
8.10 Stress-corrosion Test

Methods

Stress-corrosion cracking results from the interactions, in a critically inter-
dependent manner, between an environment, a metal and the response of
the latter to the application of an appropriate stress. Recognition of these
conjoint requirements has frequently led to the use of tests that attempt to
simulate a practical situation, especially with regard to the structure and
composition of the material, but less frequently in the manner in which the
stress is generated in the testpiece and in achieving representative environ-
mental conditions.

Stressing Systems

Many different methods1'4 have been used in stressing testpieces, from
which it may be reasonably assumed that there is no single method that is
markedly superior to all others. Each method may have its peculiar advan-
tages in a given situation, but, ideally, a test method should not be so severe
that it leads to the condemnation of a material that would prove adequate
for service, or so trifling as to permit the use of materials in circumstances
where rapid failure ensues. Methods of stressing testpieces, whether initially
plain, notched or precracked, can be conveniently grouped according to
whether they involve:

1. a constant total strain or deflection;
2. a constant load;
3. an imposed strain or deflection rate.

Constant deflection tests usually have the attraction of employing simple,
and therefore frequently cheap, specimens and straining frames and of
simulating the fabrication stresses that are most frequently associated with
stress-corrosion failure. Constant load tests may simulate more closely
failure from applied or working stresses. Tests involving the application of
a constant deflection rate have become fashionable in recent times but their
relevance to service failures continues to be debated.



Constant Total-deflection Tests

Prismatic beams stressed by bending offer a simple means of testing sheet
or plate material, typical arrangements being shown in Fig. 8.89a to e. Below
the elastic limit the stresses may be calculated1'5 or determined from the
response of strain gauges attached to the surface at an appropriate position.

Plastic bending of strip specimens to produce a 'U' bend (Fig. 8.89d and
e) will usually allow the use of a lighter restraining system, although some
of the effects of the plastic deformation, if not removed by subsequent heat
treatment, may be to influence cracking response and the stress obtained
in the outer fibres of the specimen is usually less reproducible than with more
sophisticated specimens. Tubular material may be tested in the form of
4C' or 4O' rings, the former being stressed by partial closing of the gap
(Fig. 8.89c) and the latter by the forced insertion of a plug that is appro-
priately oversized for the bore. The circumferential stress at the outer surface
of a *C ring is maximal midway between the bolt holes, but for the 4O' ring
it is constant over the periphery, the stresses being readily calculated in terms
of measured deflections1'2.

Constant-deflection tensile tests (Fig. 8.89f and g) are sometimes pre-
ferred to bend tests, but for similar cross sections require a more massive
restraining frame. In principle this problem may be surmounted by the use
of internally stressed specimens containing residual stresses as the result
of inhomogeneous deformation. The latter may be introduced by plastic
bending, e.g. by producing a bulge in sheet or plate material, or by welding,
but such tests provide problems in systematic variation of the initial stress,
which will usually be in the region of the yield stress. Moreover, elastic
spring-back, in introducing residual stresses by bulging plate or partially
flattening tube, may introduce problems, and where welding is involved the
structural modifications may raise difficulties unless the test is simulative of
a practical situation.

At least as important as the choice of methods of stressing is the realisa-
tion of the limitations of the various methods, these having been considered
in a review of stress-corrosion test methods6. The stiffness of the stressing
frame in constant-deflection tests may influence results because of relaxa-
tion in the specimen during the initial loading stage and during subsequent
crack propagation. Especially in testing ductile materials, the initial elastic
strain is converted in part to plastic strain, even if the total deflection remains
constant during cracking. This is because as the crack propagates the stress
increases on the remaining uncracked portion of the specimen section
beyond the crack, eventually reaching the effective yield stress. Yielding will
then occur, accompanied by yawning of the crack and frequently with the
propagation of a Liiders band that results in a sharp load drop, which is
sometimes mistaken as an indication of the crack having advanced by a burst
of mechanical fracture. Once load relaxation has been initiated the extent
to which it proceeds can vary from specimen to specimen. Thus, Fig. 8.90
shows load relaxation curves for two specimens of the same maraging steel
in the same stressing frame, which had a facility for load recording through-
out the test. The specimens differed in the extent to which they showed load
relaxation prior to sudden fracture, this difference being related to the
number of cracks that developed in the specimens. Marked load relaxation



Fig. 8.89 Stressing systems for stress-corrosion test specimens; (a)-(f) constant strain, (g) con-
stant load
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Fig. 8.90 Load relaxation curves for a maraging steel stress corroded in 0.6 M NaCl at pH 2
(after Parkins and Haney7)

was associated with the development of many cracks in the specimen, and
little relaxation with only a few cracks. This can influence the time to failure,
as is apparent from Fig. 8.90, where the specimen stressed at the initially
higher load took longer to fail than that at the initially lower load. This
is because, when only a single stress-corrosion crack develops, it will not
need to grow to large dimensions before sudden, final failure occurs, since
the applied load remains high, whereas with the marked load relaxation
associated with the multi-cracked specimen one of the cracks will need to
propagate much further before it reaches the size for sudden fracture at
the reduced load. Such an explanation conforms to the observations7 that
the load at fracture is related to the area of stress-corrosion cracking upon
the final fracture surface and to the number of cracks initiated.

This type of result will depend upon the nature of the stress-corrosion
system being studied, i.e. upon such properties as the fracture toughness of
the material and even upon the aggressiveness of the environment employed.
It will also vary according to the stiffness of the restraining jig employed,
since the stiffer the frame the less the elastic strain that is likely to remain
in the specimen after the propagation of a Liiders band, so that a stress-
corrosion crack may cease to propagate in some circumstances, especially
if the initial stress is in the vicinity of the threshold stress. This indicates
some of the dangers inherent in comparing stress-corrosion resistances in
terms of times to failure at a given initial stress, an approach that is often
practised but which can be misleading. Figure 8.91 shows the results from
some tests in which the time to failure of specimens previously cold worked
in varying amounts is plotted against initial stress. Comparison of the effects
of different amounts of cold work by tests at an initial stress of 280 N/mm2

or 155 N/mm2 gives different orders of susceptibility, as shown in Table
8.5. It could be argued that neither of these results is correct because the
prior cold work would result in different yield strengths being developed in
the three different conditions and that the results should be rationalised by
making the comparison as a function of the respective yield strengths. Here
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again, however, the order of susceptibility varies according to the ration-
alised stress at which the comparison is made, as the results in Table 8.5
show. It is difficult to escape the conclusion that a more satisfactory basis of
comparison is the threshold, but even the latter may not be a basis for com-
parison of results obtained using different restraining frames.

The simplicity of the rigs used in the constant-strain tests is an advantage
in the application of the corrosive solution. Thus, in the case of two-point
bending (Fig. 8.89a) several specimens may be strained in the same rig which
can be constructed of plastic and immersed in a tank containing the test
solution.

Constant-load Tests

Dead-weight loading (with or without the assistance of levers to reduce
the load requirements) of tensile specimens has the advantage of avoiding
some of the difficulties already discussed, not the least in allowing accurate
determination of the stress if the specimen is uniaxially loaded. The rela-
tively massive machinery usually required for such tests upon specimens
of appreciable cross section is sometimes circumvented by the use of a
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Fig. 8.91 Effects of different amounts of prior cold work (0,10 and 34%) on the stress corro-
sion of a 0.07% C steel in boiling 4 M NH4NO3

Table 8.5 Relative susceptibilities to cracking of a mild steel in boiling 4 N NH4NO3 after
various amounts of cold work



compression spring (Fig. 8.89g) chosen with characteristics that ensure it
does not change significantly in length during testing and thereby approx-
imates to a constant-load application. For immersion tests the frame may
be coated in PVC and the specimen insulated from the shackles by plastic
sleeves and washers to avoid bimetallic effects; alternatively, the specimen
may be enclosed in a glass cell containing the test solution. The alternative
approach of minimising the size of the loading system by reducing the cross
section of the specimen to the dimensions of a wire is dangerous unless
failure by stress-corrosion cracking is confirmed by, say, metallography.
This is because failure may result from pitting and an attendant increase in
the effective stress to the UTS in some stress-corrosion environments. Indeed
there is evidence for some systems that before stress-corrosion cracking
proper can begin, a pit must form wherein certain chemical or electrochemi-
cal conditions are established that permit cracks to be initiated, and in such
systems the use of fine wires has obvious pitfalls.

The load relaxation that accompanies some, if not all, constant-deflection
tests is replaced in constant-load tests by an increasing stress condition,
since the effective cross section of the testpiece is reduced by crack propaga-
tion. This suggests that it will be less likely that cracks will cease to propagate
once initiated, as may happen with constant deflection tests at initial stresses
in the region of the threshold stress, and therefore that threshold stresses
are likely to be lower when determined under constant-load conditions than
under conditions of constant deflection. Some results due to Brenner and
Gruhl8 for an aluminium alloy (Fig. 8.92) confirm this expectation. These
results also show shorter times to failure for the same initial stress with con-
stant load testing and, as already indicated for constant-deflection tests, raise
queries as to the significance of time to failure, the parameter so frequently
used in assessing cracking susceptibility.
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Fig. 8.92 Comparison of test results from bend and tension tests upon Al-Zn-Mg alloy in 3%
NaCl plus 0.1% H2O2 (after Brenner and Gruhl8)
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Slow Strain-rate Tests

While this method of testing has been in use in some laboratories for two
decades or more, and has increased in use considerably in very recent years,
there remains some scepticism and unfamiliarity with the method. In essence
it involves the application of a relatively slow strain or deflection rate
(approx 10"6S"1) to a specimen9 subjected to appropriate electrochemical
conditions. It should be emphasised that the strain rates employed are very
much lower than those involved in straining electrode experiments where
the object, the measurement of current transients, is totally different. In
slow strain-rate corrosion tests the object is to produce stress-corrosion
cracks that, metallographically, are indistinguishable from those produced
in constant-load or constant-deflection experiments. The object in all these
laboratory tests is normally to obtain data in a relatively short period of time
and this is frequently achieved by adopting an approach that increases the
severity of the test. In stress-corrosion testing this usually takes the form of
increasing the aggressiveness of the environment by changing its composi-
tion, temperature or pressure, stimulating the corrosion reactions (galvano-
static or potentiostatic polarisation), increasing the susceptibility of the alloy
through changes in structure, or increasing the severity of the stress by the
introduction of a notch or precrack. The application of dynamic straining
to a stress-corrosion test specimen comes into this last category also, and,
like all of the other accelerating approaches, its justification will vary accord-
ing to the circumstances in which it is used.

Most stress-corrosion crack velocities fall in the range from 10~3 to
10~6mm s'1, which implies that failures in laboratory test specimens of
usual dimensions occur in not more than a few days. This is found to be
so if the system is one in which stress-corrosion cracks are readily initiated,
but it is common experience to find that some testpieces do not fail in very
extended periods of testing, which are then terminated at some arbitrarily
selected time. The consequences are that considerable scatter may be asso-
ciated with replicate tests and the arbitrary termination of the test leaves an
element of doubt concerning what the outcome would have been if it had
been allowed to continue to a longer time. Just as the use of precracked
specimens assists in stress-corrosion crack initiation, so does the application
of slow dynamic strain, which has the further advantage that the test is not
terminated after some arbitrary time, since the conclusion is always achieved
by the specimen fracturing and the criterion of cracking susceptibility is then
related to the mode of fracture. Thus, in the form in which it is normally
employed the slow strain-rate method will result in failure in not more than
about two days, either by ductile fracture or by stress-corrosion cracking,
according to the susceptibility towards the latter, and metallographic or
other parameters may then be assigned in assessing the cracking response.
The fact that the test concludes in this positive manner in a relatively short
period of time constitutes one of its main attractions.

Early use of the test was in providing data whereby the effects of such
variables as alloy composition and structure or inhibitive additions to crack-
ing environments could be compared, and also for promoting stress-
corrosion cracking in combinations of alloy and environment that could
not be caused to fail in the laboratory under conditions of constant load or



constant strain. Thus, they constitute a relatively severe type of test in the
sense that they frequently promote stress-corrosion failure in the laboratory
where other modes of stressing plain specimens do not promote cracking,
and in this sense they are in a similar category to tests on precracked speci-
mens. In recent years an understanding of the implications of dynamic strain
testing has developed and it now appears that this type of test may have much
more relevance and significance than just that of an effective, rapid, sorting
test. It may, at first sight, be argued that laboratory tests involving the pull-
ing of specimens to failure at a slow strain rate show little relation to the
reality of service failures. In point of fact, in constant-strain and constant-
load tests crack propagation also occurs under conditions of slow dynamic
strain to a greater or lesser extent depending upon the initial value of stress,
the point in time during the test at which a stress-corrosion crack is initiated
and various metallurgical parameters that govern creep in the specimen.
Moreover, there is an increasing amount of evidence for some systems which
suggests that the function of stress in stress-corrosion cracking is to promote
a strain-rate which, rather than stress per se, is the parameter that really
governs crack initiation or propagation. In these cases the minimum creep
rate for cracking is as much an engineering design parameter as is the
threshold stress or stress-intensity factor obtained from constant-load tests
on plain or precracked specimens.

The point may be illustrated by data for a ferritic steel exposed to a car-
bonate-bicarbonate solution as fatigue precracked cantilever beams sub-
jected to constant loads. Deformation in the plastic zone associated with the
precrack is time dependent following load applications and can be measured
and the threshold conditions for stress-corrosion cracking defined in terms
of a limiting average creep rate over a specific time interval. That limiting
creep rate may then be used in subsequent experiments to calculate the
threshold stress from creep data determined independently, these calculated
threshold stresses then being compared with values determined experimen-
tally. The creep properties of ferritic steels may be varied by prior strain
ageing, following different amounts of cold work and Fig. 8.93 shows the
observed and calculated threshold stresses from tests on specimens subjected
to various strain ageing treatments. Clearly, the general trend of the experi-
mentally determined curve showing the effects of the amount of prior defor-
mation is reflected in the calculated results.

The equipment required for slow strain-rate testing is simply a device
that permits a selection of deflection rates whilst being powerful enough
to cope with the loads generated. Plain or precracked specimens in tension
may be used but if the cross-section of these needs to be large or the loads
high for any reason, cantilever bend specimens with the beam deflected at
appropriate rates may be used. It is important to appreciate that the same
deflection rate does not produce the same response in all systems and that
the rate has to be chosen in relation to the particular system studied (see
Section 8.1).

The representation of the results from slow strain-rate tests may be
through the usual ductility parameters such as reduction in area, the maxi-
mum load achieved, the crack velocity or even the time to failure, although
as with all tests, metallographic or fractographic examination, whilst not
readily quantifiable, should also be involved. Since stress-corrosion failures
are usually associated with relatively little plastic deformation, the ductility
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Fig. 8.93 Observed and calculated values of the threshold net section stresses for stress corro-
sion cracking of a C-Mn steel after various prior deformations and ageing treatments

of specimens will be variable according to the extent to which stress corro-
sion contributes to the fracture process. This will also influence the shape
of the load-extension curve that may be obtained by continuous monitoring
of the response of a load cell incorporated in the system, Fig. 8.94 showing
the forms of curves obtained with and without attendant stress corrosion.
It is apparent from these curves that not only is the extension to fracture
dependent upon the presence or otherwise of stress-corrosion cracks, but so
also is the maximum load achieved. The latter may be used for expressing
cracking susceptibility in some systems, as also may the area bounded by the
load-extension curve. However, the variations in maximum load achieved
in slow strain-rate tests in circumstances of varying cracking severity are not
always large enough for significant distinctions to be made. Even measure-
ments of ductility, such as reduction in area, are not invariably readily made,
if only because the final fracture of the specimen does not always follow a
simple path and the fitting of the two broken pieces together is not easy.
Probably the easiest quantity to measure with reasonable accuracy is the time
to failure, which has as much significance in a slow strain-rate test as it does
in constant-load or constant-deflection tests. Indeed, the time to failure in
slow strain-rate tests is simply related to ductility parameters, a not very
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Fig. 8.94 Nominal stress-extension curves for mild steel in oil giving ductile failure, and in
4 N NaNO3 producing stress-corrosion failure, at the same test temperature (1040C)

surprising result when it is remembered that the less the intensity of stress-
corrosion cracking the greater will be the ductility to fracture and therefore,
the greater the time to failure for a given strain-rate.

Clearly, for slow strain-rate testing to have credence it should give results
that are comparable with those obtained by other methods. Figure 8.95
shows some results for tests upon low-alloy ferritic steels in boiling 4 N
NH4NO3, the various alloying elements producing a range of cracking sus-
ceptibilities as measured by the threshold stresses obtained from constant-
strain tests. These results have been normalised by dividing the threshold
stress ath by the lower yield strength ay for each steel, whilst the slow strain
test results have been normalised by dividing the time to failure in the 4 N
NH4NO3 by the time to failure in oil at the same temperature, so that
increasing departure from unity indicates increasing cracking susceptibility.
The general trend of the results in Fig. 8.95 is clear in indicating reasonable
agreement between the two types of test in placing the steels in essentially the
same order of merit.

Although slow strain-rate tests are most frequently taken to total failure
in order to produce a 'go/no-go' type of result in which threshold stresses
are not defined, they can be conducted in a manner that allows such defini-
tion. Specimens are preloaded 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 latter falls below the strain rate
to be applied. The applied straining is continued for a sufficient time only
to allow cracks to grow to a measurable size. During straining, the stress
upon the specimen varies in a manner 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
probably most conveniently measured by microscopy on longitudinal sec-
tions of the gauge lengths, the length of the deepest detectable crack divided
by the test time giving an average crack velocity. Figure 8.96 shows some
results from tests upon a cast nickel-aluminium bronze exposed to sea-
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Fig. 8.95 Time to failure ratios from constant-deflection rate tests and normalised threshold
stresses ffth

/ay obtained from constant-strain tests for a series of low-alloy ferritic steels in boil-
ing 4 M NH4 NO3

water10 and clearly it is possible to define a threshold stress below which
cracking is not observed. However, that threshold stress depends upon the
strain rate applied, as is to be expected (see Section 8.1). Another approach
to defining threshold stresses in slow strain-rate tests that may sometimes be
useful is to use tapered specimens, with the taper angle minimised to avoid
complications by resolved components of the tensile load11. Applied to the
cracking of a-brass exposed to sodium nitrite solutions, a single tapered
specimen gave threshold stresses close to those obtained by the use of a
number of plain specimens loaded at a given strain rate to various stress
levels.

Pre-cracked Testpieces

The literature contains many references to the use of notched, as opposed
to pre-cracked or plain, specimens in laboratory studies of stress corrosion,
for reasons of improved reproducibility, inability to crack plain specimens
under otherwise identical conditions or ease of measuring some parameter
such as crack growth rate when the crack location is predetermined. How-
ever, the developments in fracture mechanics (see Section 8.9), have resulted
in a whole new field of stress-corrosion testing involving the use of specimens
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Fig. 8.96 Average stress-corrosion crack velocity from monotonic slow strain rate tests at
1.5 x 10~7 s conducted over various restricted ranges of stress on a cast Ni-Al bronze in
seawater at 0.15 V(SCE). The stress range traversed in each test is shown by the length of the

bar. (after Parkins and Suzuki10)

containing a sharp pre-crack, usually produced from a notch by subjecting
the specimen to fatigue. The application of fracture mechanics to stress-
corrosion cracking is the subject of an admirable review by Brown12 and
various aspects of the method are considered in papers presented at an
AGARD conference13.

The problems associated with the choice of plain specimens for assessing
stress-corrosion resistance may, at first sight, appear equally large in rela-
tion to precracked specimens in the sense that in the relatively short time
during which such tests have been in use a large number of specimen types
have been used (Fig. 8.97). However, the differing specimen geometries are
rationalised through the stress-intensity factor, with the result that data
from different testpieces are comparable, providing appropriate precautions
are taken in specimen preparation. The biggest single difficulty is in relation
to the large size of specimen that is necessary for highly ductile materials
if the concepts of linear elastic analysis are to be applicable. Since it is
probable that most service stress-corrosion failures occur in highly ductile
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Fig. 8.97 Classification of pre-cracked specimens for stress-corrosion testing (after Smith and
Piper14)

materials in relatively thin sections it is clear that there are problems here, but
the use of pre-cracked specimens that dimensionally do not conform to the
requirements for linear elastic analysis to be strictly valid is still worthwhile
in some instances, and in any case developments in fracture mechanics over
the last decade or so allow alternative approaches than that of linear elastic
analysis.

Pre-cracked specimens are sometimes useful for other reasons than the
analysis that they afford in relation to stress-intensity factors. Such applica-
tions may be associated with the simulation of service situations, the rela-
tive ease with which stress-corrosion cracks can be initiated at pre-cracks
or the advantages that sometimes accrue from the propagation of a single
crack. The claim that has sometimes been made of pre-cracked specimen
tests-that they circumvent the initiation stage of cracking in plain speci-
mens, erroneously assumed invariably to be related to the creation of a cor-
rosion pit that provides a measure of stress concentration approaching that
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achieved at the outset with a pre-crack-is rarely entirely valid. Thus, the
geometries of a pit, notch or precrack are frequently as important for
electrochemical reasons as they are for any reason associated with their
influences upon stress distribution. This is because a geometrical discon-
tinuity may be necessary to provide the localised electrochemical conditions,
in terms of environment composition or electrode potential, that are neces-
sary for stress-corrosion crack propagation. The objections that have some-
times been made against the use of pre-cracked specimens, e.g. to the validity
of introducing a transgranular pre-crack into a specimen that suffers inter-
granular stress-corrosion cracking, or of the necessity for going to con-
siderable expense to produce a very sharp crack when the introduction of a
corrosive environment may blunt the crack by the dissolution, miss the point
that such sharp discontinuities do indeed exist in some real materials. Indeed
one of the major attractions of pre-cracked specimen testing is that it can
provide data that allow the designation of maximum allowable defect sizes
in structures for the latter to remain in a safe condition.

In view of the significance of strain rate in stress-corrosion cracking,
mentioned earlier, it is as well to remember that its significance is as appli-
cable to pre-cracked specimens as it is to initially plain specimens, in relevant
systems. This has a number of implications, not the least of which is the
possible influence of time delay between loading pre-cracked specimens
and exposing them to the test environment. Moreover, the limiting stress-
intensity factor ^Iscc, above which cracks grow relatively rapidly (Fig. 8.12)
may well depend upon the conditions under which it is determined and it
should not be regarded as some property of the material equivalent to, say,
a yield stress. There is now a considerable volume of data that show how
relatively small fluctuating stresses may reduce the threshold stresses or
stress-intensity factors for stress-corrosion cracking and some of these effects
are probably related to cyclic loading sustaining creep-related effects. Crack-
tip strain rates have consequently become a topic of interest and expressions
are available for cyclically loaded pre-cracked specimens15> 16 and also for
multi-cracked specimens17 of the form that initially plain specimens take
during slow strain-rate tests.

Comparison of the Results from Plain and Pre-cracked
Specimens

It is clear that an initially plain specimen that develops a stress-corrosion
crack may, if the geometry is appropriate, conform to the conditions obtain-
ing in an initially pre-cracked specimen. This raises the question, despite
the opposing views of the protagonists of the two types of testpiece, as to
the comparability of the result from each. Figure 8.98 shows the results18

obtained from stress-corrosion tests upon a Mg-VAl alloy obtained exposed
to a chromate-chloride solution, the cracking susceptibility of the alloy
being varied by different heat treatments. The implication of Fig. 8.98 is that
the threshold stress ath, determined upon initially plain specimens of small
cross section, is related to the threshold stress intensity Klscc obtained from
pre-cracked specimens of relatively large section. Since Klscc represents the
stress intensity below which an existing crack does not propagate, it would
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Fig. 8.98 Threshold stress intensities Klscc from pre-cracked specimen tests, and threshold
stresses ath from plain specimen tests, for a Mg-7Al alloy in various structural conditions

tested in chromate-chloride solution (after Wearmouth etal.1*)

appear that the threshold stress given by tests on plain specimens corres-
ponds to values below which cracks do not propagate to give total failure,
i.e. the threshold stress for plain specimens is not necessarily the stress below
which cracks do not form. Examination of plain specimens stressed below
the threshold stress revealed the presence of small stress-corrosion cracks
that had ceased to propagate (see Section 8.1) and moreover the maximum
sizes of the cracks that did not propagate to total failure were quadratically
related to the threshold stress, as would be expected if the concepts of frac-
ture mechanics were applicable to these initially plain specimens. Non-
propagating cracks have also been observed at stresses below the threshold
stress in other systems, such as low-alloy ferritic steels exposed to various
environments, and would therefore support the suggestion that what are
being measured in tests upon plain and pre-cracked specimens are not so
different as has sometimes been suggested.

Crack Velocity Measurements

In mechanistic studies of stress corrosion and also in the collection of data
for remaining-life predictions for plant there is need for stress-corrosion
crack velocity measurements to be made. In the simplest way these can be
made by microscopic measurement at the conclusion of tests, the assump-
tion being made that the velocity is constant throughout the period of
exposure, or, if the crack is visible during the test, in situ measurements may
be made by visual observation, the difficulty then being that it is assumed that
the crack visible at a surface is representative of the behaviour below the
surface. Indirect measurements must frequently be resorted to, and these
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have involved observation of the elongation of the specimen, crack-opening
displacement, changes in the electrical resistivity of the specimen and
acoustic emissions that sometimes accompany crack extension.

Measurement of the elongation of the specimen is probably the least satis-
factory of these, even though it is often the simplest in only requiring a trans-
ducer that responds to dimensional change. Multiple cracking of initially
plain specimens raises problems in interpreting the data in terms of crack
velocities and so the technique has been frequently used for attempting to
determine the point in time when cracking was initiated, the preceding time
during which the transducer shows no response being equated to an incuba-
tion period for cracking. However, such results can be completely misleading
because the sensitivity of most transducers is such that they will only detect
change when the specimen undergoes some plastic deformation, resulting
from the propagation of a crack to the size where the remaining uncracked
portion of the section beyond the crack is raised to its yield strength. Con-
sequently, crack propagation can occur during the (so-called) incubation
period when the stress is insufficient to cause the propagation of a deforma-
tion band. The latter frequently occurs suddenly, producing a sharp response
by the transducer, which has sometimes been interpreted as evidence of
a burst of fast mechanical fracture but which may in fact be nothing of
the sort. It is much more satisfactory to use a crack-opening displacement
gauge19 located across a pre-crack. These gauges usually take the form of
two thin cantilever beams to which strain gauges are attached, the beams
being located at opposite sides of the extremity of the pre-crack. As crack
extension occurs, and the sides of the crack undergo relative displacement
the strain gauges respond to the unbending of the beams.

Changes in the electrical resistivity of a specimen containing a propagat-
ing crack20 depend upon applying a high constant direct current at each
end of the specimen and measuring the potential difference across electri-
cal leads situated at opposite sides of the crack. The potential field in the
region of the crack is disturbed by the presence of the latter and as the
crack extends the potential difference between the leads on opposite sides
increases, providing that the total current remains constant. This requires
a reliable constant current source, and the technique is dependent in some
degree upon the exact positioning of the leads and gives less reproduci-
ble results if crack branching occurs. The initial thought that the appli-
cation of d.c. to the specimen may influence the electrochemistry of the
stress-corrosion reactions is not sustained in practice and the technique can
provide reliable data.

High frequency stress waves are generated when stress-corrosion cracks
propagate in some materials, especially the high-strength steels when these
undergo hydrogen-induced cracking. The detection of these acoustic signals,
which are filtered from lower amplitude background noise, affords a means
of studying crack propagation21. Whilst the technique involves the use of
sophisticated and relatively costly equipment if it is to be correctly practised,
it has been suggested that it may also offer a means of distinguishing between
active paths and hydrogen-embrittlement mechanisms of cracking22. How-
ever, that is not universally accepted and the data from acoustic signals need
treating with caution23.
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Effects of Surface Finish

It is hardly surprising that the preparation of surfaces of plain specimens for
stress-corrosion tests can sometimes exert a marked influence upon results.
Heat treatments carried out on specimens after their preparation is other-
wise completed can produce barely perceptible changes in surface composi-
tion, e.g. decarburisation of steels or dezin<?ification of brasses, that promote
quite dramatic changes in stress-corrosion resistance. Similarly, oxide films,
especially if formed at high temperatures during heat treatment or working,
may influence results, especially through their effects upon the corrosion
potential.

However, quite apart from these chemical changes at surfaces occasioned
by the method of specimen preparation, physical effects may be important.
Paxton and Procter24 have prepared a review of what little is known about
the effects of machining and grinding upon stress-corrosion susceptibility,
the most obvious effects being related to surface topography and the intro-
duction of residual stresses into the surface layers. The former is more likely
to be important in the higher strength notch-sensitive materials, whilst sur-
face compressive stresses are likely to have the general effect of delaying or
preventing failure.

Solution Preparation

Although the list of environments reported as promoting stress-corrosion
cracking in any alloy continues to grow with time, the concept of solution
specificity remains in that not all corrosive environments will initiate or
sustain stress-corrosion cracking in all alloys. Whilst it is inevitable that the
environment will always remain as one of the variables that may need to
be assessed by stress-corrosion tests, nevertheless certain solutions, by their
widespread use over many years, have tended to become standard test solu-
tions for certain types of alloy. Thus, boiling MgCl2 solution for stainless
steels, boiling nitrate solutions for carbon steels and 3.5% NaCl for alumi-
nium alloys, to mention but a few, have been extensively used, for example,
in comparing the effects of metallurgical variables upon cracking propen-
sities. Such approaches raise two questions, the first concerned with the
extent to which 'standard' solutions prepared in different laboratories may
be regarded as identical and the second with the extent to which degrees of
susceptibility of a range of alloys to cracking in one environment are related
to cracking in a different environment.

Whilst the relatively small differences that may be expected to occur
between laboratories preparing a solution to the same specification fre-
quently will not influence stress-corrosion test results, there are situations
where relatively small changes in environment can promote marked changes
in cracking response. Thus, Streicher and Casale25 have pointed to the
potential problems associated with the use of nominally 42% boiling MgCl2
in testing stainless steels. Since the hydrate of MgCl2 is hygroscopic, solu-
tion preparation by weighing may lead to appreciable differences in boil-
ing point and hence times to failure in a stress-corrosion test, so that it is



preferable to prepare the solution by adding water to the hydrate to achieve
a particular boiling point.

Similarly, pH variations resulting from either the initial preparation or
from changes during a stress-corrosion test, may exert a marked influence
upon results in some systems. Thus, the cracking of carbon steels in nitrates
is markedly pH sensitive and, depending upon the volume of solution and
the surface area of the specimen exposed, as well as upon the time involved
in making the test, significant pH rises can occur and cracking can cease
as a result. Moreover, if tests are carried out with anodic stimulation these
effects may be aggravated, especially if the counter electrode is immersed in
the test cell. In other cases, e.g. the medium and higher strength steels, the
initiation and maintenance of cracking frequently requires localised pH
changes within the confines of the crack, and these can only occur if the
initial conditions of exposure are appropriate.

The oxygen concentration of the solution, as in many instances of cor-
rosion, can also be critical in stress-corrosion cracking tests. Instances are
available in the literature that show very markedly different test results
according to the oxygen concentration in systems as widely different as
austenitic steels immersed in chloride-containing phosphate-treated boiler
water26 and aluminium alloys27 immersed in 3% NaCl.

The assumption that the relative cracking responses of a series of alloys
will be the same irrespective of the environment to which they are exposed
can be extremely dangerous (see Section 8.2). Many examples could be
quoted of the dangers of drawing conclusions from tests in a given environ-
ment and applying these to a different situation, but some results by Lifka
and Sprowls28 will suffice. The results for the relative cracking susceptibili-
ties of three aluminium alloys subjected to different exposure conditions
are shown in Fig. 8.99, which indicates that an intermittent spray test using
acidified 5% NaCl solution gives the same order of susceptibility for the
three alloys as was observed in outdoor exposure tests at three different
locations. On the other hand, an alternate immersion test in 3.5% NaCl,
widely used for testing aluminium alloys, places the alloys in a completely
different order of susceptibility. This single example will suffice to indicate
the necessity for simulating service conditions as closely as possible where
laboratory data are to be used for selection or design in relation to industrial
equipment.

While the dangers inherent in using standardised environments in relation
to environment-sensitive fracture are readily indicated by many examples
that can be quoted, there remains a problem in relation to alloy develop-
ment where possible service environments may not always be identifiable at
the time of the development programme. In such circumstances it appears
desirable that an alloy should be assessed in a range of environments, but
even then, it is necessary for realism to be injected into the programme if an
excessively large number of test environments are not to be involved. The
potential dependence of cracking, with its implications for dissolution and
filming reactions or the discharge of hydrogen, suggests that the solution pH
is also likely to exert significant influence upon cracking. Plots of cracking
domains on potential-pH diagrams sometimes indicate correlations with
certain reactions and this may be useful in guiding a testing programme29,
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Fig. 8.99 Relative resistance to stress-corrosion cracking of three aluminium alloys subjected
to different environments. The stress levels employed corresponded to 75, 50 and 25% of the

respective transverse yield strengths (after Lifka and Sprowls28)

i.e. to involve solutions of different pH values and to explore the cracking
propensity as a function of potential.

The importance of potential (see Section 8.1) cannot be overemphasised
and some aspects of this part of stress-corrosion testing may be conveniently
discussed in the context of Fig. 8.21. This shows the different potential
ranges for the cracking of a ferritic steel according to the environment in tests
involving potentiostatic control. Also shown are the free corrosion poten-
tials for that steel in the different solutions. These indicate that whilst failure
would occur in the nitrate at the free corrosion potentials, this would not be
so in the hydroxide or carbonate-bicarbonate solution. This does not mean
that carbon steels will never fail by stress corrosion in these two environ-
ments at the free corrosion potential, since the latter is, of course, dependent
upon the composition of the steel, its surface condition, the composition of
the environment and other factors. It is possible, therefore, that as the result
of, say, small additions to the environments, added intentionally or present
as impurities, the corrosion potential can be caused to be within the cracking
range, or that as the result of small additions to a steel, the corrosion poten-
tial may fall outside the cracking range. Quite small changes in potential, fre-
quently only a few tens of millivolts, can therefore produce dramatic changes
in cracking response and point to the necessity, especially in laboratory tests
attempting to simulate a service failure, of reproducing the potential with
precision.

Stress-corrosion Test Cells

The cells that contain the specimen and environment for stress-corrosion
tests frequently need to be more than a vessel made in some substance,
usually glass, that is inert to the environment and which produces no elec-
trical response upon the test specimen. Where cracking is initiated at surfaces
through which heat transfer occurs it may be necessary to design a cell in
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which such an effect is incorporated, since the concentration of substances
in solution that may occur at an interface through which heat passes, may
play a significant role in promoting cracking, especially if surface deposits
allow concentration by evaporation whilst preventing mixing with the bulk
or the environment. The cracking of riveted mild-steel boilers and the con-
centration of carbonate-bicarbonate solutions under pipeline coatings to
produce cracking in high-pressure gas transmissions lines, are significant
examples. Dana30 has developed a method for simulating the conditions for
cracking of stainless steels in contact with thermal insulating materials, whilst
concentration in leaking boiler seams is simulated in the 'embrittlement
detector' developed by Schroeder and Berk31.

Such test cells involve, among other things, a crevice, the essence of which
is that the volume of solution that it contains is relatively small compared
with the area of exposed metal, a ratio that may influence stress-corrosion
test results determined in more conventional cells where crevices do not
exist. The experiments of Pugh etal.32, on the stress corrosion of 70-30
brass in ammoniacal solutions of various volumes are particularly instruc-
tive in indicating how this ratio may influence results, the time to failure
varying by about an order of magnitude for a similar change in solution
volume. Changes in the surface area of exposed specimens, apart from the
effects already implied, may influence the cracking response for other
reasons, as shown by the results of Farmery and Evans33 for an Al-TMg
alloy immersed in a chloride solution. They found that coupling unstressed
to stressed specimens of varying area ratio influences failure times, rela-
tively short times being obtained when the area of unstressed to stressed
specimen was large.

Initiation of Stress-corrosion Tests

It may be felt that the initiation of a stress-corrosion test involves no more
than bringing the environment into contact with the specimen in which a
stress is generated, but the order in which these steps are carried out may
influence the results obtained, as may certain other actions at the start of
the test. Thus, in outdoor exposure tests the time of the year at which the
test is initiated can have a marked effect upon the time to failure27, as can
the orientation of the specimen, i.e. according to whether the tension surface
in bend specimens is horizontal upwards or downwards or at some other
angle. But even in laboratory tests, the time at which the stress is applied in
relation to the time at which the specimen is exposed to the environment may
influence results. Figure 8.100 shows the effects of exposure for 3 h at the
applied stress before the solution was introduced to the cell, upon the failure
of a magnesium alloy immersed in a chromate-chloride solution. Clearly
such prior creep extends the lifetime of specimens and raises the threshold
stress very considerably and since other metals are known to be strain-rate
sensitive in their cracking response, it is likely that the type of result apparent
in Fig. 8.100 is more widely applicable.
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Fig. 8.100 Effect of delay period between application of load and introduction of solution to
test cell in the failure of a Mg-7Al alloy exposed to a chromate-chloride solution (after Wear-

mouth et a/.18)

Hydrogen Embrittlement Tests

The absorption of hydrogen by various materials, including high-strength
steels, results in loss of ductility which in turn can result in cracking and
fracture when the metal is subjected to a sustained tensile stress (see Section
8.4). Hydrogen may be introduced into these various alloys from the gas
phase (during manufacture or welding), or from aqueous solution during
surface treatment (pickling, plating, phosphating) or from the environ-
ment during a spontaneous corrosion process in which the development of
acidity within the crack results in hydrogen evolution and absorption (see
Section 1.6). Various test methods34 may be used to evaluate the effect of
hydrogen on the properties of alloys, including some ad hoc tests that were
specifically developed for high strength steels.

Although similar constant-load test rigs are used for both active-path cor-
rosion and hydrogen stress cracking there is one fundamental difference in
the test procedure. In the case of active-path corrosion testing it is always
carried out in the presence of the corrosive environment, but in the case of
hydrogen-related cracking, testing may be carried out after hydrogen has
been introduced into the alloy either deliberately by gaseous or cathodic
charging, or following processes such as welding, pickling or electroplating.
However, with pre-charged specimens loss of hydrogen may occur35 when
they are removed from the environment, which results in entry of that
substance and so sustained-load tests are also carried out in the presence
of an environment (gaseous or aqueous) so that hydrogen is introduced
into the testpiece during the application of the tensile stress.
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Dynamic Tests

All of the properties evaluated by the conventional tensile test (yield
strength, tensile strength, elongation and reduction in area) are affected by
the presence of hydrogen, but in the case of the tensile strength and yield
strength the effect is significant only when the steel has a very high tensile
strength and has been severely embrittled. On the other hand, the reduction
in area, and to a lesser extent the elongation, may be used for detecting
embrittlement. Hobson and Sykes36 found that with low-carbon steels there
was an almost linear relationship between reduction in area and hydrogen
content of the steel. Slow strain-rate tests are sometimes employed in testing
materials (and not only steels) after pre-exposure to a source of hydrogen.
The strain rate may be critical in that not only can it be too high but if it is
too low the hydrogen may diffuse out of the specimen before cracking
occurs.

Various types of bend tests have been used to evaluate embrittlement.
Beck, Klier and Sachs37 used thin strip specimens, and determined the
decrease in height, Ah9 at fracture when the specimen was bent by compress-
ing it at a constant rate in a tensile testing machine (Fig. 8.101). The decrease
in height, Ah9 gives a measure of the embrittlement, the maximum elonga-
tion of the outside fibre of the specimen being calculated from the radius of
curvature at maximum bending. In general, the ductility is found to increase
with the rate of straining, and for this reason high-strain-rate tests, such as
impact tests, are insensitive to hydrogen embrittlement. Where the material
is available only in the form of tubing, semicircular specimens may be used
in place of flat strip in the compression bend test. The total cross-head travel
from the unstressed height along the diameter to the point of fracture gives
a measure of embrittlement which may be compared with that obtained from
an unembrittled specimen of the same steel.

Fig. 8.101 Bend test using a tensile testing machine (after Beck etal.31)

Specimen



Fig. 8.102 Constant-rate bend test for determining hydrogen embrittlement of wires. A, drive
unit; B, pulley; C, semicircular base; D, travelling arm; E, axial pin; F, fixed arm; G, wire

specimen (after Zapffe and Haslem38)

An alternative procedure is the reverse-bend test in which the specimen
in the form of wire or strip is bent repeatedly backwards and forwards over
a mandrel until it fractures, the number of bends indicating the degree of
embrittlement. However, this method is considered to be less sensitive than
the single-bend test.

Static Tests

Whereas ductile materials, such as iron and mild steel, are often considered
not to crack when charged with hydrogen and subjected to a tensile stress
below the yield stress, the position is different with high-strength ferrous
alloys where, depending on the strength of the steel and the hydrogen con-
tent, failure may occur well below the yield stress. However, the fracture
process is not instantaneous and there is a time delay before cracks are

A constant-rate bend-test machine, which provides an effective method
for testing highly embrittled steel wires of high-tensile strength was designed
by Zapffe and Haslem38 (Fig. 8.102). The motor A pulls a chord attached to
the travelling arm D that rotates about a pivot pin. The wire specimen G
(1.6 x 100mm) is inserted in D and is supported by the fixed arm F, the
arrangement being so designed that tensile or torsional stresses are avoided.
The specimen is thus bent around the pivot pan E (radius 1.6 mm) at a con-
stant rate, the angle of bend to cause fracture giving a measure of its ducti-
lity. Since ductility increases with rate of straining, the bending rate must be
slow and 4°/s is considered to be suitable for detecting embrittlement. A
similar machine has been used for studying the embrittlement of spring steel
strip after hydrogen has been introduced by cadmium plating.



initiated; for this reason the phenomenon is sometimes referred to as
'delayed failure'.

In the majority of cases, the tests are conducted using a dead-weight lever-
arm stress-rupture rig with an electric timer to determine the moment of frac-
ture, but a variety of test rigs similar to those shown in Fig. 8.89g are also
used. The evaluation of embrittlement may be based on a delayed-failure
diagram in which the applied nominal stress versus time to failure is plotted
(Fig. 8.103) or the specimen may be stressed to a predetermined value (say
15% of the ultimate notched tensile strength) and is considered not to be
embrittled if it shows no evidence of cracking within a predetermined time
(say 50Oh). Troiano39 considers that the nature of delayed fracture failure
can be described by four parameters (see Fig. 8.103):

1. the upper critical stress corresponding to the fracture stress of the unem-
brittled notched specimen;

2. the lower critical stress, which is the applied stress below which failure
does not occur;

3. the incubation period or the time required for the formation of the first
crack;

4. the failure time or the time for specimen failure at a given applied stress;
in the intermediate stress range this includes a period of relatively slow
crack growth.

During the constant-load test it is essential that only axial tensile stresses
are applied since any bending stresses that are introduced will result in a
higher true stress than that calculated. For this reason the ends of the speci-
mens and the grips must be designed to avoid bending stresses. The ASTM
Standard E8-69 specifies that in the case of specimens with threaded ends
the grips should be attached to the heads of the testing machine through
properly lubricated spherical-seated bearings, and that the distance between
the bearings should be as great as is feasible (Fig. 8.104).

Upper critical stress

Incubation time

Fracture time

Lower critical stress

Fracture time (h)

Fig. 8.103 Schematic representation of delayed failure characteristics of a hydrogenated high-
strength steel
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Fig. 8.104 Methods of gripping specimens in order to avoid bending stresses, (a) Device for
threaded end specimens, and (b) device for shouldered-end specimens (from Stress Corrosion

Testing2)

In order to simplify the test procedure a number of investigators have
designed test rigs in which the bulky lever arm is replaced by a loading nut,
the stress in the specimen being determined by means of strain gauges; these
rigs are similar in principle to that shown in Fig. 8.89g. Figure 8.105 shows
a spring-loaded rig that was used by Cavett and van Ness40 to study the
embrittlement produced by hydrogen gas at high pressures, in which the ten-
sile load is applied by compressing a heavy-duty spring.

Raring and Rinebold41 have devised a method in which the specimen is
supported along a diameter of a steel loading ring (Fig. 8.106), and the stress
is applied by tightening the bottom nut until the diameter corresponds with
the required load. The sudden release of elastic energy stored within the ring
when the specimen fractures results in displacement of the tightening nut,
and this is used to actuate a micros witch and timer. Williams, Beck and
Jankowsky42 have used notched 'C' rings, the stress being applied by tight-
ening the nut of a calibrated loading bolt which passes through the diameter
of the 'C' ring (Fig. 8.107). The strain gauges attached to the bolt form two
arms of a Wheatstone bridge circuit and to compensate for temperature
changes the other two arms consist of two identical strain gauges attached
to a similar unstrained bolt.

R. N. PARKINS

Specimen with
threaded ends

Spherical bearing
Upper head of
testing machine

Sphericalbearing
Upper head of
testing machine

Splitsocket

Specimen with
shouldered ends

Solidclamping
ring



Fig. 8.106 Loading-ring method of stressing a specimen (after Rating and Rinebold41)

Fig. 8.105 Spring-loaded rig for sustained load testing of a steel specimen in gaseous hydrogen
at high pressure (after Cavelt and van Ness40)
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Fig. 8.107 Notched 'C' ring specimen with attached strain gauges
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8.1OA Appendix—Stresses in

Bent Specimens

In each of the following equations a = maximum tensile stress, E = modu-
lus of elasticity and t = specimen thickness.

Two-point bending (Fig. 8.890)

r KE . _, /Ha]
L= sin l —

a \ktEj

where L = specimen length,
k = constant (1-280) and
H = holder span.

Four-point bending (Fig. 8.896)

\ZEty
a = 3L>- 4A2

where y = maximum deflection,
L = distance between outer supports and
A = distance between inner and outer supports.
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1If-bends (Figs. 8.89rf and e)

Applied strain e = —, when / < r, where r = radius of curvature at section

of interest.

'C'-rings (Fig. 8.89c)

4EtZA
° = ̂ -

where A = ODf - OD19

ODf = final outside diameter of stressed 'C'-ring,
OD1 = initial outside diameter of unstressed 'C'-ring,

D = mean diameter, i.e. (OD - t) and
Z = a correction factor, related to DIt as indicated in Fig. 8.Al.
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