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7.1 Introduction

The corrosion resistance of metals is one of many quality assurance
parameters that determine the operational lifetime of systems and
components. Beyond the basic properties of the metal related to chem-
ical composition, structure, and surface finish, an investigator needs to
consider the requirements for the metal in terms of achieving a neces-
sary level of corrosion resistance. This is particularly true for metals
and alloys that are generally used in their passive state, such as stain-
less steels. Other fundamental characteristics of a metallic material
also have to be considered in planning a testing program. These char-
acteristics are determined by the production history of the material
and the final forming, machining, welding, and heat-treating steps.

■ Forming. Forming can affect the structure of the metal profoundly.
For example, forming can create internal stresses that may lead to
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 alu-
minum alloys. During forming, the metal surface is often contami-
nated with aggressive substances or substances that hinder
subsequent coatings, for example, fatty acid esters.

■ Machining. 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 or microstructural properties. The
interaction of the mechanical action and the presence of coolants
with these high temperatures tends to alter 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 can result in severe corrosion
damage to the stainless steel. Residues of active anions from elec-
trochemical machining processes, especially electrochemical debur-
ring, can also cause damage. Furthermore, some heat-treatment
methods produce similar results.

■ Welding. Welding is another processing step that changes the met-
al structure and can have significant effects on the corrosion behav-
ior of the metal. Galvanic corrosion cells can arise between the weld
metal, the heat-affected zone (HAZ), and the parent plate. 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
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sometimes receives a damaging heat treatment, and the heating and
cooling causes residual stresses in the structure. Weld spatter and
weld oxides tend to drastically reduce the corrosion resistance of
stainless steels, for example.

■ Heat treatment. A large group of iron-based alloys has been found to
be susceptible to rapid intergranular attack in a wide range of plant
environments when the compositions at the grain boundaries have
been changed by equilibrium segregation of alloying elements, espe-
cially the precipitation of carbides, nitrides, and other intermetallics.
These changes are a result of exposure of the alloys during produc-
tion of mill forms (rods, sheet, plates, and tubes) to temperatures at
which solid-state reactions occur preferentially at grain boundaries.
Because welding operations are used in the production of tubes from
sheet material and during shop fabrication and field erection, there
are further opportunities for the exposure of alloys to the range of
temperatures that may result in the depletion of essential chromium.

Figure 7.1 illustrates the weld decay zone as a function of the weld-
ing temperature of a stainless steel containing what was a common
carbon content only a decade ago. The extent of sensitization for a giv-
en temperature and time was found to depend very much on the car-
bon content. An 18-8 stainless steel containing more than 0.1% C may
be severely sensitized after heating for 5 min at 600°C, whereas a sim-
ilar alloy containing 0.06% C is affected less. The physical properties
of stainless steels do not change greatly after sensitization. Because
precipitation of chromium carbide accompanies sensitization, the alloy
becomes slightly stronger and slightly less ductile. Damage occurs
only upon exposure to a corrosive environment, with the alloy corrod-
ing along grain boundaries at a rate depending on the severity of the
environment and the extent of sensitization.
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Figure 7.1 Weld decay zone as a function of the welding temperature of stainless steel.
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In order to quantify the corrosion resistance of a material, it is com-
mon practice to submit the material to harsher environments than are
normally encountered in service, hoping to accelerate the damage.
Alternatively, a corroded surface and the corrosion products formed
during normal exposure can be studied with very sensitive surface
analysis techniques, with the aim of amplifying the visibility and char-
acteristics of the damage. Since most corrosion processes occur at the
metal/environment interface, much progress in the study of corrosion
mechanisms can be related to the gigantic advances made in surface
analysis techniques. In fact, scientists involved in the study of funda-
mental processes of corrosion have often been the first to explore the
application of new surface analysis techniques to materials engineer-
ing problems.

There are, however, a number of limitations that have prevented many
of those techniques from becoming more widely used. The first of these
limitations is that corrosion processes are inherently dynamic, while
most techniques are essentially static in nature. In this chapter, the
reader will be introduced to corrosion testing and to some of the modern
techniques that are available for surface analysis in corrosion studies.

7.2 Corrosion Testing

Test programs can provide useful information for a variety of tasks,
such as the development of new materials and coatings and the choice
of protective schemes for new and old equipment. Test methods for
determining corrosion resistance are specific and must be based on the
conditions prevailing in certain environments and applications. A
large number of factors affect corrosion behavior, and therefore there
is no universal corrosion test. The most reliable indication of corrosion
behavior is service history. However, that information is rarely avail-
able exactly as needed, and therefore other tests are required, ranging
from simple field trials to highly accelerated laboratory tests. It is the
need to obtain information beyond the service history that introduces
ambiguity into corrosion testing.

In most practical applications of materials, knowledge of the corro-
sion properties of the candidate materials is essential for selection pur-
poses. Such knowledge can be derived from service experience, which
usually involves long-term exposure under frequently ill-defined and
ill-documented conditions, and corrosion testing.1 However, because
the corrosion mechanism of a system depends on many variables, cor-
rosion testing itself has many pitfalls. Often tests are designed to
investigate specific forms of corrosion or specific applications. In this
respect, uniform corrosion is the least disturbing. However, tests relat-
ing to localized corrosion are far from ideal.
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Corrosion tests are an important tool for a variety of industrial
tasks that can vary greatly over the life of a system. A decision that
makes economic sense at design time may not make any sense by the
time the same system is in its 20th year of operation. In some process
applications, the materials selected may have been the optimum
choice for the initial operating conditions. However, unintended
minor changes in the operating conditions can easily increase the cor-
rosivity of a process. For tests to yield meaningful results, knowledge
of the environment that exists under actual service conditions is nec-
essary. Quite often the water quality within a plant, under normal
operating conditions, differs significantly from that at the intake to
the plant. In order to conduct realistic corrosion tests, these varia-
tions must be taken into account. The bulk environmental conditions
can be clean seawater, e.g., around offshore structures and some pow-
er stations. In other instances the water is polluted or brackish, while
in still other cases, e.g., ships, a variety of water qualities will be
encountered during service.1

Some of the factors leading to corrosion damage can be reproduced
relatively easily by creating a situation favorable to their occurrence.
However, other factors depend entirely on the development of local
defects that often become visible only after long and highly variable
periods of exposure, such as the effects caused by the neutral salt
spray test commonly known as ASTM B 117, Method for Salt Spray
(Fog) Testing. When an experiment or test is planned, many factors
have to be considered. The following list enumerates some of the most
standard considerations for the design of a test program:2

■ What are the objectives of the test?
■ How should the results be interpreted?
■ How can the information be integrated with earlier or other tests?
■ How many specimens are available, and what is their production

schedule (batch, sequential)?
■ How many factors control the specimen’s behavior?
■ How many factors are to be included in the tests?
■ Which of these factors interact and which have negligible interaction?
■ What type of data are to be measured?
■ Is the sample homogeneous?
■ How representative is the sample?
■ Are the tests destructive?
■ How expensive are the tests and/or specimens?
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■ How much control is there over testing?
■ How difficult would it be to include human errors of different kinds

in the planning?

With such a long list of questions and the continuously increasing
number of testing methods, it is important to simplify the design of
test plans by adopting a testing strategy that relates requirements to
the main test parameters. The decision tree presented in Fig. 7.2 has
been developed to facilitate the selection of tests designed to verify
the susceptibility of steels to various forms of stress corrosion crack-
ing (SCC). The strategy would be to start with the most severe and
least expensive SCC test, i.e., the slow strain-rate test, in which a
bar made from the relevant material is exposed to the environment
of interest and slowly monotonically strained to fracture.3 When
cracks are found, the susceptibility of the material should then be
further evaluated by performing a battery of other tests designed to
differentiate among the various mechanisms leading to SCC and
hydrogen embrittlement.

Statistical methods are essential for determining the significance lev-
els of results and corresponding material specifications. Corrosion resis-
tance is only one of many characteristics of a material. Together with the
physical, mechanical, and fabrication properties, the corrosion resistance
determines the applicability of a material for a specific purpose. These
properties may be measured or verified by tests. However, unlike physi-
cal and mechanical results, which can be used immediately, corrosion
resistance results are often presented in a descriptive or qualitative
manner and therefore are difficult to utilize. In order to use the results
of these tests for life prediction, consideration of the methodologies pre-
sented in Chap. 4, Modeling, Life Prediction, and Computer Applications,
is recommended.

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 these details, including the specification
ranges for significant variables, must be determined from individual-
ly formulated tests based on the desired service life and other require-
ments of an application. The emphasis placed on the individual
characteristics of a test program and the evaluation methods for each
metal-environment combination does not preclude the possibility of
standardizing the testing and evaluation methods because many
applications are identical or similar and the information gathered
from one system is applicable to others.
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7.2.1 Corrosion tests and standards

There is a multitude of organizations around the world dealing with
the production of test methods and standards related to the overall
behavior and performance of materials. Organized in 1898, the
American Society for Testing and Materials (ASTM) has grown into
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one of the largest institutions of this kind. ASTM is a not-for-profit
organization that provides a forum for producers, users, ultimate con-
sumers, and those having a general interest to meet on common
ground and write standards for materials, products, systems, and ser-
vices. There are 132 ASTM main technical committees, and each is
divided into subcommittees. The subcommittee is the primary unit in
this organization, as it comprises the highest degree of expertise in
any given area. Subcommittees are further subdivided into task
groups. Committee G-1, Corrosion of Metals, is thus subdivided into
the following subcommittees:

G01.02 Terminology

G01.03 Computers in Corrosion

G01.04 Atmospheric Corrosion

G01.05 Laboratory Corrosion Tests

G01.06 Stress Corrosion Cracking and Corrosion Fatigue

G01.07 Galvanic Corrosion

G01.08 Corrosion of Nuclear Materials

G01.09 Corrosion in Natural Waters

G01.10 Corrosion in Soils

G01.11 Electrochemical Measurements in Corrosion Testing

G01.12 In-Plant Corrosion Tests

G01.14 Corrosion of Reinforcing Steel

G01.91 Standing Committee on Editorial Review

G01.93 Standing Committee on Long Range Planning

G01.95 Standing Advisory Committee for ISO/TC 156

G01.96 Standing Committee on Awards

G01.97 Publicity, Symposia and Workshops

G01.99 Standing Committee on Liaison

G01.99.01 Corrosion of Implant Materials

Besides its regular standard-development meetings, the G-1 com-
mittee has sponsored an impressive series of highly focused technical
symposia that have led to the publication of over 1300 special techni-
cal publications (STP). Committee G-1 has also produced some gener-
ic reference documents summarizing state-of-the-art information
related to corrosion testing. One such publication, Corrosion Tests and
Standards, is a very valuable source of information for planning cor-
rosion tests.4 The information contained in that publication summa-
rizes the efforts of over 400 experts in the field of corrosion testing
and evaluation. The ASTM corrosion test handbook is highly redun-
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dant by design, and its users will find considerable overlap of subject
matter (Fig. 7.3). For example, a specific type of corrosion can be thor-
oughly discussed in the section Testing for Corrosion Types and in the
section Testing in Environments. If a specific metal or alloy is sus-
ceptible to that type of corrosion, the subject would also be discussed
in the appropriate chapter in Materials Testing. And when a specific
industry is involved, the appropriate chapter under Testing in
Industries would include a discussion on testing for that type of cor-
rosion in that industry. The test handbook is divided into the follow-
ing five main sections:

1. Types of tests. Each chapter includes basic principles, describes
test techniques and important variables, discusses testing consid-
erations such as specimen preparation and evaluation, and includes
pertinent standards used.

2. Testing for Corrosion Types. Each chapter provides an overview
and includes a description of the basic principles and factors con-
trolling the type of corrosion.

3. Testing in Environments. The chapters in this section provide a
description of each environment, including factors and variables
affecting corrosion rates and mechanisms, and the unique charac-
teristics of testing in the specific environment.

4. By Materials. This section includes a discussion of the nature of
each material, such as the effects of composition, alloying, metal-
lurgical treatments, microstructure, surface effects, and natural
protective films on the corrosion behavior.

5. Testing in Industries. The chapters in this section provide an
overview of the unique situations encountered by various indus-
tries, and how corrosion tests are used to combat the corrosion prob-
lems faced in these industries.

The development of laboratory corrosion tests should be based on a
previous determination of the dominant corrosion factors. Even if the
preferred practice is to design such tests so that they represent the
most severe conditions for the type of corrosion involved, it is still
important to investigate the kinetic components involved in corrosion
problems in order to understand the mechanisms and causes for fail-
ure. With these points in mind, it is useful to consider how realistic
corrosion acceleration may be achieved. Raising the temperature can
be useful but may cause changes in the form and nature of hydrous
gels, which are often important in the initial stages of corrosion.5
Increasing the concentration or corrosiveness of salt spray, for exam-
ple, may not necessarily be appropriate during cyclic testing, since
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Figure 7.3 A graphical representation of the highly redundant index of the Corrosion Tests and Standards handbook.

494

0
7
6
5
1
6
2
_
C
h
0
7
_
R
o
b
e
r
g
e
 
 
9
/
1
/
9
9
 
5
:
4
1
 
 
P
a
g
e
 
4
9
4



even an initially dilute spray will, after a sufficient number of cycles,
result in the solubility of ionic species being exceeded.6

Generally, corrosion products developed in synthetic environments
such as those produced in the ASTM B 117 test are substantially dif-
ferent from those produced during natural weathering or even during
wet-dry mixed salt spray tests.5 For example, corrosion of aluminum
or zinc specimens in B 117 primarily produces soluble species such as
AlCl3 or ZnCl2, and so little corrosion product remains on surfaces.
Exposures in a wet-dry test, in contrast, cause the formation of corro-
sion products on those metals that are more representative of those
formed during natural exposure. On aluminum, for example, hydrated
aluminas containing chloride and amorphous material are produced in
both the high-sulfate and high-chloride cyclic salt spray tests.5 The
reality can be even more complex, as illustrated in Table 7.1, where it
can be seen that the products found on specimens exposed to real envi-
ronments often consist of corrosion products mixed with various for-
eign materials.7

A good example of an element that can be reproduced and accelerated
in a laboratory environment is the formation of occluded cells; this can
be achieved with multiple crevice assemblies, as described in ASTM G
78, Standard Guide for Crevice Corrosion Testing of Iron-Base and
Nickel-Base Stainless Alloys in Seawater and Other Chloride-
Containing Aqueous Environments. In this test, washers make a num-
ber of contact sites on either side of the specimens (Fig. 7.4). The
number of sites showing attack in a given time can be related to the
resistance of a material to initiation of localized corrosion, and the
average or maximum depth of attack can be related to the rate of prop-
agation. The large number of sites in duplicate or triplicate specimens
is amenable to probabilistic evaluation. The same test can be extended
to other alloy systems or situations as illustrated in Figs. 7.5 to 7.8,
which show the results of four-month exposure of four aircraft alu-
minum materials partly submerged in a circulating seawater tank.8

In other cases, the effect of a test on one of the elements contributing
to the corrosion damage can be quantified and recorded for the evalua-
tion of the materials being tested. Amplification of the impact that cor-
rosion has on materials is particularly attractive when the results of a
test cannot be easily evaluated. Evaluating test results can be difficult
either because these results depend on a slow, solid state transformation
of the materials or because they are produced by tests that run for a pre-
specified time and end with a pass/fail assessment, thus generating cen-
sored data. A good example of monitoring specific signals provoked by a
particularly aggressive environment is the automated stress corrosion
testing method called the ASCOR (automated stress corrosion ring) test,
which was specifically developed to evaluate the performance of
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496 Chapter Seven

TABLE 7.1 Results of X-Ray Diffraction of Products Found on Specimens
Exposed to Real Environments

Sample description Chemical or mineral name* Chemical formula

Product formed on Nesquehonite MgCO3�3H2O
magnesium during Calcium fluosilicate CaSiF6
3-month immersion Beta silicon carbide �-SiC
in tap water Sodium sulfide Na2S

Sodium fluoride NaF
Magnesium carbonate 
chloride hydroxide hydrate MgCl2�MgCO3�Mg(OH)2�6H2O

Magnesium pyrophosphate Mg2P2O7
Anorthoclase (Na,K)AlSi3O8
Alpha cristobalite SiO2
Sodium hydroxide NaOH
Calcium aluminum Ca4Al6O12SO4
oxide sulfate

Substance found on Halite NaCl
heat exchanger

Substance found Alpha quartz SiO2
beneath paint on 
metal surface

Product formed on Lepidocrocite �-Fe2O3�H2O
automobile bumper Goethite Fe2O3�2H2O
support during 
3-year service

Product from con- Zinc ferrite ZnO�Fe2O3
version unit in Cobalt ferrite CoO�Fe2O3
marine environment Halite NaCl

Chromic oxide Cr2O3
Nickel, zinc ferrospinel (Ni,Zn)O�Fe2O3
Sodium fluothorate Na3Th2F11
Embolite Ag(Cl,Br)
Magnesioferrite MgFe2O4
Beryllium palladium BePd
Magnetite Fe3O4
Nickel titanium NiTi

Product formed on Botallackite CuCl2�3Cu(OH)2�3H2O
copper during 3- Ilvaite Ca(Fe,Mn,Mg)2(Fe,Al)(SiO4)2OH
month immersion 
in tap water

Product from Al-Cu Ammonium copper (NH4)2�CuF4�2H2O 
alloy exposed to fluoride dihydrate
deep-sea Potassium cyanide KCN
environment Chi alumina Al2O3

Calcium aluminate 3CaO�Al2O3
Alpha cadmium iodide CdI2
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aluminum alloys submitted to ASTM G 44, Standard Practice for
Evaluating Stress Corrosion Cracking Resistance of Metals and Alloys
by Alternate Immersion in 3.5% NaCl Solution. This method involves
testing cylindrical and sheet specimens in a loading ring instrumented
with strain gauges to measure the load.9 Initiation of a stress corrosion
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TABLE 7.1 Results of X-Ray Diffraction of Products Found on Specimens
Exposed to Real Environments (Continued)

Sample description Chemical or mineral name* Chemical formula

Product from Al-Zn- Chi alumina Al2O3
Mg-Cu alloy exposed Alpha cadmium iodide CdI2
to deep-sea 
environment

Product from Al-Mn Ammonium copper (NH4)2CuF4�2H2O
alloy exposed to fluoride dihydrate
deep-sea Nobleite CaB6O10�4H2O
environment

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

(b)

(a)

Figure 7.4 A schematic repre-
sentation of (a) the washer and
(b) a washer assembly for con-
ducting an ASTM G 78 crevice
susceptibility test.
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498 Chapter Seven

Figure 7.5 Appearance of 8090-T851 aluminum panels with crevice washers after par-
tial immersion in seawater for 4 months. The air/water interface was near the top of the
central hole.

Figure 7.6 Appearance of 7075-T6 aluminum panels with crevice washers after partial
immersion in seawater for 4 months. The air/water interface was near the top of the cen-
tral hole.
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Figure 7.7 Appearance of 2090-T8 aluminum panels with crevice washers after partial
immersion in seawater for 4 months. The air/water interface was near the top of the cen-
tral hole.

Figure 7.8 Appearance of 2024-T3 aluminum panels with crevice washers after partial
immersion in seawater for 4 months. The air/water interface was near the top of the cen-
tral hole.
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crack results in a small load decrease that can be recorded at regular
intervals.

In coupon immersion tests, the accurate determination of low corro-
sion rates may not be achievable, given the uncertainty of weight loss
measurements, when changes in the environment do not permit long
exposure. In such cases, the use of additional techniques, such as solu-
tion analysis by inductively coupled plasma (ICP) or, alternatively, elec-
trochemical techniques such as electrochemical impedance spectroscopy
(EIS),10 to monitor and record the progress of corrosion by means of
amplification has been proposed. The same reasoning can be applied to
monitor the progress of a corrosion situation in environmental chambers.
The sensitivity of electrochemical techniques to changes in a metallic
interface during the first moments of localized corrosion can be used to
predict long-term exposure results. While polarization test techniques
cannot easily monitor the progress of a localized corrosion situation, they
can reliably detect the onset of such problems.11

7.2.2 Examples of corrosion acceleration

The following examples illustrate efforts to quantify the results of cor-
rosion tests by acceleration of the processes and amplification of the
resulting effects.

The anodic breakthrough method for testing anodized aluminum. Quality
control for aluminum anodizing presents a difficult analytical problem.
The use of conventional coating thickness measurements is not satis-
factory, since the anodizing agents will have dissolved some of the sub-
strate material as the oxide layer was formed. Techniques that
determine the coating weight per unit area could be useful in evaluat-
ing the extent of anodized film coverage, but these techniques are not
sensitive to flaws such as porosity or the presence of contaminants in
the coating. Such factors can strongly influence the corrosion protection
afforded by the anodized layer. The Standard Method for Measurement
of Anodic Coatings on Aluminum (ASTM B 457) describes a procedure
to determine the impedance at 1000 Hz as a measure of the quality of
sealing anodized aluminum. While this method is applicable to the
rapid, nondestructive testing of anodic coatings, its results were never
related to the actual corrosion resistance provided by these coatings.

In the absence of a better testing method, industrial and military
specifications often require the use of a 300�-h salt spray exposure
method to test anodized aluminum coupons and evaluate the quality
of the anodizing processes. Not only is the salt spray (fog) exposure
test time-consuming, but its results are highly interpretive and there-
fore relatively imprecise. The long duration of the test itself makes it
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a poor tool for monitoring daily plant operation of anodizing baths. The
anodic breakthrough test method is based on electrochemical activa-
tion of the material under test by accelerating the breakdown of the
anodized barrier. In this activation step, anodized layers are partially
degraded by applying a potential across the metal/electrolyte inter-
face. The total charge passed between the test coupon and the coun-
terelectrode can then be related to the resistance of the coating to
corrosion.12,13

A cell consisting of a hollow plastic cylinder is quite adequate for this
test. The test coupon can be inserted between the hollow cylinder and
the solid base, which also serves as the bottom of the cell (Fig. 7.9). A
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Figure 7.9 Anodic breakthrough test cell and clamping apparatus.
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S30400 stainless steel counterelectrode is typically placed above the
test coupon. The reference electrode can be contained in a Luggin cap-
illary attached to the main cylinder, and a rubber O-ring was used
along with a clamp to create a watertight seal. An applied potential of
600 mV vs. SCE (25°C) for 7 min has been found suitable for the char-
acterization of the breakdown of anodized aluminum. Shorter anodic
polarization periods would be more appropriate for less protective
coatings, such as those produced with chemical passivation. The cur-
rent is monitored during the application of the potential, and its inte-
gration is used to quantify the breakdown of the anodized barrier. The
specimen is exposed in part to a solution containing boric acid and
NaCl, with the pH adjusted to 10.5 using a NaOH solution. The cur-
rent can be monitored during the application of the potential and inte-
grated to quantify the breakdown of the anodized barrier. The anodic
current can also be considered to be equivalent to a metal dissolution
or corrosion current and converted into corrosion penetration rates
using Faraday’s law expressed in Eq. (7.1):

Corrosion rate � (7.1)

where corrosion rate is in �m�year	1, icorr is in �A�cm	2, E.W. is the
equivalent weight of the element being oxidized (8.99 g�eq	1 in the case
of Al alloys), and d is the density of the element being oxidized (2.699
g�cm	3 for aluminum).

Table 7.2 illustrates typical results obtained with the anodic break-
through method on eight types of panels, and Table 7.3 compares the
observations made after exposing the same types of panels to salt fog
testing.14 Table 7.4 contains corrosion rates determined using the
anodic breakthrough method for 2024-T3 specimens that were all
anodized in chromic acid with different procedural variants. A wide
range of corrosion rates was observed. The worst case was obviously
bare aluminum, while lower corrosion rates were observed for speci-
mens that were anodized but not sealed. The lowest corrosion rate
was found for coupons anodized and sealed in freshly deionized water
at pH 5.5.

Four years of tests with panels processed under different conditions
also helped to establish the following correlation among results
obtained with an earlier version of the anodic breakthrough technique,
results obtained with conventional salt spray testing, and process con-
trol parameters:15

■ Coupons with measured corrosion rates lower than 2.5 �m�year	1

will not fail salt spray testing.

3.3 icorr � E.W.




d
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TABLE 7.2 Results Obtained by Testing, with the Anodic Breakthrough Method, Different Types of Anodized
Aluminum Panels on 10 Nonoverlapping Positions

Process: Boric-sulfuric Sulfuric Chromic

Alloy: 7075 2024 7075 2024 7075 2024A 2024B 2024C 2024D

3.3 4.6 	0.2 1.3 2.7 5.7 7.0 6.2 3.4
3.5 4.6 	0.1 1.7 2.8 5.7 7.0 6.3 3.5
3.5 4.6 0.1 1.8 2.9 6.0 7.0 6.3 3.5
3.5 4.7 0.2 2.0 3.1 6.0 7.1 6.7 3.7
3.8 4.8 0.4 2.1 3.4 6.1 7.2 6.8 3.8
3.9 4.9 0.5 2.5 3.4 6.2 7.3 6.9 5.1
4.3 5.0 1.1 2.9 3.5 6.2 7.3 7.0 5.4
4.5 5.2 1.9 2.9 3.8 6.3 7.3 7.0 5.5
5.1 5.3 2.4 2.9 4.1 6.3 7.3 7.0 5.6
5.5 5.6 2.5 3.5 4.7 6.7 7.4 7.2 5.7

Mean: 4.1 4.9 0.9 2.3 3.4 6.1 7.2 6.7 4.5
StDev: 0.7 0.3 1.0 0.7 0.6 0.3 0.1 0.3 1.0

*The results are expressed as log10 (charge density), and the charge density is in �C�cm	2.
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■ If the corrosion rates are between 2.5 and 15 �m�year	1, a warning
is raised that the anodizing process is deteriorating, and corrective
measures are taken. Panels processed in such conditions would pass
the salt spray test 90 percent of the time.

■ When the corrosion rates exceed 15 �m�year	1, immediate corrective
action is required, and parts are reprocessed if corrosion rates
exceed 25 �m�year	1. Between 15 and 25 �m�year	1, a judgment call
is made depending on the applications.

■ The seal time was optimized. An optimum seal time would be 8 min
for freshly deionized water, whereas it could be up to 15 min for a
one-month-old seal solution.

■ The seal solution temperature was also optimized. Modifications to
previous specifications were made when it was discovered that cooler
seal solutions produced coupons with higher corrosion rates. The min-
imum seal solution temperature was raised to 90°C (95 ± 5°C in 
present specifications).
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TABLE 7.3 Observations Made on the Same Types of Panels Exposed to
Salt Spray Testing for 336 h

Process Alloy Observations

Boric-sulfuric 7075 Passed—no change in appearance
2024 Passed—no change in appearance

Sulfuric 7075 Passed—slight fading of color
2024 Passed—slight fading of color

Chromic 7075 Passed—overall fading of color
2024A Failed severely at 48 h
2024B Failed severely at 120 h
2024C Failed severely at 48 h
2024D Failed at 336 h—cloudy white corrosion products

TABLE 7.4 Comparison of Anodizing (Chromic Acid) Operating
Conditions with Corrosion Rates Obtained with the Anodic Breakthrough
Method

Chromic acid anodizing conditions Corrosion rate, �m/year

Bare aluminum 1200
Anodized � no sealant 130
Anodized � sealed in tap water* (pH � 3) 110
Anodized � sealed in tap water (pH � 4) 50
Anodized � sealed in tap water (pH � 4.5) 0.8
Anodized � sealed in tap water (pH � 7.0) 5.0
Anodized � sealed in tap water (pH � 7.5) 8.9
Anodized � sealed in deionized water (pH � 5.5) 0.025

*All sealing solutions were maintained at 91°C.
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Intergranular anodic test for heat-treatable aluminum alloys. This electro-
chemical method was designed to determine the susceptibility to inter-
granular corrosion of solution-heat-treatable aluminum alloys—that is,
2xxx, 6xxx, 7xxx, and 8xxx alloys—without protective coatings and
under various aging conditions.16 The sensitivity of solution-heat-treat-
able aluminum alloys to intergranular corrosion is a function of the
alloy composition, method of manufacturing, solution heat treatment,
quench treatment, and artificial precipitation-hardening (aging) treat-
ment. In the naturally aged condition, the sensitivity of solution-heat-
treatable aluminum alloys to intergranular corrosion is a function
primarily of the rate of cooling during quenching over a critical tem-
perature range. Test results using this technique cannot be regarded as
absolute, because they are not applicable to all environments that can
be met in service. They are best used in a relative manner, to compare
the intergranular corrosion resistance of various heats of solution-heat-
treatable aluminum alloys. This method is applicable to cast and
wrought heat-treatable aluminum alloys in the form of castings, forg-
ing, plates, sheets, extrusions, and semifinished or finished parts. The
test results provide information to help determine the intergranular
corrosion resistance and thermal processing quality of tested materials.

In this technique, the electrochemical signal serves to both amplify
and accelerate a specific corrosion mechanism, i.e., intergranular cor-
rosion (IC). Since that mechanism is often a precursor for the more cat-
astrophic SCC, the same testing technique has been applied to the
characterization of the susceptibility of aluminum alloys to SCC. For
many industries, indirect testing for IC has replaced carrying out
expensive tests for the characterization of aluminum alloys’ suscepti-
bility to SCC. The following list summarizes the empirical correlation
between IC and SCC reflecting industrial experience:

■ 2xxx series, e.g., 2024. There is very good overlap between suscepti-
bility to IC and to SCC.

■ 5xxx series. This series behaves similarly to 2xxx.
■ 6xxx series. With no Cu, susceptibility to IC is high and that to SCC

is low.
■ 7xxx series. With low Cu, i.e., � 0.5%, and weldable—e.g., 7020, 7039,

or 7005—there is susceptibility to SCC and SCC by hydrogen embrit-
tlement, but little susceptibility to IC. With higher Cu content—e.g.,
7075, 7010, 7050, or 7055—there is susceptibility to SCC by mixed
modes and no correlation between SCC and IC susceptibility.

The method is based on the principle that if an aluminum alloy is
susceptible to intergranular corrosion, this susceptibility will show as
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a breakdown during the anodic polarization of the alloy when it is
exposed to solutions containing chloride ions. Historically, acceleration
of intergranular corrosion tests have tended to be arbitrary and quite
drastic. Such testing can be improved by taking the relative anodic
characteristics of the material, the relative cathodic phases of the
material, and the chemical composition of the test medium into con-
sideration when selecting the electrochemical force.16

This test method starts with the anodic polarization of a specimen
to determine the subsequent impressed potential. As with any other
accelerated test, the test results must be correlated with the service
performance of the materials being tested. Before testing, specimens
should be degreased with an organic solvent (hydrocarbon, with a boil-
ing point between 60 and 120°C), using a clean soft brush or an ultra-
sonic cleaning device and carrying out the cleaning in a vessel full of
solvent. After cleaning, the specimens should be rinsed with fresh sol-
vent and then dried. Naturally aged alloys are tested not earlier than
24 h after quenching. Artificially aged alloys may be tested by this
method at any time. The principle of the technique involves the anod-
ic polarization of specimens in aqueous sodium chloride solution up to
the potential at which the alloy shows intergranular corrosion suscep-
tibility, and exposure at this potential Eic (Fig. 7.10).

The tests are typically carried out in a thermostatically controlled
electrochemical cell at a temperature between 18 and 25°C with a test
solution containing 0.3% sodium chloride. A potentiostat is required to
polarize the test electrode at controlled scan rates.16 The auxiliary
electrode can be any inert electrode, and the reference electrode can be
either calomel or silver/silver chloride. The anodic polarization curve
is plotted for one specimen by scanning the potential from a cathodic
value of E � 	1.16 V vs. SHE at a scan rate of 0.15 mV�s	1 to the pit-
ting potential Epf, i.e., the potential at which the density of current is
increased by at least one order of magnitude in the anodic polarization
process. Another specimen made of the same alloy and temper is then
immersed in the cell and allowed to rest for 5 min, and the potential is
then moved to

Eic � Epf � 20 mV

Exposure at this potential is continued as follows:

■ For copper-containing alloys (range 0.25 to 6.5% Cu): 15 min
■ For copper-free alloys (maximum 0.25% Cu): 90 min

After the electrochemical polarization, the specimens are taken out
of the cell, washed in distilled water, dried, and metallographically
examined. Interpretation of the sensitivity of solution-heat-treatable
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aluminum alloys to intergranular corrosion is based on the type,
depth, and relative extent of the attack (the length along the surface
of the metallographic cross section) and is expressed as a percentage.
Table 7.5 suggests a scale of relative corrosion resistance as a function
of observed pit depths.

The corrosion resistance of aluminum and aluminum-lithium alloys in
marine environments. In this example, electrochemical impedance
spectroscopy (EIS) was used to characterize the corrosion resistance of
the three orthogonal faces of aluminum and aluminum-lithium sheet
material exposed to a synthetic marine environment, and the results
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Figure 7.10 Typical aluminum alloy anodic polarization diagram.
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were compared with those obtained during different long-term expo-
sure of the same alloys to seawater.8 Figures 7.5 to 7.8 already showed
the results of 4-month exposure of these aluminum materials when
clamped with crevice washers and partly submerged in circulating
seawater.

A summary of the results of the long-term exposures is shown in Table
7.6. After the exposure to the seawater fog, crevice corrosion had initi-
ated under one site on the 8090 alloy. Some minor corrosion was also
observed along rolling marks, which became visible after the exposure.
Deep pits were observed on the surface of the 2024 alloy, which also suf-
fered crevice corrosion under 6 of the 24 initiation sites, with 3 of these
sites showing substantial penetration. Deep pits were also observed on
the surface of the 2090 alloy, but crevice corrosion had not been initiat-
ed. Pitting had occurred on the surface of the 7075 alloy as well, but the
depth of attack was not as severe as that which occurred on either the
2090 or 2024 alloy. This observation was consistent with the higher cop-
per concentration present in the 2000-series alloys. Crevice corrosion
was observed under one initiation site on the 7075 alloy.8

In all cases, the specimens that were completely immersed in seawa-
ter showed a reduction in the intensity (depth of penetration) of corro-
sion, if any, in the crevices from that observed in the seawater fog
exposures. This suggests that the corrosion that occurred in the
crevices in the fog exposures was more a result of moisture retention in
the crevices than of mechanisms such as differential aeration that are
normally associated with crevice corrosion. The rolled surface of the
8090 sheet showed selective corrosion, without deep pits, that etched
the surface in a manner which served to highlight the rolling direction
of the sheet without causing much metal loss. Corrosion of the surface
of the 2024 alloy was characterized by a large number of deep pits.
Corrosion of the 2090 alloy took the form of a smaller number of broad
pits that were scattered over the surface. The number and severity of
these pits increased near the edges of the panel. The surface of the 7075
alloy was characterized by a larger number of pits than that of the
2090, with the average pit on the 7075 having a smaller surface area.
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TABLE 7.5 Intergranular Corrosion Ratings for Aluminum
Alloys

Corrosion resistance Rating Maximum pit depth, �m

Excellent 1 0
2 100
3 100–200
4 200–400
5 400–700

Very poor 6 � 700
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The partial immersion test presented the toughest challenge to the
alloys because the air/water interface created the possibility of differ-
ential aeration cells resulting from changing oxygen concentrations as
a function of distance from the interface. In all cases, the interface was
near the central hole. The extent and type of corrosion on the edges of
the exposed panels were often quite different from those found on the
rolled surfaces. The 8090 panel exhibited one large pit on one of the
edges but was essentially unattacked elsewhere. The edges of the 2024
panel exhibited two pits, one of which had initiated on the edge while
the other was associated with a pit on the rolled surface. Large cracks
were observed on the edges of the 7075 panel. These cracks are con-
sistent with the development of intergranular cracking, to which 7075
is known to be susceptible. The edges of the 2090 panels were essen-
tially unaffected by the fog exposure.

The 8090 panel that was completely immersed in seawater exhibit-
ed only superficial corrosion on the rolled surfaces, while being severe-
ly attacked on the edges in a manner consistent with the selective
corrosion often associated with intergranular cracking. This observa-
tion was confirmed by metallographic examination, which showed
extensive intergranular cracking associated with the corrosion that
had been initiated on the edge. The 2024 panel was severely corroded
along the edges, with a combination of pitting of the edge and selective
attack. No evidence of intergranular cracks associated with this corro-
sion could be found.
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TABLE 7.6 Results of Long-Term Exposure Tests

Partial 
immersion
(air/water 

Alloy Salt fog Total immersion interface)

8090-T851 Rolled surface Minor Minor but selective A few deep pits
Edges 1 pit Severe selective 
Crevices 1 site (cracking)

3 sites

2024-T3 Rolled surface Many deep pits Many deep pits No special 
Edges 2 pits Severe pitting corrosion
Crevices 6 sites 24 sites

2090-T3 Rolled surface Deep pits Broad pits Extensive
Edges No attack Pits coming from “poultice” 
Crevices None rolled surface corrosion

5 sites

7075-T6 Rolled surface Shallow pits Many small pits Extensive
Edges Large cracks Severe selective “poultice”
Crevices 1 site attack corrosion

24 sites
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The electrochemical testing results indicated that short-term EIS
measurements can provide good predictions for longer exposure of this
material to seawater. According to the EIS polarization resistance
data, which are summarized in Table 7.7, the 8090 alloy showed
roughly equal corrosion rates for all three faces. Except for the rolled
face, the corrosion rate of the 8090 alloy was substantially lower than
that for the corresponding faces of the 2024 alloy. One interesting and
omnipresent characteristic of EIS spectra seemed to be closely related
to the long-term localized corrosion behavior of aluminum alloys. This
intriguing feature is often described as a constant phase element
(CPE) and introduced as an empirical factor in fitting procedures to
account for the angle of tilt often visible in complex-plane plots. The
empirical factor would typically appear as an exponent �, with a val-
ue between 0 and 1, which would be added to the imaginary compo-
nent of the response Z() to an impedance frequency () [Eq. (7.2)].

Z () � Rs � (7.2)

where Rs � solution resistance
Rp � polarization resistance
 � frequency
Cdl � double-layer capacitance

With the assumption that the CPE, which is directly proportional to
(1 	 �), increases in some manner with increased pitting, the EIS data
indicated that the rolled surface of the 8090 had the lowest susceptibil-
ity to pitting, followed by the long transverse edge and the short trans-
verse edge, which had the highest rate (Table 7.7). Examination of these

Rp



1 � (jRpCdl)

�
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TABLE 7.7 Analyzed EIS Results Obtained with Aluminum Alloys

Corrosion rate, 
Alloy Face mm�year	1 Angle of depression, °

8090-T8 Rolled surface 0.05 6
Long transverse 0.04 12
Short transverse 0.03 17

2024-T3 Rolled surface 0.05 17
Long transverse 0.16 21
Short transverse 0.22 23

2090-T3 Rolled surface 0.06 10
Long transverse 0.08 16
Short transverse 0.09 19

7075-T6 Rolled surface 0.14 12
Long transverse 0.11 33
Short transverse 0.12 29
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surfaces with optical and scanning electron microscopy suggested that
the correlation between the CPE and the pitting rate involved the num-
ber of pits formed in any given area (pit density) rather than the pit
depth. The low pitting rate suggested by EIS for the rolled surface was
consistent with visual observation of the long-term-exposure panels.
However, the approximate equivalence for all three faces was not. If the
interpretation of EIS data is correct, the corrosion of the rolled surface
must occur initially at this high rate. However, the corrosion rate would
then fall to a much lower value over the longer term. The Rp values for
the 2024-T3 alloy showed a pronounced difference in overall corrosion
rate between the rolled surface and the edges, with the edges having
consistently higher rates. After about 50 h, a similar trend was observed
for the CPE. These results were consistent with observations made on
the long-term-exposure panels, which were characterized by a higher
density of localized corrosion sites on the edges.17

On the basis of the EIS data, the conclusion would be reached that
the edges of the 8090-T8 alloy had lower overall corrosion rates and
were less prone to pitting than their 2024-T3 counterparts. The edges
of the 8090 long-term-exposure panels had substantial areas where no
visible corrosion had occurred. This could be consistent with the lower
overall corrosion rates and lower pitting density in comparison with the
2024. However, the depth of attack within each pit (Fig. 7.11) was as
large as or larger than that of a corresponding pit on 2024. Thus the
rate of corrosion within a pit was at least as severe for 8090 as for 2024.

As was the case for the 8090 alloy, the corrosion rate determined with
EIS for the rolled surface of the 7075 was approximately equal to that
measured for the edges. This was not consistent with the appearance of
the long-term panels, which suffered more metal loss along the edges
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(a) (b)

Figure 7.11 Photomicrograph of a section through an edge of the 8090-T851 panel
immersed in seawater during 4 months (a) at 64� and (b) at 320� to illustrate the inter-
granular nature of the corrosion attack.
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than on the rolled surface. The CPE values obtained for these experi-
ments indicated that the rolled surface of the 7075 alloy had the lowest
pitting density, while the long and short edges had higher rates. The
higher rates reached similar and essentially constant values after 200
h. These results correlated very well with the long-term-exposure tests,
in which the edges did indeed suffer much worse localized attack.

According to the EIS results, the rolled surface of the 2090 alloy had a
consistently lower general corrosion rate than the same surface of the
7075. This did not appear to be consistent with the long-term-exposure
tests, in which corrosion damage seemed to be more extensive on the sur-
face of the 2090 alloy. In addition, the EIS data suggested that the edges
of the 2090 were only slightly more corrosion-resistant than the 7075
edges. Once again this did not appear to be consistent with visual obser-
vation of the long-term-exposure panels. In this case, the edges of the
2090 panels suffered noticeably less corrosion than their 7075 counter-
parts. The CPE data indicated that the pit density should be lower on
the rolled surface of the 2090 than on that of the 7075 and that the pit
density should be much lower on the edges of the 2090 than on the edges
of the 7075. These results are completely consistent with the appear-
ance of the long-term-exposure panels.

The long-term-exposure tests indicated that the rolled surfaces of
the 8090-T851 sheet were more resistant to corrosion than those of the
conventional 2024-T3 sheet. Except for some pits that developed at an
air/water interface, these surfaces suffered only minor corrosion. The
same tests indicated that the rolled surfaces of the 2090-T8 sheet suf-
fered at least as much corrosion damage as their counterparts on the
7075-T6 sheet. Some fairly deep pits occurred on the rolled surfaces of
the 2090, even during the exposure to seawater fog.

The results obtained during the electrochemical testing of various
faces of aluminum sheet material indicated that short-term EIS mea-
surements could provide good predictions of the general and localized
corrosion behavior of this material when exposed to seawater. In fact,
the prediction of the localized corrosion behavior with the CPE calcu-
lated from the EIS data seemed to agree more closely to the long-term
test results than the general corrosion estimation.17

7.2.3 Laboratory tests

In well-designed chemical processing plants, materials selection is
based on a number of factors, such as service history, field in-plant cor-
rosion tests, and pilot plant and laboratory corrosion tests. But, over
time, laboratory tests have proven to be the most reliable and simple
mean to generate information for the selection of process materials.
Many of these tests are routinely performed to provide information on
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■ Fundamental corrosion evaluation
■ Failure analysis
■ Corrosion prevention and control
■ Acceptance of quality assurance
■ Environmental issues involving corrosion
■ New alloy/nonmetallic or product process development

The Corrosion Tests and Standards handbook subdivides laboratory
corrosion tests into four categories: cabinet tests, immersion tests,
high-pressure/high-temperature tests, and electrochemical tests.
While these four categories represent different sets of conditions accel-
erating corrosion processes, only electrochemical tests can directly
amplify the impact of corrosion processes. The main reason why this is
possible is that all electrochemical tests use some fundamental model
of the electrode kinetics associated with corrosion processes to quantify
corrosion rates. The amplification of the electrical signals generated
during these tests has permitted very precise and sensitive measure-
ments to be carried out.

In order to understand how environmental conditions can be acceler-
ated, one has to first recognize the complexity of this factor. An impor-
tant point for the description of the environment is the distinction
between nominal and local (or near-surface) environments. Generally,
components are designed to resist nominal environments specified by
the applications and service conditions. The planning of testing pro-
grams is based on these specifications. Modern testing practices reflect
this complexity by building variations into the tests or by focusing on
the worst-case aspect of a situation.

Cabinet tests. Cabinet testing refers to tests conducted in closed cabinets
where the conditions of exposure are controlled and mostly designed to
accelerate specific corrosion situations while trying to emulate as closely
as possible the corrosion mechanisms at play. Cabinet tests are general-
ly used to determine the corrosion performance of materials intended for
use in natural atmospheres. In order to correlate test results with service
performance, it is necessary to establish acceleration factors and to veri-
fy that the corrosion mechanisms are indeed following the same paths.
Modern surface analysis techniques can be quite useful to ascertain that
the corrosion products have the same morphologies and crystallographic
structures as those typically found on equipment used in service. There
are basically three types of cabinet tests:

Controlled-humidity tests. There are 15 ASTM standards covering
different variations on creating and controlling fog and humidity in
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cabinets for corrosion testing of a broad spectrum of products, from
decorative electrodeposited coatings to solder fluxes for copper tub-
ing systems. The basic humidity test is most commonly used to eval-
uate the corrosion resistance of materials or the effects of residual
contaminants. Cyclic humidity tests are conducted to simulate expo-
sure to the high humidity and heat typical of tropical environments.
The cabinet in which such tests are performed should be equipped
with a solid-state humidity sensor reading the current humidity con-
dition and a feedback controller. The mechanism used to control the
humidity moves chamber air via a blower motor and passes it over
a heater coil in the bottom of the chamber with an atomizer nozzle
fogging into this air stream (Fig. 7.12).

Corrosive gas tests. In these tests, controlled amounts of corrosive
gases are added to humidity to replicate more severe environments.
Some of these tests are designed to reveal and amplify certain char-
acteristics of a material. ASTM B 775, Test Method for Porosity in
Gold Coatings on Metal Substrates by Nitric Acid Vapor, and B 799,
Test Method for Porosity in Gold or Palladium Coatings by
Sulfurous Acid/Sulfur-Dioxide Vapor, employ very high concentra-
tions of corrosive gases to amplify the presence of pores in gold or
palladium coatings. The moist SO2 test (ASTM G 87) is intended to
produce corrosion in a form resembling that in industrial environ-
ments. A very sophisticated variation of these tests is the flowing of
mixed gas test (ASTM B 827), in which parts per billion levels of pol-
lutants such as chlorine, hydrogen sulfide, and nitrogen dioxide are
introduced into a chamber at controlled temperature and humidity.

514 Chapter Seven

Figure 7.12 Controlled-humidity test chamber.
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This test is particularly adapted to the needs of the electronics
industry.

Salt spray testing. The oldest and most widely used cabinet test is
ASTM B 117, Method for Salt Spray (Fog) Testing, a test that intro-
duces a spray into a closed chamber where some specimens are
exposed at specific locations and angles. The concentration of the NaCl
solution has ranged from 3.5 to 20%. There is a wide range of chamber
designs and sizes including walk-in rooms that are capable of per-
forming this test. Although used extensively for specification purposes,
results from salt spray testing seldom correlate well with service per-
formance. Hot, humid air is created by bubbling compressed air
through a bubble (humidifying) tower containing hot deionized water.
Salt solution is typically moved from a reservoir through a filter to the
nozzle by a gravity-feed system (Fig. 7.13). When the hot, humid air
and the salt solution mix at the nozzle, the solution is atomized into a
corrosive fog. This creates a 100 percent relative humidity condition in
the exposure zone. For a low-humidity state in the exposure zone of the
chamber, air is forced into the exposure zone via a blower motor that
directs air over the energized chamber heaters (Fig. 7.14).

The inspection of specimens exposed to cabinet testing is often done
visually or with the use of a microscope when localized corrosion is
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Figure 7.13 Controlled salt fog test chamber during a humid cycle.

0765162_Ch07_Roberge  9/1/99 5:41  Page 515



suspected. The literature on the results and validity of these tests is
abundant. After visual examination, more destructive procedures can
be used to quantify test results. Measurement of physical properties or
other functional properties often provides valuable information about
corrosion damage.

Immersion testing. The environmental conditions that must be simu-
lated and the degree of acceleration that is required often determine
the choice of a laboratory test. In immersion testing, acceleration is
achieved principally by

■ Lengthening the exposure to the critical conditions that are sus-
pected of causing corrosion damage. For example, if a vessel is to be
batch-processed with a chemical for 24 h, then laboratory corrosion
exposure of 240 h should be considered.

■ Intensifying the conditions in order to increase corrosion rates, i.e.,
increasing solution acidity, salt concentration, temperature or pres-
sure, etc.

Once the environmental conditions have been determined and the
test designed, the test should be repeated a sufficient number of times
to determine whether it meets the desired standard for reproducibility.
Immersion tests can be divided into two categories:

Simple immersion tests. Basically, small sections of the candidate
material are exposed to the test medium for a period of time and the
loss of weight of the material is measured. Immersion testing
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Figure 7.14 Controlled salt fog test chamber during a dry cycle.
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remains the best method of screening and eliminating from further
consideration those materials that should not be considered for spe-
cific applications. But while these tests are the quickest and most eco-
nomical means for providing a preliminary selection of best-suited
materials, there is no simple way to extrapolate the results obtained
from these simple tests to the prediction of system lifetime.

Alternative immersion tests. Another variation of the immersion
test is the cyclic test procedure, in which a test specimen is
immersed for a period of time in a test environment, then removed
and dried before being reimmersed to continue the cycle. Normally
hundreds of these cycles are completed during the course of a test
program.

High-temperature/high-pressure (HT/HP) testing. Autoclave corrosion
tests are a convenient means for laboratory simulation of many service
environments. The reason for such tests is to recreate the high tem-
peratures and pressures commonly occurring in commercial or indus-
trial processes. Factors affecting corrosion behavior are often
intimately linked to the conditions of total system pressure, partial
pressures of various soluble gaseous constituents, and temperature.
There are many HT/HP environments of commercial interest, includ-
ing those in industries such as petroleum, nuclear power, chemicals,
aerospace, and transportation, where reliability, serviceability, and
corrosion concerns are paramount.18

Corrosion coupons can be placed in the aqueous phase, in vapor
space, or at phase interfaces, depending on the specific conditions that
are of interest. Additionally, it is also possible to conduct electrochem-
ical tests in HT/HP vessels. If multiple liquid phases are present, it
can be necessary to stir or agitate the media or test vessel to produce
mixing and create conditions in which the corrosion test specimens are
contacted by all of the phases present. Special magnetic and mechan-
ical stirrers are available that can be used to produce movement of the
fluid, leading to a mixing of the phases. In some cases, where contact
of the specimens with both liquid and gaseous phases is important in
the corrosion process, it may be necessary to slowly rotate or rock the
test vessel to produce the intended results.18 HT/HP corrosion tests
have special requirements not common to conventional corrosion
experiments conducted in laboratory glassware.

Four variations of common HT/HP test methods that have been
found to be useful in materials evaluation involving corrosion phe-
nomena will be briefly described. However, these types of evaluations
can be accomplished through careful planning and test vessel design.
These include:18
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Windowed test vessels. Special transparent windows and other fix-
tures such as fiber optics have been used to permit visual measure-
ments or observations within the confines of test vessels. Besides
being able to withstand the pressures, temperatures, and corrosion
environments, these windows may have to perform other functions
related to the introduction of light or other radiation if these are
among the test variables.

Electrochemical measurements. Most conventional electrochemical
techniques have been used for experiments conducted inside HT/HP
vessels. The most critical electrochemical component in these exper-
iments has always been the reference electrode. The design and con-
struction of the reference electrode are particularly important, as it
must provide a stable and standard reference potential. In many
applications, test vessels have been modified to accommodate an
external reference electrode to minimize the effects of temperature,
pressure, contamination, or a combination thereof.

Hydrogen permeation. Hydrogen charging is often a problem that
affects materials submitted to HT/HP test conditions. In such cases, it
may be necessary to measure hydrogen permeation rates and diffusion
constants in order to estimate the potential hazard of hydrogen attack.
For hydrogen permeation measurements at high temperatures, it may
be imperative to use solid-state devices.

Mechanical property testing. HT/HP vessels have been designed to
conduct a variety of mechanical tests, such as slow strain rate (SSR),
fracture, or fatigue testing. The main problem is always one of
selecting fixtures that can withstand the corrosive environments
generated in HT/HP tests.

Static tests. The simplest type of HT/HP corrosion test is conducted in
a sealed and static pressurized test vessel. The test vessel typically con-
tains a solution and a vapor space above the solution. In static corrosion
tests, the only form of agitation of the test environment is convection pro-
duced by heating of the solution. The solution itself can be anything from
a single liquid to water-based solutions containing various dissolved
salts, such as chlorides, carbonates, bicarbonates, alkali salts, and other
constituents or mixtures. The aim of these tests is to reproduce service
environments as closely as possible. The liquid and gas phases will be
determined by the amounts and vapor pressures of the constituents in
the test vessel and by the test temperature. In general, the degree of dif-
ficulty of these tests and the amount of expense required for them
increase with increasing test pressure and temperature.

Refreshed and recirculating tests. The depletion of volume of the corro-
sive environment in HT/HP tests is a serious limitation that often has
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to be overcome by the introduction of fresh environment, either con-
tinuously or by periodic replenishment of the gaseous and liquid phas-
es being depleted by the corrosion processes. The limitation of the
volume of the corrosive environment in most HT/HP tests makes
issues such as the ratio of solution volume to specimen surface area a
critical factor. In most cases, it is advantageous to limit this ratio to no
less than 30 cm3�cm	2. In any event, care should be taken to prevent
depletion of ’ critical corrosive species or contamination of the test solu-
tion with unacceptably high levels of corrosion-produced metal ions.

Such conditions may require changes in the test constituents after a
certain period of testing time, depending on their rate of consumption
or contamination by corroding specimens. In particularly critical situ-
ations, it is possible to minimize such concerns by using constant or
periodic replenishment of either the gaseous or the liquid phase in the
autoclave under pressurized conditions. The need for agitation is par-
ticularly required when multiple liquid phases are present. Special
magnetic and mechanical stirrers are available that can be used to
produce movement of the fluid. Magnetic or mechanical stirring can
also be employed to spin the specimens in the test environment, or
alternatively a high-velocity flow system can be employed to induce
cavitation or erosion damage on the specimens.

Factors affecting HT/HP test environments. For simple HT/HP exposure
tests involving either aqueous or nonaqueous phases, the total pres-
sure is usually determined by the sum of the pressures of the con-
stituents of the test environment, which will vary with temperature.
Where liquid constituents are being used for the test environment, the
partial pressure is usually taken to be the vapor pressure of the liquid
at the intended test temperature. Vapor pressures for several other
volatile compounds used in HT/HP corrosion testing can be found in
the technical literature. In some cases, higher test pressures can be
obtained by pumping additional gas into the test vessel using a special
gas pump. Alternatively, hydrostatic pressurization may be employed,
in which there is no gas phase in the test vessel and the pressure is
increased by pumping additional liquid into the test vessel in a con-
trolled manner.18 The importance of partial pressure in HT/HP corro-
sion testing is that the solubility of ’ the gaseous constituents in the
liquid phase is usually determined by its partial pressure, which
explains why the effect of some gaseous corrosives is often magnified
at high pressure.

Special HT/HP corrosion test conditions. A chemical species whose chem-
ical behavior affects corrosion resistance and materials performance
is hydrogen. It has been known for decades that atomic hydrogen can
produce embrittlement in many metallic materials. Under high
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hydrogen environment pressure, electrochemical reaction, or both,
atomic hydrogen can penetrate structural materials, where it can
react by one of the following mechanisms:18

■ Recombination to form pressurized molecular hydrogen blisters at
internal sites in the metal

■ Chemical reaction with metal atoms to form brittle metallic
hydrides

■ Solid-state interaction with metal atoms to produce a loss of ductility
and cracks

There has been much interest in conducting hydrogen-induced
cracking (HIC) tests in aqueous media that can produce atomic hydro-
gen on the surface of materials as a result of corrosion or cathodic
charging. In most cases, these tests can be conducted at ambient pres-
sure and at temperatures from ambient to elevated, depending on the
application. When aqueous hydrogen charging is involved, pressure is
usually not a major factor. However, as in the case of steels exposed to
aqueous hydrogen sulfide–containing environments, the atomic hydro-
gen is produced as a result of sulfide corrosion. The severity of the
mass-loss corrosion and hydrogen charging is directly dependent on
the amount of hydrogen sulfide dissolved in the aqueous solution. In
applications involving petroleum production and refining, compressed
natural gas storage, chemical processing, and heavy-water production,
such effects are compounded by exposure to HT and/or HP conditions.
Additionally, variations in pH which control the type and amount of
dissolved sulfide species and the severity of corrosion and hydrogen
charging can be affected by hydrogen sulfide pressure.

Special considerations for testing in high-purity water. There is a growing
awareness that differences in testing procedures in high-temperature
high-purity water, such as that used in the nuclear industry, can pro-
duce very large scatter in the SCC growth rate data. For example, data
from single or multiple laboratories often show scatter of a thousand or
even more, which is too high to establish reliable quantitative depen-
dencies unless very large data sets are generated. Environmental
cracking is influenced by dozens of interdependent material, environ-
ment, and stressing parameters. While there are numerous factors that
need to be controlled for optimal experiments, an even bigger challenge
revolves around interpreting existing data in which critical measure-
ments were not made and other measurements may be misleading. In
general, there is some concern with regard to almost all existing SCC
data, partly because the optimal measurements and techniques are not
fully known, much less agreed upon or standardized.19
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Extensive, careful studies show that the scatter in SCC growth-rate
data can be collapsed substantially from, e.g., the 1000X range that is
observed in some data sets to perhaps a factor of 2 to 5X.
Accomplishing this requires very stable loading and tight control on
temperature and water chemistry, as well as uniform metallurgical
characteristics. While these optimized conditions often yield repro-
ducible crack growth-rate data, it is not uncommon to find no growth
or retarded growth rates in some specimens.

Some distinction must be made among phenomena that involve sto-
chastic processes, like discrete birth and death processes in pit nucle-
ation. These are still subject to errors in measurement and
experimental technique, but are known to possess well-defined, inher-
ent “scatter.” The discrete nature and characteristics of pit nucleation
processes generally justify their being treated separately from a macro-
scopically continuous process like SCC. The types of problems that com-
monly appear in SCC crack growth data obtained in high-temperature
high-purity water can be broken down into the following categories:19

■ Stress intensity. “Constant” active-K testing (vs. wedge loading) is
preferred, although use of constant displacement is acceptable if it
meets other criteria and less than 15 percent K relaxation has
occurred during the test.19

■ Test preliminaries. Careful control and documentation of machin-
ing, surface condition, precracking procedures, and preoxidation are
important. Final precracking conditions and SCC loading procedure
are also particularly important.

■ Test temperature. The temperature that is most relevant to boiling
water reactors (BWRs) is between 274 and 288°C.19

■ Inlet and outlet solution conductivity. Given modern BWR oper-
ation, tests in “high-purity” water require that outlet conductivity
�0.1 �S�cm	1 be achieved, and �0.07 �S�cm	1 at the outlet is both
desirable and achievable for oxygen concentrations �2 ppm. In
most tests in “high-purity water,” the actual outlet conductivity is
dramatically higher than that of the inlet, as a result of
1. Chromate release by the autoclave chromium-rich materials
2. Decomposition of organic species
3. Release of fluorine from fluorinated polymers or chloride from ref-

erence electrodes
4. In-leakage of carbon dioxide from the air

■ Inlet and outlet dissolved oxygen and hydrogen. These should gen-
erally be measured, unless there is a very strong basis for accepting
nominal values of oxygen for the inlet and outlet. Dissolved hydrogen
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levels are important because (1) hydrogen affects the corrosion poten-
tial whether oxygen is present or not, and (2) hydrogen levels even
below 100 ppb may have a significant effect on SCC of high-nickel
alloys below 300°C.

■ Corrosion potentials. These should be measured on the test speci-
men, since it is widely accepted that corrosion potential is a more
fundamental measure of SCC effect than the dissolved oxygen level,
although it is not a truly fundamental parameter in SCC crack
growth.8 The effect on corrosion potential of acidic/basic impurities
or flow rate may be reported but misunderstood. Since the effect of
corrosion potential is primarily to create a potential gradient in the
crack, the effects of such changes must be carefully interpreted. The
same is true of effects of flow rate on corrosion potential.19

■ The autoclave refresh rate. This should be high enough to control
intentional (dissolved gases and ionic impurities) and unintentional
contributions (usually ionic impurities) to water chemistry. This
usually requires that the autoclave volume be refreshed 2 to 4 times
per hour.

■ Flow rate. The flow rate should never be a compromising element
of a test program. Since there are few cases in which flow rate is
expected to play a large role in SCC in plant components, laborato-
ry data under high-flow-rate conditions should automatically be
viewed with caution and concern because the crack tip chemistry
can be readily flushed under these conditions.

■ Continuous crack monitoring. This is essential. Reversed DC poten-
tial drop is most commonly used, and good data require a well-behaved
crack extension. Good crack length resolution in modern test facilities
is a few micrometers. The minimum acceptable crack increments need
to be based partly on microstructural considerations. While a wide
variety of microstructures are “sampled” across the width of the speci-
men, there are some concerns that small increments might do a poor
job of sampling and exhibit anomalous behavior.19

■ Material characteristics. Typical material characteristics should be
known, such as composition, crack orientation, yield strength/hard-
ness, heat-treatment conditions, carbide/phase distribution, and
derived parameters. Composition and welding conditions are also valu-
able in discerning whether weld metal is likely to have experienced hot
cracking, since distinguishing hot cracking from SCC is essential even
though both may contribute to through-wall penetration.

Electrochemical test methods. In view of the electrochemical nature of
corrosion, it is not surprising that measurements of the electrical prop-
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erties of the metal/solution interface are extensively used across the
whole spectrum of corrosion science and engineering, from fundamen-
tal studies to monitoring and control in service. Electrochemical test-
ing methods involve the determination of specific interface properties
that can be divided into three broad categories:

1. Potential difference across the interface. The potential at a corroding
interface arises from the mutual polarization of the anodic and
cathodic half-reactions constituting the overall corrosion reaction.
Potential is intrinsically the most readily observable parameter and,
with proper modeling of its value in relation to the thermodynamics
of a system, can provide the most useful information on the state of a
system. The following examples illustrate various applications of
potential measurements to the study of corrosion processes:
■ Determination of the steady-state corrosion potential Ecorr
■ Determination of Ecorr trends over time
■ Electrochemical noise (EN) as fluctuations of Ecorr

2. Reaction rate as current density. Partial anodic and cathodic cur-
rent densities cannot be measured directly unless they are pur-
posefully separated into a bimetallic couple. By polarizing a metal
immersed in a solution, it is possible to estimate a net current for
the anodic polarization and for the cathodic polarization, from
which a corrosion current density icorr can be deduced. Two broad
categories summarize the great number of techniques that have
been developed around these concepts:
■ Determination of E-i relationships by changing the applied poten-

tial, i.e., potentiostatic methods
■ Determination of E-i relationships by changing the applied cur-

rent, i.e. galvanostatic methods

3. Surface impedance. A corroding interface can also be modeled for
all its impedance characteristics, therefore revealing subtle mecha-
nisms not visible by other means. Electrochemical impedance spec-
troscopy is now well established as a powerful technique for
investigating corrosion processes and other electrochemical systems.

Types of polarization test methods. Polarization methods such as poten-
tiodynamic polarization, potentiostaircase, and cyclic voltammetry are
often used for laboratory corrosion testing. These techniques can pro-
vide significant useful information regarding the corrosion mecha-
nisms, corrosion rate, and susceptibility to corrosion of specific
materials in designated environments. Although these methods are
well established, the results they provide are not always clear and
occasionally can be misleading.20
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Polarization methods involve changing the potential of the working
electrode and monitoring the current which is produced as a function
of time or potential. For anodic polarization, the potential is changed
in the anodic (or more positive) direction, causing the working elec-
trode to become the anode and causing electrons to be withdrawn from
it. For cathodic polarization, the working electrode becomes more neg-
ative and electrons are added to the surface, in some cases causing
electrodeposition. For cyclic polarization, both anodic and cathodic
polarization are performed in a cyclic manner.20 The instrumentation
for carrying polarization testing consists of

■ A potentiostat which will maintain the potential of the working elec-
trode close to a preset value.

■ A current-measuring device for monitoring the current produced by
an applied potential. Some potentiostats output the logarithm of the
current directly, which will allow plotting of the current vs. potential
curves. The ability of the current-measuring device to autorange or
to change the scale automatically is also important.

■ Ability to store the data directly in a computer or plot them out
directly. This is also important.

■ Polarization cells. Several test cells for making polarization mea-
surements are available commercially. Polarization cells can have
various configurations specific to the testing requirements,
whether testing small coupons or testing sheet materials or testing
inside autoclaves. In a plant environment, the electrodes may be
inserted directly into a process stream. Some of the features of a
cell include20

1. The working electrode, i.e., the sample for testing or analysis,
which may be accompanied by one or more auxiliary or counter-
electrodes.

2. The reference electrode, which is often separated from the solu-
tion by a solution bridge and Luggin probe. This combination
eliminates solution interchange with the reference electrode but
allows it to be moved very close to the surface of the working elec-
trode to minimize the effect of the solution resistance.

3. A thermometer to determine temperature.
4. An inlet and outlet for gas to allow deaeration, aeration, or intro-

duction of specific gases into the solution.
5. Ability to make an electrical connection directly with the working

electrode, which will not be affected by the solution.
6. Introduction of the working electrode into the solution completely

so as to eliminate any crevice at the solution interface, unless this
is a desired effect.
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7. The test cell itself, composed of a material that will not corrode or
deteriorate during the test, and that will not contaminate the test
solution. The volume of the cell must be large enough to allow
removal of the corroding ions from the surface of the working elec-
trode without affecting the solution potential.

8. If necessary, a mechanism for stirring the solution, such as a stir-
ring bar or bubbling gas, to ensure uniformity of the solution
chemistry.

In ASTM G 3, Standard Practice for Conventions Applicable to
Electrochemical Measurements in Corrosion Testing, there are several
examples of polarization curves. Figure 7.15 illustrates the ideal polar-
ization behavior one could obtain, for example, using the linear polariza-
tion method briefly described below. Figures 7.16 and 7.17 show
hypothetical curves for, respectively, active and active-passive behavior,
while Fig. 7.18 was plotted from actual polarization data obtained with
a S43000 steel specimen immersed in a 0.05 M H2SO4 solution.

Several methods may be used in polarization of specimens for corro-
sion testing. Potentiodynamic polarization is a technique in which the
potential of the electrode is varied at a selected rate by application of
a current through the electrolyte. It is probably the most commonly

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

20 15 10 5 0 -5 -10 -15 -20

Current density

P
o

la
ri

za
ti

o
n

 (
E

-E
co

rr
)

Slope = Rp

Figure 7.15 Hypothetical linear polarization plot.
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used polarization testing method for measuring corrosion resistance
and is used for a wide variety of functions.20

An important variant of potentiodynamic polarization is the cyclic
polarization test. This test is often used to evaluate pitting suscepti-
bility. The potential is swept in a single cycle (or slightly less than one
cycle), and the size of the hysteresis is examined along with the dif-
ferences between the values of the starting open-circuit corrosion
potential and the return passivation potential. The existence of the
hysteresis is usually indicative of pitting, while the size of the loop is
often related to the amount of pitting.

Another variant of potentiodynamic polarization is cyclic voltamme-
try, which involves sweeping the potential in a positive direction until
a predetermined value of current or potential is reached, then imme-
diately reversing the scan toward more negative values until the orig-
inal value of potential is reached. In some cases, this scan is done
repeatedly to determine changes in the current-potential curve pro-
duced with scanning.

Another variation of potentiodynamic polarization is the poten-
tiostaircase method. This refers to a technique for polarizing an electrode
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Figure 7.18 Typical anodic polarization plot for S43000 steel in a 0.05 M H2SO4 solution.
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in a series of potential steps in which the time spent at each potential is
constant and the current is often allowed to stabilize prior to changing
the potential to the next step. The step increase may be small, in which
case the technique resembles a potentiodynamic curve, or it may be
large.20 Another polarization method is electrochemical potentiodynamic
reactivation (EPR), which measures the degree of sensitization of stain-
less steels such as S30400 and S30403 steels. This method uses a poten-
tiodynamic sweep over a range of potentials from passive to active (called
reactivation).

Another widely used polarization method is linear polarization resis-
tance (LPR). The polarization resistance of a material is defined as the
slope of the potential–current density (�E/�i) curve at the free corro-
sion potential (Fig. 7.15), yielding the polarization resistance Rp, which
can be itself related to the corrosion current with the help of Eq. (7.3).21

Rp � � (7.3)

where Rp � polarization resistance
icorr � corrosion current
B � empirical polarization resistance constant that can be

related to the anodic (ba) and cathodic (bc) Tafel slopes
with Eq. (7.4) 

B � (7.4)

The Tafel slopes themselves can be evaluated experimentally using
real polarization plots similar to those presented in Figs. 7.16 and 7.17
or obtained from the literature.21 The corrosion currents estimated
using these techniques can be converted into penetration rates using
Faraday’s law, expressed earlier in Eq. (7.1). Alternatively, corrosion
currents can be transformed using a generic conversion chart such as
that found in Table 7.8 or an alloy-specific conversion table like the one
for converting steel corrosion data in Table 7.9.

The study of uniform corrosion and studies assuming corrosion uni-
formity are probably the most widespread application of electrochem-
ical measurements both in the laboratory and in the field. The
widespread use of these electrochemical techniques does not mean
that they are without complications. Both linear polarization and Tafel
extrapolation need special precautions for their results to be valid. The
main complications or obstacles in performing polarization measure-
ments can be summarized in the following categories:

babc



2.3 (ba � bc)

(�E) 



(�i)

�E → 0

B


icorr
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■ Effect of scan rate. The rate at which the potential is scanned may
have a significant effect on the amount of current produced at all val-
ues of potential.20 The rate at which the potential is changed, the scan
rate, is an experimental parameter over which the user has control.
If not chosen properly, the scan rate can alter the scan and cause a
misinterpretation of the features. The problem is best understood by
picturing the surface as a simple resistor in parallel with a capacitor.
In such a model, the capacitor would represent the double-layer
capacitance and the resistor the polarization resistance, which is
inversely proportional to the corrosion rate [Eq. (7.3)]. The goal is for
the polarization scan rate to be slow enough so that this capacitance
remains fully charged and the current-voltage relationship reflects
only the interfacial corrosion process at every potential. If this is not
achieved, some of the current being generated would reflect charging
of the surface capacitance in addition to the corrosion process, with
the result being that the measured current would be greater than the
current actually generated by the corrosion reactions. When this hap-
pens, the polarization measurement does not represent the corrosion
process, often leading to an erroneous prediction.22

The question is, what is that proper scan rate? A relatively valid
method would be to use the lower breakpoint frequency of the imped-
ance spectrum as the starting point, provided such EIS measurement
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TABLE 7.8 Conversion between Current, Mass Loss, and Penetration Rates for
All Metals

mA�cm	2 mm�year	1 mpy g�m	2�day	1

mA�cm	2 1 3.28 M/nd 129 M/nd 8.95 M/n
mm�year	1 0.306 nd/M 1 39.4 2.74 d
mpy 0.00777 nd/M 0.0254 1 0.0694 d
g�m	2�day	1 0.112 n/M 0.365/d 14.4/d 1

mpy � milli-inches per year; n � number of electrons freed by the corrosion reaction; M �
atomic mass; d � density. As an example, if the metal is iron (Fe), n � 2, M � 55.85 g, and 
d � 7.88 g�cm	3.

TABLE 7.9 Conversion between Current, Mass Loss, and Penetration
Rates for Steel

mA�cm	2 mm�year	1 mpy g�m 	2�day	1

mA�cm	2 1 11.6 456 249
mm�year	1 0.0863 1 39.4 21.6
mpy 0.00219 0.0254 1 0.547
g�m	2�day	1 0.00401 0.0463 1.83 1

mpy � milli-inches per year.
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is available. The method is based on the premise that the scan rate
(voltage rate of change) is analogous to a frequency at every applied
potential. That frequency must be low enough so that the impedance
magnitude is independent of frequency. Then the polarization or
charge transfer resistance is being measured with no interference
from the capacitance.

The frequency below which there is no capacitive contribution is
about an order of magnitude lower than the breakpoint frequency.
The assumption is that this lower frequency is analogous to a scan
rate. The conversion to a scan rate is made by assuming that over
some small voltage amplitude, e.g., 5 mV, the voltage-current rela-
tionship is linear and the linear range corresponds to half of a sinu-
soidal wave. Table 7.10 shows estimated maximum scan rates for
several polarization resistance, solution resistance, and capacitance
values typically encountered in practice.

■ Effect of solution resistance. The distance between the Luggin
probe (of the salt bridge to the reference electrode) and the working
electrode is purposely minimized in most measurements to limit the
effect of the solution resistance. In solutions that have extremely
high resistivity, this can be an extremely significant effect. Many
materials of importance to corrosion measurements, such as con-
crete, soil, organic solutions, and many others, have high resistivity,
but can also be strongly corrosive to some metals. It is important to
be able to make polarization measurements in these high-resistivity
environments. A method of interrupting the current and monitoring
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TABLE 7.10 Examples of Maximum Scan Rates for Performing Valid Polarization
Plots

Solution resistance, Polarization resistance, Capacitance, Maximum scan rate, 
��cm2 k��cm2 �F�cm	2 mV�s	1

10 1 100 5.1
10 10 100 0.51
10 100 100 0.05
10 1000 100 0.005

100 1 100 6.3
100 10 100 0.51
100 100 100 0.05
100 1000 100 0.005

10 1 20 25
10 10 20 2.5
10 100 20 0.25
10 1000 20 0.025

100 1 20 50
100 10 20 2.6
100 100 20 0.25
100 1000 20 0.025
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the decay of the potential as a function of time can be used to mea-
sure the solution resistance and to determine the actual resistance
between the reference and working electrodes.

■ Changing surface conditions. Since corrosion reactions take place
at the surface of materials, when the surface is changed as a result
of processing conditions, active corrosion, or other reasons, the
potential is usually also changed. This can have a strong effect on
the polarization curves.20

■ Determination of pitting potential. In analyzing polarization
curves, the appearance of a hysteresis (or loop) between the forward
and reverse scans is often thought to denote the presence of localized
corrosion (pitting or crevice corrosion). This observation is particu-
larly valid when the corrosion potential is higher or more noble than
the pitting potential.

The need for further testing in the face of ambiguous or conflicting
polarization results is one of the most important things that can be
learned from a single test. The additional steps required when the
results of a single test or type of test are ambiguous include20

1. Rerun the test under equivalent conditions. This will minimize test-
to-test variations.

2. Identify conflicting or ambiguous results. Careful identification of
the areas of conflict can provide a starting point for further analy-
sis or testing.

3. Evaluate alternative answers to the conflict or ambiguity. Is there
another possible explanation for the results (such as changes in the
sample, surface, solution, or stirring rate; possible contamination;
or electronic hardware problems)?

4. Run another type of test. Many tests give complementary informa-
tion which may uncover the difficulty with the initial result.
Sometimes a simple examination of the sample visually will locate
crevice attack, oxide buildup, or surface changes that have occurred
and have led to the ambiguous or conflicting data obtained initially.

Cyclic potentiodynamic polarization. The electrochemical technique
that has gained the most widespread acceptance as a general tool for
assessing the possibility of an alloy suffering localized corrosion is
probably the cyclic potentiodynamic polarization technique. This
technique has been especially useful in assessing localized corrosion
for passivating alloys such as S31600 stainless steel, nickel-based
alloys containing chromium, and other alloys such as titanium and
zirconium.22
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The cyclic potentiodynamic polarization technique for corrosion stud-
ies was introduced in the 1960s and refined during the 1970s into a
fairly simple technique for routine use. In this technique, the voltage
applied to an electrode under study is ramped at a continuous rate rel-
ative to a reference electrode using a potentiostat. The voltage is first
increased in the anodic or noble direction (forward scan). At some cho-
sen current or voltage, the voltage scan direction is reversed toward the
cathodic or active direction (backward or reverse scan). The scan is ter-
minated at another chosen voltage, usually either the corrosion poten-
tial or some active potential. The potential at which the scan is started
is usually the corrosion potential. The corrosion behavior is predicted
from the structure of the polarization scan. Though the generation of
the polarization scan is simple, its interpretation can be difficult.22

Features useful in interpretation. Figures 7.19 through 7.22 show
typical polarization scans that might be observed in practice. The figures
are drawn assuming an arbitrary minimum recorded current (e.g., 100
nA�cm	2) that would lie above the actually measured minimum current
(e.g., 1 nA�cm	2) sometimes observed in an experiment. Hence, the scan
may sometimes cross the potential axis, set at some arbitrary current.
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Figure 7.19 Typical polarization scan for an alloy suggesting a significant risk of local-
ized corrosion in the form of crevice corrosion or pitting (the arrow indicates scanning
direction).
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Pitting and repassivation potentials. Two potentials that are often
thought to characterize an alloy in terms of localized corrosion are the
repassivation potential and the pitting potential and their values rela-
tive to the corrosion potential. A common interpretation is that pitting
would occur if the hysteresis between the forward and reverse scans
appeared as in Fig. 7.19 and the corrosion potential were equal to or
anodic with respect to the pitting potential. The specimen under test
would be expected to resist localized corrosion if the corrosion poten-
tial lay cathodic with respect to the repassivation potential or if the
polarization scan appeared as in Fig. 7.20.22

There are several ways to choose the repassivation potential. It can
be chosen as the potential at which the anodic forward and reverse
scans cross each other. Alternatively, it can be chosen as that potential
at which the current density reaches its lowest readable value on the
reverse portion of the polarization scan. One reason to choose the lat-
ter is that for some polarization scans, such as that in Fig. 7.20, the
forward and reverse portions of the polarization scan do not cross each
other. In any case, the choice should be consistent for all scans in any
particular study.
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Figure 7.20 Typical polarization scan for a completely passive alloy suggesting little risk
of crevice corrosion, pitting, or general corrosion (the arrow indicates scanning direction).
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The pitting potential is that potential at which the forward or
ascending portion of the scan shows a rapid rise in current, followed by
a negative hysteresis between the forward and reverse portions of the
scan, as in Fig. 7.19. Often, the electrode surface exhibits small pits
after the experiment. Controversy still surrounds the meaning of these
potentials. The values measured are not intrinsic properties of the
alloy and are influenced by a variety of experimental variables. The
pitting potential as determined by the potentiodynamic scan has been
shown to be related qualitatively to the resistance of a material to a
loss of passivity by pit initiation. If a crevice develops in a portion of
the specimen—between the electrode and its holder, for example—the
pitting potential will probably reflect the breakdown of passivity in
that crevice.22

Hysteresis. The hysteresis refers to a feature of the polarization
scan in which the forward and reverse portions of the scan do not over-
lay each other. The hysteresis shown in both Figs. 7.19 and 7.20 is the
result of the disruption of the passivation chemistry of the surface by
the increase in potential and reflects the ease with which that passi-
vation is restored as the potential is decreased back toward the corro-

534 Chapter Seven
P

o
te

n
ti

al

Log (current density)

Figure 7.21 Typical polarization scan for an alloy possibly suffering from general high
corrosion (the arrow indicates scanning direction).
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sion potential. For a given experimental procedure, the larger the hys-
teresis, the greater the disruption of surface passivity, the greater the
difficulty in restoring passivity, and, usually, the greater the risk of
localized corrosion.

Approaching a potential from more active potentials at a certain
scan rate will create a surface structure different from that created
when approaching the potential from more noble potentials. The “pos-
itive” hysteresis shown in Fig. 7.20 is caused by the polarization to
more noble potentials making the surface more passive. The “nega-
tive” hysteresis in Fig. 7.19 is caused by a decrease in passivity, often
produced by the initiation of localized corrosion. This latter phenome-
non is usually a reflection of a propensity for localized corrosion in the
form of either pitting or crevice corrosion. From a practical standpoint,
a positive hysteresis usually signifies that the alloy will be more resis-
tant to localized corrosion than does a negative hysteresis.22

Active-passive transition or anodic nose. The anodic nose reflects
the characteristic in which the current increases rapidly with increas-
ing potential in the anodic direction near the corrosion potential, goes
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Figure 7.22 Typical polarization scan for an alloy that has an easily oxidizable/reducible
surface species without being passive at the corrosion potential (the arrow indicates
scanning direction).
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through a maximum value, and then decreases to a low value. Iron
and some austenitic alloys may demonstrate this type of behavior in
acidic environments, for example. The decrease in current may sug-
gest an alloy surface undergoing some type of passivation process or
valence change (Fe2� to Fe3�) as the potential is increased. Figure 7.22
shows such an example. The presence of this feature typically means
that the alloy has a finite corrosion rate at the corrosion potential.

Anodic-to-cathodic transition potential. The potential at which the
current changes from anodic to cathodic during the reverse portion of
the scan is assumed to be the potential of the anodic-to-cathodic tran-
sition. The difference between this potential and the corrosion poten-
tial is another useful feature. If the polarization scan appears as in
Figs. 7.19 and 7.20, this potential still exists, but the current at the
transition is lower than the lowest recorded value of the current den-
sity. Under these circumstances, this potential might be assumed to be
the potential at which the cathodic current rises above the lowest
recorded value. The difference between this potential and the corro-
sion potential can provide an additional indication of the persistence
of passivity.22

Point of scan reversal. The current density (potential) at which the
polarization scan is reversed can play a significant role in the appear-
ance of the polarization scan and the value of the repassivation or pro-
tection potentials. The reason is that the value of the repassivation
potential is dictated by the amount of prior damage to the passive sur-
face. The farther the polarization scan is generated in the anodic direc-
tion, the greater tends to be the degree of upset of the surface region.
The effect of the point of reversal on the repassivation potential is
especially pronounced if the pitting potential is exceeded or some oth-
er electrochemical transformation is precipitated, especially if it does
not reflect behavior at the corrosion potential. The result can be an
erroneous prediction of corrosion behavior. No specific potential can be
recommended, since the amount of upset of the surface required for a
prediction is somewhat related to the information desired.
Maintaining a constant reversal point can be most important if alloys
are being compared in a specific environment or if a single alloy is
being evaluated across a number of environments.22

Potentiodynamic polarization in service. In the following examples,
the polarization scans were generated after 1 and 4 days of exposure
to a chemical product maintained at 49°C. The potential scan rate was
0.5 mV�s	1, and the scan direction was reversed at 0.1 mA�cm	2.
Coupon immersion tests were run in the same environment for 840 h.
The goal of these tests was to examine whether S31600 steel could be
used for short-term storage of a 50% commercial solution of
aminotrimethylene phosphonic acid in water. A small amount of chlo-
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ride ion (1%) could be present in this acidic chemical. The S31600 steel
specimens were exposed to the liquid, at the vapor/liquid interface,
and in the vapor. The reason for the three exposures was that in most
storage situations, the containment vessel would be exposed to a
vapor/liquid interface and a vapor phase at least part of the time.
Corrosion in these regions can be very different from that resulting
from exposures to liquid. The specimens were fitted with artificial
crevice formers.22

Figure 7.23 shows the polarization scan generated after 1 day, and
Fig. 7.24 shows the polarization scan generated after 4 days of expo-
sure. Considering the parameters mentioned above and how they
changed between the polarization scans was the basis for the inter-
pretation results presented in Table 7.11. The important parameters
considered were the position of the “anodic-to-cathodic” transition rel-
ative to the corrosion potential, the existence of the repassivation
potential and its value relative to the corrosion potential, the existence
of the pitting potential and its value relative to the corrosion potential,
and the hysteresis (positive or negative).

The presence of the negative hysteresis would typically suggest that
localized corrosion is possible, depending on the value of the corrosion
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Figure 7.23 Polarization scan for S31600 steel in 50% aminotrimethylene phosphonic
acid after 1 day of exposure (the arrow indicates scanning direction).
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potential relative to the characteristic potentials discussed above.
After the first day of exposure, pitting was not expected to be a prob-
lem because the pitting potential was well removed from the corrosion
potential. One concern was that the repassivation potential and the
potential at which the polarization scan shifted from anodic to cathod-
ic current were identical and the cathodic current rose almost linearly
with potential. The currents generated were much higher than those
normally associated with S31600 steel in a passive state. This obser-
vation would suggest that at the corrosion potential, S31600 steel
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TABLE 7.11 Features and Values Used to Interpret Figs. 7.23 and 7.24

Feature Value in Fig. 7.23 Value in Fig. 7.24

Repassivation potential 	 corrosion potential 0.12 V 0.0 V
Pitting potential 	 corrosion potential 0.22 V 0.12 V
Potential of anodic-to-cathodic transition 	
corrosion potential 0.12 V 0.0 V

Hysteresis Negative Negative
Active-to-passive transition No No

Figure 7.24 Polarization scan for S31600 steel in 50% aminotrimethylene phosphonic
acid after 4 days of exposure (the arrow indicates scanning direction).
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could show a possibly slight corrosion rate, not a surprise in this low-
pH environment. If one extrapolates the anodic and cathodic curves,
the corrosion rate might be estimated to be less than 0.12 mm�year	1.
In total, these observations suggested that there was a risk of initia-
tion of corrosion, particularly in localized areas where the pH can
decrease drastically.22

After 4 days, the risk of localized corrosion increased. At this time,
the repassivation potential and the potential of the change from anod-
ic to cathodic current were equal to the corrosion potential. The pitting
potential was only about 0.1 V more noble than the corrosion potential,
and the hysteresis was still negative. The risk of pitting had increased
to become a concern. The corrosion rate, while low, remained greater
than zero, suggesting that the alloy would not resist changes in the
environment. These results would suggest that corrosion in occluded
areas, such as under deposits, was more likely.

Coupon immersion tests confirmed the long-term predictions. Slight
attack was found under the special artificial crevice formers in the
complete liquid exposure. Pits were found on the coupons mounted at
the vapor/liquid interface, especially under deposits. Some pits were
found on the coupons mounted in the vapor region. The practical con-
clusion of this in-service study was that, since localized corrosion often
takes time to develop, exposure to this chemical product for several
days could be acceptable. However, it was recommended that long-
term exposure be avoided because both pitting and crevice corrosion
would be expected.

Electrochemical impedance spectroscopy. Electrochemical impedance
spectroscopy has been successfully applied to the study of corrosion
systems for almost 30 years23 and has been proven to be a powerful
and accurate method for measuring corrosion rates. But in order to
access the charge transfer resistance or polarization resistance Rp,
which is proportional to the corrosion rate at the monitored interface
[Eq. (7.1)], EIS results have to be interpreted with the help of a model
of the interface. Since the early work published by Epelboin and
coworkers, EIS has gained tremendous momentum and popularity in
corrosion laboratories around the world.24 An important advantage of
EIS over other laboratory techniques is the possibility of using very
small-amplitude signals without significantly disturbing the proper-
ties being measured.

To make an EIS measurement, a small-amplitude signal, usually a
voltage between 5 and 50 mV, is applied to a specimen over a range of
frequencies from 0.001 to 100,000 Hz. The EIS instrument records the
real (resistance) and imaginary (capacitance) components of the imped-
ance response of the system. Depending upon the shape of the EIS
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spectrum, a circuit model or circuit description code and initial circuit
parameters are assumed and input by the operator. The program then
fits the best frequency response to the given EIS spectrum to obtain
parameters. The quality of the fitting is judged by how well the fitting
curve overlaps the original spectrum. By fitting the EIS data, it is pos-
sible to obtain a set of parameters which can be correlated with the
coating condition and the corrosion of the steel substrate.

Of the numerous equivalent circuits that have been proposed to
describe electrochemical interfaces, only a few really apply in the con-
text of a freely corroding interface at or close to kinetic equilibrium.
The first circuit (Fig. 7.25a) corresponds to Eq. (7.2) and to the sim-
plest equivalent circuit that can describe a metal/electrolyte interface.
Following Boukamp,25 the term Q has been adopted here to describe
the “leaky capacitor” behavior corresponding to the presence of a con-
stant phase element explained by a fundamental dispersion effect. The
admittance representation Y* of the CPE behavior with frequency 
can be described by Eq. (7.5). For n � (1 	 �), Eq. (7.5) describes the
behavior of a resistor with R � Y0

	1 and for n � �, that of a capacitor
with C � Y0. For n � 0.5, Eq. (7.5) becomes the expression of a
Warburg (W) component, and when n � 	�, it emulates an inductance
with L � Y0

	1.25

Y* () � Y0
n cos(n�/2) � jY0

n sin(n�/2) (7.5)

Figure 7.26 illustrates the complex-plane presentation of EIS simu-
lated data corresponding to the model circuit in Fig. 7.25a when Rs �
10 �, Rp � 100 k�, and Q decomposes into Cdl � 40 �F and n � 0.8,
and Fig. 7.27 shows how the same data would appear in a Bode plot
format.

The second circuit (Fig. 7.25b) was proposed by Hladky et al.26 to
take into account a diffusion-limited behavior corresponding to a
Warburg component which can be described by Eq. (7.6). The exponent
n in Eq. (7.6) can vary between 0.5 and 0.25 depending on the smooth-
ness of the metallic surface, i.e., 0.5 for highly polished surfaces and
0.25 for porous or very rough materials.27 R and C in Eq. (7.6) are the
resistance and capacitance associated with the distributed R-C line of
infinite length.

Z() � (0.5R/C)0.5	n (7.6)

Figure 7.28 illustrates the complex-plane presentation of simulated
data corresponding to the model circuit in Fig. 7.25b when Rs � 10 �,
Rp � 100 k�, Cdl � 40 �F, and the exponent n of the Warburg compo-
nent � 0.4. Figure 7.29 shows the same data in a Bode representation.
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Figure 7.25 Equivalent circuit models proposed for the interpretation of EIS results
measured in corroding systems: (a) simplest representation of an electrochemical inter-
face; (b) one relaxation time constant with extended diffusion; (c) two relaxation time
constants; and (d) the impedance of pitting processes of Al-based materials.
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Figure 7.26 Complex-plane presentation of simulated data corresponding to the model circuit in
Fig. 7.25a when Rs � 10 �, Rp � 100 k�, and Q decomposes into Cdl � 40 �F and n � 0.8.

Figure 7.27 Bode representation of the same data illustrated in Fig. 7.26 in complex-plane format.
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Figure 7.28 Complex-plane presentation of simulated data corresponding to the model circuit
in Fig. 7.25b when Rs � 10 �, Rp � 100 k�, Cdl � 40 �F, and the exponent n of the Warburg
component � 0.4.

Figure 7.29 Bode representation of the same data illustrated in Fig. 7.28 in complex-plane format.
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The third circuit (Fig. 7.25c) has been proposed to describe EIS
results containing two relaxation time constants. Such behavior is
commonly encountered for corrosion under coatings or under scale,
for corrosion-inhibited systems, or even for localized corrosion.28 The
meaning of the circuit elements in Fig. 7.25c will vary with the phys-
ical systems represented, but their significance has been validated
through additional measurements and calculations. Figure 7.30
illustrates the model circuit in Fig. 7.25c with simulated data
obtained with Rs � 10 �, R1 � 40 k�, and Q1 � 40 �F with exponent
n � 1, R2 � 20 k�, and Q2 � 20 �F with exponent n � 1. Figure 7.31
is a Bode representation of the same data illustrated in Fig. 7.30 in
complex-plane format.

The fourth and last circuit (Fig. 7.25d) was proposed to describe the
events which occur on a metallic corroding surface before and after
localized corrosion has been observed. This model has been said to be
in agreement with a large number of EIS data collected during the
study of aluminum and aluminum-based metal matrix composites.29

The factor in this model attempts to represent the surface ratio
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between the pitted surface and the remaining surface of a specimen.
Figure 7.32 is a complex-plane presentation of simulated data corre-
sponding to the model circuit in Fig. 7.25d when Rs � 10 �, Rp � 20
k�, and Cp � 40 �F, a pit surface ratio factor F � 10	3, and a Warburg
exponent n � 0.8. Figure 7.33 is a Bode representation of the same
data illustrated in Fig. 7.32 in complex-plane format.

A critical problem in EIS (and in other electrochemical techniques) is
the validation of the experimental data. This problem is more obvious
in EIS than in time-domain techniques because of the manner in which
the experimental data are displayed. For example, it is not uncommon
to observe negative resistance (second quadrant) and inductive (fourth
quad-rant) behavior when the experimental impedance data are plot-
ted in the complex plane. Also, the impedance loci frequently take the
form of depressed and/or distorted semicircles, and these may contain
multiple loops. These features are not readily accounted for by using
simple electric equivalent circuits. However, the inability to represent
electrochemical impedance data by simple equivalent electric circuits is
not in itself a problem, since there is no a priori reason why an interfa-
cial impedance could be represented by such electrical analogs.30

Most companies selling impedance equipment are providing software
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Figure 7.31 Bode representation of the same data illustrated in Fig. 7.30 in complex-plane format.
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Figure 7.32 Complex-plane presentation of simulated data corresponding to the model circuit in
Fig. 7.25d when Rs � 10 �, Rp � 20 k�, Cp � 40 �F, a pit surface ratio factor F � 10	3, and a
Warburg exponent n � 0.8.

Figure 7.33 Bode representation of the same data illustrated in Fig. 7.32 in complex-plane format.
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to create complex circuits with an easy graphical user interface, as
illustrated in Fig. 7.34.

To address the validation of impedance data, the use of Kramers-
Kronig (KK) transforms has been proposed. More than 60 years ago,
Kramers and Kronig developed a number of integral transforms between
the real and the imaginary components of a complex transfer function.
However, only recently was a practical algorithm developed to apply the
KK transforms to validate electrochemical impedance data. Currently,
the KK algorithm is commercially available, and it is used routinely in
some laboratories to assess the quality of the measured impedance
data.30 These integral transforms were derived assuming four basic con-
ditions, which are discussed prior to stating the transforms themselves.

■ Linearity. A system is said to be linear if the response to a sum
of individual inputs is equal to the sum of the responses to the
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Figure 7.34 Illustration showing how modern EIS analytical tools support
the construction of complex equivalent circuits with single circuit elements.
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individual inputs. Practically, this also implies that the impedance (or
admittance) is not a function of the magnitude of the perturbation.

■ Causality. The temporal response of a system to an arbitrary exci-
tation must be real and not complex. If the system is at rest and a
perturbation is applied at time t � 0, the response must be zero for
t � 0. Physically, this means that the system does not generate noise
independent of the applied signal. This is an important considera-
tion in electrochemical systems, because charge transfer interfaces
are often active and do in fact generate noise in the absence of an
external stimulus.30

■ Stability. A system is said to be stable if it comes back to its origi-
nal state after a perturbation is removed. Otherwise the system
would supply power independently of the input. For a passive sys-
tem with loss, the transient response must approach zero for a suf-
ficiently long time. This condition ensures that there is no negative
resistance in the system. This apparent restriction on the presence
of negative resistance is also of great interest in electrochemistry, is
frequently observed experimentally, and is predicted theoretically
from mechanisms describing active-to-passive transitions.30

■ Finite value. The real and imaginary components of a complex
impedance must be finite over the entire frequency range sampled.
This condition is also of great interest in electrochemistry because
the real and imaginary components of a CPE vary with frequency.

If a system satisfies the conditions of linearity, stability, and causal-
ity, it will a priori satisfy the KK transforms, provided that the fre-
quency range is sufficiently broad for the integrals to be evaluated.
Accordingly, passive electric circuits provide an absolute measure
against which any numerical algorithm for evaluating the integrals
can be assessed.30

Electrochemical noise. The use of electrochemical noise (EN) for corro-
sion monitoring is very attractive, as was illustrated in a few examples
presented in Chap. 6, Corrosion Maintenance through Inspection and
Monitoring. Fluctuations of potential or current of a corroding metal-
lic specimen are a well-known and easily observable phenomenon, and
the evaluation of EN as a corrosion tool has increased steadily since
Iverson’s paper in 1968.31 The extensive development in the sensitivi-
ty of the equipment for studying electrochemical systems has rendered
the study of oscillations in electrochemical processes that translate
into measurable EN increasingly accessible. The study of corrosion
potential fluctuations was applied, for example, to monitor the onset of
events characterizing localized corrosion such as pitting or SCC, exfo-
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liation, and erosion-corrosion in either laboratory or diverse and com-
plex industrial environments.32

The study of EN has repeatedly been found uniquely appropriate for
monitoring the onset of events leading to localized corrosion and
understanding the chronology of the initial events typical of this type
of corrosion. No other technique, electrochemical or otherwise, is even
remotely as sensitive as EN to system changes and upsets. During
localized corrosion, EN is believed to be generated by a combination of
stochastic processes, such as passivation breakdown and repassivation
events, and deterministic processes which can be caused by film for-
mation or pit propagation processes.

The most traditional way to analyze electrochemical noise data has
been to transform time records in the frequency domain in order to
obtain power spectra. Spectral or power density plots would thus be
computed, utilizing fast Fourier transforms (FFT) or other algo-
rithms such as the maximum entropy method (MEM). Some studies
have indicated that the roll-off of the voltage noise amplitude from
corroding electrodes could be a useful characteristic of corrosion
processes.33,34 In these studies, a roll-off of 	20 dB/decade was asso-
ciated with pitting attack, whereas one of 	40 dB/decade was found
to be characteristic of general corrosion processes. When converted
into a spectral density plot, a roll-off of 	20 dB/decade would corre-
spond to a spectral exponent of 1, and a roll-off of 	40 dB/decade, to
an exponent of 2.

For stochastic signals, the spectral exponents � of spectral density
plots can be related to the fractal dimension D of the signals with Eq.
(7.7).35 But since the noise signals often contain deterministic features
that can induce variations in the slope of a spectral density plot, such
an analytical method is not the most reliable way to evaluate the frac-
tal dimension of a signal.

D � (7.7)

Another very useful mathematical model has been proposed to
specifically reveal the fractal characteristics of signals.36 A detailed
description of this technique, also called rescaled range analysis or
the R/S technique [where R or R(t,s) stands for the sequential range
of the data point increments for a given lag s and time t, and S or
S(t,s) stands for the square root of the sample sequential variance],
can be found in Fan et al.37 Hurst38 and later Mandelbrot and Wallis39

have proposed that the ratio R(t,s)/S(t,s) is itself a random function
with a scaling property described by relation (7.8), where the scaling

5 	 �



2
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behavior of a signal is characterized by the Hurst exponent (H), which
can vary over the range 0 � H � 1.

∝ SH (7.8)

It has additionally been shown that the local fractal dimension of a
noise trace is related to H through Eq. (7.9), which makes it possible
to characterize the fractal dimension of a given time series by simply
calculating the slope of an R/S plot.40

D � 2 	 H 0 � H � 1 (7.9)

In contrast with any other signal analysis technique, the stochastic
process detector (SPD) technique attempts to quantify the stochastici-
ty of a noise record.41 The SPD technique involves two levels of trans-
formation. First, the noise records are transformed into series of
singular events, i.e., each point of a time series is examined for its
appurtenance to either positive or negative noise peaks. In the second
level of transformation, the distribution of peak lengths f (t) is exam-
ined and compared to the theoretical exponential decay distribution,
represented by Eq. (7.10), where �t is the mean value and t is the peak
length (time) that would characterize a series of stochastic events. A
flowchart describing the logic of the SPD technique is presented in Fig.
7.35. The goodness of fit (GF) of real data to the exponential function
is then calculated to serve as a measure of the stochasticity of the time
records.

f (t) � ��t e
	�t (7.10)

The main idea behind applying the SPD technique to the analysis of
electrochemical noise is the belief that localized corrosion should
induce deterministic features in the overall noise signatures. And
since the SPD technique is particularly sensitive to any digression
from purely stochastic signals, such an analysis could serve as an
advance warning method to detect the onset of a localized corrosion
situation. The following experimental results and their analysis illus-
trate the information one could get with both the SPD and R/S ana-
lytical methods.

Cylindrical specimens of S30400 stainless steel containing a crevice
in the form of a close-fitting PTFE ring have been exposed to acidified
FeCl3 solutions maintained at 60°C, and the electrochemical noise has
been monitored. Fractal and stochasticity analysis techniques were
used on the time records to characterize the processes leading to

R(t,s)


S(t,s)
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Figure 7.35 Flowchart describing the logic of the stochastic process detector (SPD)
technique.
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crevice initiation. The stochasticity technique was found to be particu-
larly sensitive to the onset of crevice attack. By using a combination of
noise analysis techniques, it was possible to identify three distinct cor-
rosion modes during these experiments: pitting, massive pitting, and
crevice attack.42

Figures 7.36 to 7.39 contain the Ecorr measurements obtained dur-
ing four consecutive experiments made with these S30400 steel cylin-
drical specimens equipped with the crevice collar and the results
obtained by analyzing the voltage fluctuations by the SPD and R/S
techniques. At the end of these tests, the specimens were removed
from the electrolyte, the PTFE collar was removed, and the severity
of the corrosion attack was assessed. In all four cases, severe crevice
attack was observed beneath the collar around the majority of the cir-
cumference. Knowing that a Brownian motion behavior is equivalent
to a fractal dimension of 1.5, as can be verified by the R/S technique,
while the presence of persistence causes an increase in D, it is possi-
ble to divide the results presented in Figs. 7.36 to 7.39 into two zones:
those with D � 1.5, and those where D � 1.5. The transition between
these two zones is quite evident in all four experiments carried out
during this study. In the first experiment (Fig. 7.36), it occurred at
approximately 4.5 h in the test, whereas it occurred at 3.1 h for the
second experiment (Fig. 7.37), 3.2 h for the third (Fig. 7.38), and 4.1
h during the fourth (Fig. 7.39).

The switch from antipersistence, i.e., D � 1.5, to persistence, i.e.,
D � 1.5, was accompanied, in all four cases, by a permanent transi-
tion of Ecorr toward values that were more cathodic by approximately
80 to 100 mV. It was also accompanied by a sudden burst of electro-
chemical energy that could be picked up by a scanning platinum
probe with a commercial instrument, a Unican Instruments SRET.
The combination of a permanent cathodic shift of Ecorr and a pro-
longed period of persistence in the EN records have thus come to sig-
nify that a stable crevice situation had formed. The results obtained
with the SPD technique revealed another aspect of the EN that could
be useful for monitoring purposes: The results indicate that the tran-
sition from antipersistence to persistence was itself preceded by a
change in the level of stochasticity of the EN. In the cases of experi-
ments 2 and 3, the loss of stochasticity, i.e., when GF � 95 percent or
(1 	 GF) � 5 percent, was quite focused, whereas it was much more
diffuse in experiments 1 and 4. This temporary loss of stochasticity
was interpreted as being indicative of the presence of chaotic fea-
tures caused by the presence of two relatively stable states, general
pitting and crevice corrosion. The chaotic nature of the voltage fluc-
tuations between these two states, as revealed by the SPD technique,
would give an early indication of the tendency to form a crevice.
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Figure 7.36 First experiment with S30400 steel specimen with a crevice collar and in 0.01M FeCl3
acidified to pH 2 and maintained at 60°C.
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Figure 7.37 Second experiment with S30400 steel specimen with a crevice collar and in 0.01M
FeCl3 acidified to pH 2 and maintained at 60°C.
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Figure 7.38 Third experiment with S30400 steel specimen with a crevice collar and in 0.01M FeCl3
acidified to pH 2 and maintained at 60°C.

Figure 7.39 Fourth experiment with S30400 steel specimen with a crevice collar and in 0.01M FeCl3
acidified to pH 2 and maintained at 60°C.
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7.2.4 Field and service tests

In investigating an in-service failure, the analyst must consider a
broad spectrum of possibilities or reasons for its occurrence. Often a
large number of factors must be understood in order to determine the
cause of the original failure. The analyst is in the position of Sherlock
Holmes attempting to solve a baffling case. Like the great detective,
the analyst must carefully examine and evaluate all evidence avail-
able and prepare a hypothesis or a model of the chain of events that
could have caused the “crime.” If the failure can be duplicated under
controlled simulated service conditions in the laboratory, much can be
learned about how the failure actually occurred.

The salt spray test, for example, which was originally designed to test
coatings on metals, has been widely used to evaluate the resistance of
metals to corrosion in marine service or on exposed shore locations.43,44

Extensive experience has shown that, although salt spray tests yield
results that are somewhat similar to those of exposure to marine envi-
ronments, they do not reproduce all the factors causing corrosion in
marine service. Salt spray tests should thus be considered to be arbi-
trary performance tests and their validity dependent on the extent to
which a correlation has been established between the results of the test
and the behavior under expected conditions of service. Despite the cur-
rent widespread use of continuous salt spray methods, their unrealistic
simulation of outdoor environments is a serious shortcoming.

The reviews made by F. L. LaQue on this subject indicate that the
salt spray test cannot realistically be used, for example, for parts with
complicated shapes. This deficiency is principally due to the fact that
the salt spray particles fall in vertical patterns, creating a strong ori-
entation dependency.45,46 Another major inadequacy of the test is the
variable sensitivity of different metallic materials to the ions present
in various service environments. Since different metals also are affect-
ed differently by changes in the concentrations of salt solutions, the
salt spray test is not really appropriate for ranking different materials
in an order of relative resistance to salt water or salt air. The vari-
ability of the environments, even for seagoing equipment, is another
factor that is extremely difficult to reproduce in a laboratory. Before
attempting to simulate such natural environments, it is thus recom-
mended that the chemistry of the environment and all other parame-
ters controlling the corrosion mechanisms be monitored over time, in
a serious attempt to characterize the worst exposure conditions.

Further developments in accelerated testing should be based on
modern scientific principles and incorporate an appreciation of the
mechanisms of natural atmospheric degradation of the metal being
studied. The development of laboratory corrosion tests should be based
on a previous determination of the dominant corrosion factors. Even if
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the preferred practice is to design such tests to represent the most
severe conditions for the corrosion involved, it is still important to
investigate the kinetic component involved in environmental corrosion
in order to understand the causes and reasons for failure. With these
points in mind, it is useful to consider how the corrosion acceleration
may realistically be achieved. Increasing the concentration or corro-
siveness of the salt spray may not necessarily be appropriate during
cyclic testing, since even an initially dilute spray will, after a sufficient
number of cycles, result in the solubility of ionic species being exceed-
ed. Since the development of an accelerated testing program should
focus on the parameters which govern the lifetime behavior of the
materials being tested, it is important to establish a general frame-
work of the factors behind corrosion damage and, hence, behind con-
tinuous and cyclic cabinet testing.

The lack of correlation between corrosion rates measured during
conventional salt spray testing and during outdoor exposure to marine
environments and the drastic differences in the nature of the corrosion
products formed by these two types of tests have created a general
feeling that ASTM B 117 is not an appropriate test environment for
anything other than products intended for continuous immersion in
seawater environments. The mass loss results presented in Table 7.12
were obtained by Harper over 30 years ago on untreated and anodized
aluminum casting alloys exposed to a marine environment for 10 years
and in a salt spray test for 1500 h.47 On some untreated specimens
(LM1M, LM4M, and LM5M), mass loss in the marine atmosphere was
approximately half of the mass loss measured with salt spray, while
for others (LM6M, LM14WP, and LM23P), very different results were
obtained. The results on anodized coatings did not correlate much bet-
ter, although the anodized specimens resisted the salt spray tests con-
sistently better than they did the marine environment.

556 Chapter Seven

TABLE 7.12 Mass Loss Comparison between Salt Spray Tests and Marine
Atmosphere Exposure Results

Untreated Anodized

Salt spray, Marine atmosphere, Salt spray, Marine atmosphere,
Alloy* g/1500 h g/10 years g/1500 h g/10 years

LM1M† 0.87 0.43 0.06 0.09
LM4M 0.34 0.18 0.02 0.09
LM5M 0.19 0.06 0 0.10
LM6M 0.05 0.12 0 0.04
LM14WP 0.14 0.25 0 0.06
LM23P 0.26 0.23 0.02 0.07

*British Standard aluminum casting alloy (BS 1490).
†M = as cast, W = solution, P = precipitation heat treatment.
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Selecting a test facility. There are many factors to consider when
selecting a weathering test station to conduct a test program. These
can be divided into two categories:

■ Location. An ideal test site should be located in a clean, pollution-
free area, if pollution is not deemed to be a parameter, within the
geoclimatic region to be used. This is important for the prevention of
unnatural effects on the specimens. Within the local area chosen,
there must be no isolated sources of pollution or deleterious atmo-
spheric contamination. This could result from construction, emis-
sions from a manufacturing plant, or chemical spraying in farming
areas. The layout of the test field itself is very important. The char-
acteristics of the test field will be determined by its location. For
example, if trees enclose the field, the test area will be affected by
mildew spores, will have lower sunlight levels, and possibly will
have lower temperatures. If the field is on low land and poorly
drained, it will flood in times of heavy rainfall, humidity will be
higher, and algae growth and dirt attachment will increase.

■ Maintenance. The exposure maintenance program followed by the
test site will also play a major role in determining the accuracy of
testing. It is important that the specimens on the test racks be cor-
rectly maintained. This involves ensuring that the mounting method
is correct and giving constant follow-up attention to maintain the
quality. The racks themselves are in contact with the specimens. The
racks must be cleaned regularly to remove any dirt, mildew, or algae
which would otherwise contaminate the specimens.

Types of exposure testing. As a general principle, the type of exposure
is selected to represent usage. Some of the possible types are as follows:

Direct weathering. For direct exposure, the specimen is mounted
on the exposure frame, open-backed or solid-backed, and subject to
all atmospheric effects. This type can be used at a number of expo-
sure angles. The standard angles used are 45°, 5°, and 90°, these
angles being referenced from a horizontal angle of 0°. The angle cho-
sen should be one that matches as closely as possible the position of
the end use of the material.48 The racks should be cleaned on a reg-
ular basis to remove mildew and algae if these contaminant produc-
ers are present on the test site. Figure 7.40 is an aerial view of the
Kennedy Space Center beach corrosion test site, and Fig. 7.41 is a
ground view with a background view of the Shuttle.58

Black box weathering. Black box exposure is used primarily to recre-
ate the exposure conditions of the horizontal surfaces of an automobile.
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The “box” creates an enclosed air space beneath the panels that form
the top surface of the box. The modified environment is similar to that
of a parked automobile. The black box can be used at a number of expo-
sure angles. However, for automotive testing, the black box is usually
placed at 5°. The box is typically made of aluminum painted black,
with the test panels forming the top surface. The black box also serves
to lower the panel temperature overnight to below that of the sur-
rounding air, creating a longer condensation period.

Under-glass weathering. This exposure technique places the speci-
men behind a glass-covered frame, protecting it from any direct
rainfall. The solar transmittance properties of the glass filter out a
significant amount of the harmful ultraviolet. This method is used
to test interior materials.

Tropical weathering. Tropical weathering involves a naturally
humid environment that accelerates fungal and algae growth at a sig-
nificantly faster rate than standard outdoor weathering. Since micro-
bial resistance is a very important characteristic of paints and paint
films, considerable attention has been given to developing a field test
that provides the optimal conditions for the accelerated growth of

Figure 7.40 Aerial view of the Kennedy Space Center beach corrosion test site.
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mildew and algae. In turn, companies that need to test their algicides
and fungicides in paint and paint films can do so in a much shorter
period of time. In these tests, specimens are exposed on a standard
aluminum frame with a vertical north orientation. Specimens should
ideally have a wood or Styrofoam substrate that will also allow for
water capillary action from the sample sitting on the test rack.48

Optimizing test programs. The iterative process described as “experi-
mental design” consists of planning both the test variables and their
subsequent logical analysis. Applied to a corrosion problem, such a
process can combine modern scientific principles with an appreciation of
the mechanisms of degradation of the material being studied. The role
of experimental design in acquiring the knowledge of a process is illus-
trated in Fig. 7.42, where the loop emphasizes the iterative aspect of the
process, leading to increased knowledge of a system behavior. The main
idea behind experimental design is to minimize the number of steps
before an acceptable understanding becomes possible. One of the first
descriptions of an experimental design application to a corrosion situa-
tion estimated that such statistics could49
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Figure 7.41 Ground view of the Kennedy Space Center beach corrosion test site with a
background view of the Shuttle.
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■ Save time and money: Fewer experiments are required per firm
conclusion.

■ Simplify data handling: Data are digested in a readily reusable
form.

■ Establish better correlations: Variables and their effects are isolated.
■ Provide greater accuracy: The estimation of errors is the cornerstone

of statistical design.

As expressed in Fig. 7.42, the selection of an experimental strategy
should precede and influence data acquisition. It is indeed difficult, if
not impossible, to retrofit experiments to satisfy the statistical consid-
erations necessary for the construction of valid models. Any time spent
in preparing a test program is a good investment. The most important
consideration, at the initial planning stages, should be to integrate the
available information in order to limit future setbacks. For complex
situations, a good compromise is to employ what is called a screening
design technique. The purpose of running screening experiments is to
identify a small number of dominant factors, often with the intent of
conducting a more extensive and systematic investigation. An impor-
tant application of screening experiments is to perform ruggedness
tests that, once completed, will permit the control or limitation of envi-
ronmental factors or test conditions that can easily influence a test
program. There are, of course, many subtleties in designing experi-
ments that may intimidate a person who has limited familiarity with
statistics. But fortunately there are a growing number of software
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Figure 7.42 The experimental design loop for acquiring
knowledge of a process.
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packages that can guide and support a user in a friendly manner
through the process of designing experiments. The following examples
illustrate the application of such methodology to practical and complex
corrosion testing situations.

The selection of a cast superalloy. In this study, a series of cast Ni-base
�/�′ superalloys were systematically varied at selected levels of Co, Cr,
Mo, Ta, and Al, and the alloys’ weight change performance was moni-
tored.50 A full factorial central experimental design was used, with five
sets of star points to completely map the response of these alloys. For
five elemental variables, 43 alloy compositions were required, and
regression analysis of the results permitted the production of a com-
plete second-degree equation describing the total variability of the
alloy performance.

Improved cosmetic corrosion test. As part of the efforts of the American
Iron and Steel Institute’s (AISI) Task Force on Automotive Corrosion,
a design of experiments (DOE) program was initiated. The aim of this
program was to study the effects of a number of carefully selected test
parameters on the performance of automotive steel sheet products
subjected to a cyclic corrosion test and to “on-vehicle” tests.51 A review
of the literature guided the initial selection of seven test variables con-
sidered to be of major importance to the corrosion performance of auto-
motive steel. Triplicate 100-mm by 150-mm panels were exposed to
eight test runs designed according to a Plackett-Burman partial facto-
rial design. The results of these tests were to be used as a guide to
develop an improved test procedure.

Container material for nuclear waste disposal. In this project, a two-level
factorial design was adopted to map the effects of five factors (Cl	,
SO4

2	, NO3
	, F	, and temperature) on a candidate material for con-

tainers in the Yucca Mountain repository site.52 The trial order was
randomized before testing, and a five-factor interaction was used to
block the experiments in terms of two different potentiostats used in
the study, in order to verify the instrumental variability. A complete
response surface of alloy 825 resistance to localized corrosion, esti-
mated by cyclic polarization, was produced as a function of environ-
mental variables.

Managing water chemistry. Experimental design was also used to study
mild steel under water conditions containing various scaling agents
and the addition of an organophosphorus inhibitor.53 The corrosion
rates were measured in laboratory experiments using linear polariza-
tion, and mathematical models were generated relating the corrosion
behavior to solution flow rate and the concentrations of Ca2�, Cl	,
HCO3

	, and the organic inhibitor. Two models were developed in this
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study; the first described the corrosion rates of mild steel, and the sec-
ond, the scaling tendencies of the water. These models were then vali-
dated with pilot cooling tower experiments.

Corrosivity in complex environments. Experimental design techniques
were also used to develop models for understanding the effects of com-
plex environments on materials considered for the operation of differ-
ent processes such as wood pyrolysis, gas desulfurization, and
continuous digestion.54 In these studies, it was demonstrated that to
reduce the complexity of the environments (solution variables, con-
straints, etc.) to a manageable level, designed experiments are essen-
tial. When such studies are properly done, the results can be used to
predict the corrosion performance of alloys as a function of solution
composition. For the interested reader, reference 54 gives additional
details on the actual statistical procedures used for a few typical
designs for complex corrosion.

7.3 Surface Characterization

From an engineering materials viewpoint, the impact of corrosion on a
system is mostly a surface phenomenon, and the scientists and engi-
neers interested in fundamental corrosion processes have always been
among the first to explore the utility of surface analysis techniques.
Surface analysis is the use of microscopic chemical and physical probes
that give information about the surface region of a sample. The probed
region may be the extreme top layer of atoms, or it may extend up to
several microns beneath the sample surface, depending on the tech-
nique used. These techniques have been increasingly successful in
shedding light on many facets of corrosion mechanisms. Surface analy-
sis techniques are fundamentally destructive, since they generally
require that the sample be placed in an ultrahigh vacuum to prevent
contamination from residual gases in the analysis chamber. A rule of
thumb is that up to an atomic layer per second can be formed at pres-
sures of 10	4 Pa if each collision of a gas molecule results in its sticking
to the surface.55 Since surface analysis is an extremely specialized field,
it has its own nomenclature; the reader is referred to ASTM E 673,
Terminology Relating to Surface Analysis. Table 7.13 presents a repre-
sentative list of various techniques with their fundamental principles,
and Table 7.14 identifies the types of information and resolution that
they can produce.56 The following list gives some of the common
acronyms used to describe some of the surface analysis techniques.

■ Auger electron spectroscopy (AES)
■ Electron spectroscopy for chemical analysis (ESCA)
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■ Field-emission auger electron spectroscopy (FE Auger)
■ Scanning auger microscopy (SAM)
■ Scanning probe microscopy (SPM)
■ Scanning tunnelling microscopy (STM)
■ Secondary electron microscopy (SEM)
■ Secondary ion mass spectrometry (SIMS)
■ Time-of-flight (TOF)
■ Ultraviolet photoelectron spectroscopy (UPS)
■ X-ray photoelectron spectroscopy (XPS)

Acceleration and Amplification of Corrosion Damage 563

TABLE 7.13 Surface Analytical Techniques with Typical Applications and Signal
Detected

Analytical technique Typical applications Signal detected

Auger Surface analysis, high-resolution Auger electrons from near-
depth profiling surface atoms

FE Auger Surface analysis, microanalysis, Auger electrons from near-
microarea depth profiling surface atoms

AFM/STM Surface imaging with near- Atomic-scale roughness
atomic resolution

Micro-FTIR Identification of polymers, Infrared absorption
organic films, liquids

XPS/ESCA Surface analysis of organic and Photoelectrons
inorganic molecules

HFS Hydrogen in thin films Forward-scattered 
(quantitative) hydrogen atoms

RBS Quantitative thin-film Backscattered He atoms
composition and thickness

SEM/EDS Imaging and elemental Secondary and backscattered
microanalysis electrons and X-rays

FE SEM High-resolution imaging of Secondary and 
polished precision cross sections backscattered electrons

FE SEM (in lens) Ultra-high-resolution imaging Secondary and 
with unique contract mechanism backscattered electrons

SIMS Dopant and impurity depth Secondary ions
profiling, surface microanalysis

Quad SIMS Dopant and impurity depth Secondary ions
profiling, surface microanalysis, 
insulators

TOF SIMS Surface microanalysis of Secondary ions, atoms, 
polymers, organics molecules
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TABLE 7.14 Surface Analytical Techniques with Detection Characteristics

Analytical Elements Organic Detection Depth Imaging/ Lateral resolution 
technique detected information limits resolution mapping (probe size)

Auger Li–U — 0.1–1 at% �2 nm Yes 100 nm
FE Auger Li–U — 0.01–1 at% 2–6 nm Yes �15 nm
AFM/STM — — — 0.01 nm Yes 1.5–5 nm
Micro-FTIR — Molecular groups 0.1–100 ppm — No 5 �m
XPS/ESCA Li–U Chemical bonding 0.01–1 at% 1–10 nm Yes 10 �m–2 mm
HFS H, D — 0.01 at% 50 nm No 2 mm � 10 mm
RBS Li–U — 1–10 at% (Z � 20) 2 mm Yes

0.01–1 at% (20 � Z � 70)
0.001–0.01 at% (Z � 70)

SEM/EDS B–U — 0.1–1 at% 1–5 �m (EDS) Yes 4.5 nm (SEM)
FE SEM — — — — Yes 1.5 nm
FE SEM (in lens) — — — — Yes 0.7 nm
SIMS H–U — ppb–ppm 5–30 nm Yes 1 �m (imaging), 30

�m (depth profiling)
Quad SIMS H–U — 1014–1017 at/cm3 � 5 nm Yes �5 mm (imaging), 30

�m (depth profiling)
TOF SIMS H–U Molecular ions to �1 ppma, 108 at cm	2 1 monolayer Yes 0.10 �m

mass 10,000
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Some of these techniques require ultrahigh vacuum for the analy-
sis of interfaces and others do not. They all involve irradiating the
interface with a beam of photons, electrons, or ions and analyzing the
reflected beam to determine the chemical nature of the interface. For
any of these techniques, the conditions of the film must not change
drastically during the measurement. Many of the techniques used to
probe surfaces use a beam of ions to strike the surface and knock off
atoms of the sample material. These atoms are ionized and are iden-
tified and measured using a mass spectrometry technique. Other
techniques strike the surface with electrons (AES, EDS) or x-rays
(ESCA) and measure the resulting electron or photon emissions to
probe the sample. Measurements of the way high-energy helium
nuclei bounce off a sample can be used as a sensitive measure of
surface-layer composition and thickness (RBS). Surface structure on
a microscopic scale is observed by using electron microscopes (SEM),
optical microscopes, and atomic force or scanning probe microscopes
(AFM/SPM). One common way of characterizing surface analysis
techniques is by tabulating the incoming and outgoing particles.
These techniques can be classified according to whether they utilize
photons, electrons, or ions.57

Surface analysis is mainly used in two separate modes. One is in
surface science, where the goal is to fundamentally understand the
causes of the problem and the mechanisms that are occurring in a sys-
tem. Usually a model system is picked to eliminate as many con-
founding variables as possible in order to get a system about which
firm conclusions can be drawn. Often, many different techniques will
be used on the same problem in order to illuminate as many facets as
possible of the problem. The other mode is failure analysis. The goal
here is to determine which of the failure modes is the most important
one for a particular failure. The samples are real and, hence, nonide-
al. This analysis mode is often used to identify the elements present,
their distribution pattern, and their oxidation state.55

Auger electron spectroscopy and x-ray photoelectron spectroscopy
are probably the two surface analysis techniques that have found the
greatest use in corrosion-related work. One of the first applications of
surface analysis techniques to corrosion was an examination of the
composition of the passive film on stainless steel. This investigation
was undertaken to rationalize the substantial improvement in resis-
tance to pitting and acid solutions that is found when Mo and/or Si are
present in stainless steels. The AES results obtained in these early
studies challenged the generally accepted explanation of the mid-
1970s that the beneficial effects of Mo and Si were due to their enrich-
ment of the passive film. In fact, the AES results indicated that Mo
and Si were depleted in the film. There are basically two approaches
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in using surface-sensitive techniques to elucidate the mechanistic
details of the interfacial processes and determine the molecular nature
of the surface products, i.e., ex situ and in situ techniques. To investi-
gate the interfacial processes at the metal/liquid interface, one has to
resort to in situ techniques; however, one can use both in situ and ex
situ techniques for the characterization of the interphase.

7.3.1 General sensitivity problems

The problems of sensitivity and detection limits are common to all
forms of spectroscopy. In its simplest form, the question of sensitivity
boils down to whether it is possible to detect the desired signal above
the noise level. In virtually all surface studies, sensitivity is a major
problem. Consider the case of a sample with a surface of size 1 cm2

with typically 1015 atoms in the surface layer. In order to detect the
presence of impurity atoms present at the 1 percent level, a technique
must be sensitive to 1013 atoms.56 Contrast this with a spectroscopic
technique used to analyze a 1 cm3 bulk liquid sample, typically con-
taining 1022 molecules. The detection of 1013 molecules in this sample
would require 1 part per billion (ppb) sensitivity, a level provided by
only a few techniques.

Assuming that a technique of sufficient sensitivity can be found,
another major problem that needs to be addressed in surface spec-
troscopy is distinguishing between signals from the surface and signals
from the bulk of the sample. To ensure that the surface signal is distin-
guishable (shifted) from the comparable bulk signal, either the detection
system must have sufficient dynamic range to detect very small signals
in the presence of neighboring large signals or the bulk signal must be
small compared to the surface signal, i.e., the vast majority of the detect-
ed signal must come from the surface region of the sample. It is the lat-
ter approach that is used by the majority of surface spectroscopic
techniques; such techniques can then be said to be surface-sensitive.

7.3.2 Auger electron spectroscopy

AES is the most commonly used surface technique on metal samples
because of the following advantages:55

■ High surface sensitivity
■ Acceptable detectability for many corrosion problems
■ Simultaneous detection of all elements (except hydrogen and helium)
■ Very good small-area analysis (mapping)
■ Ability to probe deeper into the surface by sputter profiling
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■ Analysis time not excessively long
■ Readily available instrumentation

The Auger process gives electrons of characteristic energy for each
element, which are determined by the differences in energy of the
orbitals involved. In addition to the Auger electrons, there are also
much more plentiful secondary electrons with a broad energy distri-
bution that overlies the characteristic peaks. To highlight the charac-
teristic peaks, differentiation is performed on a plot of the number of
electrons emitted by the sample versus the energy of those electrons.
This results in a spectrum that ignores the more plentiful background
(secondary) electrons and emphasizes the characteristic electrons that
are used to identify the elements present. In some cases, the exact
peak shape and energy can be used to identify the oxidation state of
the elements present.55

One of the attractions of Auger analysis is that it is quite surface-
sensitive, since an Auger spectrum typically represents information
about the composition of the top 0.5 to 2 nm of the surface, depending
upon the sample analyzed and the analysis conditions. Although
Auger electrons can be generated at depths of several micrometers
into the sample, the Auger electrons must be able to escape to the sur-
face without undergoing an inelastic collision in order to be detected.
Compilations of elemental spectra and charts of atomic number versus
electron energy are available to help assign peaks. Modern data pro-
cessing (background subtraction, peak fitting to standard spectra) has
made it possible to correctly resolve many peak-identification prob-
lems caused by peak overlap.55

7.3.3 Photoelectron spectroscopy

Photoelectron spectroscopy utilizes photoionization and energy-dispersive
analysis of the emitted photoelectrons to study the composition and elec-
tronic state of the surface region of a sample. Traditionally, when the tech-
nique has been used for surface studies, it has been subdivided according
to the source of exciting radiation into

■ X-ray photoelectron spectroscopy, which uses soft (200 to 2000 eV)
x-ray excitation to examine core levels

■ Ultraviolet photoelectron spectroscopy, which uses vacuum UV (10
to 45 eV) radiation from discharge lamps to examine valence levels

Photoelectron spectroscopy is based upon a single photon-in/electron-
out process, and from many viewpoints this underlying process is much
simpler than the Auger process. In XPS the photon is absorbed by an
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atom in a molecule or solid, leading to ionization and the emission of
a core (inner-shell) electron. By contrast, in UPS the photon interacts
with valence levels of the molecule or solid, leading to ionization by
removal of one of these valence electrons. The kinetic energy distri-
bution of the emitted photoelectrons can be measured using any
appropriate electron energy analyzer, and a photoelectron spectrum
can thus be recorded. An alternative approach is to consider a one-
electron model along the following lines.

The realization that the energy of the ejected photon could be used to
determine the chemical state of an atom gave rise to the name ESCA
(electron spectroscopy for chemical analysis). Because x-ray photons
are necessary to generate the appropriate electrons, the technique is
also called x-ray photoelectron spectroscopy. XPS shares the Auger
characteristic of good surface sensitivity, since this is driven by the
same need for the electrons to be able to reach the detector unscathed.
It is possible to vary the depth of analysis in both techniques by vary-
ing the tilt angle with regard to the detector. This technique is used
more extensively in XPS, where it is often called angle-resolved depth
profiling. XPS also has the very important advantage that it can obtain
chemical state information on most atoms.55

For each and every element, there will be a characteristic binding
energy associated with each core atomic orbital, i.e., each element will
give rise to a characteristic set of peaks in the photoelectron spectrum
at kinetic energies determined by the photon energy and the respec-
tive binding energies. The presence of peaks at particular energies
therefore indicates the presence of a specific element in the sample
under study, and the intensity of the peaks is related to the concen-
tration of the element within the sampled region.56

7.3.4 Rutherford backscattering

Rutherford backscattering (RBS) is based on collisions between atomic
nuclei and derives its name from Lord Ernest Rutherford, who in 1911
was the first to present the concept of atoms having nuclei. It involves
measuring the number and energy of ions in a beam that scatters back
after colliding with atoms in the near-surface region of a sample at
which the beam has been targeted. With this information, it is possible
to determine atomic mass and elemental concentrations versus depth
below the surface. RBS is ideally suited for determining the concentra-
tion of trace elements that are heavier than the major constituents of
the substrate. Its sensitivity for light molecular masses and for the
makeup of samples well below the surface is poor.56

When a sample is bombarded with a beam of high-energy particles,
the vast majority of the particles are implanted into the material and
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do not escape. This is because the diameter of an atomic nucleus is on
the order of 10	6 nm while the spacing between nuclei is on the order
of 0.2 nm. A small fraction of the incident particles do undergo a direct
collision with a nucleus of one of the atoms in the upper few microme-
ters of the sample. This collision does not actually involve direct con-
tact between the projectile ion and the target atom. Energy exchange
occurs because of Coulomb forces between nuclei in close proximity to
each other. However, the interaction can be modeled accurately as an
elastic collision using classical physics.56

The energy measured for a particle backscattering at a given angle
depends upon two processes. Particles lose energy as they pass
through the sample, both before and after a collision. The amount of
energy lost is dependent on the material’s stopping power. A particle
will also lose energy as the result of the collision itself. The collisional
loss depends on the masses of the projectile and the target atoms. The
ratio of the energy of the projectile before and after collision is called
the kinematic factor.56 The number of backscattering events that occur
from a given element in a sample depend upon two factors: the con-
centration of the element and the effective size of its nucleus. The
probability that a material will cause a collision is called its scattering
cross section.

7.3.5 Scanning probe microscopy
(STM/AFM)

In the early 1980s, two IBM scientists, Binnig and Rohrer, developed
a new technique for studying surface structure, scanning tunneling
microscopy (STM). This invention was quickly followed by the devel-
opment of a whole family of related techniques which, together with
STM, may be classified in the general category of scanning probe
microscopy (SPM) techniques. Of these later techniques, the most
important is undoubtedly atomic force microscopy (AFM).56 The
development of these techniques has without doubt been the most
important event in the surface science field in recent times, and has
opened up many new areas of science and engineering at the atomic
and molecular level. All of the SPM techniques are based upon scan-
ning a probe (typically called the tip in STM, since it literally is a
sharp metallic tip) just above a surface while monitoring some inter-
action between the probe and the surface. The interaction that is
monitored is:

In STM, the tunnelling current between the metallic tip and a con-
ducting substrate which are in very close proximity but not actually
in physical contact.

Acceleration and Amplification of Corrosion Damage 569

0765162_Ch07_Roberge  9/1/99 5:41  Page 569



In AFM, the van der Waals force between the tip and the surface;
this may be either the short-range repulsive force (in contact mode)
or the longer-range attractive force (in noncontact mode).

For the techniques to provide information on the surface structure at
the atomic level, the position of the tip with respect to the surface must
be very accurately controlled (to within about 0.1 Å) by moving either
the surface or the tip.

If the tip is biased with respect to the surface by the application of a
voltage between them, then electrons can tunnel between the two, pro-
vided that the separation of the tip and the surface is sufficiently
small; this gives rise to a tunneling current. The direction of current
flow is determined by the polarity of the bias. If the sample is biased
	ve with respect to the tip, then electrons will flow from the surface to
the tip, while if the sample is biased �ve with respect to the tip, then
electrons will flow from the tip to the surface.

The name of the technique arises from the quantum mechanical tun-
neling-type mechanism by which the electrons can move between the tip
and the substrate. Quantum mechanical tunneling permits particles to
tunnel through a potential barrier which they could not surmount
according to the classical laws of physics; in this case, electrons are able
to traverse the classically forbidden region between the two solids. In
this model, the probability of tunneling is exponentially dependent upon
the distance of separation between the tip and the surface; the tunneling
current is therefore a very sensitive probe of this separation. Imaging of
the surface topology may then be carried out in one of two ways:

■ In constant-height mode, the tunneling current is monitored as the
tip is scanned parallel to the surface.

■ In constant-current mode, the tunneling current is maintained con-
stant as the tip is scanned across the surface.

If the tip is scanned at what is nominally a constant height above the
surface, there is actually a periodic variation in the separation distance
between the tip and the surface atoms. At one point the tip will be direct-
ly above a surface atom and the tunneling current will be large, where-
as at other points the tip will be above hollow sites on the surface and the
tunneling current will be much smaller. In practice, however, the normal
way of imaging the surface is to maintain the tunneling current constant
while the tip is scanned across the surface. This is achieved by adjusting
the tip’s height above the surface so that the tunneling current does not
vary with the lateral tip position. In this mode, the tip will move slight-
ly upward as it passes over a surface atom and, conversely, move slight-
ly in toward the surface as it passes over a hollow.
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7.3.6 Secondary electron microscopy and
scanning Auger microscopy

The two forms of electron microscopy which are commonly used to pro-
vide surface information are secondary electron microscopy (SEM),
which provides a direct image of the topographical nature of the surface
from all the emitted secondary electrons, and scanning Auger microscopy
(SAM), which provides compositional maps of a surface by forming an
image from the Auger electrons emitted by a particular element.56

SEM. As the primary electron beam is scanned across the surface, elec-
trons with a wide range of energies will be emitted from the surface in
the region where the beam is incident. These electrons will include
backscattered primary electrons and Auger electrons, but the vast major-
ity will be secondary electrons formed in multiple inelastic scattering
processes (these are the electrons that contribute to the background and
are completely ignored in Auger spectroscopy). The secondary electron
current reaching the detector is recorded, and the microscope image con-
sists of a “plot” of this current I against probe position on the surface. The
contrast in the micrograph arises from several mechanisms, but first and
foremost from variations in the surface topography. Consequently, the
secondary electron micrograph is virtually a direct image of the real sur-
face structure.55

The attainable resolution of the technique is limited by the mini-
mum spot size that can be obtained with the incident electron beam,
and ultimately by the scattering of this beam as it interacts with the
substrate. With modern instruments, a resolution of better than 5 nm
is achievable. This is more than adequate for imaging semiconductor
device structures, for example, but is insufficient to enable many sup-
ported metal catalysts to be studied in any detail.

Although not a true surface technique, SEM-EDS (energy dispersive
spectrometer) often provides useful information concerning surface cor-
rosion mechanisms. The ubiquitous nature, low cost, and ease of use of
this technique cause it to be used as a tool in many failure analyses
involving corrosion. Because its analysis depth is much larger (approx-
imately a micrometer) than that of the true surface techniques, it is not
necessary to analyze samples that are high-vacuum-compatible. As a
result, almost no sample preparation is needed for many different
kinds of samples.

The sample is scanned with a high-energy (typically 5 to 30 keV) elec-
tron beam in a raster pattern which causes the ejection of a number of
particles, including secondary electrons, backscattered electrons, and
x-rays. Secondary electrons (with energies less than 50 eV) are
detectable only if they are generated in the top surface of a sample; this
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causes the secondary electron output to be responsive to topographical
detail and therefore gives an image that is remarkably similar to that
seen with an optical microscope. Added advantages are greater magni-
fication and depth of field. The contrast in backscattered electron
images is mainly dependent on atomic number, so these images provide
rough elemental distribution information.55

Element identification is provided by analysis of the characteristic
x-rays that are emitted with an energy dispersive spectrometer.
Quantification can be quite good if appropriate standards are used.
The x-ray detector can be set to detect and count only x-rays that have
energies within a narrow range. This output can then be used to gen-
erate elemental distribution maps, or line scans. Newer detectors with
ultrathin windows can easily detect all elements with an atomic num-
ber of 5 (boron) or greater.

SAM. With this technique, the incident primary electrons cause ion-
ization of atoms within the region illuminated by the focused beam.
Subsequent relaxation of the ionized atoms leads to the emission of
Auger electrons characteristic of the elements present in this part of
the sample surface. As with SEM, the attainable resolution is ulti-
mately limited by the incident beam characteristics. More significant-
ly, however, the resolution is also limited by the need to acquire
sufficient Auger signal to form a respectable image within a reason-
able time period, and for this reason the instrumental resolution
achievable rarely approaches 20 nm.

7.3.7 Secondary ion mass spectroscopy

Secondary ion mass spectroscopy is the third of the three most com-
mon surface analysis techniques. In SIMS, the sample is irradiated
with a primary ion beam (normally argon), the impact of which sput-
ters away the surface atoms, some as neutrals and others as ions.
Those atoms which become ionized are then detected in a mass spec-
trometer, where their masses are measured.

SIMS is the most sensitive of all the commonly employed surface
analytical techniques. This is because of the inherent sensitivity asso-
ciated with mass spectrometric–based techniques. There are a number
of different variants of the technique:56

■ Static SIMS, used for submonolayer elemental analysis
■ Dynamic SIMS, used for obtaining compositional information as a

function of depth below the surface
■ Imaging SIMS, used for spatially resolved elemental analysis
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These variations are all based on the same basic physical process,
and it is this process which is discussed here, together with a brief
introduction to the field of static SIMS. In SIMS, the surface of the
sample is subjected to bombardment by high-energy ions; this leads to
the ejection (or sputtering) of both neutral and charged (�/	) species
from the surface. The ejected species may include atoms, clusters of
atoms, and molecular fragments.

In traditional SIMS, it is only the positive ions that are mass ana-
lyzed. This is primarily for practical ease, but it does lead to problems
with quantifying the compositional data, since the positive ions are
but a small, nonrepresentative fraction of the total sputtered species.
It should be further noted that the displaced ions have to be energy fil-
tered before they are mass analyzed (i.e., only ions with kinetic ener-
gies within a limited range are mass analyzed). The most commonly
employed incident ions used for bombarding the sample are argon ions
(Ar�), but other ions have been used in some applications.56 The mass
analyzer is typically a quadrupole mass spectroscopy analyzer with
unit mass resolution, but high-specification time-of-flight (TOF) ana-
lyzers are also used and provide substantially higher sensitivity and a
much greater mass range (albeit at a higher cost).

In static SIMS (SSIMS), the aim is to obtain sufficient signal to pro-
vide compositional analysis of the surface layer without actually
removing a significant fraction of a monolayer, i.e., to be able to ana-
lyze less than 1014 atoms or molecules, or approximately 10 percent of
a monolayer, for a 1-cm2 sample. The technique is then capable of pro-
viding information about the topmost single atomic layer of the sur-
face. In dynamic SIMS, which is more common, a high-energy ion
beam removes layers of the surface. The beam is so energetic that lit-
tle chemical information is retained, since the vast majority of any
molecular species is fragmented. Although destroying the surface obvi-
ously prevents its reexamination, it is not a total disadvantage, since
it allows depth profiling to occur naturally.

Some of the advantages of SIMS are that it has a very low detection
limit and that it can detect all elements. These advantages make it
able to address many problems that neither AES nor XPS is suitable
for. Reasonably small (micrometer or smaller) spot sizes allow ele-
mental mapping. A major disadvantage of SIMS is that there is a very
great range of ionization rates for different elements. Furthermore,
the rates will vary depending upon the other species present (matrix
effects). A beam of either positive or negative ions can be used as the
exciting beam, with very different response factors. The biggest differ-
ences are found with the very electronegative halogens and the elec-
tropositive alkali metals.55
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