreated surfaces of 
four types of aluminum. The specimens/coatings were designed for aerospace applications. 
EIS, the ASTM Method for Measuring Adhesion by Tape Test (D 3359, Method A), the 
ASTM Test Methods for Adhesion of Organic Coatings by Scrape Adhesion Tester (D 2197, 
Method A), and flexibility were used to evaluate coating performance. Specimens were 
exposed in a variety of ways: (1) immersion in lubricating oil, hydraulic fluid, a hydrocarbon 
solvent, or water; (2) low temperature exposure (-51~ (3) corrosion resistance to salt 
spray, 2000 h [ASTM Method of Salt Spray (Fog) Testing (B 117)] or SO2/salt spray, 500 
h [ASTM Practice for Modified Salt Spray (Fog) Testing (G 85)]. EIS data were collected 
for specimens immersed in slightly acidic solution for exposure periods up to 1200 h. Coatings 
that performed well under the accelerated exposure conditions exhibited high impedances 
and essentially capacitive behavior throughout the exposure time. Similarly, the types of 
paint panels that performed poorly in mechanical and other tests showed impedance data 
for nominally identical specimens, consistent with defected paint films. 

To date, however, EIS has not been adequately applied to coatings during exposure to 
atmospheric or vapor phase conditions. The correlations which exist between EIS data and 
visual or other degradation parameters for immersion exposure, however, provide encour- 
agement that similar success could be achieved for EIS monitoring in atmosphere. We have 
recently reported the design and preliminary testing of an atmospheric electrochemical 
monitor (ATMEIS) used to generate EIS data during atmospheric exposure [15]. The AT- 
MEIS monitor consists of a painted steel coupon upon which a gold electrode (covering less 
than 10% of the front surface of the sample coupon) is electron-beam deposited. The 
impedance of the substrate/coating system is determined in a two-electrode measurement 
using the steel substrate and the electron beam-deposited electrode. The monitor can be 
used, therefore, in the absence of a remote reference or counter electrode. The monitor 
was developed to assess the degradation of organic coatings in atmospheric exposures sim- 
ulating acid deposition. 

The monitor relies on the assumption that the impedance of the interface of the deposited. 
electrode lying on the surface of the coating is low relative to the impedance of the coating 
and the steel-coating interface, which has been verified and will be demonstrated later in 
this text [15]. This enables a two-electrode measurement rather than a conventional three- 
electrode measurement to be completed. The two-electrode approach is valid because place- 
ment of the deposited electrode at the surface of the coating enables its entire interface with 
the coating to be wetted and utilized, resulting in a low interfacial impedance relative to 
the coating or the steel-coating interface. The primary value of this monitor is that it has 
the potential of being used for completely in-situ monitoring of atmospheric or vapor phase 
coating deterioration on a real-time basis and/or on real structures. Such a method is 
currently unavailable. The method is clearly distinct from coated atmospheric corrosion 
monitors (ACM) developed by Mansfeld and others that are primarily designed to monitor 
time of wetness [17-18]. These monitors have been used to collect EIS data to characterize 
coated metal systems, but must employ remote reference and counter electrodes in im- 
mersion environments to enable this [17-18]. The method is also distinct from the curing/ 
temperature monitors developed by Senturia et al. which measure changes in dielectric 
properties to evaluate extent of cure [19-20]. 
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The objectives of the work reported in this paper were: (1) to design and test the monitor 
in immersion environments in order to determine whether the EIS data are consistent with 
predicted behavior; (2) to determine whether the deposited gold electrode interfered with 
the normal degradation of the coating in a sulfuric acid environment; (3) to demonstrate 
the feasibility of the use of the ATMEIS monitor in atmospheric chamber studies; and (4) 
to correlate changes in EIS data with mechanical degradation parameters. 

Experimental 

Preparation of Samples 

All sample coupons [25.4 by 25.4 by 1.6 mm (1 by 1 by 1/16 in.)] were prepared from 
low-carbon steel [ASTM Specification for Steel, Carbon, (0.15 Maximum, Percent), Hot- 
Rolled Sheet and Strip, Commercial Quality (A 569 CQ)] and were painted with the oil/ 
alkyd system, Dupont Dulux (681-FD-704) primer and Dulux (96-Y-67632) topcoat, which 
is typically used for maintenance painting of steel structures. Prior to painting, coupons were 
solvent-degreased with methyl ethyl ketone and grit-blasted to a white metal finish. The 
alkyd paint system was then spray-applied to the specimens. The front side of the coupons 
was coated with a layer of primer, followed by a single or double layer of topcoat. The back 
side of the coupons was coated with one layer of primer and two layers of topcoat. The 
edges were coated with primer and brush-coated twice with topcoat. Specimens had total 
dry film thicknesses of 100 to 150 I~m. All the coupons were oven-cured in air at 100~ for 
1 h, with a gradual heat-up rate (taking approximately 70 min) from room temperature to 
100~ This accelerated cure process was adopted to decrease the time necessary between 
sample preparation and use. The acceleration of cure was required to ensure that significant 
additional cure would not take place during exposure studies which could obscure results. 
The temperature and time selected for accelerated cure were recommended by the coating 
manufacturer. 

ATMEIS specimens were prepared by using electron beam evaporation to deposit a layer 
of gold (0.2 I~m thick) onto the surface of the coated steel specimens. A photoresist was 
then spun down on the surface and cured at 80~ for 25 min. The photoresist was then 
exposed to UV (320 nm, 20 s) through a mask (18 mW/cm 2, positive) containing the desired 
electrode pattern. The remaining gold, not covered by the photoresist, was then etched with 
potassium iodide/iodine (KI/I2) (30 s). An oxygen plasma was used to strip the photoresist, 
resulting in the final coupon. Figure 1 shows a picture of the ATMEIS monitor mounted 
for chamber exposure. The grid consists of a series of lines of gold which are 0.48 mm wide 
separated by 1.82 ram. The outer dimensions of the central grid (excluding bonding pads) 
are 13 by 13 ram. The bonding pads are 1.5 by 1.5 mm and are attached to the central grid 
by 0.48 by 5 mm lines of gold. Electrical lead wires were attached to the bonding pads on 
the gold electrode using silver paint. 

Experimental Apparatus and Methods 

All EIS data was collected using an EG&G PAR 273 potentiostat equipped with a 5208EC 
lock-in amplifier which was computer-controlled. EIS measurements were collected over a 
frequency range from 100 kHz to 5 mHz, applying a sinusoidal voltage signal of 10 mV, 
peak-to-peak. Low-frequency data (below 5 Hz) were collected using a Fast-Fourier trans- 
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FIG. 1--Picture of the ATMEIS monitor, mounted for chamber exposure. In immersion exposures 
only the central portion of the 2.54 by 2.54-cm coupon (portion which contains the gold grid electrode) 
would be exposed. 

form (FFT) method to apply the voltage signal and collect the data. All experiments em- 
ployed the M378 software commercially available from PAR. 

Immersion exposures were conducted in a custom-designed cell, which exposes only the 
front central portion (2.5 cm 2) of the specimen to solution and excludes the edges and back 
of the specimen from direct contact with the solution. Commercially available SCE reference 
electrodes and graphite counter electrodes were used when remote electrodes were em- 
ployed. All immersion exposures were conducted in aerated, pH 3, sulfuric acid. EIS data 
were collected daily to weekly depending on the specific exposure experiment. 

Chamber exposures were completed in a custom-designed environmental exposure cham- 
ber capable of controlled introduction of pollutant gases and regulation of conditions of 
temperature and relative humidity. The chamber was composed of a 4-in.-diameter, 2-ft- 
long sample chamber that can accommodate up to 78 1 by 1 by 1/16 in. coupons mounted 
flush with the chamber wall. The inside walls were quartz, and the rest of the system exposed 
to the gas was Teflon. A computer collected the data required to maintain and monitor 
chamber conditions and controlled the 60 L/vain mass flow controllers (wet stream) and the 
sample heater/chiller unit, which regulated sample temperature. All chamber specimens 
discussed in this manuscript were exposed to 1 ppm sulfur dioxide, 95% relative humidity, 
and either constant temperature or thermal cycling (12 h dew cycle followed by a 12-h dry 
cycle) for exposure periods of one to two months. Control samples were also run under the 
same conditions, but in the absence of sulfur dioxide. Data for ATMEIS monitor specimens 
were collected at the beginning of the dry cycle at daily-to-weekly time intervals. Four 
ATMEIS monitor specimens (two control, two sulfur dioxide) were evaluated in chamber 
exposure and are discussed in this paper. 

Tensile adhesion testing of conventionally prepared specimens was completed using a 
SEMicro pneumatic-adhesion tensile testing instrument after removal of specimens from 
the atmospheric exposure chamber. The test required bonding of a 1.25-cm-diameter alu- 
minum stud to the paint surface with a two-part epoxy resin shortly after removal from the 
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chamber. The epoxy was cured for 48 h. The tensile test consisted of applying increasing 
force to the aluminum stud until separation of the stud from the coupon occurred. The locus 
of failure (evaluated visually) and strength of failure then were determined. Adhesion testing 
was conducted on specimens after 0, 5, and 28 days of chamber exposure. All  results of 
adhesion testing on chamber-exposed specimens are presented as averages of at least three 
specimens. Tension adhesion testing on immersion exposed specimens were conducted using 
the same basic method, except that bonding occurred 24 h after removal of specimens from 
exposure. 

Results and Discussion 

Validation of the two-electrode approach was reported in the preliminary testing of this 
monitor, which demonstrated that EIS data collected in immersion with the ATMEIS were 
equivalent regardless of whether: (1) remote reference and counter electrodes are used; (2) 
the gold electrode is used as the reference/counter combination and the sample is in aqueous 
acid electrolyte; or (3) the gold electrode is used as the reference/counter combination and 
the sample is in air [15]. Figure 2 contains EIS data for the ATMEIS after one day and two 
weeks immersion in pH 3 sulfuric acid monitored using remote electrodes (SCE, graphite 
counter). In addition, EIS data collected for this same sample using the gold electrode as 
a reference/counter combination with the aqueous electrolyte removed, that is, in air, is 
shown in Fig. 2. It has further been verified that EIS data for a specimen with significant 
defects are essentially equivalent regardless of whether the gold electrode is used as a 
reference/counter combination or whether remote electrodes are used. This confirms that 
the gold/coating impedance is small relative to the overall impedance and validates the two- 
electrode method. It should also be noted that EIS data were collected for a specimen with 
gross defects (coating and gold electrode were visually damaged), and, in all cases, the 
deviation in EIS data collected using the gold electrode and using remote electrodes was 
less than a factor of two. Based on these data, the ATMEIS is appropriate for use in the 
evaluation of coating degradation. In each case, data are consistent with our model of a 
coated metal containing little or no, minor, or significant defects. The equivalent circuit 
that applies to our system is shown in Fig. 3. 

Comparison of Monitor to Conventionally Prepared Specimens 

It was necessary to evaluate the effect of the gold electrode residing on the surface of the 
coating on the normal degradation of the coating during exposure to ensure that either the 
preparation or physical presence of the gold would not significantly alter normal degradation 
processes. To evaluate the extent of this effect, degradation of samples containing the 
ATMEIS was compared with samples that were otherwise identical, but did not contain the 
monitor. Figure 4 presents a comparison of the EIS behavior of an ATMEIS to that of a 
conventionally coated sample after ten weeks of exposure of pH 3 sulfuric acid. Nearly 
identical EIS behavior was seen for these two samples throughout the exposure period. 
These data were the first monitor to nonmonitor comparison and were extremely encour- 
aging. The effect of sample-to-sample variation was also evaluated and has been previously 
reported in detail [16]. It should be noted that the preparation methods used in these studies 
did not involve precision industrial spray equipment and are expected to result in some 
sample-to-sample variation. It was necessary to evaluate whether the ATMEIS monitor 
specimens would perform significantly differently from nonmonitor specimens given the 
sample preparation constraints. It was expected that a spread in impedance data would 
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F I G .  2--Bode magnitude (A) and phase (B) plots of EIS data for the ATME1S monitor collected 
using remote reference~counter electrodes (+  ,A) or the gold electrode as reference/counter with the 
aqueous electrolyte removed (tz, 0 ) after one day, two weeks' exposure to aerated pH 3 H2S04. 
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Cc Rs2 

Cdl 

Rsl 

Rp = Polarization Resistance 

C c = Coating Capacitance 

Cdl = Double Layer Capacitance 

R d = Defect or Pore Resistance 

Rsl = Solution Resistance (return from defect) 

Rs2 = Solution Resistance (return from coating) 

FIG. 3--Equivalent circuit model for a painted steel coupon in an aggressive environment (containing 
defects or pores). 

exist, and that this could be attributed to sample-to-sample variations and would not reflect 
the validity of the method. Evaluation of this effect consisted of exposure of six nominally 
identical samples, three containing the ATMEIS monitor, and three without, to aerated, 
pH 3 sulfuric acid (in the cell described above) and the collection of EIS data as a function 
of time. Figure 5 is a plot of near d-c impedance (5 to 20 mHz), as a function of exposure 
time for the three ATMEIS samples with extrema lines overlayed for the three nonmonitor 
samples. One nonmonitor sample had significantly lower impedance values at earlier times 
than did either of the others, and the dotted line corresponds to exclusion of data for this 
sample from the data set. The comparison of data for monitor-to-nonmonitor specimens is 
quite good, particularly when excluding the one sample from Fig. 5 which had unusually 
low impedance values at early times. Thus, the presence of the gold electrode on the sample 
surface does not appear to effect the normal chemistry/degradation process of this coating 
system in sulfuric acid. 

Chamber Exposure o f  A T M E I S  Monitor 

Figure 6 presents EIS data for a sample containing the ATMEIS monitor as a function 
of exposure time in the atmospheric chamber to i ppm sulfur dioxide, 95% relative humidity, 
with thermal cycling. The quality of the EIS data, as well as the expected decrease in low 
frequency impedance with exposure time, demonstrates the feasibility of the monitor for 
studying and evaluating coating degradation in atmospheric exposures. Figure 7 compares 
near d-c impedance values as a function of exposure time for ATMEIS specimens during 
the sulfur dioxide experiment with tensile adhesion strength measurements for a series of 
conventional specimens (samples which do not contain the ATMEIS monitor, but are oth- 
erwise nominally identical) exposed during the same chamber run. Decreases in near d-c 
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pH 3 H~_S04. 
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FIG. 5--Near d-c impedance values ( - 5  to 20 mHz) as a function of exposure time for three specimens 
containing the ATMEIS monitor which were immersed in aerated pH 3 H2S04. Extrema lines for three 
conventional specimens exposed under the same conditions are drawn in. Dotted line indicates exclusion 
of one conventional specimen which had particularly low early impedance values. 
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FIG. 6--E1S data, plotted in the Bode magnitude format, for an ATME1S monitor after 2 (o), 5 ( + ), 
7 ( 0 ), and 19 (7) days' exposure in the atmospheric exposure chamber to 1 ppm S02, 95% RH. 
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FIG. 7--Comparison of near d-c impedance values (~5 to 20 mHz) for two A TMEIS monitor specimens 
( + ,D) to average tensile adhesion strength values for conventionalspecimens (A) as a function of  exposure 
time in the atmospheric exposure chamber to 1 ppm S02, 95% RH. 

impedance correspond well to changes in the mechanical properties. ATMEIS data are given 
for two different samples and tensile adhesion values are averages of at least three specimens. 
Locus of failure in the tensile specimens occurs initially within the paint system, but shifts 
to the metal primer interface at later exposure times. Visual examination of the failure 
surface indicates that this failure is associated with corrosion at the metal/primer interface. 
Thus, EIS is detecting corrosion at the interface. 

Figure 8 compares EIS data for the ATMEIS during exposure to sulfur dioxide, 95% 
relative humidity to data for exposure in the atmospheric exposure chamber under the same 
conditions, but in the absence of sulfur dioxide. Although these data only represents a 
comparison of two chamber runs, the data are suggestive of enhanced degradation of the 
coating in the presence of sulfur dioxide. It further indicates the sensitivity of the monitor 
in indicating degradation. Confirmation of these data is underway. Nevertheless, the changes 
detected during the chamber run clearly demonstrate the feasibility of the ATMEIS monitor 
for atmospheric monitoring. Further, these changes are consistent with the changes in the 
mechanical integrity of the coating system. 

One unexpected observation was the magnitude of the low-frequency impedance data at 
early exposure times for the chamber exposed ATMEIS. Initial low-frequency values for 
specimens with the ATMEIS ranged from 1011 to 109 ohms in immersion exposure. Initial 
low-frequency values for specimens with the ATMEIS in chamber exposure ranged from 
108 to 107 ohms. This behavior is likely due to the existence of defects at the sample edges 
which would not be exposed in the immersion exposures used to preliminarily evaluate these 
samples as validated in a previous report [16]. The fact that the monitor is sensitive to such 
defects indicates that the monitor can detect defects in areas other than those immediately 
adjacent to the gold electrode. To further evaluate this effect, an ATMEIS specimen, exposed 
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FIG. 8--Comparison o/near d-c impedance values ( -5  to 20 mHz) for two A TMEIS monitor specimens 
( 0 ,A) exposed to 1 ppm S02, 95% RH to near d-c impedance values for two ATMEIS monitor specimens 
(n, + ) exposed to 95% RH as a function of exposure time in the atmospheric exposure chamber. 

via immersion, was intentionally defected to expose - 1 . 2  mm 2 of the underlying steel 
substrate between the gold grid lines. EIS data were collected prior to and after the imposition 
of this intentional defect and are shown in Fig. 9. A change in the near d-c impedance 
behavior of several orders of magnitude was witnessed, clearly demonstrating the ability of 
the monitor to detect defects in areas adjacent to the gold electrode. The remote sensing 
ability of the monitor is likely due to conductivity through the moisture film present on, or 
within, the coating surface. 

Correlation of  EIS Data with Tensile Adhesion Data 

The relationship between EIS data obtained with the ATMEIS monitor and tensile adhe- 
sion strength for samples exposed to the same environment provides encouragement that 
EIS data may be used as an indicator of mechanical properties and the changes in these 
properties due to degradation. Although one other study reports similar effects [6], we are 
not aware of any studies that have evaluated the extent of this correlation for the same 
samples. To fully evaluate this effect specimens were immersed in pH 3 sulfuric acid for 
exposure times ranging from 1 h to several weeks, and EIS data were collected throughout 
this exposure time. One day after specimens were removed from exposure, tensile adhesion 
testing was completed according to the procedure described in the experimental section. 
The correlation between tensile adhesion data and near d-c impedance measured just prior 
to removal from exposure is shown in Fig. 10. Data points are averages of 3 to 20 specimens 
at each exposure time. Although this data is for a limited number of samples, the correlation 
is quite good. It should be noted that the one high point (10 H ohms, 900 psi) represents the 
average value for several (10 to 20) unexposed samples. Figure 11 shows the correlation 
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FIG. 11--Plot of overage tensile adhesion strength as a function of average percent metal~primer failure 
for specimens which were immersion exposed in aerated pH 3 H_,SO4. Percent metal~primer failure was 
evaluated visually. Averages are computed at each exposure time (1 h to several weeks). 

of tensile adhesion strength for these specimens to percent metal/primer failure. This cor- 
relation is also quite good. As was previously mentioned, the locus of failure in unexposed 
specimens or after very short exposure times generally is cohesive in the paint system, that 
is, occurring within the layers of the paint system. After longer exposure times, this failure 
shifts to the metal/primer interface and has been visually associated with corrosion of the 
interface [21]. Thus, the facts that strength measurements correlate wel! with percent metal/ 
primer failure and that EIS data correlate well with strength indicates that EIS may be used 
as a nondestructive means of assessing changes in mechanical properties and extent of 
corrosion at the metal/primer interface. This report is the first which presents a direct 
comparison of EIS data to mechanical properties for the same samples. 

Conclusions 

An atmospheric electrochemical monitor capable of sensing coating degradation during 
atmospheric exposure has been designed and tested. This monitor has been used to generate 
EIS data equivalent to those collected using remote reference and counter electrodes for 
immersion exposures. The monitor has also been used to generate EIS data upon removal 
from immersion and during exposure in an atmospheric exposure chamber that are consistent 
with those expected for a coated metal in an aggressive environment. The effect of this 
monitor in influencing normal sample degradation/chemistry has also been evaluated. For 
the system studied, in sulfuric acid environments, the extent or mechanism of degradation 
of samples containing this monitor is not significantly different from that of conventionally 
prepared samples which do not contain the ATMEIS monitor. EIS data for the chamber- 
exposed ATMEIS monitor are consistent with tensile adhesion strength data collected for 
conventional samples exposed to the same environment for equivalent exposure times. In 
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addition, preliminary EIS data indicate a good correlation between near d-c impedance and 
tensile adhesion strength. Such changes in tensile data have been correlated to corrosion at 
the interface, indicating the possible predictive capabilities of the impedance method. Cham- 
ber-exposed ATMEIS monitors have initial low-frequency impedance values that are a few 
orders of magnitude lower than immersion-exposed monitors, presumably due to low imped- 
ance pathways at the edges of the specimens which would not be exposed in the immersion 
exposures. This monitor and its potential applicability for nondestructive, real-time moni- 
toring of coating degradation represents a necessary addition to field of coatings research. 
Further design and testing of this monitor is anticipated to provide considerable information 
regarding coating degradation in aggressive environments. 
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DISCUSSION 

N. Berke 4 (written discussion)--The Bode plots look like they could be fit by a simple 
Randle's circuit. This indicates that the coating failure is not necessarily related to pores 
forming. What is your view of the failure mechanism? 

T. C. Simpson et al. (authors' closure)--We agree with the comment that the Bode plots 
look like those that would result in a system with a single time constant. However, they are 
also consistent with the expected behavior for a coated metal system when initial defects 
form. Such behavior has been well documented in the literature. 

C. Sauseirio 5 (written discussion)--Was polyurethane (arc coatings) tested? 

T. C. Simpson et al. (author's closure)--No. 

L. Zook  6 (written discussion)--When performing the coating tensile adhesion evaluations, 
was the coating cut to the substrate around the anvil in order to obtain the actual adhesion 
of the coating to the substrate, as opposed to obtaining the tensile strength of the coating 
and substrate? 

T. C. Simpson et al. (authors' closure)--No, the coating was not intentionally cut to the 
substrate around the anvil prior to tensile adhesion testing. It should be noted, however, 
that prior to completion of the adhesion test method a steel "cut-off" ring replaces the 
Teflon ring and some severing of the coating likely occurs. In any case, the tensile strength 
(=20 psi) of the coating is at least an order of magnitude less than typical tensile adhesion 
strengths. It is expected that the effect of this variable on our measurements is negligible. 

4 W. R. Grace, Cambridge, MA. 
s St. Louis, MO. 
6 USBI, Inc., P.O. Box 21212, Kennedy Space Center, FL 32815. 
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Electrochemical Screening of Synergism of 
Surfactants in the Inhibition of Corrosion of 
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ABSTRACT: The passivation current obtained from galvanostaircase polarization curves in- 
dicates whether aluminum can be passivated in a given environment. The change in passivation 
current with increased passivation of aluminum is much more sensitive than changes in break- 
down or corrosion potentials. This great sensitivity of passivation current was used to develop 
a rapid screening method to determine whether a surfactant was synergistic or antisynergistic 
with the inhibition of aluminum by silicate at elevated temperature. The passivation current 
was also used to screen surfactants for inhibition of aluminum corrosion in the absence of 
silicate. 

KEY WORDS: electrochemical, synergism, surfactants, corrosion inhibition, aluminum, pas- 
sivation current, screening, galvanostaircase 

Chemistry of Aluminum 

Aluminum is a base metal  with a standard reference potential of 1.66 V versus the standard 
hydrogen electrode.  It should evolve hydrogen from water,  but it is quite stable in air as 
well as in nonaggressive aqueous  systems because of a stable aluminum oxide layer. In 
neutral  medium,  the oxide layer is 25 to 50 A thick, and the hydroxide layer can be 2000 
to 5000 A thick. The  general  corrosion rate of a luminum is related to the rate of hydrolysis 
of the oxide to yield the hydroxide [1]. 

11203 + 3H20 ) 211(OH)3 (1) 

Aluminum hydroxide is amphoteric,  that is, it can behave as an acid or base. 

AI(OH)3 + 3 O H -  > A I ( O H ) c  3 (2) 

AI(OH)~ + 3H +-  ~ A1 +~ + 3HzO (3) 

Equat ions 2 and 3 show that the protect ive film formed in Eq  1 is unstable at high and low 
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pH. The region of passivity in mildly acidic to mildly basic media can be extended by certain 
inhibitors. 

Electrochemistry of Aluminum 

When aluminum is polarized galvanostatically in slightly basic borate buffer, the voltage 
rises to 400 V with no sign of breakdown [2]. Because of this very strong tendency to 
passivate, it is virtually impossible to carry out d-c electrochemistry without first overcoming 
this strong passivity. Some ions that were found capable of overcoming this passivity are 
chloride, nitrate, chlorate, bromate, and perchlorate [3]. It is a common practice to add 
100 ppm of sodium chloride (NaCI) to all test solutions. But, even in the presence of chloride, 
the difficulty in breaking through the protective layer formed by certain inhibitors creates 
a severe inductive effect with a large shift of the breakdown potential, Eb, in the noble 
direction during potential, E - ,  controlled polarization [4-6]. The positively biased protection 
potential, Ep~o,, and Eb data did not correlate with other laboratory test results and field 
results [5,6]. 

To overcome the inductive effect discussed above, a galvanostaircase polarization (GSCP) 
technique was developed [5, 7,8]. GSCP involves the application of a current staircase signal 
to a metal electrode and recording of the voltage response as shown by the schematics in 
Fig. 1 (taken from the ASTM Test Method for Conducting Cyclic Galvanostaircase Polar- 
ization [G100-89]) [7]. In practice, the data presentation is simplified by making the hori- 
zontal axis the current, which allows elimination of the current information in the bottom 
curve in Fig. 1; also, the downstep portion of the curve is reversed to show the separation 
between Eb and Ep .... if any, as shown in Fig. 2. The points at the end of each step are used 
to determine E b and Ep~ot. E b is determined by extrapolating the up-step points to zero 
current, while Eprot is determined by extrapolating the down-step points to zero current. 

Passivation Current 

The great sensitivity of ipas~'n to changes in susceptibility to corrosion of aluminum was 
discovered when we were studying temperature effects on the GSCP curves of experimental 
and commercial coolants [8]. Figure 3 gives the GSCP curves of aluminum at three con- 
centrations of a commercial antifreeze at room temperature. Note that both E b and gprot a r e  
lowered by dilution. This antifreeze is adequate at all concentrations at room temperature. 
However, at elevated temperature, it becomes totally inadequate, as shown in Fig. 4. 
ipa~s'n is determined by extrapolation of the steepest part of the curve to the corrosion potential, 
Ecf,.. ip . . . .  may be thought of as the rate of generation of A1- +* ions that is required to 
initiate the passivation process. The 15% antifreeze gives no sign of passivation while at 25 
and 45% levels, 900 and 320 ~A/cm 2, respectively, are required to initiate passivation. 

Figure 5 shows the effect of pH on the GSCP curves of aluminum in 25% ethylene glycol 
containing 1% sodium nitrate and 1% borax, ip~'n is determined by the extrapolation of the 
steepest part of the forward scan to Ecorr, while the depassivation current, idepass, is determined 
by the extrapolation of the steepest part of the reverse scan to the plateau preceding the 
drop in current (see the pH 11 curve), ip~,'n and idep.~ determined in Fig. 5 are plotted in 
Fig. 6. These i-pH curves are similar to the Pourbaix diagrams, indicating the regions of 
passivity and the regions of vulnerability. We have applied only ip~,-0 to our studies because: 
(1) it shows better correlation with other test results and field results [8]; (2) extrapolations 
are sharper; and (3) test duration is shorter. 
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FIG. 1--Schematic of current staircase signal and GSCP curve. 

Experimental 

The apparatus consisted of the Solartron 1286 potentiostat and the Hewlett Packard 300 
series computer using the Solartron 1091A software. The electrochemical cell and prepa- 
ration of the aluminum specimens and the test media were the same as described earlier 
[3] and more recently in ASTM G100-89 except that the samples were polished with 600 
grit paper just prior to the test. 

Results and Interpretation 

The Critical p H  o f  a Coolant 

In Fig. 6, the ip~,, versus the pH curve of aluminum shows a sharp rise in the current at 
pH 8. That point of the sharp break is defined as the critical pH of the system. The aluminum 
will be vulnerable at pH greater than eight in that medium. Some of the failures of commercial 
antifreeze coolants were traced to operating pHs that were greater than its critical pH. The 
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FIG. 2--GSCP curve for Al  in 3OO0-ppm NaCl. 
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FIG. 3--GSCP curves of  45, 25, and 15% commercial antifreeze at room temperature. 
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critical pH of commercial coolants vary widely (pH 7 to 12) and sometimes they are very 
sensitive to temperature, for example, compare Figs. 3 and 4. 

Synergism between Silicate and Surfactants 

Figure 7 shows the effect of silicate level on ip,ss,, as well as Eb and Eprot as a function of 
silicate concentration. There is no significant change in E~, while Epro, and especially ipa~s,. 
yield sharp breaks which corroborate each other. 

The sharp-breaking region in the/pass', curve in Fig. 7 was used to screen various surfactants 
for synergism with silicate in the protection of aluminum from corrosion under depassivation. 
Two solutions, X and Y, were prepared. X contained 2% borax �9 5H20, 0.263% nitric acid, 
0.1% sodium nitrite, and 0.1% tolyltriazole. Y contained the same level of ingredients as 
X, but in addition contained 0.0625% silica (as stabilized sodium silicate). The reference 
test solution was prepared by mixing 65 parts of Y with 35 parts of X, yielding a silica 
concentration of 0.0406%. This reference test solution yielded a ip~,, that fell in the middle 
of the sharp break. The reference test solution was spiked with a surfactant, and ipass'n was 
determined. The results are given in Table 1. The first column gives the surfactants; the 
concentration is 0.5% unless given otherwise. The second column gives the ip~s~., in the spiked 
reference test solution; results at lower concentrations are given in parentheses. The third 
column gives ipa,s,, in the reference solution minus the silicate; these results tell you whether 
the surfactants themselves inhibit the corrosion of aluminum. The reference test solution 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



418 CORROSION TESTING AND EVALUATION 

o 

2 

L; 

> 

o 

0 
pH 2 

pH 3 

pH 4 

pH 8 0 

, , J �9 i I r I 

~ 0  

�9 �9 ' | I I i i �9 �9 i i , , 

500 0 500 i, HR/cm~ 

j pH 10 

i �9 i i I i �9 �9 . , 

pH II~ 

pH l l . S  

0 500 
FIG. 5 - - p H  effect on the GSCP curves of  Al. 

had a /p~ss'n of 387 p~A/cm 2. The surfactants are arranged according to increasing synergism 
based on their 0.5% solutions. Surfactants above the reference are synergistic while those 
below the reference are antisynergistic. 

The seven surfactants with asterisks are synergistic, but they are too insoluble and some 
separate as an oily phase during normal operation at elevated temperature. P L U R A F A C  
RA-30 surfactant is synergistic, but the cloud point is 35~ which may cause the surfactant 
to separate under very warm storage. P L U R A F A C  C-17 surfactant is quite synergistic and 
looks promising. The most promising appeared to be TETRONIC 1304 and TETRONIC 
1104 surfactants; however, they were slightly too foamy under normal operation. TE- 
TRONIC 1302 and TETRONIC 1102 surfactants yield virtually no foam, but they are 
insoluble. The most appropriate surfactants would be TETRONIC 1303 and TETRONIC 

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  W e d  D e c  2 3  1 8 : 3 8 : 2 8  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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1103, but they are not found on the grid (Fig. 8), which meant that they are not manufactured; 
therefore, they were specially synthesized. At 0.5% concentration, TETRONIC 1103 sur- 
factant behaves like the reference and TETRONIC 1303 surfactant is slightly antisynergistic. 
However, the results at the lower concentrations show that there is maximum synergism at 
around 0.1% for both surfactants. This concentration of maximum synergism is believed to 
be related to the critical micelle concentration, cmc, of the system. At the cmc, the coverage 
of the metal surface with the surfactants molecules should be just completed. 

When an alkoxylated alcohol is phosphorylated to yield KLEARFAC AA270 surfactant, 
the result is high antisynergism. It appears that AA270 is interfering with the formation of 
the protective aluminum silicate film. 

Inhibition by Surfactants 

In the absence of silicate (results in third column), any ipas~,, value below 800 indicates 
some inhibition. The nonionic surfactants do not adequately inhibit aluminum corrosion at 
the selected pH. The only anionic surfactant investigated, KLEARFAC AA270, appears 
to be a good inhibitor, and it improves as the concentration is lowered. 
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FIG.  6--Current-pH curves derived from data in Fig. 5. 
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Discussion 

Structure of  Surfactants 

Figure 9 lists the structures of the surfactants covered in this study. The PLURONIC 
surfactant has a polyoxypropylene block in the middle and two polyoxyethylene blocks at 
the ends. In the reverse PLURONIC,  the positions of the oxyethylene (EO) and oxypro- 
pylene (PO) blocks are reversed. In the TETRONIC surfactants, four PO blocks are added 
to ethylene diamine, and four EO blocks are placed on the ends. In the TETRONIC R 
surfactants the positions of the PO and EO blocks are reversed. P L U R A F A C  surfactants 
involve the oxyalkylation of an alkyl alcohol. K L E A R F A C  surfactants are obtained by the 
phosphorylation of an alkoxylated alcohol. The ICONOL surfactants are alkanol and al- 
kylphenol ethoxylates. 

TETRONIC Grid 

The grid system is a very efficient way to display all of the members of a class of surfactants. 
The TETRONIC grid is shown in Fig. 8. The physical properties vary smoothly horizontally 
and vertically so that the surfactant with the desired properties can be selected or designed. 
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T A B L E  1--Synergism of surfactants with inhibition of Al by silicate. 

/pass'n, I~A/cm 2 

Surfactants w SiO2 wo SiO2 M W  a 

P L U R O N I C  L64, b 132 2 900 
P L U R O N I C  L64,0.1% 318 C >800 2 900 
P L U R A F A C  RA-40 h 138 821 
P L U R A F A C  RA-30 139 625 
T E T R A O N I C  1304 152 360 10 500 
T E T R O N I C  1304,0.16% 202 c 10 500 
I C O N O L  DA-6  b 173 
I C O N O L  T D A - 8  b 218 
T E T R O N I C  1104 220 362 8 300 
P L U R A F A C  C-17 223 575 820 
T E T R O N I C  504 227 >680 3 400 
P L U R O N I C  L44, b 225 2 200 
P L U R O N I C  L44,0.1% 228 ~ >800 2 200 
I C O N O L  DA-9  230 650 
P L U R A F A C  RA20 260 791 
C12E8 a 268 522 
T E T R O N I C  904 286 6 700 
P L U R A F A C  D25 298 932 
P L U R O N I C  L62, b 310 2 360 
P L U R O N I C  L62,0.1% 454 c 636 2 360 
I C O N O L  OP-10 b 310 
P L U R A F A C  B-26 316 592 1 030 
P L U R O N I C  25R2 320 530 3 100 
C12E2 a 356 250 
T E T R O N I C  1504 381 12 000 
R E F E R E N C E  387 >800 
T E T R O N I C  1103, 388 >800 7 000 
T E T R O N I C  1103,0.2% 252 c 7 000 
T E T R O N I C  1103,0.1% 148 c 7 000 
T E T R O N I C  1103,0.05% 415 c 7 000 
P L U R O N I C  103 410 >800 4 950 
T E T R O N I C  50R8 500 >800 10 200 
T E T R O N I C  1303, 508 >800 8 860 
T E T R O N I C  1303,0.2% 325 c 8 860 
T E T R O N I C  1303,0.1% 52 c 8 860 
T E T R O N I C  1303,0.05% 388 c 8 860 
T E T R O N I C  90R4 667 650 7 240 
K L E A R F A C  AA270,  >800 118 902 
K L E A R F A C  AA270,0 .2% 518' 58 c 902 
K L E A R F A C  AA270,0 .1% >800 ~ 25 c 902 
K L E A R F A C  AA270,0 .05% >800 c 902 
K L E A R F A C  870 >800 

~ See section on T E T R O N I C  grid under  Discussion for the est imation of the  molecular  weights. 
b Incompletely soluble, therefore not  run in the absence of silicate. 

Surfactant concentrat ions <0 .5%.  
d Ethylene oxide adducts of  dodecyl alcohol. 
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of the numerals in the grid as well as the solid and broken lines. 

The numerals preceding the last digit, that is, 30 to 150, give the vertical position on the 
grid, which is related to the molecular weight of the PO blocks. The last digit multiplied by 
ten gives the percent of the EO blocks. For example, the molecular weight of TETRONIC 
1504 = 7000 + 0.4/0.6(7000) -- 11 667 - 12 000. 

In Fig. 8, the area bounded by the solid line gives the best wetting surfactants, while the 
area bounded by the broken line gives the surfactants with high foaming tendencies. TE- 
TRONIC 1304 and 1104 surfactants were selected initially for their wetting ability plus the 
fact that they were out of the foaming region. However, they were still found to be too 
foamy. Moving left on the grid, 1303 and 1103 cut down the foaming but the solubility was 
not reduced sufficiently to give problems. Had the solubility been reduced too much, the 
EO content could have been increased to 35%, in which case the name of the surfactants 
would have been TETRONIC 1303.5 and 1103.5 surfactants. This ability to fine tune the 
physical properties of a surfactant is the advantage of the grid system. The example given 
here is also applicable to PLURONIC,  PLURONIC R, and TETRONIC R surfactants. 
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KLEARFA C AA270 Surfactant 

The biggest surprises in this study were the strong antisynergism between AA270 and 
silicate in the inhibition of aluminum corrosion and the strong inhibition of aluminum 
corrosion by AA270 at elevated temperature in the absence of silicate. 

Conclusion 

The extremely high sensitivity of the passivation current to the passivation of aluminum 
by silicate was used for the rapid screening for synergism by surfactants. The passivation 
currents were obtained from galvanostaircase polarization curves. 
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PLURONIC R 

TETRONIC (EO)y 

(EO) Y 

(EO)y (PO) x - (EO)y 

(PO) x (EO)y - (PO) x 

- (PO)v . . ( P O ) ,  - (EO)y 
A"--INC2H4N/ ^ 

(PO)( ~(PO) x (EO)y 

TETRONIC R 
(PO) x - (EO)y~ ~(EO)y - (PO) x 

~NC2H4N\ 

(PO) x (EO)y (EO)y - (PO) x 
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KLEARFAC 

ICONOL NP, OP 

ICONOL DA, TDA 
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EO 
R 
F 

NP 
OP 
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= OXYPROPYLENE 
= OXYETHYLENE 
= LINEAR ALKYL 
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= OCTYL PHENOL 
= DECYL ALCOHOL 
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FIG. 9--Surfacmnt types. 
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The two most synergistic surfactants were TETRONIC 1303 and 1103 surfactants. TE- 
TRONIC 1304 and 1104 surfactants were also synergistic, but they were too foamy. PLUR- 
AFAC C-17 surfactant was synergistic. KLEARFAC AA270 was very antisynergistic, while 
in the absence of silicate it showed great promise for inhibiting the corrosion of aluminum 
under depassivating conditions. This was confirmed when the ASTM Test Method for Cav- 
itation Erosion-Corrosion Characteristics of Aluminum Pumps with Engine Coolants (D 
2809) aluminum pump cavitation test was passed in the absence of silicate and carboxylates, 
which are well known for their effectiveness against cavitation erosion. 
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ABSTRACT: Steel-reinforced concrete is used throughout the world in the construction of 
bridges, marine structures, parking garages, and buildings. The alkaline environment of the 
concrete protects the steel from corrosion; however, this protective environment can be dis- 
rupted due to the migration of chloride ions to the steel and/or to carbonation of the concrete. 
In this paper several electrochemical techniques that can be used to determine and predict 
the corrosion of steel in concrete are described. Further, it is shown how these techniques can 
be used to show the effectiveness of corrosion inhibitors and other modifications to the concrete 
mixture on corrosion control. 

Solution testing in calcium hydroxide and in sodium/potassium hydroxide pore water so- 
lutions can be used to determine corrosion mechanisms and the effectiveness of inhibitors 
when chloride is present. The use of cyclic polarization in these solutions to determine the 
effects of chloride and calcium nitrite is discussed. 

Corrosion testing of steel in concrete provides more direct evidence of the effect of the 
concrete mix design on corrosion performance. Three techniques are quite common in this 
laboratory and in others. They are polarization resistance, electrochemical impedance, and 
the measurement of the macrocell corrosion between two layers of bars. The use of these 
techniques is discussed, and several examples of their use and comparison to visual attack of 
the steel are given. The techniques, as used, correlate very well with the observed corrosion 
damage on the embedded steel. 

Because polarization resistance and electrochemical impedance are nondestructive, they can 
be used to monitor the corrosion rates of steel in concrete, whereas mass Ioss or visual 
observation require destruction of the concrete to observe the bar. The use of these techniques 
to monitor the long-term behavior of steel in concrete is demonstrated. 

KEY WORDS: concrete, corrosion, corrosion testing, electrochemical techniques, polarization 
resistance, electrochemical impedance spectroscopy, cyclic polarization, macrocell, pore water 

S tee l - re inforced  concre te  is a widely used and  durab le  cons t ruc t ion  mater ia l .  Usual ly ,  the  
steel is as durab le  as the  concre te  because  it is p ro tec ted  f rom corros ion  by a passivat ing 
layer of  i ron oxide which forms in the  a lkal ine  condi t ions  prevai l ing in the  concre te .  Un-  
for tunate ly ,  concre te  is p e r m e a b l e ,  and,  if exposed  to corrosive agents ,  these  may  be  able  
to pene t r a t e  t h rough  the  concre te  and  reach  the  re inforc ing steel ( rebars) .  In  some cases, 
this may resul t  in a rapid  de te r io ra t ion  in the  s t rength  and  the  integr i ty  of the  concre te  
s t ructure.  

Bridges,  pa rk ing  garage,  and  mar ine  s t ructures  are par t icular ly  vu lne rab le  as they  are 
exposed  to deicing agents .  T he  chlor ides  in these  agents  are able to b r e a k  down the  passive 
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film on the rebars and promote corrosion of the depassivated steel. The rate of attack is 
determined by the concentration of the chlorides, the nature of the exposure (continuous 
or intermittent), the pH in the pores, the presence of oxygen, and the ambient temperature. 
Because the corrosion products have a larger volume than the reactants, the concrete is 
subjected to tensile forces that cause cracking and spalling, which leads to a reduction in 
its strength and ultimately to failure of the structure. 

The time to corrosion initiation can be reduced by decreasing the permeability of the 
concrete by the addition of pozzolans such as microsilica and/or by the addition of corrosion 
inhibitors which enhance the stability of the passivating film on the rebars. Rebars coated 
with organic films are also widely used, but their efficacy against localized attack at flaws 
is questionable [1]. The additives ideally are added at the time of mixing the concrete. 
However, techniques are being developed for protecting and rehabilitating existing structures 
by exposing them to corrosion inhibitors and by overlaying them with concrete containing 
pozzolans (expecially microsilica) or latex. 

The importance of these developments can be gaged by estimates of the Strategic Highway 
Research Program that $450 to $550 million per year can be saved by correcting corrosion 
problems in existing bridges [2]. Consequently, it has become imperative to have reliable 
methods for accurately measuring the rate of corrosion in structures and for comparing the 
corrosion protection afforded by various inhibitors and pozzolans. Ideally these tests should 
be rapid and nondestructive. Electrochemical techniques are now being widely used for this 
purpose. Long-term exposure studies and visual inspection are still necessary, however, as 
a means of confirming the results of electrochemical measurements. 

The traditional electrochemical method of measuring the corrosion potential, the ASTM 
Test Method for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete (C 876), 
may be misleading as it does not provide complete information on corrosion rate effects 
[3]. Other electrochemical methods, specifically certain polarization techniques and elec- 
trochemical impedance spectroscopy (EIS), provide a more reliable indication of corrosion 
in concrete. The cyclic polarization technique is a useful tool in assessing the pitting tendency 
of a metal in a particular environment. The macrocell corrosion testing method is a simple 
procedure that does not require the use of sophisticated electronic equipment. 

In this paper, we will describe several electrochemical techniques appropriate to rebar 
testing and present data obtained in our laboratories using polarization resistance, EIS, 
cyclic polarization, and macrocell procedures. In addition, the protection offered by a calcium 
nitrite corrosion inhibitor will be discussed. 

Electrochemical Methods 

Because corrosion is essentially an electrochemical process in which the rate of corrosion 
is determined by the current flowing between anodic and cathodic sites on the metal surface, 
the basis of many electrochemical techniques is to measure this current. The value of the 
corrosion current may then be used to calculate a rate of metal loss according to Faraday's 
law. Because in the metal's natural state the corrosion current flowing from anode to cathode 
is exactly balanced by a current flowing from cathode to anode, it is necessary to displace 
the metal from its equilibrium potential to obtain an estimate of the corrosion current. 

Many polarization methods for estimating the corrosion current have been devised [4- 
10], each providing specific information and having characteristic advantages and disadvan- 
tages. Apart from the reliability of the method, the time needed to complete a test, the cost 
of the equipment required, the degree of training required for the operators, and the difficulty 
in interpreting the data are important considerations when selecting a test method. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BERKE AND HICKS ON ELECTROCHEMICAL METHODS 427 

- 2 0 ~  - 

M,I - -  Z t O  - o u) 
t,~ - 2 t 5 ' .  
> 

> 
E - 22OI-  

- J  < - 2 a ~ -  
f f -  
Z 
I I I  - 230'- 
I "  
0 
a. _ a 3 ~  

- 240 

Rp=3.7"10 60  

Ecorr 
E[I:0I / /  / /  

- t 0  - 8  - 6  - 4  - 2  0 2 4 6 

CURRENT DENSITY (nAlcm 2) 
FIG. 1--Example of a polarization curve for determining Rp. 

Two methods that have proved useful for evaluating the corrosion resistance of rebars in 
concrete are polarization resistance and electrochemical impedance spectroscopy (EIS). 
These methods are nondestructive and require the use of a potentiostat, and EIS additionally 
requires the use of a transfer function analyzer. Data obtained with the EIS technique are 
also more difficult to interpret. 

Polarization Resistance 

The polarization resistance essentially quantifies the degree to which the system resists 
corrosive attack by the environment. This measurement technique, which is described in 
the ASTM Practice for Conducting Potentiodynamic Polarization Resistance Measurements 
(G 59), requires a minimum of equipment and is relatively low cost as well as easy to learn 
and use. A potentiostat is used to displace the equilibrium of the metal by about 10 to 20 
mV as measured relative to a reference electrode, and the current flowing between the 
metal (rebar) and a counter electrode is measured. 

In practice, the potential is applied to a value of about 20 mV below the equilibrium value 
and then swept at a low scan rate of about 0.1 mV/s to a potential of about 20 mV above 
the equilibrium value. The current response is recorded. 

As shown in Fig. 1, the current-voltage relationship is linear around the zero-current 
portion of the curve, and the polarization resistance, Rp, is obtained from the slope 

where 

E = the potential, and 
i = the current density. 

Rp, Q-cm: = E/i  

Values of less than 50 kf~.cm 2 usually indicate the onset of corrosion of rebars in concrete. 
Values below 20 kfl .cm 2 are associated with severe corrosion [11]. 

The corrosion current at equilibrium can be calculated from the relationship developed 
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FIG. 2--Equivalent circuits for rebars corroding in concrete, uncoated. 

by Stern and Geary [12], of which the following is a simplification 

i .... = B/Rp (1) 

where B is a constant for a given system. A typical value for concrete is B = 26 mV [12]. 
One problem that arises when applying this method to reinforcing steel in concrete is that 

the resistance of the concrete material between the reference electrode and the rebar, Rs 
in Fig. 2, can be several kl~.cm 2, and may be comparable to the value of the polarization 
resistance of the rebar, particularly when the latter is in the corrosion regime. The resistance 
of the concrete must be known to calculate the true polarization resistance 

Rp = R p . m e a s u r e a  - Rco.crete 

Electronic techniques involving an IR adjustment or current interrupt procedure may be 
used to correct for this error. In the current interrupt method [6,13,14[, the value of the 
uncompensated resistance is sampled regularly and the ohmic drop is subtracted from the 
measured potential. As suggested by the name, the current flowing through the cell is stopped 
for some 200 p~s at fixed time intervals. Because the only potential in the circuit at zero 
current is that due to the electrical double layer on the rebar, the potential drop due to the 
resistance of the concrete can be estimated. The current interrupt technique has been found 
to compensate accurately for the resistance of the concrete as determined by EIS techniques 
[14]. 

Electrochemical Impedance Spectroscopy ( EIS) 

By applying an alternating current over a range of frequencies, more mechanistic infor- 
mation on the corrosion process can be obtained than when using a direct current. This is 
because the electrochemical circuit is in fact a network of capacitances and resistances (Fig. 
2), and the measured impedance can be related to various elements of the circuit, depending 
on the frequency. Based on the equivalent circuit for a rebar in concrete (Fig. 3), at high 
frequencies the impedance is due to the ohmic or uncompensated resistance, and at low 
frequencies it is due to the sum of this and the polarization resistance, now called the charge 
transfer resistance. The impedance may be represented by [15] 

Z = R, + R,(1 - jo)CR,)/[1 + (o)CRe) 2] 

where 

= the total impedance measured at frequency f, Hz, 
~o = 2~ f rads/s, and 
j = x/ -Y-f .  
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FIG. 3--Equivalent circuits for rebars corroding in concrete, coated or passivated rebars. 

The equivalent circuit shown in Fig. 3 has been found to model the effect of protective 
coatings or films on the rebar; different circuits have been proposed to allow for other 
surface treatments and effects within the concrete itself. Such effects may be important in 
the presence of passivating inhibitors or if diffusion through the concrete matrix is rate 
controlling. 

EIS requires special purpose equipment including computer control, and sophisticated 
software is used for analyzing the data obtained. In general, it is slower than the polarization 
resistance method, requires more expensive equipment, better trained operators, and careful 
interpretation of the results. 

The experimental data are commonly displayed using Nyquist or Bode plots (Fig. 4), 
although other representations may be used to highlight specific phenomena. The method 
of obtaining the value of Rp from the data is illustrated in Fig. 4 for the circuit shown in 
Fig. 3. Once R, is known, the corrosion current is determined as before, using Eq 1. 

Special-Purpose Methods 

The polarization resistance and EIS methods provide an average corrosion current and 
do not give an indication of the susceptibility of the rebar to pitting or other localized attack. 
Rebars exposed to chloride environments are particularly susceptible to pitting attack, so 
it is important that the corrosion engineer have a means of assessing the likelihood of attack 
by this mechanism. By applying the polarization potential in a cyclic manner, it is possible 
to learn something of the tendency to pit. 

On the other hand, if the objective is simply to compare the efficacy of different corrosion 
protection systems, it is not necessary to use the sophisticated equipment needed for po- 
larization measurements. In this case, sufficient information can usually be obtained by 
measuring the current flowing in a macrocell. 

Cyclic Polarization 

Cyclic polarization testing provides a useful method of gaining information on the pitting 
tendency of a metal in a particular environment. This is achieved by shifting the applied 
potential from the cathodic zone toward the anodic region at a rate slow enough to allow 
for the formation of a protective film, followed by a scan in the reverse direction. This latter 
scan is done quickly so as to minimize the amount of time that the specimen is subjected 
to high current. In ASTM G 61 (Test Method for Conducting Cyclic Potentiodynamic 
Polarization Measurements for Localized Corrosion, Susceptibility of Iron-, Nickel-, or 
Cobalt-Based Alloys), both forward and reverse scan rates are kept constant at 0.17 
mV/s. Because the applied potential brings the sample potential into regions far removed 
from the corrosion potential (500 mV or more), this technique is destructive. Under actual 
field conditions, such high values are not encountered unless large, stray voltages are present. 

Copyright by ASTM Int'l  (all rights reserved); Wed Dec 23 18:38:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



430 CORROSION TESTING AND EVALUATION 

. . . . . .  l lO0 

,~ RS 0 ~ 4.., 

FREQUENCY (log f) 
(a) 

-jZ" 

(b) 

J z' 

R s Rs+Rp 

FIG. 4--Idealized impedance behavior for the equivalent circuits of Fig. 3, (a) Bode plot; 
(b) Nyquist plot. 

Because it is destructive, the method cannot be applied to concrete structures in the field, 
nor is it a monitoring technique. Its use is restricted to the examination of test specimens 
in the laboratory. To avoid errors caused by the large potential (IR) drop in the concrete, 
the tests may be carried out in a solution that simulates the concrete environment. Based 
on the initial findings of Page and Treadaway [16] that polarization results in saturated 
calcium hydroxide are similar to those obtained in cement pastes, Berke [17] further showed 
that this method is applicable to solutions containing inhibitors in addition to corrosive 
agents such as chlorides. 

Solutions commonly used are saturated calcium hydroxide solutions and calcium hydrox- 
ide-saturated pore water solutions (0.3 M NaOH + 0.6 M KOH) with sodium chloride. A 
typical cyclic polarization curve for mild steel in saturated calcium hydroxide solution (pH 
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between 12 and 13) might be run from - 8 0 0  mV (versus SCE) in the noble direction to 
+ 800 mV (or until the current reaches a preselected value) and then reversing the scan to 
- 700 mV. 

Two potentials, namely the pitting potential, Ep, and the nucleation or breakdown po- 
tential, Eb, are of interest in examining pitting (Fig. 5). Ep is the potential below which 
pitting cannot occur and is taken to be the potential at which the forward scan intersects 
the reverse scan. Eb is the potential at which a pit first nucleates and occurs when the forward 
scan breaks away from a curve in which there is no pitting. If pitting is not present, there 
is no hysteresis in the forward and reverse scans (dotted line in Fig. 5). The area between 
the forward and reverse scans can be taken as a measure of the potential for crevice corrosion. 

Macrocell Corrosion Technique 

A macrocell is formed by the working electrode and a counter electrode connected by a 
resistance of known value, 100 12, for example. The working electrode is a rebar in concrete 
which is in contact with the corrosive environment, whereas the rebar serving as the counter 
electrode is not exposed to the corrosive agent, but should have good access to oxygen (Fig. 
6). The current flowing in the resistance can be obtained by measuring the potential drop 
across the resistance. 

Although this simple method is acceptable for comparing different corrosion inhibitors 
in otherwise similar systems, it should not be used to obtain an indication of the absolute 
corrosion rate. The macrocetl technique tends to underestimate absolute corrosion rates. 
For example, a zero macrocell current may be recorded, even in the presence of localized 
corrosion [18]. 

Experimental 

Polarization Resistance 

Specimens described in this paper consisted of No. 3 steel bars (19 mm diameter),  cleaned 
with sulfuric acid and then wire-brushed and embedded in concrete cylinders 7.5 cm in 
diameter by 15 cm long (3 by 6 in.). The protruding length of rebar, as well as a short length 
of embedded rebar, was covered with electroplater's tape, leaving 26 cm 2 of exposed rebar 
embedded within the concrete. Various concrete mixture designs were tested and are given 
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FIG. 5--1dealized cyclic polarization curve for steel in an alkaline environment. 
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CONCRETE BEAM 

Sealed 

~ wlth epoxy 
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Tape I . . . . . . . .  _] ~.lk 

Ground clamp 

FIG. 6--Minibeam for macrocell corrosion testing. The voltmeter V is connected only when taking 
a measurement. 

when the results are discussed. In particular, the effects of the water to cement ratio 
(W/C), inhibitors, and/or  microsilica additions are of interest. The bars used in one set of 
specimens consisted of commercial-coated fusion-bonded epoxy that was not cleaned as 
above, but just rinsed in distilled water and dried. 

After  28 days of curing in a fog room at 22~ the specimens were submerged to half 
their height in a 3% sodium chloride/tap water solution. The solution was changed monthly. 

The polarization resistance was measured using a PAR Model 351 System consisting of 
a computer-controlled potentiostat and associated software. The applied potential was in- 
creased at a rate of 0.1 mV/s from 20 mV below the equilibrium or corrosion potential to 
a final potential of 20 mV above the corrosion potential. To eliminate errors due to the 
large concrete resistance, the current-interrupt feature of the system was enabled in obtaining 
the data. 

In addition, tests were conducted with rebars immersed in pore-water solutions (0.3 M 
NaOH + 0.6 M KOH) saturated with calcium hydroxide and containing 1 M sodium chloride. 

E/S 

Concrete specimens used here were the same as described for the polarization resistance 
tests. As before, steel rebars with and without epoxy coating were tested in pore-water 
solution to determine whether these data are representative of the concrete system. The 
bars were 19 mm diameter by 17.5 cm long, and only 15 cm 2 were immersed in the solution. 
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The PAR Model 368-1 AC Impedance System consisting of a Model 173 Potentiostat/ 
Galvanostat combined with the Model 276 Interface Plug-In, the Model 5206 Computer- 
Controlled Lock-In System, and the Apple IIe microcomputer with peripherals, and the 
Model 368 AC Impedance Software System was used. A Fast-Fourier technique was applied 
over the range of 0.002 to 1 Hz, using seed frequencies of 0.002, 0.01, and 0.1 Hz. The 
voltage amplitude was <+--10 mV versus Eco,. The impedance at 20 kHz was used as an 
approximation of the concrete and solution resistivity, R~. The sum of the charge transfer 
resistance, Rp, and the concrete and solution resistivities is equal to the measured impedance 
at low frequencies, which is when the phase-angle shift first approaches zero and where the 
Bode plot for impedance becomes horizontal. 

Cyclic Polarization 

As mentioned, these tests were carried out by immersing the rebars in solutions .that 
simulate the concrete environment ]16,17]. In the present tests, the rebar specimens were 
machined into cylinders (1.25 by 1.25 cm) to fit an EG & G Princeton Applied Research 
cylindrical specimen holder [19]. The cylinders were degreased with acetone prior to testing. 
Solutions used were saturated calcium hydroxide with 0.5 M sodium chloride and pore water 
(0.3 M NaOH + 0.6 M KOH) saturated with calcium hydroxide and with 1 M sodium 
chloride. In addition, these solutions with 0.33 M calcium nitrite were used to demonstrate 
the effectiveness of this additive as a corrosion inhibitor. 

Various scan rates were examined to determine whether a single, fast scan rate can provide 
a valid indication of pitting conditions. This would have the advantage of considerably 
reducing the time required for a measurement, and in addition would reduce the length of 
time the metal is exposed to high potentials, thus reducing the amount of destruction. The 
best scan rate was determined by comparing the cyclic polarization curves at a range of scan 
rates with the curve obtained at the prescribed slow/fast scan. 

Macrocell Corrosion 

Concrete specimens were made using the following mix design: 

Cement type--ASTM C 150 Type 1,2. 
Coarse aggregate--Trap rock, 1.3 cm (1/2 in), 1067 kg/m 3 (1800 lb/yd3). 
Fine aggregate--Sand, 719 kg/m 3 (1212 lb/yd3). 
Cement factor--356 kg/m 3 (600 lb/yd3). 
WICk0.5.  
Air--6%. 

Beams 30 by 11.5 by 15 cm (11 by 4.5 by 6 in.) were made which contained one top bar 
and two bottom reinforcing bars (No. 4, 1.3 cm diameter) made of black steel. The top bar 
was placed at 19 or 25 mm (3/4 or i in.) from the top of the surface. The bottom bars were 
25 mm from the bottom. Control beams as well as minibeams containing 20 L/m 3 (4 gal/ 
yd 3) of 30% calcium nitrite solution or 2% solids on solids (s/s) calcium chloride were made 
for assessment of the corrosion-inhibiting properties of calcium nitrite. The reinforcing bars 
were taped with electroplater's tape to expose 17.8 cm (7 in.) of rebar. After a curing period 
in the fog room at 22~ a 7.6-cm (3-in.)-high plastic dam with inside dimensions of 15.2 
by 7.6 cm (6 by 3 in.) was caulked to the top. The four sides of the sample and top surface 
outside the dam were coated with a concrete epoxy. Ground clamps were used to attach a 
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MONTHS SOAKED IN NaCI 

LEGEND: CN = 0 gal. ,  wtc = 0.47 
CN = 0 9hi., wtc = 0.34 

. . . . . . .  CN = 3 g a l . ,  w/c = 0.4S 
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FIG. 7--Effect of  calcium nitrite addition and W~ C on the corrosion of steel in concrete. 

100-12 resistor between the top and one of the bottom rebars. The two bottom rebars also 
were electrically connected. The minibeams were cyclically ponded with 3% sodium chloride 
solution on a two-week wet, two-week dry cycle. The voltage drop across the 100-12 resistor 
was measured at monthly intervals. 

Results and Discussion 

Polarization Resistance 

The polarization resistance technique has been used effectively to show the improvement 
in corrosion resistance of steel in concrete by reducing the water-to-cement ratio and by 
adding inhibitors such as calcium nitrite. Figure 7 [20] clearly shows this effect by integrating 
1/Rp over time. Later work has also demonstrated the effectiveness of microsilica addition 
[21]. Good correlations to visual appearance of the steel and related chloride contents in 
the concrete were demonstrated. 

In a series of tests conducted with specimens with a cement factor of 344 kg/m 3, W / C  = 
0.49, the value of the resistance integrated over the time of exposure (three years) was 
compared with the degree of corrosion as determined by visually inspecting the rebars at 
the conclusion of the tests. As can be seen from Fig. 8, the measured data are in excellent 
agreement with the observed corrosion�9 Note that increasing the inhibitor reduced the overall 
corrosion and increased corrosion initiation times. 
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EIS 

Past studies showed that the EIS technique was in remarkably good agreement with the 
polarization resistance technique [11,14,20]. Bode plots for the black-steel and the epoxy- 
coated rebars are shown in Fig. 9 for concrete specimens. The concrete used in making 
these specimens was made with Type 1,2 cement, W / C  = 0.4 and a cement factor of 390 
kg/m 3 (658 lb/yd3). The associated polarization resistance values are included in Table 1 for 
both concrete and pore water tests. 

In general, the EIS and d-c techniques show good agreement between the calculated 
values of the polarization resistance for both the pore-water solution and the concrete 
specimens. Corrosion rates (1/R~) in pore water are higher due to the fact that chloride is 
in the vicinity of the bar. Corrosion rates in the concrete are, for all practical purposes, 
negligible for both the epoxy and the black steel. 

As stated, the advantage of EIS is that more information on the system is obtained. For 
example, the value of the resistance of the concrete, R,, is obtained from the high frequency 
end of the Bode plot. It can be observed that this value for the epoxy case (68 kfl .cm 2) is 
some five times higher than that for the uncoated rebar (13 k~'cm~). This difference is 
either attributed to the fact that the exposed area was assumed to be the same (26 cm z) in 
both cases and the effective exposed area of the epoxy-coated bar is about one-fifth that 
area, or that the model given in Fig. 3 is more correct and the resistance of the coating is 
added to the Rs value. 

Also of interest is the fact that, in chloride pore-water solutions, even though the epoxy 
bar showed a high negative corrosion potential ( -  507 mV versus SCE), the corrosion rate 
as measured by polarization resistance and EIS was extremely low. This points to the fallacy 
of using ASTM C 876 to estimate corrosion rates. We are not sure at this point if the low 
potential is due to a lack of oxygen reaching the bar because of the coating or to pitting 
occurring over a small area of the bar. Further work to resolve these questions is planned. 

months . i ,S /cm 2 
2200 

Cement Factor = 344 Kg/m3 7 
w/c = 0.49 / T Cover - 33 mm 
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FIG. 8--Comparison of the total corrosion as measured by polarization resistance techniques and 
observed values. 
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FIG. 9- -Measured  Bode plots for  rebars in concrete, X = black steel, 0 = epoxy-coated. 

TABLE 1--Polarization resistance o f  black steel and epoxy-coated rebars, Kf~ �9 cm 2. 

In Concrete In Pore-Water Solution + 1 M NaCI 

EIS b EIS ~ 

E . . . . . .  mV SCE PR" R, R v E ..... mV SCE PR" R, Rp 

Black steel - 15 433 14 > 570 -260 17 5E-3 4 
Epoxy coated - 40 77E3 68 >35E3 - 507 280 200E-3 300 

" Using dc with IR compensation. 
h Measured by electrochemical impedance spectroscopy. 
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FIG. lO--Cyclic polarization curves for rebars in pore water: (a) saturated calcium hydroxide plus 

0.5 M sodium chloride; (b) pore water plus 1 M sodium chloride plus 0.33 M calcium nitrite plus saturated 
calcium hydroxide. 

Cyclic Polarization 

The value of the pitting potential, Ep, approached that of the base curve as the scan rate 
was increased from 0.1 to 10 mV/s,  with the best match being obtained at a scan rate of 5 
mV/s. As shown in Fig. 10, the value for Ep obtained at 5 mV/s is in good agreement with 
the base values both in the presence and absence of calcium nitrite. 

It takes three hours to conduct a test at a forward scan rate of 0.1 mV/s  and a reverse 
scan rate of 10 mV/s for a typical sweep of 1200 mV in each direction. By using a scan rate 
of 5 mV/s,  the test time can be reduced to about 10 rain. 

The cyclic polarization curves of Fig. 10 clearly illustrate that pitting is an important 
consideration in chloride environments. The effectiveness of calcium nitrite in controlling 
pitting attack is also illustrated in Fig. 10. As can be seen, calcium nitrite shifts the pitting 
potential, Ep, to more noble values (by 200 to 300 mV), making it less likely that pitting 
will occur. 
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FIG. ]l--Corrosion rates in chloride environments as determined by the macrocell technique. 

Macrocell 

The total corrosion (current • t ime) values obtained over  a period of e leven months  with 
the minibeams made for the macrocell  corrosion testing are represented in Fig. 11. The  
control beams with 19 mm cover  as well as the beams with calcium chloride show the greatest  
amount  of corrosion. The  beams containing the calcium nitrite corrosion inhibitor showed 
virtually no corrosion, even after e leven months '  exposure,  again illustrating the effectiveness 
of this additive. 

Some of the beams were broken open to compare  the amount  of corroded surface with 
the measured values. As  can be seen from Table 2, the measured and observed corrosion 
are in good agreement .  In addition, deep pitting was observed in several bars. However ,  
as anticipated from the cyclic polarization tests, pitting did not  occur in the presence of  
calcium nitrite. 

TABLE 2--Visual inspection of rebars after eleven months of testing. 

Corroded Area, % 

Test ID Top Bar Bottom Bars Coulombs 

21 17.8" 0.2 0,6 830 
75 56.4 0 0 869 
84 42.2 0.3 0.3 777 

115 0 0 0,2 4 
136 0.3 0 0 5 
158 0 0 0 5 
181 18.8 a 2.2 7.4 1153 
194 34.4 ~ 3.7 2.2 912 

Deep pitting was observed on these bars. 
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Conclusions 

1. The EIS and polarization resistance techniques yield comparable values for Rp. These 
methods provide a measure of the actual corrosion rate at the time of the tests. 

2. An indication of the integrity of the coating on a rebar can be determined from the 
value of Rs as measured by EIS at high frequencies. 

3. Values of the pitting potential can be determined with adequate accuracy and consid- 
erable time savings by conducting cyclic polarization tests at a fixed scan rate of 5 mV/s. 

4. Calcium nitrite reduces the rate of pitting that occurs in chloride environments by 
shifting the pitting potential to more noble values. 

5. The low-cost macrocell technique provides a good indication of the relative degree of 
corrosion that occurs with various mix designs. 

6. Long-term monitoring of corrosion rates can be achieved using polarization resistance, 
EIS, or macrocell techniques. 
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DISCUSSION 

George Nekoksa (written discussion)--Would increasing the tensile strength of concrete 
above the pressure of corrosion products control the corrosion of rebar? Would use of fibers 
in concrete help? 

N. S. Berke and H. C. Hicks (author's closure)--Increasing the tensile strength of concrete 
above the pressure exerted by the corrosion products would be beneficial. However, since 
tensile forces exerted could exceed 10 000 psi, a concrete compressive strength of about 
100 000 psi would be needed. Currently, commercially produced concrete is approaching 
20 000 psi in limited markets where good quality aggregates are available, with the use of 
high-range water reducers, superplasticizers, and pozzolans--especially microsilica. Thus, 
in the foreseeable future, it is unlikely that concrete tensile strengths can be improved to 
the point of restricting cracking due to corrosion products. Fibers could potentially be helpful 
if they could prevent spalling and be noncorrosive. Replacement of the reinforcing bars 
and/or prestressing wires with fibers providing equivalent structural performance is expen- 
sive and not always possible. The current solution utilizing good quality concrete, corrosion 
inhibitors, and/or other protection systems provides a cost-effective means of enabling a 
concrete-reinforced structure to reach its design life. 
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