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Foreword

This publication, Slow Strain Rate Testing for the Evaluation of Environmentally Induced
Cracking: Research and Engineering Applications, contains papers presented at the sym-
posium of the same name, held in Pittsburgh, PA on 18-19 May 1992. The symposium was
sponsored by ASTM Committee G-1 on Corrosion of Metals. Russell D. Kane, Cortest
Laboratories, Inc., presided as symposium chairman and is editor of the resulting publication.
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Overview

Background

In the past 40 to 50 years, there has been an increased awareness of the effects of service
environments on the performance of engineering materials of construction. Of particular
concern is the susceptibility of these materials to environmentally induced cracking. Envi-
ronmentally induced cracking is a *“‘catch-all” term that refers to a number of different modes
of corrosive degradation involving brittle cracking through the combined action of an en-
vironment, tensile stress (either applied or residual), and a susceptible material. These types
of failures can oftentimes occur unexpectedly at stresses that are below normal design stresses
and without substantial deformation. Examples of such types of cracking are chloride stress
corrosion cracking (SCC), caustic cracking, hydrogen embrittlement, and liquid metal em-
brittlement.

Any material may be subject to environmentally induced cracking under the right (or
wrong) environment and enough stress. Environmental induced cracking is a major concern
particularly as larger, more sophisticated and costly equipment, components, and structures
are being fabricated. The economic, safety, environmental, and legal impact of failures in
these systems are, in many cases, paramount considerations.

Due to the aforementioned concerns for environmentally induced cracking, corrosion and
materials specialists have worked consistently for the development of better and more
predictive laboratory tests for this phenomenon. The activities of ASTM G-1 (Corrosion
of Metals) has been largely directed at standardization of corrosion testing methods and
procedures including those for environmentally induced cracking. These methods have his-
torically involved exposure of statically stressed specimens (i.e., tension, C-ring, bent beam,
or fracture mechanics specimens) of a material to a particular corrosive environment. Often-
times, such tests are conducted over a range of applied stress levels while monitoring for
time-to-failure. These types of tests are described in many ASTM standards.

One problem often associated with tests for environmentally induced cracking conducted
in the aforementioned manner is the amount of testing time required to initiate cracking
and, in turn, the amount of time needed to conduct a proper evaluation of these types of
phenomena. In some cases, the initiation time needed to produce cracking in some material/
environment situations is in excess of 10 000 hours (>1 year). In order to reduce this initiation
time, many investigators use aggressive, artificial solutions to chemically accelerate these
tests. However, the problem often associated with tests conducted in these environments is
one of producing test results that relate to real-world situations. These methods can often
be used to screen one material from another, but their predictive capabilities are often in
doubt.

Approximately 20 years ago, a new testing technique referred to as slow strain rate testing
was first applied to the investigation of environmentally induced cracking of metals and
alloys. In this test method, the specimen is not held at a constant load or deflection during
the period of exposure. The slow strain rate test uses the application of dynamic straining
of the specimen in the form of a slow, monotonically increasing strain to failure. The apparent
advantage of slow strain rate testing over conventional techniques is the use of the dynamic
straining to mechanically accelerate cracking. It is hoped that this technique will allow the
use of more realistic environments and also reduce the total time requirement for evaluating
various metallurgical or environmental parameters.

1
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Previous ASTM Symposium on Slow Strain Rate Testing

In 1979, ASTM Committee G—1 sponsored its first symposium on slow strain rate testing
techniques resulting in the publication of STP 665 (G. M. Ugiansky and J. H. Payer, editors).
In that symposium, many papers were presented on the new technique which, at that time,
was largely restricted to fundamental studies and research investigations. In general, the
conclusions made by many investigators at the first symposium was that this new test method
offered many advantages to conventional testing techniques for investigating environmentally
induced cracking. In many cases, correlations were obtained between slow strain rate test
results and operating experience that were not predicted by conventional corrosion testing
techniques. However, more experience would be required before the true benefit of slow
strain rate testing would be realized. .

During the decade since the previous symposium, use of the slow strain rate symposium
has expanded and been used for a number of different purposes, from fundamental research
studies to material lot release testing and monitoring of corrosive severity of service envi-
ronments. Additional experience has been gained in many material/environment situations
using a variety of test specimens and loading procedures.

The Current Symposium

On 18-19 May 1992, ASTM Committee G-1 sponsored a second slow strain rate sym-
posium. The goal of this second symposium was to highlight some of the new directions in
testing for environmentally induced cracking using a variety of slow strain rate techniques.
At this symposium, presentations were made that described both fundamental research
studies and more practical engineering applications. These presentations centered on the
developments that have been made in the understanding of slow strain rate test data and
extensions in this testing technique that have occurred over the past ten years.

The slow strain rate symposium involved researchers for industry, government agencies,
and universities from the United States, England, Germany, Spain, and Japan. Focused
sessions were held on the use of slow strain rate testing techniques for the evaluation of
environmentally induced cracking in nuclear power, oil and gas production, chemical process,
and marine service.

Development and Application of Slow Strain Rate Testing Techniques

The symposium contained keynote and plenary lectures as well as sessions that focused
on specific applications of slow strain rate testing. In keeping with the historical perspective,
a presentation was made by Dr. Redvers Parkins (Emeritus Professor, University of New-
castle Upon Tyne) that summarized 25 years of experience with the slow strain rate testing
technique. Dr. Parkins, who has played a key role in the inception and development of this
testing technique, provides an excellent review of this subject in this section.

Additionally, this section contains a critical assessment of the limits of the slow strain rate
technique as applied to the evaluation of stress corrosion cracking. This assessment was
conducted through the review of the published literature and through a survey of user
experience. In general, slow strain rate testing provided results that were predictive for
stress corrosion cracking. However, if focused attention on the need to use consideration
of electrochemical potential in the evaluation of test data in order to relate laboratory and
field behavior.
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Uses of Slow Strain Rate Testing to Control or Monitor Industrial Processes:
Applications in Nuclear Power

This section highlighted the results from both laboratory studies and in-plant tests related
to the serviceability of stainless steels and nickel base alloys in nuclear power applications.
Specific emphasis was on the role of slow strain rate test data in the evaluation of materials
for service in various types of reactor environments of varying environmental severity.

The application of slow strain rate testing to the study of environmentally induced cracking
in high-temperature, high-purity water environments highlights the benefits of this testing
technique. In many cases, it was difficult to simulate actual service experience using con-
ventional statically stressed specimens under laboratory conditions that simulated those
producing in-service failures. However, when slow strain rate testing was employed, better
correlation between laboratory and plant experience was obtained.

The sensitivity of the slow strain rate testing technique to environmental and metallurgial
parameters is highlighted. In tests conducted in boiling water reactor environments, it was
possible to verify reactor water chemistry requirements and to minimize cracking problems
using tests on materials of known susceptibility. This work illustrates the benefits of slow
strain rate testing outside of the laboratory.

Research Applications and Developments in Slow Strain Rate Testing Techniques

This section focuses on developments of modified slow strain rate test techniques. These
modified techniques incorporate a conventional, slowly increasing load with fracture me-
chanics test methods and precracked specimens. They are applied to the evaluation of
hydrogen embrittlement and SCC in steels and nickel alloys. While shortening the testing
time required for evaluation of material or environmental variables, it is hoped that the
combination of these techniques also provides fracture mechanics data usable in design of
equipment, components, and structures. This 1s a new area for slow strain rate testing and
further work and development will be needed.

Also examined in this section are fundamental studies of SCC of high-strength steels and
titanium alloys in various aqueous environments. The advantages of the slow strain rate
technique are highlighted. In the case of high-strength steels, rapid evaluation of these
materials to many environmental conditions and electrochemical potentials can be easily
accomplished, thus aiding in the identification of cracking mechanisms. In the case of ti-
tanium alloys, the use of slow strain rate techniques provides for more consistent test results
through minimizing the effects of crack initiation on the test results. However, the effects
of strain rate on the test results in titanium alloys requires further work.

Industrial Applications of Slow Strain Rate Testing to Evaluate Environmentally Induced
Cracking

This section contains papers that have used slow strain rate testing techniques to evaluate
the compatibility of environments and materials of construction in various chemical process
environments. Case histories are presented that show the benefits of slow strain rate data
in the materials selection process. Additionally, they show the use of this test technique in
the development of (1) process control parameters to limit the aggressiveness of chemical
process environment on materials of construction, and (2) hydrogen content limits for high-
strength steel weldments.

Specific emphasis is placed on the use of siow strain rate techniques for the evaluation
of liquid metal embrittiement (LME) of aluminum and stainless alloys in contact with
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mercury. The data present in these papers show the applicability of this corrosion testing
technique for the evaluation of LME. It overcomes the problems of surface tension and
crack initiation commonly observed in statically stressed specimens.

Use of Slow Strain Rate Testing for Qualification of SCC Resistance of Corrosion
Resistant Alloys (CRAs)

This section presents a case study that highlights the application of slow strain rate testing
techniques to the lot release testing of commercial heats of nickel-base alloys. The case
study specifically focuses on the use of this testing technique and related experiences found
in the petroleum industry to obtain nickel-base alloys with adequate resistance to SCC in
severe hydrocarbon production environments containing chloride, hydrogen sulfide, and
elemental sulfur. This industry has found that in order for slow strain rate testing techniques
to be truly predictive of alloy performance strict adherence to standardized procedures must
be obtained. The test results from interlaboratory studies and the effects of heat-to-heat
variations are discussed along with the effects of various environmental and metallurgical
parameters on SCC performance.

The results presented in this section indicate the degree of control and standardization
required for slow strain rate tests to be predictive. The lessons learned from this petroleum
industry experience will most likely apply to other practical applications of slow strain rate
testing in the future. It is hoped that through the presentation of this case study, the
development effort required for future use of this testing technique will be minimized.
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Redvers N. Parkins!

Slow Strain Rate Testing—25 Years
Experience

REFERENCE: Parkins, R. N., “Slow Strain Rate Testing—25 Years Experience,” Slow Strain
Rate Testing for the Evaluation of Environmentally Induced Cracking: Research and Engineering
Applications, ASTM STP 1210, R. D. Kane, Ed., American Society for Testing and Materials,
Philadelphia, 1993, pp. 7-21.

ABSTRACT: The development of slow strain rate testing for environment sensitive cracking
over the last 25 years is reviewed. In its original form, in which specimens are continuously
strained to total failure, the method is still valuable, especially as a rapid sorting approach to
the effects of metallurgical or environmental changes in systems, and examples are given of
such. The importance of employing an appropriate strain rate for the particular system being
studied is emphasized, after which consideration is given to applying variations on the method
to determining threshold stresses for cracking.

KEYWORDS: stress corrosion cracking (SCC), strain rate, threshold stresses, interrupted
tests, tapered specimen tests, cyclic loading

The form in which slow strain rate stress corrosion cracking tests were initially developed
and used, essentially as a go-no go sorting test, remains as one of its attractions for some
applications. However, a considerable volume of laboratory data is now available that
demonstrates the importance of surface or crack tip strain rates in the incidence and growth
of environment sensitive cracks, i.e., strain rate plays an important mechanistic role in stress
corrosion cracking (SCC). This is because of the synergistic effects of the time dependences
of corrosion-related reactions and of film rupture, the frequency of the latter determined
by the strain rate. Since engineering structures are mostly designed to a maximum allowable
stress that is some fraction of the yield stress and slow strain rate tests (SSRTs) can involve
much higher stresses, there is sometimes reluctance to accept the relevance of the results
they provide in relation to operating structures. However, SSRTs do not have to involve
high stresses or high plastic strains, as indicated in the following, and when they are conducted
in one or other of these modified forms the data they provide are at least as relevant to
industrial application as that from any other type of SCC test. (Unless stated otherwise,
strain rate herein refers to the initial strain rate calculated from the initial gage length and
its deflection rate.)

Monotonic SSRTs

This expression is used here to indicate tests in which straining is continued monotonically
until the test specimen displays total fracture, and is the form in which SSRTs were initially
designed and is still most frequently employed. In this form they are attractive because they
give a definitive answer in a relatively short time to the question of whether or not a given

! Emeritus professor of metallurgy, University of Newcastle upon Tyne, Newcastle upon Tyne NEI
7RU, England.
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alloy-environment combination displays susceptibility to SCC, assuming that appropriate
test conditions have been chosen, as indicated in the following. Where susceptibility is
indicated, usually by the generation of cracks of appropriate morphology, some measure of
the extent of that susceptibility is usually required and that can take various forms [/]. The
easiest quantities to use, because they are usually measured during the SSRT, are the time
to failure, often normalized with respect to the time to failure in the absence of the potent
environment, or the maximum load or stress achieved during the test. Ductility parameters,
such as % reduction in area or elongation, are easily measured after completion of the test
and also constitute useful means of providing relative measures of susceptibility. Although
somewhat less easily measured than those quantities previously mentioned, average crack
velocity, from measurement of the deepest crack on the fracture surface or the deepest
secondary crack in a microsection divided by the time to failure, is a parameter that often
has more direct relevance to defining SCC susceptibility than some of the alternatives, most
of which are employed in the data presented.

SSRTs are perhaps at their most useful for conducting rapid sorting of the effects of
metallurgical changes or defining the potency of an environment in terms of its composition.
Figure 1 shows the effects of various nickel additions to a ferritic steel upon cracking
susceptibility in a sodium hydroxide solution at various controlled potentials {2]. The time
to failure ratio (time to failure in the cracking environment/time to failure in an inert
environment—oil—at the same temperature) is used as a measure of susceptibility and
clearly is capable of distinguishing the marked differences in cracking propensity of the
various nickel steels over a range of controlled potentials.
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FIG. 1—Time to failure ratios from slow strain rate test (10~° s™') on various nickel-containing ferritic
steels exposed to boiling 8.75 M NaOH at various potentials. (The Ni contents of the various steels are
appended to the curves) [2].
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FI1G. 2—The effect of strain rate upon the maximum nominal stress to fracture initially plain specimens
of Mg-8.8% Al alloy exposed to dry air or solutions containing 5 g/ L NaCl and various amounts of
K.CrO, (appended to curves in g/L) [3].

Figure 2 shows the influence of potassium chromate (K,CrO,) additions to a sodium
chioride (NaCl) solution on the SCC of a Mg-Al alloy over a range of strain rates, using
the maximum nominal stress as a measure of cracking susceptibility [3], and again the
differences are readily recognizable. However, such measures of susceptibility are not in-
variably sufficiently discriminating and especially so when crack growth rates are relatively
low. In those cases measurement of the maximum crack depth, possibly supplemented with
data on the number of cracks per unit length or area, may provide a better means of
distinguishing degrees of susceptibility. Moreover, metallographic assessment of specimens
after any SCC test is likely to be useful especially after SSRTs where the number of cracks
is often an indication of whether or not they are the result of environmental influence. Thus,
one or two very small cracks in the necked region of a specimen may be the consequence
of the presence of near-surface inclusions, whereas SCC is usually associated with the
formation of a relatively large number of cracks not just confined to the necked region.

Importance of Choosing an Appropriate Strain Rate

Figure 2 shows that the maximum susceptibility to cracking occurs at different strain rates
depending upon the chromate concentration of the solution and indeed suggests that at
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sufficiently high and low strain rates SCC would not be observed, at least in the highest
chromate-containing solution. It is not surprising that at relatively high strain rates SCC
may not be displayed, since the reactions involved in the growth of environment sensitive
cracks proceed at a rate that is slower than that at which ductile cracking may propagate.
However, the rate controlling step in SCC will vary according to the metal-environment
combination involved and so the upper limit of strain rate to display SCC will vary. Thus,
Fig. 3 shows results from tests at various strain rates on a very low strength mild steel
exposed to a sodium dihydrogen phosphate (NaH,PQ,) solution at the controlled potential
of —1.0 V (SCE) and indicates that even at a strain rate of 10" s~! a significant fall in the
% reduction in area (RA%) to fracture, by comparison with the value for a test in air, was
measured. On the other hand, Fig. 4 shows that, for the same strain rate, aluminum alloy
7179 tested in tap water at open circuit gave the same RA% as when tested in a vacuum,
and that it was not until a strain rate approaching 10° s! was applied that a change in
cracking response approximating that shown in Fig. 3 at 10~* s~! was detected [4]. Clearly
the choice of the strain rate to be applied is critical and, since in many cases it will not be
desired to go through the type of data collecting shown in Figs. 2 through 4, it may be
helpful to have some guidance as to appropriate strain rates to use for systems for which
there is no prior experience. For steels, copper, nickel, and aluminum based alloys, 10-°
s~ ! will often be found useful, followed by tests at 107 s~ ' or 10~ s, or both, if SCC does
not occur in the initial test. Figure 2 suggests for magnesium based alloys, and titanium
based materials often behave similarly, 107* s~! would be a suitable imitial choice, followed
by 107¢s~! or 107* s7', or both, if SCC is not promoted in the initial test. It needs to be
remembered that, quite apart from the time dependence of strain, there are other time
dependent aspects to environment sensitive fracture that may interact with tests for such
and particularly SSRTs. Thus, in some alloys, particularly at elevated temperatures, aging
processes may occur that influence cracking response, or changes in environment compo-
sition may similarly take place and affect results. Such changes have sometimes been reflected
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FIG. 3—Reduction in area in slow strain rate tests on dead soft mild steel in air and in 1 M NaH,PO,
at —1.0 V (SCE) as a function of initial strain rate.
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FIG. 4—Variation of reduction in area at fracture with strain rate for aluminum alloy 7179 tested in
tap water at room temperature and open circuit potential, and under vacuum [4).

in extremely low (107% s~') strain rates having to be applied to promote cracking. In those
cases it may not be the strain rate as such that is important, but the time that such strain
rates allow for the changes in alloy or environment that engender cracking. Moreover, with
such low applied strain rates the question arises as to whether such tests are the most
appropriate, since constant strain or constant load tests are likely to provide strain or creep
rates of that order.

Figure 2 indicates that there may be a lower limiting strain rate for cracking, just as there
is an upper limit. Similar trends have been observed in other systems and also with precracked
specimens, rather than the initially plain specimens that develop many cracks and to which
Fig. 2 refers. Experiments on two magnesium based alloys in chloride-chromate solutions
employed precracked specimens that were subjected to a constant rate of displacement, the
latter being varied from test to test [5]. Relevant measurements were made to provide J-
contour integral versus crack extension plots, with J defined in incremental form [6] by

d] = (2/b) Pdu — (1/b) Gda (1)
where

P = load/unit thickness,

u = displacement rate,

G = energy release rate,

b = uncracked ligament length, and
a = crack length beyond load line.

Equation 1 shows the essential form of the expression for calculating J, but modifications
are introduced according to the type of specimen used. J is calculated by integrating the
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expression during the course of a test but its usefulness may sometimes be extended by the
use of the tearing modulus [7], a dimensionless parameter that measures resistance to crack
growth and relates to the initial slope of the J-a curve, and expressed as

T = (E/oi) dl/da 2)
where
E = Young’s Modulus, and
o,, = yield stress.

Figure 5 shows the tearing modulus as a function of displacement rate for two magnesium
alloys exposed to a chromate-chloride solution and both indicate an increasing tearing
modulus as the displacement rate, scaled with crack length, is reduced below about 10° s~!
[5]. This reflects a decreasing crack velocity, after an initial increase, as the displacement
rate is progressively reduced and at slow enough displacement rates the value of dJ/da
approaches that for tests in dry air, i.e., the tearing resistance approximates that for purely
mechanical crack growth. Similar results have been obtained with other systems, Fig. 6
showing that SCC only occurred within a certain range of crack tip strain rates for precracked
specimens of a C-Mn steel exposed to a carbonate-bicarbonate solution [8]. In those tests
the cantilever beam specimens were initially loaded to the same deflection, after which the
specimens were allowed to creep under noncracking conditions until the creep rate fell below
that which was subsequently applied when the potential was moved to a value at which SCC
would occur. By restricting the total deflection during the cracking phase of the experiments,
the effective load changes during the tests were contained within a few percent of the initial
load. The explanation of such lower limiting strain rates, below which SCC does not occur,
is probably the same for most systems, that a passivating film remains present and is not
sufficiently frequently disrupted to allow those reactions that result in crack growth to occur.
That may be so when the mechanism of crack growth involves hydrogen ingress into the
metal, as with the magnesium alloys referred to previously, as well as when the primary
feature of growth is by dissolution. Thus, with the magnesium alloys a film of Mg(OH),
forms and prevents the passage of hydrogen to the metal, while with ferritic steels exposed
to carbonate-bicarbonate solution a film of Fe,O, and FeCO; will prevent dissolution so
long as it remains intact.

While there will invariably be an upper limit of strain rate above which SCC will not be
observed, a lower bound for cracking will not always be observed. The reason for this is
apparent from consideration of an expression for the crack tip strain rate in specimens
containing many cracks such as are most often involved in SSRTs. Using elastic-plastic
fracture mechanics the following expression was derived [9]

€, = (75/N) e + (CVI5) log. (1000/N) 3)

where

€, = crack tip strain rate,

N = number of cracks along gage length,
€., = applied strain rate, and

CV = crack velocity.

(The constants in Eq 3 will depend on the material involved and test specimen size.)
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14 SLOW STRAIN RATE TESTING

-5
&
@
2
€
E _g o
10°F
o]
o] O e
o o]

10 [

CRACK VELOCITY
\ll

10

-~

?? 1 1 o
-9 -8 =7

10 10 10

CRACK TIP STRAIN RATE /sec
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Mn steel exposed to 0.5 M Na,CO; + 1.0 M NaHCO; solution at 75°C and —0.65 V (SCE).

If some appropriate values for the applied strain rate, crack velocity and number of cracks
are put into Eq 3, the results can be expressed graphically as in Fig. 7. Because the first
term in Eq 3 dominates at high applied strain rates and the second term at low applied
rates, there is little effect of crack velocity at high applied rates, i.e., the crack growth
contributes little to the crack tip strain rate. However, at low applied strain rates, the SCC
growth maintains the crack tip strain rate at values that are appreciably higher than would
be obtained if the crack growth had been ignored. Thus, it may be expected that in those
systems that display relatively high crack growth rates no lower limiting applied strain rate
will be observed, because the crack growth will itself sustain a relatively high crack tip strain
rate.

Threshold Stresses from SSRTs

One of the commonest complaints relating to SSRTs is that they do not provide threshold
stresses for use in engineering design [10]. Quite apart from whether SCC threshold stresses
are ever used in design, it is the case that monotonic SSRTs do not give threshold stresses,
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FIG. 7—Effects of crack velocity and number of cracks on the crack tip strain rate calculated from
Eq 3.

since they were not designed for such, but it is possible to conduct tests in such a way as
to provide that information. Three approaches are indicated.

Interrupted SSRTs

Obviously SSRTs may be stopped at any time during the loading cycle and examined for
cracks, so that by terminating tests at different maximum stresses some indication of the
magnitude of the latter to initiate cracking can be obtained. The variability of the micro-
plastic deformation rate in a load cycle that starts at a relatively low level in the elastic range
leaves some doubts associated with such an approach, especially in view of the strain rate
dependence of threshold stresses. Consequently, a better approach may be to preload the
specimens to various initial stresses in the absence of the cracking environment or at a
potential that prevents cracking, after which they are allowed to creep until the rate of the
latter falls below the strain rate to be applied. The environmental conditions for cracking
are established at the start of the applied strain rate part of the test, straining being continued
for a sufficient time, but no more, to allow accurate measurement of the depths of any
cracks formed, so that the test is interrupted after a restricted stress range has been traversed.
During straining, the stress upon the specimen varies over a range dependent upon the
magnitude of the applied strain rate, hence the importance of restricting the test time to no
longer than that necessary to produce measurable cracks. The cracks are measured by
microscopy on longitudinal sections of the gage length, the deepest crack being used to
calculate an average crack velocity by division of its length by the time for which the strain
rate was applied.
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FIG. 8—Effects of K,CrO, content (appended to curves as g/ L) of solutions containing 35 g/ L NaCl
upon stress corrosion crack velocity in specimens of Mg-8.8Al alloy subjected to slow strain rate tests
over restricted stress ranges [3].

Figure 8 shows results from such tests on a magnesium-aluminum alloy in NaCl solution
with various additions of K,CrO,, where the lengths of the bars indicate the stress ranges
for each test [3]. A threshold stress is indicated for each solution, the value of which varies
with the chromate content of the solution, although not in a proportional manner. (In this
system, minimal threshold stresses and maximal crack velocities occur at intermediate
chloride-chromate ratios of 1:2. Increasing the chloride-chromate concentration ratio of
solutions facilitates discharge of hydrogen and also increases the frequency of pitting. Up
to chloride-chromate ratios of 1:2 these trends result in increased susceptibility to cracking.
At ratios higher than 2 cracking susceptibility diminishes again, despite the enhanced dis-
charge of hydrogen. However, the greater dissolution at such ratios results in blunting of
the cracks or their disappearance, so that cracking susceptibility decreases at the higher
chloride-chromate ratios.) The threshold stresses in Fig. 8 refer to an applied strain rate of
3.2 x 107 s7! and, just as the values depend upon solution composition, they may be
expected to be influenced by strain rate because of the interaction of the latter with film
growth rate. The point may be illustrated by results from a different system involving the
exposure of nickel-aluminum bronze specimens to seawater [/1]. Using the same approach
as that involved with the results indicated in Fig. 8, the threshold stresses determined are
shown in Fig. 9 as a function of applied strain rate. At strain rates of about 107° s~' or
higher the threshold stresses are in the region of 60% of the 0.2% proof stress, but as the
strain rate is reduced the threshold for SCC increases until at the slowest rate it approaches
the tensile strength of the alloy. That result conforms with those shown in Figs. 2, 5, and
6 for quite different systems, in showing that at slow enough strain rates SCC does not occur
even though the stresses or stress intensity factors are very high. Notwithstanding these
demonstrations that threshold stresses are not just a function of alloy composition or struc-
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FIG. 9—Threshold stresses at different initial strain rates from interrupted slow strain rate tests on cast
Ni-Al bronze specimens exposed to seawater at —0.15 V (SCE) [11].

ture, but are dependent upon environmental factors and strain rate, it is clear that SSRTs
can be used to determine threshold stresses.

Tapered Specimen Tests

When interrupted SSRTs are used for determining a threshold stress several specimens
loaded to different initial stresses are required, as with constant strain or constant load tests
aimed at determining threshold stresses. It is possible however to use a single specimen for
threshold stress determination, by incorporating a tapered gage length [12]. The taper creates
a variation in stress along the gage length and from examination of a longitudinal section
of the tested specimen the position at which cracks can just be detected allows the stress at
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that position to be defined. The semi-angle of the taper should be minimized to avoid large
resolved components of the tensile load. A further obvious requirement is that cracks should
be restricted to the gage length and it is readily shown [/3] that that requirement will be
met when

L tan 6 > (Dy/2)[(G e/ )*5 — 1] 4
and

T/ G < 2.6
where

L = gage length,

6 = semi-angle of taper,

D, = minimum diameter in gage length,

O.x = Mmaximum stress at narrow end of taper, and
o; = crack initiation stress.

For L = 28.6 mm and D = 5 mm, as in the tests with results given below, 8 = 3" and the
error in the resolved principle tensile stress is only 0.2%, which is negligible. The measured
variation in strain rate along the gage length amounts to a factor of about 2, well within the
reproducibility limits for the effect of strain rate upon SCC initiation.

The method has been applied to several systems and the results [/2} are given in Tables
1 and 2. In Table 1, the crack initiation stresses from tapered specimen tests are compared
with published data obtained by different test methods for the same systems, where such
data are available; in Table 2, the results from tapered specimen tests are compared with
those from interrupted SSRTs and from constant load tests for the five systems studied. The
results in Table 2 show that there is reasonable agreement between the three methods of
measuring the stress for crack initiation, while Table 1 shows that published data, even
though for different steels and involving different test methods, indicate similar trends with
respect to changes in the test environment to those obtained from the SSRTs on tapered
specimens. A point worthy of mention concerns the maximum load to which specimens
should be taken. Clearly, o,., > o, if cracking is to be observed and it was indicated earlier
that o..,,/0, < 2.6 if cracking is to be contained within the gage length. However, in some
cases if specimens are strained to total failure oyrs/0, > 2.6 and it may be prudent to stop
tests before the maximum load is exceeded.

TABLE 1—Crack initiation stresses (v,) and o,/ ,, ratios from
slow strain rate tests on tapered specimens and from static test
data in the publications referenced in the final column [12].

olo,
o,/ oy (published
(tapered static test
System a, (MPa) specimens) data)
Brass in Mattsson’s soln. 58 0.62 —
Copper in NaNO, 80 2.06 —
C-Mn steel in CO;/HCO, 214 0.92 0.93 (14)
C-Mn steel in NaOH 268 1.15 1.02 (15)

C-Mn steel in NaNO, 190 0.81 0.74 (16)




PARKINS ON 25 YEARS OF EXPERIENCE 19

TABLE 2—Results from tests on nontapered specimens
subjected to constant load tests or slow strain rate tests (3.2 X
107% s7') with the latter stopped at various maximum stresses
quoted in relation to the values of o, given in Table 1 [12].

Interrupted Constant Load
SSRT Test
System ao/a, Cracking o/o, Cracking
Brass in Mattsson’s soln.  1.19 Yes 1.21 Yes
0.98 No 1.00 No
0.86 No 0.86 No
Copper in NaNO, 1.19 Yes 1.50 Yes
0.95 No 1.23 Yes
0.94 No 1.00 No
0.88 No
C-Mn steel in CO;/HCO, 1.73 Yes 1.34 Yes
1.46 Yes 0.99 No
0.96 No
C-Mn steel in NaOH 1.18 Yes 1.17 Yes
0.96 No 0.86 No
0.86 No
C-Mn steel in NaNO, 1.10 Yes 1.10 Yes
0.85 No 0.85 No

Cyclic Loading

With interrupted SSRTs, or even when tapered specimens are monotonically strained, to
determine threshold stresses there are possible problems because of the limited time for
which cracking conditions may exist. This is likely to be more of a problem in systems that
display relatively low crack velocities, where the time for growth may be such that crack
depths are too small for accurate detection or measurement. A possible solution to this
problem is to employ cyclic loading, where strain rate effects are still involved because of
the strain hysteresis associated with cyclic loading, although the strain rate is less readily
quantified as a result of its variability over different parts of the load cycle. A discussion of
this or of the distinctions between SCC and corrosion fatigue, if the latter is assumed to
refer to cyclic loading and the former not, is beyond the scope of the present paper. However,
for present purposes it is convenient to present some results in terms of stressing rate, rather
than strain rate, although some of the data to be replotted is that from SSRTs shown in
Fig. 9. Just as it is not possible to define a single value strain rate for cyclic loading tests,
so also is it impossible to provide a single value stressing rate for interrupted SSRTs. During
the tests that produced the data shown in Fig. 9, the loads were continuously recorded and
from those the range of stressing rates involved in determining each threshold stress were
calculated. Those are shown in Fig. 10, together with threshold stresses determined in cyclic
loading tests; for the latter, the threshold stresses are shown as a range extending between
the highest stress that did not produce cracking and the lowest stress that gave cracking
{11]. 1t is apparent from Fig. 10 that the threshold stress reaches a lower limiting value of
about 60% of the 0.2% proof stress for the faster monotonic loading conditions and for
cyclic loading, involving a variety of stress ranges, over a wide range of frequencies. More-
over, where the stressing rates for the two types of loading were similar the threshold stresses
were effectively the same. It is difficult to escape the conclusion that essentially the same
phenomenon is occurring under both monotonic and cyclic loading conditions. This view is
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FIG. 10—Threshold stresses as a function of stressing rate for interrupted stow strain rate and cyclic
loading tests on cast Ni-Al bronze specimens exposed to seawater at —0.15 V (SCE) [11].

supported by the fractographic characteristics being indistinguishable from both types of
test in the vicinity of the thresholds.

Conclusion

Twenty-five years of use of slow strain rate testing has seen the method lose much of the
skepticism that surrounded it in its early days, although some reservations remain centered
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upon the high stresses and plastic strains that are often a consequence of taking specimens
monotonically to total failure. The method does not need to involve such conditions if they
are not acceptable, since tests can be stopped at any desired maximum stress or strain. The
method can be used to define a threshold stress for cracking by restricting the stresses to
which a series of specimens are subjected, or a single specimen with an appropriately tapered
gage length may be used for the same purpose. The mechanistic importance of strain rate
in environment sensitive cracking manifests itself in similar threshold conditions for cracking
in both monotonic and cyclic loading tests and that can sometimes be useful in conducting
laboratory tests.

References

[] Parkins, R. N., “Development of Strain-Rate Testing and Its Implications,” Stress Corrosion
Cracking: The Slow Strain Rate Technique, ASTM STP 665, G. M. Ugiansky and J. H. Payer,
Eds., American Society for Testing and Materials, Philadelphia, 1979, pp. 5-25.

[2] Parkins, R. N, Slattery, P. W., and Poulson, B. S., “The Effects of Alloying Additions to Ferritic
Steels upon Stress Corrosion Cracking Resistance,” Corrosion, Vol. 37, No. 11, Nov. 1981, pp.
650—664.

[3] Ebtehaj, K., Hardie, D., and Parkins, R. N., “The Influence of Chloride-Chromate Solution
Composition on the Stress Corrosion Cracking of a Mg-Al Alloy,” Corrosion Science, Vol. 28,
No. 8, 1988, pp. 811-829.

[4] Hardie, D., Holroyd, N. J. H., and Parkins, R. N., “Reduced Ductility of High-Strength Aluminum
Alloy During or After Exposure to Water,” Metal Science, Vol. 13, Nov. 1979, pp. 603-610.

[5] Abramson, G., Evans, J. T., and Parkins, R. N., “‘Investigation of Stress Corrosion Crack Growth
in Mg Alloys Using J-Integral Estimations,” Metallurgical Transactions A, Vol. 16A, Jan. 1985,
pp- 101-108.

[6] Hermann, L. and Rice, J. R., “Comparison of Theory and Experiment for Elastic-Plastic Plane-
Strain Crack Growth,” Metal Science, Vol. 14, 1980, pp. 285-291.

[7] Paris, P. C., Tada, H., Zahoor, A., and Ernst, H., “A Treatment of the Subject of Tearing
Instability,” U.S. Nuclear Regulatory Commission Report NUREG-0311, Aug. 1977.

[8] Parkins, R. N., Marsh, G. P., and Evans, J. T., “Strain Rate Effects in Environment Sensitive
Fracture,” Predictive Methods for Assessing Corrosion Damage to BWR Piping and PWR Steam
Generators, H. Okada and R. W. Staehle, Eds., National Association of Corrosion Engineers,
Houston, 1982, pp. 249-260.

[9] Congleton, J., Shoji, T., and Parkins, R. N., ““The Stress Corrosion Cracking of Reactor Pressure
Vessel Steel in High Temperature Water,” Corrosion Science, Vol. 25, No. 8/9, 1985, pp. 633—
650.

[10] Eriksson, H. and Bernhardsson, S., “The Applicability of Duplex Stainless Steels in Sour Envi-
ronments,” Corrosion, Vol. 47, No. §, 1991, pp. 719-727.

[11] Parkins, R. N. and Suzuki, Y., “Environment Sensitive Cracking of a Nickel-Aluminium Bronze
Under Monotonic and Cyclic Loading Conditions,”” Corrosion Science, Vol. 23, No. 6, 1983, pp.
577-599.

[12] Yu,J.,Xue, L.J.,Zhao, Z.J., Chi, G. X., and Parkins, R. N., “Determination of Stress Corrosion
Crack Initiation Stress and Crack Velocities Using Slowly Strained Tapered Specimens,” Fatigue
and Fracture of Engineering Materials and Structures, Vol. 12, No. 6, 1989, pp. 481-493.

[73] Yu,J., Holroyd, N.J. H., and Parkins, R. N., ““‘Application of Slow-Strain-Rate Tests to Defining
the Stress for Stress Corrosion Crack Initiation in 70/30 Brass,” Environment-Sensitive Fracture:
Evaluation and Comparison of Test Methods, ASTM STP 821, S. W. Dean, E. N. Pugh, and
G. M. Ugiansky, Eds., American Society for Testing and Materials, Philadelphia, 1984, pp. 288-
309.

[/4] Parkins, R. N., “The Controlling Parameters in Stress Corrosion Cracking,” Fifth Symposium on
Line Pipe Research, American Gas Association, Arlington, VA, 197, Catalog No. L30174, pp.
U1-40.

[15] Bohnenkamp, K., “Caustic Cracking of Mild Steel,” Proceedings, Conference on Fundamental
Aspects of Stress Corrosion Cracking, R. W. Staehle, A. J. Forty, and D. Van Rooyen, Eds.,
National Association of Corrosion Engineers, Houston, 1969, pp. 374~383.

[76] Parkins, R. N. and Usher, R., “The Effect of Nitrate Solutions in Producing Stress Corrosion
Cracking in Mild Steel,” First International Congress on Metallic Corrosion, Butterworth's, London,
1961, pp. 289-295.



John A. Beavers' and Gerhardus H. Koch!

Limitations of the Slow Strain Rate
Test Technique

REFERENCE: Beavers, J. A. and Koch, G. H. “Limitations of the Slow Strain Rate Test
Technique,” Slow Strain Rate Testing for the Evaluation of Environmentally Induced Cracking:
Research and Engineering Applications, ASTM STP 1210, R. D. Kane, Ed., American Society
for Testing and Materials, Philadelphia, 1993, pp. 22-39.

ABSTRACT: A state-of-the-art survey was performed on slow strain rate (SSR) testing meth-
ods for the Materials Technology Institute of the Chemical Process Industries, Inc. (MTI).
The goal of the survey was to determine if SSR testing methods yield useful data in predicting
stress-corrosion cracking (SCC) susceptibility of metals used in the chemical process industry
(CPI). The information was obtained by searching the literature and by sending out ques-
tionnaires to relevant sources. It was concluded that most reported cases of anomalous behavior
with the SSR test technique can be attributed to inadequate control or measurement of strain
rate or potential, which are the major controlling parameters for a specific material-environ-
ment combination.
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In recent years, the slow strain rate (SSR) test technique has become widely used and
accepted for stress-corrosion cracking (SCC) evaluations by companies in a variety of in-
dustries. It is being used by many chemical process industries (CPI) to screen alloys for new
process equipment applications, to identify alloys that should not experience SCC in service,
and to verify that existing plant equipment should not fail by SCC when placed into new
service conditions.

Briefly, the SSR technique involves the slow straining of a specimen of the alloy of interest
in a possible cracking environment. Typically, a strain rate of the order of 10-¢ s~ is used,
which is about four orders-of-magnitude slower than that used in a standard tensile test.
Cracking susceptibility is indicated by a decrease in mechanical properties (e.g., strain to
failure, ultimate tensile strength, reduction in area) over those observed in an inert envi-
ronment and, in some cases, the presence of secondary cracking along the gage length of
the specimen. A major advantage of the SSR technique over constant load or constant
deflection techniques is that the test period is generally shorter with the SSR technique.
The SSR technique also avoids the problem of specifying a test time. For example, if cracking
1s not observed in a 1000-hour test period with U-bend specimens, would it occur in 1500
hours? With the SSR technique, the specimen is generally strained to failure and the test
duration itself provides an indication of cracking susceptibility. The SSR technique is also
generally much less costly than fracture-mechanics crack-propagation tests since the speci-
men geometry and test procedures are simpler with the SSR technique.

! Vice president, Research, and senior group leader, respectively, CORTEST COLUMBUS TECH-
NOLOGIES, INC. (CC Technologies), Columbus, OH 43235.
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In the literature, several terms and associated acronyms have been used to describe the
SSR technique. These include constant extension rate (CER), constant extension rate test
(CERT), slow extension rate test or technique (SERT), constant strain rate (CSR), slow
strain rate (SSR), and slow strain rate test (SSRT). The terms containing constant extension
rate or constant strain rate have generally fallen out of favor because neither are constant
in a test. Both vary somewhat during a test depending on factors such as the stiffness of the
load frame, specimen dimensions and strength, the number of secondary cracks that initiate,
and the time of their initiation. In this report, the single term SSR is used to describe this
test technique.

While the SSR technique has been shown to be a useful tool for SCC testing, recent
laboratory results may indicate problems with the technique for at least some alloy-envi-
ronment systems. Specifically, it has been discovered that results from some SSR tests do
not display cracking in environments where SCC is known to occur in field conditions or
with other SCC test methods, such as U-bend tests. There are a number of possible expla-
nations for the apparent discrepancy between SSR and constant load and constant strain
test results. These include incubation time effects, potential range effects, and strain rate
effects.

A state-of-the-art survey was performed on SSR testing methods for the Materials Tech-
nology Institute of the Chemical Process Industries, Inc. (MTI). The overall goal of this
survey was to determine if SSR testing methods yield useful data in predicting SCC sus-
ceptibility of metals used in the CPI. The specific objectives of the state-of-the-art survey
were:

(1) toidentify the alloy-environment systems in which the SSR technique produces anom-
alous SCC results,

(2) to identify which test variables must be controlied to make the SSR test results
applicable to the CPI, and

(3) to identify the limitations of the SSR test technique.

A summary of the results of the survey was presented at CORROSION/91 [7]. This paper
updates the original work to include more recent articles from the literature.

Approach

The open literature from 1982-1991 was searched using the NACE CORAB computer
program. This program is commercially available through the National Association of Cor-
rosion Engineers (NACE) and is Corrosion Abstracts on a CD ROM. More recent NACE
literature was hand searched. Literature prior to 1982 was searched through NTIS and
Corrosion Abstracts. Several hundred articles were found on the SSR test technique. Ab-
stracts for each of these articles were obtained and reviewed. It was not within the scope
of this program to review and summarize this extensive literature. A few criteria were used
to select articles for inclusion in the report, based on a review of the abstract;

(1) an indication of probiems with the SSR test technique,

(2) a good comparison of the SSR test technique with other test techniques,

(3) data on strain rate effects and,

(4) data that were relevant to problems with the technique identified either from the
literature or from the questionnaire.

In order to obtain the unpublished work on anomalous SSR behavior, questionnaires
were sent out to MTI, NACE, and ASTM members. Follow-up telephone contacts were
made with sources providing relevant data.
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The paper is subdivided into sections on the major alloy systems of interest to the chemical
process industry. Each section contains discussions on the questionnaire results and the
major factors affecting the SSR results for the particular alloy system. For the alloy systems
in which no anomalous behavior was identified, a discussion on strain rate effects was
included. Strain rate is the single parameter that is unique to the SSR test technique.

Results and Discussion

Approximately 300 questionnaires were mailed to MTI, NACE, and ASTM members
and 34 responses were received. Of the 34 responses, 13 described cases of anomalous
behavior for the SSR technique. Eight of the responses indicated good experience with the
SSR technique with no anomalous behavior observed. Two of the responses described
general problems with the technique while the remaining responses indicated they had not
used the technique. A summary of the questionnaires indicating anomalous behavior with
the SSR technique is given in Table 1. These data show that over 75% of the responses
were associated with stainless steels and nickel-base alloys. This may reflect the more ex-
tensive research performed on these alloys but also suggests that the problems are more
prevalent in these systems.

The two general responses were interesting and informative. Garner [2] described prob-
lems associated with SSR testing of welded specimens. He indicated that the SSR test strains
the softest part of the microstructure preferentially and thereby leads to SCC in that part
of the specimen; whereas, in practice, the hardest part of the microstructure is often the
site where cracking occurs.

Silverman [3] indicated that his company has stopped using the SSR technique because
of its lack of predictive capability. Both false positives and false negatives can occur with
the technique because of the difficulty of accurately reproducing field conditions. However,
their primary concern is the SSR test results producing false negatives, where cracking may
occur in the field but no cracking is observed in SSR tests. Silverman indicated that similar
problems can occur with U-bend or other SCC tests, but U-bend tests are less expensive to
run than are SSR tests.

Discussions of questionnaire responses and relevant literature for the major alloy systems
are given.

Stainless Steels

There were six responses to the questionnaire indicating anomalous behavior with stainless
steels. The effects reported by Demo [4] are clearly a reflection of the strain rate dependence
of the SCC in the stainless steel-chloride system. In boiling acidified 26% NaCl, cracking
occurred in the shoulder of the Type 316 specimen at a strain rate of 1 X 107°s~'; whereas,
at a slower strain rate (1 x 1077 s7!), or in a more concentrated CaCl, solution, cracking
occurred in the gage section. These results are consistent with those of Daniels [5] who
found that the maximum strain rate, in which cracking was observed, in SSR tests decreased
with decreasing chloride concentration. His data, while not complete, predict a strain rate
of less than 1 x 107° s™' for cracking to occur in the boiling 26% solution, as shown in
Fig. 1.

The anomalous behavior reported by Baumert [6] also may be associated with strain rate
effects. He performed SSR tests on three stainless steels (Type 304, Type 316 and Nitronic
50) in two known cracking environments; aqueous 15% NaCl and high-temperature caustic.
The former were performed under aerated conditions at 99°C at a strain rate of 1.14 X
10-° s~' while the latter were performed under deaerated conditions at 177°C and a strain
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rate of 2.8 X 107°s~'. No cracking was observed in the chloride environment while incipient
cracks were observed in the necked region of some specimens tested in the caustic envi-
ronment. In the chloride environment, the strain rate used was probably too high, based
on the work of Daniels [5]. A similar argument may be applicable to the caustic environment,
although data were not found in the literature on strain rate effects in that system.

The behavior reported by Bruemmer [7] is also associated with strain rate effects. He
reported that the SSR test technique, at strain rates greater than or equal to 107 s~', was
less sensitive than constant-load tests in detecting intergranular SCC (IG-SCC) of sensitized
Type 304 in low-temperature water with or without additions.

The anomalous behavior reported by Frechem [8] may be associated with potential effects.
In neutral 15% aqueous NaCl at 95°C, he found that U-bend specimens of Type 304 and
Type 316 cracked readily while SSR tests did not produce cracking at strain rates of 10-°
to 107 s~'. All testing was performed under freely corroding conditions. Shibata [9] per-
formed SCC tests at the free-corrosion potential and at controlled potentials on Type 304
in CaCl, solutions at 100°C using constant load and SSR test techniques. Under freely
corroding conditions, SCC was more severe in the constant load tests. It also was found
that the free corrosion potentials in the SSR tests were generally more negative than those
found in the constant load tests. When the potentials in the SSR tests were held at the
potentials measured in the constant load tests, better agreement was obtained between the
two techniques.

The remaining two responses to the questionnaire for stainless steels were associated with
over-sensitivity where the SSR technique detected cracking under conditions where field
experience did not indicate a problem. The authors of this report do not consider this to
be a serious problem with the technique. A desirable feature of a test technique is to provide
an early warning to potential problems. The fact that only the SSR test results indicated
cracking suggests that the field conditions may be somewhat less aggressive than those used
in the laboratory. Nevertheless, these results suggest that a problem may exist in the field.

Reports of anomalous SSR behavior for the stainless steels in the open literature were
quite limited. In most cases, the SSR technique compared favorably with other test tech-
niques. Furthermore, in some cases, the SSR technique was found to be superior to other
test techniques in sensitivity. For example, Daniels [5] and Takaku [70] reported that the
constant-load test technique was less effective than the SSR for indicating SCC. In the
former study, U-bend tests also were more sensitive to cracking than constant-load tests
while Takaku [70] found cyclic-load tests superior to constant-load tests. On the other hand,
Bruemmer [/1] reported that the constant load technique gave a better simulation of a
service failure and produced cracking over a wider range of conditions than either SSR or
U-bend techniques. Bruemmer [//] suggested that the strain rate used in his testing was
probably too high for the low temperature, relatively benign, environment. Thus, his criticism
of the technique can probably be attributed to a strain-rate effect.

A more common criticism of the technique is associated with fracture mode behavior. In
some cases, the fracture mode reported for the SSR test technique was different than that
reported for other techniques. For example, Daniels [5] reported that the SSR technique
produced intergranular cracking while mixed intergranular and transgranular cracking was
observed for U-bend tests on alloy 304 in concentrated chloride solutions at near-boiling
temperatures. Yamanaka [/2] reported that SSR and constant load tests produced mixed
mode cracking while U-bend and decreasing stress intensity (K) tests produced transgranular
cracking in tests on several austenitic stainless steels in boiling concentrated MgCl,. Andresen
{13] reported that the extent of intergranular cracking was greater in SSR test specimens
than in compact tension specimens in SCC tests performed on stainless steels in 288°C water.
These tests suggest that the SSR technique may favor intergranular cracking but it is also
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FIG. 1—Maximum strain rate in which cracking was observed in SSR tests on alloy 304 in NaCl
solutions at 100°C (after Daniels [5]).

clear that peculiar effects of test technique on fracture mode are not limited to the SSR test
technique.

A significant paper with regard to understanding the SSR test technique was authored by
Shibata [9]. As previously described, he performed SCC tests at the free-corrosion potential
and at controlled potentials on Type 304 in CaCl, solutions at 100°C using constant load
and SSR test techniques. Under freely corroding conditions, SCC was more severe in the
constant load tests. It also was found that the free corrosion potentials in the SSR tests
generally were more negative than those found in the constant load tests, as shown in Fig.
2. The potentials plotted in Fig. 2 are the peak (maximum) free corrosion potentials measured
in each test. The data show that, with the exception of the constant load test in 30% CaCl,,
all of the free corrosion potentials measured in the SSR tests were equal to or more negative
than those measured in the constant load tests in solutions of similar concentration. The
observed effect was attributed to the production of fresh surface in the SSR tests, which
would tend to depress the free corrosion potential. When the potentials in the SSR tests
were held at the free corrosion potentials measured in the constant load tests, better agree-
ment was obtained between the two techniques.

Shibata [9] also concluded that the SSR test technique was not effective at reproducing
the cracking observed in constant load tests in lower concentration (CaCl, concentrations
below 25%) solutions. However, comparison of his test results with those of Daniels [5]
suggests that the strain rate used by Shibata was too fast for the low concentration solutions.
The study by Shibata demonstrates the two most important parameters affecting cracking,
namely, potential and strain rate.

Potential and strain rate effects may not account for all of the discrepancies in the data
between the SSR test technique and other SCC test techniques. Yang [/4] evaluated the
effects of temperature, chloride content, and dissolved oxygen content on the susceptibility
to SCC of slightly sensitized alloy 304 in high-temperature water. U-bend and SSR test
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FIG. 2—Relation between peak potential and pH for alloy 304 in CaCl, solutions of different concen-

trations (after Shibata [9)).

techniques were used and the testing was performed under freely corroding conditions.
Oxide film thickness and composition were measured using Auger Electron Spectroscopy
(AES). In water containing 100 ppm Cl~ and 8 ppm O, over the temperature range of 200
to 300°C, the U-bend specimens showed a decreasing susceptibility to cracking with increas-
ing temperature while the SSR specimens exhibited a maximum in susceptibility to cracking
at 250°C (see Fig. 3).
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FIG. 3—Time to failure of alloy 304 in high-temperature water for U-bend and SSR tests as a function
of temperature (after Yang [14]).
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FIG. 4—Resistance to SCC of alloy 304 in high-temperature water as a function of oxide thickness for
U-bend and SSR tests. The resistance to cracking for U-bend is expressed as the fraction of specimens
remaining uncracked after the test period. Cracking resistance for the SSR tests is equated to time-to-
failure in water/time-to-failure in argon (after Yang [14]).

The difference in the behavior for the two test techniques was attributed to a difference
in response to the thicker films formed at higher temperatures. Resistance to SCC was found
to increase with increasing film thickness for the U-bend tests while the opposite effect was
observed for the SSR tests; see Fig. 4. In Fig. 4, the cracking resistance parameter for U-
bends is expressed as the fraction of specimens remaining uncracked after the test period.
The cracking resistance parameter for the SSR tests is equated to time-to-failure in water/
time-to-failure in argon. While these cracking resistance parameters are calculated differently
for the two test techniques, they provide similar conclusions at the limits of behavior; a
cracking resistance parameter of 1 indicates negligible cracking.

It was also noted in the study by Yang [14] that the composition of the films formed on
the SSR test specimens was enhanced with respect to nickel while no such enhancement
was observed for the films on the U-bend specimens. Only limited free corrosion potential
data were given for the SSR specimens and no potential data were given for U-bend spec-
imens. It is tempting to attribute the difference in composition of the films on the two types
of specimens to differences in potential during testing. However, this interpretation does
not account for the effects of film thickness on cracking behavior for the two test techniques.
From a mechanistic standpoint, the film thickness effects also are reasonable. Under SSR
test conditions, a thick film may fracture more readily than a thin film, while a thick film
may be more protective for a specimen tested under constant strain.

Nickel-Base Alloys

Four responses to the questionnaire survey indicated anomalous behavior for the nickel-
base alloys. Sridhar [15] and Kolts [16] reported on the anomalous behavior of alloy G-3
and alloy 825 in H,S environments. In the research by Sridhar [15], the behavior clearly can
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be attributed to solution chemistry effects. He reported that alloy G-3 and alloy 825 cracked
in C-ring tests in a NaCl-H,S-S° environment in several hundred hours while, under the
same conditions, no cracking was observed in the SSR tests. SSR tests performed by Wilhelm
[17] under similar conditions produced cracking of these alloys. A close comparison of the
test procedures at the two laboratories indicated that Wilhelm agitated the autoclave fol-
lowing H,S addition to more rapidly reach equilibrium. When Sridhar followed this test
procedure, he also observed cracking in SSR tests in these alloy-environment systems.
Wilhelm attributed the anomalous SSR behavior to the difficulty in achieving the proper
H,S concentration in the solution in the short time period of the SSR test.

It also has been reported that the deaeration procedure used in SSR testing of nickel-
base alloys in H,S environments can significantly affect the results. Ikeda /8] found that
SCC susceptibility of several nickel-base alloys was much greater when only N, sparging,
as opposed to vacuum deaeration, was used to deaerate the autoclave prior to SSR testing
in H,S-CO,-Cl~ environments at 150 to 175°C.

Kolts [16] reported anomalous behavior in SSR tests on alloy 825 and alloy G-3 in high-
temperature CO,-H,S environments. In long-term (over one year) tests, C-ring specimens
of alloy 825 cracked but no cracking was observed in SSR tests at a strain rate of 2 X 10-°
s”'. The C-ring and SSR tests also gave reverse rankings for the two alloys. The C-ring
specimens were prepared from sheet and had a total applied strain of about 6%. The tests
were performed on the two alloys at the same strength level, which resulted in a higher
degree of cold work for the alloy 825 specimens. Typically the alloy 825 specimens had an
elongation to failure in standard mechanical tests in air of only 7% whereas the alloy G-3
specimens had an elongation of 25%. As a result of this difference in ductility, the SSR test
times for the alloy 825 specimens were considerably shorter than those for the alloy G-3
specimens. Kolts speculated that this difference in time in the test solution may account for
the anomalous behavior observed.

Asphahani [/9] reported similar anomalous behavior for the SSR test technique in SCC
studies of alloy C-276 and alloy MP35N in 50% NaOH at 147°C. Constant strain (C-ring)
tests of these alloys indicated that the 50% cold-worked specimens were more susceptible
to SCC than solution annealed specimens, based on the maximum depth of cracking. On
the other hand, SSR tests of the same materials indicated that the annealed material was
more susceptible to SCC. Asphahani [19] attributed this behavior to the fact that the cold-
worked C-ring specimens experienced much higher stresses than the annealed specimens.
In these tests, the total strain was about 6%, which corresponded to a stress of 200 ksi (1380
MPa) for the cold-worked specimens and 70 ksi (483 MPa) for the annealed specimens of
alloy C-276. Strain rate and test time effects were considered but rejected as an explanation
for the behavior. In the SSR tests, the failure times for the cold-worked material were
shorter than the annealed material because of the lower ductility of the former. However,
the cold-worked specimens exhibited shallower cracks than the annealed specimens even
when the strain rate of the tests on the cold-worked material was reduced in order to achieve
comparable failure times for the two metallurgical conditions.

In both studies, the cold-worked specimens exhibited higher susceptibility in the C-ring
tests than in the SSR tests. In the former, the behavior was attributed to a test-time effect
(cold-worked specimens failed in a shorter test time than annealed specimens because of
the reduced ductility) while in the latter, the behavior was attributed to a strength level
effect. One could argue that the test-time effect is a deficiency of the SSR test technique.
On the other hand, one could equally argue that strength-level effects on failure times are
an inherent deficiency of constant-strain techniques such as the U-bend technique. When
several alloys of different strength levels are plastically strained to the same value, the higher
strength materials will experience a higher stress assuming similar rates of work hardening.
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This problem can be avoided in C-ring tests by controlling the stress level rather than the
strain level. The most appropriate test technique depends on the loading conditions in
service.

Was [20] reported anomalous behavior in SSR tests on alloys 600, 690, and X750 in
deaerated high-purity water at elevated temperatures. Constant load and U-bend tests ex-
hibited SCC while SSR tests did not show significant cracking. The questionnaire response
by Payer [2]] may provide an explanation for the anomalous behavior reported by Was [20].
Payer reported that alloy 600 has failed by SCC in primary-side water in pressurized water
reactors while it is difficult to reproduce the cracking in SSR tests in the laboratory unless
very slow strain rates (1077 to 107% s~') are used. The strain rates used by Was were not
indicated in the response but it is likely that they were faster than those indicated by Payer.
Bandy [22] also reported, in SSR studies of nickel-base alloys in deaerated high-temperature
water, that it was found to be necessary to decrease the strain rate in the range of 1 x 10~
to 3 x 107*s~' in order to see SCC of more resistant alloys; details of the testing or actual
data were not given in the reference.

Studies by Page [23] are contradictory to the behavior reported by Was [20]. He inves-
tigated the use of creviced and uncreviced SSR specimens for the study of the SCC of alloy
600 in partially deoxygenated (200 ppb) and oxygenated (8 to 16 ppm) pure water at 288°C.
Smooth constant-load test specimens were evaluated for comparison purposes. It was found
that the specimens cracked, regardless of heat treatment, in the SSR tests under oxygenated
conditions only when crevices were present. No cracking was observed under partially
deoxygenated conditions or in the constant load tests under any of the test conditions. The
reasons for the discrepancy between the researchers is not readily apparent but may be
attributable to environmental factors such as oXygen content or water purity.

Reports of anomalous behavior from the open literature were limited and, in most cases,
the root cause was confirmed or speculated by the authors. Examples include the cold work
effect described by Asphahani [/9] and previously discussed and the effects of multiple
cracking on the specimen potential, as reported by Newman [24]. SSR and interrupted SSR
testing were performed on alloy 600 in 0.21 M boric acid containing lithium hydroxide,
sodium thiosulfate, and sodium tetrathionate at 40°C. It was found that the corrosion po-
tential of the specimen was depressed by the initiation of the stress-corrosion cracks in the
gage section, which reduced the cracking velocity. The addition of the lithium ion to the
test solution greatly reduced the number of cracks in the specimen, which promoted an
increase in the potential and the cracking velocity. At still higher lithium ion concentrations,
the inhibiting effect of the ion dominated and the cracking velocity decreased; see Figs. 5
and 6. One might speculate that these deleterious effects could be avoided by performing
SSR tests under potential control, but, as described by Newman [24], this approach may
not be effective in highly resistive solutions. A similar effect of SSR testing on corrosion
potentials was previously reported for stainless steels.

Asphahani [19] also reported that the SSR technique could not distinguish between in-
tergranular attack (IGA) and intergranular SCC of nickel-base alloys. In SSR tests on
sensitized alloy C-276, intergranular cracking was observed on anodically polarized speci-
mens in a chloride environment. Under similar test conditions, IGA was found on both the
tension and compression faces of C-ring specimens. As described by Asphahani [19], both
phenomena are capable of causing service failures and the SSR technique is capable of
revealing each.

In other work related to the SSR test technique, Asphahani [/9] investigated the param-
eters used to assess SCC susceptibility in a SSR test. It was found that the mechanical
properties parameters often used to measure susceptibility, such as percent elongation,
percent reduction in area, load at failure, and the total time to failure, were not always
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Inconel 600 in air-saturated 1.3% H,BO; + 0.7 ppm sulfur as Na,S,0;. The mean crack velocity is shown
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consistent indicators of SCC of nickel-base alloys. It was concluded that the metallographic
measurement of secondary crack depth is the most reliable technique for the determination
of SCC of nickel-base alloys. Payer [25] reached a similar conclusion for the general appli-
cation of the SSR technique “Metallography or fractography is essential to confirm the
presence or absence of SCC.”

Copper Alloys

No responses to the questionnaire indicating anomalous behavior of SSR tests on copper
alloys were received. However, effects of strain rate, potential, and metallurgy, which could
produce anomalous results, were reported in the literature. Bradford [26], Birley [27], and
Yu [28] found that, in different SCC inducing environments, cracking occurs only below a
certain strain rate (10~ s™!). It should be noted that a minimum strain rate below which
SCC would not occur was not detected. Scully [29] further showed that a narrow range of
potentials exist around the free corrosion potential for brass in a 15 N ammoniacal solution,
where there was maximum susceptibility to SCC.

Finally, various metallurgical parameters such as grain size and degree of work-hardening
were reported to affect the results of SSR testing. Yu [28] demonstrated that grain size could
affect the various SSR parameters such as crack velocity, frequency of cracking, and percent
reduction in area. The effect of work-hardening of copper alloys on SSR testing was dem-
onstrated by Scully [29]. It can be hypothesized that metallurgical factors influence the
measured SSR parameters by affecting the strain or stressing rate at the crack tip.

Carbon Steels

There were three responses to the questionnaire indicating anomalous or potentially
anomalous behavior with SSR testing of carbon steels. The effect of electrochemical potential
on SCC reported by Clayton [30} clearly indicated that if close attention is not paid to the
potential at which the SSR test is conducted, the SSR test may exhibit anomalous behavior.
He showed that SCC in continuous digesters occurs in a very narrow potential range and
that, for SSR testing in this environment to be meaningful, the tests must be performed
within this range. This strong potential dependence was supported by Singbeil [37,32] in
tests on carbon steel in typical kraft digester liquors (see Fig. 7), by Sriram [33] who
conducted potentiostatically controlled SSR tests in various caustic environments, and by
Parkins [34] who studied potential dependence of cracking of carbon steel in carbonate-
bicarbonate solutions. In these environments, carbon steel exhibits active-passive behavior
in the potentiodynamic polarization curves and the potential range for SCC is associated
with the potential range in which the active-passive transitions occur.

Speidel [35] reported on anomalies in the fracture mode of a 3.5% nickel turbine rotor
steel in high-temperature pure water. The cracking mode during SSR testing was found to
be transgranular while service failures were intergranular. He also reported that cracking
was intergranular in fracture mechanics tests performed under constant stress intensity
conditions. This apparent anomaly may be attributed to strain-rate effects. Several authors
are in agreement that the SSR test is generally more severe than actual field conditions
because of the high stresses generated at the crack tip. Also different fracture mechanisms
may predominate at different strain rates. For example, Kim [36] showed that, while on
one hand intergranular SCC in sodium carbonate/bicarbonate solutions occurs in a very
narrow range of strain rates, transgranular hydrogen induced cracking is less strain rate
dependent and will thus occur at a much broader range of strain rates.
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FIG. 7—Effects of potential and strain rate on the reduction in area ratio for SSR tests performed on
A516 Grade 70 steel in an impregnation zone liquor containing 20-70 g/l NaOH and 20-25 g/l Na,S at
110°C (after Singbeil [31]).

Murata [37] reported difficulty in reproducing SCC of a carbon steel in an organic liquid
using a conventional SSR test on a specimen with a smooth gage section. However, he could
reproduce SCC when using a slow bending rate test technique on prenotched specimens.
In a conventional SSR test, multiple stress-corrosion cracks generally initiate in the gage
section of the specimen. Thus, the crack tip strain rate varies during the test and is ill-
defined. On the other hand, the strain rate can be more accurately controlled in a precracked
or prenotched specimen tested at a constant deflection rate under bending or at a constant
cross head speed under tension. Thus, the observation by Murata [37] suggests that stresses
at the crack tip and the resulting strain rate played an important role in this material-
environment system. The differences in cracking susceptibilities that were reported in the
literature for the various test techniques and other environments may also relate to differ-
ences in strain rate at the crack tip.

Aluminum Alloys

Experience with the SSR test technique for studying SCC of aluminum alloys has been
good. Negative responses, indicating problems with the technique, for this alloy system,
were not received from the questionnaire survey. Moreover, several researchers have re-
ported favorable comparisons between the SSR technique and other SCC test techniques
for aluminum alloys. As has been reported for other alloy systems, the optimum strain rate
for SSR testing was found to be a function of the specific alloy. Thus one must exercise
care in comparing SCC susceptibility for different alloys at a given strain rate.

Two articles by Buhl [38,39] were the only references in which the validity of the SSR
technique was questioned for application to aluminum alloys. He performed SSR tests on
three aluminum alloys in aqueous NaCl under potentiostatic control and found a ranking
of SCC resistance of 7075 > 2014 > 2024 where alloy 7075 was the most resistant. On the
other hand, Brown {40] performed constant load and constant strain SCC tests and found
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a resistance ranking of 2014 > 7075 > 2024. Based on these data, Buhl [38] concluded that
the applicability of the SSR technique is doubtful for aluminum alloys. Scamans [4]] at-
tributed the discrepancy in Buhl’s work to strain rate effects. However, an examination of
the article by Buhl [38] suggests that the strain rate effects were taken into consideration.
Buhl [39] attributed the discrepancy to differences in potential control (freely corroding
versus potentiostated at the free corrosion potential). In any case, it is the reviewers’ opinion
that the conclusions about problems with the technique for this alloy system are based on
very limited data.

Titanium Alloys

A limited number of references was found in the literature on the use of the SSR technique
for SCC testing of titanium base alloys [29,38,39]. For those references examined, the
performance of the SSR technique has been good. In addition, negative responses, indicating
problems with the technique, were not received from the questionnaire for this alloy system.
Good data on strain rate effects on cracking were not found in the literature and thus care
should be used in the selection of a strain rate for this system and in the application of the
SSR technique.

Zirconium Alloys

Negative responses, indicating problems with the SSR technique, were not received from
the questionnaire for this alloy system. With one exception, the SSR technique also has
compared favorably with constant load and constant strain SCC tests on zirconium alloys.
The single exception involved a situation where the SSR technique appeared to be a more
sensitive indicator of cracking than constant load and U-bend tests and was based on limited
data.

However, as is the case for other alloy systems, aspects of the SSR technique and pe-
culiarities of zirconium alloys make interpretation of the test results difficult in some cases.
Beavers [42] and Yau [43] observed a strong orientation dependence of SCC of zirconium
in nitric and hydrochloric acids, respectively. Thus, comparison of SSR results for different
orientations without taking this information into consideration may lead to erroneous con-
clusions.

As is the case for other alloy systems, a strong dependence of cracking on strain rate also
has been observed for zirconium alloys. This strain rate dependence of SCC susceptibility
is more typical of stainless steels and carbon steels than of titanium alloys. The strain rate
dependence was found to be a function of specimen geometry as well as environment.

Discussion and Conclusions

The review of the literature and the responses to the questioning indicate that, for a
specific material-environment combination, the two most important parameters controlling
the SSR test are strain rate and electrochemical potential. Most reported cases of anomalous
behavior can therefore be attributed to inadequate control or measurement of one or both
of these parameters. In some cases, discrepancies between the SSR technique and more
conventional test technique could be attributed to limitation of the latter.

When comparing different materials or environments, SSR testing at a single strain rate
could produce erroneous results because of the specific material-environment dependency
of the critical strain rate for cracking. Similarly, comparison of different materials or en-
vironment at a single potential could produce erroneous results because of the specific
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FI1G. 8—Schematic diagram showing regions of electrochemical potential and strain rate in which SSR
test can be conducted for specific materials.

material-environment dependency of the critical potential for cracking. Also, for environ-
ments that do not cause severe cracking or for SCC resistant materials, the SSR technique
may not be practicable because very slow strain rates are required for cracking to occur.

From the review it can be concluded that the electrochemical potential should be controlled
or monitored.in all SSR tests. Where the critical potential range 1S not known, a range of
SSR tests, at different potentials, should be conducted. Also, the critical strain-rate for
cracking should be identified for the specific alloy-environment system under investigation.
Based on the result of these preliminary SSR tests, potential-strain rate diagrams such as
Fig. 8, can be constructed that will provide guidelines for SSR testing of specific alloys in
specific environments.

Finally, it should be noted that extreme care needs to be taken in comparing alloys or
environment for cracking susceptibility because of the specific nature of the strain rate and
potential dependence.
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rate testing will be given. This presentation will include activities involving ASTM Committee
G-1.06.05 (Corrosion of Metals/SCC Test Methods/Dynamic Testing) and NACE Task Group
T-1F-9 (Metallic Materials Testing Techniques for Sulfide Corrosion Cracking).

KEYWORDS: slow strain rate (SSR) testing, stress corrosion cracking (SCC), hydrogen
embrittlement (HEC), liquid metal embrittlement (LME), test method, standardization

Over the past two decades, the slow strain rate (SSR) testing technique has emerged as
a rapid and simple method that can be used for the evaluation of metals and alloys for
resistance to a variety of environmental assisted cracking phenomena. These phenomena
include stress corrosion cracking (SCC), hydrogen embrittlement (HEC), and liquid metal
embrittlement (LME). During this time, the use of SSR testing techniques has graduated
from a procedure for the development of fundamental research data to a tool for the
qualification of performance properties of materials and the assessment of environmental
parameters of service applications.

SSR testing uses the application of an externally applied constant extension rate typically
in the range of 10~* to 10-¢ m/s, The dynamic straining of the specimen commonly provides
an acceleration of environmentally assisted crack initiation over that typically obtained in
statically stressed specimens. The benefits of this acceleration are the reduction in testing
time and fewer discrepancies in test results caused by variation in crack initiation.

The benefit of reduced testing time required for SSR tests over conventional techniques
has been found to be extremely useful in the evaluation of metals and alloys on a heat lot
basis for use in the qualification of their cracking performance for specific service applica-
tions. In some cases, literally thousands of hours of exposure under static stress conditions
can be reduced to less than a few days through the use of SSR testing techniques [/,2].
Additionally, the short testing time associated with SSR testing has promoted its use as a
way to monitor service environments for conditions that will promote environmentally as-
sisted cracking [3].

Standardization Activities

In an effort to achieve more uniformity in SSR testing techniques, efforts have been
directed toward industry standardization of the methodologies employed in SSR testing.
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Three major efforts are known and documented herein. These include activities in ASTM,
NACE (National Association of Corrosion Engineers), and ISO (International Standards
Organization). In 1979, ASTM held a symposium entitled, *“Stress Corrosion Cracking: The
Slow Strain Rate Technique” sponsored by Committee G—1. The proceedings of this sym-
posium were published as ASTM STP 665 and contain the results of many investigations
that used the SSR testing technique to develop fundamental information on environmentaily
assisted cracking of metals and alloys [4]. This STP has served as the principal reference in
this area of testing technology for over the past ten years. The publication has helped to
guide investigators and promote acceptance of the SSR test methodologies described in the
results of the various studies presented in that symposium.

Through the activities of ASTM G-1.06.05 Task Group on Dynamic Test Methods for
SCC, work has taken place to standardize the SSR testing technique. This effort has taken
several years to develop a consensus of opinion on the scope and style of its standard activity.
It has taken the form of a standard practice and ASTM G.01.06.05 is currently working on
a draft of this document. It is entitled, ““ASTM Practice for Slow Strain Rate Testing to
Evaluate Susceptibility of Metallic Materials to Environmentally Assisted Cracking (EAC).”
NACE Committee T-1 through its task group T1F9 has also been working for the past
several years on a SSR testing procedure. This work has focused specifically on the evaluation
of corrosion resistant alloys for oil and gas applications. It currently has a draft document
entitled “Slow Strain Rate Test Method for Screening Corrosion Resistant Alloys (CRAS)
for Sour Qilfield Service.”

The only consensus standard that has been issued by a recognized national or international
standards organization has been developed through ISO. It is presented as one part of a
seven-part document entitled “Stress Corrosion Testing” (ISO 7539) which represents a
general guide for several SCC testing methods.

For purposes of highlighting each of these activities, a brief overview of each will be
presented here. This review should offer a better understanding of these activities. Fur-
thermore, it is hoped that this review will promote greater interest and involvement of
researchers, engineers, and their companies in the application of SSR testing techniques
and the benefits derived from the standardization process. This document was also issued
as a British standard.

ISO 7539 Part 7: Method for SSR Testing

This SSR document is the only currently referenceable standard that addresses specific
guidelines for conducting SSR tests. It was issued in 1989 as one part of a multipart document,
entitled “Stress Corrosion Testing,” issued by ISO. It was also ratified and issued as a part
of British Standard (BS) 6980 in 1990. It is directed specifically at investigating the suscep-
tibility of metals to SCC and hydrogen-induced failures.

The ISO standard describes the methods to be followed in conducting SSR tests by
subjecting specimens to increasing strain while exposed to a specified environment. The
enhanced deterioration of the test specimen resulting from the exposure conditions is usually
due to the formation and growth of cracks in the gage section of the specimen. In the ISO
SSR test standard, the specimen is not specifically defined. Smooth, notched, and precracked
specimens may be employed. In all cases, it is recommended that a comparative evaluation
be performed in which tests are conducted in both a corrosive environment and in an inert
environment.

Most of the verbiage in ISO 7539 Part 7 relates to guiding the person conducting the test
in the procedural aspects of SSR testing. For example, a range of strain rates to be considered
(1073 to 1077 s7") is given along with suggested strain rates for specific metal-environment
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TABLE 1—Recommended initial strain rates for SCC.

Initial Strain Rate,

System s7!

Aluminum alloys in chloride so- 10-¢
lutions

Copper alloys in ammoniacal so- 10-¢
lutions

Ferritic steels in carbonate, hy- 10-¢
droxide, or nitrate solutions

Magnesium alloys in chromate/ 10-°
chloride solutions

Nickel based alloys in high- 10-7
temperature water

Stainless steels in chloride solu- 10-¢
tions

Stainless steels in pure water 10-¢

Titanium alloys in chloride solu- 10-3
tions

combinations (see Table 1). Information on several factors that can affect SSR test results
is noted which include galvanic corrosion and crevice corrosion. Information is also given
regarding the assessment and reporting of SSR test data. Ratios of the SSR data (i.e.,
environment versus inert) are recommended which use time-to-failure, ductility, maximum
load, fracture energy, and percentage SCC on the fracture surface. Visual examination of
the gage section of the specimen is also encouraged. Cases have occurred where a reduction
in properties can be experienced without any evidence of cracking in the gage section of
the specimen.

ASTM G.01.06.05: Standard Practice for SSR Testing
Background

The current version of the draft standard practice being developed by ASTM G.01.06.05
describes the procedures for the design, preparation, and use of tension specimens for
application in SSR tests used in the evaluation of the susceptibility of metals and alloys to
environmentally assisted cracking. Since many of the procedures employed in many cracking
phenomena are very similar, the focus of the draft practice is for evaluation of SCC, HEC,
and LME. Therefore, it is not specific with regard to the nature of the chemical environment
present. These test environments may contain aqueous and nonaqueous fluids and gaseous
components either singularly or in combination.

The standard practice resulting from these standardization activities is intended to be used
for the accelerated screening of EAC resistance of metallic materials in various exposure
environments. In some cases, these environments may be intended merely for purposes of
laboratory evaluation of fundamental properties. In such cases, the results may not be
representative of actual service performance but may be intended only for screening or
comparative evaluation of materials. Most commonly, these types of SSR tests are used in
the investigation of either metallurgical or environmental variables on sensitivity to EAC.
However, provisions are also given for actual simulation of service environments. In these
cases, the test conditions may contain high temperatures and high pressures and exposure
to potentially hazardous materials and chemicals.
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Summary of Draft Standard Practice

This practice describes the use of tension specimens for evaluation of resistance to EAC.
In this practice, a slow constant extension rate is applied to the specimen (=10~* m/s). In
terms of an initial strain rate on conventional specimens this relates to <10-*s~'. It uses a
comparative evaluation of the results from a tension specimen tested in the environment of
interest with that of a similarly tested specimen in a chemically inert environment. Specific
information is given to the intended person performing SSR testing that this procedure
should be conducted over a range of extension rates to determine the effect of the tension
rate on cracking susceptibility. Furthermore, the results of SSR tests should be compared
with those of constant load or constant strain tests and actual service experience, if available,
to obtain a more complete understanding of the relationship of SSR data to the results from
these other conventional test methods and actual service performance.

Several other ASTM standards are referenced in this draft practice document. The aim
is to guide the user of SSR test methods to previously standardized procedures. Examples
of these reference documents are those used to prepare and test tension test specimens in
air and for SCC (ASTM E 8, Test Methods of Tension Testing of Metallic Materials, and
G 49, Recommended Practice for Preparation and Use of Direct Tension Stress Corrosion
Test Specimens) and for calibration of testing machines (ASTM E 6, Definitions of Terms
Relating to Methods of Mechanical Testing).

A range of specimen sizes is allowed. However, care should be given to explore the effect
of specimen geometry. Additionally, comparisons between SSR tests conducted in test
environments and inert environments should be made using similar specimens and test
methods.

The draft standard practice provides for the evaluation of cracking performance based
on the comparative evaluation mentioned previously using the following parameters: (1)
Time-to-Failure Ratio (RTTF), (2) Elongation Ratio (RE), and (3) Reduction in Area Ratio
(RRA). One or more of these parameters may be used for qualifying materials performance.
The relevance of each parameter is specific to each material and environment under con-
sideration. Typically, values of these ratios that approach unity indicate high resistance to
EAC while lower values denote increasing susceptibility to cracking.

Additionally, visual examination of the test specimens after exposure and testing is rec-
ommended since the nature of the specimen fracture and gage section can be extremely
helpful in more fully documenting and understanding the specific material behavior. Pro-
visions are also included to advise the user of SSR tests to consider other parameters as
potential measures of performance. These are: (1) fracture energy (i.e., area under the
stress-strain curve), (2) ultimate tensile strength, (3) strain to crack initiation, and (4) crack
velocity assessment.

NACE T1F9: Draft SSR Test Method for CRAs in Sour Oilfield Environments

The current draft document is concerned with the testing of CRA materials (i.e., stainless
steels and nickel-base alloys) specifically subjected to tensile stress and dynamic strain in
combination with low pH aqueous environments which contain hydrogen sulfide, carbon
dioxide, and chloride. The purpose of the test method is to facilitate the screening of these
materials for resistance to SCC at elevated temperatures in oilfield production service.

NACE T1F9 has also worked on and standardized methods for the evaluation of materials
for sulfide stress cracking (SSC) which is a form of HEC. These previous efforts resulted
in NACE Standard Test Method TM0177 which now incorporates constant load and de-
flection specimens and fracture mechanics double cantilever beam (DCB) specimens for
SSC evaluation. However, it was found that such methods did not work effectively for the
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evaluation of CRAs under conditions where SCC was possible (i.e., >60°C in acidic solutions
containing both sulfide and chloride species). As indicated previously, these conditions
sometimes required exposure times in excess of six months to adequately evaluate for SCC.
Therefore, alternate approaches have shown the benefit of SSR testing techniques for re-
producible and predictable acceleration of SCC tests.

As in the case of the ASTM (G.01.06.05 standard practice, the NACE T1F9 draft test
method provides for a comparative evaluation through the application of a constant extension
{cross-head deflection) rate on tension specimens exposed to a test environment and com-
pared to corresponding results obtained in an inert environment. The data from these tests
are compared based on the same ratios of time-to-failure, elongation, and reduction in area
as given in the draft ASTM G.01.06.05 standard practice.

Guidelines are provided for visual examination of the gage section of the tension specithen
after SSR testing. Specimens are categorized according to the following classifications: (1)
Class 1—Normal ductile behavior with no indication of SCC on the primary fracture surface
of secondary cracking, (2) Class 2—Ductile behavior but with some shallow fissuring limited
to the highly cold-worked (necked) region of the gage section immediately adjacent to the
primary fracture surface, and (3) Class 3—Evidence of EAC in the gage section either
resulting from cracking on the primary fracture surface or secondary cracking elsewhere,
or both, in the gage section.

The major difference between the NACE and ASTM efforts is that the NACE effort is
specifically directed toward the screening of particular alloys for particular service appli-
cations. Consequently, it contains procedures to obtain specific test conditions that simulate
oil and gas production environments. Several suggested environments are cited. These are
intended to assist in selecting test conditions that will provide relevant and comparative
information on particular alloys under a particular set of environmental conditions.

For martensitic and duplex stainless steels, environments are suggested that contain 800
to 1200 psia (5.5 to 8.3 MPa) partial pressure carbon dioxide gas and 0 to 15 psia (0 to 0.1
MPa) partial pressure hydrogen sulfide with a solution containing 25 weight percent NaCl.
Tests on martensitic stainless steels are conducted at 23°C around which SSC is found to be
most severe. Tests on duplex stainless steels are suggested to be conducted at 93°C around
which SCC is most severe for these materials. These environments are based on conditions
that should differentiate materials with varying degrees of susceptibility to cracking.

The suggested environment for austenitic stainless steels and intermediate nickel base
alloys (i.e., 35% to 42% nickel with approximately 20% iron) consists of 200 to 400 psia
(1.4 to 2.8 MPa) hydrogen sulfide and 200 to 800 psia (1.4 to 5.5 MPa) carbon dioxide with
a solution containing 25% NaCl at 177°C. For very highly alloyed nickel base alloys (i.e.,
>50% nickel and <20% iron), the suggested environment consists of 800 to 1200 psia (5.5
to 8.3 MPa) hydrogen sulfide and 600 to 800 psia (4.1 to 5.5 MPa) carbon dioxide with a
solution containing 25% NaCl to be tested at 232°C. Optionally, an additional 1 g/L ele-
mental sulfur can be added to the test environment to simulate the increase in SCC sus-
ceptibility often found.

A round robin test program was initiated by NACE T1F9 to evaluate the variability in
the test method. The program examined SCC susceptibility of a nickel base alloy (UNS
N08825) in several test environments. Approximately eight test laboratories participated.
The major findings were that substantial variation was reported in the absolute value of
ductility parameters (elongation, reduction in area, time-to-failure); however, ductility ratios
exhibited considerably less variance from laboratory to laboratory. Cracking susceptibility
correlated strongly with specimen surface finish but less so with environmental simulation
procedure.
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Technical Issues in Standardizing SSR Testing

SSR testing differs fundamentally from mechanical tension testing in several respects. In
the first case, the strain rate and the extension rate are the same, merely slow. Figure 1
shows the variation in extension relative to cross-head displacement for a typical apparatus.
The criteria for standardization on the monitoring of the extension rate are that the cross-
head displacement rate can be controlled and held constant over time and varying load.
Extensometers cannot be easily employed because the test specimen is usually exposed to
a corrosive environment. Also, because environmental exposure is required, smaller (sub-
size) tensile specimens are often employed so they can be contained in test cells and au-
toclaves. This often translates into smaller testing machines that generally have a greater
compliance than standard mechanical property tensile test instruments. This presents some
difficulty in obtaining reproducibility between test frames. Some test procedures (NACE)
require the citation of the slope of the load/time (load/displacement) plot as a measure of
machine compliance.

Standardization of environmental simulation procedures is usually outside the scope of
most SSR test procedure documents. Many test procedures, however, require temperature
control; hence reference to thermocouple and temperature calibration is required. Load
measurement is a critical component of SSR testing and therefore rigorous calibration and
documentation is necessary to ensure accuracy.

Specimen surface finish can be critical to the outcome of an SSR experiment. For materials
that can be work hardened or that are susceptible to localized corrosion, or both, the initiation
of cracking can be significantly affected by surface finish. A specimen fabricated by turning
on a lathe is often subjected to localized cold work and can exhibit grooves that serve as
initiation sites for localized corrosion. For these reasons, specimen fabrication practice needs
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FIG. 1—Variation in specimen extension to cross-head displacement.
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to be specified and closely controlled. The NACE SSR document requires a ground specimen
surface with final polish to 10 win. RMS (0.25 p RMS) or better.

A common concern for SSR standardization is that the environmental exposure should
not interfere with the measurement of mechanical tensile properties. Seal friction in pressure
vessels, pressure loading, and the alignment of loading relative to containment vessels are
areas of concern and should be minimized through proper selection. Similarly, the test
specimen is required to be electrically isolated from the test vessel and grips which might
induce galvanic interactions. Galvanic interactions have been shown to substantially affect
SCC susceptibility.

The main result of an SSR test is the diagnosis of cracking susceptibility, or conversely,
cracking resistance. This is usually accomplished by measuring the ratio of a ductility pa-
rameter (elongation, time-to-failure, or reduction in area) to that measured in an inert
environment (i.e., air, inert gas, or oil). Pass/fail criteria, where needed, are usually based
on minimum acceptable values of these ratios and upon visual observations of SSC or
secondary cracking (i.e., visible SCC on the gage section of the test specimen), or both. In
many situations, the requirement for an unambiguous designation of susceptibility may
necessitate careful scrutiny of the fracture surface by SEM and quantative fractography.
Quantative criteria for pass/fail based on fracture surface morphology have yet to be in-
corporated into the test standards developed by ASTM, NACE, or ISO, as discussed herein.
However, individual companies have developed their own SSR testing acceptance criteria
based on service experience and extensive laboratory testing. For most applications, SSR
test ratios of at least 0.80 to 0.90 have been required based on time to failure, elongation,
or reduction in area, or a combination thereof, with no evidence of environmentally assisted
cracking in the gage section of the specimen.

Conclusion

As discussed herein, over the past two decades the SSR test technique has been evolving
from a laboratory research tool to a standardized test for use in materials screening, heat
lot qualification, and environment monitoring. Standardization efforts such as those found
in ASTM, NACE, and ISO are helping to build a consensus of opinion from which consistent
and accurate data can be obtained. Additionally, these activities allow researchers and
engineers operating in different laboratories around the world to compare test results on a
common basis.
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DISCUSSION

D. A. Jones' (written discussion)—Is it possible to compare SCC behavior of different
alloys or the same alloy at different initial strength/ductility levels in the same corrosive
environment by SSRT?

R. D. Kane and S. M. Wilhelm (authors’ closure)—Yes. However, it requires comparing
SSR test data in the environment to data in an inert (SCC-free) environment for each
material. Therefore, each material condition’s SCC behavior is compared to its baseline
properties. This comparison is usually based on ductility parameters such as elongation or
reduction in area.

' University of Nevada, Reno, Mackay School of Mines, Reno, NV 89557.
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ABSTRACT: The slow strain rate test (SSRT) has been used as a laboratory tool to investigate
the susceptibility of austenitic stainless steels and other materials to intergranular stress cor-
rosion cracking (IGSCC). During operation, IGSCC has occurred in the recirculation piping
of Boiling Water Reactors (BWRs). The SSRT has demonstrated that weld or thermally
sensitized T-304 stainless is susceptible to IGSCC in simulated BWR environments.

On the other hand, it has also been demonstrated that if the BWR environment can be
modified, such that the electrochemical potential (ECP) is lowered sufficiently, IGSCC can
be mitigated. A data base was developed indicating that the protection potential for T-304
stainless steel is = —0.230 V(SHE).

In application to operating BWR power plants hydrogen is injected into the reactor feedwater
system, which eventually decreases the ECP in the recirculation system. The effect in the
recirculation piping water is measured by delivering water from the piping to an external test
system. The test system often consists of two autoclaves, one of which measures the ECP, and
the second where SSRT is performed. Typically, highly sensitized T-304 stainless steel is tested
in the SSRT autoclave before hydrogen addition. In the normal BWR water chemistry (~270°C,
200 ppb O,) IGSCC occurs usually after >100 h of testing. Subsequently, a second SSRT is
performed when the target ECP is achieved in the BWR water, now modified with hydrogen.
This second SSRT verifies that indeed IGSCC mitigation has been achieved. Results from a
number of operating BWRs show that ECP control verified by SSRT provides reactor operators
with criteria for IGSCC control.

KEYWORDS: slow strain rate techniques, intergranular stress corrosion cracking (IGSCC),
Boiling Water Reactor (BWR), electrochemical potential (ECP)

The slow strain rate test (SSRT) was developed to investigate the susceptibility of materials
to stress corrosion cracking (SCC) in specific environments. This paper is a historical review
of how the SSRT was applied to investigate the environmental cause of intergranular stress
corrosion cracking (IGSCC) in the recirculation piping in operating Boiling Water Reactors
(BWRs) and eventually provide an environmental method for mitigation of the cracking
phenomenon. This application required the development of SSRTs, test systems and ref-
erence electrodes capable of operation in aqueous systems that approach 300°C.

During BWR shutdown inspections, cracks due to IGSCC were identified in the weld
heat affected zones (HAZ) of some of the austenitic stainless steel pipes in the reactor
recirculation system. The cracks occurred after some period of operation in the BWR
environment. This environment in the reactor recirculation system is high-purity water at
about 275°C, with 200 to 300 ppb dissolved oxygen, some hydrogen peroxide, and about 5

' GE Company, Vallecitos Nuclear Center, Pleasanton, CA 94566.
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FIG. 1—Reactor water conductivity improvement over the years.

to 10 ppb dissolved hydrogen. The particular mixture of O,, H,0,, and H, results from

radiolytic reactions of water in the reactor core. The purity of the water is unaffected by

the radiation and is measured by the conductivity of samples of the reactor water cooled to

ambient temperature. Over the years improved power plant practices have resulted in a

decrease in reactor water conductivity from about 1.0 wS/cm to <0.3 puS/cm in today’s
operating BWRs (Fig. 1). While this improvement in water purity has undoubtedly decreased
IGSCC crack growth rates of the austenitic stainless steels, the improvement has not been
sufficient to eliminate the cracking. To eliminate cracking, it is possible to replace the piping
system with newer austenitic stainless steels that are resistant to IGSCC. Another approach
is to alter the aqueous environment within the piping system, such that the altered envi-
ronment would either decrease or eliminate initiation and propagation of IGSCC in the
HAZs of the pipe weldments. It is the latter approach that concerns this paper. More
specifically, this paper will present how the use of the SSRT, together with electrochemical
measurements, led to the original qualification of an environmental control for IGSCC
mitigation and then describe the inplant testing that allowed each BWR to determine the

proper environmental IGSCC mitigation procedure.

The SSRT Developed for BWR Environments

The first high-temperature SSRT was developed some years ago by Indig and Vermilyea
[1]. The device (Fig. 2) was used to study IGSCC at controlled potentials during a relatively
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FIG. 2—First high-temperature SSRT facility.

short testing period. Furnace sensitized, austenitic stainless steel wires within a 1-L stainless
steel autoclave were the SSRT specimens. In the autoclave the wires were held taught within
grips. A stainless steel conductor rod, which also functioned as the pull rod, was screwed
into the upper grip. The pull rod passed out of the autoclave through a Teflon® seal in a
sealing gland. Above the autoclave the pull rod was linked to the drive system of the Instron
machine. At the linkage the rod was insulated from ground with a shouldered alumina
insulator, as indicated in Fig. 2. The concept of coupling a specimen within an autoclave to
an external drive system by passing the pull rod through a low-friction Teflon seal was the
basis of the subsequent SSRT device to be described in this paper.

In this first device, the potential of the stainless steel wire inside the autoclave was
controlled by applying potentials to the conductor/pull rod outside the autoclave with a
potentiostat. Inside the autoclave the electrolyte, 0.01 N Na,SO, was heated to 289°C. It
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was found that at potentials from 0.0 to 0.25 V(SHE) IGSCC occurred. When no potential
was applied, E,,, = —0.54 V(SHE), the wire specimen was eventually pulled to failure by
ductile rupture. At constant applied potential, the amount of IGSCC fracture was controlled
by the degree of sensitization and the extension rate (cross-head speed) of the Instron
machine. The higher the sensitization and the slower the extension, the greater the percent
of IGSCC on the fracture surface.

At the time of these experiments, the potential of stainless steel within an operating BWR
had not been measured, nor was the effect of varying the electrochemical potential on
IGSCC known in a quantitative manner.

Electrochemical Measurements

The electrochemical potential (ECP) of T-304 stainless steel was determined in a number
of operating BWRs during the years that followed. In general, high-temperature water
samples were piped from the reactor recirculation piping to an autoclave outside the reactor
pressure vessel, where there was a series of monitoring and reference electrodes. The sensor
end of the monitoring electrode was a cylindrical electrode of T-304 stainless steel and the
usual reference electrode was a silver/silver chloride electrode (Fig. 3). To deliver water
samples to the autoclave with minimum loss of sample quality, a number of factors had
been considered. Minimizing sample line length, maximizing the internal diameters in the
sample line to minimize the internal surface area-to-volume ratio, and maximizing flow rates
all contributed to maintaining water sample integrity. The results of autoclave measurements
from a number of operating BWRs indicated that the steady state BWR ECP of the piping
was 0.080 = 0.050 V(SHE) in the normal BWR water chemistry {2].
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FIG. 3—Silver/silver chloride and stainless steel electrodes.
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Once the BWR baseline electrochemical potential was established, meaningful experi-
ments could be performed to determine the effect of varying the ECP on IGSCC. The major
goal of this approach was to determine the potential where IGSCC could be effectively
mitigated. For these studies the SSRT facility was effectively used.

SSRT for Laboratory and In-Plant Studies

The SSRT used for most of these studies was originally developed for the study of the
SCC behavior of materials considered for the steam generator of the liquid metal fast breeder
reactor (LMFBR). Unlike studies for the BWR, the LMFBR steam generator studies were
performedin 5 and 10% NaOH at 316°C. The SSRT facility and the test results were reported
in a previous ASTM publications [3].

The SSRT facility is shown in Fig. 4. Rather than an Instron machine, the drive system
consisted of a variable speed motor, variable and fixed gear reducers, and a worm gear
which transformed the rotary motion of the motor into a vertical movement of the pull rod.
As in the first device described in this paper, the pull rod linked to the test specimen within
the autoclave was passed from inside the autoclave to the ambient through a Teflon seal in
the top sealing gland. By adjusting the tightness of the sealing gland, it was possible to
withdraw the pull rod from the autoclave without significant frictional losses or causing a
water/steam leak. As the pull rod was withdrawn, the test specimen in the autoclave was
slowly strained.The rate of extension of the test specimen for these studies was 7.06 x 107
cm/s (0.001 in./h). In these SSRTs, dog-bone tension specimens, shown in Fig. 5, were the
test specimens. For the specific gage length of 1.91 cm (0.75 in.) the strain rate was 3.7 X
10-7 s~'. The initial laboratory tests were conducted under potentiostatic control in 0.01 N
Na,SO, at 275°C by Indig and Mcllree [4]. One of their major findings was that decreasing
the control potential decreased the tendency for IGSCC. For T-304 stainless steel tension
samples with a weld in the center of the gage, an apparent threshold potential of —0.400
V(SHE) was identified. The cracking occurred in the HAZs on either side of the weld. If
the degree of sensitization was increased, a lower potential was required to eliminate IGSCC.

In these potentiostatic controlled SSRTs a silver/silver chloride electrode was used as the
reference electrode. The design of the reference included an asbestos wick in the end plug
that served as the liquid junction, shown in figure 3 of Ref 4. Some years later, it was
determined that the asbestos wick contributed a sizable liquid junction potential of ~0.160
V {5]. If the 0.160 V correction is applied to the earlier data of Indig and Mcllree [4], the
—0.400 V(SHE) becomes —0.240 V(SHE), in surprising agreement with later data when
this error was eliminated.

The relationship of the potentiostatically controlled electrochemical tests by Indig and
Mcllree to the actual BWR environment was not precisely known. For example, the use of
Na,SO, not only increased the conductivity, which was required for potentiostatic control,
but also resulted in an elevated pH [4], which decreases the corrosion potential. The sulfate
anion has also been found to be a severe accelerator of the IGSCC of sensitized austenitic
stainless steel in high-temperature water [6]. Other effects that must be considered are the
resulting separation of anodic and cathodic reactions on different surfaces which occur during
experiments under potentiostatic control. For example, if it is necessary to polarize the test
surface anodically, a local acid condition will develop on the specimens which can accelerate
crack initiation and propagation. However, SSRTs under potential control did indicate that
IGSCC was directly related to the ECP. The final determination of the role of electrochemical
potential and the identification of environment/potential where IGSCC could be eliminated
awaited tests in actual BWR systems.
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FIG. 4—SSRT facility for steam generator studies.

SSRTs in High-Purity and BWR Waters

Electrochemical measurements performed by Indig and Mcllree had shown the relation-
ship of dissolved oxygen to the corrosion potential of T-304 stainless steel [4]. If the dissolved
oxygen in BWR water, and thus the corrosion potential, could be lowered to a suitable
value, the SSRTs performed under potential control indicated that IGSCC could be miti-
gated. A decrease of the dissolved oxygen concentration in the recirculation piping of a



INDIG ON HYDROGEN WATER CHEMISTRY IN BWRs 57

1.67 3.17
) 0.635R
i
6 L
_m 1 4
| 0318 P
I |
| |
1,03 e 445 .
— 108 i I 0.254
| 651 1 l
| I
1 — T TT1
|
|

]

FIG. 5—Stress corrosion tension sample.
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BWR could be accomplished by hydrogen addition to the feedwater system. Just as radiation
had produced excess oxygen in recirculation piping, hydrogen addition with high levels of
radiation could lower the dissolved oxygen and hydrogen peroxide, which is also produced,
according to the following reactions:

(1) H, + %0, H,0
(2) H, + H,0, % 2H,0

Reactions 1 and 2 are the overall reactions in simplified form. A more detailed listing of
the reactions that result in 1 and 2 are given by Burns and Marsh [7].

The reaction of excess hydrogen with the radiolytic oxidizing species occurs in the BWR
downcomer region, shown in Fig. 6, where radiation dose rates are high. All of the water
from the downcomer discharges to recirculation piping where IGSCC of the HAZ of pipe
welds had occurred. Thus, the addition of hydrogen to the feedwater system could result
in a decrease of total oxidizing species and the decrease of ECP in the recirculation piping,
which should result in the mitigation of IGSCC.

This concept was tested at the Dresden-2 Nuclear Power Station, Morris, Illinois, in 1982-
1983 [5]. Addition of hydrogen to the reactor feedwater was performed and the resulting
ECPs were measured in an external autoclave with a sample delivery system described
earlier. The SSRT facility, shown in Fig. 4, was installed in parallel with the electrochemical
monitoring system. SSRTs were performed with furnace sensitized T-304 stainless steel and
constant hydrogen addition to control the ECP. The major finding of these first demon-
stration tests clearly indicated that IGSCC could be avoided at low enough potentials. This
finding, shown in Fig. 7, from Ref 5, indicates that IGSCC was eliminated at potential
=-0.230 V(SHE). While it appeared the ECP control could eliminate IGSCC, it was
necessary to determine whether the potential —0.230 V(SHE) was plant specific or universal.

Application of SSRTs in HWC in Operating BWRs

A number of HWC programs were performed in operating BWRs to determine the
variation of dissolved oxygen and ECP from the recirculation system with hydrogen additions
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to the feedwater system. Figure 8 indicates that the combination of hydrogen addition to
the feedwater and oxygen concentration from the recirculation system required to produce
the target potential of —0.230 V(SHE) on austenitic stainless steel varies among plants and
is not easily predicted. From these measurements it was apparent that the dissolved oxygen
concentration from the reactor recirculation water could not be used as the parameter to
predict IGSCC mitigation.

SSRTs on furnace sensitized T-304 stainless steel were also conducted in the operating
BWRs during the HWCs. To determine baseline behavior, SSRTs were conducted in the
usual oxygenated water chemistry developed from the BWR recirculation system. In these
baseline SSRTs, SCC always occurred. However, the time of sample failure by IGSCC was
dependent on the water purity from the BWR. Figure 9 shows that the lower the water
conductivity, the longer the failure time. The point from BWR C illustrates the effect of
the mechanical condition of the tension sample on SSRT results. According to the conduc-
tivity of BWR C during the SSRT, the failure time of the furnace sensitized tension sample
should have been about 140 h. However, during sample fabrication cold-work was introduced
into the sample. Although the sample failure was primarily due to IGSCC, there was some
transgranular brittle cleavage associated with the cold work, which decreased the SSRT
failure time to less than 100 h. Thus, for comparison of SSRT results, the mechanical
condition, the specific heat and test parameters should be maintained constant.

From the SSRTs, it was not possible to determine whether the increased failure times
were the result of delayed time for crack initiation times or slower propagation rates. The
Ford-Andresen crack growth algorithm [8] predicts that the lower the conductivity, the lower
the crack growth rate. The SSRT conducted at BWR A where the conductivity was the
lowest, 0.085 to 0.10 wS/cm in normal water chemistry, was terminated after one week
without sample failure. However, examination of the tension sample showed IGSCC had
indeed initiated. The load-time curve during the SSRT showed load drops prior to the
termination of the test (Fig. 10), which may indicate the onset of cracking. In this case, it
appears that the major effect of the high-purity water was the delay of crack initiation. It
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is postulated that cracking eventually initiated at the extremely high stress of ~345 MPa
(50 ksi), and after a calculated strain on the tension specimen of about 20%. The strain
approximation was obtained from the load-time curve, where every ten hours on the time
axis is equal to 1.3% strain.
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Figure 11 shows the empirical relationship of T-304SS ECP versus hydrogen injection for
a number of BWRs. Once the hydrogen addition rate that resulted in a decrease of potential
to —0.230 V(SHE) or below was determined, the SSRT was performed. During the SSRT
the ECP was continuously monitored. If the monitored stainless steel potential rose above
the desired potential, the hydrogen addition rate to feedwater was re-adjusted so that the
potential remained at or below —0.230 V(SHE).

Average IGSCC Crack
Propagation Rate (mm/sec)

10-5

106 |- ol |

O Fugen

107 — O Dresden

V FitzPatrick

A Ringhals
A

Many lab  Nuclenor

data points @ Hatch-1
N Lab

sl L o et le W L |

-0.600 -0.500 -0.400 -0.300 -0.200 -0.100 0 0.100 0.200

Electrochemical Potential (V,SHE)

FIG. 13—Average crack growth rates from SSRTs versus ECPs from BWR recirculation water sampling
systems.
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The SSRT was run until either the tension sample failed or the test was terminated at
seven days. In either case, the sample was examined for IGSCC initiation by microscopy.
Figure 12 presents a summary of SSRT results as a function of ECP and dissolved oxygen.
IGSCC occurred over a fairly wide range of dissolved oxygen concentration, but there were
no failures below —0.230 V(SHE). The major point from Fig. 12 is that ECP rather than
dissolved oxygen is the controlling environmental parameter. Figure 13 presents average
crack growth rates calculated from the length of cracks and the test times. The major feature
of this curve is the very sharp drop-off of crack growth rates at —0.230 V(SHE).

The SSRTs showed conclusively that IGSCC could be effectively mitigated in BWR
recirculation systems if the potential could be controlled at or below —0.230 V(SHE). Today
the main emphasis is to monitor in-reactor ECP in-situ, rather than monitoring ECP of
water samples delivered to external autoclaves. For this reason, the main application of the
SSRT to BWR plant work is completed. Where direct monitoring of crack growth is required,
techniques other than the SSRT are used.

The SSRT continues to be a useful laboratory technique for characterizing the environ-
mental aspect of SCC. A recent successful application has been in the identification of a
protection potential for irradiation assisted stress corrosion cracking (IASCC) [9].

Summary

This paper presents a historical review of one application of the SSRT. In this application
the SSRT was used together with ECP measurements to identify the environmental condition
where IGSCC could be mitigated in BWR recirculation piping systems. The initial studies
were performed in the laboratory and subsequently SSRTs were performed in operating
plants. In the first application of the SSRT in an operating BWR, it was found that when
the corrosion potential of T-304 stainless steel was reduced from about 0.1 V to —0.230
V(SHE), IGSCC of furnace sensitized T-304 stainless steel was mitigated. Subsequently,
SSRTs performed in other BWRs verified that the potential of —0.230 V(SHE) did mitigate
IGSCC. Crack growth calculations from SSRT tests in operating plants also yielded powerful
confirmation for the electrochemical criteria. On the other hand, the SSRT showed that the
relationship between IGSCC and the dissolved oxygen concentration in the recirculation
water varied significantly among plants. Thus, the dissolved oxygen concentration was not
useful as a control parameter for IGSCC. While in-plant SSRTs for BWRs have served their
purpose, the technique continues to be useful for materials evaluation and in studies of
irradiation assisted stress corrosion cracking.

References

[/] Indig, M. E. and Vermilyea, D. A., “The Straining Electrode Around 300°C,” Proceedings, High
Temperature, High Pressure Electrochemistry in Aqueous Solutions, National Association of Cor-
rosion Engineers, Houston, TX, University of Surrey, England, January 1973, pp. 558-567.

[2} Lin, C. C., Cowan, R. L., and Pathania, R. S., to be published, Corrosion/93, #93619, NACE,
New Orleans, LA, March 1993.

[3] Indig, M. E., “Slow Strain Rate Stress Corrosion Testing for Liquid Metal Fast Breeder Reactor
Steam Generator Applications,”” Stress Corrosion Cracking: The Slow Strain Rate Technique, ASTM
STP 665, American Society for Testing and Materials, Philadelphia, G. M. Ugiansky and J. H.
Payer, Eds., May 1977, pp. 170-202.

[4} Indig, M. E. and Mcllree, A. R., Corrosion, Vol. 38, 1977, pp. 289-295.

{5} Indig, M. E., Gordon, B. M., Davis, R. B. and Weber, J. E., “Evaluation of Inreactor Intergranular
Stress Corrosion Cracking Via Electrochemical Measurements,” Proceedings of the 2nd International
Symposium on Environmental Degradation of Material in Nuclear Power Systems—Water Reactors,
American Nuclear Society, LaGrange Park, IL, Monterey, CA, September 9, 1985, pp. 411-418.



64 SLOW STRAIN RATE TESTING

[6] Indig, M. E., Gordon, G. M., and Davis, R. B., “The Role of Water Purity on Stress Corrosion
Cracking,” Proceedings, Environmental Degradation of Materials in Nuclear Power Systems—Water
Reactors, National Association of Corrosion Engineers, Houston, TX, Myrtle Beach, SC, August
22, 1983, pp. 506-531.

[7] Burns, W. G. and Marsh, W. R., Journal of the Chemical Society Faraday Transactions, 1, Vol. 77,
No. 197, 1981.

[8] Ford, F. P. and Andresen, P. L., “Development and Use of a Predictive Model of Crack Propagation
in 304/316L, A533/A508 and Inconel 600/182 Alloys in 288°C Water,” Proceedings of the 3rd
International Confererice on Degradation of Materials in Nuclear Power Systems—Water Reactors,
TMS-AIME, Warrendale, PA, Traverse City, MI, 1988.

[9] Indig, M. E., Nelson, J. L., and Wozadlo, G. P., “Investigation of the Protection Potential Against
IASCC,” Proceedings of the 5th International Symposium on Environmental Degradation of Materials
in Nuclear Power Systems—Water Reactors, American Nuclear Society, LaGrange Park, IL, Mon-
terey, CA, August 25, 1991, pp. 941-947.



M. T. Miglin' and B. P. Miglin'

Applications of Slow Strain Rate Testing in
the Nuclear Power Industry

REFERENCE: Miglin, M. T. and Miglin, B. P., “Applications of Slow Strain Rate Testing
in the Nuclear Power Industry,” Slow Strain Rate Testing for the Evaluation of Environmentally
Induced Cracking: Research and Engineering Applications, ASTM STP 1210, R. D. Kane,
Ed., American Society for Testing and Materials, Philadelphia, 1993, pp. 65-82.

ABSTRACT: Slow strain rate (SSR) tests are widely used to evaluate materials for service in
the nuclear power industry. The slow strain rate method is used to select new materials and
to qualify heats of existing materials for use in components exposed to reactor coolant.

Several different modifications of the SSR test have been developed over the years to meet
the demands of specific reactor applications. For testing the nickel-base superalloys used in
reactor core internals, tensile bars may be notched or fatigue-precracked to accelerate crack
initiation. A precracked fracture mechanics specimen may be substituted for a tensile bar.
Three-point-bend loading, rather than tensile loading, is used for evaluating material resistance
to cracking during the intermediate temperatures associated with reactor heat-up and cool-
down transients.

For testing thin-walled steam generator tubing, tube tensile specimens or single-ligament
tensile bars are used. Rather than testing in a typical steam generator environment, a high-
temperature caustic environment may be chosen, with an anodic potential applied to the
specimen to accelerate cracking.

The SSR test method is also applied to reactor pressure vessel steels and weldments. Tests
conducted in reactor coolant environment have established the importance of maintaining low
oxygen levels in preventing stress corrosion cracking (SCC).

KEYWORDS: nuclear power, pressurized water reactor (PWR), boiling water reactor (BWR),
light water reactor (LWR), slow strain rate (SSR) test, constant extension rate test, stress
corrosion cracking (SCC), stainless steel, inconel, nickel-base alloy, pressure vessel steel, steam
generator

Corrosion in light water reactors (LWRs) for commercial power generation has caused
losses in generating capacity from 5 to 18%. Figure 1 [I] shows the capacity losses for the
two types of water-cooled reactors used for generating electricity in the United States, the
pressurized water reactor (PWR) and the boiling water reactor (BWR). Most of the capacity
losses in PWRs have resulted and continue to result from corrosion of steam generator
tubing, and the mid-1980s peak in capacity loss in BWRs was due to stress corrosion cracking
(SCC) of austenitic piping.

Figure 2 is a schematic drawing of a PWR. Heat is generated by nuclear fission in the
core of the reactor, contained in the reactor pressure vessel. The primary-side coolant carries
heat from the reactor core to the steam generator, where it courses through thousands of
steam generator tubes, then back to the reactor vessel via the reactor coolant pumps. A
pressurizer (not shown in Fig. 2) maintains the reactor coolant at operating pressure to

' Research specialist and section manager, respectively, Babcock & Wilcox, a McDermott Co.,
Research and Development Division, Alliance, OH 44601.
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FIG. 1—Corrosion-related capacity factor losses in U.S. light water reactors [1].

prevent conversion to steam. Steam is formed from the secondary-side coolant in the steam
generator, from which it is piped to the turbines for electric power generation. After passing
over condensing tubes to return to the water phase, the secondary coolant is pumped back
into the steam generator. The primary coolant is radioactive whereas the secondary coolant
is not.

The operation of a BWR differs from a PWR in that the steam is generated directly in
the reactor vessel of a BWR. There is only one coolant loop, and there are no steam
generators. Radioactive steam is piped directly to the turbines and condensers, and then
back to the reactor vessel.

The slow strain rate (SSR) test method has been adapted to address many of the SCC
problems that occur in PWRs and BWRs. While steam generator problems are unique to
PWRs and austenitic piping cracking is unique to BWRs, the two types of reactors share
similar SCC problems with reactor core internals, reactor vessels, and coolant pumps. Many
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FIG. 2—Schematic drawing of a pressurized water reactor.
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of these problems have been technically challenging and have inspired the development of
sophisticated forms of SSR testing that go well beyond the simple pulling of tensile bars to
rank material susceptibility.

Core Internals

Core internals alloys which are susceptible to SCC fall into two categories, the precipi-
tation-hardenable alloys and the stainless steels. The precipitation-hardenable alloys include
the nickel-base alloys X-750 and 718, and the iron-base alloy A-286. These alloys are widely
used for components requiring high strength, relaxation resistance, and corrosion resistance
in LWR environments. Alloy A-286 experienced SCC problems early on, and has been
widely replaced by either of the two nickel-base alloys. The stainless steels present in the
core are comprised primarily of alloy 304 and 316, used for a wide variety of components
requiring lower strengths, but good corrosion resistance. Corrosion problems have been
more common for alloy 304, with radiation effects contributing to the failure process.

Nickel-base Alloys

Alloy X-750 is susceptible to two types of cracking in LWR environments. High-temper-
ature cracking occurs near 300°C, and can be studied using conventional SSR techniques.
Low-temperature cracking occurs near 100°C, and is believed to result from hydrogen em-
brittlement, and must be studied using precracked bend specimens.

While studies of the high-temperature cracking phenomenon in alloy X-750 have used
conventional SSR techniques, they have provided useful information for students of the SSR
test technique. Typically the SCC susceptibility of a material in the SSR test is evaluated
by time to failure, elongation at failure, and the percent of intergranular cracking on the
fracture surface. For alloy X-750 tested in reactor coolant environments, a completely
intergranular fracture surface can be produced in the absence of SCC. Figure 3 shows the
fracture surface of a SSR specimen tested in the PWR primary-side environment (~320°C
deaerated water with pH adjusted by controlled additions of LiOH and H,BOy,). The fracture
is intergranular, but examination at higher magnification shows that failure occurred by
dimpled rupture, not SCC. The fracture surface appearance is indistinguishable from that
of a tensile specimen tested in air at the same temperature [2]. An SCC failure of alloy X-
750 shows intergranular facets with no dimples.

FIG. 3—Scanning electron micrographs of an alloy X-750 (1107°C/1h/ AC + 704°C/20h/ AC) specimen
pulled until failure in 288°C PWR primary-side water [2].
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Conventional SSR testing verified that a high-temperature anneal (~1100°C) followed by
a single aging treatment (700°C/20h) imparts good SCC resistance to alloy X-750 in high-
temperature aqueous service. Previous heat treatments used in LWRs were borrowed from
the jet engine industry. These heat treatments, which were developed to produce optimum
creep strength, included a lower annealing temperature to minimize grain growth, and an
intermediate hardening step (~900°C) to form acicular grain boundary m phase to decrease
grain boundary migration in service. Grain boundary m phase is deleterious to SCC resistance
and is eliminated by a high-temperature annealing treatment. A single age near 700°C
precipitates vy prime for high strength, while also forming globular grain boundary Cr,,C,.
The grain boundary chromium carbides do not have the deleterious effect on SCC resistance
that m phase does [2].

Alloy X-750 is also susceptible to low-temperature (~100°C) cracking, which is of concern
during reactor startup and cooldown. The low-temperature cracking mechanism is probably
hydrogen embrittlement. To study low-temperature cracking of alloy X-750, a SSR type of
test is used, but with a precracked specimen loaded in three-point-bending. Figure 4 shows
the apparatus in which the specimen is loaded. For simulation of low-temperature cracking
in reactor coolant, the specimen is tested in deaerated water at 100°C by applying a constant
displacement rate of 0.005 cm/min. Typical test results are shown in Fig. 5. Brittle behavior
is indicative of sensitivity to low-temperature cracking, and ductile behavior signifies im-
munity. As for high-temperature cracking, heat treatments with a high annealing temperature
and a single age near 700°C show improved resistance to cracking [2}].

Alloy 718 has a history similar to alloy X-750 in the commercial power industry. Until
recently, the alloy has been given heat treatments developed by the jet engine industry for
optimal creep resistance. These heat treatments rely on the precipitation of an acicular grain
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FIG. 5—Schematic diagram of low-temperature cracking test results showing: (a) load-time curve
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boundary phase, 8 phase, for grain boundary pinning in service. 8 phase is deleterious to
SCC resistance in LWRs, and its elimination has proven beneficial for SCC resistance in
LWR environments.

In the SSR test, however, alloy 718 differs from alloy X-750 in that initiation of SCC is
very difficult. The same is true for statically loaded SCC specimens, except for those which
have been fatigue precracked. Notching and fatigue precracking are necessary to initiate
SCC in a reasonable timeframe in the laboratory, although the material initiates SCC on
as-machined surfaces in service, possibly because of differences in surface finish between
laboratory specimens and field components. Figure 6 is a drawing of a notched and fatigue
precracked SSR specimen used to study SCC of alloy 718 plate used for fuel assembly
holddown springs [3].
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FIG. 6—Diagram of a fatigue-precracked SSR specimen.

Fatigue precracking a tensile specimen for SSR testing is tedious, and where precracking
is necessary, it is advantageous to use a larger, fracture mechanics specimen such as the
compact specimen in Fig. 7. Besides being easier to precrack, the compact specimen can
be used to provide fracture mechanics data useful in component design and analysis. It is
first necessary to instrument the specimen for measurement of the crack length during testing.
When testing in high-temperature aqueous environments, reversing direct current potential
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FIG. 7—Fracture mechanics approach to SCC testing. At left is a diagram of typical test results, and
at right is a compact fracture specimen.
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drop (DCPD) is useful for monitoring crack length. A constant current is input into the
specimen sufficient to provide a small (~100 wV) voltage drop across the crack mouth. The
voltage drop can be converted into a crack length value. Details of this procedure are in
Refs 4 and 5. Electrical isolation of the specimen is required for reliable voltage readings.
Zirconia, Teflon®, or oxidized zircaloy insulators can be used, depending on test temperature
and environment. An apparatus in which five such specimens can be tested simultaneously
is shown in Fig. 8 [6].

As with the conventional SSR test, the SSR test with the compact specimen requires an
appropriate choice of strain rate. For nickel-base alloys such as alloy 718 tested in relatively
benign environments such as PWR primary-side water, the critical strain rate for maximum
SCC susceptibility can be as low as 5 x 107* s7!' or lower [7]. SSR tests using compact
specimens of alloy 718 in PWR primary-side environment at 5 x 10-* s~ last several weeks.
Testing at such slow rates can present schedule or budget difficulties, or both. However,
for material/environment combinations such as alloy 718 in PWR primary-side environment,
the alternatives are few. Static tests of precracked specimens require many months, and
acceleration of the test using environmental contaminants can provide misleading results.

The SSR test using the compact specimen has been used to refine the heat treatment for
alloy 718. As for alloy X-750, heat treatments which avoid the formation of the high-
temperature grain-boundary pinning precipitate, 8 phase in the case of alloy 718, provide
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good resistance to SCC in the PWR primary-side environment. Figure 9 shows results for
alloy 718 in various heat treatment conditions [6].

Stainless Steels

The primary challenge when using the SSR test to simulate SCC failures of in-core stainless
steel components has been the simulation of radiation effects. While it has been hypothesized
that radiation contributes to SCC failures of in-core high-strength nickel-base alloys, for
stainless steels there is no doubt. Data of Jacobs and Kodama from SSR testing of preir-
radiated specimens in 288°C water show that the percent intergranular fracture increases as
a function of neutron fluence, with a threshold fluence below which failure is purely ductile
[8.9]. These specimens were tested in a conventional SSR test machine located in a hot cell.

Testing pre-irradiated specimens recreates the neutron damage to the material, but does
not provide for radiation effects on the environment. Gamma radiation decomposes water,
generating free oxygen and hydroxide and raising the electrochemical potential of the in-
core components. This has been simulated in SSR testing of pre-irradiated 304SS specimens
with electrochemical potential controlled by addition of oxygen to the environment [8-10].
This simulation requires the addition of a high-temperature reference electrode to monitor
specimen potential, and the corresponding electrical isolation. The results demonstrated
that there is a threshold electrochemical potential for irradiation-assisted SCC (IASCC),
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FIG. 10—Graph showing data of Jacobs [8) and Kodama [9) for pre-irradiated $5304 and 316 tested
in 288°C water.

and that below the threshold potential, IASCC does not occur even if the neutron fluence
is above the threshold value (see Fig. 10).

The SSR test providing the best representation of radiation effects on the material and
the environment is conducted in the core of a nuclear reactor. The expanding mandrel SSR
test uses a thin tube fabricated from the alloy under study, filled with ALO, and B,C (see
Fig. 11). The doped alumina swells in the radiation field, straining the tube. The tubes are
extracted from the reactor periodically and examined in a hot cell for cracking. Results of
expanding mandrel tests have been used to confirm laboratory simulations of IASCC [11].

Steam Generators

Although there are a number of corrosion problems in PWR nuclear steam generators,
the main concern is stress corrosion cracking of the tubing. The tubing in these units provides
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FIG. 11—Expanding mandrel specimen for in-reactor testing.
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the physical barrier between the radioactive primary-side environment and the nonradioac-
tive secondary-side water. To prevent radioactivity transport from the primary to secondary
coolant, tubing leaks must be avoided.

When a leaking tube is discovered during a plant outage, the leak is repaired by either
removing the tube from service or repairing the tube. Removal of the tube from service
usually entails plugging the tube. Tube repair requires insertion of a sleeve to bridge the
leak and hence to serve as a new pressure boundary. These tube repairs are costly both in
maintenance expenses and in general thermal degradation of the unit from loss of heat
transfer surface when tubes are plugged. As more plugs are installed, the unit may be
derated, resulting in the utility facing the necessity of finding another source of power:
Many utilities today are seriously considering steam generator replacements well before
reaching the intended design life. The single cause for these replacements is corrosion,
especially stress corrosion cracking of alloy 600 tubing.

Figure 12 [12] shows two of the regions of a nuclear steam generator that are susceptible
to stress corrosion; U-bends and tube or support plates. In these regions, the material is
highly stressed. On the secondary side, SCC occurs in tubesheet or support plate crevices
where contaminants can concentrate. Thus, simulation of PWR steam generator cracking
conditions in the laboratory requires the ability to stress the material while exposed to either
prototypic (primary-side) or upset (secondary-side) chemistry conditions. For nuclear steam
generator SCC concerns, the slow strain rate technique has been used as an accelerated test
method to screen materials for environmental compatibility. These test programs generally
fall into one of two categories: either deterministic in nature as to specific environmental
problems, or more basic in nature in order to elucidate mechanisms. The following sections
describe several of these two types of programs.

Deterministic SCC Programs

Deterministic programs strive to achieve prototypic conditions to simulate nuclear steam
generator conditions. These may include the test materials, the test environments, or both.
For example, nuclear steam generator tubing material is highly worked. Tubing which is on
the order of 19 mm in diameter with a wall thickness of 1.1 mm typically starts as a tube
hollow 90 mm in diameter with a 13 mm wall thickness. To allow testing of actual tubing
materials in the SSR test, double window tensile specimens have been used [13]. Figure 13
illustrates the double window tensile specimen. This specimen geometry meets the needs
of the SSR test and also has the same metallurgical condition as tubing used in the power
plant.

Caustic contamination is often of concern on the secondary side, especially in tubesheet
or support plate crevices. Caustic attack is known to cause intergranular corrosion [/4] and
also SCC {I5] of alloy 600. Since caustic is a known secondary-side SCC agent, electro-
chemical studies have been performed to define the electrochemical potential regime in
which SCC occurs [15,76]. The SSR test can be further accelerated by application of elec-
trochemical potentials that place the tubing material in a SCC susceptible region. SCC and
various other degradation modes are possible, depending upon the value of the electro-
chemical potential.

Sensitized alloy 600 is susceptible to SCC in acid sulfur environments at low temperatures
(i.e., <100°C). SSR tests were performed to examine the material and environmental factors
relevant to a low-temperature SCC problem of once through steam generators at Three
Mile Island which were inadvertently exposed to thiosulfate on the primary side [/7]. The
results from this program confirmed that thiosulfate produced SCC. However, the SSR tests
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FIG. 12— Typical locations of SCC in steam generators [12].

also demonstrated that addition of lithium hydroxide mitigated the severity of attack, in-
dicating that this SCC process could be alleviated by pH control.

SSR tests have also been used to determine the critical cracking potentials of sensitized
alloy 600 [18]. These experiments were designed to compare the material behavior in creviced
and bulk water environments.

SSR tests have been used to study materials for other steam generator components. In
one study [/9], the SSR technique was used to demonstrate the acceptability of 410 stainless
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steel as lattice bar support material. Another study [20] demonstrated that welded 316
stainless steel was susceptible to SCC in environments that simulated water treatment resin
intrusion.

Mechanistic SCC Programs

The SSR technique has been used to elucidate mechanistic information about SCC of
steam generator tubing material. References 27 and 22 are illustrative of these programs.
The former study investigated the role of grain boundary chemistries on pure water cracking
of high purity heats of alloy 600. The authors concluded the creep plays a significant role
in the intergranular cracking process since this form of attack was observed in SSR tests
conducted in both water and argon environments at 360°C.

The latter study [22] also investigated the SCC behavior of high-purity heats of alloy 600.
In this study the degree of grain boundary misorientation was studied and correlated to SCC
performance. The results of SSR tests suggested to the authors that the SCC performance
could be enhanced by increasing the proportions of coincident boundaries and low-angle
boundaries. The authors further speculated that this enhanced SCC performance may be
due to enhanced slip and hence decreasing strain energy density.

Pressure Vessels

While the primary concern with reactor pressure vessels is irradiation-induced loss in
fracture toughness, SCC is a problem if it allows crack propagation to the critical flaw size
for overload fracture. Limited, isolated incidents of SCC in pressure vessels have been
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observed in service. Environmentally assisted cracking, encompassing both corrosion fatigue
and SCC, has been studied extensively for the low-alloy pressure vessel steels A533GrB
and AS08CI2. SCC of pressure vessels steels in nuclear service is influenced greatly by
electrochemical potential and steel sulfur content.

SSR tests with an electrochemical potential applied to the specimen have demonstrated
that there is a critical minimal potential required to induce SCC. The value of this electro-
chemical potential depends upon the sulfur content of the steel. Figure 14 presents the
results of SSR tests conducted at 4 X 10°s~'illustrating the dependence of critical potential
on sulfur content [23].

There are various hypotheses to explain the mechanism by which sulfur degrades the SCC
resistance of pressure vessel steels. One of these hypotheses was investigated by monitoring
the anodic current density during SSR tests of A533GrB with controlled additions of sulfide
to the environment. Cathodic current due to water or sulfate reduction was eliminated by
imposing a potential 50 to 100 mV above the free corrosion potential. Specimens were
electrically isolated and a Ag/AgCl reference electrode and nickel-base alloy counter elec-
trode were employed. Sulfur was added as H,S to the deaerated water environment, with
H,BO, and LiOH for pH control. High dissolution currents were observed when the con-
centration of sulfides was in excess of a threshold value, as is apparent in Fig. 15. Absorbed
sulfur inhibits the nucleation of protective magnetite, raising the metal dissolution rate and
hence the anodic current. Figure 16 is an illustration of this proposed mechanism. When a
slip step intersects the metal surface, a small area of bare metal is exposed and magnetite
grows laterally to cover it. When an MnS inclusion decoheres ahead of crack tip, sulfur
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specimens were polarized at 50 mV above free corrosion potential to suppress stray cathodic currents
[24].

adsorbs on the bare metal surface surrounding the inclusion. When the crack tip reaches
the void, a large bare metal area with adsorbed sulfur is exposed to the environment. The
area is too great to be covered by lateral growth of magnetite, and nucleation of a protective
magnetite layer is inhibited by adsorbed sulfur. Instead, a thick, porous, and poorly pro-
tective magnetite layer forms that does not prevent dissolution of the metal [24].

(a)

dx >>e

FIG. 16—Model for SCC crack advance: (2) In the absence of MnS, slip steps intersect the material
surface and film repair occurs by magnetite growth. (b) Mechanical decohesion of an MnS particle (not
shown) ahead of the crack tip creates a large area of bare metal surface. Adsorbed sulfide inhibits nucleation
of magnetite [24].



MIGLIN AND MIGLIN ON APPLICATIONS IN NUCLEAR POWER 79

Pumps

Reactor coolant pumps in PWRs and recirculation pumps in BWRs have experienced
shaft failures resulting from thermal fatigue with possible corrosion assistance. SSR testing
of pump shaft materials includes testing of prototypical weldments. SSR testing of weldments
is complicated by the differences in strength between the base metal, heat-affected zone
(HAZ) and weld metal. A cross-weld specimen containing all of these three constituents in
the gage section will usually fail in the weakest zone, generally the base metal, regardless
of its corrosion resistance. To allow testing of all three zones simultaneously, it is preferable
to use a longitudinal specimen, as shown in Fig. 17 for a prototype weld of Nitronic 50 and
308L. The results of these tests demonstrated the superior SCC resistance of Nitronic 50/
308L weldments to welded alloy A-286 for reactor coolant pump shafts [25].

Austenitic Piping

SCC of weld heat-affected zones in sensitized 304SS piping has caused greater capacity
loss in the 1980s in BWRs than all other corrosion problems combined. The SSR test has
played an important role in understanding this problem, and continues to play a role in
mitigating the problem. The SSR test was used to define the critical electrochemical potential
region for SCC, and the SSR test is used for on-line monitoring of reactor conditions to
prevent SCC. Prevention of IASCC is achieved by injecting hydrogen into the feedwater.
Controlled hydrogen injections prevent the buildup of O, and H,0, which lead to elevated
electrochemical potential values. The water chemistry is monitored on-line using the SSR
test by diverting coolant into an autoclave located on-site and conducting periodic SSR tests
using sensitized 304SS specimens. The details of this procedure are presented by Indig [26].

Summary

The SSR test has had many applications in the commercial nuclear power industry, and
these applications have ied to several modifications of the basic SSR test method. Perhaps
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FIG. 17—SSR specimen orientation for Nitronic 50 (XM19)/308L prototypical weldment [25).
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the most dramatic modifications have been developed for testing core internals alloys. For
assessing high-temperature cracking resistance of precipitation-hardenable alloys, pre-
cracked compact fracture specimens are preferred because the presence of a fatigue precrack
greatly increases the ease of SCC initiation in some of these alloys. With a compact fracture
specimen, crack growth can be monitored during testing and results can be obtained in the
form of SCC growth rate as a function of applied stress intensity factor. For measuring low-
temperature cracking resistance, a precracked bend bar is used in a simpler test which does
not require use of an autoclave or crack length monitoring.

Testing of stainless steels for resistance to IASCC occurring in-core presents unique
challenges, which have been met by a variety of means. Radiation effects on both the
environment and the material must be simulated to accurately reproduce the IASCC that
occurs in-core. This has been accomplished by testing pre-irradiated specimens in a hot cell
with controlled additions of oxygen to raise the electrochemical potential of the specimen
to that of the alloy in-core. Radiation effects are duplicated precisely with the expanding
mandrel test, in which a tubular specimen is strained in-core by the radiation-induced
expansion of doped alumina inside the tube.

Testing of steam generator tubing inspired the development of the double-window spec-
imen, which can be fabricated using production tubing to achieve the same microstructure
and surface condition as steam generator tubing in the plant. The use of caustic environments
with an electrochemical potential applied to the specimen accelerates the test to provide
rapid information on susceptibility to failure in contaminated PWR secondary-side envi-
ronments.

The SSR test has been used to identify the critical parameters in environmentally assisted
cracking of pressure vessel steels. The critical electrochemical potential for cracking was
defined, as well as the critical sulfur content of the material. SSR tests with applied potential
and intentional additions of sulfide to the environment have been used to elucidate the
mechanism by which sulfur enhances susceptibility to environmentally assisted cracking.

SSR testing of welded materials used for reactor coolant pump shafts necessitated the
development of a “composite” specimen containing weld metal, HAZ, and base metal in
a longitudinal arrangement such that each component experiences the same strain and strain
rate during testing. This is important when testing welded materials for which the yield
strengths of the base metal, weld metal, and HAZ vary significantly.

The SSR test is in use as a plant monitoring device for BWRs. To monitor the effectiveness
of feedwater hydrogen injections, coolant is channeled from the plant into an autoclave, in
which SSR tests of sensitized stainless steel are conducted. Appropriate feedwater hydrogen
levels prevent SCC in the slipstream SSR tests.
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ABSTRACT: The deformability of austenitic stainless steels and nickel-base alloys was studied
in an experimental program combining the influence of irradiation in a light water reactor
(LWR) core environment and high stresses and strains. Tubular specimens filled with ceramic
mandrels were inserted into fuel elements of both a BWR and a PWR where they were exposed
to the neutron flux and coolant water of the core. The ceramic mandrels swelled under
irradiation and applied high stresses to the cladding tube specimens; hence, in case of sensitive
material, this led to intergranular stress corrosion cracking. The strain was varied by choosing
different ceramic materials and by the axial position of the specimens in the reactor core.
During the refueling shutdown of the reactor, the specimens were examined by integrity testing
and diameter measurements.

The experimental setup, irradiation conditions, examination methods, and deduced stresses
will be described and the status of the experiments outlined. Many materials failed by brittle
cracking under the conditions applied. In the first program phase only a low phosphorus and
silicon stainless steel and an Inconel alloy 718 with a special heat treatment were found to be
resistant. In the second phase, when other material charges were used to verify the first results,
the good performance of alloy 718 was confirmed. High purity austenitic stainless steels,
however, failed during Phase 2 at the same low strain level as commercial purity material. In
the case of alloy X-750, it was found that the material surface condition had a significant
influence on the resistance to stress corrosion cracking.

KEYWORDS: stainless steel, nickel-base alloy, stress corrosion cracking, irradiation, in-pile
test, light water reactor (LWR), slow strain rate testing

In the core of water cooled reactors there are components, made of austenitic stainless
steels or nickel-base alloys, which are highly loaded. The experience with these components
has, in general, been good. However, not enough is known of the long-term deformability
of the various materials. In the high flux region of BWRs and PWRs, both austenitic stainless
steels and nickel-base alloys have been observed to experience intergranular stress corrosion
cracking.

It is commonly accepted that for stainless steels, irradiation, besides stress and strain, has
an essential influence on the in-pile behavior, with respect to cracking of structural core
parts during their reactor life. The damage phenomenon is called Irradiation Assisted Stress
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Corrosion Cracking (IASCC). For nickel-base alloys, no information exists on whether
irradiation has an additional effect on Intergranular Stress Corrosion Cracking (IGSCC)
caused by the LWR coolant as a relatively pure water.

In order to close some of the gaps in the knowledge, an irradiation program was initiated
in the cores of both a BWR and a PWR. In the first phase of that program the deformability
of various austenitic stainless steels and nickel-base alloys was studied under irradiation at
high stresses and strains in both BWR and PWR environments. The results have been
reported in {I]. It was concluded that

(1) for stainless steels, high purity with respect to phosphorus and silicon is a means of
achieving high ductility during irradiation, thus avoiding damage by IASCC. For
example, high-purity AISI 348 stainless steel withstood strains up to about 3% without
failure, whereas commercial stainless steels failed at strains of 0.2 to 1% by inter-
granular cracking.

(2) for nickel-base alloys, heat treatment is important in controiling IGSCC and, in
particular, for alloy 718 a low-temperature solution anneal pius a two-step aging
process seems to be required.

After that, the experimental program was continued in order to verify these findings and
to broaden the experimental basis by testing other high-purity stainless steels and nickel-
base alloys in various conditions. The results of the second phase of this program (Phase
2) will be reported here and the experimental setup, the irradiation conditions, and the
examination methods will be described.

Experimental Program

The objective of the Phase 2 program was to determine the deformability of high-purity
stainless steels and nickel-base alloys in typical LWR environments. In particular, the pro-
gram consisted of the following objective items

(1) Three different types of austenitic stainless steels, all of high purity with respect to
silicon and phosphorus, were tested. Additionally, one melt of commercial purity of
one of these alloys was included into the test program as a control, forming a con-
nection to the proceeding program, Phase 1.
(2) Two different nickel-base alloys were tested in altogether five variants with respect
to manufacturing process and alloy purity. The variations included:
® Alloy 718: the benefit of a proper heat treatment should be verified with two
different melts of commercial and of high purity,

® Alloy X-750; the beneficial effect of a special heat treatment found to be resistant
to IGSCC in labortory tests should be verified and the knowledge on the effect of
the fabrication sequence on the behavior of alloy X-750 should be extended.

(3) Testing was done in two different environments, in hydrogenated water in the PWR
and in oxygenated water in the BWR.

(4) The accumulated strains and the straining rates were varied by use of different swelling
mandrels.

The materials were tested in the form of tubular specimens that were internally stressed
by swelling mandrels consisting of sintered Al,O; material or AL,O, mixed with 3% or 5%
B.C in order to obtain different irradiation induced swelling rates.
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Test Materials

The chemical composition of the test materials is given in Table 1. The data were taken
either from suppliers’ certificates or have been specially measured on the final products.
Table 2 lists the tensile properties at room temperature and the grain size data of the test
materials. For stainless steels, the high-purity variants have reduced strength with consid-
erable ductility, compared to standard stainless steels. For the nickel-base alloys, there is a
large influence of the solution annealing temperature on strength. Alloys 718 and 1.4981
were fine-grained, the other materials had a rather coarse grain size. All materials were
tested in the form of tubes that were either produced by drawing (1.4981), or manufactured
by drilling and machining from bar stock. The tubes of alloy 1.4981 were solution-annealed
and one of them (b) was subsequently cold-worked to about 8%. The nickel-base tubes
were age-hardened. The materials have the following features:

® AISI 304 is a nonstabilized CrNi austenitic steel; one high-purity heat with respect to
silicon and phosphorus and one commercial purity heat were tested.

® AISI 316 is a nonstabilized CrNiMo austenitic stainless steel. It was tested in the high-
purity (Si,P) version.

e DIN 1.4981 is a stabilized CrNiMo austenitic stainless steel. It was tested in the high-
purity, solution-annealed, and cold-worked condition.

e Alloy X-750 is an age hardenable high nickel-containing alloy. The variants tested
differed in purity and in their manufacturing sequence.

® Alloy 718 is an age hardenable medium nickel alloy. There was one high-purity and
one commercial purity variant tested in Phase 2.

For alloy X-750, the two different fabrication routines chosen (‘‘machined-aged” and
“aged-machined”) yielded different surface conditions which were characterized by metal-
lography. Microscopic inspection showed deformation lines 15-um deep below the surface
of the “aged-machined” specimen, whereas the “machined-aged” specimen had a surface
layer of 15 pm which was heavily covered with precipitates (Fig. 1).

All materials were tested in boiling SN HNO, with the addition of 5g Cré* per liter which
is believed to yield a ranking of the susceptibility to IGSCC in the core of LWRs. The rate
of intergranular attack was determined by metallography after 24 h exposure. The results
are included in Table 2.

Experimental Setup
Test Specimens

The test specimens used in this experimental program consisted of tubes made from the
various materials to be tested, sealed with end plugs. The tubes were filled with ceramic
mandrels which swell under neutron irradiation thus straining the tubes when the initial gap
between mandrels and cladding tube was closed. The design of the specimens is shown in
Fig. 2. In Phase 2, four different types of swelling mandrels were used:

e Al O, or Al,O, with addition of 3% or 5% B,C in the form of two hot-pressed pellets
per specimen, each pellet being 50 mm long,

® Two 16-mm-long B,C pellets per specimen; these short pellets are axially fixed in place
inside the specimen by an AlQO; filler pellet and a support tube.

The initial gap between pellets and tubes has been made as small as technically feasible.
For that purpose the tubes have been heated up in a furnace to about 220°C prior to filling
in order to open the gap for loading the “zero-gap” pellets. All specimens were filled with
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T Alloy X750 e, aged-machined
Alloy X750 f, machined—aged

FIG. 1—Microstructure near the outer surface of alloy X750 after different manufacturing sequences.

Top end plug
Bottom end plug
Identification No.
Clad (test material)
AlL,O5 + B,C pellet

Plenum (filled with He)
B,;C pellet

Al, Q5 filler pellet
support tube
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all dimensions in mm
FIG. 2—Design of the test specimens.
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helium at normal atmospheric pressure. The diameter of the finished specimens was mea-
sured by means of a laboratory profilometer along a spiral trace with about 8 mm pitch
distance.

Arrangement of the Test Specimens in the Carrier Fuel Assembly

Within this program irradiation of the test specimens was done in the region of the highest
neutron flux prevailing in the core of commercial power reactors that is inside normal fuel
assemblies in the inner core region. In the BWR the water rods of an 8 by 8 fuel assembly
were used as test facilities (Fig. 3a). These water rods were perforated with holes over the
length in order to allow direct access of the coolant water to the specimen surface. In the
PWR the test specimens were inserted into control rod guide tubes of a standard fuel assembly

| 1
Modified i :
Fuel Assembly .
Plug i
Fuel Assembl ‘
To§ maiZ Y :elattlve o Relative
leutron Flux
0 4 Fuel Assembly Neutron Flux
Top Plate 0 1
I W T - y
Test Specimen—j /.
Test Specimen
Control Rod -—— |l
Guide Tube e o
Support Piece AW\
Dashpot
Section
Fuel Assembly
Bottom Plate
Water Rods =
with
Additional "
Holes i
i
Fuel Assembly .|
Bottom Plate ]
NN =
L] L]
a) in the KKP-1 BWR b) in the KWO PWR

FIG. 3—Irradiation setup.
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(Fig. 3b). A modified assembly plug was used to secure the specimen stringers in place and
to allow for an adequate coolant flow.

The individual test specimens have been assembled into specimen stringers by screw
connections in order to facilitate handling in the reactor pool during examination of the
specimens. Defective specimens, however, are normally to be restrained from further ex-
posure. Reassembling of stringers, which contain single defective specimens, cannot be done
during the refueling shutdown period because of time constraints. Therefore, only a small
number of five to seven specimens have been tightly connected into stringers. Several such
stringers were stacked one upon another and fitted together by proper end fittings.

In the BWR the specimen stack reaches down to the bottom of the active zone of the
core, whereas in the PWR the specimen stack rests upon a special supporting piece located
in the dashpot part of the guide thimble. In both cases the uppermost specimen is positioned
near the upper core periphery.

Irradiation

Irradiation of the Phase 2 specimens was performed in the Philippsburg BWR (KKP-1)
in continuation of the Phase 1 experiment. PWR irradiation was done in the Biblis-B PWR
in Phase 1 and has been continued in the Obrigheim PWR (KWO) for Phase 2. Irradiation
of the Phase 2 specimens was planned for two consecutive reactor cycles. After the first
cycle, however, only 22 out of a total of 54 specimens in the BWR and only one stringer
with five specimens in the PWR could be reinserted for a second cycle, because many
specimens had cracked. During the subsequent operation cycle of the KWO PWR, 15 sound
specimens were reassembled into new stringers and reinserted at the next refueling shutdown.
A few PWR specimens have been exposed even for a third cycle resulting in 957 effective
full power days (EFPD) total duration of irradiation. The main irradiation data are sum-
marized in Table 3.

The neutron flux level of the specimens varied according to their axial position in the
reactor core. Therefore, some specimens located in the neutron flux gradient near the top
and the bottom (in BWR only) of the core achieved lower fluences than the majority. Typical
flux profiles for both the BWR and the PWR irradiations are shown in Fig. 3.

Examination

After each cycle of irradiation, the specimen stringers were examined in the spent fuel
pool of the reactors for IGSCC. Diameter measurements were used to determine the ac-
cumulated diametral strain of the test specimens, whereas the tube integrity or crack for-
mation was examined by eddy current (EC) and visual inspection with a video camera.

TABLE 3—Main irradiation data.

Irradiation
Accumulated Neutron
Duration Fluence (E > 1MeV)
Reactor Cycle (EFPD) (10" cm~?)

BWR KKP-1 1 243 0.6-1
2 309 1.2-3
PWR KWO 1 316 1.2-2.
2 322 2.4-4
3 319 6.8
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Measuring Device

Multiple measuring devices, similar in KKP-1 and in KWO, and, which have been de-
veloped in the course of fuel service activities for examination of fuel rods, were used for
these measurements (Fig. 4). The measuring device provides precision guidance for the test
specimen stringer to be measured and is equipped with an encircling coil for EC defect
testing, a gage head with linear variable differential transformer for diameter profilometry,
and a video camera for visual examination. The specimen stringer to be measured is handled
by a special handling tool, which allows for axial and rotational movement of the stringer
through the measuring device.

Eddy Current Testing

EC testing was performed with an encircling double coil system operated at a frequency
of 330 kHz. The system was calibrated to tube standards of both stainless steel and Inconel
material containing test holes at three axial planes (1, 2, and 4 holes per plane).

Diameter Measurements

In diameter profilometry, the specimen stringer was traced by two opposite parallel feelers
(knife edges) on the gage head, and the specimen diameter is measured by one LVDT. The
system was calibrated against a standard with different diameter steps. The accuracy of the
diameter measurement was within £0.005 mm. For each specimen stringer linear diameter
traces were taken at four angular orientations.

Visual Inspection

The video system consisted of an underwater camera (black and white), monitor and
video recorder. The resolution of the viewing system was 480 lines for the full screen. At
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FIG. 4—Multi-purpose measuring and examination gage.
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maximum viewing magnification, a test specimen of normal size (diameter 10.2 mm) filled
the entire monitor screen.

Results
Diametral Strain

Typical axial profiles of the diameter changes measured after irradiation for the different
types of swelling mandrels used are shown in Fig. 5. In addition to AL,O, base pellets, which
proved to be very appropriate in Phase 1 [/], B,C pellets were used in Phase 2 in order to
obtain sufficient swelling rates even at high fluences (>2 cycles) when the "B is burned out
in the AL,O, + B,C pellets. Figure 6 shows the diametral swelling of the various pellet types
as derived from the measured diameter increase of the clad and the known initial gap. The
swelling rate of the AL,O, base material increased with increasing B,C content and showed
a tendency to saturate with increasing neutron fluence. In the strongly absorbing B,C pellets,
"B burns out only in an outer rim. The resulting interaction with the cladding is affected
by the behavior of this rim, which probably detached from the inner part of the pellet and
possibly cracked under the ““back forces™ of the strained cladding. Therefore, some second
cycle specimens filled with B,C pellets showed little or even a negative diameter change.

Defective specimens quite often exhibited much larger, and over the circumference, more
irregular diameter increases than intact ones due to crack opening. In Fig. 7, the diameter
profiles, EC traces, and photographs of defective specimens are shown. In such cases the
diametral strains were estimated from the swelling data measured on comparable intact
specimens. Visual inspection showed the cracks to be of brittle appearance, with no signs
of necking. The cracks were often branched and preferentially in the axial direction.

BWR Results

In the BWR environment (Fig. 8), both alloy 718 variants showed excellent behavior,
with all specimens being intact after the second cycle where they achieved strains up to
1.1% and 0.7% irrespective of their different impurity content.

All alloy X-750 behaved only moderately well with strains to failure between 0.3% and
0.5%. Only specimens with Al,O; + B,C failed, whereas all specimens with Al,O; pellets
remained intact. The “aged + machined” materials were slightly better. They survived the
first cycle, in which the “machined + aged” specimen already failed.

All stainless steels behaved rather poorly even in the case of the high-purity alloys. All
specimens failed in the first cycle when strained to more than 0.45%. There are no significant
differences due to their different alloying elements and purity.

PWR Results

Due to higher exposure (higher neutron flux level and longer exposure time), higher
strains were imposed on PWR specimens than on BWR specimens with the same pellet
types.

In the PWR environment (Fig. 9), again both alloy 718 variants exhibited excellent be-
havior, reaching the highest achievable strains of 2.0 and 1.5% without defects. The defects
at 1 and 1.2% diameter change of alloys 718c and 718d are attributed to manufacturing
imperfections. Figure 10 shows a picture of an intact specimen of material 718c, reconstructed
by interpolation of the measured diameter profiles after irradiation in comparison to normal
appearance. It shows several ridges, which reflect the uneven inner tube surface formed by
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FIG. 5—Typical diameter change profiles of intact specimens with various swelling mandrels.

drilling from bar stock. The unevenness of the inner surface was transferred to the outside
when the ground and smooth swelling mandrel expanded and strained the cladding tube.
Such features were observed in several of those specimens that were machined from bar
stock. Therefore, it has to be considered that these imperfections of the tube inner surface
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FIG. 6—Swelling of ceramic mandrels as a function of neutron fluence.

originating from the manufacturing process may have caused early failures (cracking of
specimens at low strain levels exceeded by intact specimens of the same material).

All alloy X-750 d specimens (high-purity, aged-machined) did not fail up to the highest
strains of 2%. Alloy X-750 e (commercial purity, aged-machined) failed at 1.4%. Reversing
the fabrication sequence (machined-aged), the same heat failed at 0.7%.

The different variants of the stainless steels all showed rather poor behavior (strains to
failure between 0.1% and 0.8%) with the following features:

® the high-purity version of AISI 304 has only a slightly higher ductility than the com-
mercial purity version

® the solution-annealed DIN 1.4981 has a slightly higher ductility than the cold-worked
variant.
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FIG. 8—Failure results for swelling mandrel experiments in BWR environment.

The behavior of AISI 316 was, again, confusing, with a defective specimen at 0.1% and
two unfailed specimens at 0.3 and 0.5%. With all specimens defective for strains >0.7%,
this high-purity steel showed, as in the BWR, poor behavior. The one defective specimen
that failed at very low strain was probably affected also by imperfections of the inner tube
surface due to drilling as previously suggested.

All 1.4981 specimens failed within the first cycle at strains between 0.4% and 0.8%.
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FIG. 9—Failure results for swelling mandrel experiments in PWR environment.
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ridges caused by uneven inner surface
FIG. 10—Interpolated diameter profiles of the outer surface of irradiated specimens.

Discussion

The experimental results of the Phase 2 materials and some comparable Phase 1 materials
are shown in Table 4 together with relevant material characteristics.

Comparison of Out-Pile Corrosion and In-Pile Deformability

There is obviously no clear correlation between the corrosion rate in boiling HNO; +
Cr'* and the strain to failure measured in the BWR and the PWR. The superior stainless
steel 348b of Phase 1 showed almost no corrosion attack in the laboratory test thus indicating
an existing correlation. But the high-purity steels of Phase 2, 304b and 316b, which also
showed a low corrosion rate in boiling HNO, + Cr®*, behaved in reactor no better than
other materials with high corrosion rates in boiling HNO; + Cr®*. Good behavior in the
HNO,; + Cr®" test is obviously not a guarantee for good IASCC resistance.

BWR versus PWR Environment

As in Phase 1, no significant difference in the behavior in BWR environment (oxygenated
water) and PWR environment (hydrogenated water, higher temperature) could be detected
in Phase 2. The only clear difference is the better behavior of alloy X-750 in the PWR than
in the BWR.

Effect of Material Properties

Nickel-base alloys—Alloy 718 did not fail in the BWR and reached high strains in the
PWR in both variants. The conclusion made from Phase 1 that alloy 718, mill-annealed and
hardened by a two-stage aging, all at rather low temperatures, has an excellent in-pile
behavior, could thus be verified. Since the impurity content (silicon, phosphorus, sulfur,
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carbon) of the two heats differed substantially, it can be concluded that these impurities
obviously have no major influence on the IGSCC behavior of this particular alloy.

Alloy X-750 did not fail in the PWR tests, if treated properly and having a high purity.
A proper heat treatment is characterized by high solution-annealing temperature followed
by aging at rather low temperatures, in the right fabrication sequence (*‘aged-machined’).
Higher impurity content as well as a “‘machined-aged” sequence reduced the in-pile de-
formability. The BWR environment is obviously, as already seen in Phase 1, more aggressive
than the PWR environment for alloy X-750, and does not discriminate between different
chemistries of the two heats (especially in silicon and phosphorus).

Thus, for nickel-base alloys, the major conclusions from Phase 1 could be confirmed.

Stainfess Steels— All stainless steel variants failed in both the BWR and the PWR at rather
low strains. Thus the conclusion from Phase 1, that reduction of impurities eliminates IASCC,
could not be verified. Obviously, low phosphorus and silicon content alone is not enough
to eliminate TASCC. The high-purity steel 304b was found to be only slightly better than
the commercial purity version, and both 1.4981 high-purity variants never reached the
excellent IASCC behavior of the high-purity material 348b of Phase 1. For AISI 316, the
high-purity version, b, of Phase 2 was even worse than the commercial purity version tested
in Phase 1.

Comparing the stainless steels of Phase 1 to those of Phase 2, it was found that the latter
had significantly higher nitrogen content (Table 4). Thus it is necessary to check whether
the high nitrogen level is the reason for the poor behavior of the high-purity steels of Phase
2. This is being investigated in a subsequent program phase.

Stress History of the Test Specimens

It is a characteristic of this experiment that only strain, in terms of diameter changes of
the tubular test material, can be measured directly in the room temperature condition. For
many applications and for modeling, however, stresses are of importance. As outlined in
Ref 1, the stress that occurred in the test specimens during irradiation can be estimated on
the basis of:

(a) the swelling characteristics of the ceramic mandrels known from diameter measure-
ments,

(b) the as-fabricated geometry data—inner and outer diameter of the cladding tube and
diameter of the mandrels, and

(c) the irradiation creep properties of the cladding material.

After a preliminary period of irradiation, when the initial gap between mandrels and
cladding is closed, the specimen will experience an increasing tensile stress. The stress will
be reduced by irradiation induced creep, which increases linearly with both stress and fast
neutron fluence {2]. Knowing the irradiation creep constants for the various materials tested,
the stress at each time of irradiation can easily be calculated assuming uniform expansion
of the tubular specimen in the radial direction. The calculated tensile stress in a Phase 2
specimen of material 304a is shown in Fig. 11. Failure occurred at a stress somewhat below
500 N/mm*.

High-purity materials have a reduced creep strength [3,4]. The stress histories of a Phase
1 specimen of the superior material 348b, calculated for two different creep constants, are
shown in Fig. 12. In any case high stress levels close to or even above the yield strength
were reached, in the case of this high-purity material, without failure. Above the yield
strength, which increases with irradiation, plastic straining has to be expected in addition
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FIG. L1—Calculated stress of a defective Phase 2 specimen with commercial stainless steel clad as a
function of neutron fluence.

to irradiation creep which also contributes to the deformation of the specimen and leads to
a reduction of the predicted stresses.

By knowledge of the creep properties of the materials tested, this method does allow the
experimental results to be expressed also in terms of critical stress levels.
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FIG. 12—Calculated stress of an intact Phase 1 specimen with high-purity stainless steel clad as a
function of neutron fluence.
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Conclusions

(1) Good performance of alloy 718 with annealing at 950°C was confirmed.

(2) Alloy X-750 behaved better in the PWR than in the BWR. Aging before machining
resulted in lower sensitivity to in-reactor brittle failure than aging after machining.

(3) The beneficial effect of high purity for stainless steels deduced from Phase 1 could
not be verified. A major difference between the high-purity stainless steels of Phase
1 and the high-purity stainless steels of Phase 2 was the nitrogen content. The influence
of nitrogen is being studied in the subsequent program phase.

(4) Sensitive stainless steels fail below yield strength. Insensitive stainless steels can with-
stand stresses at or even above yield strength.
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The Use of Precracked and Notched Slow
Strain Rate Specimens
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ABSTRACT: The use of precracked and notched specimens in slow strain rate testing (SSRT)
has important advantages, the main one being the localization of the environmental effect in
the vicinity of the crack or notch tip. There is, however, an important difficulty in interpretation
of results: the local strain rate at the crack or notch tip—and not the externally applied
displacement rate—is the variable that controls the environmental cracking. In this paper,
results from SSRT of a wide range of notched geometries are compared, showing the interest
of presenting the results as a function of local strain rate at the notch tip.

KEYWORDS: slow strain rate testing (SSRT), precracked specimens, notched specimens,
local strain rate, global strain rate, environmentally induced cracking (EIC), stress corrosion
cracking (SCC), hydrogen assisted cracking (HAC)

A well-known technique for the evaluation of environmentally induced cracking (EIC) is
the performance of slow strain rate tests (SSRT) on initially smooth, precracked, or notched
specimens, in which a constant displacement rate is externally applied on the specimen ends
up to fracture.The intrinsic advantages of this technique have been profusely outlined in
previous works [/-3], and they become even more important when compared to those of
constant load or constant strain tests [4].

The primary conceptual advantage of the SSRT technique is the use of the strain rate as
the main test variable, which allows an analysis of the very relevant transient processes in
EIC phenomena. Constant load and constant strain tests represent, thus limit, cases of SSRT
when the strain rate tends to zero and does not represent a tests variable. Final fracture is
always reached in SSRT more rapidly than in the constant load or constant strain tests,
since in the former the environmental process is accelerated by imposing an increasing
external load up to final fracture. A higher stress level is thus applied in SSRT in a more
rapid and aggressive manner.

Using the SSRT technique provides other relevant benefits, e.g., the realistic approach
to service failures [1], the establishment of an electrochemically dependent range of strain
rates within which EIC occurs [I], the rapid identification of environment/metal combi-
nations which produce EIC [2], and the establishment of quantitative rankings of EIC
properties of metals and alloys having similar microstructures [2].

! Professor, Department of Engineering, University of La Corufia, 15141 Arteixo, La Coruiia, Spain.
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The Use of Precracked and Notched Specimens in Slow Strain Rate Testing

The use of precracked or notched specimens favors the localization of the environmental
attack just at the crack or notch tip, thus decreasing experimental scatter. Precracked
specimens can be prepared by fatigue, whereas notched specimens require previous ma-
chining, more expensive in general. That is one of the reasons of the fact that precracked
specimen testing has become more widespread in the last 20 years or so. However, the use
of notched specimens has been strongly recommended more recently for experimental re-
search on EIC using SSRT [5]. In addition, recent work has revived interest in the use of
notched specimens for fundamental studies of hydrogen embrittlement of metals [6]. Fur-
thermore, the triaxial stress state created in the vicinity of the notch has a synergistic effect
combined with the environmental action, since it accelerates the hydrogen diffusion towards
the points of maximum hydrostatic stress.

EIC in the vicinity of cracks and notches is a local phenomenon. The effect of the
environment is localized at the crack or notch tip—the place where fracture initiates—and
therefore local variables (stress, strain, and strain energy density) must be relevant in such
a process. In addition, cracking is time dependent and consequently local kinematic variables
(more precisely, the local strain rate at the crack or notch tip) should play a very important
role.

The importance of localized transient processes in fracture under aggressive environment
has been previously pointed out. It is generally accepted that rupture of oxide film, passi-
vation, or hydrogen diffusion are rate determining steps in environmental cracking [7,8].
Regarding the effect of strain rate, a great research effort has been made in the past [9-
17], which has demonstrated that failure load under aggressive environment is a function
of the externally applied displacement rate. For stress corrosion cracking (SCC) phenomena,
the balance between oxide film rupture and growth of the passivation film makes the de-
pendence nonmonotonic [2,18]: when the displacement rate is very slow (in the limit constant
load test) the specimen becomes passivated, and when this rate is very fast, the dissolution
does not have time to progress. Between both limits a minimum value of the fracture load
is reached. For hydrogen embrittlement processes, fracture load is a monotonic increasing
function of the displacement rate [2,18,19]: the higher the displacement rate, the shorter
the time for the hydrogen diffusion.

However, the displacement rate is not the most suitable variable and it allows the estab-
lishment of only qualitative phenomenological relations. To obtain quantitative relations and
objective results one needs to know the local strain rate at the crack or notch tip, because
at that point the environmental attack is localized, and the crack (or notch) tip strain rate
controls the EIC process [20-21]. Local strain rate, and not applied displacement rate, has
to be compared with the dissolution (or film rupture) and passivation rates, or with the
hydrogen diffusion rate, depending on the considered process.

Previous research on this subject refers to the computation of (local) strain rate at a crack
tip. Many difficulties arise in determining the strain distribution and the spreading of the
plastic zone in the vicinity of a crack tip [22]. Lidbury [23] offers several expressions of the
crack tip strain rate under conditions of cyclic loading and small scale yielding, and under
conditions of monotonic loading and general yielding; in the latter case, which would cor-
respond to slow strain rate tests, the crack tip (of effective) strain rate can be 10 to 20 times
the nominal or applied strain rate. Maiya [24,25] and Maiya and Shack [26] propose a
definition of the crack tip strain rate associated with a fracture criterion on the basis of the
J-integral. In Ref 27, Congleton et al. offer an expression of the crack tip strain rate on the
basis of the crack tip opening mechanism proposed by Rice and Sorensen [28] for an ideally
plastic solid under plane strain and fully plastic conditions. Such an expression is based on
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the assumption that the specimen is multicracked and that global displacement of the spec-
imen ends can be computed by adding the contributions of the cracked and the noncracked
parts; it is clearly applicable to anodic dissolution (or pure SCC) processes and has been
used by Parkins [29-31] to study the kinetics of EIC. Finally, emphasizing the difficulty of
a correct determination of the local strain rate at a crack tip, Andresen and Ford [32]
proposed recently an empirical value of the crack tip strain rate coincident with the applied
strain rate for transgranular cracking, and five times the applied strain rate for intergranular
cracking. An inherent limitation of all these expressions for local strain rate at the crack tip
is that they do not take into account the constitutive equation of the material (work hardening
effect), whose incidence in the local strain rate is not negligible, as is demonstrated in the
present paper for notches and outlined previously for cracks [3]. The main consequence of
that simplification is the prediction of a constant local strain rate at the crack tip if the typical
condition of constant extension rate is achieved during the EIC test.

This paper deals with the concept of local strain rate at a notch tip as a function of the
global strain rate or, more precisely, the displacement rate. The first, local or effective strain
rate, 1s associated with a reference length short enough to guarantee the convergence of the
mathematical method, although greater than the grain size of the material (to preserve the
congruence of the continuum mechanics model); the latter, global, nominal or applied strain
rate, is associated with a reference length long enough to permit uniaxial stress state at its
ends. It can be controlled during the test using the appropriate experimental device.

Emphasis is focused on the application of these results to the modeling of EIC growth,
in particular SCC and hydrogen assisted cracking (HAC). Results from SSRT of a wide
range of notched geometries tested in a hydrogen environment are compared, thus showing
the interest of presenting the results as a function of the local strain rate in the vicinity of
the notch tip.

Definitions of Local and Global Strain Rates

In order to define the concepts of local and global strain rates, which are directly applicable
to SSRT with precracked and notched specimens, the reference geometries shown in Fig.
1 will be used, where L is the specimen length; D the specimen diameter in axisymmetric
specimens; B the thickness in specimens that are not axisymmetric; a the crack depth (in
cracked geometries); R and A the notch radius and notch depth, respectively (in notched
geometries); r the radial coordinate; z the axial coordinate; and x the distance from the
crack or notch tip.

Local strain ¢, is defined as the strain associated with a local reference length L, (small
enough to guarantee the convergence of the method) parallel to the bar axis (z) and placed
next to the crack or notch tip. The local reference length is simply called B throughout this
paper, i.e.

AL, AB

L., B

(M

u,
e B

where the enlargement AB of the local reference length B is the relative displacement
between its ends (local displacement u,). The hypothesis of small strains is included in
definition (1), which will be used throughout this paper, and it is frequently vahd for notched
specimens of high-strength steel (or similar brittle material) under SCC or hydrogen em-
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FIG. 1—Precracked and notched slow strain rate specimens (L: sample length, D: sample diameter
in axisymmetric specimens, B: sample thickness in specimens that are not axisymmetric, a. crack depth,
R: notch radius, A: notch depth, r: radial coordinate, z: axial coordinate, x: distance from the crack or
notch tip).

brittlement conditions. However, for cracked specimens of ductile materials, it is necessary
to use the logarithmic strain to define local strain as follows

_dL, _dB
de, = L, = B (2)

which has to be integrated throughout the loading process to obtain the local strain at any
time.

Local reference length B is always at z = 0 (minimum section of the notched specimen),
although it can be placed at a variable distance r (see Fig. 1). The crack or notch tip (x =
0) and its vicinity are the most representative locations.

Global strain €. is defined as the relative displacement between the ends of a specimen
of length L (global displacement ug), divided by a characteristic length of the geometry
(diameter D) to obtain a dimensionless variable

u
t =7 )

where D can be substituted by the thickness B in plain specimens.

It must be noticed that the global strain is a dimensionless displacement, and unlike local
strain, it is not a strain in the Continuum Mechanics sense, since in a notched geometry the
strain is nonuniform along the axial direction. Strictly speaking, therefore, it should be called
dimensionless global displacement.

It is also worth noting that the selection of D has a fundamental advantage, which is that
global strain rate increases as the global reference length L increases. On choosing the
specimen length L for the dimensionless procedure, the global strain rate decreases as L
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increases, since the strain concentration in the vicinity of the crack or notch is attenuated
by the lower strain far from that region.
Local and global strain rates can be obtained by time-derivation of expressions (1) and

A3).

. uLH—l _ uLi
= = 4
€L BAL ( )

. U/t = ug
/Y )

where superscripts i and i + 1 mean a loading step and the next one respectively. The value
At represents the time interval between two loading steps, which can be constant or variable
between one step and another.

However, parameter Af can be easily eliminated by calculating the relationship between
local and global strain rates

uL1+l _ uLA

:—‘=—_ (6)

Relationship Between Local and Giobal Strain Rates for Notched Geometries

In this section, the concepts previously established are developed for notched geometries,
and the relationship between local and global strain rates is numerically computed. In order
to make the results more general, a set of four notched geometries of maximum and minimum
notch depths and radii were chosen (Fig. 2), with the following dimensions

Sample R/D A/D

A 0.03 0.10
B 0.05 0.39
C 0.36  0.10
D 0.40 0.39

where R is the notch radius, A the notch depth, and D the specimen diameter. These
geometries produce very different triaxial stress states in the vicinity of the notch.
The material is modeled as strain hardening according to the Ramberg-Osgood expression

“TF (F) 0

where E = 199 GPa, P = 2100 MPa, and n = 4.9 are the values corresponding to the
high-strength steel chosen for the SSRT program described in the next section of this paper.

This analysis was carried out under the conceptual framework of the Continuum Mechanics
theory by using incremental Plasticity. The finite element method with an elastic-plastic
code was used in the computations. The material was considered homogeneous and isotropic.
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A,

FIG. 2—Noiched geometries used to produce different triaxial stress state in the vicinity of the notch.

In practice, it is necessary to choose reference lengths for local and global strain rates.
Local reference length (B) must be short enough to guarantee the convergence of the
computing procedure, and greater than the relevant microstructural characteristic parameter
(usually the material grain size), to assure the validity of the assumption of a homogeneous
continuum approach, that is, the agreement between the mechanical model and the micro-
physical reality of the material. As shown in Fig. 3, local reference length (B,,), must be
greater than—or at least equal to—the characteristic microstructural size of the material
(x,)-

Mathematical convergence is automatically guaranteed, since the axial displacement dis-
tribution is continuous. The objective then is to check from which local reference lengths
the solution is accurate enough, however keeping the chosen reference length higher than
the material grain size or similar characteristic size of the material microstructure. From the
numerical computations, it is possible to conclude that approach to solution is faster when
the stress concentration is lower, the convergence being better for geometry C (maximum
radius, minimum depth), and worse for geometry B (minimum radius, maximum depth).
Considering geometry B as the least convergent, the accuracy is excellent for a local reference
length B/D = 0.01. In this case, the relative error of local strain rate is below 1%. Adopting
D = 10 mm as a minimum value of the specimen diameter results in B = 100 pm, clearly
greater than the characteristic microstructural size of many materials (e.g., high-strength
pearlitic steel, average pearlite colony size: 15 wm), material for which the research presented
here has a special interest. The mathematical model, therefore, agrees fairly well with the
microphysical reality of the material.

Global reference length (L) should be long enough to permit uniaxial stress state at its
ends, so the influence of the notch on the stress state at the ends of the reference length
becomes negligible. A value L = 4D is enough for this purpose, according to the numerical
computations.

With these local and global reference lengths, the expressions (4) and (5) for the strain
rates become

. _ u/0.01D) - u,/(0.01D)
L= 0.01 DA/ ®)




TORIBIO ON USE OF PRECRACKED AND NOTCHED SPECIMENS 111

J\ .
|
|

FIG. 3—Minimum local reference length (B.;,), greater than, or at least equal to, the characteristic
microstructural size of the material (x,).

o ug*(4D) — ug(4D)
¢ DAt

)

where the variables between parentheses are the local (0.01D) and global (4D) reference
lengths, distances on which the relative displacements between the ends are measured to
compute the local and global strains.

A general plot of ¢,/¢; as a function of the global strain ¢, for all geometries is given in
Fig. 4, where local strain rate is computed just at the notch tip. The relationship between
local and global strain rates changes with time, as the plastic zone spreads or the global
strain (or more properly the dimensionless global displacement) increases. For the wide
range of geometries analyzed in this paper, the curve has always the same general aspect,
and three regions can be distinguished, each representing a phase of the process. Region 1
(elastic phase) is horizontal; the whole specimen is in elastic regime, and plastification has
not yet begun. Region II (transition phase) has a very pronounced slope; plastification starts
at the notch tip and spreads progressively. Region III (plastic phase) is slightly increasing
or quasi-horizontal, and plastification reaches the specimen axis.

Notch depth directly influences the length of the transition phase (IT}. Both notch depth
and radius influence the numerical value of the relationship between local and global strain
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FIG. 4—Relationship between local and global strain rates as a function of global strain (general results
at the notch tip).

rates during elastic (I) and plastic (III) phases. The more severe the notch (the lower the
radius and the greater the depth), the higher the stress concentration and, therefore, the
local strain rate. In all cases the elastic phase is a small percentage of the loading process.
The length of the elastic region is a function of the yield strength of the material, increasing
with it.

From dimensional analysis, the relationship between the local strain rate at the notch tip
and the global strain rate at the specimen ends is

¢./¢6 = f(v, n, PIE; RID, A/D, L/D; &) (10)

where f is a function of seven dimensionless variables referring to material properties (v,
n, P/E), geometry (R/D, A/D, L/D) and level of loading (es). Consideration should be
given to the influence of external action &, which makes the local strain rate £, change as
the test proceeds, even keeping constant the global strain rate, as usually occurs in slow
strain rate tests, in which a constant displacement rate is externally applied on the specimen.
Such a variation is not considered in previous calculations of local strain rate at crack tips
[23-27,29-32], and is a consequence of the influence of the constitutive equation of the
material, and particularly the strain hardening capacity.

To gain insight into this result, the influence of the position of the local reference length
(local basis) was analyzed. Such local length is always parallel to z axis, and will be placed
at a variable distance from that axis. Results are shown in Fig. 5 and agree fairly well with
previous considerations. Since plastification always begins at the notch tip and spreads
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towards the inside, local strain rate is lower as the local basis approaches the specimen axis.
The notch produces a stress magnification (and therefore a strain rate magnification) which
increases as the notch radius decreases, being maximum in geometry A.

Application to SSRT of Notched Bars

When the results presented in this paper are applied to model fracture under aggressive
environments and, in particular, when eutectoid pearlitic steels are considered, it is con-
venient to distinguish between the two regimes associated with EIC phenomena: anodic and
cathodic. In the anodic regime the aggressive mechanism is mainly anodic dissolution (or
pure SCC) of the metal, oxide film creation (passivation), and film rupture. In the cathodic
regime the main mechanism is hydrogen embrittlement (or HAC) [11,18,19].

. A standard representation of results from SSRT is in the form of fracture load or reduction
in area as a function of externally applied displacement rate. As mentioned in the intro-
ductory paragraph, the curve for the anodic regime (SCC) is not monotonic [2,18], but it
frequently has a characteristic value of displacement rate for which the aggressiveness of
the environment is maximum; for higher values of displacement rate, the solution does not
have enough time to corrode the metal surface; for lower values of displacement rate, the
passivation takes place and balances the film rupture. The curve for the cathodic regime
(HAC), on the other hand, is monotonic [2,18,19]: the higher the displacement rate, the
lower the environmental effect, since it is a process of hydrogen diffusion from the solution
into the metal.

Modeling anodic dissolution is a complex problem. Apart from the fact that a hydrogen
embrittlement mechanism could exist, due to the local electrochemical conditions at the
crack or notch tip [33-35], dissolution involves loss of material and geometric changes, which
are very difficult to model from the Continuum Mechanics point of view. On the other hand,
values obtained for the local strain rate just at the notch tip are truly representative, since
chemical attack, passivation, and film rupture are localized in this region, it thus being
unnecessary to compute space average values. Finally, time average values are not repre-
sentative due to the nature of the phenomenon, which depends on the instantaneous local
strain rate.

In cathodic regimes, where the main environmental mechanism is hydrogen embrittlement,
geometry remains constant since there is no material dissolution. It can thus be perfectly
modeled according to Continuum Mechanics. On the other hand, there is an extended
process zone or hydrogen affected area, which is the region damaged by hydrogen, which
diffuses from the boundary to the internal part of the specimen. Local strain rate, therefore,
must be computed at different depths from the notch tip, as is shown in Fig. 5, and throughout
the test duration. Here, space-time averages are representative, as will be shown in the next
section of this paper.

A space average of the local strain rate may be defined as

) = —1— fu 2” f 6.(r) r dr do (11)

(@ - rh)

where () represents space average. According to Fig. 6, a is the radius of the net section,
r. the radial coordinate that defines the end of the critical zone or hydrogen affected area,
and €,(r) the local strain rate at distance r from the bar axis. It should be noticed that the
local strain rate distribution does not depend on the hoop coordinate 8 because the problem
is axisymmetric.
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CRITICAL
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FIG. 6—Critical region for the hydrogen embritilement criterion.

If, as is frequent, the hydrogen affected region is small enough to have a quasi-linear
radial distribution of variables, an approximate expression can be used to compute the space
average

() = éL(a - %) (12)

where x, is the depth of the critical region, measured from the notch tip (x, = a — r,
Fig. 6).

To account for the dependence on the global strain throughout the test period, a time
average may be carried out from the beginning to the end of the embrittlement tests (i.e.,
from ¢t = 0 to ¢, which is the time to failure)

e =1 [eoa (1)

where the symbol ({)) means space-time average.

In general, fracture criteria in aggressive environments are written as a relation among
failure load F¢, global strain rate &, (or global displacement rate i;) and specimen geometry,
ie.

F (F, ¢, geometry) = 0 (14)

Following previous considerations, an improved fracture criteria can be obtained when
local strain rate €, is considered instead of global strain rate €, i.e.

F [Fe, ¢,(36,86), geometry] = 0 (15)

The application of these results to corrosion-fatigue is clearly beyond the scope of this
paper. Nevertheless, some comments can be made about this topic. The sinergistic effect
of both cyclic loading and environmental effect is greatly influenced by local kinematic
variables, since the process is localized at the crack or notch tip (when such a defect actually
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exists) and is transient or time-dependent (cf. anodic dissolution and hydrogen embrittle-
ment). Accordingly, it can be suspected that local strain rate at the crack or notch tip plays
a relevant role in governing the corrosion-fatigue phenomenon.

Application to Hydrogen Embrittlement of Round-Notched Specimens

This paper provides a way to compute ¢, values as a function of ¢; and ¢, (apart from
the dependence on specimen geometry and material properties). These results were applied
to the modeling of SSRT on notched specimens of high-strength pearlitic steel in the cathodic
regime (hydrogen embrittlement environmental conditions). To this end, slow strain rate
tests were performed on round-notched specimens with the four notched geometries sketched
in Fig. 2, the specimen diameter being D = 11.25 mm. The electrochemical conditions were
pH = 12.5 and E = —1200 mV SCE, as described elsewhere [36].

Experimental results appear in Fig. 7, which shows the fracture load in the SSRT (divided
by fracture load in air), as a function of the cross head speed (or external displacement
rate) applied by the testing machine during the tests. The hydrogen embrittlement results
plotted in Fig. 7 show quite clearly that although performed at the same global displacement
rate i (i.e., carried out at the same global strain rate §; = i;/D), the failure load in a
hydrogen environment depended on the notch geometry. If, as is suspected, local strain at
the notch tip is a more relevant variable, a plot of failure loads versus local strain rate €,
should give a single curve.

Because fracture loads are also influenced by stress triaxiality—a function of notch ge-
ometry—it would be better to apply a more general fracture criterion on the basis of the
stress tensor. A simple general criterion can be formulated on the effective or equivalent
stress in the Von Mises sense, as previously established [37], applied over the region mi-
croscopically affected by the hydrogen ingress: Tearing Topography Surface or TTS, de-
scribed in previous works [38—40). Therefore, fracture will take place when the following
condition is achieved

(G) = G, over Xrpg (16)

where @ is the equivalent stress (in the Von Mises sense) at any point of the specimen at
the fracture instant, o, is the critical equivalent stress of the material in hydrogen environ-
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FIG. 7—Fracture load in the SSRT (divided by fracture load in air), as a function of the crosshead
speed, or external displacement rate, applied by the testing machine during the tests.
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ment, and x;s the depth of the TTS region; () means in this case the average value over
the TTS region, which has to be computed taking into account the cylindrical symmetry of
the problem, i.e.

© = m J:ﬂ J’:“ o(r) rdrdo 7

where r s is the radial coordinate that defines the end of the TTS region (rys = @ — x445)
and the other symbols have the same meaning as in Eq 11.

A new step to unify the results from different geometries is the change from ¢, (global,
nominal, or applied strain rate) to &, (local or effective strain rate). According to Eq 10,
local strain rate ¢, depends—apart from material properties, which are constant in this
research—on notch geometry (R/D, A/D, L/D) and global strain &, the latter being the
variable that indicates the level of loading on the specimen and so the extension of the
plastic zone. To account for the geometry dependence, a space average of the local strain
rate can be made over the TTS zone (microscopically affected region)

. _ 1 2m a .
(&) = 7‘”(“2 — JU er g,(r) rdrdo (18)

where () represents the space average, £,(r) is the local strain rate at a distance r from the
bar axis, and the other variables have the same meaning as in Eq 11.
The time average must be computed throughout the SSRT, i.e.

. 1,
@ =7 [ (19)
¢ JO
where the symbol (()) means space and time average.
Definitions (17) and (19) lead to the following dimensionless relationship

F (5./5,, (¢ x2/D*) = 0 (20)

where G, is the critical equivalent stress in hydrogen environment, G, the same variable in
air environment, ((¢,)) the space-time average of the local strain rate at the notch tip, x, the
depth of the maximum hydrostatic stress point in each geometry, and D* the diffusion
coefficient of hydrogen in steel. It should be noticed that the geometry is represented by
only one variable x,, the depth of the maximum hydrostatic stress point (measured from the
notch tip). This point is a characteristic of each geometry, independent of the loading process,
as was previously demonstrated [36]. Its role in hydrogen embrittlement processes is so
relevant that the depth of the TTS region in the quasi-static tests reaches exactly the position
of thie maximum hydrostatic stress point [39,40].
The following data were used in the computations {37]:

o, = 1260 MPa

x(A) = 0.3 mm

x%(B) = 1.2 mm
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x,(C) = 0.8 mm

x(D) = 1.2 mm

D* =5 x 107" m%/s

il

The relationship between the two dimensionless variables of Eq 20 is shown in Fig. 8. It
can be observed that some of the results for all geometries fit in the same curve (open and
crossed symbols), which demonstrates the role of local strain rate in hydrogen embrittlement
of axisymmetric notched specimens. This common curve represents the functional relation-
ship between the critical equivalent stress of the material in hydrogen environment and the
local strain rate in the vicinity of the notch tip. In the quasi-static tests (horizontal dashed
lines in the left part of Fig. 8, corresponding to the full symbols) the critical equivalent stress
in hydrogen environment reaches an asymptotic value different for each geometry. This
value limits the range of applicability of the kinematic formulation of the fracture criterion
in aggressive environment: for local strain rates higher than those for the quasi-static test
of each geometry, the critical equivalent stress of the material in hydrogen environment is
a universal function (independent of geometry) of the local strain rate.

The local strain rate in the vicinity of the notch tip is so important that, even simply
representing failure loads in the SSRT as a function of the space-time average of the local
strain rate, all results fit in the same band, as shown in.Fig. 9, where it should be noticed
that full symbols corresponding to the asymptotic situation (quasi-static tests of each ge-
ometry). Given the roughness of this approach (failure load is a single test parameter directly
measurable at the end of the test, it being unnecessary to compute the real stress state in
the vicinity of the notch tip at the fracture instant), the local strain rate at the notch tip is
seen to be a real relevant parameter in SSRT.
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FIG. 8—Critical equivalent stress in the SSRT expressed as a function of the local strain rate in the
vicinity of the notch tip (.. critical equivalent stress in hydrogen environment; G,: critical equivalent
stress in air; ((£.)): space-time average of the local strain rate in the vicinity of the notch tip, x,: depth of
the maximum hydrostatic stress point in each geometry, D*: diffusion coefficient of hydrogen in steel).
Open and crossed symbols represent the kinematic dependence of the results on the local strain rate; full
symbols correspond to the quasi-static tests.
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FIG. 9—Fracture load in the SSRT (divided by fracture load in air), as a function of the average local
strain rate in the vicinity of the notch tip. Horizontal axis with the same meanings as Fig. 8.

Conclusions
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In SSRT with precracked and notched specimens, local strain rate at the crack or
notch tip—and not externally applied displacement rate—is the variable that controls
the EIC.

This paper provides definitions of the local and global strain rates in cracked and
notched geometries, by considering both the mathematical convergence of the method
and the agreement between the model and the microphysical reality of the material.
Local strain rate at the crack or notch tip depends not only on the material properties
and specimen geometry, but also on the loading process; that is, on the global strain
externally applied on the specimen ends. Therefore, the relationship between local
and global strain rates is not constant but increases with time, even for constant global
strain rate.

Development of the plastic zone is relevant for the evolution of local strain rate. The
importance of the specimen geometry and the constitutive equation, particularly the
strain hardening capacity, of the material is thus emphasized.

Local strain rate results are directly applicable to the modeling of EIC. Usual fracture
criteria under aggressive environments can be improved by replacing global strain
rates by local ones. For pure SCC, instantaneous values at the notch tip must be used;
for HAC, space-time averages of local strain rate are representative.

Results of SSRT on notched specimens of high-strength pearlitic steel under hydrogen
embrittlement environmental conditions can be plotted as a single curve (geometry-
independent) by expressing the critical fracture parameter of the material as a function
of the local strain rate in the vicinity of the notch tip.

The importance of local strain rate in the vicinity of the notch tip is emphasized on
representing failure loads in the SSRT of different notched geometries as a function
of the local strain rate in the vicinity of the notch tip, because the results for all
geometries fit in the same band.
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ABSTRACT: An investigation of the combined effects of slow strain rate testing and cathodic
protection of Ni-Cu Alloy K-500 forgings was performed. The J-integral fracture toughness
tests were performed in a modified screw-driven Instron testing machine with measured cross
head travel speeds of 0.1, 0.013, and 0.001 mm/min (0.004, 0.0005, and 0.000 04 in./min).
The IT compact specimens used were modified for use with direct current potential drop
(DCPD) measurement of the crack lengths. Specimens tested at 0.1, 0.013, and 0.001 mm/
min were in an air environment. Additional specimens were tested at 0.001 mm/min in a
3.5% NaCl solution with an applied cathodic potential of —1.0 V (SCE). The tests were
monitored with a desk top computer data acquisition system that recorded load, load-line
opening displacement (COD), DCPD, applied cathodic potential, and impressed current.
These data were used to construct J-integral resistance (J-R) curves for all the samples. The
J-R curves for all the specimens tested in air had appeared similar. The specimens tested in
salt water with cathodic protection had significant reduction in J-integral toughness (J,;) to
less than half the air value. Examination of the specimens’ fracture surfaces revealed that the
cathodic protection caused the fracture mode to change from dimpled rupture to intergranular
fracture.

KEYWORDS: J-integral fracture, Monel K-500, slow strain rate, hydrogen embrittlement

The nickel-copper alloy K-500 (K-500) is a high-strength, high-toughness alloy with ex-
cellent corrosion resistance. The normal fracture mode of this material is transgranular
ductile microvoid growth and coalescence. However, it has been reported that this material
has shown a susceptibility to intergranular, brittle fracture in the presence of hydrogen [1,2].
The use of this material in marine environments with steel, which requires cathodic pro-
tection, will require the K-500 to have resistance to any deleterious effects of hydrogen.
The possible reduction in toughness resulting from a change in fracture mode should be
evaluated in order to quantify the effects of hydrogen. This change in toughness could be
measured using J-integral techniques which would measure the response of the material to
hydrogen produced by cathodic protection.

The hydrogen effects must be measured at rates that are slow enough to allow for the
diffusion of hydrogen to the deformation zone. The purpose of the research reported here
was to establish a J-integral test technique for evaluating the effect of hydrogen resulting
from cathodic protection and to initiate a study of these effects on K-500.

! David Taylor Research Center, Annapolis, MD 21402.
2 Office of Naval Research, Washington, D.C. 22217.
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TABLE 1—Chemical composition of Monel K-500 Materials.

Element Air Melted, wt. % Electro-Slag Remelted, wt. %
Nickel 64.9 64.9
Copper 28.8 29.3
Cobalt 0.006 0.011
Silicon 0.13 0.18
Sulfur 0.001 0.002
Phosphorus <0.004 <0.004
Carbon 0.16 0.141
Iron 0.99 0.62
Titanium 0.53 0.48
Zirconium 0.024 0.026
Niobium 0.047 0.045
Aluminum 3.01 2.89
Manganese 0.76 0.77
Oxygen 0.0007 0.00125
Nitrogen 0.0003 0.0008
Material

Two Ni-Cu alloy K-500 materials in the forged condition were used in this study. The
materials were produced by using an electro-slag remelt (ESR) process, and the other by
using an air melt process. The specimens produced from these materials had identification
codes HJ-xx for electro-slag remelted material and EJ-xx for the air melted material. The
chemical composition and room temperature mechanical properties are shown in Tables 1
and 2.

Experimental

The J-integral fracture toughness tests were performed using a direct current potential
drop (DCPD) technique applied to 1T compact specimens as described by Vassilaros and
Hackett [3]. This technique, shown schematically in Fig. 1, measures the crack length in a
specimen that has a constant current flowing through the remaining ligament, by monitoring
the change in potential drop across the crack mouth. The crack length from DCPD, load,
and change in load line opening displacement data were acquired with a desktop computer
and used to calculate the applied J-integral value throughout the test as described in ASTM
E 1152, Test Method for Determining J-R Curves. The J-integral resistance (J-R) curves
were used to calculate the fracture toughness initiation value J, as described in ASTM E
813 Test Method for J,., A Measure of Fracture Toughness. The slope of the J-R curve
beyond the initiation point (J,) is an indication of the residual toughness remaining in the

TABLE 2—Room temperature mechanical properties.

Air Melted (EJ) Electro-Slag Remelted (HI)
Yield Strength, 0.2% 669 MPa 634 MPa
Ultimate Tensile Strength 1089 MPa 1007 MPa
% Elongation 27 31

Reported values are the average of three tests.
Tensile specimen had 13-mm diameter and 51-mm gage length.
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material. It can be quantified by the Paris “Tearing Modulus,” (7") as described by Paris
and co-workers [4]. The tearing modulus for these tests was calculated using the normalized
slope of the J-R curve calculated between initiation (Aa = 0.1 mm) and a crack extension
of 1.5 mm. The slope values were normalized using the Paris equation as follows

T = (J-R curve slope dJ/da) = E/(Flow stress)?
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where

Flow stress = (yield stress + ultimate tensile stress)/2, and
E = elastic modulus.

i

The specimens were precracked to crack length to specimen width ratios (a/W) of 0.65
to 0.70. The specimens were tested at a series of cross head rates from 0.100 to 0.001 mm/
min. The specimens were unloaded after a crack mouth opening displacement (CMOD) at
the load line of =6 mm was achieved. Each specimen was then heat tinted and fatigued
open. The fracture surfaces were photographed and used as input data (via a digitizing
tablet) for a desktop computer program that measured the initial and final crack lengths.
These crack lengths were used in the J-integral DCPD technique to correct for any material
variability or set-up effects of the initial dc potential [3]. The test specimens were then
sectioned to remove the fracture surface which was examined in a scanning electron micro-
scope.

The specimens were tested in a 45-kN screw-driven testing machine that had been modified
to run with cross head rates from 1 to .001 mm/min while mounted horizontally. The
horizontal loading position was desired to minimize difficulties resulting from testing spec-
imens in a 3.5% NaCl solution with cathodic protection of —1.0 V measured with a saturated
calomel reference electrode (SCE). This setup is shown schematically in Fig. 1. The entire
specimen was painted with a Micro Stop-Off Lacquer to provide isolation from the envi-
ronment and the notch tip was then sanded to expose the base surface of the K-500 to the
environment. The current needed to provide cathodic protection for the entire specimen
was beyond the capacity of the 60 mA potentiostat. The reference electrode was placed in
the salt water as close as possible to the notch tip. The anode for the cathodic potential was
an expanded metal screen of platinum-niobium alloy that was covered with a fine nylon
mesh to isolate it from the test specimen. The anode was placed into the specimen notch.
The DCPD potential, applied DCPD current, applied cathodic potential, and current were
measured with a scanning digital volt meter and input into the desktop computer for data
storage with the load line CMOD and load data.

The tests were performed at cross head rates of 0.1 to 0.001 mm/min as listed in Table
3. The 3.5% NaCl solution with cathodic protection environment was used with the spec-
imens tested at a cross head rate 0.001 mm/min. The remaining specimens were tested in
an air environment.

TABLE 3—Integral fracture toughness results for nickel-copper alloy K-500.

Cross Head Rate, Jie J-1.5mm  Tearing  Crack Extension,
Spec. ID mm/min Test Environ’t  kJ/m’ kJ/m? Modulus mm
EJ >0.127 AIR 197 — — —
EJ >0.127 AIR 177 — — —
ET-54 0.102 AIR 197 385 33 6.04
EJ-45 0.013 AIR 198 385 33 6.29
EJ-55 0.001 AIR 182 368 32 7.20
EJ-56 0.001 SW + Cp* 53 175 21 8.27
HJ >0.127 AIR 242 — — —
HJ >0.127 AIR 247 — — —
HJ-52 0.013 AIR 228 490 53 5.18
HJ-44 0.001 AIR 250 508 52 4.89
Hi-50 0.001 SW + Cp* 64 324 53 6.39

* SW + CP = 3.5% NaCl with Cathodic Protection —1V (SCE).
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The results of the J-integral test are shown in Table 3 and Figs. 2 and 3 for the air melted
and ESR Ni-Cu Alloy K-500 materials. Figure 2 contains the J-R curves for the air melted
K-500 tested at .100 to .001 mm/min in air and 3.5% NaCl with cathodic protection of —1.0
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V (SCE). Figure 3 contains the J-R curve results for the electro-slag remelted (ESR) K-
500. The two figures show the effects of cathodic potential on the fracture toughness of the
two K-500 materials. In both cases J-R curves for the tests performed in an air environment
were higher than the results from the tests performed in a salt water with cathodic protection
environment. The fracture toughness J. for the test specimens is listed in Table 3 along with
some previous but unpublished results from Natishan on the same materials. The Jj. results
clearly show a reduction in initiation toughness resulting from the hydrogen generated by
the cathodic protection of —1 V (SCE). The fracture toughness in air was approximately
five times higher than the specimens with hydrogen generated at the crack. The J;. values
versus cross head rate for K-500 are shown in Fig. 4 which clearly shows the effect.

The fracture surfaces of the Ni-Cu Alloy K-500 specimens indicated a change in fracture
mode resulting from the salt water with cathodic protection. Figure 5 has the scanning
electron microscope (SEM) fractographs of the crack tip regions for specimens EJ-55 and
HI-44 which were tested with a cross head rate of 0.001 mm/min in an air environment.
Both fracture surfaces can be described as dimpled rupture. The SEM fractographs for the
air melted and ESR melted K-500 specimens EJ-56 and HJ-50 tested at 0.001 mm/min in
a salt water with cathodic protection environment are in Fig. 6. The fractographs of the
fracture surface near the crack tip indicate that the specimens failed in an intergranular type
fracture mode. The effects of hydrogen on the mechanical properties of K-500 has been
reported by Harris and co-workers [5], which included a 40 to 80% reduction in ductility
in hydrogen precharged smooth tensile specimens tested in air. The tensile specimens also
displayed an outer layer of intergranular fracture with a depth that was proportional to the
hydrogen charging time. The observed intergranular fracture mode caused by the hydrogen
produced by cathodic protection has been modeled and reported [6,7]. The hydrogen damage
was reported to result from a lattice decohesion mechanism whereby the atomic bond energy
is lowered in the presence of hydrogen. The grain boundary damage results from the hy-

Fracture Toughness, Jlc, kd/m~2
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FIG. 4—J-integral results for Ni-Cu Monel K-500.



VASSILAROS ET AL. ON J-INTEGRAL TESTING OF Ni-Cu ALLOY 129

Crack
Growth

Direction

Specimen HJ-44, Near Center of Fatigue Crack Tip
FIG. 5—Fractographs of Monel K-500 tested in air.

drogen that accumulates at the grain boundaries with the possible assistance of impurity
atoms [8]. Monel K-500 has a face-centered cubic structure that has a relatively low rate of
hydrogen diffusivity [6]. Although the damage resulting from hydrogen at the crack tip is
clear, the behavior of K-500 with crack growth beyond initiation is not as clear.

Since hydrogen has a significant effect on the fracture initiation toughness, why has
hydrogen not produced a similar and consistent effect on crack extension? Figure 2 shows
that the slope of the J-R curves beyond crack initiation for the specimen tested in salt water
with cathodic protection had a lower value than the slopes of the specimens tested in an air
environment for the air melted K-500. Figure 3 indicates that the slope of the J-R curves
did not appear to change with the presence of hydrogen. Figure 7 is a plot of the Tearing
Modulus (T) versus cross head rate for the K-500 specimens tested. The data indicate that
the tearing modulus for the ESR melted K-500 appears to be insensitive to the effects of
hydrogen. However, the effect of hydrogen on the air melted K-500 is evident with a 33%
reduction in residual toughness measured by 7.

SEM examination of the fracture surfaces of the specimens exposed to hydrogen revealed
some differences in fracture mode at some distance below the end of the precrack. Figures
6. 8, and 9 show a series of SEM fractographs from the specimens tested in salt water with
cathodic protection (EJ-56 and HJ-50). The fractographs were taken of the areas on the
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center line of the fracture surface adjacent to the fatigue crack tip (Fig. 6), 3 mm below the
fatigue crack tip (Fig. 8), and 5 mm below the fatigue crack tip (Fig. 9). The fracture surfaces
near the fatigue crack are clearly intergranular fracture for both the air melted (EJ) and
the ESR K-500 (HJ) shown in Figs. 5 and 6. After 3 mm of crack growth the fracture surface
has changed (Fig. 8). Although the air melted (EJ) material is still completely intergranular,
some of the grain facets are no longer smooth and featureless but appear to have microvoid
fracture on the grain boundaries. The ESR K-500 material (HJ) also appears to have some
evidence of microvoid fracture on the surface, but the ductile fracture does not appear to
be limited to the grain boundaries. The ductile fracture on the HJ specimen at the 3-mm
position appears to be transgranular. The 5-mm positions on the fracture surfaces of the
two specimens shown in Fig. 9 appear completely different from each other. The air melted
material (EJ) is still mostly intergranular with some microvoid fracture limited to the grain
boundary facets while the ESR K-500 (HJ) now appears to be completely transgranular
dimpled rupture.

These fractographs indicate that the two Ni-Cu Alloy K-500 materials have a different
sensitivity to hydrogen. This may be the result of microstructural differences produced during
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I

Specimen EJ-56, 3 mm from Fatigue Crack Tip

Specimen HJ-50, 3 mm from Fatigue Crack Tip
FIG. 8—Fractographs of Monel K-500 tested at 3 mm from tip.
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Crack
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I

Specimen EJ-56, 5§ mm from Fatigue Crack Tip

Specimen HJ-50, 5 mm from Fatigue Crack Tip
FIG. 9—Fractographs of Monel K-500 tested at 5 mm from tip.

the melting practice. The microstructural effects on J-integral fracture toughness have been
reported {9,10]. These effects are usually related to the level or size distribution of inclusions
that affect ductile fracture toughness. The J,, results in Table 3 appear to indicate that the
inclusion level in the ESR materials is cleaner (lower inclusion level) than the air melted
K-500, thus yielding higher initiation toughness values.

Conclusions

The purpose of this research was to study the effects of slow loading and environment on
the J-integral fracture toughness of compact specimens of air melted and electro-slag re-
melted (ESR) Ni-Cu Alloy K-500. The conclusions of the study were:

(1) The reduction in loading rate from a cross head rate of 0.100 to 0.001 mm/min does
not have an effect on the J-integral resistance curves of K-500 tested in air.

(2) The air melted K-500 had lower J-R curves than the ESR Monel K-500.

(3) The effect of 3.5% NaCl solution and cathodic protection of —1 V (SCE) on the J,.
value of K-500 was to cause a reduction in toughness and a change in fracture mode
from dimpled rupture to intergranular fracture.
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ABSTRACT: The stress corrosion cracking (SCC) behavior of two metallic materials in sodium
chloride containing solutions has been investigated using precracked specimens and a rising
displacement test procedure. The tests were evaluated according to linear elastic fracture
mechanics, i.e., in terms of K. and da/dt versus K, and, in addition, by applying elastic-
plastic fracture parameters such as the J-integral and the crack tip opening displacement
(CTOD). From the results of these tests conclusions are drawn concerning an accelerated SCC
test procedure that might be based on a combination of the rising displacement test on pre-
cracked specimens and the conventional slow strain rate test using smooth specimens.

KEYWORDS: stress corrosion cracking (SCC), rising displacement test, accelerated SCC test
procedure, linear elastic fracture mechanics (LEFM), elastic-plastic fracture mechanics, J-
integral, crack tip opening displacement (CTOD)

The Fracture Mechanics Approach to SCC

Current approaches to structural design, and to the selection of materials to avoid SCC,
grossly fall into two categories, i.e.,

—the safe life approach

~the damage tolerance approach.

The safe life approach assumes that a structure is fabricated free from defects and cracks
and that it will operate for a finite service during which cracking will not initiate. Here
designing against SCC is adequately supported by laboratory tests on smooth or mildly
notched specimens like in the classical Slow Strain Rate Test [/]. The damage tolerance
approach accounts for the possibility of cracks or flaws already existing in a structure.
Damage-tolerant designing makes use of fracture mechanics analysis, which in turn requires
test data from precracked specimens. These data include both the commencement of crack
growth from an initial crack or defect and the kinetics of the crack growth process.

The fracture mechanics assessment of the material’s susceptibility to SCC is usually based
on linear elastic fracture mechanics (LEFM). Hence the elastic stress intensity factor for
the opening mode (Mode I), K, is used to characterize the mechanical driving force for the
initiation and the subsequent propagation of environmentally assisted cracking. The param-
eters determined from this LEFM approach are the threshold value of the stress intensity
factor, K. (or Kigac), below which environmentally assisted cracking in a precracked spec-
imen should not occur, and the velocity of the subcritical crack growth, da/dt, as a function
of K.

! Senior research engineer and head of Institute of Materials Research, respectively, GKSS-
Forschungszentrum Geesthacht GmbH., D-2054 Geesthacht, Germany.
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Fracture Mechanics Based SCC Test Methods

Although a number of fracture mechanics based test methods for the evaluation of these
two parameters exist, only a few have achieved the status of a generally accepted standard.
Most of the fracture mechanics based SCC tests favor static loading techniques such as the
constant load or the constant deflection (or displacement) test.

Both the constant load and the constant deflection technique have their merits, particularly
because they are easy to carry out and they require a minimum amount of laboratory
equipment. On the other hand, their disadvantage lies in the determination of the necessary
test duration, i.e., in the question of how long a test should last, before the data evaluated
from this test represent the looked-for threshold value for the investigated material/envi-
ronment system.

One of the standards for the determination of K|, is the ISO Standard 7539-Part 6 [2].
In this standard, minimum test durations are recommended for the determination of K, .
by crack initiation in a constant load test, which range from 100 h for titanium alloys to

.10 000 h for lower-strength steels, high-alloy steels of the maraging type, and for aluminum
alloys. Similar test durations are proposed in a recent draft for a new ASTM standard related
to the same field of application.

Apart from the problem of determining a suitable test duration, another shortcoming of
the existing LEFM approaches to SCC lies in the fact that the crack tip stress intensity factor
K, 1s used to characterize the mechanical driving force and that in most of these approaches
plane-strain conditions are demanded. The result of this is a disparity of the crack size
requirements for fracture mechanics based SCC testing on the one hand, and the size of
cracks typical of practical problems of SCC on the other hand. In practice, SCC can occur
under conditions that deviate significantly from plane-strain conditions.

Furthermore, the applicability of LEFM to SCC is based on the assumption of small scale
yielding which, for lower-strength alloys with high resistance to SCC, is not justified. Instead,
sufficient plasticity may occur so that neither plane-strain nor linear elastic conditions are
satisfied. In these cases LEFM cannot be applied and K is no longer a meaningful parameter.
Therefore, elastic-plastic approaches such as the J-integral or crack tip opening displacement
(CTOD) have to be used as the crack driving force in these cases [3-9].

In order to overcome the problem of test durations and to abandon the limitations of the
LEFM approach, a test series was conducted that was based on a dynamic test procedure,
i.e., the nsing displacement technique. This test technique merges the classical Slow Strain
Rate Test and the Rising Load K| Test [10.11]. It comprises tests at increasing loads or
displacements on precracked specimens which, at the same time, are exposed to a corrosive
environment. With this test technique the SCC behavior of two metallic materials in sodium
chloride containing solutions has been investigated.

Experimental Technique
Test Procedure

The tests were performed in computer-controlled screw-driven tensile test machines that
were horizontally arranged to ease the handling of the environment. The measuring equip-
ment allowed continuous monitoring of load F, the load-line displacement v, the crack
length a and the crack tip opening displacement §. Details of this experimental setup are
given elsewhere [12]. The crack length was measured by a modified version of the dc potential
drop technique using a pulsed current with a reversal of the polarity during each measuring
cycle and taking additional readings at a reference specimen [/3]. The CTOD was either
directly measured with a specially designed clip-on gage (/4] which is shown in Fig. 1 or it
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clip gage

hardness
indentation

FIG. 1—Experimental setup for measuring the crack tip opening displacement [14].

was calculated from the load line displacement using a modification [14] of the British
Standard 5762 [15] which accounts for crack growth. As the experiments showed, the CTOD
values obtained with these two methods were in good agreement with each other.

The test machines were run under displacement control with the load line displacement
v, serving as the controlling parameter. The range of displacement rates that could be
covered in the tests reached from 0.1 pm/h to 30 mm/h.

To compare the results obtained in the rising displacement tests with data from more
conventional fracture mechanics based SCC test methods, additional constant load and
constant displacement tests were performed for the same material/environment systems. In
addition to this, constant load and slow strain rate tests were conducted on smooth tensile
specimens of the aluminum alloy.

Materials and Specimen Preparation

The materials investigated were

(1) high-strength aluminum alloy 2024 in the T351 temper condition, and
(2) alow-alloy fine-grained structural steel with the European designation FeE 690 T.

The chemical compositions and the mechanical properties of these materials are given in
Tables 1-3.

The materials were provided in sheets with thicknesses of 50 mm in the case of the steel
and of 100 mm in the case of the aluminum alloy. From these materials the following specimen
types were machined (Fig. 2):

® compact type tension (CT) specimens for rising displacement and constant load tests,
® double cantilever beam (DCB) specimens for constant displacement tests,
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TABLE 1—Chemical composition of aluminum 2024 (percent by weight).

Copper Magnes. Zinc Iron Silicon Mangan. Chrom. Others

3.56 0.94 0.043 0.15 0.11 0.28 0.0047 <0.15

® surface crack tension (SC) specimens for rising displacement tests (for aluminum only),
and
® smooth tensile specimens for constant load and slow strain rate tests.

The CT and DCB specimens had a thickness, B, of 20 mm. The width, W, of the CT
specimens was 40 mm (steel) and 50 mm (aluminum), respectively. The height, H, of the
DCB specimens was 35 mm. The aluminum specimens were machined in the S-L orientation
of the rolled plates, the steel specimens in the L-T orientation.

Test Environments

For the aluminum alloy the test environment consisted of a 3.5% aqueous sodium chloride
solution, modified by an addition of 0.5% sodium chromate/bichromate as an inhibitor
against pitting corrosion [16]. For the steel the corrosive environment was prepared according
to ASTM D 1141, Specification for Substitute Ocean Water. In this latter case a cathodic
potential of —900 mV versus Ag/ AgCl electrode was applied to achieve hydrogen charging
of the material. Additional tests were conducted in laboratory air and, for the aluminum
alloy, in ultra-high vacuum (p < 10° Pa) as reference environments.

Testing Procedure

Prior to the SCC tests the specimens were fatigue precracked at R-ratios between 0.1 and
0.2 to crack lengths corresponding to initial a/W values in the order of 0.5 to 0.65, where
a is the overall crack length. The fatigue precracking was carried out under conditions of
decreasing AK using stepped load shedding. Thus it is ensured that the final AK was close
to the material’s AK,,- value. For the tests in the corrosive environment the specimens were
brought into the solution for approximately 24 h prior to testing and were kept under a low
mechanical pre-load (typically, 0.5 kN). After testing, the specimens were again fatigued,
this time at R-ratios of about 0.5 in order to mark the total crack extension on the fracture
surface, and then broken.

The fracture surfaces were investigated under an optical microscope for measuring the
initial and final crack length. In addition to this, some of the specimens were investigated
in a scanning electron microscope for further examination of the fracture surface morphology.

TABLE 2—Chemical composition of the steel FeE 690 T (percent by weight).

Carbon Silicon Mangan. Phosphor. Sulphur Chrom. Molybden.

0.18 0.67 1.02 0.009 0.003 0.85 0.48
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TABLE 3—Mechanical properties (room temperature).

Material 0,2, MPa oyrs, MPa €. %
Al 2024 286 421 10.6
FeE 690T 693 820 15

* Tested in the short transverse direction.

Data Evaluation

From the fracture surfaces, average values of the initial and final crack length were
evaluated using a nine-point average method [/7]. These values were then used to adjust
the crack length values monitored during the test by a linear fit. From the corrected crack
length values the crack growth velocity was calculated following the seven-point incremental
polynomial method according to ASTM E 647, Test Method for Measurements of Fatigue
Crack Growth Rates. From the measured crack length values and the corresponding load
readings. the stress intensity factors were derived using [/8]

F  Q+alWw)

K= 3vw (1 — al W)™

x [0.886 + 4.6d4a/W — 13.32(a/W)> + 14.72(a/ WY — 5.6(a/ W)*|
where F = load and B = specimen thickness for CT specimens and [/9]

_ E'v,H \/1.5H(a + 0.3H) + (H/2)

Ky 8 (a + 0.3H) + (H/2)

for DCB specimens with a load line displacement v, (H = specimen height).

FIG. 2—Specimen types used for testing (material Al 2024 T351).
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The J-integral was determined by [20]

U a
T=Bw-a f(V_V)

where

a 1+ 20\ 2a a
f<V—V>2(a+a)3anda“\/<W—a> +2W~a+2—<2W—a+1>'

Experimental Results
Aluminum 2024 T351

In this test series the results from three different techniques for evaluating K. and da/
dt = f(K), i.e., constant load, constant displacement, and rising displacement, were com-
pared. The properties K. and da/dt obtained from these three test methods are compiled
in Figs. 3-5.

From the tests under constant load only the threshold value K. was deduced which,
according to Fig. 3, was in the order of 6 MPaV'm. The tests under constant displacement
yielded information about the complete da/dt versus K curve in the range between K. and
K, (Fig. 4). The curve shows a plateau region at a crack propagation rate of about 3 to 8
% 107* mm/s and drops to rates below 10-7 mm/s at a stress intensity level of about 4 to
5 MPaVm. This stress intensity was taken as the system’s threshold value K. Figure 4
also contains the results of conventional slow strain rate tests conducted at strain rates of 1
%X 107% s7'. In these tests an average crack growth velocity (da/dt),, was calculated by
dividing the depth of the stress corrosion crack measured after the specimen had failed by

30F AlL2024 T351 (S-L) / 3.5% NaCl

K; [MPavm]

0 — J_LII_LII[ —_l 1111111 1 L IJ_Lllll 1 Lo LLl}
1 10' 10° 10° 10
t. (h]

FIG. 3—Dependence of the time-to-failure on the initial stress intensity factor (precracked CT speci-
mens, Al 2024 T351).
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FIG. 5—V-K curve for aluminum 2024 T351 obtained from tests at differeni rising displacements.
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the total time of crack growth. Here the starting point for the time measurement was taken
from a slight change in the dc potential drop signal which was continuously monitored in
these tests on smooth specimens, too. The point in Fig. 4 represents the mean value from
three tests.

Two different types of curves were obtained from the tests under rising displacement
conditions (Fig. 5): At displacement rates above 1 wm/h the curves start at K| levels between
25 and 28 MPaVm. This corresponds to the initiation values that were obtained from testing
the same material in laboratory air and in ultra-high vacuum using displacement rates
between 1 mm/h and 0.2 wm/h. The crack growth rates measured in these tests are directly
proportional to the applied displacement rates (cf. the right hand part of this diagram).

For environmental testing at displacement rates below about 1 pm/h, no significant further
drop of the crack propagation rate in the plateau region could be observed. The curves on
the left-hand part of Fig. 5 and the data shown in Fig. 4 fall into the same scatter band.
This implies that the threshold values K. are virtually the same for both testing procedures.

Since the K, value obtained from the constant load tests is in the same range (Fig. 3),
it can be stated that for the Al 2024 T351 tested in 3.5% NaCl solution, all three test types
yield a K. value between 4 and 6 MPaVm.

Metallographic evidence from the fracture profiles in the crack tip region indicates that
in all test types intergranular SCC was the mechanism responsible for crack propagation.
This is confirmed by scanning electron micrographs from the fracture surfaces. As an ex-
ample, Fig. 6a shows the fracture surface of a CT specimen tested at a low displacement
rate (0.1 pm/h) in the corrosive environment, For comparison, in Fig. 6b the fracture surface
of a CT specimen of the same material also tested in the NaCl solution but at a higher
displacement rate (1 mm/h) is shown. Here the cracking was due to mechanical failure, and
the corresponding fracture surface shows items of microductility and glide band fracture.

From Fig. 5 the influence of the displacement rate ;; on the initiation value of the stress
intensity factor, K;, measured in the corrosive environment can be deduced. This leads to
a curve with a sigmoidal shape (Fig. 7). At the upper bound of this curve, i.e., at high
displacement rates, initiation values are the same as those obtained in air, where the dis-
placement rate has little or no effect on the threshold value. After a steep decrease in the
mid-range, at displacement rates around 1 pwm/h, the curve attains its lower bound value
for displacement rates at or below 0.5 pm/h. Here the threshold value corresponds to the
results from the static tests. In the experiments no evidence could be found that, at still

FIG. 6—Fracture surfaces (SEM) of aluminum specimens tested in 3.5% sodium chloride solution;
(a) at 0.1 pm/h; (b) at I mm/h.
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FIG. 7—Influence of the displacement rate (dv,,/dt) on the threshold stress intensity Ky, (aluminum
2024 T351).

lower displacement rates, the threshold values might go up again as would in principle be
expected for a repassivating system.

In order to include the regime of small cracks in the investigations, where the LEFM
approach does not seem to be applicable, threshold nominal stresses o, were measured in
constant load experiments on initially smooth specimens of the same material and in the
same corrosive environment. Together with the results from conventional tensile tests, the
K. value from CT and DCB specimens, and the results of fracture toughness tests in air,
according to [27] a range of sensitivity to SCC was determined for this material/environment
system. This range is plotted in Fig. 8 for a specimen with a semi-elliptical surface crack.
In this graph the results from rising displacement tests on surface cracked panels conducted
at three different displacement rates are also plotted. Even though crack initiation in these
panels did not occur immediately after reaching the “border line”” of the SCC sensitive area,
the correspondence between the prediction derived from tests on laboratory specimens (CT,
DCB, tensile specimens) and the more “realistic” defect represented by a surface cracked
specimen appears remarkable.

Finally, Fig. 9 proves that for this material and orientation the requirements for applying
LEFM methods were satisfied. In this graph the line drawn under 45° represents the rela-
tionship

J = KYE' with E' = E/(1 —v)

where E is Young’s modulus and v is Poisson’s ratio. This relationship is valid only in the
linear elastic regime and may thus be taken as a criterion for the applicability of LEFM
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F1G. 8—Combined stress - stress intensity factor versus flaw size diagram predicting the SCC susceptible
zone for aluminum 2024 T351; comparison with results from three tests on surface crack specimens.

formalisms in the tests. According to Fig. 9, virtually all curves, even those obtained from
testing in air, start in the vicinity of this 45° line. This indicates that in all cases at least the
initial cracking occurred under LEFM conditions.

Steel FeE 690 T

For the higher-strength steel FeE 690 T, it was doubtful whether LEFM methodologies
could be used. Therefore, the formalisms of elastic-plastic fracture mechanics (EPFM) were
applied to the data evaluation. From the tests, data crack growth resistance curves (R-
curves) for the J-integral as well as for the CTOD were generated. Figure 10 shows the J-
R curves obtained in tests at various displacement rates spanning more than four orders of
magnitude. The graph contains R-curves measured in air as well as R-curves from tests
under hydrogen-charging conditions.

According to this graph, the material’s resistance against further extension of a pre-existing
crack decreases drastically at lower displacement rates when being exposed to the corrosive
environment. The critical J-value taken from these J-R curves at 0.2 mm of ductile tearing
after crack tip blunting and designated J, 5, [/7] drops from about 300 N/mm measured at
a displacement rate of 30 mm/h to less than 30 N/mm at 1 pm/h. Taking into account that
for low displacement rates no considerable blunting was detected on the fracture surface,
the starting value J; for the J-integral (Ae~0) can be used to calculate the stress intensity
factor K. for the initiation of environmentally enhanced cracking via

Klscc =V (" * E')
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FIG. 9—Plot of J-integral versus K*/E' for aluminum 2024 T351.

Since the lowest initiation value measured in the tests was in the order of J, = 10 N/mm,
the corresponding threshold value should be as low as

K. = 50 MPaVm

Such low initiation values were found only in rising displacement tests. So far, they could
not be verified in tests for the same corrosion system when constant load or constant

displacement were applied.

Fractography

A fractographic examination of the fracture surface of specimens tested in the corrosive
environment at the lowest and the highest displacement rate applied in the investigations
reveals the different fracture modes occurring under various loading conditions (Figs. 11a,b).
The scanning electron micrograph taken from the specimen fractured at 30 mm/h (Fig. 116)
corresponds to a ductile rupture by microvoid coalescence showing dimples of various size
with no indication of secondary cracking. For the specimen tested at 1 mm/h the fracture
surface is dominated by items of a brittle failure, i.e., quasi-cleavage facets and numerous
secondary cracks (Fig. 11a). Hence, the fracture morphology confirms the assumption that
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FIG. 10—Influence of the displacement rate on the J-R curves for the steel FeE 690 T.

embrittlement due to the uptake of atomic hydrogen from the aqueous environment has
caused the subcritical cracking in this system.

Discussion

The results show that a rising displacement test can in principle be used for SCC inves-
tigations based on the fracture mechanics approach. How testing under these conditions has

S =2 LRY s

FIG. 1l—Fracture surfaces (SEM) of specimens of the steel FeE 690 T tested in ASTM substitute
ocean water under cathodic polarization; (a) at I wm/h; (b) at 30 mm/h.
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to be carried out in order to obtain values that are representative for a given material/
environment system has yet to be defined. Here, the major problem is the determination
of a suitable displacement rate for tests in the corrosive environment. This rate must be low
enough to ensure that the crack growth is truly related to SCC and does not arise from pure
mechanical rupture. On the other hand, the rate should not be too low in order to avoid
erroneously high threshold values due to possible repassivation effects occurring in some
systems [6]. '

The Technical Committee 10 of the European Structural Integrity Society (ESIS) has
made an attempt to elaborate recommendations for SCC testing using precracked specimens
{22]. These recommendations are based on the test experiences reported here and also
gained in other laboratories applying similar experimental techniques {23]. In a first draft
a procedure is proposed that starts off from the assumption that the displacement rate,
(dv,,/dt),., at which a test in the corrosive environment should be performed in order to
evaluate the K|, value of a system can be estimated from the ratio of measured crack growth
velocity in an inert environment, (da/dt),.., when applying the displacement rate (dv,,/
dt)n» and the crack growth velocity in the plateau region for environmentally induced
cracking, (da/dt),.. According to this approach the required displacement rate can be de-
termined by using the formula

(dviu/dt)ee < 0.5 (daldt) ! (daldt) e * (dOr ] dE)men.

Hence, the basic requirement is the knowledge of the crack growth velocity for environ-
mentally induced cracking, (da/dt),.. This information may be obtained within a reasonable
amount of time from test techniques that avoid long incubation periods by applying high
stress intensity levels. These can be constant displacement tests using compact tension, DCB
or WOL specimens or a step-loading procedure [24]. As the results shown in Fig. 4 indicate
even average crack velocity data obtained from slow strain rate tests on smooth specimens
may serve as a lower bound value for the calculation.

The main argument against this approach arises from the fact that the cracking mechanisms
in air or in an inert environment can be completely different from the SCC mechanism.
Crack growth velocities derived from tests in air should therefore not be used to calculate
the suitable displacement rate for a rising displacement test in a corrosive environment
aiming at the determination of the parameters K, and (da/dt).

Alternatively a series of SCC tests at different displacement rates would have to be
conducted leading to the type of curve shown in Fig. 7. From this curve the lower bound
or minimum value in the K, versus (dv,,/dt) plot could be taken as the threshold value for
a corrosion system. This would help to increase the reliability of the test resuits but, nec-
essarily, would also increase the number of tests to be conducted and would thus counteract
the possible accelerating nature of a rising displacement or rising load SCC test procedure
as compared to static tests. In any case, a verification of the recommended procedure by
an interlaboratory test program seems to be the necessary next step to take.

Conclusions

Rising displacement tests at displacement rates between 0.1 pm/h and 30 mm/h have
been conducted in air and in sodium chloride containing aqueous solutions using precracked
specimens from two metallic materials. The test data were analyzed using formalisms of
linear elastic and elastic-plastic fracture mechanics. Additional tests were performed using
constant load, constant displacement, and slow strain rate techniques. For the high-strength
aluminum alloy Al 2024 T351 the threshold values K|, obtained from the different test
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methods were in good agreement. In the case of a low-alloyed structural steel charged with
hydrogen the data obtained from rising displacement tests yielded lower initiation values
than were observed with other test techniques. A proposal for an SCC test procedure based
on a rising displacement procedure is reported in which the results from slow strain rate
tests on smooth specimens can be used to determine the suitable displacement rate for
testing precracked specimens in the corrosive environment to evaluate the parameters char-
acterizing the SCC susceptibility of a material/environment system.
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ABSTRACT: Earlier investigations using slow strain rate fracture tests at controlled electro-
chemical potentials demonstrated the susceptibility of AISI 4340 high-strength steel to stress
corrosion cracking (SCC) in the combustion product residues of jet engine cartridge ignition
starters. X-ray diffraction analyses of the residues revealed significant concentrations of am-
monium chloride, potassium chloride, and ammonium nitrate. In the present investigation,
slow strain rate testing was conducted to determine the effects of each of these chemical
compounds on the fracture process. Test environments included ammonium chioride, potas-
sium chloride, and ammonium nitrate solutions at concentrations of 100, 1000, and 10 000
parts per million by weight and at a pH of 5. The tests were performed at a constant extension
rate of 1 x 1077 m/s (strain rate of approximately 2.7 X 107%/s). Tests were performed at
controlled electrochemical potentials, both anodic and cathodic with respect to the open-circuit
corrosion potential, to delineate the potential ranges for SCC and hydrogen-induced cracking.

Of the three compounds studied, only ammonium chloride caused SCC of the AISI 4340
high-strength steel. The corrosion potential of about —620 mV versus saturated calomel
electrode (SCE) is at the brink of the potential range for stress corrosion cracking. The most
severe embrittlement was observed at a potential of —450 mV and at a solution concentration
of 1000 ppm ammonium chloride. Hydrogen-induced cracking was observed at —850 mV in
the ammonium chloride and ammonium nitrate solutions, but not in the potassium chloride
solutions.

KEYWORDS: AISI 4340 high-strength steel, slow strain rate testing, ammonium chloride,
potassium chloride, ammonium nitrate

Previous failure analyses of cartridge ignition starter systems of jet aircraft have identified
combustion product residues as the corrosive agents responsible for pitting and eventual
rupture of starter breech chambers constructed of high-strength steel [/]. Combustion prod-
uct residues collected from failed breech chambers were used in a moistened condition as
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an environment in slow strain rate tests (SSRTs). SSRT results confirmed the susceptibility
of the breech chamber steel to environmentally induced cracking [2].

SSRTs have also been performed using combustion product residues taken from used,
but still serviceable, breech chambers. These tests, which were conducted at controlled
electrochemical potentials, demonstrated that the corrosion potential is at the brink of the
stress corrosion cracking potential range for steels in this environment [3]. X-ray diffraction
analyses of residues collected from failed and used breech chambers yielded detectable
amounts of ammonium chloride (NH,Cl), potassium chloride (KCl), and ammonium nitrate
(NH,NQ,), in addition to iron oxides {2,3]. The present study was undertaken to determine
the individual contributions of each of these chemical compounds to the fracture process in
AISI 4340 high-strength steel in slow strain rate tensile tests. To assess the electrochemical
potential effects on the fracture process, the tests were conducted at controlled potentials.
The environments consisted of solutions containing 100, 1000, and 10 000 ppm by weight
of NH,Cl, KCI, and NH,NO; adjusted to a pH of 5. The tests were conducted at ambient
room temperature.

Materials, Equipment, and Procedures
Steel Specimens

The tensile test specimens were AISI 4340 high-strength steel heat-treated to a Rockwell
C 38-42 hardness, corresponding to a tensile strength of 1170 to 1240 MPa (170 000 to
180 000 Ib/in?). The test specimens were fabricated from 6.35-mm-diameter rod stock to a
gage length of approximately 38 mm and a gage diameter of 1.5 mm in accordance with
ASTM Test Methods and Definitions for Mechanical Testing of Steel Products (A 370).
After heat treatment, the gage length of the test specimens was ground and polished to a
600-grit surface finish.

Testing Machine

The SSRTs were conducted using a universal tensile test machine with a load capacity
of 20 000 1b (89 000 N). The tests were performed at a constant extension rate of 1 X
10~ m/s (4 x 107*in/s), corresponding to a strain rate of approximately 2.7 X 107%/s.

Corrosion Test Cell

The corrosion test cell consisted of a 1-L plexiglass cylinder containing specimen holders,
a graphite counter electrode, and a reference saturated calomel electrode (SCE). About
750 mL of test solution was used for each test. The solution was neither agitated nor aerated
during the test. A fresh solution was used for each test. The tensile test specimen was
installed in the test cell so that the entire gage length of the specimen was immersed in the
solution. In the tests at controlled potentials, the specimen was polarized either anodically
or cathodically using a potentiostat/galvanostat. The potential of the test specimen was
controlled within plus or minus 1 mV. A digital voltmeter was used to continuously monitor
the specimen potential during the SSRTs. Figure 1 is a sketch of the test apparatus and the
electrical connections between the test specimen and potentiostat/galvanostat.

Test Solutions

Test solutions were prepared by adding 100, 1000, or 10 000 mg of reagent-grade NH,Cl,
KCl, or NH,NO; to distilled water to make one liter of test solution. These solutions are
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FIG. 1—Test equipment and electrical connections in controlled potential, SSRTs.

equivalent to concentrations of 100, 1000, and 10 000 ppm by weight. The pH of the test
solutions was adjusted to the value of 5 using hydrochloric acid (HC) for the chloride
solutions and nitric acid (HNO.) for the nitrate solution.

Test Procedures

After the apparatus was prepared and the steel specimen was installed, the test solution
was poured into the test cell. The counter and reference electrodes were then positioned in
the cell. The specimen potential was measured and, where appropriate, controlled during
the course of the test. A tension load of 100 Ib (450 N) was applied manually to ensure
proper seating and alignment of the specimen in the test machine grips. Test data, load
versus displacement, were recorded at 25 1b (111 N) increments by computer.

When the SSRT was completed, the failed specimen was immediately removed from the
test cell to prevent further corrosion. It was then ultrasonically cleaned in acetone for
approximately five minutes to remove loose corrosion products on the surface. The gage
length of failed specimens showing some degree of brittleness was examined under a stereo
microscope for evidence of pitting and crack initiation. Specimens were examined using a
scanning electron microscope for evidence of corrosion cracking.

Embrittlement and cracking susceptibility were evaluated by comparing time-to-failure
(#). percentage reduction in area (RA), percentage elongation (E!l), and ultimate tensile
strength (UTS) of the specimens tested in the corrosive environments with data obtained
on a specimen tested in an inert environment (vegetable oil). Normalized data for ¢, RA,
and UTS were determined using ratios of the values obtained in the various solutions to the
values obtained in the inert environment.

Results

SSRT results are presented in Tables 1 through 3. Normalized results are presented in
Table 4.
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TABLE 1—Slow strain rate® tests of AISI 4340 high-strength steel exposed to NH,Cl solutions®.

E, mv Type of
Conc.,* ppm vs SCE! ¢, hrs El:r % RA. % UTS.t MPa Fracture
Inert env.' 7.80 36 60 1207 Ductile
100 —350 7.86 30 52 1210 Ductile
—450 7.41 31 58 1186 Ductile
— 623 8.10 32 56 1227 Ductile
-650 7.80 30 58 1172 Ductile
~850 6.84 24 35 1158 Cracks
1000 —350 5.56 23 47 1110 Cracks
—450 4.49 19 0 1065 Brittle,
cracks
—-621 7.63 31 30 1227 Cracks
- 6350 7.44 29 56 1172 Ductile
—850 494 20 0 1103 Brittle
10 000 -350 6.40 26 44 1125 Ductile
—450 7.76 31 46 1230 Cracks
- 613 7.76 31 43 1225 Cracks
—650 7.62 34 55 1189 Ductile
—850 5.53 21 0 1043 Brittle

" Tested at strain rate of 2.7 x 107%/s.

" The pH of test solutions was adjusted to a value of 5, and the tests were conducted at ambient
temperature.

¢ Test solution concentrations.

4 Time to failure.

¢ Elongation of test specimens based on 38-mm gage length.

" Reduction of cross-sectional area of test specimens.

¢ Ultimate tensile strength of test specimens.

" Controlled potential in millivolts versus saturated calomel electrode (SCE).

' Test conducted in vegetable oil.

' E..., (corrosion potential) measured versus SCE.

Tests in NH,CI

The results of the tests in NH,CI solutions are presented in Table 1. Figure 2 shows plots
of the normalized ¢, RA, and UTS versus electrode potentials. The normalized plots show
that ¢, and UTS are not as sensitive as indicators of embrittlement as RA. At the controlled
potential of —650 mV, there was no embrittlement at any of the three NH,Cl concentrations;
the SSRT fractures were cup-and-cone-type fractures.

In the 100-ppm solution, only the fracture at —850 mV exhibited some degree of em-
brittlement. Although the fracture was cup-and-cone, there were numerous circumferential
hairline secondary cracks in the gage section near the fracture.

At 1000 ppm NH,CI, the specimens tested at —850 and —450 mV were brittle. There
were numerous secondary cracks in the gage length of the specimen tested at —450 mV.
Secondary cracking was also observed at the corrosion potential, —621 mV, and at —350
mV, but RA was not seriously reduced. There was no secondary cracking at —850 mV.

At 10 000 ppm HN,CI, there was no embrittlement at —650 mV or at the more anodic
potentials. The specimen at —850 mV exhibited nearly zero reduction in area at the fracture.
No secondary cracking was observed.
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TABLE 2—Slow strain rate* tests of AISI 4340 high-strength steel exposed to KCl solutions".

E, mV Type of

Conc.,* ppm vs SCE" 1. hrs El* % RA.! % UTS.t MPa Fracture
Inert env.’ 7.80 36 60 1207 Ductile
100 —-350 7.95 32 52 1172 Ductile
—450 7.32 29 57 1185 Ductile
- 597! 7.61 33 56 1230 Ductile
—650 7.61 31 58 1224 Ductile
-850 7.27 29 56 1185 Ductile

1000 —-350 7.30 29 51 1158 Ductile
—450 7.65 31 55 1193 Ductile
— 585 8.20 34 56 1225 Ductile
- 650 7.62 31 55 1202 Ductile
~ 850 7.90 30 56 1197 Ductile
10 000 —-350 7.27 29 50 1116 Ductile
—450 7.79 31 55 1172 Ductile
=573 8.20 33 58 1220 Ductile
- 650 7.71 31 56 1213 Ductile
-850 7.50 29 54 1179 Ductile

* Tested at strain rate of 2.7 x 107%/s.

" The pH of test solutions was adjusted to a value of 5. and the tests were conducted at ambient
temperature.

¢ Test solution concentrations.

¢ Time to failure.

¢ Elongation of test specimens based on 38-mm gage length.

' Reduction of cross-sectional area of test specimens.

¢ Ultimate tensile strength of test specimens.

" Controlled potential in millivolts versus saturated calomel electrode (SCE).

' Test conducted in vegetable oil.

I E.., (corrosion potential) measured versus SCE.

Tests in KCl

Table 2 shows the results of the tests in the KCl solutions. Normalized ¢, RA, and UTS
as a function of electrode potentials are shown in Fig. 3. No significant embrittlement was
found in any of the three tests with KCI concentrations at any of the controlled potentials.
The typical fracture was ductile cup-and-cone. No secondary cracking was observed.

Tests in NHNO,

Table 3 shows the results of the tests in the NH,NO, solutions. Normalized t,, RA, and
UTS as function of electrochemical potentials are presented in Fig. 4.

There was no embrittlement at any of the controlled potentials in the 100-ppm NH,NO,
solution. At 1000 and 10 000 ppm, the fractures were brittle at the —850 mV potential, but
not at the more anodic potentials. At 1000 ppm, the RA was reduced from 56% at —650
mV to 28% at —850 mV. In the 10 000 ppm solution, the RA was reduced to near zero at
-850 mV.

No secondary cracking was observed with these brittle fractures. However, ¢ at —850
mV in the 10 000 ppm solution was greatly reduced (Fig. 4), indicating that cracking initiated
early in the test. Such behavior was not observed in other tests.
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TABLE 3—Slow strain rate* tests of AISI 4340 high-strength steel exposed to NH,NO; solutions".

E, mV Type of
Conc.,* ppm vs SCE" £, hrs El* % RA, % UTS,* MPa Fracture
Inert env.’ 7.80 36 60 1207 Ductile
100 —350 7.94 31 58 1250 Ductile
—450 7.75 30 55 1256 Ductile
-639 7.45 29 52 1206 Ductile
- 650 7.02 30 53 1207 Ductile
-850 7.31 29 55 1229 Ductile
1000 - 350 7.74 31 51 1207 Ductile
—450 7.89 32 54 1276 Ductile
- 629 7.61 27 56 1186 Ductile
- 650 7.21 29 56 1165 Ductile
-850 7.14 29 28 1179 Brittle
+ ductile
10 000 —-350 7.20 29 50 1165 Ductile
—450 7.52 30 55 1186 Ductile
- 627 8.12 32 58 1158 Ductile
—650 7.32 30 56 1178 Ductile
-850 1.63 6 0 1074 Brittle

* Tested at strain rate of 2.7 x 107%/s.

* The pH of test solutions was adjusted to a value of 5, and the tests were conducted at ambient
temperature.

¢ Test solution concentrations.

4 Time to failure.

¢ Elongation of test specimens based on 38-mm gage length.

" Reduction of cross-sectional area of test specimens.

¢ Ultimate tensile strength of test specimens.

" Controlled potential in millivolts versus saturated calomel electrode (SCE).

' Test conducted in vegetable oil.

) E. (corrosion potential) measured versus SCE.

Discussion

The embrittlement observed in these solutions at an electrochemical potential of —850
mV versus SCE is consistent with a process of hydrogen embrittlement (hydrogen-induced
cracking). In a solution of pH = 5.0, hydrogen will be reduced on the metal surface at
potentials more negative than —536 mV versus SCE. Embrittlement occurred in the NH,ClI
and NH,NO; solutions at the higher concentrations, but not in KCl even at the highest
concentration. Also, there was no appearance of corrosion on the surface of any of the steel
specimens tested at this potential.

Secondary cracking at —850 mV was observed only in the 100 ppm NH,CI solution.
Conditions for hydrogen-induced crack initiation can differ from those for crack propagation
[4.5]. It is possible that the conditions for crack propagation were not favorable in the 100-
ppm solution. In contrast, the short ¢ in the 10 000 ppm NH,NO; solution indicates rapid
crack growth.

A potential of —650 mV versus SCE, which is slightly cathodic to the corrosion potential
in all three solutions, appears to prevent embrittlement in SSRTs. Anodic polarization to
—450 and —350 mV promoted general corrosion of the steel, but not necessarily embrit-
tlement. Severe embrittlement occurred only in the NH,Cl solution at the intermediate
concentration (1000 ppm). This is stress corrosion cracking (SCC). At a more active potential
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TABLE 4—Slow strain rate* tests, normalized data".

100 ppm 1000 ppm 10 000 ppm
E. mV
vs SCE*© [ RA¢ uTrs., it RAV UTsy [ RAy UTS
Ammonium Chloride
- 350 1.01 0.87 1.00 0.71 0.78 0.92 0.82 0.73 0.93
—450 0.95 0.97 0.98 0.58 0.00 0.88 0.99 0.77 1.02
E . 1.04 0.93 1.02 0.98 0.50 1.02 0.99 0.72 1.01
—650 1.00 0.97 0.97 0.95 0.93 0.97 0.98 0.92 0.99
—850 0.85 0.58 0.96 0.63 0.00 0.91 0.71 0.00 0.86
Potassium Chloride
—350 1.02 0.87 0.97 0.94 0.85 0.96 0.93 0.83 0.97
—450 0.94 0.95 0.98 0.98 0.92 0.99 1.00 0.92 0.97
E... 0.98 0.93 1.02 1.05 0.93 1.01 1.05 0.97 1.01
- 650 0.98 0.97 1.01 0.98 0.92 1.00 0.99 0.93 1.00
-850 0.93 0.95 0.98 1.01 0.93 0.99 0.96 0.90 0.98
Ammonium Nitrate
—350 1.02 0.97 1.04 0.99 0.85 1.00 0.92 0.83 0.97
—450 0.98 0.92 0.98 1.01 0.90 1.06 0.96 0.92 0.98
E... 0.96 0.87 1.04 0.98 0.93 0.98 1.04 0.97 0.96
- 650 0.90 0.88 1.00 0.92 0.93 0.97 0.94 0.93 0.98
—850 0.94 0.92 1.02 0.92 0.47 0.98 0.21 0.00 0.89

* Tested at strain rate of 2.7 x 107%/s. The pH of test solutions was adjusted to a value of 5. and

the tests were conducted at ambient temperature.

" Normalized data determined using ratios of values obtained in the various solutions to values

obtained in an inert environment (oil).

¢ Controlled potential in millivolts versus saturated calomel electrode (SCE).

4 Normalized time to failure.

¢ Normalized reduction of cross-sectional area of test specimens.
' Normalized ultimate tensile strength of specimens.
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FIG. 2—Normalized time-to-failure, reduction of area, and ultimate tensile strength of specimens tested
in solutions containing 100, 1000, and 10 000 ppm of ammonium chloride at ambient temperature (strain

rate of 2.7 x 107°/s).
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FIG. 3—Normalized time-to-failure, reduction of area, and ultimate tensile strength of specimens tested
in solutions containing 100, 1000, and 10 000 ppm of potassium chloride at ambient temperature (strain
rate of 2.7 x 107°/s).
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FIG. 4—Normalized time-to-failure, reduction of area, and ultimate tensile strength of specimens tested
in solutions containing 100, 1000, and 10 000 ppm of ammonium nitrate at ambient temperature (strain
rate of 2.7 X 107°/s).
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(—350 mV), the general dissolution rate of the steel was high and the secondary cracks
observed were blunt. A similar argument can be made for even lesser embrittlement at the
highest NH,CI concentration. In the 10 000 ppm solution at —350 mV, the increased general
corrosion must have obviated secondary surface cracking since none was observed. If the
presence of secondary cracking is an indicator, the electrochemical potential range for SCC
in NH,CI extends from about the corrosion potential (—613 to —623 mV) to about —350
mV in the intermediate and highest concentration solutions.

The lack of sensitivity of UTS to the failure mode can partially be explained by the ratio
of high yield strength to tensile strength in the steel, but it also indicates that crack initiation
does not occur until after some substantial uniform elongation has occurred.

Conclusions

Of the three compounds studied using SSRT at controlled electrochemical potentials,
only ammonium chloride caused SCC in AISI 4340 high-strength steel. The corrosion po-
tential of about —620 mV versus SCE is at the brink of the potential range for SCC. The
most severe embrittlement was observed at —450 mV in the intermediate solution concen-
tration of 1000 ppm NH,Cl. Hydrogen-induced cracking was observed at —850 mV in the
NH,Cl and NH,NO; solutions, but not in the KClI solutions.
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ABSTRACT: The stress corrosion cracking (SCC) propagation kinetics of fatigue-precracked
Ti-6A1-4V (an a-B alloy) and Ti-15V-3A1-3Cr-3Sn (a B-a alloy) were studied in neutral 3.5%
NaCl solution and in inert environments. The slow strain rate method was used instead of the
constant load method. This was pursued in an effort to minimize the number of specimens
normally required and reduce the time required to determine the stress intensity threshold for
SCC. The results were encouraging, but some anomalies in the crack growth kinetics were
noted. At a relatively low extension rate, crack rates in both alloys alternated between high
Stage II rates and very low rates during the test. At a higher extension rate, crack rates in
the Ti-15-3 alloy behaved as previously described. whereas in the Ti-6-4 alloy crack growth
remained at Stage II rates continuously above the threshold. No traces of crack arrest could
be found on the fracture surfaces.

KEYWORDS: stress corrosion cracking (SCC), environmental cracking, discontinuous crack-
ing, slow strain rate, titanium alloy

Aqueous stress corrosion cracking (SCC) of titanium alloys has traditionally been per-
formed by loading fatigue-precracked fracture mechanics specimens up to or above an
estimated threshold stress intensity factor K, then maintaiming that load until fracture
ensued or the time allotted for the experiment was reached [/]. Several such specimens are
usually required to bracket K,,, unless one uses step loading, wherein the load on a single
specimen is increased after some lengthy wait at each previous load, until crack growth
occurs. Such a test can provide not only an estimate of K, but also the kinetics of SCC
propagation by monitoring crack depth as well as load during the test. The classic three-
stage propagation kinetics [/,2] is normally observed when titanium alloys are tested in
neutral salt solution, except that the strongly K;-dependent Stage I behavior is not observed.
No SCC propagation is observed until K, is reached, whereupon cracking suddenly jumps
into Stage Ila and subsequently rises to Stage II [2]. This paper describes some data obtained
while using the slow strain rate method to obtain threshold and kinetics data for an o-8
alloy, Ti-6-4, and a B-a alloy, Ti-15-3. The classic Stage Ila-Stage II kinetics behavior
described was expected to occur. However, the results to be presented will show that this
was not the case. Even though K; increased continuously or remained constant during crack
propagation, cracking occurred discontinuously under certain conditions in these alloys.

! Code 6320, Naval Research Laboratory, Washington, DC 20375-5000.
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TABLE 1—Composition and properties (wt%).

0.2% YS, Ky,
Material Al Cr \'% Sn O H MPa MPaVm
Ti-6-4 6.7 — 4.3 — 0.20 0.006 869 87
Ti-15-3 2.83 2.5 14.1 2.4 0.13 0.015 1137 —

Materials and Methods

The compositions and properties of the two titanium alloys are given in Table 1. The Ti-
6-4 alloy was obtained as 25.4-mm-thick hot-rolled plate, in the beta STA condition (1038°C
0.5 h, air cooled to ambient, aged at 732°C 2 h, air cooled). The Ti-15-3 alloy was obtained
as 25.4-mm-thick hot-rolled plate, hot isostatic pressed at 954°C/103 MPa 2 h, cooled directly
to 524°C and aged 12 h at that temperature. Specimens were of the pin-loaded WOL
configuration [3], with W = 64.8 mm. Ti-6-4 specimens were 25.4-mm-thick with no side
grooves, whereas the Ti-15-3 specimens were 10-mm-thick with 0.5 mm deep, 90° V-shaped
side grooves on each side. Specimens were precracked in fatigue under zero-tension loading
according to specifications of ASTM E 399, Test Method for Plane-Strain Fracture Toughness
of Metallic Materials. Knife edges were cemented to the front edges of the specimens on
either side of the notch mouth in order to attach a displacement gage and record crack
mouth opening displacement (CMOD) [3]. Load was measured with a load cell, and crack
depths, a, were calculated from CMOD and load [3]. Stress intensity factors, K;, were
calculated using the calibration in ASTM E 399, and crack growth rates were calculated by
finite differentials, i.e., the increment of crack growth, Aa, was divided by the corresponding
increment of time, At.

Tests in 3.5% (wt.) NaCl solution were carried out with the specimen tensile axis horizontal
and the crack growth direction vertical, so that the back end of the specimen dipped into
the environment in a loosely covered glass container (Fig. 1). The fatigue crack was about
26-mm-long, so that the tip of the crack was immersed. Except for one experiment, the
solution was neither changed nor aerated during the test, and evaporated water was pe-
riodically replaced by additions of distilled water. The solution volume was about 650 mL.
Tests in unmodified laboratory air were conducted in the same configuration. Tests in vacuum
were conducted in a stainless steel chamber under a pressure less than 1 X 10-* Pa, with
the tension axis vertical. The test was of the extension-controlled type, with constantly

ENVIRONMENT AL CHAMBER
N

MOTOR AND
GEAR REDUCTION

CLEVIS

LOAD CELL
N

SLIDING
SEAL

SPECIMEN DISH CONTAINING
TEST FLUID

FIG. |—Slow strain rate testing apparatus.
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increasing applied extension, resulting in constantly increasing CMOD), by means of a lead
screw. The “‘slow” extension rate (measured with no load) was approximately 0.015 pm/s,
resulting in actual loading rates of 0.6 to 0.8 kPaV'm/s under load, before the onset of rapid
crack propagation. The “‘fast” extension rate was about 0.15 pm/s, with the resulting loading
rate of 6 to 8 kPa\Vm/s. Extension rates for the Ti-6-4 specimens in air and vacuum were
approximately 0.004 pm/s producing loading rates of 0.2 kPaVm/s. The stress intensity
factor rates are those under elastic conditions before the onset of fast crack growth; they
increase markedly during Stage II crack propagation.

Results

Table 2 summarizes the experimental conditions and results. The SCC growth rates are
shown in Figs. 2 and 3 as functions of the stress intensity factor for Ti-6-4 and Ti-15-3,
respectively. It is useful in interpreting these plots to remember that the vertical Aa/Af axis
is logarithmic, so that small variations in the low growth rate regimes are greatly exaggerated
relative to variations in the higher growth rate regimes. It is probable that the apparent
crack growth below the threshold K, is mostly caused by local yielding at the crack tip
which is detected by the CMOD gage, and does not represent real crack propagation. All
the growth rate plots are truncated at the point where K, begins to decrease at large crack
depth to avoid confusion in interpretation. The decrease in K, at large crack depth is a
consequence of the stiffness of the loading arrangement under extension control. When
crack growth is rapid, relaxation due to crack opening outpaces the applied extension to
such an extent that K, begins to decrease. Figure 4 shows typical behavior, the curve wrapping
back on itself, with crack growth arresting at a low value of K,,, near the threshold value
K. Large crack depths can not be precisely calculated from CMOD and load without
unusual precautions because of frictional effects in the grips. This accounts for some of the
discrepancy between K, and K,,., although there may also be a true physical difference.

Ti-6-4 in salt water (Fig. 2a) shows no Stage I behavior at the low extension rate (0.015
pwm/s). The crack rate jumps to Stage II SCC at about 55 MPaVm, then drops to a virtual
halt, until at 78 MPaVm the crack rate again jumps to Stage II, remaining there until K,

TABLE 2—Results of SSR tests.

Ext. Rate, K, Stg. II Rate, Discontinuous
Alloy pm/s Environment MPaVm pm/s Cracking?
Ti-6-4 0.015 3.5% NaCl 55 10-23 Yes
0.15 3.5% NaCl 65 10-23 No
0.003 Air 91° N/A® No
0.0045 Vacuum 69" N/A¢ No
Ti-15-3 0.015 3.5% NacCl (aer.) 63" 100-1500¢ Yes
0.15 3.5% NaCl 58¢ 100-1500¢ Yes
0.015 Air 48 300-1000¢ Yes
0.015 Air 55° 1000¢ Yes
0.015 Vacuum 66° 1000¢ 2

* Start of initial spike.

® Onset of significant crack growth.

¢ No Stage II.

4 Possibly quasi-stable mechanical fracture, rather than Stage II.
¢ Similar behavior except only one large spike.

(Data based on 1 test per material/condition).



MEYN AND PAO ON PRECRACKED TITANIUM ALLOYS 161

Ti-6-4 SSR in 3.5% NaCl
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FIG. 2—Cracking kinetics versus stress intensity factor for the Ti-6-4 alloy. The maiching horizontal
lines are the corresponding extension rates for visual comparison. (a) Salt water environment. (b) Vacuum
environment. Results similar in air.

having reached a peak value, decreases to K., whereupon crack growth slows to a halt.
The decreasing K, regime is not shown. At the higher extension rate (0.15 wm/s), apparent
crack growth at a very low rate, possibly inert-environment sustained load cracking SLC
caused by internal hydrogen [4], begins at about 56 MPaV'm, then the rate jumps to Stage
11 SCC at 65 MPaVm which continues until K, decreases below threshold. No conventional
static load threshold measurements have been made on this particular plate. However, these
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FIG. 3—Cracking kinetics versus stress intensity factor for the Ti-15-3 alloy. The matching horizontal
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initial threshold values are in approximate agreement with other data for B-annealed Ti-6-
4 [2]. The appearance of the fracture surfaces is identical for both cases, consisting of typical
cleavage and flutes [5] in the SCC regions, Fig. 5. No traces of the hiatus in Stage II cracking
for the low extension rate, such as an arrest mark or a stain, could be found in the fracture
surface. Kinetics in both air and vacuum (Fig. 2b) differed greatly from those in salt water.
No distinct onset of rapid crack growth nor any true Stage II cracking occurred. The crack
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Ti-15-3 SSR in 3.5%NaCl @0.015um/s
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FIG. 4—Cracking kinetics for the Ti-15-3 alloy at 0.015 wm/s showing the decreasing K, behavior.

rate increased continuously although somewhat irregularly with K, above an indistinct thresh-
old which was in the range 69 to 97 MPaVm. The fracture surfaces consisted of microvoid
coalescence and quasicleavage, similar to overload fracture. This behavior is consistent with
prior studies of sustained load cracking in inert environments under static loading conditions
for Ti-6-4 alloys [4].

Ti-15-3 in salt water (Fig. 3a). shows discontinuous crack propagation at both extension
rates, with spikes of very rapid propagation starting at 63 MPaVm under 0.015 pm/s
extension rate, and at 58 MPaVm under 0.15 um/s. Steady apparent Stage 11 growth takes

FI1G. 5—Scanning electron micrograph of Ti-6-4 Stage 11 SCC fracture area, showing typical cleavage
plus flutes morphology.
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over in the later stages of the test. No effect of extension rate on the spikey nature of
propagation seems evident, nor did aeration have any measurable effect. The fracture
surfaces (Fig. 6) consisted of mixed intergranular and transgranular microvoid coalescence
MVC [6]. No arrest marks or other traces of the abrupt transitions between crack stagnation
and rapid propagation could be found on the fracture surfaces. Tests in air environment
showed similar results (Fig. 3b). A test in vacuum was also similar, except only one large
spike occurred. Fracture features were identical to those of the salt water specimens.

The extension rates are also plotted on Figs. 2 and 3 in order to show how that parameter
relates to the crack growth rates. The crack rates for Ti-6-4 show no obvious influence of

FIG. 6—Scanning electron micrograph of Ti-15-3 fracture area, showing typical mixed intergranular
and transgranular cracking. Salt water fracture shown, vacuum and air fractures similar. (a) General
view. (b) Apparently smooth intergranular facet at high magnification, showing extensive microplasticity
(MVC).
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the applied extension rates. However, the stagnation crack growth rates for Ti-15-3 between
high growth rate spikes, and to a lesser extent the crack rates during the spikes, do seem
to be influenced by the extension rate.

Figure 7 shows crack rates together with the corresponding stress intensity factors for the
two alloys at the slower extension rate, 0.015 wm/s, on a crack depth basis. These show
that although the crack growth rate spikes in Fig. 3 look rather brief, they cause a significant
portion of the total crack propagation. Discontinuous cracking (spikes) is a feature of the
early period of crack propagation. During most of the crack propagation life of these
experiments, crack growth is continuous at the high, Stage Il-like, rate. Much of this con-
tinuous cracking occurred while the nominal value of K, having reached a peak and de-
creased, was within the range wherein discontinuous cracking occurred at smaller crack
depths.

Figures 8 and 9 are expanded plots of the discontinuous crack growth part of Fig. 7.
Additional curves of crack growth rate and stress intensity factor are shown, calculated by
assuming that the crack rate jumps immediately to Stage II and remains constant under
constant load. These calculated curves are intended to simulate behavior under constant
load, for comparison with the constant extension rate experimental results. K, under constant
extension rate conditions remains nearly constant or rises only a little during the Stage 11,
high growth rate, episodes. The crack grows so fast as to outrun the slow increase in
extension, so that the load drops rapidly enough to counteract the effect of increasing crack
depth on the K-factor. Most of the increase in K, during the test takes place during the
periods of crack growth stagnation between Stage 1I episodes. K, under constant load, on
the other hand, increases rapidly during Stage II cracking, and approximately maintains
pace with the long term average increase in K, resulting from the discontinuous crack growth
under constant extension rate cracking. Figure 10 shows data for Ti-6-4 at the higher ex-
tension rate. The rate of increase of K, with crack depth under constant extension rate
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FIG. 7—Cracking kinetics together with stress intensity factors for both alloys at 0.015 pm/s as a
function of crack depth.
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Ti-6-4 SSR in 3.5% NaC! @ 0.015 um/s
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FIG. 8—Cracking kinetics and stress intensity factor for Ti-6-4 at 0.015 wm/s, comparing constant
extension rate behavior (experimental) with that under constant load (calculated).
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Ti-6-4 SSR in 3.5% NaCl @ 0.15 um/s
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FIG. 10—Cracking kinetics and stress intensity factor for Ti-6-4 at 0.15 wm/s, comparing constant
extension rate behavior (experimental) with that under constant load.

loading is somewhat greater at the higher extension rate, compared with that shown in Fig.
8 for the lower extension rate.

Discussion

It is apparent that the behaviors of these two alloys are quite different. The Ti-6-4 alloy
displays true SCC with the expected Stage II regime (albeit interrupted in the low extension
rate case), and a radical difference between salt water on one hand and air or vacuum
environment on the other. The Ti-15-3 alloy shows no SCC effect of the salt water, the
behavior in air and vacuum being substantially the same. There is some question whether
the high crack rates in this alloy signify Stage II cracking as usually understood, or if they
are caused by quasi-stable mechanical overioad cracking.

Turning first to the Ti-6-4 alloy, it appears that discontinuous cracking is extension rate
dependent, that is, it does not occur at the higher of the two extension rates used. One can
speculate that discontinuous cracking is controlled by the crack tip strain rate, which, if
sufficiently high, will maintain conditions conducive to Stage II crack growth. Figures 8 and
9 show that K, under constant extension rate conditions does not increase as rapidly during
Stage II episodes as under constant load conditions, and discontinuous cracking has not
been reported under constant load conditions. It is as if some minimum rate of increase in
K, is required to sustain Stage 11, at least until some critical value of K, is reached for which
the strain rate necessary can be maintained without further increases in K. Figure 10 supports
this view; both K,, and the rate of increase in K, with crack depth during Stage II are
significantly higher than for the lower extension rate case, and discontinuous cracking is not
observed.

A number of current models for SCC involve a passive film at the crack tip interacting
with localized deformation and crack tip electrochemistry [7]. The potential for repassivation
may be such that when a critical crack tip strain rate is reached, complete passivation is not
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maintained at the tip, and rapid embrittling reactions occur. This critical crack tip strain
rate is a function of the applied extension rate and the level of K, as well as the electrochemical
environment. Ordinarily, once begun this process would be expected to continue until
fracture or until K, dropped below K,,.. However, in the present case for some reason the
embrittling process, after causing some initial rapid cracking, stagnates, not resuming again
until a K, value far above the initial K,, is reached. Stagnation could occur when a change
in conditions in the crack brought on by rapid crack propagation facilitates repassivation,
for example, a change in the electrolyte composition, or a drop in K;. The former should
happen even at the higher extension rate, where no stagnation was observed. The latter
does not seem to occur (Figs. 8 through 10), although K, does remain constant or rise more
slowly with increasing crack growth under extension rate control than under constant load.
However, K, does increase more rapidly with crack growth at the higher extension rate than
at the lower extension rate (compare Fig. 10 with Fig. 8). This provides some evidence that
the local crack tip strain rate (which is proportional both to K, and to dK,/dr) controls the
onset of stagnation.

The Ti-15-3 alloy did not display any influence of environment nor of extension rate on
the slow strain rate cracking behavior. It did, however, display discontinuous crack growth.
There were no signs of arrest marks on the fracture surfaces, and because it occurred in an
inert as well as an active environment, no argument of the kind advanced for Ti-6-4 above
applies. Gerberich [8] has developed a model based on the formation of a microcracked
process zone at the crack tip to explain similar behavior during inert environment sustained
load cracking of 4340 steel and Ti-30Mo, a beta titanium alloy. The model assumes that the
material ahead of the crack tip becomes discontinuously microcracked, so that neither any
one such microcrack nor the ultimate crack tip (comprising really the distribution of micro-
cracks penetrating furthest into the material) bears the brunt of the stress distribution.
Therefore, until the local distribution of microcracks links up to produce a uniform crack
front, the effective stress intensity factor is reduced below that necessary to maintain Stage
I cracking, i.e., below K,,. The repetition of this process of Stage II cracking, its stifling
by formation of multiple microcracks, their final linkage and resumption of Stage I, etc.,
give rise to discontinuous cracking behavior. He was able to show that cracking occurred
in 4340 steel by mixed modes, suggesting the existence of such an obstructive process zone,
and that the Ti-30Mo alloy had microbranched crack tip regions. He was also able to show
that the intensity of plastic deformation in cleavage facets in the Ti-30Mo indicated that
they were forming well ahead of the nominal crack tip, and that the effective stress intensity
factor where cracking was occurring was considerably lower than the nominal value. This
analysis has promise, and it is planned to attempt further experimental and analytical in-
vestigation of this phenomenon.

The purpose of aerating the solution for the Ti-15-3 alloy test at low strain rate was to
test the passivation/depassivation hypothesis set forth for the Ti-6-4 alloy to some extent.
It was considered that a marginal passivating potential might exist at the higher strain rate,
and that cracking might be suppressed at a lower strain rate with excess aeration and more
time for passivation. It is apparent that this concept was not borne out by the results, and
that the alloy was not affected by the salt water environment in any case.

Discontinuous crack growth could be caused by alternating periods of hydrogen absorption
and hydride growth [9]. Below K,, hydrogen generated at the crack tip by local cathodic
reactions could enter the metal and diffuse along the high-diffusivity beta phase. At some
point the hydrided volume cracks at the Stage I rate, arresting when entering uncontam-
inated metal, the process repeating. However, Ti-15-3 is a beta alloy, and these alloys do
not easily form hydrides, even at extremely high hydrogen levels [10]. Furthermore, crack
propagation occurs entirely by microvoid coalescence and there is no evidence of an envi-
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ronmental effect. Hydride precipitation would occur more easily in the Ti-6-4 alloy. How-
ever, the cracking mode in Ti-6-4 is identical to SCC in nonhydrogenous environments, such
as CCl,, with no intergranular or a-B interfacial component such as would be expected if
cracking involved hydrogen absorption and hydride formation on a large scale [11].

Conclusions

Both an «-B alloy, Ti-6-4, and a B-a alloy, Ti-15-3, were subjected to slow strain rate
loading as precracked fracture mechanics specimens. The K|, values measured were in the
range expected from published results obtained by conventional techniques. Ti-6-4 displayed
normal continuous Stage II SCC at the higher of two extension rates used, but cracked
discontinuously at the lower rate. Behavior in air and vacuum was similar to prior work
done under static load conditions. Ti-15-3 displayed interrupted growth at all rates and in
all environments. No markings corresponding to the Stage II growth interruptions could be
found on the fracture surfaces of specimens which underwent discontinuous cracking. The
mechanisms for this behavior have not been identified, and further studies of the phenom-
enon and analysis of the micromechanical state at the crack tips during interrupted growth
are planned.
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ABSTRACT: The slow strain rate test (SSRT) has been used at Air Products and Chemicals
for a number of different environments. It was used to estimate the propensity of various
amines to stress crack storage tanks; it was used to determine if existing equipment could be
used in amine manufacture. Several tests were conducted to duplicate conditions that produced
cracking in process equipment. The results of some tests were inconclusive.
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The slow strain rate test (SSRT) was first used in the 1960s although it was not widely
used until recently [/]. Its original intent was to be an improvement on existing laboratory
techniques for determining the susceptibility of alloys to stress corrosion cracking (SCC).
One of its most notable features is the speed in which test results can be acquired. Test
results can be achieved in a matter of days versus weeks, months, and, in some cases, never
for static stress specimens. This is because there is a definite end to the SSRT when the
specimen fractures while there is always uncertainty in U-bend tests when the experiment
is terminated after a reasonable period of time. The nagging question is: Would cracking
have occurred if the test were run one day longer?

In recent years, the SSRT has become more widely used and accepted. Many companies
[2] use this test to screen materials for processes especially if existing equipment is proposed
for the process. Some organizations consider this test to be a standard for SCC susceptibility.
It has been found that results from the SSRT sometimes differ from those produced by
other techniques [2]. In some cases, the SSRT does not produce cracking when it is known
to have occurred in the field.

To address this issue, the Materials Technology Institute (MTI) commissioned a study to
determine why anomalous results sometimes occur with SSRT. Their results [3] indicate one
important variable cannot be overlooked; that is, the potential of the specimen during the
test. This should be monitored during the test and compared to the anticipated potential of
the material in service. If it is not known, a range of potentials can be used during the tests.
With the critical potential known, an effort can be made to keep a given alloy at a safe
potential in an actual piece of equipment.

This paper reports several case histories of SSRTs conducted to qualify existing equipment
for a new process. An attempt was also made to use the SSRT method to determine

' Senior Engineering Associate-Materials, Air Products and Chemicals, Inc. and 2 lead research
engineer, Air Products and Chemicals. Inc., Allentown, PA 18195-1501.

173

Copyright® 1993 by ASTM International WWw.astm.org



174 SLOW STRAIN RATE TESTING

conditions that resulted in cracking in some existing equipment. Finally, the test was used
to determine if existing products or contaminants could produce cracking in carbon steel
equipment.

Experimental Procedure
Materials

Carbon steel plate, ASTM A516-Gr70 was welded to itself and used for testing in amines.
Type 304 and 316 Stainless Steel specimens, ASTM A240, were taken from annealed and
cold-worked plate. Alloy 2205 and Nitronic 50® samples were machined from as-received
plate.

Specimens

Sample blanks were machined to 0.250-in. (0.635 cm). A 1-in. (2.54 cm) gage length by
0.150 = 0.001-in. (0.381 c¢m) diameter was machined from the blank. The carbon steel
specimens contained a weld in the gage length orientated perpendicular to the axis of the
specimen.

Alkyl Amines/Carbon Steel

Approximately seven years ago, an effort was made to determine if alkyl amines would
stress crack carbon steel. Since some of the products produced by Air Products and Chemicals
were similar to ammonia, there was a question about the safety of carbon steel storage
tanks. The products in question were monomethylamine (MMA), dimethylamine (DMA),
trimethylamine (TMA), monoethylamine (MEA), and monoisopropylamine (MIPA).

The first set of tests were carried out in liquid monomethylamine, in the presence of both
oxygen and nitrogen. The partial pressure of air present during the test was not controlled
but was probably in the vicinity of 1 atmosphere. Temperature was held at 120°F (49°C)
which was the highest we would anticipate during storage. The test chamber was first purged
and filled with nitrogen or zero grade air. Test results, Table 1, indicated no tendency
towards SCC with monomethylamine on ASTM A516 Gr70 steel. Similar tests were con-
ducted on carbon steel using dimethylamine and trimethylamine. Table 2 gives the results
of these tests. These higher amines showed no tendency to stress crack A516-70 in an air
or an inert environment.

TABLE 1—SSRT in monomethylamine.

Environment’ Fracture Time Max Load, Ib (N)
Blank — Zero Air” 18 h 15 min 1530 (6805)
17 h 29 min 1405 (6250)
MMA + N, 20 h 45 min 1466 (6520)
MMA + O, 18 h 40 min 1495 (6649)
20 h 23 min 1667 (7415)
19 h 28 min 1438 (6396)
* Material ASTM A516 Gr70
Extension Rate 2.8 x 107%s7!
Temperature 120°F (49°C)
Pressure 100 psi (689 KPa)

* CO, scrubbed from air.
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TABLE 2—SSRT in dimethylamine and triethylamine.

Environment* Time Fracture Max Load, 1b (N)
Blank — Zero Air’ 18 h 15 min 1530 (6805)
17 h 29 min 1405 (6249)
DMA + N, 17 h 49 min 1452 (6458)
DMA + O, 23 h 17 min 1771 (7877)
21 h 10 min 1514 (6734)
22 h 56 min 1567 (6970)
Blank Zero Air® 18 h 15 min 1530 (6805)
17 h 29 min 1405 (6249)
TMA + N, 29 h 29 min 1771 (7877)
TMA + O, 18 h 55 min 1545 (6872)
18 h 34 min 1732 (7704)
* Material ASTM A516 Gr70
Extension Rate 2.8 X 107¢s7!
Temperature 120°F (49°C)
Pressure 15 psi (1 bar)

* CO, scrubbed from air.

The final set of tests were conducted in monoethylamine and monoisopropylamine. Table
3 gives the results of the SSRTs. There was one disparity in that a test in monoisopropylamine
plus air took approximately twice as long to fracture as the other tests. The reduction in
area, however, was similar to the other tests.

The positive results of these tests increased our level of confidence in the safety of storing
and shipping these chemicals in carbon steel.

Polyamines/Existing Plant Materials

In the laboratory a process was developed for the manufacture of polyamines. Part of the
development program involved corrosion testing to determine suitable materials of con-

TABLE 3—SSRTs in monoethylamine and
monoisopropylamine.

Environment* Time Fracture R.A., %
Blank-Air 18 h 15 min 50.7
ER = 2.8 x 10-°s™!
MEA-no oxygen 22 h 01 min 50.3
ER = 2.8 x 107°s™!
MEA-air added 19 h 24 min 51.1
ER =28 x 10°¢s"!
MEA-air added Not recorded 48.9
ER = 1.4 x 10-°s™!
MIPA-no oxygen 19 h 31 min 49.6
ER = 2.8 x 107¢s™!
MIPA-air added 18 h 19 min 48.9
ER = 2.8 X 107°s™!
MIPA-air added 39 h 16 min 50.7
ER = 1.4 x 107%s™!
*Material ASTM AS516 Gr70
Extension Rate 2.8and 1.4 x 107°s7!
Temperature 120°F (49°C)

Pressure cylinder pressure
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struction for a commercial plant. The two concerns were general corrosion and SCC, both
of which would occur in the various chemicals used in the process.

Immersion tests were conducted on ¢arbon and stainless steel coupons and U-bend spec-
imens. Both types of coupons were exposed in a pilot plant also. A series of SSRTs was
also conducted on carbon steel in the various precursor chemicals.

SSRT results indicated that carbon steel would stress crack in several streams at temper-
atures of about 440°F (227°C). Testing also revealed that incipient cracking occurred at about
420°F (216°C). Using these results along with the general corrosion data, minor modifications
were made to an existing plant to avoid SCC and minimize the effects of general corrosion.

Chloride/Stainless Steel

It has been reported by several investigators [2] that some SSRT results have produced
anomalous behavior. Specifically, chloride cracking of stainless steel was not correctly pre-
dicted by slow strain rate testing. Since the SSRT was becoming widely used and accepted,
it was important to understand why specific tests did not predict cracking in stainless steel
when it was known to occur in both the field and also with U-bend test coupons.

A proposal was made to Materials Technology Institute (MTI) to fund a project which
would study the SSRT method and attempt to explain the anomalous results. Several lab-
oratory tests were conducted to support the need for the MTI project. Tests were conducted
on annealed Type 304 stainless steel in 15% NaCl at 210°F (99°C). The three tests, Table
4, did not produce cracking even though parallel tests with U-bends did produce cracking.

The solution for both tests was made up in a common container and then divided so it
was not a variable. Apparently the potential of the U-bend was different from that in the
SSRT. Perhaps this was caused by a different amount of dissolved oxygen in the two solutions.

Caustic/Stainless Steel

After extensive corrosion testing, Nitronic S0 was chosen as a material of construction
for one alkyl amines plant tower. Caustic additions were metered into the feed so that acidic
compound buildup could be controlled in the tower. After operating in this mode for a
period of time, a process upset resulted in caustic cracking of the vessel. It was important
to understand the conditions that lead up to the failure so that it would not be repeated.

To help understand the process conditions better, slow strain rate tests were initiated in
an attempt to define the caustic concentration needed to crack Nitronic 50. Table § lists the

TABLE 4—SSRT annealed 30488 in 15% NaCl.

Test

Blank #1 #2 #3
Time to Failure 163 h 42 min 132 h 18 min 129 h 04 min 132 h 26 min
% Elongation 49.6 41.5 413 40.9
% Reduction in Area  56.7 55.0 54.4 55.7
Temperature 70°F (21°C) 210°F (99°C) 210°F (99°C) 210°F (99°C)
Atmosphere Air Air Air Air
Pressure 1 atm (1 bar) 1 atm (1 bar) 100 psi (689 kPa) 100 psi (689 KPa)
Extension Rate 1.14 x 10-¢s™"  1.14 x 107%s~?  1.14 x 107*s~! 1.14 x 10-¢s7!
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TABLE 5—Slow strain rate testing in caustic solutions".

Test No. Alloy NaOH. %  Ext. Rate  Fracture Time R. A., % Results
1 Nitronic 5 1 28E-6s! 30h No cracking
25 min
2 Nitronic 50 10 28 E-6s7! No cracking
3 316 (.04C) 10 2.8 E-6s7! 59.3 Ductile with
side cracks
4 316 (.04C) 15 28 E-6s7' 16h 59.3 Ductile with
21 min side cracks
S 316 (.04C) 20 28 E-6s7! 55.0 Ductile with
side cracks
6 Nitronic 50 20 28E-6s™' 28h 55.0 Ductile with
13 min side cracks
7 Nitronic 50 25 28E-6s7' 27h 56.7 Ductile with
28 min side cracks
8 316 (.04C) 25 1.4 E-6s™" S51.3 Ductile with
side cracks
9 2205 20 2.8 E-6s7' Reactor leaks-Test aborted
10 316 (.04C) 20 28E-6s"! 6 h 13.0 IG cracking”
03 min
11 2205 20 28E-6s7' 29h Ductile with
56 min side cracks
Blank 316 (.04C) in air 28E-6s7' 4l h 75.7
at 70°F (21°C) 32 min
* Temperature 350°F (177°C)
Pressure 350 psi (2.41 MPa)
Atmosphere Nitrogen
Solution Reagent NaOH with 100 ppm Na,SO, added

Specimen Gage Length~1.0 in. (2.54 x 10~ m) Diameter-0.150 in. (3.81 X 107" m)
b Reactor leaks causing concentration of solution to unknown level.

tests that were conducted on various alloys. Since Nitronic 50 did not crack in conditions
that were thought to be severe, Type 316 was exposed to the same conditions. No cracking
was observed on Type 316 in 20% NaOH at 350°F (177°C). Testing then reverted back to
the Nitronic materials; however, it did not crack in 25% caustic at 350°F (177°C). The same
held true for alloy 2205 when it was exposed to 20% NaOH at 350°F (177°C). The only
cracking occurred when an upset in the test resulted in Type 316 being exposed to concen-
trated caustic.

Mercury/Stainless Steel

Equipment used to liquify natural gas must operate at temperatures to about —260°F
(—162°C). The standard material of construction is aluminum or stainless steel, both of
which remain ductile at the low temperatures.

A known contaminant in some natural gas sources is mercury. At cryogenic temperatures
this does not present a corrosion problem to aluminum or stainless steel because mercury
is a solid. However, it is well-known that mercury will stress crack aluminum alloys at room
temperature under certain conditions. There was some question as to what effect mercury
would have on stainless steel at room temperature.

Table 6 gives the results of a series of slow strain rate tests on Type 304 stainless steel in
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mercury. All tests were conducted at a strain rate of 2.8 x 107%s~'. Load versus time was
continuously recorded on an x-y recorder. All “in air” tests were performed by slowly
purging compressed air through the test chamber. Mercury tests were performed in an
equivalent environment using triple distilled mercury in a polyethylene retaining cup attached
to the specimen. The entire specimen gage length was exposed to mercury.

Up to the point of necking, the mechanical properties of Type 304 stainless steel were
not adversely affected by mercury. Mercury embrittles Type 304 stainless steel once necking
has been initiated. The resultant fracture was primarily bnttle and was characterized by
intergranular and transgranular cracking. The results indicated that Type 304SS could safely
be used in a mercury environment. Under normal conditions the equipment would not be
in a stress state where necking down and failure was imminent.

Discussion

Testing was conducted in two mediums; namely, aqueous and nonaqueous using carbon
and stainless steel materials. Conditions for the nonaqueous tests should have closely du-
plicated field conditions inasmuch as the primary variable was temperature. Another test
parameter, namely oxygen content of the fluid was generally controlled during the tests.
The oxygen content in nonaqueous solutions is not expected to alter the potential of the
specimen appreciably like it could in an aqueous solution.

For the amines, cracking of carbon steel could possibly occur above 440°F (227°C) in
polyamines. The process was designed such that the temperature was avoided and stress
cracking of carbon steel components has not occurred in plant components to date. Likewise,
no stress corrosion was ever reported for the other amines that were tested.

The test results of stainless steel in mercury showed that cracking would occur only when
the specimen was severely deformed. From a practical standpoint, stainless equipment in
this state of deformation has already failed and any embrittlement would be incidental.

The tests in aqueous solutions using stainless steel specimens are a different matter as
potential comes into play. The chloride/stainless steel test was done to provide data in
support of a larger test program. This program was conducted by MTI and showed that
potential control was important in aqueous solutions. Obviously, the free corrosion potential
of the SSRT was different from that of the U-bends. A somewhat different oxygen content
could account for this.

The test results of the stainless steel in caustic environments were inconclusive. Tests were
conducted in conditions where cracking had been reported previously. Likewise, it was felt
that conditions in the tower were also duplicated, yet no cracking was produced. A likely
reason for this difference could be the potential of the test specimens versus that in the
tower. One variable that could affect this is the oxygen content of the different systems.

Conclusions

The SSRT has been used at Air Products and Chemicals in various different ways. It was
employed as a tool to design a polyamines process around existing equipment. It was used
to assess the propensity of alkyl amines to stress crack carbon steel containment vessels.
The results of tests where stainless steel was exposed to caustic and chlorides were incon-
clusive. Finally, tests showed that mercury did not stress crack stainless steel unless it is
severely plastically deformed.
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ABSTRACT: As a process contaminant, mercury is a significant problem due to its ability to
induce liquid metal attack (LMA) and embrittlement (LME) in some alloys of construction.
Aluminum alloys are particularly susceptible to LME. Several test methods (i.e., constant load
tensile tests. fracture mechanics crack growth tests, and slow strain rate tests) were used to
evaluate LME in aluminum alloys along with AISI 304 stainless steel. Additionally, the effect
of various surface treatments on LME of aluminum alloys was also examined. This paper
evaluates the cffectiveness of the various testing techniques and results obtained in laboratory
studies conducted in elemental mercury.

KEYWORDS: slow strain rate tests, embrittlement, aluminum alloys, mercury. liquid metal
attack (LMA)

Background

In circumstances where mercury (Hg) condenses in cryogenic gas processing equipment,
exposure of the materials of construction to mercury can lead to equipment failures by
mercury attack. The common source of mercury is its presence as a contaminant in natural
gas feedstocks from several reservoirs around the world (see Table 1) [/]. As shown in Fig.
1. mercury is found to cause liquid metal embrittlement (LME) in several metallic systems;
the most predominant systems from an engineering significance are aluminum alloys, copper,
ferrous and stainless alloys which are common to gas processing equipment [2]. LME is one
of four mechanisms of Hg-attack with the other three consisting of (1) amalgamation, (2)
amalgam corrosion, and (3) galvanic corrosion [3]. LME is distinct from the other forms of
Hg-attack in that it can produce rapid brittle fracture which can lead to catastrophic failure
of these materials under some service conditions.

Many of the characteristics of LME are similar to other forms of environmentally induced
cracking phenomena in metals and alloys such as hydrogen embrittlement cracking and stress
corrosion cracking (SCC). Chemical, electrochemical, and mechanical processes can result
in the initiation of a crack (or cracks) of subcritical dimensions. These can subsequently
propagate until they reach a critical size and thereby cause fracture of the material. In LME
as in SCC, breakdown of the protective surface film (typically oxide) can be a critical stage

' Cortest Laboratories, Inc., Houston, TX 77269.
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TABLE 1—Elemental mercury concentrations in natural gas.

Location pg/Nm?
Algeria (wellhead) 50 — 80
Algeria (pipeline entrance) 0.1 - 89
Algeria (Skikda plant inlet) 0.001 — 0.65
Groningen (wellhead) 180
Groningen (to pipeline) 12
North Germany (wellhead) 15 — 450
South Germany (wellhead) <0.1 — 0.3
South America 69 — 119
Far East (Pakistan) 3-20
Far East 58 - 193
Far East 0.02 - 0.16
Africa (Angola) 0.3 — 130
Middle East (Iran) 1-9
Eastern U.S. Pipeline 0.019 — 0.44
Midwestern U.S. Pipeline 0.001 — 0.10
North America 0.005 — 0.040
Sumatra, Indonesia 200 — 300

in this process. Electrochemical impedance data have shown that the surface oxide of un-
treated Al-alloy 5083-O has low electrical resistance with mercury. By comparison, anodized
surfaces show both high resistance (600 mV DC potential) and high capacitance [4]. Ex-
periments have shown that under certain circumstances, these surface films can be quite
protective in environments containing mercury from the standpoint of Hg-attack.
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FIG. 1—Embrittlement and nonembrittlement couples in solid/liquid metal systems.
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It is also known that LME is primarily driven by physical dissolution of the susceptible
alloy in mercury rather than by an oxidation/reduction process as is common for SCC. The
rate and preference of dissolution can be highly specific to grain boundaries and particular
microstructures. Aluminum welds are preferentially attacked by mercury because of the
reduced protective properties of surface oxides in the area of the weld and because of the
higher degree of susceptibility of the weld microstructure.

Technical Approach

In the present study, mercury exposure tests were conducted on materials typically used
in gas processing applications. The mercury exposure tests consisted of the following:

(1) Static load direct tension tests.

(2) Fracture mechanics crack growth tests.

(3) Slow strain rate (SSR) tests.

Initially, all three test methods were compared to reveal the extent of LME using the
various testing techniques. Following this investigation, the SSR tests were used to evaluate
several environmental and metallurgical parameters to show their effects on LME.

Experimental Procedure
Materials and Specimens

Al-alloy 5083-O (UNS A95083) plate and 3003-O (UNS A93003) wrought bar stock were
used in this program. For comparative purposes, AISI 304 (UNS $30400) wrought bar stock
was also included in the study. Specimens of these materials were prepared in both wrought
form and welded form. Nominal compositions and mechanical properties for the afore-
mentioned materials are given in Table 2.

The direct tension and fracture mechanics specimens are shown in Fig. 2a¢ and b. The
direct tension specimens were of round cross-section with a gage section of 25.4-mm-long
by 6.4-mm-diameter. The tensile axis was parallel to the rolling direction. In the case of
welded specimens, the specimen was machined perpendicular to the welding direction so
as to contain base metal, heat affected zone (HAZ), and weld metal.

TABLE 2—Nominal chemical composition and tensile properties for alloys tested.

Composition
Mn Mg Cu Al Cr Ni Fe
Al-Alloy 5083-O 0.7 4.4 0.10* Bal 0.15 — —
Al-Alloy 3003-O 1.2 — 0.13 Bal — — —
AISI 304 2.0* — — —_ 19 10 Bal
* Maximum.
Tensile Properties

Y.S. (MPa) UTS (MPa) Elong (%) RA (%)

Al-Alloy 3083-O 175 312 20 11

Al-Alloy 3003-O 46 114 24 63

AISI 304 310 581 45 63
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FIG. 2—(a) Direct tension specimen. (b) Fracture mechanics crack growth specimen.

The SSR specimens were also of round cross-section with a 25.4-mm-long by either 6.4-
mm- or 3.8-mm-diameter depending on the starting size of the material. Orientations were
the same as defined for the direct tension specimens. These specimens were used to evaluate
LME in wrought and welded alloy 5083, wrought and base metal alloy 3003, and wrought

AIST 304 stainless steel.

Fracture mechanics specimens were prepared per ASTM E 399, Test Method for Plane-
Strain Fracture Toughness of Metallic Materials, in the TL orientation with a 3.8 ligament
thickness. Side grooves with a depth of 0.63 mm were used to promote planar crack growth.
These specimens were precracked by fatigue using 9 Hz and a 1780 N (400 1b) peak load

prior to testing.
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Test Environment

In all environmental tests, the media used were triple distilled mercury. In the case of
the tension specimens, the mercury was held in contact with the gage section of the specimens
using a section of plastic tubing clamped to the shoulder of the specimens. The mercury
was loaded into the tubing by use of a syringe.

For the crack growth tests the mercury was placed directly in the notch area of the specimen
at the initiation point of the fatigue pre-crack. To ensure adequate wetting of the crack with
mercury, a surface activating agent consisting of a weak solution of HNO, was used [5].
SSR tests were also conducted in a gaseous environment above a liquid pool of mercury
using alloy C-276 autoclaves fixtured to conduct SSR tests. These environments were sim-
ulations of plant environments containing mercury vapor with H, and hydrocarbons.

Static Load Direct Tension Tests

These tests were conducted using proof ring fixtures per ASTM G 49, Recommended
Practice for Preparation and Use of Direct Tension Stress Corrosion Test Specimens. Spec-
imens were tested at constant load for periods up to 30 days. Time-to-failure was monitored
using electrical timers which were deactivated when the proof ring relaxed upon specimen
failure.

Slow Strain Rate Tests

SSR tests were conducted using an electrically driven tensile machine capable of producing
a constant cross-head displacement. All tests were conducted at an initial strain rate of
4 x 107¢s~'. Load on the specimen versus time was monitored using a strip chart recorder.

All of the SSR tests performed in mercury were conducted in duplicate with a corre-
sponding single specimen tested in air. The test in air was used as a basis of comparison
using specimen time-to-failure. Fractured specimens were then visually examined for brittle
fracture and the ratio of time-to-failure (¢, Ratio = Hg test/ Air test) was calculated.

Fracture Mechanics and Crack Growth Rate Tests

These tests were conducted using the apparatus shown in Fig. 3. After applying the wetting
solution and the mercury to the specimen, the specimen was placed in the test apparatus.
The crack growth test was conducted per ASTM E 647, Test Method for Measurements of
Fatigue Crack Growth Rates. using specimen compliance and crack tip opening displacement
as measured using a clip gage on the specimens. An initial load of 800 N (180 Ib) was placed
on the specimen. This load was increased in increments of 222 N (50 1b) until crack growth
was initiated. During crack growth, the load was kept constant using the dead weight loading
arrangement shown in Fig. 3.

Similar tests were also conducted to determine the K, g versus temperature. In this case,
the load was applied and increased in increments of 222 N (50 Ib) until cracking was initiated.
The load value at the onset of cracking was used to determine the Ky v value (i.e., plane
strain threshold fracture toughness for LME).

Results and Discussion
Constant Load Tests

As shown in Fig. 4, the threshold stress (in 720 h) for LME in welded alloy 5083 was
approximately 10% of its tensile yield strength at room temperature. This is a very low
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value which indicates very high susceptibility to cracking. The nature of the cracking indicated
several modes of attack. These included LME (both perpendicular and longitudinal to the
applied load), general dissolution, intergranular attack, and pitting. Other alloys tested
showed greater resistance to LME as a result of their higher threshold stress in mercury.
AISI 304 stainless steel did not fail in the constant load tests indicating high LME resistance.
Only one of two alloy 3003 specimens failed. The failure site was located at a weld defect.
The other specimen went the entire 720 h without failure but exhibited deep pits in the
weld, HAZ, and base metal.
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FIG. 4—Stress versus time-to-failure for constant load specimens of alloy 5083 in mercury at room
temperature.
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Fracture Mechanics Tests

Likewise, fracture mechanics tests conducted at room temperature for this alloy also
showed threshold stress intensity values of between 5.5 to 8.8 MPa M'? (5 to 8 ksi/in.) (see
Fig. 5). This test method also shows very high susceptibility to LME in alloy 5083. As the
temperature is reduced as shown in Fig. 6, the threshold stress intensity for LME increases
to a point where below —72°C, no cracking is observed.

Under susceptible conditions, crack growth rates in alloy 5083 for LME in mercury were
very rapid. As shown in Fig. 5, da/dt increase very rapidly with increasing stress intensity.
It appears from the data in Fig. 4 that the threshold for LME may be slightly lower in welded
material than in the wrought alloy. However, crack growth rates in the wrought material
increase more rapidly than in the welded material. Therefore, it is probably difficult to say
that one condition is actually more susceptible to cracking than the other.

Slow Strain Rate Tests

The results from several slow strain rate tests are given in Figs. 7 through 9. Respectively,
these figures show (1) the general susceptibility to LME of various alloys, (2) the effect of
temperature on cracking, and (3) the effect of liquid or gaseous mercury environments on
cracking.
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FIG. 5—Crack growth rate (da/dt) versus K value for welded and nonwelded alloy 5083.
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FIG. 6—Critical threshold stress intensity (K ) for wrought alloy 5083 versus test temperature.

As shown in Fig. 7, both wrought and welded alloy 5083 exhibit similar susceptibilities
to LME. The level of LME susceptibility appears to be very high as manifested from the
very low ratios of time-to-failure (# ratio < 0.20). The other materials show varying sus-
ceptibilities to LME.

Alloy 3003 had widely varying susceptibility depending on the conditions (i.e., wrought,
vacuum brazed, or salt brazed) with ¢, ratios of 0.48, 0.80, and 1.03, respectively. The nature
of the attack on the alloy 3003 specimens which produced the widely varying ¢, ratios was
completely different than that found on the alloy 5083 SSR specimens. Very little evidence
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FIG. 7—S8SR time-to-failure ratio for various alloys in mercury.
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FIG. 8—Effect of temperature on 1, ratio in SSR test for alloy 5083.

of LME and only limited surface attack was found on the atloy 3003 specimens. This surface
attack which consisted of a small amount of fissuring or fine cracking was located only in
the highly cold-worked material in the necked region on the specimen immediately adjacent
to the final fracture surface. The variation in these SSR tests was similar to the variability
observed in the constant load tests which was related to localized attack with only little
contribution from susceptibility to LME.

The AISI 304 showed an intermediate value of ¢ ratio (0.60). This result was somewhat
surprising since AISI 304 was not expected to exhibit cracking based on the constant load
results. Metallographic examination revealed that SSR specimens of this material had small
short cracking on the surface of the gage section which were limited to about 0.13 mm
around the surface. Most likely, the imposition of the constant extension on the specimen
resulted in cracks in the passive oxide layer on the surface of AISI 304 that did not occur
in the constant load tests. Once this passive layer was damaged in the SSR tests, LME could
proceed to a limited degree. Similar action could occur in service if AISI 304 stainless steel
components are subject to plastic strain or surface wear which could damage the normally
passive oxide layer on this material.

The effect of SSR test temperature is shown in Fig. 8. These tests show that LME in alloy
5082 is very temperature dependent. SSR tests conducted at room temperature and —38°C
with mercury revealed ¢, ratios in the range of 0.11 and 0.25, respectively. Tests conducted
at —72°C showed a ¢, ratio of greater than 1.0 indicating no evidence of LME under these

Gaa Mixturs A 21X Methgne, 15X Ethene. 45% Ethylens,
Liquid Hg] o+ 18% Propylens, 1% Hydrogen
Gax Mixture B: 95X Methane, 2.5X Hydrogen. 1.5% CO. 1% Ethylene
Hg Vapor i
Al b il
Hg Vapor .
In Gas 'A’ i —I
Hg Vapor .
In Gas 'B’ : ik j
— 1 1 1 1 1 1 1 1 1 1 i 1
0.100'20 0.30 0'400.50 0.600'700.800'90 1.00 1.10 1.2
T¢ Ratio

FIG. 9—Effect of mercury environment on 1, ratio in SSR test for alloy 5083.
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conditions. These data show very similar trends to those obtained from the fracture me-
chanics tests that were previously discussed. At a temperature of —72°C, threshold stress
intensity values for alloy 5083 were 37.2 MPa (m)? (33.8 ksiVin.) which is very close to the
value determined in air at room temperature of 48.0 MPA (m)"? 43.6 ksiVin. The lower
value is probably the result of the lower test temperature and not due to LME. In the SSR
tests, no surface activating (wetting) agent was needed. The application of the slow constant
extension rate was sufficient to initiate cracking.

Finally, SSR tests were employed to assess the effect of varying environmental conditions
on LME of alloy 5083. Specifically, four environments were evaluated: (1) liquid mercury,
(2) mercury vapor in air, (3) mercury vapor in Gas Mixture 1 (21% methane, 15% ethane
45% ethylene, 18% propylene, 1% hydrogen), and (4) mercury vapor in Gas Mixture 2
(95% methane. 2.5% hydrogen, 1.5% carbon monoxide, and 1% ethylene). The two gas
mixtures were selected as being representative of gas processing environments where mercury
contamination is commonly involved. In Environment 1, the gage section of the specimen
was directly exposed to liquid mercury. In Environments 2 through 4, the gage section of
the SSR specimens were above the pool of mercury and only exposed to the gaseous
environment with mercury vapors.

The results from the aforementioned SSR tests are given in Fig. 9. As can be seen in this
figure, the only case where LME was observed in highly susceptible alloy 5083 was in the
direct exposure to liquid mercury. These results are significant in terms of actual service
because it reveals that only conditions of direct exposure to liquid mercury will result in
cracking. This limits the areas of concern in processing equipment and consequently altows
for a prioritization of required inspection. Typically, areas of greatest concern are those
where mercury can pool or in crevices that can contain liquid mercury.

Relevance of SSR Tests

As shown in this study, SSR testing can be of great value in the study of LME. Similar
to studies of SCC relevant to other alloy/environment systems, LME from mercury exposure
was found to produce reduction in time to failure of SSR test specimens in susceptible alloys.
Similar results were found using this test method as were found in constant load tests and
fracture mechanics tests.

Additionally, in some cases it was found that SSR testing was somewhat more aggressive
than similarly tested specimens using constant load. AIST 304 stainless steels tested in liquid
mercury is a good example for such behavior. In constant load tests, it was found that this
material did not exhibit LME. In contrast, in the SSR test, AISI 304 stainless steel was
found to show an intermediate degree of susceptibility to LME. This cracking was limited
to the highly strained material in the necked region of the tension specimen. Such behavior
in the SSR test can be an indication of potential susceptibility to cracking in (1) cold-worked
materials, (2) wrought material that has been highly strained in service, or (3) under con-
ditions of wear or abrasion where the passive layer has been disrupted.

SSR testing was also able to differentiate between two aluminum alloys with significantly
different response to the liquid mercury environment. In the case of alloy 5083, the material
exhibited both corrosive degradation and susceptibility to cracking. Consequently, it showed
very limited cracking resistance (i.e., low ¢ ratio) under conditions of an externally imposed
constant extension rate. By comparison, alloy 3003 showed a somewhat inconsistent response
to liquid mercury in the SSR test. It was very susceptible to localized corrosive attack with
only limited susceptibility to cracking. Therefore, there was substantial scatter in both the
constant load and SSR test data as a result of the localized corrosion behavior of this alloy
in mercury.
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FIG. 10— Effectiveness of surface treatments on time-to-failure of alloy 5083 in liquid mercury at room
temperature.

The comparison of the behavior between the two aluminum alloys and AISI 304 reveal
the importance of physical examination of the test specimens. It is clear that a minor amount
of cracking (=0.13 mm in the case of AISI 304) can substantially reduce the tensile per-
formance of materials tested by the SSR technique. Therefore, post-test characterization of
the nature of the corrosion and cracking greatly aids in the interpretation of the test results.
Additionally, the post-test evaluation confirmed that the mode of Hg-attack in alloy 3003
was not LME, but actually a form of localized corrosion in the area of the weld.

Figure 10 shows the results of a study conducted on the effect of surface treatments on
LME in alloy 5083 which was found to be very susceptible to cracking. These tests were
conducted with the constant load test. As can be seen, some methods were very effective
in protecting this material from LME under conditions of exposure to liquid mercury. It
was decided not to use SSR test methods for this evaluation due to the high degree of plastic
straining of the specimen that takes place in the test method. Under conditions of plastic
strain, the beneficial effects of shot peening (i.e., compressive residual stresses on surface),
electroless nickel, and thickening of the oxide layer by anodizing were considered to be of
limited value. It was anticipated that the plastic strain in the SSR tests would produce
cracking of these surface layers and allow penetration of mercury to the substrate.

Conclusions

Based on the results of the research program described herein, the following conclusions
were made:

(1) Mercury attack was manifested in aluminum and stainless alloys in the form of general
and localized corrosion and as brittle cracking (i.e., LME).
(2) Both forms of attack can produce premature failures in stressed specimens.
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(3) Al-alloy 5083 showed greatest susceptibility to LME of the alloys tested. This was
confirmed by both constant load and SSR tests.

(4) Al-alloy 3003 exhibited failures and scattered results in stressed tests resulting from
its susceptibility to localized corrosive degradation in liquid mercury. However, this alloy
did not show susceptibility to LME in either constant {oad or SSR tests.

(5) AISI 304 stainless steel did not exhibit failures in constant load tests, but did show
LME and reduced failure times in SSR tests. Cracking in this alloy was limited to the highly
strained necked region in the SSR specimen.

(6) SSR tests and fracture mechanics tests showed similar trends in terms of temperature
effects on LME. Both test methods revealed that at temperature of —72°C, LME did not
occur in alloy 5083.

(7) The SSR test was found to be a valuable tool in the examination of LME in aluminum
and stainless alloys.
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ABSTRACT: Slow strain rate tests were uscd to rank the liquid metal embrittlement (LME)
susceptibility of Types 304 (UNS S30400), 304L (UNS S30403). 316 (UNS S31600), 316L (UNS
§$31603), and 321 (UNS S32100) stainless steel, as well as alloys 600 (UNS N06600) and 800
(UNS N08800). Testing revealed that LME susceptibility was influenced significantly by heat-
treatcd condition. Sensitized matcrials were consistently more susceptible to cracking in liquid
mcreury at ambient conditions. Cracking was predominantly intergranular for the sensitized
materials and was analogous to stress corrosion cracking in high temperature aqueous solutions.
These results suggest that low-carbon or stabilized materials are inhcrently morc resistant to
LME and are¢ preferable for applications in environments where mercury may exist.

KEYWORDS: cnvironmental cracking. liquid metal embrittlement, stress corrosion cracking,
mercury-induced cracking. stainless steels, nickel alloys, slow strain rate tests

Brittle fracture of structural materials is a concern in process streams where liquid metal
contaminants exist in the feedstocks. Mercury-induced cracking of aluminum alloys and
highly stressed mild steels is well-known [/.2]. More recently. mercury LME data on stainless
steels [3-5] and nickel alloys [6-8] have become available. In none of the studies was any
effort made to discriminate the effects of sensitizing heat treatments. Since interest has
focused on replacement of various aluminum alloy process stream components with stainless
steel. a study was undertaken to compare the mercury LME resistance of different stainless
steels and nickel-base alloys in various heat-treated conditions. Heat treatments were used
to simulate the heat affected zone (HAZ) in welded structures since such regions are typically
susceptible to environmentally-assisted cracking.

Experimental

Chemical compositions and mechanical properties of the materials used in this study are
given in Tables 1 and 2. respectively. Stainless steels were obtained as bar stock in the
solution-annealed and cold-finished condition: bar stock for alloys 600 and 800 was in the
mill-annealed condition. Specimens were machined according to Fig. 1 with gage sections
ground and polished to a final diameter of 2.54 mm. Sensitization heat treatments were
performed by heating in vacuum to 650°C. holding for four hours, and water quenching.
The gage sections of heat-treated specimens subsequently were repolished to remove thin
oxide films.

" Engineering associate. Mobil Research and Development Corporation, Materials Engineering Sec-
tion, Paulsboro. NJ 08066. ‘
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TABLE 1—Chemical compositions of alloys tested (percent by weight).

Altoy C Mn P S Si Fe Cr Ni Cu Mo Ti Al

Type 304 0.06 1.39 0.030 0.024 0.50 Bal. 18.58 8.30 0.31
(Heat A033)

Type 304L 0.02 155 0.024 0.025 0.63 Bal. 18.31 926 0.46 0.36
(Heat D343)

Type 316 0.05 1.47 0.026 0.026 033 Bal. 1628 11.17 022 2.84

(Heat D744)

Type 316L 0.02 1.71 0.033 0.027 051 Bal. 17.25 1290 ... 205

(Heat 321)

Type 321 0.05 1.68 0.026 0.030 0.65 Bal. 17.29 1034 0.25 0.30 0.59
(Heat 886)

Alloy 600 0.07 0.35 0.003 0.10 9.62 14.80 Bal. 0.40

(Heat 752)

Alloy 800 0.07 0.88 0.008 0.21 4461 21.92 31.15 050 ... 036 0.29
(Heat 727)

Acrylic/polyvinyl chloride test cells were used to immerse the specimen gage sections in
the test fluids. Control tests were conducted in air or mineral oil. Pure (triple distilled)
mercury was used for the LME tests. All tests were performed at room temperature (21°C)
by uniaxially loading the specimens at a constant strain rate of 5.0 X 107°s~'. Load versus
time (strain) was monitored continuously by x-y recorder during the tests. After testing,
specimens were measured and examined by stereo (optical) and scanning electron micros-

copy.

Results

Slow strain rate test results comparing as-received and heat-treated (sensitized) specimens
are given in Table 3. Both as-received and sensitized Type 304 stainless steel specimens
were tested in air for comparison. Resulting load/time (strain) curves were similar for both
tests. Since heat-treating did not significantly change the time to failure or reduction in area
for the Type 304 stainless steel tests, air tests for other heat-treated materials were deferred.

Time to failure and reduction in area values indicated that alloy 600, and, to a lesser
extent, Types 304 and 304L stainless-steel were embrittled significantly by mercury, both in
the as-received and sensitized conditions. The load/time (displacement) curves were indis-

TABLE 2—Room temperature mechanical properties of materials tested.

Tensile
Yield Strength Strength
Alloy Condition MPa ksi MPa ksi Reduction in Area, %

Type 304 As-received 465 67.5 788 114.3 80.9
Heat-Treated™ 439 63.7 791 114.7 79.1
Type 304L As-received 501 72.7 773 112.1 83.5
Type 316 As-received 364 52.8 649 94.1 79.7
Type 316L As-received 590 85.5 703 102.0 7.5
Type 321 As-received 527 76.4 689 99.9 78.0
Altoy 600 As-received 282 40.9 643 93.3 71.6
Alloy 800 As-received 401 58.2 606 87.9 77.2

* Heated to 650°C (1200°F), held for four hours, water-quenched.
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FIG. 1—Slow strain rate test specimen geometry.

tinguishable from the air (control) specimens up to the point of rupture, which always
occurred after yielding. Mercury LME was less pronounced for the other materials tested.

Type 304 Stainless Steel

Reduction in area losses were greater than 50% for both the as-received (annealed and
cold-finished) and sensitized Type 304 specimens. Although sensitized Type 304 did not
exhibit a significantly lower reduction in area value compared to as-received material tested
in mercury, time to failure was lower for the sensitized material. Macroscopic features,
illustrated by low magnification scanning electron microscopy (Fig. 2), included a faceted,
branched region of brittle fracture across approximately one half the specimen cross-section

TABLE 3—Slow strain rate test results.*

Secondary
Time to Reduction (Surface)
Alloy Condition" Environment Failure, h in Area, % Cracking
Type 304 As-received Air 36.2 80.9 N
Hg 25.5 35.0 LC
Heat-Treated Air 38.2 79.1 N
Hg 16.6 33.6 RC (Traces)
Type 304 L As-received Air 32.7 83.5 N
Hg 284 49.4 RC (Traces)
Heat-Treated Hg 31.3 54.2 RC
Type 316 As-received Air 37.4 79.7 N
Hg 37.7 78.5 N
Heat-Treated Hg 36.1 71.8 N
Type 316 L As-received Air 23.2 77.5 N
Hg 232 77.2 N
Heat-Treated Hg 23.5 75.9 N
Type 321 As-received Air 25.5 78.0 N
Hg 243 75.4 RC (Traces)
Heat-Treated Hg 21.6 69.6 RC
Alloy 600 As-received Alr 29.1 71.6 N
Hg 24.0 58.2 LC/RC
Heat-Treated Hg 11.5 25.3 LC/RC
Alloy 800 As-received Air 239 77.2 N
Hg 26.4 70.9 N
Heat-Treated Hg 25.7 73.1 N

N = No Cracking, LC = Linear Cracking, RC = Random Cracking.

* Room temperature tests at 5 X 107°s™ ',

" As-received specimens heat-treated by heating to 650°C (1200°F), holding for four hours, and water-
quenching.
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(e} (d)

FIG. 2—Type 304 stainless steel SSRT specimen fracture surfaces and gage lengths after testing in
mercury. (a)(b) Annealed and cold finished condition, (¢).(d) Sensitized condition.

for the as-received material and a similar brittie region extending over most of the surface
for the sensitized material. The gage length surface of the as-received material exhibited
numerous linear cracks along slip planes perpendicular to or slightly inclined with respect
to the axis of the specimen, whereas the sensitized material exhibited a few short, random
cracks.

Higher magnification fractography for the as-received material (Fig. 3) tested in mercury
revealed that the embrittled region consisted of mixed mode (transgranular and intergran-

FIG. 3—Fractographic features of annealed and cold-finished Type 304 swainless steel fractured in
mercury, (a) Embrittled region, (b) Ductile region.
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(b}
F1G. d—Fractographic features of sensitized Type 304 stainless steel. (a) Fractured in mercury, (b)
Fractured in air.

ular) cracking with delineation of slip planes (slip plane enhancement). The final fracture
region exhibited ductile dimples (microvoid coalescence) identical to specimens tested in
air. Fractographic features for the sensitized material tested in mercury. Fig. 4a, were
significantly more intergranular in the embrittled region. In comparison to as-received ma-
terial which exhibited purely microvoid coalescence in ductile rupture regions. the fracture
surface of the sensitized material tested in air, Fig. 4b, exhibited some grain boundary
fissures in addition to microvoid coalescence.

Type 304L Stainless Steel

Both the as-received (annealed and cold-finished) and heat-treated Type 304L specimen
tests exhibited similar results, indicating that sensitization heat treatment did not significantly
affect embrittlement. Embrittlement, as measured by time to failure and reduction in area,
was more moderate than Type 304 stainless steel, particularly for the heat-treated material.
However. embrittled regions of both as-received and heat-treated specimens extended over
approximately one half the cross-section (similar to as-received Type 304) and mixed mode
fracture morphologies (Fig. 5) were also comparable to as-received Type 304. Random
secondary (surface) cracks were observed on both the as-received and heat-treated specimens
tested in mercury.

" s Yo

FIG. 5—Fractographic features of Type 304L stainless steel tested in mercury.



198 SLOW STRAIN RATE TESTING

Type 316 Stainless Steel

Fracture of the as-received (annealed and cold-finished) specimen tested in mercury did
not exhibit time to failure, reduction in area, or macroscopic differences compared to fracture
in air. The heat-treated (sensitized) specimen exhibited slight ductility loss. Fractographic
examination revealed microvoid coalescence and small, localized regions near the gage length
surface where mixed mode fracture was evident (Fig. 6). Secondary (surface) cracks were
not observed on any of the test specimens.

Type 316L Stainless Steel

As-received (annealed and cold-finished) and heat-treated specimens tested in mercury
did not exhibit time to failure, reduction in area, or fractographic differences compared to
fracture in air. Secondary (surface) cracks were not observed on any of the test specimens.

Type 321 Stainless Steel

Differences in time to failure and reduction in area results for the air and mercury tests
for as-received (annealed and cold-finished) material were minor; slightly greater decreases
in both measures were observed for the heat-treated material. Both as-received and heat-
treated materials exhibited regions with mixed mode fracture and traces of secondary (sur-
face) cracking.

Alloy 600

Results for alloy 600 were analogous to Type 304 stainless steel: significant mercury liquid
metal embrittlement for the as-received (mill-annealed) material and greater embrittlement
for the sensitized condition. The as-received material tested in mercury resulted in small
arcas of embrittlement near the gage surface (compared to approximately one half of the
total cross-sectional area for Type 304), while the sensitized material exhibited embrittlement
across the entire fracture surface (Fig. 7). Fracture morphology for the as-received material
was predominantly transgranular, and the sensitized material was distinctly intergranular
(Fig. 8). Linear and random secondary (surface) cracks were observed on both the as-
received and heat-treated specimens tested in mercury.

FIG. 6—Traces of mixed mode fracture in heat-treated Type 316 stainless steel.
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(a)

FIG. 7T—Alloy 600 tested in mercury. (a) Mill-annealed condition, (b) Sensitized condition.

Alloy 800

As-received (mill-annealed) and heat-treated specimens tested in mercury exhibited only
slightly decreased reduction in areas compared to the air test. Fractographic examination
(Fig. 9), revealed predominantly microvoid coalescence with random areas of intergranular
and transgranular fracture. Secondary (surface) cracks were not observed on any of the test
specimens.

Discussion

Experimental results demonstrated that mercury liquid metal embrittlement of austenitic
materials was influenced significantly by heat-treated condition. Materials which were most
prone to sensitization, such as Type 304 stainless steel and alloy 600, also were more readily
embrittled by mercury. In the fully sensitized conditions these materials exhibited pro-
nounced intergranular fractures with decreased times to failure and, in the case of alloy 600,
lower reduction in area value. Materials which were less prone to sensitization due to low
carbon (L-grades) or stabilization (titanium in Type 321 stainless steel and alloy 800) ex-
hibited significantly less mercury LME.

(a)

F1G. 8—Fractographic features of alloy 600 tested in mercury. (a) Mill-annealed condition, (b) Sen-
sitized condition.



200 SLOW STRAIN RATE TESTING

FIG. 9—Fractographic features of heat-treated alloy 800.

The fractographic study revealed similarities between mercury LME and chloride stress
corrosion cracking of austenitic stainless steel. Transgranular cracking typically occurs in
nonsensitized materials in aqueous chloride environments, but intergranular cracking can
occur in sensitized materials exposed at high temperatures. This study revealed a propensity
for intergranular cracking in the sensitized materials. Slip plane enhancement in the trans-
granularly fractured LME regions also was similar to the fracture morphology often observed
with transgranular chloride stress corrosion cracking.

Based on time to failure, reduction in area. secondary (surface) cracking, and fractographic
examination, a ranking of mercury LME susceptibility, irrespective of heat-treated condition,
was as follows:

Type 316L (Least susceptible)
Type 316

Alloy 800

Type 321

Type 304L

Type 304

Alloy 600 (Most susceptible).

Since most engineering applications involve welds, the low-carbon grades are particularly
attractive for minimizing LME susceptibility in heat-affected zones.

It is interesting to note that Types 304 and 304L stainless steels exhibited inherent mercury
LME susceptibility in the annealed and cold-finished condition, whereas Types 316 and 316L
in a similar condition relatively were unaffected by mercury. The reasons for the poorer
performance of Types 304 and 304L can possibly be explained in part by the higher molyb-
denum content of the Types 316 and 316L grades. It is possible that molybdenum plays a
role in mercury LME fracture resistance. However, determination of specific effects of
molybdenum additions was beyond the scope of this study.

Strain rate sensitivity also may play a minor role in the LME susceptibility. Only one
strain rate, 5.0 X 107¢s~!, was used for all the tests. Previous investigations for Type 304
[3] and Nickel 200 8] indicated constant embrittlement for strain rates slower than 5.0 X
10-*s ' and 1.0 x 107" s™', respectively.

Degree of sensitization for each of the materials also could affect results to a limited
degree. All as-received materials except Type 316L exhibited some evidence of intergranular
fracture. Even fully annealed (solution-treated) and quenched material can contain some
grain boundary carbides which could promote intergranular cracking. Except for the sen-
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sitized materials, however, mercury LME fractures were predominantly transgranular in all
cases.

The distinct effects of heat treating on the mercury LME fracture present a means for
supplementing other sensitization assessment techniques such as electrochemical potentio-
kinetic reactivation (EPR). A parametric study using various alloys, heat treatments, and
sensitization gaging techniques could provide some interesting results.

Conclusions

(1) Mercury liquid metal embrittlement susceptibility of austenitic materials was influenced
significantly by heat-treated condition. Sensitized materials were more susceptible to inter-
granular cracking in liquid mercury.

(2) Low-carbon or stabilized materials which are less prone to sensitization were more
resistant to mercury liquid metal embrittlement and are preferable for applications where
mercury may exist.

(3) Slow strain rate testing of austenitic materials in liquid mercury can be used to sup-
plement other test methods. such as EPR, for determining degree of sensitization.
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ABSTRACT: The hydrogen assisted crack initiation susceptibility of 5-Ni-Cr-Mo-V (MIL-S-
24371A}) quenched and tempered steel plate. weldment, and Gleeble thermal cycled materials
representative of tempered and untempered weld metal was investigated in 3.5% NaCl solution.
The conjoint role of steady state diffusible hydrogen content and maximum principal stress
was quantitatively characterized by: (1) Devanathan-Stachurski hydrogen permeation tests,
and (2) slow strain rate tests conducted under various cathodic protection levels.

For the four material conditions studied, the threshold maximum principal stress decreased
with increasing hydrogen concentration. The base plate was less susceptible to hydrogen
assisted crack initiation than the weld metal and thermal cycled weld metals. The tempered
and untempered thermal cycled weld materials defined the upper and lower bounds of the as-
welded material cracking susceptibility respectively.

KEYWORDS: slow strain rate testing, high-strength steel, 3.5% NaCl solution, hydrogen
embrittlement, welds

Demand to improve the performance of U.S. Navy vessels has led to the development
of high-strength, tough, weldable structural steels such as the 5Ni-Cr-Mo-V (MIL-S-24371A)
alloy system. Associated with the benefit provided by increased strength, however, is an
increased susceptibility to stress corrosion cracking (SCC). Stress corrosion cracking may
be defined as subcritical cracking which results from the combined action of tensile stress
and a specific environment. In the case of high-strength steels in a marine environment
under cathodic protection, hydrogen embrittlement is a persistent concern.

During alloy development. tests conducted using smooth, bolt-loaded specimens showed
complete resistance to SCC [/,2]. Subsequent testing using precracked specimens revealed
susceptibility to SCC in marine environments [3,4]. These tests typically used fatigue-pre-
cracked specimens of rectangular cross-section under either constant load or displacement.
Recent advancements in test techniques include the use of “ripple” loading (small cyclic
load superimposed on a constant static load) [5], and the slow strain rate technique [6].
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These techniques have been used to establish SCC susceptibility limits under conditions
more representative of service loading conditions.

The objective of this research was to quantitatively characterize the conjoint role of steady
state hydrogen content and maximum principal stress on the hydrogen cracking initiation
susceptibility of SNi-Cr-Mo-V steel base plate and weldments. The maximum principal stress
parameter was selected in order to allow laboratory test data to be applied to service
structures. Because previous investigations [7] have determined that weldments in this system
are more susceptible to embrittlement than base plate, the present work concentrated on
the welds.

Experimental Procedure

The experimental aspect of this work was divided into two components: (1) measurement
of diffusible hydrogen content in the material and (2) slow strain rate tests. Slow strain rate
tests were performed on base plate, as-welded material, and thermal cycled weld materials.
Thermal cycled materials were used to simulate untempered and tempered regions within
a given weld deposit.

Materials and Specimen Preparation

The 5Ni-Cr-Mo steel test specimens were machined from a 38-mm (1.5-in.) thick welded
plate fabricated using the gas metal arc process (GMAW) with a double-vee butt weld joint
design. Welding parameters, as well as compositions of the Airco AX-140 filler wire, weld-
ments and base plate are provided in Table 1. Hydrogen contents of less than 1 ppm were
measured for the base plate, weldments, and heat affected zone by fusion analysis.

Thermal cycles were produced using a Duffer’s Gleeble machine [8]. The apparatus heats
and cools the specimen to a programmed cycle using electrical resistance heating. Temper-
atures are controlled by a thermocouple percussion welded at the midlength of the specimen.
Heat is extracted through the water cooled copper jaws with quenching available through
the use of a liquid nitrogen quench system. Two thermal cycled conditions were produced.
The initial Gleeble-produced condition (Gleeble 1), simulates high hardness regions of the
weld bead that do not receive tempering from subsequent passes. The rapidly cooled thermal
cycle treatment was accomplished by heating the welded specimen to a 1316°C (2400°F)
peak temperature with immediate cooling simulating the cooling rate of a weld in a 25-mm
(1-in.) thick plate with heat input of 45 kJ/in. The second Gleeble-produced condition
(Gleeble 2) simulates the lower hardness “‘eyebrow™ regions of a weld deposit which have
received tempering from subsequent weld passes. This condition was produced using an
initial thermal cycle identical to that used for Gleeble 1 followed by an additional thermal
cycle with a 677°C (1250°F) peak temperature and immediate cooling.

Hydrogen Permeation Experiments

The Devanathan-Stachurski technique [9] was used to study hydrogen permeation in the
5Ni-Cr-Mo-V steel. The details of this aspect of the work have been previously reported
[10-13]. Hydrogen is introduced into one side of a steel wafer by cathodically charging at
a constant current density in 3.5% NaCl solution (Fig. 1). The cathodic charging current
densities ranged from 25 to 1200 pA/cm® (161 to 7742 pA/in.?) depending on experiment.
The cathodic current densities near the low end of this range are representative of current
densities observed per unit area of cathodically protected uncoated steel in seawater [14].
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FIG. 1—Schematic of hvdrogen permeation apparatus.

Sputter deposited palladium coated the exit (left) side of the steel wafer in all cases. The
exit chamber was filled with 0.1 molar sodium hydroxide and polarized to a potential that
would ionize any hydrogen permeating through the steel wafer. The anodic reaction for this
oxidation of hydrogenis H— H* + e . Thus. the anodic current of the exit side is a direct
measurement of hydrogen permeation through the specimen. Permeation currents were
monitored until a steady state current was reached and remained stable for at least one day.

Slow Strain Rate Tests

Slow strain rate tests were conducted on notched cylindrical specimens shown schemat-
ically in Fig. 2. The notched specimen geometry was used to promote localized areas of
high stress and strain. All slow strain rate specimens were oriented with the tensile axis
perpendicular to the rolling direction of the plate (long transverse orientation). The spec-
imens were masked prior to test by painting on an electronic stop-off lacquer on all areas
except the notched region.

Tests were performed using a constant displacement rate of 2 X 107> mm/s (9 X 107
in./s). Specimens were tested in air, in the freely corroding (open circuit) condition, and
cathodically polarized under potentiostatic control. A saturated calomel reference electrode
and high-density graphite counter electrodes were used in the slow strain rate cell. which
was deoxygenated with nitrogen during test.



206 SLOW STRAIN RATE TESTING

| _1 /\ /\Godeg

ROOT RADIUS
0.015mm 3.18mm

| [l

38.1 mm

121 mm

FIG. 2—Slow strain rate test specimen.

In order to determine a maximum principal stress for this material, an elastic-plastic stress
analysis was obtained for the circumferentially notched 5Ni-Cr-Mo-V steel slow strain rate
specimen under uniaxial tensile loading conditions using finite element computational anal-
ysis [/0]. While the analysis performed is only applicable for crack initiation, the similarity
between the maximum loads and failure loads observed in the testing indicates that crack
propagation is rapid and, therefore, failure is controlled by initiation.

Results and Discussion
Material Characterization

Tensile properties for smooth and notched base plate and welded 5Ni-Cr-Mo-V steel
specimens are presented in Table 2. Material strength was quite similar for base plate and
weldments in both longitudinal and transverse orientations with yield strengths greater than
1000 MPa (145 kst) and ultimate tensile strengths of 1048 to 1070 MPa (152 to 155 ksi). The
base plate exhibited greater elongation than the weldments.

Figure 3 provides Diamond Pyramid Hardness (DPH) measurements of a weld cross-
section. The measurements ranged from 305 to 415, using a 1-kg load. Inhomogeneity in
the weld deposit is demonstrated by hardness measurements near 400 in the central, un-
tempered region of the weld bead and in the last pass weld bead to measurements in the
low 300s in the “eyebrow” regions. For comparison, the hardness values in the base plate
averaged about 320. Hardness measurements averaged 397 DPH for the Gleeble 1 material
and 323 for the Gleeble 2 material.

Hydrogen Permeation

Steady state permeation currents were measured for various cathodic charging current
densities ranging from 25 to 1200 pA/cm? (161 to 7742 pA/in.%). Figure 4 shows permeation
transient flux measurements recorded as a function of reciprocal time for transients per-
formed on the base plate material. Using procedures and conditions to satisfy the solution
of McBreen [/5], a hydrogen diffusivity of 4.2 X 107 c¢m?/s (6.5 X 10-%in.?/s) was calculated
from the slope of this plot. This value agrees with the literature [/5-77]. Having determined
the diffusivity (D), steady state diffusible hydrogen concentrations were calculated and are
shown in Fig. 5, which illustrates the steady state hydrogen concentration versus cathodic
overpotential for the base plate.
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DPH AVERAGE HARDNESS
LAST PASS BEAD: 377
BASE PLATE: 323

0.20 in.

FIG. 3—Macrograph of 5Ni-Cr-Mo-V steel weldment etched to show location of DPH hardness
measurements within weld deposit.

Slow Strain Rate Tests

Table 3 summarized the results of slow strain rate testing. While the base plate, as-welded.,
and Gleeble 2 (tempered weld) materials exhibited similar breaking strengths in air, the
Gleeble | (untempered weld) material was significantly stronger. Figure 6 compares the
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FIG. 4—Hyvdrogen permeation transient flux versus reciprocal time for SNi-Cr-Mo-V steel base plate.
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FIG. 5—Steady state diffusible hydrogen versus cathodic overpotential for SNi-Cr-Mo-V steel base
plate.

average slow strain rate test results as a function of cathodic potential for the four material
conditions. All breaking load data were normalized by the average breaking load in air for
each material condition. to account for differences in strength.

A deterioration of load carrying capability with increasing cathodic potential is evident
for all material conditions. As expected, the base plate exhibited greater resistance to
hydrogen cracking than the weld metal, in agreement with previous investigations [3,7].
Although not shown by this figure, the as-welded material exhibited considerably more
variability than either of the thermal cycled conditions.

For all material conditions. virtually no loss of load carrying capability was observed
between the open circuit potential and —0.85 V versus SCE potential. Unlike the base
plate. as-welded, and Gleeble 2 materials, the Gleeble 1 material showed some decrease in
load at a —0.850 V potential when compared to air. In seawater. the reversible potential
for hydrogen evolution is in the range —0.700 V to —0.750 V versus SCE [/6]. Thus, at a
—0.850 V versus SCE protection potential. a relatively small overvoltage for hydrogen
evolution exists.

When tested at a — 1.0 V versus SCE potential, the base plate and Gleeble 2 materials
retained approximately 85% of the load carrying capacity in air. However, a significant
decrease in breaking load ensued for the as-welded and Gleeble 1 materials at the —1.0 V
cathodic protection level. Breaking loads between 49% and 82% compared to air for the
as-welded and between 56% and 77% compared to air for the rapid cooled thermal cycled
weldment were measured. When breaking loads were averaged at the —0.85 V and —1.0
V potentials, the drops in load between these environments were 33% and 22% for the as-
welded and Gleeble 1 materials, respectively. Based on three specimens, the base plate
exhibited a 10% reduction in breaking load between —0.900 V and —1.0 V. At the —1.50
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FIG. 6—Normalized breaking load versus cathodic potential for all material conditions.

V versus SCE cathodic protection level, a significant lowering in load carrying capacity
occurred in all four material conditions with the as-welded and thermal cycled materials
exhibiting the greatest reductions. At potentials in the range of —1.00 V to —1.50 V. the
lower bound of weld metal breaking loads was approximately the same as the Gleeble 1
material.

Fractography and Metallography

Scanning electron microscopy was performed on fracture surfaces of the welded material
cathodically charged to different hydrogen contents during the slow strain rate tests. Low
and high magnification views of the as-welded steel, tested in air and in the freely corroding
condition, are shown in Figs. 7 and 8. In these environments, a completely ductile microvoid
coalescence (MVC) fracture was observed. Figures 9 and 10 show typical fractures surfaces
of the as-welded and Gleeble 1 material at the —0.850 V versus SCE potential. While some
reduced ductility was noted at this potential, the fracture surfaces were dominated by MVC.

Fractographs of the materials at the —1.00 V, —1.25 V, and —1.50V potentials showed
increasing amounts of intergranular fracture and secondary cracking with more electroneg-
ative potentials (Figs. 11 through 13). Intergranular fracture due to hydrogen embrittlement
has been previously shown for 5Ni-Cr-Mo-V steel [/8]. Ductile fracture was observed near
the centers of the specimens, where the remaining ligaments failed by ductile overload once
hydrogen cracking initiation reduced the cross-section of the specimens.
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FI1G. 7(a)—Macrograph of as-welded SNi-Cr-Mo-V steel fracture from air test. (b) Completely ductile

fracture surface of as-welded SNi-Cr-Mo-V steel from air test (from Area a in Fig. 7a).
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FIG. 8(a)—Micrograph of as-welded SNi-Cr-Mo-V steel fracture from open circuit potential test. (b)
Ductile fracture surface of as-welded SNi-Cr-Mo-V steel from open circuit potential test (from Area a in
Fig. 8a).
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FIG. 9(a)—Macrograph of as-welded SNi-Cr-Mo-V steel fracture from —0.850 V SCE test. (b) Rep-
resentative fracture surface of as-welded SNi-Cr-Mo-V steel from —0.850 V SCE test (from Area a in
Fig. 9a).
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FIG. 10(a)—Macrograph of Gleeble 1 specimen fracture from —0.850 V SCE test. (b) Representative
ductile fracture surface of Gleeble I specimen from —0.850 V SCE test (from Areca a in Fig. 10a).



216 SLOW STRAIN RATE TESTING

FIG. 11(a)~—Macrograph of as-welded 5Ni-Cr-Mo-V steel fracture from —1.000 V SCE test. (b)
Fracture surface of as-welded 5Ni-Cr-Mo-V steel from —1.000 V SCE test (from Area b in Fig. 11a).
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FIG. 12(a)—Macrograph of as-welded SNi-Cr-Mo-V sieel fracture from —1.250 V SCE test. (b)
Fracture surface of as-welded SNi-Cr-Mo-V steel from —1.250 V SCE test (from Area a in Fig. 12a).
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FIG. 13(a)—Macrograph of as-welded SNi-Cr-Mo-V steel fracture from —1.500 V SCE test. (b)
Fracture surface of as-welded SNi-Cr-Mo-V steel from —1.500 V SCE test (from Area d in Fig. 13a).
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Maximum Principal Stress versus Steady State Diffusible Hydrogen Concentration

Figure 14, which was developed from the elastic-plastic analysis of the specimen geometry,
plots the maximum principal stress versus load for the base plate specimens used in this
investigation [/0]. Using this relationship, along with the hydrogen content versus cathodic
overpotential relationship depicted in Fig. 5, it becomes possible to plot maximum principal
stress versus steady state diffusible hydrogen concentration for the material conditions tested.
Since hydrogen diffusivity measurements for the weld metal were unsuccessful due to mi-
croporosity. the hydrogen diffusivity value calculated for the base plate is used to estimate
diffusible hydrogen concentrations for all material conditions.

Figure 15 shows the relationship between maximum principal stress and steady state
diffusible hydrogen concentration for the four material conditions. These lines represent
the threshold maximum stress for fracture at a given hydrogen content. Plotted in this fashion,
increasing sensitivity to diffusible hydrogen is represented by a more negative slope. The
threshold maximum principal stress for hydrogen cracking initiation decreased as the steady
state diffusible hydrogen concentration of the materials was increased. In agreement with
earlier work [3,7], the base plate exhibited greater resistance to hydrogen cracking as a
function of increasing diffusible hydrogen content than the weld metal conditions. The
numerous thermal processing steps used in fabrication of S5Ni-Cr-Mo-V steel plate produce
a highly refined, relatively homogenous, tempered martensite grain structure. This type of
microstructure provides maximum resistance to hydrogen embrittiement for this material
[79].

Figure 16 shows the same data normalized against the maximum principal stress measured
in air for each material condition. This figure clearly indicates that the resistance to hydrogen
cracking initiation is greatest for plate material and least for the Gleeble 1 (untempered)
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FIG. 14.—Maximum principle stress versus specimen load for cylindrical notched SNi-Cr-Mo-V steel
slow strain rate specimen.
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weld material. All weld metal conditions exhibited greater susceptibility to hydrogen cracking
than the base metal. Both the Gleeble 1 and the as-welded material exhibited significant
reductions in maximum stress with increasing hydrogen content.

Also shown in Fig. 16 is the large degree of variability exhibited by the as-welded material
compared with all other material conditions. This was not unexpected since the specimens
were taken randomly from the weld deposit and therefore are representative of the complex
microstructure previously described. This variability is better understood when it is observed
that the untempered Gleeble | material data describe the lower bound of the as-welded
material data and the tempered Gleeble 2 material data describe the upper bound of the
as-welded material data.

These results lead to several observations. First, thermal cycling with the Gleeble machine
is a viable way to produce a more homogenous specimen representative of certain regions
within the weld. More important, the coarse untempered martensitic microstructure present
in various regions of a weld deposit seem to be the most susceptible to hydrogen cracking,
and the softer, tempered “eyebrow™ regions seem to be the most resistant to hydrogen
cracking. Finally, the variability in the weld metal data (Table 3) likely results from the
inhomogeneity of its microstructure (i.e., it contains a range of microstructures between
tempered and untempered martensite as seen in Fig. 3).

Conclusions

The objective of this research was to quantitatively characterize the conjoint role of steady
state hydrogen content and maximum principal stress on the hydrogen cracking initiation
susceptibility of SNi-Cr-Mo-V steel base plate, weldments, and thermal cycled weldments.

® A correlation of maximum principal stress to steady state diffusible hydrogen content
has been developed for SNi-Cr-Mo-V steel base plate, weldments, and tempered and
untempered weldment regions in 3.5% NaCl solution. For all material conditions, the
threshold maximum principal stress for hydrogen cracking initiation decreased as the
hydrogen concentration increased.

® The 5Ni-Cr-Mo-V steel base material was shown to be less susceptible to hydrogen
embrittlement than any of the welded conditions.

® The variability in as-welded material results is likely attributable to differences in sus-
ceptibility to hydrogen assisted cracking between local regions within a given weld
deposit. Untempered weld metal was shown to have the greatest susceptibility and
tempered weld metal was shown to have the least susceptibility.

® A significant decrease in load carrying capability of the welded matenals occurred
betweena —0.85 Vand —1.00 V SCE cathodic protection level. A transition in fracture
mode from a ductile, microvoid coalescent fracture to an intergranular fracture was
observed between these potentials.
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ABSTRACT: Slow strain rate testing (SSRT) has been evaluated by the oil and gas industry
for investigating anodic chloride/sulfide stress corrosion cracking (SCC). 1t is used not only
as a method of screening nickel-base corrosion resistant alloys (CRA) for downholc use, but
also as a quality control test. In this respect a number of end-users are including SSRT as part
of the material specification requirements for downhole tubulars. Controversy exists over the
suitability and reproducibility of SSRT results in testing nickel-base CRAs. The purpose of
this paper is to highlight some of the problems associated with the recent SSRT quality
assurance testing of nickel-base CRAs. The effects of surface finish, strain rate, and electrode
potential are some of the parameters that should be considered in interpretation of SSRT
data. In addition, evaluation criteria and comparison to other test methods will be discussed.

KEYWORDS: slow strain rate testing (SSRT). quality assurance. oil and gas, stress corrosion
cracking (SCC). nickel-base, corrosion resistant alloys (CRAs), surface finish, strain rate,
electrode potential, test methods

Prior to the early 1980s most oil and gas wells were normally completed with low-alloy
steel with the use of chemical inhibition to control corrosion. Decreasing reserves and the
energy crisis accelerated ventures involving deep hot wells, carbon dioxide (CO,) floods,
deep-water offshore platforms, and Arctic explorations [I]. The extremely corrosive and
deep sour gas wells highlighted issues related to material reliability and safety of operations.
Conventional steel tubing and other components rapidly deteriorated by uniform corrosion,
localized pitting or crevice corrosion. stress corrosion cracking (SCC), and hydrogen em-
brittlement (HE) in these hostile environments. Furthermore, the effective use of inhibitors
and coatings faced many technical limitations [2].

The inability to inhibit corrosion of conventional steel tubing in deep sour gas production
led to the evaluation of nickel-base corrosion resistant alloys (CRAs) [3]. In addition, to
the presence of the highly corrosive hydrogen sulfide (H,S)/brines and bottom hole tem-
peratures approaching 260°C, the CRA tubulars have to possess the strength capable of
handling bottom-hole pressures up to 23 000 psi (159 GPa) at depths more than 15 000 feet
(4572 m) [4]. To meet these extreme stress levels, higher yield strengths are achieved by

! Group leader, Haynes International, Kokomo, IN 46902.
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cold-working (750 to 1240 MPa), by precipitation strengthening (960 to 1380 MPa), and
cold-working plus aging heat treatments (1240 to 1930 MPa). The selection process of the
appropriate material for liners, production tubulars, and accessories is usually dependent
on the well environment. Well depth, bottom-hole temperature and pressure, and the pres-
ence of hydrogen sulfide/free sulfur (along with other corrosive species: brine, packer fluids,
acidizing agents) greatly complicate the material selection process.

Initially, the nickel-base CRAs were thought to be immune to HE based on various
laboratory tests. However, further testing showed some high-strength nickel-base CRA
tubulars to be susceptible to HE. Specifically, the more corrosion resistant alloys (high
molybdenum and low iron, e.g., alloy C-276) in the highly cold-worked and aged conditions
were observed to be susceptible to HE. The least corrosion resistant of the nickel-base
alloys (containing low to moderate amounts of molybdenum and more iron: e.g., alloys 718
and G-3) are less susceptible to HE. However, these alloys were found to be susceptible to
elevated temperature anodic chloride-sulfide SCC. In addition, when evaluating the CRAs
for resistance to localized attack in chloride environments, [3,5], alloys G-3 and 718 suffered
pitting corrosion.

In view of this, both end-users and manufacturers have conducted extensive programs
evaluating the CRASs to determine the suitability for service in sour gas production [6]. The
test methods used to qualify and to select high-strength nickel-base CRAs may involve one
or more of the test methods listed in NACE standard TM0177-90 [7]. The test methods
include standard tensile test, bent-beam test, C-ring test, and double cantilever beam test.
Newer test methods such as slow strain rate testing (SSRT) and critical pitting temperature
testing are also employed either to obtain additional information for alloy selection or for
qualification of production tubulars [8].

The slow strain rate test is being used not only as a method of screening nickel-base CRAs
for downhole use, but also as a quality control test. The use as a quality control test has
been primarily due to the rapid nature of the test. A number of end-users are including
SSRT as part of the material specification requirements for downhole tubulars.

The purpose of this paper is to highlight some of the problems associated with recent
quality assurance testing of nickel-base CRAs using the slow strain rate technique.

SSRT Material Specification Requirements

A typical end-user’s specification for nickel-base CRA tubulars usually requires the final
tubulars to meet certain criteria, such as chemical composition limits, microstructural clean-
liness, grain size range, mechanical testing that may involve hardness, tensile and ring
flattening properties, and the passing of nondestructive examination and dimensional re-
quirements. In addition, some end-users can require other corrosion or mechanical tests
and SSRT before acceptance of the finished tubulars.

The frequency of SSRT is usually different for each end-user. For example, one end-user
may require one test per heat while another may require one or more tests per heat treatment
lot. Generally one or more specimens are tested in a benign environment, and two or three
specimens are tested in the simulated sour environment, which is specified by the end-user.
This environment may or may not relate to the actual well environment. An SSRT test
specimen passes the acceptance criteria if the reduction in area ratio (Renvir/Rair), elon-
gation ratio (Eenvir/Eair) and time to failure ratio (T,envir/T;air) all exceed a value de-
termined by the end-user (usually 0.8 or 0.9). In addition, there should be no evidence of
secondary cracking. In some specifications, scanning electron fractographic examination is
required on the failed SSRT specimens. A retest protocol usually also exists. The retest
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TABLE 1—Nominal composition of alloys (weight percent).

Common UNS

Name Desig. Ni  Co Fe Cr Mo W Mn Si C Others
C-276 (N10276) 57 2.5¢ 5 16 16 4 I 0.08  0.01* V = 0.35
G-50@ (N06950) 50 2.5 16 20 9 1: 1* 1# 0.022  Cu = 0.5
G-3 (N06985) 44 5 195 22 7 1.5¢ 10 g 0.15* Cu=25
2550 (NO6975) 50 15 25 6 1 I 0.10 Cu=1

Ti=1

+ Maximum.

® Minimum.

G-50 is a trademark of Haynes International, Inc.

provision may require that if the SSRT results do not meet the specification minimum
requirements, additional tubulars may be selected for retest. The details of the retest protocol
are usually governed by the end-user.

It 1s important to understand all the parameters and variables that may affect the SSRT
test. This is to ensure that the SSRT test is not so severe that it leads to the rejection of a
tubular, lot, or heat that would prove acceptable for a particular service condition downhole.
At the same time, the SSRT should not be so trivial as to permit the usage of a tubular in
circumstances where rapid failure could ensue. The effects of specimen preparatory tech-
niques, discussed in this paper. illustrate how such a variable can have a significant influence
on SCC susceptibility or resistance.

Experimental Procedure
Materials

Table 1 summarizes the nominal chemical composition of alloys evaluated in this inves-
tigation. These alloys are solid solution strengthened austenitic nickel-base alloys that are
cold-worked to achieve the required high yield strengths for downhole use.

Environments

The simulated downhole sour environments used in this investigation are outlined in Table
2. The hydrogen sulfide (H.S) gas was of 99.5% commercial purity grade. The chemicals
used were reagent grade.

TABLE 2—Simulated downhole environments.

Environment A Environment B
Aqueous Phase Aqueous Phase
NaCl-20% NaCl-25%
Distilled Water Distilled Water
Acetic acid-0.5%
Gas Phase Gas Phase
H,S-75 psi (.5 MPa) at RT H.S-100 psi (.7 MPa) at RT

CO,~700 psi (4.8 MPa) at RT
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SSRT

Details of the test technique have been described by a number of authors [9]. Essentially,
the testing procedure outlined in Proposed NACE standard test method T-1F-9 [/0] was
followed. Specimens machined from tubulars had a nominal gage length of 1 in. (2.54 cm)
and a gage diameter of 0.15 in. (0.38 cm). Surface roughness measurements of the specimens
were made using a Surfanalyzer®? 2000 System.

After the specimen has been loaded into the slow strain rate machine and the autoclave
cell, an appropriate amount of sodium chloride (NaCl) solution is drawn into the autoclave.
The vessel is then deaerated using a cyclic vacuum and nitrogen purge procedure. Several
cycles of evacuation (5 min) followed by nitrogen purge (5 min) at 30 psi (207 KPa) are
carried out. H.S is then introduced at the required pressure and the cell purged for 2 h
before final pressurization. Subsequently, the autoclave is heated to the operating temper-
ature. This procedure has been very effective in ensuring complete deaeration and saturation
of the solution with H,S. It is interesting that the deaeration procedure and the purging
procedure can vary from laboratory to laboratory [1!].

Statically Loaded C-Ring

In addition to SSRT, statically loaded C-ring specimens were also tested for comparison
purposes. The C-ring specimens were prepared and loaded according to NACE Standard
TM0177-90, Methoc C [7]. The deaeration procedure and gas charging procedure are similar
to that described for SSRT. Specimens are removed from the autoclave for examination at
intervals of 48, 96, 168, 240, 336, 504, 744, and 1008 h. The specimen is considered to have
failed at the first sign of cracking. After each time interval, fresh solution is introduced and
the deaeration and purging procedure repeated. The bolts for straining are typically made
from the same alloy composition or from alloy C-276.

In creviced C-ring tests, a thin strip of the same alloy composition is gas tungsten arc spot
welded on the outside diameter of the C-ring. This provides a potential site for crevice
corrosion initiation. A typical C-ring sample with a crevice is shown in Fig. 1.

Results and Discussion
Lffect of Surface Finish

Table 3 shows quality assurance slow strain rate data generated at two approved labs on
UNS NO06950 in environment A at 218°C and at a strain rate of 4 X 10-°s !, Tests were
initially conducted at Lab A. Data from Lab A indicated that tubulars from six lots failed
to meet the specification minimums and were thus deemed to be unsatisfactory for downhole
use. The results were surprising because the tubulars exhibited the correct chemical com-
position, microstructure, and strength. In the selection process the alloy had been extensively
evaluated in this test environment. Results such as these can cause significant delays and
therefore have cost implications to both the end-user and the manufacturer. However, using
the retest protocol, tests were conducted at Lab B on specimens taken from the same
tubulars. The results from Lab B showed all the embrittlement ratios to be above the
specification minimums. The differences between the two laboratories were too large to be
explained on the basis of interlaboratory scatter or differences in type of machines used.

* Surfanalyzer, trademark of Federal Products Corp.
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FIG. 1—Artificially creviced C-ring specimen. Note that the alloy strip is spot welded onto the outside
diameter of the C-ring 1o create a crevice.

Detailed evaluation of the testing procedures and test specimens indicated that the main
difference between the results from the two laboratories appeared to be the surface quality
of the SSRT specimens. Lab A used a vendor that machined the specimens using a turning
tool whereas specimens used by Lab B were manufactured by grinding. Following surface
polishing, the average roughness of specimens from Lab A was 41 pin. (1.03 wm) with the

TABLE 3—Quality assurance slow strain rate testing UNS N06950 tubulars.

Time to Failure Elongation Reduction in Area
Ratio* Ratio* Ratio*
Tubular
Number Lab A Lab B Lab A Lab B Lab A Lab B
1 0.83 0.96 0.70 1.13 0.20 1.05
0.96 0.83 0.92 0.95 0.96 1.06
2 0.83 0.83 0.74 1.02 0.45 1.03
1.08 0.83 1.03 1.02 1.00 1.03
3 1.03 0.85 1.02 0.89 0.79 0.93
0.95 0.91 0.95 1.01 0.99 0.98
4 1.01 0.84 1.03 0.86 0.72 0.94
0.78 0.88 0.70 0.91 0.61 0.90
5 0.78 0.84 0.66 0.94 1.23 0.93
1.08 0.85 1.06 1.00 0.39 1.11
6 0.80 1.05 0.72 1.07 0.73 0.94
0.66 1.04 0.54 1.00 0.39 1.11
Specification
Minimum 0.8 0.8 0.8

Environment: 20% NaCl + 75 psi (0.5 MPa) H.S + 700 psi (4.8 MPa) CO, at 218°C.
* Ratio of test in environment to test in air.
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maximum value being 58 win. (1.45 pm) and minimum 25 win. (0.63 um). The average
values from Lab B were 5 pin. (0.125 pm) with maximum value being 10 win. (0.25 wm)
and minimum being 4 win. (0.1 wm).

The scanning electron micrograph in Fig. 2 shows the surface of an SSRT specimen tested
by Lab A in air at 218°C. The yawned mechanical tears in the gage section are clearly
visible. Clearly, if a similar specimen was to be tested in a sour environment the susceptibility
to SCC could be dramatically increased. This would result in low embrittlement ratios, as
illustrated in Fig. 3. In addition, analysis of SSRT data tested in air showed a large variation
in reduction in area ratios. Comparing the reduction in area ratios of the air specimens
results in reduction in area ratios of 0.78, 0.77, and 0.74. These specimens would therefore
fail to meet the specification minimums. Clearly, this is not logical.

To evaluate the influence of specimen surface roughness, SSRT specimens were prepared
using the grinding and turning operations. SSRT tests were conducted in environment B at

FIG. 2—(a) Scanning electron micrograph showing yawned turning marks near the fracture surface
on the gage section of UNS N06950 SSRT specimen tested in air at 218°C by Lab A. (b) Higher
magnification of (a) showing crack initiation and coalescence at a turning mark.
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FIG. 3—Scanning electron micrograph showing tearing in the vicinity of the fracture surface in a UNS
N06950 specimen tested in environment A at 218°C by test Lab A. Ductility ratios: Tenvir/ Tair: 0.66,
Eenvir!/ Eair: 0.54, Renvir/ Rair: 0.39.

204°C at a strain rate of 4 X 107°s"!'. The reduction in area to fracture, in specimens that
were ground, was on average 70%, and for turned specimens was 50%. Figure 4 shows the
typical gage section surface characteristics of ground and turned specimens before and after
testing in the test environment. Specimens prepared by the turning operation had secondary
cracks visible that were associated with turning marks. The ground specimens showed no
evidence of cracking.

Operations such as grinding and turning inevitably affect the subsurface layers of a spec-
imen and this in turn can influence crack initiation. Cracks are likely to initiate at stress
concentrators such as the troughs of turning marks where the net tensile stress is highest.
Abusive machining operations can also create high tensile residual stresses as a result of
inhomogeneous plastic deformation at the subsurface. It is well-known that bulk: residual
stresses can markedly affect SCC initiation. The residual stresses decrease with increasing
distance below the surface [/2]. Although the deleterious effect of stress concentrators and,
therefore, surface finish on crack initiation is well known, little attention has been given to
its significance on SSRT resuits [/3]. Clearly, in the case of cold-worked, high-strength
CRAs, specimen surface characteristics significantly affect the susceptibility or resistance to
cracking. To avoid erroneous results and conclusions, nickel-base SSRT specimens must be
prepared by machining and polishing techniques that do not create stress concentrators and
high tensile residual stresses. Ensuring a surface finish of 10 pin. (0.25 pm) or less and
specimen preparation using low-stress grinding techniques are ways of eliminating errors
due to surface effects.

Effect of Strain Rate

Where film formation conditions exist, the crack tip will remain bare only if the rate of
film formation is exceeded by the rate at which clean metal is formed by straining. Varying
the strain rate may be expected to result in SCC being at a maximum at intermediate strain
rates but not being observed at relatively high or low rates [14-16].

For every alloy and environment combination it is prudent to determine the critical strain
rate range for maximum susceptibility to SCC. Most of the SSRT tests in simulated sour
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FIG. 4—Micrograph of UNS N06950 SSRT specimens. (a, b) Ground specimen surface before and
after testing, respectively. (c. d) Turned specimen surface before and after testing, respectively. Note that
the cracks in micrograph (d) are associated with wurning marks.

gas environments have generally been conducted at a strain rate of 4 X 10°°s™. In the
present investigation the effect of strain rate on SCC susceptibility was evaluated above the
critical cracking temperature for UNS N06985. Figure S shows the reduction in area to
fracture as a function of strain rate on UNS N06985 tested in environment B. Cracking was
confirmed by fractographic examination. The width of the optimum strain rate range in-
creases as the temperature and therefore the severity of the environment increases. Since
SCC is related to film fracture, corrosion reactions rather than stress have a greater influence
on the kinetics of film fracture in aggressive environments. The critical strain rate is a function
of alloy, environment, and temperature.

A wide range of alloys exists within the nickel-base CRA family having varying resistance
to SCC. Clearly, using one strain rate. environment, and temperature can result in erroneous
conclusions when evaluating various CRAs for ranking purposes.
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FIG. 5—Reduction in area to fracture as a function of strain rate on UNS N06985 in environment B
at various lemperatures.

Effect of Electrode Potential

In any particular alloy-environment system SCC occurs within a specific electrode potential
range [17-19]. Essentially, crack formation and propagation depends on a critical balance
between activity and passivity at the crack tip; that is, film rupture must produce sufficient
dissolution to advance the crack, yet the crack sides must remain relatively passive. Only
in a certain range of potential will this balance between electrochemical activity on fresh
surface and relative passivity on crack walls be achieved. This range is the critical potential
range.

Ueda and Kudo [20] have shown that UNS N08825 exhibits greater susceptibility to SCC
in sour brine environment at 50 mv more noble than the open circuit potential. In situations
where there is a loss of electrical isolation in the autoclave during testing, the potential has
been shown to shift into the cracking range. The presence of oxygen, due to leaks or improper
deaeration procedure, can also lead to changes in potential that can accelerate SCC. In the
present investigation a sample of UNS N06950 was tested in environment B. During the
test a leak in the seal introduced oxygen into the cell, resulting in severe cracking in an
alloy and environment system expected to be immune. This is illustrated in Fig. 6.

Similarly, introduction of elemental sulfur to the test solution has been shown to change
the open circuit potential and move the potential within the cracking range [2]]. The ac-
celerating effect of sulfur is dependent on whether it is in solution or undissolved as a
separate solid or liquid phase. When sulphur is in solution, in the form of hydrogen poly-
sulfides, the cathodic reaction is diffusion controlled, similar to the oxygen corrosion mech-
anism [2]-25]. Under these conditions, susceptibility to SCC is only moderate. If, however,
elemental sulfur particles are in direct contact with the sulfide covered metal surface, then
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FIG. 6—Fracture characteristics of UNS N06950 specimen tested in environment B at 230°C in the
presence of oxygen.

susceptibility to SCC is dramatically increased. Sulfur is unlikely to deposit on tubulars
downhole since the high pressures and temperatures’ downhole increase the solubility of
sulfur and thus decrease the susceptibility to SCC. It is interesting that test environments
required by some specifications include elemental sulfur. Choi [26] has reported that the
way sulfur is charged into an SSRT autoclave greatly affects the susceptibility to SCC. The
methods investigated included dry charging, charging by using a sleeve around the specimen,
and charging sulfur in a capsule in the autoclave away from the specimen but allowing any
sulfur reactions to occur.

SSRT Evaluation Criteria for Tubulars

Most specifications for SSRT employ the measurement of specimen ductility to determine
cracking susceptibility. Time to failure, elongation, and reduction in area are the parameters
used. The ductility measurements in a benign environment are compared to those in the
simulated downhole environment. A critical value is assigned to the ductility ratio and test
specimens with a ratio above this value are assessed to be SCC resistant. Test specimens
with ratios below the critical value are judged to be susceptible.

A wide statistical scatter exists in measuring time to failure ratios. Small differences in
specimen diameter can cause time to failure ratios to vary. In some commercially available
SSRT equipment the cross-head speed has been shown to vary from test to test and, as
pointed out by Mclntyre [27], the difference between 3.5 and 4.0 x 107¢ s~ in cross-head
speed can result in a 14% decrease in time to failure. Such a difference may be significant
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in relationship to specification minimums. Further, the initiation process for SCC is somewhat
random and therefore the initiation time can vary significantly. It is also difficult to decide
whether a particular tubular, that has a longer time to failure, has better crack initiation
resistance or slower crack propagation compared to one with a shorter time to failure.

Elongation measurements are also prone to wide scatter. Tkeda [28] has shown a wide
scatter in elongation measurements of alloy UNS N06985 tested in environment B at 177°C.
The scatter is thought to be due to the homogeneous plastic deformation of the gage section.
General corrosion and pitting in the gage section will also affect the elongation ratios.

The only reliable and acceptable methods of confirming SCC is by metallographic or
fractographic examination. Once information is obtained by either of these techniques, then
reduction in area ratios can be used to quantify the susceptibility. Metallographic measure-
ments of crack length and therefore, crack velocity from secondary cracks along the gage
section is also a useful parameter that can be used.

Distinction between different tubulars from the same alloy based upon ductility specifi-
cation minimums is difficult to achieve without good quality control and a knowledge of the
test apparatus used.

Comparison with Other Test Methods

In the present investigation tubular samples from UNS N0O6950 aged at 870°C for 15 min
were tested using the slow strain rate and constant strain (C-ring) techniques. The aging
treatment generated gross precipitation in the grain boundaries and the matrix. This mi-
crostructure would be expected to lead to SCC. The tests were conducted in environment
B at 204°C. Analysis of the SSRT specimen after testing showed the fracture surface to be
ductile in nature, and no secondary cracks were visible in the gage section. In contrast, a
C-ring test statically loaded to 100% of yield showed severe cracking after 96 h. The pre-
cipitated grain boundaries and intergranular SCC in the C-ring specimen is illustrated in
Fig. 7. These preliminary results clearly show the insensitivity of the SSRT test to an aged
microstructure.

Watkins et al. [29] tested alloy 2550 using the constant strain test (C-ring) and SSRT in
25% NaCl pressurized with 2.4 MPa H,S and 1.7 MPa CO, at 232°C. SSRT showed the
material to be susceptible to SCC whereas the six-month C-ring test showed no susceptibility.

FIG. 7—Intergranular SCC in UNS N06950 C-ring specimen aged at 870°C for IS min, tested in
environment B at 204°C.



236 SLOW STRAIN RATE TESTING

The same authors also used SSRT to evaluate alloy UNS N06975 and some other less
corrosion resistant alloys in environment B [30]. The SSRT results showed alloy N06975 to
be more susceptible to SCC than lesser alloyed samples. Previously, alloy N06975 had been
shown to have the best SCC resistance of all the specimens tested using the C-ring test.

Craigetal. [37] evaluated a large number of alloys for the Madden Deep Unit in Wyoming
using SSRT and statically loaded C-rings. The environment used was 5% NaCl 0.5 acetic
acid with 100 ppm sulfur at H.S pressure of 6.2 MPa and CO, pressure of 6.9 MPa. The
results showed alloy 825 (UNS NO08825) not to be susceptible to SCC in this environment
although other investigators have observed cracking under essentially similar conditions with
25% NaCl using C-ring. It is thought that the reason for this discrepancy may be related to
chloride content.

Ueda and Kudo [20] evaluated alloy C-276 in a sulfur containing sour brine environment
at 260°C. The SSRT showed no susceptibility, whereas C-ring tests showed susceptibility to
SCC. The reason for this difference is likely to be the effect of the method of charging sulfur
into the autoclave. However, they also report that for ranking purposes SSRT results com-
pared favorably with C-ring tests in various sour brine environments.

Clearly, the SSRT is subject to great variability in test results. In some situations SSRT
indicates susceptibility when long-term statically loaded C-ring specimens have shown im-
munity. In other instances, SSRT results have indicated immunity when statically loaded
specimens have failed.

Alternative Accelerated Test Method
Creviced C-Ring

SSRT has been advocated because long times are required for crack initiation in statically
loaded C-ring tests resulting in test duration of 1000 h or longer.

One way of shortening test times is to conduct C-ring tests with a crevice, (Fig. 1). A
thin strip of the same alloy is gas tungsten arc spot welded onto the outside diameter of the
C-ring to provide a potential site for crevice corrosion initiation. This test method has been
advocated by Place et al. [6]. The gap formed between the C-ring surface and the strip is,
of course, variable. This is intentional, since the optimum gap dimensions to promote SCC
initiation is alloy and test dependent and therefore not known.

In the present investigation, statically loaded artificially creviced C-ring tests were con-
ducted on UNS N06975, N06985, and N06950 in environment B at 204°C and on UNS
N10276 at 232°C. Table 4 summarizes the results obtained from the creviced C-ring tests.
Figure 8 shows the cracks observed at the apex of the specimens under the crevice. Some
crevice corrosion was also observed under the alloy strip. Clearly, with the severe test
conditions used in these tests, crack initiation is promoted and thereby shortens the test
times. C-ring tests without crevice did not fail under the same environmental conditions

TABLE 4—Statically loaded C-rings. Artificiallv creviced 25% NaCl + 0.5 acetic acid +

0.7 MPa HS.
Approx. No.
Alloy Yield Strength. MPa Temperature, °C of Cracks Time to Failure. h
2550 862 204 >100 48
G-3 750 204 60 240
G-50 951 204 50 168

C-276 938 232 15 504
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FIG. 8—Photomacrograph of the apex of artificially creviced C-ring specimens tested in environment
B. (a) UNS N06950, (b) UNS N06985, (c) UNS N06950, (d) UNS N10276.

after 1000 h. These results raise the question on the value and use of accelerated test methods,
such as SSRT and creviced C-ring test. In one application UNS N10276 has had three years
of successful service in a deep sour gas well with 10% H,S and 5% chloride brine [32],
whereas in the accelerated test method previously discussed, UNS N10276 has been shown
to be susceptible to SCC.

Better control of the crevice gap and optimization of the stress level would make this
method a more reliable and rapid method for ranking alloys.

Conclusions

(1) Slow strain rate testing permits a rapid method for ranking alloys for material selection
purposes. However, it is subject to great variability in test results and further eval-
uation of the test method is required before it can be successfully used as a quality
control test method.

(2) Variances in specimen surface preparation can lead to erroneous results and conclu-
sions. Nickel-base SSRT specimens must be prepared by machining and polishing
techniques that avoid creating stress concentrators and high tensile residual stresses.
Ensuring a surface finish of 10 pin. (0.25 pm) or less and specimen. preparation using
low stress grinding techniques are ways of eliminating errors due to surface effects.

(3) The critical strain rate range for maximum susceptibility to SCC for every alloy and
environment combination should be determined.

(4) The only reliable and acceptable methods of confirming SCC is by metallographic or
fractographic examination. Once confirmation is obtained by either of these tech-
niques, then reduction in area ratios can be used to quantify the susceptibility.
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ABSTRACT: The slow strain test is an effective technique for evaluating the application of
high-nickel corrosion resistant alloy tubulars for hostile deep sour wells. To increase that
effectiveness, it is important that maximum exchangeability among various data from different
laboratories be established. In order to accomplish this, it is necessary to minimize data
scattering and maximize the consistency of phenomena by controlling test methods. i.c.,
specimen dimensions, test machine characteristics including strain rate control, test procedures,
and degradation indices. Effect of strain rate on the SCC susceptibility of CRA in such hostile
environments tends to be the highest at 1 x 10°°to 10 X 1077, similar to the active pass
SCC of carbon steels reported so far. The use of SSRT to assess the contribution of environ-
mental factors on SCC and corrosion is objective and mostly consistent with the results from
the other SCC test methods. The effect of electrical insulation between specimen and test
equipment and application of anodic polarization on the SSRT is analyzed in this paper. From
the engineering viewpoint for material selection, it is reccommended that such a galvanic effect
should be avoided. It is also recommended that SCC data at the off-gage section should be
eliminated and vacuum evacuation in the deaeration process should be used. A test machine
that minimizes fluctuation of strain rate control has been developed and used at one of our
mills for corrosion resistance quality assurance of mass-produced CRA tubulars.Results are
discussed in this paper.

KEYWORDS: slow strain rate testing (SSRT) SCC corrosion resistant alloys (CRAs), Cr-Ni-
Mo alloys, active pass corrosion, APC, sour gas, deep well, tubular products, OCTG, line
pipe, HsS, CO,, Cl-

Slow strain rate testing (SSRT) has been widely used to aid the selection of corrosion
resistant alloys (CRAs) for use in hostile environments such as deep sour gas wells. In order
to effectively use various data from different sources, it is necessary to define simply the
physical meaning of SSRT data and to clarify most of the factors affecting variability in
reported SSRT results. For this purpose, it is essential to minimize data variation resulting
from test procedures, equipment differences. and differing measures of evaluation. This
means that a standardization of the SSRT method is essential. As for test equipment, various
SSRT instruments have been installed and used in different laboratories. There are many
variations even in the tensile test machine, which is an essential constituent of SSRT tools.
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Industries. Ltd., Hyogo 660, Japan.
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In the attempt to standardize the test method, it must be taken into account that different
tensile machines will be used even in the future. Recently, standardization of SSRT has
been discussed in the National Association of Corrosion Engineers [I]. This discussion
generally contributes to a mutual understanding of SSRT techniques.

The authors have investigated the application of SSRT techniques for the evaluation of
CRA tubulars for hostile deep sour gas wells. In this paper, information concerning the
SSRT method and procedure, stress corrosion cracking (SCC) criteria, and effect of envi-
ronmental factors and effect of anodic polarization on SSRT are reviewed, mainly on the
basis of the authors’ experience. Finally, a case study of application of SSRT for quality
assurance of mass-produced CRA tubulars is presented.

Discussion

Materials discussed in this paper are shown in Table 1.

Concept of SCC Evaluation of CRAs by SSRT

A concept of evaluation of high-nickel CRAs using SSRT is shown in Fig. 1 {2]. The
objective is to evaluate the environmental degradation, particularly SCC susceptibility, in
hostile deep sour gas conditions, which have various chemicals such as H,S, CO, S, Cl-,
acetate ion, etc., affecting corrosivity. In SSRT, a tensile deformation is continuously in-
troduced into the material. As the mechanical effect of this deformation increases, the passive
film on the surface of CRAs is artificially destroyed, unless a repairing reaction occurs. In
an open air environment, a passive film similar to the original one is reformed instantly. It
is noted that corrosion itself plays an essential role in both film destruction and subsequent
reformation. In the hostile environment, corrosion resistance of high-nickel CRAs such as
UNS N10276 is brought about by the double-layer film structure, which is composed of an
upper layer of Ni-S, and an under layer of Cr-oxide. This film structure is completely different
from a passivation film formed in open air [3,4]. In the hostile environment, at the area
where the passivation film is destroyed during the continuous extension in SSRT, a disso-
lution reaction of the matrix occurs. If dissolved metallic ions repair the passivation film

TABLE |—Materials referred to in this paper.

Chemical Composition (wt.%)

Mark* UNS No. Ni Cr Mo Others

316L S31653 10713 17/19 2.5/3.5

22Cr D.S. 831803 4.5/6 21/23 2.5/3.5 0.12N
25Cr D.S.  S§31260 5.5/7 24726 2.5/3.5 0.14N{Cu, W)
SM2030 NO8135  28/32 20/25 3.5/4.5

SM2535 NO08534  30/40 24/28 3.0/4.0

SM2242 NO8825  38/46 20/23 3.0/4.0 1Ti, 2Cu
SM2550 NO06975  48/53 24/27 5.0/7.0 Cu
SM2060Mo  NO6060  54/58 20/23 12/14 Nb, W, Cu
Alloy G3 NO0698S  48/53 20/23 6.0/7.5 1W, INb
Alloy 625 N06625  60/67 20/23 8.0/10 3Nb
SM-C276 N10276  58/65 14/17 15/17 3W, 5Fe, 1Co

*NOTE: An expression of SM2535-110, for example, means the
SM2535 alloy with specified minimum yield strength of 110 ksi
(759 MPaj).
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FIG. |—Schematic illustration of environmental cracking behavior of CRAs in hostile well environment
by SSRT after Ikeda et al. [2}. NOTE: Specimen diameter during SSRT, d,: Initial; d,, d.. in deforming
homogeneously; d;: in initiating shallow pits; and d,: in initiating deep pits and SCC.

instantly and completely, degradation of the tensile properties would not be observed in
the materials at all. This means that the corrosion resistance of the material is excellent in
the specific environment. If the repair of passivation film is delayed or incomplete, any
degradation of the tensile properties due to a general corrosion or a localized corrosion is
observable as a function of the corrosion resistance of materials. Hence, the localized
corrosion is more serious in SSRT, because the dynamic strain resulting from the continuous
tensile deformation tends to concentrate at the area of localized corrosion and accelerate
the pitting propagation rate. If the passive film is not formed in the pit, the growth of pit
depth would be stopped due to the release of the stress concentration. On the other hand,
if conditions allowing formation of a passive film in the pits are sustained, deep and sharp
pittings would be nucleated, followed by the initiation of SCC. Thus, the principal SCC
initiation mechanism of CRAs in SSRT is closely related to the destruction and reformation
behavior of passive film. Generally speaking, both the effect of changes of media in the
pits, e.g., pH change or Cl- increase, and changes of surface conditions of the material,
i.e., crevice formation, composition change underneath the thick corrosion products, or
long-time aging, cannot be evaluated by means of the SCC mechanism of SSRT. The
environmental degradation of materials in SSRT is assessed by the existence of secondary
cracks at the gage section and by the value of ductility loss. It is noted that any degradation
in the final stage of the tensile test is not realistic for assessing SCC susceptibility of material
because a material that has suffered a heavy plastic deformation is not the same as the
original one, It is noted, therefore, that the secondary cracks on the main fracture surface
where a heavy plastic deformation has occurred should not be considered in the assessment
of SCC susceptibility from the engineering standpoint.

Effects of Temperature and Strain Rate on Mechanical Properties

Testing temperature affects tensile properties of most of the iron base alloys and nickel
base alloys used in the oil field as well as other physical properties such as elasticity, thermal
properties, and so on. Generally speaking, in the tensile test, an elongation of these materials
at the elevated temperature range between 373 K (100°C) and 573 K (200°C) decreases as
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temperature increases [5]. An example of the effect of temperature on tensile properties in
the conventional tensile test is shown in Fig. 2. In this case, the elongation of SM2535-110
alloy at 450 K (177°C) is about 76% of that at the ambient temperature. In addition, as
shown in Fig. 2, a low strain rate also contributes to a lower elongation in the tensile test.
In this case, the elongation with a slow strain rate of 4 X 10-% "' is about 92% of that with
the conventional strain rate of 8 x 10~*-'. In SSRT, effect of environmental degradation
is assessed by the ductility loss previously described. Therefore, in order to distinguish
between a contribution of environmental factors and of tensile test conditions on the change
in ductility, it is suggested that tensile test data in the hostile environment be compared
with data from the inert environment at the same temperature and strain rate conditions.

Effect of Test Specimen Dimensions on Tensile Test Data

In the tensile test in general, it is desirable that the fracture occurs at the gage section of
specimens. If not, elongation value is abnormally low even in the inert environment. It is
also important that any notch effect on the specimen be avoided because the notch would
contribute to a remarkable decrease of homogeneous plastic elongation, particularly in the
hostile environment. In spite of showing no secondary crack and having a good reduction
in area, poor elongation values are frequently obtained. In machining specimens, under-
cutting of specimen tends to occur at the transition area between the parallel-machining
section and the curvature-machining section. Thus, in the SSRT in hostile environment, off-

Mark| T (°C) |e (s7!) |Lr(mm)
-——=|298K (25)|8.3 x 107" 4.1
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FIG. 2—Effect of temperature and strain rate on tensile properties in the open air (Material: SM2535-
110, Test specimen: 4 mm ¢ X G. L. 30 mm).
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gage fractures occur frequently, resulting in the stress concentration in this area. Although
it is important, of course, to avoid the undercut in machining in order to eliminate the off-
gage fractures, it is reccommended, from practical point of view, that the specimen diameter
at the gage section be machined slightly smaller in that range of precision than that at off-
gage section to decrease the possibility of off-gage fracture [2].

Ikeda et al. have shown that both environmental degradation indices of time-to-fracture
and plastic elongation depend upon specimen dimensions such as gage length and diameter.
Figure 3 shows the relationship between time-to-fracture, in other words time-to-failure,
and log \/E,/L(,, where each 4, and L, is a cross-sectional area and gage length of specimen,
respectively. Time-to-fracture is virtually equivalent to elongation, and log VA,/L, is a
measure of true strain. Thus, Fig. 3 shows that the value of elongation is proportional to
the true strain introduced during the tensile deformation [2]. Tkeda et al. also showed that
a ratio of plastic elongation in hostile environment to elongation in an inert environment
(L/L,) which is an index of environmental degradation does not depend upon the dimension
of the specimen [2]. Thus, the L/L, value is recommended for SSRT assessment, since test
data from specimens with different dimensions can be compared objectively.
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FI1G. 3—Effect of specimen dimension on time-to-fracture (or elongation), where each A, and L, is
area of cross-section and length at gage section, respectively.
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FIG. 4—Effect of test equipment on extension rate control {(ambient temperature).

Effect of Tensile Test Machine Characteristics on Tensile Test Data

D. R. McIntyre et al. pointed out that the stiffness of the frame of tensile equipment
could affect time-to-fracture index [6]. However, the deflection behavior of the load train
system including stiffness of frame is more important because it is related to a variation of
extension rate, which essentially affects the SCC mechanism in SSRT because the extension
rate 1s directly related to the strain rate at the gage section of the specimen. Therefore, in
1991, the authors developed a SSR testing machine with a combination of feedback controlled
system and load train facilities with high stiffness. As a result, a rigid extension rate was
obtained. Figure 4 compares extension rate data from the new equipment to data from the
conventional equipment. The material used is UNS NO8825 alloy with a yield strength of
989 MPa (138 000 psi) and a diameter of 3.82 mm at gage section. The extension rate in
the former was controlled in the error range of £5% of setting rate, i.e., 6.1 X 107 m/
min, while the extension rate in the latter was 3.7 X 10-° m/min until the maximum load
and 6.6 x 107° m/min after the maximum load. Thus, the characteristics of equipment
significantly affect the extension rate in the stage of elastic deformation of the specimen
because the deflection of frame is proportional to the applied load. By the same token,
equipment characteristics affect the extension rate in the stage of final necking deformation,
where the load decrease is significant and rapid. On the other hand, in the stage of ho-
mogeneous plastic deformation, the influence of equipment on the extension rate is relatively
small. In Fig. 4, the fluctuation of extension rate is about 5 X 10~7 m/s, which corresponds
to a fluctuation of strain rate of about 3 X 10-7s~'. Thus, when the environmental degradation
behavior by SSRT is discussed in relation to the initial and intermediate stage behaviors of
plastic deformation as described in the previous section, the effect of equipment character-
istics on SSRT would be minimized. On the contrary, if the phenomena related to the final
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necking deformation, for examples, fracture mode, secondary cracking at fracture surface,
and so on, are discussed in the SSRT, it must be taken into consideration that they would
inevitably have some test equipment dependence in addition to the complexity in fracture
phenomena. Thus, these data should not be used for practical purposes unless fracture
mechanism would be scientifically clarified.

The difference between extension rate and strain rate must be discussed because the latter
depends more or less on both test equipment and dimensions of the specimen even when
the setting extension rate is constant. In SSRT of CRAs in a hostile environment, the
extension rate of the specimen as it is extracted is controlled on the pull rod located above
and outside of the autoclave. Even if a testing machine is calibrated to ensure the constant
extension rate, i.e., a constant cross-head speed and the stiffness of the machine frame,
etc., deflection of pull rod would occur and this would affect the strain rate at the gage
section of the specimen, as shown in the following equations

Al, = Al + AL, — Al (1)

Al, << Al, and Al in the rigid control of extension rate 2
e = Al/l, €)

deldt = d{Al/L)dt = (dAl/dt + dAL/dt — dALId)/l, 4)

where Al,, Al\, AL, and Al are the deflection of the gage section, of the cross-head, of the
pull rod, and of the frame, respectively, and /, is gage length, € is strain, and 7 is time. In
the tensile machine with the frame of high stiffness, dAl;/dt is nearly equal to zero. Therefore,
Eq 4 becomes Eq 5.

deldt = (dAlL/dt — dALIdn/l, (5)

In the load train system of the SSRT equipment used for CRA evaluation, generally, the
ratio of diameter of pull rod to a specimen diameter at the gage section ranges from ap-
proximately 5 to 8 and the ratio of length of pull rod to gage length of specimen ranges
from approximately 20 to 25. As shown in Eq 5, the extension rate due only to the pull rod
is virtually comparable to the extension rate of the gage section in the elastic deformation,
when the ratios of diameter and length are 5 and 25, respectively. Therefore, the strain rate
at the gage section is about half of its initial setting. However, the true strain rate can be
calculated from the extension rate given, dimensions of pull rod, and specimen. When the
specimen is plastically deformed, deflection of the specimen accounts for virtually all of the
cross-head extension rate, because dAl,/dris nearly 0, when there is no load variation. When
the maximum tensile load has been achieved, dAl/dr changes to a negative value. This
results in slightly higher extension rate in the specimen than in the cross-head. This suggests
that a stress-strain (5-S) curve itself could slightly affect the actual strain rate. At present,
most of engineering data do not take this effect into account, because it is assumed that the
fluctuation due to S-S curve is sufficiently smaller than the strain rate allowance for the
degradation measurement of CRA.

Investigation of Environmental Factors and Alloy Systems by SSRT

Ikeda et al. systematically studied the influence of environmental factors on corrosion
and SCC behavior of CRAs by the constant strain SCC tests [4,7-9]. The result is summarized
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in Table 2. A concept of SCC initiation is also presented in Fig. 5. When the long duration
constant strain test was used, the effect of alloys and environmental factors on SCC was
similar to that found when the SSRT was used [2,12]. In general, the SSRT evaluation was
severer than the other tests; however, under specific critical alloy-environmental conditions
such as C276 alloy (UNS N10276) in 0.7 MPa H.S-5%CH,COOH-25%NaCl in the vicinity
of 423 K (250°C), the SSRT was less severe than the other test. In the actual SCC process,
localized corrosion such as pitting corrosion and crevice corrosion occurs and, in these areas,
become SCC sites if the pH of solution decreases and the corrosivity of environment in-
creases. In SSRT, the influence of environmental change on SCC cannot be assessed.

Effect of Strain Rate—C. D. Kim et al. showed that a SCC phenomenon of carbon steel
for pressure vessels in air-contaminated ammonia was dependent on strain rate and was the
most susceptible when the strain rate was in the vicinity of 1 to 2 X 107%"' [10]. W. E.
Berry showed that CO,*"-HCO," SCC of line pipe steel at —680 mV versus SCE was also
the most susceptible when the strain rate is in the vicinity of 1 to 2 x 107%~! [/]]. Thus,
as for active pass corrosion type SCC of carbon steel, a strain rate in the vicinity of 1 x
107°s~! seems to be the most susceptible to SCC. It is now generally accepted that the
mechanism of SCC is as follows: first, localized film destruction, followed by dissolution of
matrices, film reformation, and then stress concentration, leading to initiation of pitting,
and, finally, SCC.

In the case of high-nickel CRAs in H,S-CO,-Cl-, critical strain rate for SCC was also
found in the vicinity of 4 to 10 x 10-%~', as can be seen in Fig. 6 [/2]. As regarding the
strain rate in the stage of homogeneous plastic deformation, this range (e.g., about 6 X
10-%s") is sufficiently wider than the fluctuation of strain rate (e.g., 1.5 X 1077s~") resulting
from the difference of equipment as mentioned in the previous section. This means that
SSRT data from the different sources could be effectively discussed on the common base,
as long as discussing the phenomena in the plastic deformation. When the alloys were
resistant in some specific environment, the effect of strain rate on SCC was not observed,
as can be seen in Fig. 7 [2]. In the future, more data must be accumulated to discuss the
effect of strain rate more clearly.

Effect of Temperature and Alloy—Figure 8 shows a relationship between testing temper-
ature and molybdenum content on SCC of CRA due to SSRT in 25%NaCl-0.5%CH,COOH-
0.7MPa H.S [2]. The strain rate was 4 X 10~%"'. This result was obtained without electrical

TABLE 2—Influence of environmental factors on corrosion behavior of high-nickel corrosion
resistant alloys after lkeda et al. [4,7-9)].

Factors Contribution Phenomena

Temperature

Corrosion rate accelerated.

pH Drop SCC susceptibility increased.
Free Suifur Laree Localized corrosion and SCC
H.S, g accelerated by S-deposition.

O, Contamination

Corrosion prevention effectiveness
increased by Mo = 10% addition.

H.S Corrosion rate, SCC susceptibility
Cl- Intermediate accelerated.
Localized corrosion accelerated.
SOs~ Corrosion rate and SCC decelerated.
CO: Small Little effect observed.

Cation Species
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FIG. 5—A concept of SCC initiation and propagation of CRA in the hostile condition after Ikeda
etal [2].

insulation between the specimen and the test equipment, which was made of CRA material,
SM2550 (UNS N06975, 25Cr-50Ni-6Mo). Thus, a galvanic effect might have affected the
result to some degree. Although this effect is precisely discussed in the later section, it is
noted here that the critical line for SCC or no SCC as can be seen in Fig. 8 tends to shift
to the left side in the condition with the electrical insulation, when secondary crack initiation
at the gage section outside of the necking area is used as the SCC criterion.

The result shown in Fig. 8 is similar to the corrosion and SCC behaviors of CRA obtained
by other constant strain test methods both in the brine-H,S-CO,-free sulfur condition and
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FIG. 6—Effect of strain rate on SCC susceptibility by SSRT after Ueda et al. [12] (SM2030-110, 423
K, 25%NaCl-0.5%CH,;COOH, 1.0 MPa H,5-1.0 MPa CO.).

the brine-H,S-CO, acidized to low pH condition. It is noted that these conditions are severer
than the environmental conditions tested in Fig. 8 [4,7,8]. This consistency of result might
be explained by the following analogy of film destruction: The passivation film is artificially
destroyed in SSRT and it is similarly destroyed by the severer corrosion reaction in the
constant strain tests. Although the chromium content enhances corrosion resistance of CRA
as temperature increases in the constant strain test in the conventional hostile environment
[4], molybdenum content plays the primary role in the severe corrosion conditions previously
described.

Addition of Acetic Acid in Brine—Ikeda et al. showed in the four-point bent beam test
that the addition of 0.5% CH,COOH in 25%NaCl-1.0MPaH,S-1.0MPaCO,-1 g/L free sulfur
aqueous solution extremely increased corrosion rate and SCC susceptibility of 20Cr-50Ni
alloy with molybdenum content less than 10% [7]. They also showed in SSR test that the
addition of 0.5%CH;COOH in brine increases a SCC susceptibility of UNS N08825 alloy
[2]- In another test, it was also clarified that the addition of acetic acid generally increases
the corrosive effect of environment on CRAs by lowering the pH value of corrosion media.

Partial Pressure of H,S(P,,s)—A typical effect of P,,s on SCC in SSRT is shown in Fig.
9 [2]. 1t shows that the higher P, makes CRAs more corrosive in a critical environmental
condition. This effect of P,,5 on corrosion behavior is usual and is consistent with the results
in Table 2 clarified by the constant strain test result. However, the effect of Py, on SCC
behavior is not always simple. Ikeda et al. showed that there was a complex contribution
of Py, on SCC behavior in the SSRT as can be seen in Table 3 [13]. In the case of the test
condition without vacuum deaeration, UNS N06975 alloys were more susceptible to SCC
in the lower Py than in the higher Py. It is presumed that the solubility of elemental
sulfur, which was produced by the reaction of H,S and O, was low in the brine with the
lower Py, and a free sulfur that was produced locally on the specimen contributed to
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FIG. 7—Effect of strain rate on environmental cracking susceptibility of CRAs at the safety temperature,
ie., 423 K (150°C) for SM2550 and 398 K for SM2535 (125°C) after lkeda et al. [2] (25%NaCl-
0.5%CH,;COOH, 0.7 MPa H.,S).

initiation of SCC in the SSRT through the formation of stress concentration sites due to
pitting corrosion. This study was originally carried out to standardize the test procedure,
and particularly to stress the necessity of vacuum deaeration, because O, in the air, which
was trapped in the dead space between specimen and specimen holder gradually diffused
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FIG. 8—A relationship between testing temperature and (Mo + 0.5 W) contents on SCC occurrence
in SSRT of CRAs in H,S-Cl~ environment after lkeda et al. [2] (4 % 107%~', 25%NaCl-0.5%CH,COOH,
0.7 MPa H.S).

out into the brine, yielding elemental sulfur in the reaction with H,S in the brine, and this
elemental sulfur worked as a strong oxidant in the corrosion reaction during the SSRT.
Therefore, because the SSRT is an aggressive acceleration test and is also sensitive to
test conditions, specific phenomena or problems, or both, could emerge in the SSRT.
Chloride Ion Concentration—A typical result of effect of CI- on SCC in SSRT is shown
in Fig. 10 [2]. It clearly shows that a higher concentration of Cl - drastically degrades corrosion

[SM 2030-110

cL/Lo

0: No SCC

'O o e: SCC

0.8 O

0.6}

Ratio of plastic elongation
0/

| {o]
H2S partial pressure : Pus (atm)

FIG. 9—Effect of partial pressure of H,S on SCC susceptibility of SM2030-110 alloy by SSRT after
Ikeda et al. |2] (4 x 107%1, 423 K, 25%NaCl-0.5%CH;COOH, 1.0 MPa CO,-H.S).
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TABLE 3—Effect of deaeration and environmental conditions on SSRT after Ikeda et al. [13].

Environmental Condition Ratio
L/L,
Deaeration Secondary
Environment* Process Material** TTF (%) (%) Average RA/RA,(%) Crack
98 99 98
1 Vacuum E 99 101 100 101 No
70 112 106 (106) 95 No
99 91 100 No
o 30 90 s %6 87 Yes
1
1 vacuum R 28 2; 75 28 Yes
70 91 82 (82) 83 Yes
Non 99 93 97
2 vacuum R 99 g M 99 No

*Environment 1: 25% NaCl-0.5% CH,COOH, H.S 1.42 psi-CO, 14.2 psi, 149°C.
Environment 2: 25% NaCl-0.5% CH;COOH, H.,S 100 psi 149°C.

(Strain rate € = 4 x 107°s7"),

**All of E, 70, 50, and R are SM2550 alloy produced from different heats.

NoTEe: 1 psi = 6.9 kPa.

resistance of CRAs under critical conditions. Thus, the SSRT technique is more effective
than the other SCC test methods in determining the contribution of factors.

An example of a useful application of SSRT is a chart shown in Fig. 11, where the effect
of Py,s and Cl- on application limits of duplex stainless steels and 316L austenitic stainless
steels is shown. This chart actually has been used for determining the safest application
criteria in the design of facilities for oil and gas production [15].
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FI1G. 10— Effect of chloride ion on SCC susceptibility of SM2030-110 alloy by SSRT after lkeda et al.
[2) (4 x 10-s7!, 423 K, NaCl-0.5%CH,;COOH, 1.0 MPa CO,-1.0 MPa H.S).
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FIG. 11—SCC susceptibility of 316 stainless steel (SS) and 22Cr- and 25Cr-duplex SSs by SSRT in
NaCl-H,S environment after Tsuge [15] (4 X 107%7', 353 K, Annealed material).

Effect of Electrochemical Polarization

Ueda et al. showed that the electrochemical polarization significantly affected SSRT
measurement of corrosion resistance of UNS NO08825 alloy in a marginal environment {12].
Their data are rearranged in Figs. 12 and 13 by means of slightly changing the assessment
criteria of SCC. This is done by discounting as SCC criteria any secondary cracks that
originated on the primary fracture surface.

In Fig. 12 [12], the corrosion potential (E,,,) of the specimen is slightly shifted to the
noble side, when the specimen of N08825 alloy is in contact with equipment made of UNS
N10276 alloy. This means that the specimen contacted with the equipment in the SSRT is
anodically polarized about 40 to 50 mV more than E, of the specimen electrically insulated
from the equipment, and suffers SCC in the SSRT. It is also shown in Fig. 12 that the
addition of elemental sulfur in the test solution in the SSRT resuits in SCC and the shifting
of E,,, of this alloy to a noble potential of 40 to 50 mV more than E,, when there is no
free sulfur and the specimen is insulated electrically from the equipment. This means that
the free sulfur acts as the oxidant in the corrosion reaction and raises E.,,. This effect is
similar to the aforementioned electrochemical polarization due to the galvanic effect.
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FIG. 12—Effect of electrical insulation and elemental sulfur on corrosion potential (E...) and SCC
behavior of SM2242 (UNS N08825) alloy in SSRT after Ueda et al. [12] (4 x 107!, 423 K, 0.7 MPa
H.S, 25%NaCl-0.5%CH,;COOH).

In Fig. 13, the effect of electrochemical polarization on SSRT is more systematically
shown. At the E,,, and in the cathodic polarization to a potential of 20 mV less than E,,,
a degradation is not observed. At the slightly anodic polarization of 20 mV, a tendency of
degradation at the main fracture surface is observed, but no secondary crack is observed
on the other gage section. In the anodic polarization of 40 to 50 mV more than E,,, SCC
occurred. This is consistent with the results in Fig. 12 previously described. The anodic
polarization of up to 80 to 100 mV more than E,, results in the transpassivity of the specimen.
As a result, a thinning effect of specimen diameter occurs. The formation of many deep
pits and secondary cracks is observed as well as the weight loss corrosion. It is noted that
transpassive potential is less noble in the SSR test than in the constant load test, which is
less noble than in no load condition [14].

In summary, the corrosion resistance of CRAs in the hostile sour environment is achieved
by the formation of stable passivation film with the double layer structure 3,4]. As described
in the previous section, the SSRT assesses a corrosion resistance by means of evaluating
the ability of alloys to repair the passive film. However, the application of anodic polarization
in the SSRT results in an artificial disturbance of the ability to repair itself the artificially
destroyed film. Therefore, as long as the relationship between the SSRT under the anodic
polarization and any concrete practical phenomenon cannot be physically clarified, the
anodic polarization in SSRT should not be used easily.

SCC Criteria

In order to accomplish maximum exchangeability of data obtained in the different lab-
oratories, it is necessary to define adequate indices for the assessment of environmental
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degradation. A ratio of time-to-fracture T:/Ty, is frequently used, where T; is time-to-
fracture in hostile environment and T, is time-to-fracture in inert environment [6]. If the
equipment itself were rigidly standardized in the SSRT, this ratio could be used as a common
index. However, many different types of tensile machines are presently being used for the
SSRT in the world. It is likely that new machines will continue to be developed in the future
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for various purposes. Since this is the case, it is essential that the SSRT establish its position
as a more useful testing tool for the assessment of environmental degradation of CRAs.

It was shown in the previous sections that the ratio of plastic elongation L/L, is one of
the most convenient indices in the previous section, where L is a plastic elongation in hostile
environment and L, is one in inert environment. The reasons are summarized as follows:

(1) The environmental degradation of CRAs is closely related to the behavior of plastic
deformation, and the value of L/L, is directly related to ductility loss.

(2) As long as the discussion considers only the stage of plastic deformation and not the
stage of heavy necking formation, a dependence of strain rate on the characteristics
of the test equipment is minimal. It is important that the fluctuation of strain rate be
minimal, because it essentially affects the mechanism of SCC.

(3) The value of L/L, is largely unaffected by the dimensions of the test specimen, as
long as the degradation of CRAs in the SSRT is mainly considered on the basis of
the behavior of homogeneous plastic deformation.

(4) The effect of heavy necking on elongation could be minimized by the use of the
L/L, index.

Ikeda et al. proposed that whether the value of L/L, was less than 80% or not should
be a criterion for determining SCC initiation of CRAs [9]. So far, this criterion is consistent
with the occurrence of secondary cracks.

It has been the consensus of past research concerning SCC of stainless steels and CRAs
in the SSRT that the existence of secondary cracks was evidence of SCC occurrence. From
the view point of an engineering application, however, there are two methods of evaluating
secondary cracks. One method is to consider only the secondary cracks on the gage section,
excluding cracks on the primary fracture surface, as evidence of SCC occurrence in CRAs.
The other method considers any observation of the secondary cracks as evidence of SCC
occurrence. The present paper points out that the phenomena at the necked portion, i.e.,
the occurrence of secondary cracks on the fracture surface, etc., depend upon the charac-
teristics of the test equipment. It is also pointed out that it is useless from the engineering
view point to consider the degradation in the necking stage, since it is not clear that the
areca such as the necked portion which has suffered a heavy plastic deformation has the
same metallurgical characteristics as the original material. The authors propose, therefore,
that the former method of assessment of secondary cracks is adequate for the objective and
practical judgment of SCC.

In addition to use of this method of the assessment of secondary cracks and of the proposed
adjustment of the L/L, value, it is recommended that both information about the reduction-
in-area and the fracture surface of the specimen be reported as references in order to better
understand the SCC phenomena.

Application to Quality Assurance

This section reports a case in which the SSRT was used for corrosion resistance quality
assurance of mass-produced high-nickel CRA tubulars. The newly developed SSRT testing
machine was used, because a criterion of time-to-fracture was required and an accurate
control of strain rate was required, as shown in Fig. 4. The characteristics of the new
equipment were precisely described in the previous section. The following conditions were
used in the SSRT:

Material: SM2550 (UNS N06975) with specified minimum yield strength of 758 MPa (110

ksi) and 862 MPa (125 ksi), a variance of yield strength; 138 MPa (20 ksi).
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SSRT testing conditions:
Strain rate: 4 x 107%~! [cross-head speed: 6.1 X 10~® m/min]
Hostile environment: Solution 25%NaCl-0.5%CH,;COOH
Gas 0.7 MPa H,S
Ratio of solution volume to gage section: 700 x 107° m*/cm?
Temperature: 422 K (149 = 2.5°C)

Criteria:
Time-to-fracture: Tr, Tr,= 6 h
Ratio of time-to-fracture: T,/ Ty, = 80%
Reduction-in-area: RA, RA, = 25%

Ratio of reduction-in-area: RA/RA, = 80%

No secondary cracking
where each T and RA, is time-to-fracture and reduction-in-area in the inert environment
and each Tr and RA is the corresponding value in the hostile environment.

When SM2550 alloy has been produced in accordance with the material production spec-
ifications, it has been our experience for the past ten years that SM2550 alloy does not show
any environmental degradation by the SSRT in this environment, and it satisfies with the
aforementioned criteria [2,4,7,13]. Therefore, if the material showed any evidence of deg-
radation in the SSRT, it must be that some metallurgical factor is affecting the degradation
of corrosion resistance. Corrosion resistance has been one of the most critical properties
leading to the selection of SM2550 alloy, and as the SSRT requires only a short time for
evaluation, it allows a faster delivery time. Thus, the SSRT was used for the quality assurance
in the commercial production.

The evaluation method is as follows: From each one tubular of different heat, two spec-
imens are taken. They are tested in both hostile and inert environments. The values of time-
to-fracture and reduction-in-area are evaluated. Next, whether there is a presence or absence
of secondary cracks is noted.

All tubulars tested by this method satisfied the testing criteria. Even in the primary fracture
surfaces, no secondary cracks were observed at all. Next, all data have been statistically
analyzed in order to clarify the relationship among tensile test characteristics both in the
inert and hostile environments. Figures 14 through 17 show the relationship between time-
to-fracture Ty, and T, between reduction-in-area RA, and RA, between yield strength and
Trand between yield strength (YS) and RA, respectively. The following four linear equations
have been obtained by regression analysis of data.

T, = 0.95 T, + 0.35 (6)
RA, = 0.30 RA + 47.9 (7)
T, = —022YS + 37.6 (8)
RA = —0.12YS + 83.4 9)

where each expression of time-to-fracture (7%, T;), reduction-in-area (RA,, RA) and yield
strength (YS), is hours, percent, and 1000 psi (6.9 MPa), respectively. A virtual one-to-one
correspondence between Ty, and T can be seen, while the correspondence between RA,
and RA is low. Therefore, Eq 7 is insignificant. This means that other factors such as yield
strength and microstructure rather than the corrosion probably contributed to an increase
in the variance of reduction-in-area in this SSRT. Although a comparison of properties in
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a hostile environment with those inert is essential, the degradation information from the
hostile environment is more essential than that from the inert environment. Thus, the
information in Figs. 16 and 17 be used to assure the quality of future heat of SM2550 alloy,
if a reduction in the frequency in the SSRT in the inert condition is required according to
the various reason, e.g., problems with the SSR testing capacity, short delivery time, or
need for cost saving.

The constitution of such data base for each alloy could be achieved by means of the
standardization of the SSRT in the future.

Deaeration Process by Evacuation

Ikeda et al. showed that vacuum deaeration is necessary for the SSRT procedure in the
hostile environment which contains H,S [73]. As shown in Fig. 18, a dead space is inevitably
formed between specimen and specimen holder. After the specimen is installed in the
specimen holder, the autoclave is closed, the test solution is poured into the autoclave, and
a conventional deaeration is conducted two or more times by bubbling N,, pressurizing and
purging it. The air trapped in the dead space can not be purged by the conventional deaer-
ation. As the result, it diffuses out to the test solution during the SSRT, reacts with the
H.S, producing elemental sulfur which is deposited on the specimens and contributes to the
corrosion reaction [13}. An example of curious corrosion behavior resulting from the dif-
ferences in the deaeration process has already been described in this paper. In order to
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FIG. [7—Relationship between yield strength and reduction-in-area in hostile environment (RA) in
SSRT results for mass-produced SM2550 alloy [No SCC, Total sampling frequency, 144).

avoid such a situation, it is strongly recommended that the autoclave be thoroughly evacuated
after it is closed and before solution is poured.

Conclusion

(1) The SSRT testing technique is useful in assessing the environmental degradation of
corrosion resistant alloys.

(2) The results of evaluations by the SSRT are mostly consistent with the data obtained
by other evaluation method. Furthermore, the effect of environmental factors and
metallurgical factors on SCC can be clearly assessed in critical condition. Particularly,
the effect on SSRT of temperature, Cl*, Py.,s addition of acetic acid has been further
clarified.

(3) As a result, environmental degradation should be assessed by the ratio of ductility in
a hostile condition to thatin an inert condition at the same strain rate and temperature.

(4) The ratio of plastic elongation L/L, is recommended as an index of degradation in
SSRT which would permit maximum exchangeability of data from different labora-
tories. As the criteria of SCC occurrence, it is proposed that a value of L/L, be lower
than 80% and the presence of secondary cracks be noted. From the view point of
engineering applications, it is proposed that secondary cracks on the primary fracture
surface be omitted from consideration in the evaluating process.
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FIG. 18—Schematic illustration of specimen holder, pull rod and specimen installation method in
SSRT using autoclave tester.

(5) A SSR testing technique has successfully been used for a quality assurance of mass-
produced CRA tubulars.

(6) In order to reduce data scattering, the vacuum deaeration process is strongly rec-
ommended. Nonelectrical insulation between specimen and test equipment tends to
accelerate the degradation of CRAs in the SSRT. The anodic polarization also ac-
celerates the degradation of CRAs in the SSRT. These galvanic effects tend to make
it more difficult to clarify the physical meaning of SSRT result of CRAs. In order to
reduce a data scattering, these galvanic effects should be avoided in the engineering
application of SSRT.

(7) The SCC susceptibility of CRA tends to maximize at a strain rate of 4 X 10°° to 10
X 10757,

(8) As long as the phenomena of SSRT are discussed in relation to homogeneous plastic
deformation and not heavy plastic deformation, the effect of equipment difference
on the test result is minimized, including the effect of the fluctuation of strain rate.
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ABSTRACT: Laboratory corrosion tests consisting of electrochemical cyclic polarization,
critical pitting temperature (CPT), and slow strain rate (SSR) tests were performed on a group
of candidate nickel base alloys. The objective of the test program was to predict service
performance in deep sour gas well applications. Of particular interest were localized corrosion
resistance and stress corrosion cracking (SCC).

The test data indicated that localized corrosion can occur at intermediate temperatures (110
to 170°C) and that SCC may also occur in this temperature region. The temperature region
of susceptibility coincides with the transition from a stable chromium oxide surface film to a
predominantly sulfide surface film. The localized loss of chromium oxide protectiveness at 150
to 180°C is manifested by crevice corrosion, pitting, and ductility loss. Elemental sulfur in the
test environment lowers the region of susceptibility to 100 to 150°C.

From the information provided by this experimental program (and others), procedures and
criteria were established for purchase specifications for tubular products. SSR test methods
were used to predict service performance.

KEYWORDS: slow strain rate (SSR) testing, stress corrosion cracking (SCC), nickel base
alloys, critical pitting temperature (CPT) tests, natural gas production, petroleum, localized
corrosion, pitting

It is now a prevalent practice to complete deep sour gas wells with highly alloyed corrosion
resistant materials that contain substantial amounts of chromium, nickel, and molybdenum
[1]. Production tubing is.typically furnished in the cold-worked condition at a high strength
level (120 to 170 ksi [827.4 to 1172 MPa] minimum yield). The use of such materials allows
higher production rates, reduces the frequency of workovers, eliminates the necessity for
treatment chemicals, and maintains a high degree of reliability.

Corrosion resistant alloys (CRA) are expensive (10 to 20 times steel) and their price is a
strong function of alloy content. Therefore, there is a need to match the capabilities of the
tubing alloy exactly to its requirements. Furthermore, in a competitive market, several
proprietary products are available in an alloy class. The material selection engineering then
involves making a determination of the “best” product. This latter determination involves
cost as only a secondary consideration because the minor price difference from alloy to alloy
within a generic class is usually insignificant when considering delivery, quality, uniformity,
and performance.

' Cortest Laboratories, Inc., Cypress, TX 74429.
* Mobil Exploration and Production U.S., Inc., New Orleans, LA 70113.
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CRA tubing products that are generally equivalent in composition can exhibit substantial
variation in performance. Performance means the ability to withstand a hostile well envi-
ronment for possibly 20 to 30 years or more. The long term reliability is a critical issue and
1s often complicated by numerous uncertainties in the understanding of the well fluid com-
position at the time completion systems are selected.

The principal failure modes for CRA tubing are stress corrosion cracking [2], localized
corrosion [3], and hydrogen embrittlement [4] that result from contact with sour produced
fluids containing brine as a separate phase. Corrosive attack that produces cracking or pitting
is facilitated by high temperature, increasing chloride content in the brine, lower pH, and
sulfur activity. Sulfur can originate as dissolved H.S (and its ionic forms) or as elemental
sulfur present as a discrete phase, or both.

The empirical determination of an alloy’s ability to resist cracking downhole includes
exposing test specimens to a simulated environment and assessing damage after a period of
time. This requires long exposure times (on the order of six months or more). Evaluation
programs also employ tests that apply dynamic strain simultancous with exposure to a
simulated environment. These stow strain rate (SSR) tests diagnose cracking susceptibility
in a short time period (2 days).

Localized corrosion can be diagnosed using electrochemical techniques and by exposure
of coupons having an occluded cell geometry. Localized corrosion typically is slow to initiate;
hence, accelerated tests are preferred.

Hydrogen embrittlement of nickel base alloys is sometimes difficult to distinguish from
stress corrosion cracking when viewing crack morphology. When testing in the laboratory
for an alloy’s susceptibility to hydrogen embrittlement, the material of interest is coupled
to carbon steel or artificially charged with a power supply to accelerate the cathodic reaction.
Atomic hydrogen, produced by the corrosion reaction, causes damage (fracture) under the
appropriate combinations of stress, temperature, and environment.

There is a significant interdependence of the localized corrosion process and the SCC
mechanism. Both involve occluded cells (surface areas in which diffusion or convection is
the rate limiting step for corrosion). Often crevice corrosion or pitting is prerequisite for
the initiation of SCC. Localized corrosion, in turn, is intimately sensitive to alloy composition
and to microstructural factors such as inclusions and grain boundary chemistry. The differ-
ence in performance of alloys that have the same generic bulk chemistry 1s therefore de-
termined by subtle microstructural and compositional differences. The exposition of per-
formance then requires specialized electrochemical tests (critical pitting temperature [CPT]
tests) to delineate the abilities of proprietary products to resist corrosive attack.

This paper deals with differentiation of the performance of a group of proprietary alloys
(Alloy G-type, 20-25 Cr, 45-50 Ni) having the same generic chemistry. The performance
differences of interest relate to their ability to withstand degradation caused by produced
fluids. The engineering protocol required measuring resistance to hydrogen embrittlement,
localized corrosion and SCC, and the influence of environmental parameters (temperature,
sulfur, brine chemistry) on each degradation mechanism.

Experimental

Eight candidate materials from four manufacturers were considered, as outlined in Table
1. The material chemistries are set forth in Table 2. Nominally these materials contain 20
to 25% chromium, 42 to 55% nickel, and 3 to 7% molybdenum in addition to other alloying
elements. Mechanical properties are described in Table 3. Yield strengths for these materials
ranged from 139 to 169 ksi (958 to 1165 MPa). Microstructural differences were rigorousty
documented but are not included in this paper. The materials examined covered the entire



WILHELM AND CURRIE ON LOCALIZED CORROSION AND SCC

TABLE i—Candidate materials.

Avg Lng
Code Manufacturer Form Yield. ksi Dimensions
4.27 OD
502 A Pipe* 139 0.75 wall
4.25 0D
1029 B Pipe* 156 0.75 wall
4.25 OD
1031 C Pipe* 151 0.75 wall
4.25 OD
1032 A Pipe*® 169 0.75 wall
4.25 OD
1034 D Pipe*® 151 0.75 wall
4.25 OD
1035 D Pipe™ 137 0.75 wall
350D
1217 A Pipe 139 0.375 wall
5.00D
1216 A Pipe 141 0.422 wall

* coupling stock

NotE: 1 ksi =

6.9 MPa.
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range of products available in the time period in which the evaluating process took place
(1986-1989) but do not necessarily reflect the properties of products now being produced.
The test data should not be considered, nor are they intended to be, indicative of the quality
of one manufacturer as opposed to another.

TABLE 2—Material chemical analysis.

Code AS02 B1028 C1021 A1032 D1034 D1035 Al1217 Al216
Yield
Strength, 139 156 151 169 151 137 139 141
ksi
Element
C 0.007 0.011 0.014 0.010 0.027 0.022 0.010 0.012
Mn 0.86 0.21 0.76 0.85 0.67 0.70 0.75 0.071
Si 0.19 0.20 0.60 0.80 0.60 0.66 0.65 0.060
Cr 24.27 21.50 21.82 22.42 24.74 24 .40 224 20.0
Ni 44.58 39.73 44.70 42.00 48.0 48.57 44.8 54.4
Co 2.76
Mo 6.92 2.86 6.97 6.97 6.0 6.05 6.95 9.00
W 1.01
Fe 17.43 19.1 15.0
Cu 1.42
Ti 0.10
Nb 0.31
P 0.014 0.018 0.023 0.016 0.011 0.016 0.01
S 0.002 0.001 0.001 0.004 0.002 0.005 0.007
NOTE: 1 ksi = 6.9 MPa.
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TABLE 3—Material mechanical properties.

Avg Avg Avg MW

Material  Lng. Yield, Lng. Charpy. Hardness.
Code ksi UTS. ksi ft-lbs RC
A502 139 148 220 30
B1029 156 166 93 35
C1031 151 156 182 34
A1032 169 173 156 37
D1034 151 168 188 37
Al217 139 151 32
Al1216 141 149 37

NoTE: 1 ksi = 6.9 MPa. 1 ft-lb = 1.35J.

Test Methods

Susceptibility of production tubing samples to environmental cracking was measured by
the SSR test method [5]. The method employs subsize tensile specimen (2.54 cm-long, 0.38
cm-diameter gage section) that is machined parallel to the longitudinal dimension of the
pipe. The specimen is evaluated by exposing it to a simulated environment simultaneous
with application of loading that produces an initial strain rate of 4.0 x 10 ° in./in./s
(10.16 x 10 *cm/cm/s.).

Low-temperature (20 to 120°C) SSR tests were designed to measure susceptibility to
hydrogen embrittlement. The hydrogen generation reaction was accelerated by attacking a
small steel (API N-80) coupon adjacent to the SSR test specimen gage section such that the
specimen and steel couple were in electrical contact. The surface area of the coupon was
the same as the exposed specimen surface area (10 cm’).

Cracking susceptibility and localized corrosion susceptibility were verified using autoclave
exposures of 30-day duration. C-ring specimens, DCB specimens, and coupons with serrated
washers were used to make these determinations. The environmental simulation was identical
to SSR simulations (see the following) with the exception of duration and size of autoclave.
Autoclave test procedures and specimens are discussed in detail by Mack et al. [6].

Environmental simulations were accomplished using autoclaves (HC 276 construction)
that were charged with brine and gas to reproduce the well water cut chemistry and the
corrosive gas partial pressures. Hydrocarbon components were omitted. The chemical com-
ponents in the brine phase reproduced the produced brine chloride content with NaCl and
the produced fluid pH using acetic acid. Elemental sulfur was added in some tests as a
discrete phase. The gas phase partial pressures were duplicated in proportions that simulate
the well equilibrium at temperature. The environmental components are listed in Table 4.

TABLE 4—Test environments.

Environment NadCl, H,S CO, S
Designation % (psia) (psia) (g/L)
823+ 20 75 700 —
823-S* 20 75 700 1
823-SC¢ 20 75 700

* Simuiated moderately sour brine.
" 823 plus elemental sulfur.
¢ 823-SC specimen coupled to steel—no sulfur.
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Electrochemical tests for localized corrosion included cyclic polarization (ASTM G 61,
Test Method for Conducting Cyclic Potentiodynamic Polarization Measurements for Lo-
calized Corrosion susceptibility of Iron-, Nickel-, or Cobalt-Based Alloys) and CPT tests.
The CPT tests measured the temperature at which localized corrosion initiated for a given
combination of chloride, sulfide temperature, and potential. The test apparatus for CPT
tests consisted of a high-temperature and pressure electrochemical cell that employed cy-
lindrical (0.635 cm-diameter, 10.16 cm-long) electrodes. The simulated 823 environment
was the same as described for SSR tests.

The CPT test method [7] applied an oxidizing potential using a potentiostat to a sample
electrode that was exposed to the simulated environment. Electrode current was measured
versus time. The electrode current/time function is recorded at temperatures that increase
incrementally. The onset of localized corrosion (pitting) was observed by a sudden increase
in current above the background level.

Test Matrices

The initial SSR test matrix was a screening study (Table 5) designed to examine a variety
of material compositions and strengths. From this initial set of experiment, two materials
were selected having a particular performance characteristic which were subsequently ex-

TABLE 5—Alloy screening test matrix.

Temperature. C (F)

Matcrial Environment 22 (75) 65 (150) 93 (200) 120 (250) 150 (300) 175 (350) 200 (400) 225 (450)

A502 Air 2
823-SC t 1 1 2
823 2 2 2 2

B1029 Air 1 1
823-SC 1 1 1 1
823 2 2 2 2

C1031 Air i 1
823-SC 1 1 1 1
823 2 2 2 2

A1032 Air 1 1
823-SC 1 1 1 1
823 2 2 2 2

D1034 Air 1 1
823-SC 1 1 1 1
823 2 2 2 2

D1035 Air 1 1
823-SC 1 1 1 1
823 2 2 2 2

Al217 Air 1 2 2
823-SC
823

Al216 Air 1 2 2
823-SC
823

Nore: Numbers indicate test frequency.
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TABLE 6—Focused SSR test matrix.

Temperature, C (F)

Material  Environment 38 (100) 65 (150) 93 (200) 120 (250) 150 (300) 175 (350) 200 (400) 225 (450)

A502 Air 2 2 2

D1035 Air 2 2 2

A502 823-SC* 2 2 2 2 2

D1035 823-SC 2 2 2 2 2

AS(2 823" 2 2 2 2 2

D1035 823-§¢ 2 2 2 2 2

Al1217 Air 1 2 2

Al216 Air 2 2

A1217 823 2 2 2 2 2 2
Al1216 823 2 2 2 2 2 2
A1217 823-SC 1 1 1 1 1

Al1216 823-SC 1

A1217 823-S 2 2 2 2 2 2
A1216 823-§ 2 2 2 2 2 2

4 Specimen coupled to steel.
P 823 = 20% NaCl. 75 psi H,S, 700 psi CO,.
¢ 823 plus 1 g/L clemental sulfur.

NotEe: 1 psi = 6.9 kPa.

amined in detail as described in Table 6. Two additional materials from manufacturer A
(see Table 1) were examined in the test matrix also shown in Table 6 which was concerned
with the influence of elemental sulfur. Autoclave and electrochemical test matrices are
provided in Table 7.

Evaluation of Susceptibility to SCC and Localized Corrosion

The relative performance of the sample alloys were differentiated on the basis of SSR
parameters set forth in Table 8. Primarily, this assessment compares elongation and reduction

TABLE 7—CPT test matrix.

Environment

Material H.,S (psia) CO, (psia) NaCl, % S (g/L)
AS02 75 700 5 0
D1035 75 700 5 0
AS02 75 700 20 0
D1035 75 700 20 0
AS02 75 700 10 1
D1035 75 700 10 1

Autoclave Test Matrix

Temperature, Specimen
Environment F C C-ring DCB Coupon
823 300 150 2 2 2

823 450 225 2 2 2
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TABLE 8—SSR parameters.

Time to Failure () = ¢, — ¢,

where ¢ is the time to fracture from zero load (L).
NOTE: ¢ is the time derived from extrapolation of the elastic
portion of the L/e curve to zero load.

Elongation (E%) = (t, — t.) 100/e
where f, = time to yield defined as the time at which the L/e
curve becomes nonlinear.

Reduction in Area (R%) = 100 — (100D2)/D}?
where D is the fracture diameter and D, is the diameter of the
original gage length of the specimen.

Strain Rate (¢) = 4.0 x 107*in./in./s

E/E, = ratio of environmental elongation in air (at test temper-
ature)

R/R, = ratio of reduction in area to reduction in area in air

UTS = tensile strength from SSR curve

SC = secondary cracks defined as cracks outside the necked
region of the gage diameter.

in fracture surface area. Secondary cracking was examined by inspection using a microscope.
The criteria for cracking susceptibility are set forth in Table 9.

Localized corrosion performance was evaluated using coupons having serrated washers
per ASTM G 78, Guide for Crevice Corrosion Testing of Iron Base and Nickel Base Stainless
Alloys in Seawater and Other Chloride-Containing Aqueous Environments. The designation
of localized corrosion is semiquantitative.

Cyclic polarization experiments (ASTM G 61) yield characteristic potential values that
were used to diagnose pitting/crevice corrosion susceptibility. The criterion for localized
attack was hysteresis in the i/V plot. The potential was ramped in the positive direction
from E.... The potential at which the current increases suddenly was designated E, (p =
pitting). When the current density increased past a certain value (5 x 10-* A/cm’), the
potential ramp was reversed. The potential at which the current on the reverse ramp was

TABLE 9—Clriteria for cracking susceptibility.

E/E, R/R, sC
Pass >(.8 (and) >0.8 (and) No
(nonsusceptibility)
Fail <0.8 (or) <0.8 (and) Yes
(clear susceptibility) <0.5 (or) <0.5 (and) No
<0.6 (and) <0.6 (and) No
Gray area >0.6 < 0.8 (and) >0.6 < 0.8 (and) No
(requires further >0.8 (and) >0.8 (and) Yes
testing)

NoOTE: gray area requires SEM analysis.



270 SLOW STRAIN RATE TESTING

TABLE 10—Electrochemical criteria for localized corrosion
susceptibility (ASTM G 61).

Pass No Hysteresis
E, ~ E..> 300 mV

corr

E, — E.., > 500 mV

Fail E, < Eu,
E, — E., <100 mV
Gray area 100 mV < E, — E, <500 mV

0<E, — E, <300mV

equal to the current measured in the forward potential ramp was designated E,, (rp =
repassivation). The criteria for localized corrosion susceptibility based on these measured
parameters are set forth in Table 10.

CPT tests employed a temperature step and applied potential to diagnose localized cor-
rosion susceptibility. The potential of the sample alloy was held constant at £, = E,,, +
E,(E, = 100 ~ 500 mV) while the temperature is increased in 10-degree (C) increments.
At each temperature, the current of the alloy sample is measured versus time. An increase
in current denoted localized corrosion and that temperature, therefore, is labeled the CPT.
Alloys with lower CPT have a greater susceptibility to localized corrosion.

Results

SSR data from the initial SSR screening experiments are compiled in Tables 11 and 12.
Table 11 provides low-temperature (20 to 120°C) hydrogen embrittlement data and Table
12 provides high-temperature (150 to 225°C) SCC data. These data indicate ductility loss
for alloys in low-temperature experiments at 93°C when coupled to carbon steel and in high-
temperature experiments at temperatures that depend on sample material. Autoclave ex-
periments were conducted to further define localized corrosion and cracking susceptibility.
These data are essentially pass/fail and are summarized in Table 13.

Based on the screening experiments, two materials (A502, D1035) were selected for further
evaluation with respect to localized corrosion and cracking susceptibility. SSR cracking data
for these two materials are compiled in Tables 14 and 15 for hydrocarbon embrittlement
(low temperature) and SCC (high temperature), respectively.

SSR data for materials A1216 and A1217 are compiled in Tables 16 and 17. The studies
on these two materials were directed at determination of hydrogen embrittlement and high
temperature SCC, specifically the effect of elemental sulfur on the latter mechanism. Ma-
terials A1216 and A1217 were new products commercialized after the original materials
were selected.

Electrochemical cyclic polarization data are compiled in Tables 18 through 20. CPT tests
data are summarized in Tables 21 through 23.

Discussion
Screening Experiments

SSR screening data Tables 11 and 12 identified three possible types of ductility loss.

Low temperature ductility loss (LTDL)—Materials C1031, A1032, and D1035 exhibited
lower fracture area reduction (R) and reduced elongation (£) at 93°C. The mechanism is
thought to involve hydrogen generated by the steel couple. Figures 1 through 3 plot elon-
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TABLE 13—Summary table: Autoclave tests.

Crevice C-ring/DCB
Corrosion SSR Cracking Cracking

Material  150°C  225°C  150°C  225°C  150°C  225°C
1029-9 X — X X — X
1031-11 X — X — — X
1032-3 — — — X — hE
1033-13 X — — X — XXt
1034-8 X — X — — —
1035-7 X — X — — —

* DCB cracking only.
* DCB and C-ring cracking.

TABLE 14—Slow strain rate test data; low-temperature experiments, steel couple.

Test Test Tf, UTS
Material Temp, C  Temp,F Environment hours E(%) E/Ea R(%) R/Ra (ksi) SC
AS02 38 100 823-SC 7.2 7.1 093 574 084 1368 NO
65 150 823-SC 7.5 7.5 .00 63.6 093 140.4 NO
93 200 823-SC 7.1 6.8 091 533 078 1354 NO
120 250 823-SC 6.6 6.4 084 488 071 127.1 NO
150 300 823-SC 6.8 6.7 0.8 593 086 128.3 NO
D1035 38 100 823-SC 130 158 101 49.1 0.7 1432 NO
65 150 823-SC 129 154 099 487 0.69 132.8 NO
93 200 823-SC 120 141 093 412 059 1346 NO
120 250 823-SC 124 147 095 46.1 0.66 129.1 NO
150 300 823-SC 1.6 137 0.89 508 072 121.3 NO
NoTE: Data are averages of duplicate tests.
TABLE 15—Slow strain rate test data; high-temperature experiments.
Test Test Tf, UTS
Material Temp, C Temp, F Environment hours E(%) E/Ea R(%) R/Ra (ksi) SC
AS02 93 200 823 7.4 74 100 69.6 1.04 1346 NO
120 250 823 7.5 7.8 1.05  66.0 099 133.0 NO
150 300 823 7.5 7.7 1.0S 694 1.04 1345 NO
175 350 823 7.0 7.1 096 669 100 1246 NO
200 400 823 5.3 45 058 551 0.8 1151 NO
D1035 93 200 823-S 13.6 164 1.19 729 1.05 1358 NO
120 250 823-S 6.9 70 054 277 040 1370 YES
150 300 823-S 7.8 82 0.67 433 064 1299 NO
175 350 823-S 4.8 39 030 129 0.19 1247 YES
200 400 823-S 43 35 026 116 0.17 1028 YES

NortE: Data are averages of duplicate tests.
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TABLE 16—Slow strain rate test data; low-temperature experiments.

Test Test Tf, UTS
Material Temp, C Temp, F Environment hours E(%) E/Ea R(%) R/Ra (ksi) SC

A1217 38 100 823-SC 8.0 82 098 519 091 1291 NO
65 150 823-SC 8.6 9.1 1.09 491 0.86 122.1 NO

93 200 823-SC 7.6 7.6 091 599 105 1193 NO

120 250 823-SC 7.8 8.4 1.01 50.1 088 117.6 NO

150 300 823-SC 6.7 65 078 482 084 117.0 NO

A1216 93 200 823 8.9 92 091 556 106 1537 NO
120 250 823 9.1 100 098 586 1.12 130.2 NO

150 300 823 9.1 9.7 095 555 106 1436 NO

175 350 823 8.7 94 093 524 1.00 1393 NO

200 400 823 107 124 122 491 094 131.0 NO

225 450 823 102 115 113 453 087 1329 NO

NoTE: Data are averages of duplicate tests.

gation ratio and reduction in area ratio as a function of temperature. There is a clear minimum
at 93°C.

Intermediate temperature SSC (ITSCC)—Materials B1029, D1034, and D1035 exhibited
loss of ductility and evidence of secondary cracking at 150 to 175°C. This observation is
unique in that this susceptibility to cracking did not persist with increasing temperature.
Figures 4 through 6 illustrate loss of ductility associated with SCC at intermediate temper-
ature.

High temperature SSC (HTSCC)—Materials B1029 and A1032 exhibited susceptibility
SSC that increased with increasing test temperature. This type of behavior is typical for
nickel base alloys in that elevated temperature is known to accelerate SCC. Figure 7 illus-
trates HTSCC.

The SSR screening data are of interest because they identify possible degradation mech-
anisms heretofore unacknowledged in the literature. Kane [8] identified hydrogen embrit-
tlement (HE) of nickel base alloys at room temperature as a possible failure mode in long-
term charging experiment of alloy C-276. HE has not been identified as a mode of degra-
dation of Alloy G (20-25 Cr and 45-50 Ni) type materials at nominal strength levels.

The LTDL measured in SSR experiments do not equate with cracking per se. No inde-
pendent verification of fracture in statically stressed specimens was achieved (see autoclave
data in Table 13 and discussion in paragraphs to follow). LTDL, however, is thought to
involve hydrogen absorption and transport which is a strong function of temperature. Hy-
drogen diffusivity is very low in nickel base alloys at 22°C but increases rapidly with tem-
perature. It is feasible, therefore, that the 93°C ductility loss reflects an increasing amount
of absorbed hydrogen. At temperatures greater than 93°C, increased dislocation mobility
may account for the restoration of ductility.

ITSCC has not been reported previously in the literature for Alloy G type materials. It
results from localized corrosion that is peculiar to the identified temperature range (120 to
175°C). ITSCC in SSR specimens is accompanied by substantial amounts of surface corrosion
adjacent to the fracture. The alloy surface appearance is otherwise pristine. The mechanism
of ITSCC involves initiation of localized corrosion at surface striations resulting from spec-
imen machining. Highly polished surfaces do not demonstrate ITSCC as readily.

ITSCC is distinguished from HTSCC by surface appearance. At higher temperatures (175
to 225°C) G-type alloys form sulfide corrosion products, the thicknesses of which increase
with temperature. At lower temperatures, the film is primarily Cr,O, which acts as a galvanic
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TABLE 18—Pitting scan results of alloy D1035 and alloy A502 in 5% NaCl solution.

Temperature
I — E, E, Eoorc E, — Een E, — Egu
c F V) V) V) % V)
D1035
65 150 * 0.240 —-0.224 — 0.464
93 200 * 0.250 -0.122 — 0.372
120 250 * —-0.050 —-0.124 — 0.074
150 300 * — —0.464 — —
175 350 * —-0.200 —-0.428 — 0.228
A502
65 150 * —-0.120 -0.372 — 0.252
93 200 * — —-0.178 — —
120 250 N — —-0.104 — —
150 300 * — -0.378 — —
175 350 * —-0.150 —0.468 — 0.318

* No hysteresis.

cathode driving the anodic corrosion reaction. Dynamic strains produced by the SSR test
are necessary for ITSCC initiation.

HTSCC of G-type alloys in sour environments is well-documented in the literature.
HTSCC coincides with corrosion that produced primarily sulfide films and is accentuated
by elevated temperature, chloride content in the aqueous phase, lower pH, and high sulfur
activity. The mechanistic discussion is of importance because the alloys under scrutiny exhibit
varying degrees of susceptibility to LTDL, ITSCC, and HTSCC. It is, therefore. highly
advantageous to understand the implications of test results on materials performance in
service not only as a means of ranking performance, but also in an effort to understand
ramifications for end use.

TABLE 19—Pitting scan results of alloy D1035 and alloy A502 in 20% NaCl solution.

Temperature
S E, E, E o, E, ~ Eun E, ~ E.
C F V) V) V) V) v)
D1035
65 150 0.150 —0.050 -0.314 0.464 0.264
93 200 0.250 0.020 -0.260 0.510 0.280
120 250 — -0.170 -0.272 — 0.102
175 350 —-0.030 — -0.152 0.122 —
A502
65 150 0.150 0.000 —-0.278 0.428 0.278
93 200 0.250 0.010 —0.266 0.516 0.366
120 250 — -0.130 —-0.244 — 0.114

175 350 — ~0.200 - 0.492 _ 0.292
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TABLE 20—Pitting scan results of alloy D1035 and alloy A502 in 20% + I g/ L sulfur solution.

Temperature
- Ep Erp Ecorr Ep - Ecorr Erp - Ecun‘
C F V) V) V) 4% 2
D1035
65 150 0.400 0.170 -0.006 0.406 0.176
93 200 0.400 0.040 -0.068 0.468 0.108
120 250 — — 0.196 — —
150 300 — — 0.056 — —
175 350 — — ~-0.102 -— —
AS02
65 150 0.520 0.130 —0.012 0.532 0.142
93 200 0.420 0.140 -0.102 0.522 0.242
120 250 0.680 0.600 0.244 0.704 0.376
150 300 — — 0.070 — —
175 350 — — —0.086 — —

TABLE 21—Critical pitting temperature test of D1025 and alloy A502 in 5% NaCl solution.

Temperature
- Eion E, I; I
C F V) V) (mA/cm?) {(mA/cm?)
D1035
65 150 -0.110 0 0.67 0.39
93 200 -0.110 0 1.20 0.36
120 250 -0.124 0 2.45 0.94
150 300 —-0.407 -0.300 0.089 0.089
175 350 —0.450 -0.350 0.16 0.083
175 350 —0.476 -0.000 12.2 8.12
175 350 —0.451 +0.100 29.3 17.9
A502
65 150 —-0.108 0 0.67 0.47
93 200 -0.117 0 1.49 0.30
120 250 -0.104 0 377 0.90
150 300 -0.385 ~0.285 0.10 0.010
175 350 —~0.478 -0.378 0.035 0
175 350 -0.492 0.000 16.2 6.01
175 350 -0.373 +0.100 293 11.4

EE,.. = Open Circuit Potential.
E, = Applied Potential.

Initial Current Density.
Current Density after 15 min.

'

it

Il
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TABLE 22—Critical pitting temperature test of D1025 and alloy A502 in 20% NaCl solution.

Temperature
_— E., E, I I
C F V) V) (mA/cm?) (mA/cm?)
D1035
65 150 -0.236 0.0 1.56 1.07
93 200 —0.248 0.0 1.58 0.82
120 250 —0.240 0.0 29 1.74
175 350 —0.328 0.0 10.8 108*
A502
65 150 -0.211 0.0 1.67 1.27
93 200 -0.261 0.0 1.67 0.88
120 250 -0.230 0.0 3.19 0.72
175 300 -0.340 0.0 10.8 108"

* In 80 seconds.
" In 300 seconds.

Autoclave exposures were used to verify the SSR test results and to gain further insight
into the various mechanisms. Data from statically stressed specimens (C-rings, DCBs) did
not discover any incidence of ITSCC; however, localized corrosion susceptibility was con-
firmed for all materials that exhibit ITSCC using coupons having artificial crevices. HTSCC
of susceptible alloys was also confirmed using C-ring specimens and DCB specimens.

ITSCC Experiments

Two alloys from two different manufacturers were selected for further investigation of
the ITSCC mechanism. SSR tests were conducted at low temperature and high temperature.

TABLE 23—Critical pitting temperature test of D1025 and alloy A502 in 10% NaCl + 1 g/L sulfur
solution 75 psia H,S, 700 psia CO,.

Tempe'rature
_— Eun E, I I
C F V) V) (mA/cm?) (mA/cm?)
D1035
65 150 -0.052 0.200 1.0 0.12
93 200 -0.062 0.200 1.6 0.26
120 250 —0.203 0.400 4.29 0.74
150 300 -0.130 0.330 6.7 17.8
175 350 —-0.161 0.100 8.0 13.0
AS502
65 150 -0.063 0.260 0.75 0.075
93 200 -0.075 0.200 1.8 0.1
120 250 -0.190 0.330 4.7 0.63
150 300 -0.119 0.330 10.0 2.89

175 350 -0.115 0.115 5.0 10.0




E/Ea

WILHELM AND CURRIE ON LOCALIZED CORROSION AND SCC 279

0O E/Ea
v R/Ra

Legend

R/Ra

E/Ea

25 50 75 100 125 150

0
Temperature (C)
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FIG. 2—Ductility ratios versus temperature A1032, screening experiments.
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FIG. 4—Ductility ratios versus temperature B1029, screening experiments, elemental sulfur.
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FIG. 7—Ductility ratios versus temperatiire A1032, screening experiments.

The low-temperature experiments (Table 14) verified that alloy A502 was not sensitive to
LTDL or to ITSCC. Alloy D1035 was verified as sensitive to LTDL and HTSCC in the
presence of elemental suifur (see Figs. 8 and 9).

The elemental sulfur question results from uncertainty in the well composition. Well test
data had suggested that elemental sulfur was possible in produced gas. Previous research
on this subject [9] had indicated the pronounced detrimental effect of elemental sulfur on
SCC susceptibility. At grossly exaggerated levels (1 g/L) employed in SSR tests, elemental
sulfur produces SCC when present in combination with brine, H,S, and low pH (CO,). The
loss of ductility is evident at 150°C and all higher temperatures for alloy D1035.

HTSCC Experiments

Two proprietary alloys from manufacturer A (A1216 and A1217) were selected for scrutiny
of their relative abilities to resist HTSCC as complicated by elemental sulfur. The data are
graphically depicted in Figs. 10 and 11 which demonstrate the pronounced loss of perform-
ance at temperatures above 120°C. These data allow the conclusion that G-type alloys cannot
withstand situations in which copious amounts of elemental sulfur are produced. Luckily,
however, this is not the case for the 823 field.

Electrochemical Experiments

The performance of G-type materials was concluded to depend intimately with localized
corrosion resistance. Two materials were selected for intensive investigation based on the
results of SSR tests which showed material A506 resistant to ITSCC while alloy D1035
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susceptible. The chosen alloys were subjected to electrochemical tests at various tempera-
tures and in brines having differing amounts of chloride and in some cases elemental sulfur.

Typical polarization scans to measure pitting resistance are shown in Figs. 12 through 14
for materials A502 and D1035. The three parameters used to diagnose localized corrosion
from pitting scans are corrosion potential (E..), pitting potential (E,), and repassivation
potential (E,,). E.. is the open circuit potential before the scan, E, is the potential where
a sharp current increase occurs, and E,, is the potential where the reverse scan intersects
the forward scan. The difference between E,,. and E, (E, — E,.) quantifies the resistance
to pit initiation; the larger the difference the more difficult for pitting corrosion to initiate.
The difference between E,, and E,,, (E,, — E..) is related to pit propagation: the smaller
the difference the easier for existing pits to propagate. Existing pits will not repassivate (or
heal) if E,, < E.. Hysteresis on the pitting scan (current density on the review scan is
higher than that on the forward scan) means that localized corrosion (pitting) is a component
of the corrosion mechanism.

Data on both electrodes in three solutions are compiled in Tables 18 through 20. In 5%
NaCl solution, the pitting scan curves of alloys D1035 and AS502 at the same temperatures
are similar. No hysteresis was found on A506 or on D1035 at 175°C indicating resistance to
pitting. The difference between (E,, ~ E,.) of the two materials is not significant. Both
materials are immune to pitting corrosion in 5% NaCl solution which is the least aggressive
solution tested.

In 20% NaCl solution, both materials behaved similarly at every temperature except at
175°C. The repassivation potential, E,,, for D1035 at 175°C is less than E,,,, while E,, for
AS502 is 0.292 V above E,,.. This suggests that A502 is substantially more resistant to pitting
than D1035 at 175°C in 20% NaCl. In 10% NaCl plus 1 g/L sulfur solution, similar pitting
scans and pitting resistances were found for both materials below 120°C. At 120°C, A502
is more pitting resistant as indicated by E,, — E,..

Pitting corrosion scans, therefore, indicate that AS502 is significantly more resistant to
pitting corrosion at intermediate temperatures.

In CPT tests, the electrodes were polarized to potentials more noble than the open circuit
potential and the anodic current of the electrode was recorded for 15 min. The initial current

0.5001
[D1035, 65°C, 20%NaCl |
0.300F
-— Ep-——-——»
o 0.10%
3
> -
Sample 3031
_ | Date 1/12
0.100 Area  4.000
E ~0.314
r Ey 0.284
Er -0.210
-0.300} <—£Cor|——> MV/SBC 1.000
Ecorr ~0.314
, . . L . .
102 103 104 105 108 107 108

NA/CMZ
FIG. 12—Electrochemical cyclic polarization scan, D1035, 65°C, 20% NaCl.
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FIG. 13—Electrochemical cyclic polarization scan, D1035, 93°C, 20% NaCl.

density (current density immediately after potential was applied) and the final current density
(current density after 15 min at applied potential) were used to diagnose localized corrosion.
A final current density (/,) that is substantially greater than the initial current density (1)
signifies that pitting corrosion has initiated. If /, is less than (or equal to) I, pitting corrosion
has not initiated. The critical pitting temperature is defined as the lowest temperature for
which /, is substantially greater than 1.

Initial and final current densities of CPT tests are listed in Tables 21 through 23. For 5%
NaCl solution, the final current densities were always lower than the initial current densities

-0.050¢
~0.150} [ A502, 175°C, 20%NaCl |
—0-250¢
s
- ERP
E Sample 3055
—0.350} P Date 1/12
' Area  5.000
Ey -0.492
i Ey  —0.032
Ep ~0.324
—0.430r MV/Sec  1.000
<Ecorr— Ecorr —0.492
104 109 108 107 108

NA/CM2
FIG. 14—Electrochemical cyclic polarization scan, A502, 175°C, 20% NaCl.
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for both D1035 and AS02. This means no initiation of pitting during the fifteen-minute-
periods up to and including 175°C. The pitting resistances of D1035 and AS02 in the 5%
NaCl solution are good and cannot be differentiated.

In 20% NaCl solution and at temperatures below 120°C, no current increases were ob-
served. At 175°C, however, the current increased rapidly indicating localized corrosion had
initiated (Fig. 15). This observation suggests pitting corrosion of D1035 and AS502 is likely
to occur between 120 and 175°C. The current density of A502 increased at a slower rate
than D1035, suggesting that it takes a longer time for pitting corrosion to initiate on A502.
Hence, the CPT tests indicate that A502 is more resistant to pitting than D1035 in 20%
NaCl solution. The critical pitting temperatures for both alloys are 120°C in 20% NaCl (75
psi H,S, 750 psi CO,).

In 10% NaCl solution with 1 g/L sulfur (75 psi H,S, 750 CO,), no current increases were
found on either material at temperatures below 120°C. The current-time curves of both
alloys at 120°C and 150°C are shown in Fig. 16. Current increases were found on'D1035
and AS502 at 150°C suggesting that both materials undergo localized corrosion. Again, the
current increase being faster on D1035 than on AS502 suggests D1035 is less resistant to
pitting in the environment at 150°C. The CPT for both alloys is 120°C.

The CPT test is an accelerated test and indicates relative performance and the possibility
of localized corrosion. It is concluded that A502 is more resistant to localized corrosion than
D1035 in the test environments. Pitting corrosion may occur on both materials in high
chloride or sulfur containing solutions at a temperature range of 120 to 175°C, which should
be confirmed by autoclave tests.

In sum, the pitting scans and CPT tests suggest alloys D1035 and AS02 are potentially
susceptible to localized corrosion in 10% NaCl with 1 g/L sulfur and in 20% NaCl envi-
ronments at 120 to 175°C. This finding coincides with the fact that D1035 suffered stress
corrosion cracking at intermediate temperatures as indicated by SSR tests. It can be rea-
sonably inferred that medium-temperature stress cracking found in SSR tests is initiated by
localized corrosion. Alloy A502 is found to be more resistant to pitting corrosion and hence
more resistant to stress cracking under such conditions.
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FIG. 15—Critical pitting temperature test, current versus time.
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FIG. 16—Critical pitting temperature test, current versus time.

Conclusions

Alloy G-type (nominally 20-25 Cr, 45-55 Ni) materials are potentially susceptible to
localized corrosion at temperatures between 120 and 175°C. Alloy performance is a subtle
function of compositional and microstructural differences. Under conditions of dynamic
strain, localized corrosion can result in SCC; however, the observation of SCC in SSR tests
may be an artifact of testing related to strain rate and surface finish and may not indicate
a likelihood of service degradation.

Resistance to localized corrosion in G-type materials is alloy-specific. A range of per-
formance can be measured using coupon exposures, electrochemical tests, and SSR exper-
iments.

At low temperature (T < 120°C), and under conditions of hydrogen charging, some alloy
G-type materials can experience slight ductility loss caused by hydrogen absorption. The
ductility minimum is specific to 93°C and likely results from a kinetic balance between rate
of hydrogen generation, hydrogen diffusion, and dislocation mobility.

SSR tests at temperatures between 120 and 175°C predict cracking susceptibility (ITSCC)
that is initiated by localized corrosion. The observation of ITSCC depends on surface rough-
ness in that machining striations provide sites for localized corrosion initiation under con-
ditions of dynamic strain.

SCC of G-type materials is greatly affected by elemental sulfur. When elemental sulfur
is present in gross excess, all G-types materials exhibit SCC susceptibility that increases with
temperature.

It is possible to rank localized corrosion susceptibility of alloys using electrochemical CPS
and CPT tests so as to predict service performance. The performance prediction agree with
autoclave tests and SSR tests to provide a clear differentiation of alloy capability.

References

[/] Wilhelm, S. M. and Kane, R. D., “*Selection of Materials for Sour Service in Petroleum Production,”
Journal of Petroleum Technology, Society of Petroleum Engineers, October 1986.

[2] Rhodes, P. R., **Stress Cracking Risks in Corrosive Oil and Gas Wells,”” Corrosion/86, Paper No.
322, National Association of Corrosion Engineers, March 1986.



WILHELM AND CURRIE ON LOCALIZED CORROSION AND SCC 289

[3] Tuttle, R. N., ““Corrosion in QOil and Gas Production,”” Journal of Petroleum Technology, Society
of Petroleum Engineers, July 1987.

[4] Coyle, R. J., Kargol, J. A., and Fiore, N. F., “The Effect of Aging on Hydrogen Embrittlement
of a Nickel Alloy,” Metallurgical Transactions A, Vol. 12A, April 1981.

[5] McIntyre, D. R., Kane, R. D., and Wilhelm, S. M., “Slow Strain Rate Testing for Materials
Evaluation in High Pressure H,S Environments,” Corrosion/86, Paper 149, National Association
of Corrosion Engineers, 1986.

[6] Mack, R. D., Wilhelm, S. M., and Steinberg, B. G., “‘Laboratory Corrosion Testing of Metals and
Alloys in Environments Containing Hydrogen Sulfide,” Laboratory Corrosion Tests and Standards.
ASTM STP 866, G. S. Haynes, Ed., American Society for Testing and Materials, Philadelphia.
1985, pp. 245-259.

[7]1 Kane, R. D., Wilhelm, S. M., and McIntyre, D. R., **Application of the Critical Pitting Temperature
Test to the Evaluation of Duplex Stainless Steels,” Corrosion Testing and Evaluation, Silver An-
niversary Volume, ASTM STP 1000, R. Baboian, Ed., American Society for Testing and Materials,
Philadelphia. 1990.

[8] Kane, R. D. and Greer, J. B., “Embrittlement of High Strength High Alloy Tubular Materials in

Sour Environments.”” Journal of Petroleum Engineers, Society of Petroleum Engineers, October

1977.

Wilhelm, S. M., “Effect of Elemental Sulfur on Stress Corrosion Cracking of Nickel Base Alloys

in Deep Sour Gas Well Production.™ Corrosion/88, Paper No. 77, March 21-25, 1988.

9

—



Edward L. Hibner!

Improved SSR Test for Lot
Acceptance Criterion

REFERENCE: Hibner, E. L., “Improved SSR Test for Lot Acceptance Criterion,” Slow
Strain Rate Testing for the Evaluation of Environmentally Induced Cracking: Research and
Engineering Applications, ASTM STP 1210, R. D. Kane, Ed., American Society for Testing
and Materials, Philadelphia, 1993, pp. 290-294.

ABSTRACT: For quite some time now, the Slow Strain Rate (SSR) test has been used in the
Oil Patch as a Lot Acceptance Criterion. The most common pass/fail criteria for SSR testing
is the ratio of Time to Failure (TTF), Percent Reduction of Area (%RA), or Percent Elongation
(%El), or a combination thereof, measured in an environment relative to the same parameter
in an inert environment (air or nitrogen). Specimens are typically examined for secondary
cracking away from the main fracture surface. However, there are many innate problems
associated with the SSR test that complicate its use as a lot acceptance criterion. The nature
of these problems is discussed, along with corrective actions.
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Historically in materials selection, corrosion has been a more or less add-on property with
the primary consideration being given to strength and fabricability. This approach empha-
sized general composition and the ability to manufacture product shapes and forms. If
corrosion was of real concern, it could be overcome by conservative, but costly, over-alloying.
The chance of failure was usually small.

In the 1960s-and 1970s, another factor, internal alloy structure control, began to emerge
as a critical component for success. Thermomechanical processing history was precisely
controlled in addition to general composition. Cost also began to play a major role as end
users wanted to pay for only enough corrosion resistance to survive the application.

These different approaches to material selection and usage can be visualized with the aid
of some simple figures. The historic, over-alloying situation is similar to a box (the alloy)
on a step (the application) (see Fig. 1). It is very difficult for the box to fall from the step
without some extreme outside interference.

The common situation of alloys which are pushed to their limits is more like a ball on a
step (see Fig. 2). In this precarious situation, minor changes in either the ball or the support
can cause it to fail. Under these critical conditions, the SSR test has been used in the Qil
Patch on a go-no-go basis [I] for Corrosion Resistant Alloys (CRAs). As Murphy’s Law
(what can go wrong, will go wrong) governs the SSR test, it is very critical to make an
intensive effort to provide the best SSR results possible.

This paper discusses what can go wrong, how it may adversely affect SSR test results,
and describes how to improve the SSR test for Lot Acceptance Criterion.

! Senior metallurgist, Inco Alloys International. Inc., Huntington, WV 25720.
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FIG. 1—Over-alloying approach to material selection.

Pass/Fail Criteria

In review, the most common pass/fail criteria for SSR testing is a ratio of Time to Failure,
% Reduction of Area, or %Elongation, or a combination thereof, measured in a simulated
oil patch environment relative to the same parameter in an inert environment (air or ni-
trogen). Passing is frequently defined by a ratio of 0.90 or greater, depending on the alloy
and the environment. If the ratio is between 0.80 and 0.90, the specimen is examined under
the Scanning Electron Microscope (SEM) for evidence of ductile or brittle fracture of the
primary fracture surface. A ratio below 0.80 typically fails. All specimens are examined for
secondary cracking in the gage length, away from the primary fracture. The absence of
secondary cracking in specimens with acceptable ratios is indicative of good stress corrosion
cracking (SCC) resistance and passes. The presence of secondary cracks fails. In most cases,
one inert SSR test is conducted along with three environmental SSR tests for each acceptance
lot. To account for data scatter, two inert SSR tests are sometimes conducted along with
two environmental SSR tests. If all the environmental tests pass the TTF, %RA, or %E]l
ratios, or a combination thereof, (as required by specification) and exhibit no secondary
cracking, the test lot of material passes and is released. Attention to details and the testing
procedure improvements suggested in the following will help ensure the credibility of the
SSR test as a lot acceptance criterion.

NACE Test Procedure

The National Association of Corrosion Engineers (NACE) under its Technical Activities
Committee, T-1F-9, is developing a standard “Slow Strain Rate Test Method for Screening

Pass

Fail

Application

FIG. 2——Just enough corrosion resistance to survive an application.
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Corrosion Resistant Alloys (CRAs) for Stress Corrosion Cracking in Sour Oil Field Service.”
When completed, this document in combination with the recommendations made in the
following discussion will provide a good basis for an SSR lot acceptance test.

Testing Problems Associated with the SSR Test

In the development of a lot acceptance test, the first step should be to evaluate precision
through an interlaboratory test program (round robin). Precision, by definition, is the close-
ness of agreement between randomly selected individual measurements or test results (see
ASTM E 456, Terminology Relating to Quality and Statistics), or simply, repeatability within
a laboratory and reproducibility between laboratories. Without an understanding of what
the precision should be under the best conditions, it is possible to pass or fail material
irrespective of its true condition. Bias, by definition, is a systematic error that contributes
to the difference between a population mean of the measurements or test results and an
accepted reference value (see ASTM E 456). Bias is probably not an issue because there is
no reference value.

The only known, organized interlaboratory round robin test program on SSR testing is
that currently being conducted by NACE Technical Activities Committee, T-1F-9. Alloy
N08825 is being evaluated in sour oil field environments at varied temperatures and strain
rates. S. M. Wilhelm [2], T-1F-9 Committee Chairman, stated that testing to date indicates
that the participating laboratories are in general agreement as to pass or fail. Significant
differences exist, however, between laboratories in actual values obtained for measured
parameters. Interlaboratory reproducibility is good when tests are conducted on the same
machine.

When the NACE round robin is completed, it should provide a good perspective on the
precision of the SSR test as a lot acceptance criterion. Irrespective of that, here are some
problems affecting precision that can be addressed:

Before beginning SSR testing for a lot acceptance criteria, data scatter of the inert (air
or nitrogen) test should be examined to determine if one inert test is representative enough
for determination of TTF ratios or if the average of two inert tests is required to determine
the TTF ratio. This is affected by the alloy type and condition, for example cold-drawn, or
aged corrosion resistant alloys may show different scatter in replicate inert environmental
tensile tests.

A slow, constant extension rate is imposed on the SSR test specimen for the duration of
the test. The SSR results are a function of the cross-head rate [3,4]. The effect of the
extension rate should be evaluated over several orders of magnitude of extension rate. For
Oil Patch applications of CRAs, the standard extension rate is 4.0 x 107°s~' [5,6]. To
ensure an accurate cross-head speed, the extension rate is typically calibrated every 30 days,
minimum.

A load train which is out of compliance can result in a dog-legged or twisted specimen
as seen in Fig. 3. Mechanical testing machines and alignment devices used for SSR testing
should be calibrated to ensure load train compliance to avoid torsional or bending loads on
the specimen. Compliance calibration is usually done semiannually or when dog-legging or
twisting of the test specimen is observed. Cortest Laboratories has recently developed an
excellent procedure for compliance calibration {2]. A NACE Technical Activities Committee
under T-1F is considering the development of a similar procedure.

Improper machining of the SSR test specimen can result in an invalid test. Either twisting
of a specimen while being machined, or selection of a nonflat blank for machining can result
in dog-legging of the specimen during the test. An example of a nonflat blank cut from a
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FIG. 3—A dog-legged SSR test specimen.

longitudinal strip of cold-drawn, as-drawn tubing which bowed due to longitudinal stress is
illustrated in Fig. 4. Extreme care should be taken to avoid these problems.

Machining of a test specimen must be performed carefully so as to avoid overheating and
unnecessary cold-working of the gage section. Wet grinding of the specimen would help
accomplish this. The final two passes should remove a total of about 0.002 in. (0.05 mm)
of metal, maximum [6].

Specimen surface finish during testing has a major influence on the SSR test results.
Polishing of the specimen after machining results in less susceptibility to SCC [7]. NACE
[6] recommends the test specimen be finished to a surface roughness of 32 pin. (80 pwm) or
finer. Personal experience over many years of testing has shown that a final surface finish
of 500 to 1200 grit from dry ALO, paper is sufficient for optimum SSR test results. Choi
was successful using an 800 grit SiC finish [7]. No beneficial effect of diamond polishing the
specimen gage as opposed to using Al,O, or SiC paper has been observed or documented
in the current literature search. Further, three lots of alloy G-3 (UNS N06985) were SSR
tested in 25% NaCl + 100 psig H,S + 0.5% acetic acid at 300°F with two surface finishes,
first polished to a 500 grit surface finish with Al,O, paper and second polished to a 1 micron
surface finish with diamond paste. No effect of surface finish on SSR test resuits was
observed.

Experience has shown that a deep scratch on one side of the specimen gage, caused by
either a jump of the cutting tool during machining or by point micrometers scratching the
gage area, can also cause the specimen to dog-leg during the test. A test specimen of alloy
G-3 (UNS N06985) was observed to have a scratch on the polished gage, caused by point
calipers. The scratch was observable with the naked eye and went approximately one third
of the way around the gage diameter. Location of the scratch was noted and, after testing
in 25% NaCl + 100 psig H,S + 0.5% acetic acid at 300°F, the specimen was observed to
dog-leg at the location of the scratch. This phenomenon occurred in three or four tests in
a series of 219 environmental SSR tests. This phenomenon has also been observed by
Wilhelm and Currie [8]. To avoid this problem, the machined test specimen should be
examined under 20 to 30 X magnification before polishing. If deep gouges exist, another
specimen should be prepared. After polishing and measuring the gage, the test specimen
should again be examined under 20 to 30 X magnification for scratches. If scratches are too
deep to remove by polishing, another test specimen should be prepared. Measuring the

FIG. 4——SSR test specimen being machined from a nonflat section of tube wall, bowed due to longi-
tudinal stress.
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specimen gage before testing with a straight edge caliper instead of with point micrometers
will help avoid scratching the final polished surface of the test specimen.

Conclusion

The NACE *Slow Strain Rate Test Method for Screening Corrosion Resistant Alloys
(CRAs) for Stress Corrosion Cracking in Sour Oil Field Service” in combination with the
recommendations made in the discussion will provide a good basis for a SSR lot acceptance
test.

The recommendations from this paper are:

(1) Evaluate data scatter of the inert test to determine the number of inert tests required
for determination of TTF ratios.

(2) The effect of the extension rate on SCC resistance should be evaluated over several
orders of magnitude.

(3) The extension rate should be calibrated every 30 days, minimum.

(4) Compliance calibration of the load train should be done semiannually or when dog-
legging or twisting of the test specimen is observed.

(5) Avoid twisting, gouges, unnecessary cold work, or overheating of a test specimen
during machining.

(6) The final surface finish of the test specimen should be 500 grit or finer.

(7) Test specimens should be examined under 20 to 30 X magnification for gouges after
polishing. Gouged specimens should not be tested.

(8) Measure the specimen gage before testing with a straight edge caliper instead of with
point micrometers to help avoid scratching the final polished surface of the test specimen.
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