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Fig. 9 Fatigue crack growth rate for fixed values of applied cyclic stress
intensity factor versus inverse temperature for high oxygen
environment (Refs. 13 and 15). Note the maximum in growth rates and
compare these results with those in Fig. 6.
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found on the low sulfur A 533 B steel, is presumed
¥ hat
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cracking (Ref.8).



the test temperature (Ref. 11), as long as the level of dissolved
oxygen in the bulk environment remained very low. On the other hand,
the presence of hematite on the fatigue fracture surface is usually an
indication that an oxygen intrusion occurred during the test. X-ray
photoelectron spectroscopy studies (Ref. 8) have shown that two solid
phases, FeS and FeS,, coexist in the magnetite layer. Reference to
the Pourbaix diagram for the Fe-HZO-S system shows that conditions of
near-neutral pH (>4) and low corrosion potential (<-500-VSHE) must
exist for both species to be stably formed at 300°C.

3.0 MECHANISMS FOR ENVIRONMENTALLY-ASSISTED CRACKING

In this section, the mechanistic knowledge of environment enhancement
in corrosion fatigue (CF) crack growth of pressure vessel and piping
steels in LWR environments is described. The mechanistic information
from other environment-sensitive cracking phenomena (stress corrosion
cracking, hydrogen-induced cracking and liquid metal embrittlement) is
also used as background information. A mechanistic model that could
be applied for prediction of subcritical crack growth rates in nuclear
components would be extremely valuable, for exampie, in assessing the
necessity of repairing «cracks and defects during in-service
inspections of the plants.

It 1is generally recognized that for understanding environment-
sensitive crack growth an interdisciplinary approach is needed. The
study of corrosion fatigue involves, in addition to mechanical
engineering and materials science, various aspects of electro-
chemistry, surface science, physics and analytical chemistry. As
described earlier, fractographic and metallographic studies reveal
changes in the fracture mode, the fracture path, and the extent of
plasticity and microcracking around the cracks. The information
obtained by these techniques 1s considered very important in
elucidating mechanisms of crack growth. Therefore, this review
discusses, 1in particular, the recent advances 1in understanding
mechanisms of crack growth based on fractographic and metallographic
studies. Since the environment enhancement of the corrosion fatigue
crack growth rate is affected by a number of variables, e.g., load
ratio, load waveform, loading frequency, AK, solution flow rate,
sulfur content in both the alloy (including distribution, size and
morphology of MnS inclusions) and the bulk environment, the effects of
electrochemistry and local crack tip chemistry and their possible
dependence on loading variables are also very {important in
understanding the mechanism of cracking. The generally proposed
possible mechanisms of environment-sensitive cracking of materials are
schematically shown in Fig. 13 (Ref. 23).

When corrosion fatigue crack growth in LWR environments is studied,
generally, either the slip-dissolution or hydrogen-induced cracking
mechanisms have been chosen as reasonable working hypotheses. Under
high strain rate conditions, when the crack tip is continuously main-
tained in a bare surface condition, the crack growth can be identified
atomistically with the bare surface reaction rates for either dissolu-
tion or hydrogen reduction. In the normal strain rate conditions,
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however, the crack tip surface is not maintained continuously, in a
bare condition. The crack growth rate is controlled by the oxide
rupture, the repassivation rate, and the liquid diffusion rate at, or
near, the crack tip (Ref. 24). Since these rate-determining
parameters may control both slip-dissolution and hydrogen-induced
cracking mechanisms, it has been difficult to differentiate
experimentally between these two mechanisms. This has resulted in a
situation where a fraction of the researchers has chosen the slip-
dissolution model and others have chosen the hydrogen-induced cracking
model as a working hypothesis. Adsorption models have beer studied
very little and brittle hydride models are considered to be inadequate
for these conditions. In the following, the mechanisms are first
outlined gencrally concentrating on basic requirements ~nd attributes,
but because the proposed mechanisms are controversial, also their
advantages and disadvantages are discussed on the basis of supporting
evidence for each rmechanism -- fractography, electrochemistry, etc.

3.1 Anodic Dissolution Mechanisms

The film rupture/anodic dissolution model, which is also referred to
as the slip-dissolution model, is a special variation of the general
category of strain-assisted, active crack path formation models. It
has been proposed that the dissolution at the film-free crack tip can
be enhanced by the strain concentration (Refs. 25 to 29). This has
been supported by TEM observations of stressed thin foils of
austenitic stainless steels showing that dissolution occurs
preferentially in regions of moving dislocations (Refs. 30 and 31).
It was then deuonstrated that the rate of film formation on a rapidly
strained, bared surface correlated with the susceptibility to stress
corrosion cracking (SCC). From the repassivation rate measurement
experiments, qualitative explanations for the influence of various
loading, environmental and metallurgical variables on environment
sensitive cracking have been developed (Refs. 24, 32 to 38). In
general, if the repassivation is too fast, no significant amount of
dissolution can occur and if the repassivation is too slow, chemical
blunting of a crack is expected to occur.

Recently Ford and Emigh (Ref. 39) have formulated a quantitative
explanation of the slip-dissolution model for environment-sensitive
crack growth in the low alloy steel/high temperature water system.
They have calculated the maximum theoretical environment enhancement
in crack growth which may be expected under specific combinations of
alloy, environment and loading conditions. In the slip-dissolution
model, the crack growth occurs by oxide rupture at the tip of the
crack due tp an increase of the strain in the underlying matrix
(repeated rupture caused by fatigue, or creep-strain-induced rupture
cause by sustained loading). In order to have a sharp crack, the
sides of the crack must be passivated, even though the crack tip is in
an active conditicn. The crack growth rate is related faradaically to
the oxidation rate on the bared surface including both dissolution and
oxide growth. The environment-sensitive part of the crack growth is
reinitiated by a further increment of matrix strain which ruptures the
crack-tip oxide again after a time period, t; (= cf/éct), where e
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is the fracture strain of the oxide and £ is the strain rate in
the metal matrix at the crack tip (Re?& 39). The environment-

sensitive component of the time-dependent crack growth, Vy» can be
presented by the equation:
Q
N . S -
‘t npF . ef * “et (3=1)

where M and p are the atomic weight and density values for the crack
tip metal, F is Faraday's constant, n is the number of electrons/ mole
invoived in the overall oxidation process and Qf is the oxidation
charge density passed between oxide rupture events. A strong support
for the slip-dissolution model is that the observed crack growth rates
of many different alloy/environment systems are in direct proportion
to the experimentally-determined dissolution rates measured by
straining electrodes (continuous supply of bared metal surface by film
rupture) under the mechanical and chemical conditions expected at the
crack tip, Fig. 14 Since the data cover a wide range of systems and
over three orders of magnitude in crack rate, it has been thought that
the slip~dissolution model has a rather wide¢ applicability.

From stress corrosion studies, it has been observed that the strain
rate at the crack tip is a critical parameter (Refs. 35 and 40).
Crack tip strain rate generally includes both a time-dependent
component {(creep strain rate) and a time-independent component.
Models of Parkins (Ref. 40) and Scully (Ref. 34), for instance,
consider only the time-dependent strain rate, while models of
Vermilyea (Ref. 41) and Vermilyea and Diegle (Ref. 42) consider only
the time-independent strain rate. A more general approach would
consider the total strain rate together with the specimen geometry and
type of loading. Estimates of crack-tip strain rate based on The
crack-tip opening displacement (CTOD rate) given by linear-elastic
fracture mechanics for a static crack have been presented (Ref. 43),
but reliable analyses which consider crack growth and cyclic loading
(AK, R, and frequency, etc.) are not yet available. This limitation
should be kept in mind as an uncertainty for the €__ value in the
following application of slip-dissolution model for corrosion fatigue
crack growth in pressure vessel and piping steels in LWR conditions,
¢s will be described in Section 4 of this report.

The analysis of Ford and Emigh (Ref. 39) is based on both theoreti-
cally and experimentally verified crevice conditions for A 533-B steel
in deaerated water at 288°C, where the potential is ~ =620 @Vg.. and
the pH value at 25°C is about 7.0, i.e., no significant dtf%grence
between potential-pH conditions of the crack tip and outer surface is
expected to occur. This has also been confirmed by Mager (Ref. 44).
At the crack tip a dynamic equilibrium between the continued creation
of bared surface and passivation is occurring, as shown in Fig. 15.
Crack growth may be produced either by emission of dislocations from
crack tips or attraction of dislocations toward crack tips. However,
the probability of dislocations nucleated from near surface sources
(Fig. 15) exactly intersecting crack tips would be low and dislocation
activity on slip planes not intersecting the crack tip would produce
general strain and extensive mechanical crack-tip blunting (Ref. 23),

which would probably diminish crack propagation rates,
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Figure 16 shows schematically the environmentally-enhanced crack
growth in the low alloy steel/high temperature water system when it is
purely governsd by a film rupture/slip-dissolution model. Based on
the recent concept of Sieradzki and Newman (Ref. 45), in addition to
the crack growth due to oxidation reactions, an extra component of
crack growth may be associated with the rapid fracture of crack-tip
oxide and penetration of this "cleavage” crack into the underlying
ductile matrix. Figure 17 shows schematically the effect of this
additional cleavage component on the crack growth. The extent of this
cleavage component, a*, is belivved to be in the range of 0.1 to 10 um
for ductile alloys; in the study of Ford and Emigh (Ref. 39),
a* = 0,1 ym is used., When the neasured oxidation rate transients are
used to produce the oxidation charge density/time relationships shown
schematically in Fig. 16, theuretical crack growth rate/crack-tip
strain rate relationships for the film rupture/slip-dissolution model
are obtained. Figure 18 shows the results for two ditferent crack-tip
conditions (low and high sulfur conditions). A ¢ ¢ power-law
relationship for crack growth rate is predicted with 1imitations at
both _the high and low strain rates. At crack-tip strain rates
> 107% 8~ ", the crack growth rate is limited )y the oxidation rate on
the continuously bared surface, whereas at low strain rates a limit is
set by the criterion that the crack cip must propagate faster (VT)
than the dissolution rate on the adjacent crack sides (V.), if a sharp
crack is to be maintained. In Fig. 18, three VT/vS ratios of 1, 5
and 10 are shown. Even though, according to the model, the
environmental enhancement of the (da/dN)AK value should, in general,
increase with decreasing loading frequency, at very low frequencies,
the crack growth is limited by crack blunting and subsequent crack
arrest, Ford and Emigh (Ref. 39) assumed that the crack blunting will
become dominant if the V /VS ratio is less than 5. Also an example of
theoretical crack growth rate/crack-tip strain rate relationship for
the situation where crack growth 18 occurring purely by the above-
mentioned cleavage model of Sieradzki and Newman (Ref. 45) is shown in
Fig. 17 in which the crack grows discontinuously a distance, a*
(= 0.1 ym), every (efléct) seconds. The chosen a* -value is
arbitrary, and if, e.g., the fractographically-observed brittle
striation spacing 1 to 5 ym (Ref. 18), is equated to a cleavage event,
then the environmentally-assisted cleavage crack growth rates would be

Ford and Emigh (Ref., 39) come to the following main conclusion from
the results shown in Fig. 18: the film-rupture/slip-dissolution model

predicts a VT/E:t relationship (n = 0.3 to 0.5, obtained from bared

surface dissolution current decay experiments) with the constants in
that relationship depending on the localized conditions at the crack
tip (e.g., sulfur content). On the other hand, the environmentally-

enhanced cleavage model would predict a VT/éc; relationship with an

undefined effect of crack-tlp conditions on the relationship
constants. Ford and Emigh (Ref. 39) found that the_fracture strain of
the nxide was independent of anion content (~ 10-3), which was then
interpreted as above. This value was measured for stainless steel and
not for low alloy steel in high temperature water. Lenz (Ref. 46),
however, determined the strain requirgd to crack the magnetite layers
on low alloy steels to be 0.46 + 107°, The use of this value would
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result in underestimation of the crack growth by the model. Since the
localized slip process at the crack tip ruptures the oxide, the actual
meaning of the critical strain amd strain rate may not be so clear.

A similar analysis of theoretical crack growth by slip-dissolution
model of Mager (Ref. 44) is shown in Fig. 18b, Some experimental
“"plateau” values of corrosion fatigue crack growth of A 503 Cl. 3
steel and A 533-B steel are plotted vs. the average crack-tip strain
rate (Ref. 43). The experimental crack growth rates are within the
predicted scatter and reside near the lower bound of the calculated
crack growth values.

A comparison between some observed da/dN vs. AK values compared to
predicted values from film rupture/slip-dissolution model are shown in
Fig. 19. Ford and Emigh (Ref. 39) state here that the so-called

"plateau” crack growth values of (da/dN) are observed only in the
conditions predicted by their theory for sustaining a sharp crack.
They have also compared the calculated maximum (da/dN) values for

low alloy steel/deaerated water system at 288°C with’ the present

ASME XI (1980) code values as shown in Figs. 20a and 20b for various
combinations of load ratio and sulfur content of the steel. It can be
seen that the present code values for low sulfur steels are in
approximate agreement with the maximum theoretical values for both the
high and low R conditions. In the case of high sulfur steel, this
prediction based on the film rupture/slip-dissolution model exceeds
the present ASME XI (1980) code reference lines.

3.2 Hydrogen-Induced Cracking Mechanisms

At the crack-tip conditions of potential, pH and anion content, both
slip-dissolution and hydrogen-induced cracking mechanisms are thermo-
dynamically and kinetically viable. Both mechanisms are dependent on
oxide rupture rates, passivation rates and liquid diffusion rates,
since these factors affect the charge transfer per time in the slip-
dissolution model and the hydrogen ad-atom coverage and hydrogen
evolution rate in the hydrogen-induced cracking models. As the rate-
determining step in the slip-dissolution mechanism, the oxide rupture
event was used. This same event 1is naturally very important (in
hydrogen-induced cracking models, since {t affects directly the
hydrogen entry into the metal. In the case of hydrogen embrittlement
(HE) numerous other rate-determining parameters are possible depending
on the exact mechanism considered. Therefore, calculation of maximum
crack growth rate predictions (as presented above for slip-dissolution
model) for hydrogen-induced cracking models are hampered by lack of
quantitative knowledge of such events as hydrogen coverage at the
crack tip, hydrogen diffusion ahead of the crack and possible
dislocation trarsport phenomena including trapping and subsequent
diffusion away from the supersaturated site, as well as specific
details of the interatomic rupture event.

A hydrogen-induced cracking model is outlined in Fig. 21 (Ref. 10).

This cracking model is based on the direct fractographic observations
from an extensive fractographic study of ICCGR group round robin
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specimens (Ref. 18)., The brittle-striated or striationless, cleavage-
like fracture surface areas are considered to be produced by this
model, Ductile, striated fracture morphology, which is similar to
fracture surface morphology produced in air, often exists together
with the brittle fracture morphology. In these ductile areas no
environmental enhancement is considered to have occurred. Also the
detailed sterefractography of mating fracture surfaces (Ref, 47)
couples with similar fracture surfaces obtained in hydrogen charging
experiments (Ref. 10) strongly supports this model. In this model for
low alloy steel/high temperature deaerated water system, the oxidation
reaction produces hydrogen at or near the crack tip. This hydrogen is
first adsorbed and then partly evolved and partly absorbed into the
metal., The absorbed hydrogen diffuses to the region of elastic-
plastic stress distribution just ahead of the crack tip and interacts
with any MnS inclusions which may reside there, causing mechanical
failure at the inclusion/matrix interface and brittle crack growth of
the immediately surrounding metal matrix. Evidence of cracks in front
of the main crack tip, the appearance of brittle striations on the
corrosion fatigue fracture surface and a relationship between the
amount of brittle cracking mode and the environmental-enhancement
factor are three {important pileces of experimentul evidence which
support the hydrogen-induced cracking mechanism in the corrosion
fatigue crack growth of low alloy steels in high temperature deaerated
water. Also, the observed incubation times and transient crack growth
phenomena, the effects of pre-immersion and precracking of test
specimens in high-temperature water, specimen size effects and steel
suliur content correlations can be best explained by hydrogen-induced
cracking mechanisms.

Marganese sulfide {nclusions (including size, form and distribution
parameters) play an extremely important role in this wmechanism
(Ref. 10 and 48). The dissolution of MnS inclusions produces H,S8 and
HS™ in the crack-tip enclave (Ref. 49). It 1is proposed that these
species are good hydrogen donors and enhance hydrogen absorption
through their adsorption on the bare metal surface. Commonly the
brittle, cleavage-like cracking starts from MnS inclusions and spreads
like a fan during crack growth, which indicates the importance of
local chemistry in environmentally-enh-nced crack growth, Kobayashi
and Shockey (Ref. 47) observed that the corrosion fatigue crack front
is not a simple line separating fractured and unfractured material,
but rather a band about 200-ym wide containing fracture and
unfractured areas. Crack growth occurs by the formation of narrow
channels of separated material extending through the process zone
ahead of the main crack t'p. Especially in fast crack growth regions
large unconnected microcracks appear well in advance of the crack tip
process zone, Narrow channels form from these microcracks and extend
backwards to the main crack tip. According to the above model, these
microcracks ahead of the main crack are most likely formed by
hydrogen-induced cracking. Thus, the hydrogen-induced crack growth is
anticipated to occur both at the crack tip in the process zone and
well in advance of the crack tip from strong hydrogen traps, the MnS$
inclusions. High resolution topographs need to be examined to
ascertain the vrelative proportion of the slip-dissolution and
hydrogen-induced crack growth mechanisms in the process zones and at
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the crack tip both in either the slow or fast crack growth regions.
Reference specimens fatigued in an inert environment should also be
studied.

In the following section, the hydrogen interactions in metal, i.e.,
hydrogen-induced fracture processes and hydrogen transport, are
briefly reviewed with reference to the possible mechanism for
corrosion fatigue of low alloy steels in LWR environments.

3.2.1 Decohesion Mechanism

The most popular of hydrogen embrittlement mechanisms {is the
decohesion mechanism which proposes that hydrogen can affect the
interatomic cohesive forces at or near a crack tip (Refs. 50 to 52).
In this mechanism, hydrogen accumulates at regions of high triaxial
stress ahead of the crack tip. Sufficiently large local hydrogen
concentrations are formed over some critical length which may affect
the bond strength between metal atoms, e.g., by the model suggested by
Troiano (Ref. 50), where hydrogen donates its electron to the unfilled
d-bands of the metallic cores. The increase in electron density leads
to an increase in the repulsive forces between adjacent metal cores
and a decrease in the cohesive interatomic strength of the lattice.
Tiller (Ref. 53) has shown that hi«h tensile stresses at the crack-tip
region result in a higher elect on affinity and electro-negativity
there. Due to chemical interaction, “ydrogen will diffuse to regions
of high tensile stress in a metal lattice.

The decohesion mechanism can be thought of as continuous crack growth
by bond rupture at the crack ¢tip. Hydrogen-induced bond rupture
occurs also ahead of the crack tip, at points of stress concentration,
producing cracks which link up with the main crack possibly with some
degree of plastic tearing of ligaments, giving rise to discontinuous
crack growth. Gerberich (Refs. 54 and 55) has presented a discussion
of the decohesion mechanism applied to bond rupture ahead of the main
crack tip, where localized fracture occurs when the hydrogen content
reaches a critical value throughout a critical volume.

This mechanism can be incorporated into the above mentioned corrosion
fatigue model as follows: it has been recognized that the MnS inclu-
sions provide accumulation sites for hydrogen within the region of the
crack-tip stress field. If the interatomic force model (Ref. 51) is
generalized (Ref. 56) to include the bonds at grain boundaries,
interphase boundaries and inclusions, the sometimes observed local
intergranular cracking, as well as crack initiation from inclusions
ahead of the crack tip and subsequent brittle profagation across
several grains, can be qualitatively explained.

3.2.2 Hydrogen Adsorption Mechanism

The hydrogen adsorption mechanism proposes that adsorbed hydrogen
lowers the surface energy of the metal, and according to the Griffith
criterion for crack growth facilitates crack growth at a lower
fracture stress level (Refs. 57 and 58). Plasticity effects were not
addressed by developers of the mechanism, which reduces to a special

33

.,



case of the decohesion mechanism when the crack growth occurs only at
the crack tip (Ref, 51).

In corrosion fatigue this hydrogeun adsorption-induced surface energy
reduction may be important on internal interfaces (particle/matrix
interfaces and grain boundaries), where it affects interface separa~
tion, hydrogen recombination, and interaction with other locally
accumulated species like sulfur on MnS inclusions. It is unclear 1f
this mechanism can operate at the main crack tip in the crack tip
solution or if it can produce brittle cracking starting from inclurion
matrix interfaces ahead of the main crack tip. Since Kobayashi and
Shockey (Ref. 47) reported that cracking occurs mainly in the solid
matrix in front of the main crack at regions corresponding to maximum
stress triaxiality, the surface adsorption of hydrogen may not account
for all the observed phenomena.

3.2.3 hydrogen Pressure Mechanism

The hydrogen pressure mechanism proposes formation of high pressure
molecular hydrogen within the metal (Ref. 59). The resulting gas
pressure in the internal voids and cracks exerts an internal stress
which lowers the apparent fracture stress. This mechanism is not
thought to be a general one, since brittle crack growth can occur
under hydrogen partial pressures well below one atmosphere
(Ref. 60). However, if hydrogen transport by mobile dislocations is a
major component of the fracture process, then significant quantities
of hydrogen can be transported to some sites in the metal, especially
if the sites are strong hydrogen attractors, leading to development of
a localized, non-equilibrium, very high fugacity of hydrogen. Even
though the rapid transport of hydrogen by dislocations can occur, it
would probably not concentrate hydrogen along planes or at particles
directly ahead of the crack tip plane, but along the slip planes
positioned at an angle from the fracture plane. The significant
internal hydrogen pressure can affect, e.g., ductile fracture behavior
through the effect on void growth rates.

In corrosion fatigue, the formation of high pressure molecular hydro~-
gen can affect the inclusion matrix separation ahead of the main crack
tip and void growth around inclusions (Ref. 10). Also in some cases,
ductile-dimple cracking has been found on the fracture surfaces of
weld metal, thus supporting the hydrogen-induced, ductllo-ctlcking
mechanism (Ref. 61). Since internal pressures of the order of 10
atmospheres can be attained (Ref. 62), the observed brittle cracking
around MnS inclusions ahead of the crack tip appears to serve as a
mechanism which reduces the internal pressure. However, the brittle,
cleavage-like fracture mode cannot be explained by this model.

3.2.4 Deformation Mechanism

Deformation mechanisms of hydrogen embrittlement propose that hydrogen
can reduce the local stress required for dislocation generation and
motion (Ref. 63). This mechanism has been supported by fractography
(Ref. 64) and direct HVEM observations (Refs. 65 and 66), which show
extremely localized crack tip plasticity. The operation of chis
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mechanism can result in a lower stress intensity for crack growth.
For more brittle cracking the role o a reduced flow stress is not as
apparent, unless the effect is related to the hydrogen transport in
the vicinity of the crack tip. It has also been recognized that any
reduction in interatomic cohesion will also reduce the shear stress
necessary to move dislocations (Ref. 67). Thus, the decchesion and
deformation mechanisms are difficult to test unequivocally, since
cracking can be formulated in terms of reduced normal stress across
lattice planes or in terms of reduced shear stress for flow. Since
there have been no observations of hydrogen effects in plastic defor-
mation of pressure vessel steels, it {is currently not known if
hydrogen-induced localized plasticity at the crack tip would be a
viable possible mechanism.

3.2.5 Brittle Hydride Mechanism

Brittle hydride mechanism in hydrogen embrittlement has not been taken
seriously outside the Group IVa and Va metals, since stable hydrides
have not been identified in connection with cracking. Fujita
(Ref. 68) has proposed that hydrogen in iron accumulates into plate-
shaped clusters in a way which 1is enhanced by stress. Clustering
occurs most readily under high triaxial stress. The formation of an
interface is energetically favored and hydride-like cracking occurs.
However, the hydrogen platelets are unstable under normal conditions
and are therefore difficult to observe experimentally. In corrosion
fatigue, the crystallography of brittle cracking 1is unknown and
therefore cannot be correlated with hydrogen-induced cracking. This
type of hydrogen clustering may be a possible mechanism but is still
waiting experimental evidence.

As shown above, there is some dispute as to the location of the
critical region of hydrogen damage and none of the hydrogen-induced
cracking mechanisms are yet sufficiently general to be used quantita-
tively for a special case of environment-sensitive cracking in the
same way as the slip-dissolution mechanism was used quantitatively for
corrosion fatigue of low alloy steels in LWR condition. Moreover, the
general examination of the mechanisms suggests that hydrogen can
exhibit many influences on fracture behavior so that the different
proposed mechanisms may be operative simultaneously and in various
proportions. In some cases an 1internal flaw ahead of the main
corrosion fatigue crack might be pressurized by hydrogen gas. The
interface between the inclusion and the matrix would be weakened by
adsorbed hydrogen like also the tip of the main crack, whiie the
atomic bonds in the surrounding lattice might be weakened by dissolved
hydrogen. The enhanced dislocation mobility is a consequence of
lowering of the local stress by localized plasticity. Thus, the
hydrogen-induced crack growth could, in some cases, be a conjoint
action of various mechanisms.
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3.2.6 Adsorption Mechanisms

Adsorption of surface active species other than hydrogen has been
proposed to reduce the fracture stress in various embrittlement pheno-
mena. In adsorption related mechanisms the influence of adsorption is
limited to one or two atomic distances from the surface of the
metal. Adsorption can, thus, only intluence the tensile strength and
shear strength of the interatomic bonds at the crack tip, Fig. 22. A
crack can grow rapidly by cleavage or slowly by slip depending on
whether the tensile fracture stress, o, for the interatomic bond or
the shear stress, 1, to cause slip on a favorable slip system is
achieved first. Hence, as the ratio of o/t decreases, cleavage
becomes more probable and, conversely, shear failure becomes more
likely as the ratio increases (Ref. 69). Hence, this criterion {is
inapplicable in cases where both ductile and "brittle” fracture occur
by slip and distribution of slip around crack tip determines fracture
behavior.

Adsorption can promote crack growth by facilitating tensile-decohesion
as stated before in the case of hydrogen, when chemisorption of an
environmental species on the crack tip reduces the surface energy term
Y+ in the equilibrium Griffith relationship and thereby reduces the
local fracture stress of the metal lattice. Such an argument has been
used for hydrogen embrittlement, liquid metal embrittlement, and for
the effects of specific anions in aqueous solutions where the adsorbed
atom coverage is dependent on electrode potential (Ref. 70). However
in plastically-deforming materials, the plastic work expended in crack
growth would be at least an order of magnitude greater than the
surface energy. Therefore adsorption is best discussed in terms of
its effecte on interatomic bond strengths rather than in terms of its
effects on surface energy. Lynch (Ref. 23) explains that adsorption
reduces the shear strength of {interatomic bonds and thereby
facilitates nucleation of dislocations at crack tips, although the
mechanism by which this occurs 18 wunclear. Theoretical shear
strengths for ductile materials are much lower than theoretical
tensile strengths and, hence, adsorption-induced crack growth probably
involves dislocation emission rather than tensile decohesion.
Inhibition of dislocation nucleation by adsorption would lead to crack
growth by tensile-decohesion rather than slip, but would precbably not
produce subcritical crack growth.

Lynch (Ref. 71) has proposed a corrosion fatigue fracture mechanism in
which chemiscrption of environmental species {ntensifies localized
slip at the crack tip only, thus inhibiting the formation of a more
generalized slip field, and results in the extensive blunting observed
in the absence of the environment, Fig. 23. Fatigue crack growth
occurs by a slip process at the crack tip only on planes intersecting
the crack tip, and during unloading slip occurs behind the crack
tip. In this way, part of the fracture surface produced during the
previous loading {is deformed by reverse slip and crack tips are
resharpened. Slip during unloading generally concentrates just hehind
the crack tip with less deformation farther from the crack tip.

Ductile striations are produced in a manner similar to brittle
striations. The difference in spacing and profile of the two types of
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Fig. 22 Environment/metal {interaction wmodel
(Ref. 69).
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Fig. 23

Fatigue in Fatigue in
"embrittling” media \ "inert" media

Slip occurring at Slip occurring at
maximum load

Minimum

maximum load
load /

(a)

Schematic illustrations of fatigue crack growth mechanism and formation of
striations for (a) embrittling environments and (b) inert environments.
Nucleation and growth of microvoids and cracks ahead of the main crack tip
in the highly strained (shaded) areas occur during loading in many cases
(Ref. 71).
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striations arises becaus the extent of blunting during loading
differs: the more blunt crack tip profile produced in Inert
environments concentrates slip just behind the crack tip to a greater
extent during unloading. The detailed appearance of striations
depends on a variety of factors (e.g., load ratio, AK, orfentation of
slip planes with respect to crack plane, ease of dislocation egress at
fracture surfaces, etc.). Environment affects the dislocation egress
mechanism and this explains why well-defined striations are sometimes
not observed, because oxide films can impede the dislocation egress.
In the case of fatigue, sharp cracks can propagate along
crystallographic planes. However, in a stress-corrosion cracking type
of temsion test (such as a constant extension ~ate test), this
mechanism necessarily leads to crack blunting. Lynch (Ref. 71)
proposes also that crack growth in inert environments probably occurs
to a large extent by egress of dislocations at crack tips, while in
embrittling environments cracks grow piedominantly by nucleation and
movement of dislocations from crack tips. In aqueous environments
wvhere oxide films form at crack tips, chemisorption on the metal
surface cannot occur, and fracture of the oxide is necessary before
crack growth promoted by chemisorption occurs. Thus, cracking can be
discontinuous because competing reactions (such as repassivation)
temporarily prevent adsorption and cause crack arrest., Chemisorption
is here the rate-limiting step and the degree of embrittlement is a
function of surface coverage of adsorbed species. Also an additional
kind of fracture process ahead of the crack tip 1s necessary to
explain the mechanistic observations, which also may operate in
conjunction with alternate slip.

3.3 Summary and Discussion of Mechanism«

Since the mechanism of environment-sensitive cracking must be
consistent with the experimental observations, some advantages and
disadvantages, and the intercompatibility of the various mechanisms
will be considered here. Also some {mportant supporting, critical
experiments are discussed,

In Figs. 15 and 16, a simplified {llustration of the slip at the crack
tip is presented. In this schematic presentation, the effects of
plastic deformation on crack growth have not been taken into
account. In Fig. 24, a schematic model of SCC crack growth by slip-
dissolution model is presented (Ref. 72). It can be seen that
alternating slip-step dissolution results in a fissure rather than a
crack. Figure 23(b) shows an example of directed dissolution at the
erack tip which can also take place along the slip plane. However,
slip planes in many metal/environment systems are not the favored
cracking planes. From this schematic picture it can be deduced that
the anisotropy factor in dissolution must be rather high in order to
have a sharp stress corrosion crack. Groschel (Ref. 73) studied
stress corrosion cracking of austenitic steinless steel single
erystals in boiling MgCl, solutions and came to the conclusion that
the anisotropy factor should be higher than 15, In more practical
stress corrosion cracking cases, the anisotropy factor is probably
much higher. Thus, the precise criteria for chemical blunting in the
model presented by Ford and Emigh (Ref. 39) are ill-defined at
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Fig. 24

Stress corrosion crack growth according to the slip~
dissolution model when alternating sliip is occurring at
the crack tip. (a) General slip-step dissolution, and
(b) directed glip-step dissolution (Ref., 72).
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present. Blunting occurs when V., is too low to offset the blunting
action caused by lateral dissolution on the adjacent crack sides
(Vg). The arbitrarily chosen limiting VT/VS values of 5 to 10 are
very low especially for sustenance a stress corrosion crack.
Experimental evidence for anisotropic anodic dissolution exists only
for stainless steels and noble metal alloys (Refs. 74 to 76) and has
been obtained by electron microscopy, but single crystal
electrochemical measurements have not revealed any indications of such
kind of anisotropy (Refs. 77 and 78). Therefore anisotropic anodic
dissolution should also be experimentally proven for various
material /environment systems susceptible to environment-sensitive
cracking. Also the cleavage component hypothesis of Sieradzki and
Newman (Ref. 45) used in the model of Ford and Emigh (Ref. 39) was
originally developed for Cu-base alloys in tarnishing conditions, a
condition not associated with absorbed hydrogen, and as yet has no
experimental support for proven hydrogen assisted crack growth
phenomena. There is no reason why the Sieradski and Newman model
should not work for hydrogen assisted crack growth modeling.

In fatigue crack growth, crack tips are resharpened by reversed slip
behind the crack tip during unloading and in this case the anisotropy
factor may not be as critical as in the case of stress corrosion
cracking. It has been proposed that in corrosion fatigue an upper
limit in crack growth per cycle (da/dN) 1is the maximum CTOD/2
(Ref. 79). This is a chemical blunting limitation derived from the
condition at which the crack tip would lose its ability to resharpen
during unloading in case of higher anodic dissolution.

When the dissolution transients have been measured during cyclic
loading of A 508 Cl. 3 steel in deaerated PWR conditions at slow
strain rates, compressive straining has been found to be more
efficient than tensile ctrainiq, in enhancing dissolution (Ref. 44).
At high strain rates (> 5 + 107" 8 ') however, the maximum current is
obtained during tensile straining. A possible cause for enhancement
of anodic dissolution during compression at slow strain rates is that
in this material reersed slip is not easy and different slip planes
are active during tension and compression. Since the reversed slip is
occurring behind the crack tip in corrosion fatigue, this additional
dissolution would further chemically blunt the crack. It should also
change the crack-tip morphology markedly. One may question whether
the oriented dissolution at the crack tip produces the brittle,
cleavage-like crack during tensile straining; why then do the perhaps
higher anodic currents during unloading not destroy the fracture
surface by dissolution of the areas of reversed slip, resulting in
chemical blunting?

A quantitative model for the prediction of corrosion fatigue crack
growth can not be interpreted by acceleration of crack growth by
localized hydrogen-induced cracking and retardation of crack growth by
crack-=tip blunting which is caused mainly by anodic dissolution. This
type of model predicts corrosion fatigue behavior in a number of
systems and successfully describes the effects of frequency, waveform
and electrochemical polarization (Ref. 80). Hydrogen-induced cracking
only takes place when the load is rising in the fatigue cycle and the
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pmaximum environmental enhancement saturates when frequency is lowered
to a certain level. Anodic dissolution during loading or unloading is
an efficient source for hydrogen. A maximum enhancement is reached at
a certain cyclic frequency and further reductions or increases in
frequency usually produce less enhancement, e.g., due to extensive
chemical blunting or other passivation process. Basically, the extent
of hydrogen-induced cracking depends on hydrogen entrv and
diffusion. I1f the cyclic rise time is too short to allow hydrogen
diffusion across the widcth of one fatigue striation, the embrittlement
is not observed. Localized hydrogen embrittlement can be suppressed
also by using square waveform cycling in which the rise time is very
short. Thus it can be postulated that the mechanism of corrosion
fatigue which produces environmentally-enhanced brittle, c¢leavage~like
cracking involves a synergistic interaction between mechanical
fatigue, localized hydrogen-induced cracking and crack-tip blunting as
a result of anodic dissolution., In a quantitative model - f corrcsion
fatigue crack growth, the hydrogen-induced cracking, which Iis
discussed next in more detail, must be treated separately from the
blunting effect.

Modeling of thydrogen—-assisted crack growth generally recognizes
(1) the processes that control the rate of supply of hydrogen to the
fracture process zone, (2) the role of hydruogen/microstructure inter-
actions which determine the partitioning of hydrogen in the structure
and rate of crack growth, and (3) the critical concentration of
hydrogen required for brittle fracture, which depends on the local
stress (Ref. 52). The kinetics of hydrogen diffusion are complicated
by the fact that the hydrogen flux is affected by stress gradients,
and trapping at solutes and particles. Whether the source of hydrogen
is gaseous hydrogen or an electrochemical reactiown, the specific state
of the surface can affect the kinetics, especially if some hydrogen
recombination poisons are present. Absorbed hydcogen must reach the
point at which failure occurs by diffusion or by dislocation tranpsort
(Refs. 81 to 83). In the case of high-temperature corrosion fatigue
hydrogen diffusivity has a high value even when the random walk
diffusion distance is used. Hydrogen diffusion rates are expected to
be in the range from 20 to 200 ym per second. Thus, hydrogen will be
extremely mobile compared to typical crack-tip dimensions (Ref. 84).
Even though strong hydrogen traps are still operative at 300°C,
hydrogen can diffuse out of the crack tip stress field, e.g. when the
stress cycle frequency is low.

Mager (Ref. 44) has not observed any marked differences between
crevice conditions and conditions on free surfaces with respect to
potential and pH. In crack-tip damage studies, such as that by Ford
and Emigh (Ref. 39) presented in Section 3.), the crevice effects were

sl!ulated by soa' additions. In the appropriate conditions Hzg_nnd
HS are the dissolution products from MnS inclusions but 806 is
reduced to these species in the high-temperature water environment.
However, in studies of Mager (Refs. 44, 85 and 86) very high soi-

(1.5 ppm) contents were needed in order to obtain any effect.
Presently, there is no explanation for why such a relatively large
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bulk concentration of Soz-was required to obtain a measureable effect.
the local environment at the growing corrosion fatigue crack depends
also on the local crack tip strain rate or more exactly on the rate of
creation of fresh surface which leads to hydrolysis reactions and
cathodic hydrogen evolution reactions. Transport of species between
the bulk and local crack-tip environment through the pumping action of
moving crack flanks during cyclic loading may not be so important,
since the dissolution of exposed MnS inclusions (HZS and/or HS~
formation) seems to play a very important local role in creating the
environment conducive to brittle, cleavage-like crack growth. Crack
growth acceleration due to trace amounts of H,5 has been observed in
corrosion fatigue studies of low alloy steels in LWR conditions
(Ref. 61). The experiments of Bamford and Moon at 93°C indicated that
a gaseous hydrogen-sulfide containing environment can produce a lower
AK threshold than the high temperature PWR water environment (Ref.
61). In the hydrogen sulfide environment, no “plateau” crack growth
rate was seen, probably because sufficient hydrogen can be supplied to
produce the critical hydrogen concentration needed for enhanced crack
growth. These corrosion fatigue cracks were completely free of micro-
branching during crack growth. In general, these effects may be
directly correlated with the ability of adsorbed H,5 or HS  molecules,
possibly a- .ing as hydrogen donors (Ref. 49), to increase the rate of
hydrogen absorption, but the detailed mechanicws are not understood
and have been very little examined with the objo:tive of establishing
the rate-controlling mechanisms. Dissolution products of MnS tHZS/HS )
also markedly increase the anodic dissolution reaction rate in oxygen-
free water (Ref. 49), but there is no direct evidence available for
directed anodic dissolution.

Gabetta (Refs. 87 and 88) has carried out 1in-situ electrochemical
corrosion potential measurements within growing corrosion fatigue
crack tips. These experiments monitored the transients during cyclic
loading and showed that the potential becomes more negative during the
rising load cycle than during unloading, which can best be interpreted
by hydrogen-induced cracking mechanisms together with a reversed slip-
assisted anodic dissolution component during the unloading part of the
cycle.

Hydrogen entry into the lattice takes place at fresh metal surfaces
produced by plastic deformation or by an electrochemical corrosion
reaction. The behavior at the surface during corrosion reaction or
during cathodlc charging is poorly understood. Since the chemical
potential of H' at the surface during an electrochemical reaction can
be extremely high, the pctential for hydrogen ertry is thus not a
limiting factor assuming ' hat a thermodynamically stable oxide does
not 1inhibit such 1ingress. Also, high fugacity hydrogen can be
produced in the metal as discussed earlier in Section 3.2.3. It is
hypothesised that hydrogen embrittlement requires the development of a
critical hydrogen concentration at the stress concentration site and
that a wuniform distribution of hydrogen below the critical
concentration will not cause embrittlement. The flux of hydrogen in
response to stress gradients at stress concentrations of cracks has
been discussed by Gerberich (Refs. 54 and 55). The experimental basis
for this work involved high-strength steels under plane-strain
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condtions demonstrating the effect of stress gradient when considering
the distribution of hydrogen in nonuniform stress fields.

Hydrogen entry from the gas phase consists of physisorption of H,,
molecular chemisorption, dissociation of H, and entry of u* into the
lattice. These processes are imperfectly understood. The experiments
of Mager (Ref. 44) to induce enhanced crack growth by high temperature
hydrogen gas (103 bar) at 288°C even at a slow frequency of 1 cpm have
not been successful. This may be due to the prohibitively low
external hydrogen fugacity, which is not able to produce high fugacity
hydrogen in the metal as do electrochemical reactions at the crack
tip, especially near MnS inclusions where H,S/HS™ is also produced.
Atkinson and Lindley (Ref. 89), however, were able to produce
hydrogen-induced enhanced crack growth in A 533-B steel in fatigue
tests at 25 to 100°C, at which temperature range the environmental-
enhancement factor decreased with increasing temperature in 1 bar
hydrogen. Priest (Ref. 90) has additionally shown that at room
temperature the influence of hydrogen pressure on acceleration of
cyclic crack growth increases markedly near 100 bar. Loading
frequencies less than | Hz did not affect the environmental-
enhancement factor. It was also observed that the loading rate rather
than the total cycle time is important in controlling hydrogen-induced
fatigue crack growth, which produced transgranular fan-shaped fracture
surface morphology. 1In low pressure hydrogen at room temperature the
upper bound of cyclic crack growth rate equals 3 « ACTOD and in high
pressure hydrogen it may increase to 4 « ACTOD per cycle. This is
approximately 1/10th ot the cyclic plastic zone size. Atkinson and
Lindley (Ref. 89) suggest that there might be a mechanistic limit for
hydrogen-induced cyclic crack growth rate of about 3 « ACTOD for low
pressure hydrogen. The maximum triaxiality in the crack tip stress
field occurs at a distance of 2 « CTOD (equals 4 « ACTOD for R = 0)
ahead of the crack tip. Thus, it is sti)l difficult to explain
mechanistically the size of this critical process zone of 3 « ACTOD,
which is much smaller than the calculated cyclic plastic zone size.
The effects of hydrogen fugacity and temperature on the upper bound
are also unknown. Since it is not known which of the above mentioned
steps control the rate of hydrogen entry into steel, quantitative
conclusions cannot be based on fatigue tests performed in hydrogen
gas. The processes of hydrogen entry are most likely temperature
dependent, material specific and structure sensitive. Also the
hydiogen entry may be extremely sensitive to the presence of specific
environmental contaminents. Inhibition of crack growth in steels in
gaseous hydrogen is observed due to the presence of trace amounts of
HZO, 0,, or S0,, but crack acceleration due to trace amounts of H.S
has often been observed (Ref. 62). "25 is also very important in
enhancing hydrogen uptake during corrosion fatigue of low alloy steels
in high temperature water (Fig. 21). Since the hydrogen diffusion
rate in the lattice at about 300°C is high, it is not thought to be
the rate-limiting factor. Hydrogen entry may control the crack growth
rate. On the other hand, differences in hydrogen fugacities of
hydrogen sources in different corrosion fatigue tests, especially in
local crack-tip chemistry, determine the kinetics and even the
occurrence of environmental enhancement in corrosion fatigue.
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The 1 Hz low pressure hydrogen data for A 533-B steel of Atkinson and
Lindley (Ref. 89) are plotted with other relevant data in Fig. 25a.
For high R values, the upper bound for crack growth rates in hydrogen
and HZS atmosphere at room temperature is 3 to 4 « ACTOD (Fig. 25b),
which "is less than the maximum CTOD/2, which was proposed by Tomkins
(Ref. 79) for crack-tip dissolution case. In corrosion fatigue,
however, crack growth rates higher than CTOD/2 per cycle have been
observed (Ref. 91). 1t should be noted that Tomkins excluded passive
material-environment combinations from the scope of the CTOD model.
Tomkins (Ref. 79) suggested further that the mechanical limit in
hydrogen-bearing environments was the cyclic plastic zone size per
cycle, but Fig. 25 suggests that the upper bounds of the crack growth
in Jow pressure hydrogen as a result of transgranular hydrogen-induced
cracking are the ASME XI (1980) code lines developed for PWR environ-
ments. However, much additional data are needed to ascertain this,
both experimentally and mechanistically. Since there are corrosion
fatigue crack growth data higher than the current ASME XI (1980) code
lines, the hydrogen fugacity and temperature combinations must be
varied further in simulating the conditions in these cases, before the
maximum theoretical environmentally-controlled crack growth rates are
determined.

In hydrogen-charged iron, cleavage-like fracture on {110} and {112}
planes has been observed (Ref. 92). These planes are slip planes for
iron and therefore many of the above mechanisms for hydrogen
embrittlement may operate, The possible role of hydrogen in corrosion
fatigue needs to be examined crystallographically by comparing
brittle, cleavage-like corrosion fatigue fracture surfaces to
hydrogen-induced brittle fracture surfaces.

The generalized corrosion fatigue cracking mechanism involves the
mutual occurrence of both hydrogen-induced cracking and anodic
dissolution at the crack tip. Since there appear currently to be at
least four possible mechanisms of anodic dissolution [slip-
dissolution, brittle film-rupture, corrosion-tunneling, and selective-
dissolution (dealloying) mechanisms | and five of hydrogen
embrittlement (decohesion, pressure, adsorption, deformation and
brittle hydride mechanisms) plus other adsorption models, the balance
between various phenomena {is very difficult to sort out. Many
researchers think that dissolution and hydrogen-induced cracking
processes are competitive, so that only one of them makes the major
contribution t. cracking, and the lesser process can be {gnored.
However, both processes (dissolution and hydrogen evolution) occur
simultaneously at the crack tips over ranges of potential which have
been measured or which are suspected to occur. If the processes were
independent and were really competitive, it would only be necessary to
determine which process 1s faster. The anodic and cathodic processes
are, however, interdependent and they must operate simultaneously or
sequentiailly and the slower process will control the overall
kinetics. The crack-tip blunting and resharpening can be considered
similarly. If plastic flow is blunting the crack, localized-directed
dissolution or hydrogen-induced cracking are needed to resharpen the
crack. If chemical blunting is occurring only hydrogen-induced
cracking, with the help of unloading, can keep the crack sharp.
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Since completely adequate criteria for critical electrochemical
experiments for interpretation of cracking mechanisms have not been
established, the loading mode variation from Mode I (tension) to
Mode III (torsion) has been thou, - to be a critical experiment
(Ref. 93). This approach has 2 s0 a weakness; it addresses a
condition where hydrogen accumulates at regions of high triaxial
stress, which is not unequivocally known to be either necessary nor
sufficient for hydrogen embrittlement. Moreover, it is difficult to
evaluate mechanistic behavior 1in detail because of the many
uncertainties in both the currently proposed both dissolution- and
hydrogen-controlled mechanisms. It therefore appears premature to try
to select the best mechanism based on existing evidence. More
indirect, but mechanisms-oriented work is needed, in which the
environmental conditions at the crack tip are verified, the crack-tip
strain conditions analysed and effects of hydrogen on deformation and
fracture properties of these materials are determined (in the
appropriate temperature range. Detailed direct observations by
fractography and high voltage electron microscopy of the phenomena
occurring in the crack-tip process zone are most helpful in increasing
the understanding of corrosion fatigue mechanisms.

4.0 COMPUTATIONAL MODELS FOR ENVIRONMENTALLY-ASSISTED CRACK GROWTH RATE

Whatever mechanism is responsible for environmentally-enhanced crack
growth, either anodic dissolution or cathodic reactions (such as
hydrogen evolution), the fundamental rate-determining factors are
oxide rupture rate, repassivation rate and solution-renewal rate in
the crack enclave (Ref. 94). Plastic deformation in the metal
substrate will give rise to metal-oxide debonding and oxide film
rupture perhaps, as shown in Fig. 26 for a flat surface (Ref. 95).
Therefore, it is clear that the strain rate (&) of the metal is an
important parameter in environmentally-enhanced subcritical crack
growth, because it directly influences oxide rupture rate and bare
surface creation. Strain rate is in fact widely used as a determining
parameter to study stress corrosion susceptibility of a given material
in a given environment (Ref. 96). For this purpose constant extension
rate tests on smooth specimens are often performed. Specimens are
loaded at a constant displacement rate, so that strain rate {is
determined as displacement rate divided by a gage length, as shown in
Fig. 27. In general, maximum severity of the corrosion effect is
observed wittin a critical & range and the susceptibility decreases at
faster and slower strain rates; a too rapid strain rate results in
ductile fracture of the specimen before deep stress-corrosion cracks
can be created to a degree which affects the tensile properties, while
a very low strain rate often allows repassivation and suppresses
sCC. For many material-solution systems, the maximum 1in the
deggud:iion of tensile ductility is found at a strain rate of about
10 (Ref. 97); for A 5@% pzrlourc vessel steel tested in pure
water at a strain rate of 10 , the susceptibility has been found
to be related to the oxygen content in water (i.e. on E o“); no SCC
has been found at oxygen concentrations lower than ~ f ppb oxygen,
corresponding to an E < =200mVgue, SCC was present at 400 ppb

oxygen (Ref. 98). oo
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Fig.

Oxide layer

[ Ao
e il . -

Schematic representation of the formation of a
micronotch from underfilm crevice attack:
(1) emergence of a slip step with a necking effect
on the oxide film. (II) rupture of the oxide film
at the leading edge and crevice activation.
(I11) partial passivation of the crevice area and
(IV) notching penetration at the active foot of
the slip step (Ref. 95).
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In the study of cyelic crack growth in these environments, it is
customary to assume that strain rate at the crack tip plays a similar
role on oxide rupture and bare surface creation as on smooth speci-
mens. It is then important to evaluate crack=-tip sirain rates in the
different strain conditions, not only to quantify and to predict the
presence of SCC during environmental fatigue, but also with the
purpose of correlating results obtained on smooth and notched
specimens in (a) constant extension rate, (b) monotonic load, and
(¢) fatigue load tests at different values of load ratio and test
frequency.

4.1 Crack-Tip Strain Rate

Two different steps are necessary to evaluate crack-tip strain rate:
strain must be calculated, and its dependence on time has to be
derived. The calculation of local crack-tip strain is difficult due
to the presence of a mathematical singularity in elastic analyses of
the material, i.e., the crack tip, where the theoretical stress and
strain go to infinite values. What happens in reality is the creation
of a plastic zone which increases in size as the applied K increases.

Going back to a smooth specimen (Fig. 27), it is important to remember
that in this case the strain value (AG/G) is an average value; the
strain is considered as equally distributed along the completed gage
length (C); no effect is generally assumed on ¢ distribution due to
the presence of one or more cracks. So, to correlate smooth specimens
with notched specimens in terms of strain, it is possible to:

(a) Treat a smooth specimen in the same way as a notched one,
taking into account the presence of a small crack in it.

(b) TreatL a notched specimen as a smooth one, considering the
strain as equally distributed in a large process zone.

The two different approaches are shown in Figs. 28 and 29. In the
first case, the strain is calculated in a very small region ahead of
the crack tip by using a fracture mechanics approach; in the second
one, the strain is considered as evenly distributed on a large process
zone by using an approach that has already shown to be useful in
tradictional stress corrosion tests.

Assuming now that it is possible to compute the strain distribution at
a given point of the notched specimen, its dependence on time during a
fatigue test must be evaluated. In Fig. 30 a plot of strain as a
function of time during fatigue load cycle is shown. Two possible &
evaluations are indicated: that for a single cycle (designated & c),
or following the wvariation of the maximum strain values the
"envelope”) of strain (designated ¢,). Several models for computing
crack tip strain rates have been proposed up to now; they will
bedescribed in the following. Table | shows the proposed models
listed according to the different approaches used.

49



G=GAGE LENGTH
«= L6

’ |
. il
iy o . <7 SO
ol | ﬁ -
| |

Fige 27 A cylindrical slow strain rate specimen and the ¢
calculation for it.
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TREATING A SMOOTH SPECIMEN AS
A NOTCHED ONE: IN A SMALL
ZONEf\\

Fig. 28 The first of two different approaches for strain
evaluation in both notched and smooth specimens.

e

TREATING A NOTZHED SPECIMEN
AS A SMOOTH ONE: IN A
LARGE PROCESS ZONE.

Fig. 29 The second of two different approaches for strain
evalu-tion in both notched and smooth specimens.
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Table 1 Different Crack Tip Strain Pate
Calcrlation Methods Proposed

Time Regime Calculation Zone

Small Zone Ahead Whole Process Zone
of the Crack Tip

Single Cycle Scott (Ref. 99) Gabetta (Ref.l101)
Single Cycle Lidbury (Ref. 100) Atkinson (Ref. 12)
Envelope Shoji (Ref. 94) Gabetta (Ref. 101)

4.1.1 Single-Cycle Strain Rate, &,

When E is calculated as strain variation during the loading part of a
single cycle, the crack length is assumed to be constant, so that no
dependence on da/dt is taken into account. In summary, & in a single
cycle is:
- A few orders of magnitude greater than ¢ calculated using
the envelope technique
- Dependent on frequency (or rise time)
- Directly dependent on mechanical and geometrical
parameters through KlPP'

It is moreover possible to compute B ., using one of the following
models, from the mechanical parameters of the test. The model
proposed by Scott and Truswell (Ref. 99) in 1981, and further
developed by Lidbury to compute the shear strain at the crack tip
(Ref, 100), assumes that the strain rate at the crack tip can be
estimated from the rate of change of crack-tip opening displacement,
&, Crack-tip opening displacement has been used also as a gage
length, so that crack-tip strain rate, &, .(t), is

£ (t) = “

sc 6 dt (4-1)

In the case of small scale ylelding, crack-tip opening displacement is

2
K
§ = 5o (4-2)
y

where E = elastic modulus and oy = yield strength.

Since the stress intensity factor is a function of time, it {is
possible to calculate & . during a sing.e cycle., In Fig. 31, plots of
crack-tip strain rate vs. time during the loading parts of the sinu-
soldal and triangular uave forms at different load ratios are shown.
In a sinusoidal wave, is zero at minimum and maximum load, while
in the middle of the ;iue time it reaches a maximum whose value
increases as R ratio decreases. During a ramp, the sirain rate is
quite constant at R » 0.5, but at low R (~ 0.2 or less) and minimum

load, &, tends to very high values, due to the small §.
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Fig. 31 Crack tip strain rates during sinusoidal and triangular
fatigue cycles for a range of load ratios (Ref. 99).
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The average strain rate during the loading part of a cycle with rise
time, T, is the following:

2
3 dé = T in ¢ (4-3)

Figure 32 shows average, wmaximum and minimum strain rates as a
function of time, during sinusoidal and ramp loading, at different R
values. Here again it turns out that & _ . is the correct value to use
at R ratio > 0.5. It is important to nJ&e now that the strain rate
calculated this way is independent of crack length, a, so that tavg is

assumed to be constant during the complete test.

During fatigue tests, the occurrence of a plateau in crack growth rate
has been often reported. It is possible to say that a stress corro-
sion cracking process superposed on pure fatigue is responsible for
the onset of the plateau, the position of which in the da/dN vs. AK
plot is dependent on and rate-controlled by an interaction between
eyclic rupture of the protective oxide film and its repair by
passivation. The strain rate is supposed to play an important role in
this corrosion process. In Fig. 33, "plateau” crack growth rates vs.
strain rate (¢, 8) are reported for several tests (every point is
representative o¥ a test). It has been found (Ref, 2) that the crack
growth rate depends on e‘vg. according to the equation:

48 _ 1.6 x 1072 x g2

dt cavg tash)

in the case of low water flow rate (laminar flow on the specimen). For
high flow rate tests (turbulent flow):

da "'3 ol/Z

at 10 7 x Sove (4-5)
Moreover, crack growth rate upper limits depending on experimental
electrochemical conditions have been found (see horizontal lines in
the plot). These results have been verified for relatively high
frequencies (> 0.25 Hz) and R ratios (0.7 to 0.9).

Atkinson, et al. (Ref. 12) proposed that the frequency of crack-tip
oxide rupture events is correlated to crack-tip opening diplacement
rate, rather than to the strain rate defined by Eq. 4-1. This
statement amounts to adopting a definition of crack-tip strain rate in
which the crack-tip opening displacement rate 8(t), is normalized with
respect to a constant characteristic length B, instead of the variable
quantity §. Thus, for the loading part of a fatigue cycle
1 dé

£ (t) = =

8¢ B dt (4-6)

A possible physical significance of the length, B, has been proposed
by Gabetta (Ref. 101), considering the complete zone ahead of the
crack tip which experiences a tensile stress, i.e., the zone between
the crack tip and the specimen center of rotation, x_ (see Fig., 34).
The position of the center of rotation depends on crack length and can
be computed by means of a polynomial, as suggested by Saxena and Hudak

(lcf . 102) .
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Considering that CTOD has a component in x-direction (0 = 0)

CTOD = o, § (4=7)
x 1
the strain in this direction is
6 -
* "M xTa Vvsra)

which is correlated to €y by plasticity equations.

It follows that

2
§ K
§ & § zefves B eeguFecanese (4=7b)
X -a oEF (xo a)
and
; ds 1 .
£ = q t0[‘;_‘.] (4=7¢)

In Eqs. 4-7, a and @y, are multiplyingy factors, and ¢ and & are
generic quantities represeuting x- or ,-components of strain.

.
In Fig. 35, the trends of K, 6§ and § are shown for a sinusoidal wave
(loading part) and a ramp with the same rise time (T) and the same
AK. b . can be obtained as § divided by the gage length.(xo - a),
which is constant for a = constant. The maximam in K, § or & during a
sine wave is only slightly higher than the corresponding maxima for a

ramp. In any case, as a first approach, an average value independent
of the wave form can be calculated:

[ - &
tavg T < L. (4-8)
Using this model, Eavg May be calculated in a large zone ahead of the
crack tip; the value 'obnlnod Increases during a constant load test,

as the crack grows, In Fig. 36, a plot of ‘uvs as a function of crack
length during a test is shown.

The & .. computed in this way has been correlated to the purely
cnvironulntal part of crack growth rate (Ref, 99), obtained by

subtracting the corresponding value of ASME XI air curve from the
mearured da/dN:

da da da |
(3{) - (;i) - (3§1r I (4=9)

env

In Fig. 37, the environmental crack growth rate fis plotted against ¢

for several specimens tested in the same water chemistry conditions;
it is interesting to note that the environmental effect tends to a
maximum within the midrange of €yor and decreases to very low values

for b . ervceeding about 10731, Moreover, the maximum da/dt is about

59



-

Fig. 35 The behavior of K, &, and & during the loading part of sine
and ramp cycles with the same AK and load ratio = 0,2, The
solid lines are for ramp waveforms and the dotted lines are
for sinusoidal waveforms.
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10"‘ mm/s and is frequency independent, at least in the range 0.l t0
0.017 Hz. It has been postulated that the corrosion process 1is
superposed on a mechanical fatigue which follows the ASME X1 air
line. The corrosion process does not have a linear (on a log/log
plgi) dependence on AK; its maximum rate on a time basis |Iis
107" mm/s. By adding this maximum rate to the ASME XI air line, a
family of limit curves for da/dN (at different frequencies) can be
proposed (Ref. 104), They are shown in Fig. 38. Equations &~1, 4-6,
and 4-8 are representative of models proposed up to now for &, No
matter what is the numerical value obtained (which is different for
each model), the physical meaning 1s straightforward and can be
attributed to mechanical oxide rupture. Moreover, the maximum shown
by & in the middle of sine wave rise time can account for the more
detrimental etfect of the sinusoidal wave with respect to ramp
loading. However, it is important to take into account the effects of
crack propagation in a model for &, Models in which the strain rate,
teer 18 a function of crack growth rate, da/dt (= A) depend on
computation of the strain envelope which characterizes a growing
crack, as shown in Fig. 30.

4.1.2 Envelope Strain Rate, & .

Such a model was proposed by Shoji (Ref. 94) in 1981, by usipg a
classical fracture mechanics appgoach, where crack opening ratg (&) is
regarded as proportional to K « K in the elastic case, and to J {u the
elastic-plastic case, In bpth cases, it is possible to demonstrate
that &, 1s proportional to a. In this way it is possible to take the
crack growth rate d-/eltll p— produced mechanically, as a parameter
representative of the cuc{'o{fp strain rate.

The same approach can be used to evaluate crack-tip strain rates for a
growing crack under cyclic, monotonic (Refs. 105 and 106) or static
load. 1In the case of corrosion fatigue (Ref. 107), ¢ at the crack tip
is:

E=Aef+Bei (4=10)

where f Is the frequency, A and B are constants only slightly depen~
dent on the applied K, A is the da/dtLM"'

A schematic representation of how plastic strain at one point in the
specimen ¢ changes during crack growth is shown in Fig., 39. A sharp
increase o €, Occurs for locations near the crack tip (pos. 3). At
the same time or at the same point, the environmental effect starts to
have an influence. Moreover, in the situation where ¢ I8 a maximum,
it is ponsible to calculate 8oe during & single cycle, and an average
or globa) & .. using the envelope of mean C’ values as shown In
Fig. 40, Itu been demonstrated that

‘ (“. l. .)'

& (“. !' .) B -D------:--- 4‘-'.‘!!!. (‘-l!)

L]
where A = crack growth rate in an inert environment = da/dt|, ... aod
a, is a constant,
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environment (da/dt ) vs. A (or dn/dt‘ in the form ¢ .
(= &/a,) trom Eq. 1. The plotting 1is ng:vn in Fig. 41, 1t |
interesting to notice that the environmental effect is higher at low
t.n and decreases gradually at high strain rates. Moreover, it {is
important to notice that da/dt g hcreases as the sulphur content of
the material increases, while che shape of da/«ltl.,w ve. B curve ls
still the same,

It is possible to flot environmental fatigue dau as crack growth in

With the hypothesis that crack growth in an environment is the sum of

a purely mechanical d./dtl ¢+ Plus a purely environmental da/dt

and assuming moreover a do”n&n« of da/dtT ay o0 "’“Itmn thtwlg

k it is possible to obtain limit curves for crack growth rates
,ch are shown in Fig, 41, Note that the curves are very similar to

those presented in Fig, 37, which were obtained using a different

model .

The general concept of the strain rate enveloj: can be applied to any
calculation, As an example, Gabetta (Ref. 104) proposed the use of
the derivative of Eq. 4~6 to calculate ¢ . In this case, bun 18
proportional to the actual da/dt, as obtained in environment, rather
than to da/dt|, .. as proposed by Shoji.

!
by v 2t [G":‘Eo)] o (4=12)

Some results are worth mentioning because of thcls af«r ot mgntt
since with this last model ¢ ranges between |0 to 107 for
typleal crack growth rates, By using the same a.pptucb in treating
data that have been presented by the same author using l it hn
been shown (Ref. 104) that the purely environmental effoct t‘nn?
hsﬂ‘very small (Fig. 42) at t__ values ranging between |0

# ', with oxygen < |80 ppb. %uo values are of the same otdar ol’
magnitude as those of a typlcal constant extension rate test (CERT).
In an ICCGR CERT round robin (Ref, 94), using » tr A S08 specimens,
an environmental effect was noticed at £ = 10778 ', with an oxygen
content of about 400 ppb, while no environmental effect was observed
at  lower oxygen content and the same applied straln rate. The
interesting aspect of the strain rate envelope approach can be found
fn its dependence on crack growth rate; in fact, a corroslon process
is llkely to be dependent on the bare surface creatlion at the crack
tip. It follows that the environmental enhancement of crack growth
cate during fatigue depends on crack growth rate, at least up to a
point; this conclusion seems to be demonstrated also by experimental
results,

4ol s Summary of Strain Kate Models
Four different wodels for the evaluation of strain rate at the crack
tip have been described, They are quite different from each otm 11

the nfu’tlnl results, giving strain rate values ranging from |0
to | & °, depending on the model.
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4.2 Finite Element Model (FEM) Calculations

Models descrit:d up to now have been formulated by using simple
physical approaches to the strain calculation in a notched specimen,
Through use of stress analysis, the presence of a singularity in the
stress and strain field at the crack tip in elastic-plastic materials,
particularly for the plane strain case, has been pointed out by
several authors (Refs. 108 to 111). Other authors have suggested a
design of finite elements which allows accurate replication, in terms
of numerical solutions, of the principal features of the near crack-
tip stress and strain fields (Ref. 112). By using a finite element
code, in fact, it is possible to attain reasonable numerical accuracy
near singularities. Rice and Johnson (Ref. 113) have recently
emphasized the importance of accurate leterminations of the stress and
deformation state very near the cra.k tip in connecting continuum
analyses with microstructural separation mechanisms. Many numerical
elastic-plastic solutions for cracked or sharply notched bodies have
been published, employing finite element and finite difference methods
(Refs. 114 to 117), while the strain rate near the crack tip has been
evaluated with numerical methods by Wilson, et al. (Refs. 118 and 119)
and will be described in the following section.

To obtain a correct solution of the problem, the following input para-
meters must be evaluated:

(a) Crack tip size and shape

(b) Constitutive equations of the material, under the appro-
priate environmental conditions.

The analysis has been performed by us ng a computer code with large
deformation and large geometry change capability. The geometry of the
crack-tip model used for small scale ylelding condition (which should
be representative of the majority of environmental crack growth condi-
tions 1in nuclear components) is that of a cylindrical body with
outside radius, Ro' as shown in Fig. 46,

The cylinder contains a radial crack whose tip is located at the
center of the cylinder and which extends to the outer surface. The
crack-tip radius is Po In the undeformed state. The boundary condi-
tions (strain in x direction (u) and y direction (v)) are the
following:

k. F_ 1727 - "
e B N 8. - 2 (8 -
u 7 57 Jcon(z).f 1 + 2 sin (2) (4=14a)
l N
K 1/2 g -
s o 5 S 8 d 2 (8 -
v 75 37 sin(z) k+ 1 =2 sin (2) (4~14b)
where, « =3 =4 vy, y=E/2(1 + v)], and r = R, The crack-tip

opening is presumed to change due to loading without changing its
shape, as shown in Fig. 47.
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The fine mesh model of the crack-tip region used in this study is
shown in Fig. 48. The dimension of this mesh at the crack tip is
small with respect to the crack-tip root radius, p. A wider mesh has
been used for the region far from the crack tip.

To obtain the constitutive equations of the material, results of tests
performed at room temperature and at 300°C on A 508 in air have been
used. In Fig. 49, as an example, the cyclic stress-strain curve for
A 508 at room temperature is shown.

Based on the hypothesis of a blunt crack, the shape of the crack tip
for A 508 steel at 300°C can be drawn as shown in Fig. 50. The
deformation in the blunted region (b) is a function of crack opening
displacement. Calling b_ the initial crack-tip opening width,(= 2p ,
using the nomenclature o? Fig. 46), the relationship between crack-t?p
root strain and crack-tip opening width for A 508 steel at 300°C is
obtained as shown in Fig. 51. As a further step, cyclic loading could
be considered. During a loading sequence (such as: load, unload,
reload), the shape of a blunted crack in A 508 at 300°C is calculated
to be modified as shown in Fig. 52. In Fig. 53, the value of crack-
tip strain is shown as a function of opening width, b/b_.. The same
plot shows a comparison with results obtained by Scott, usirg his
previously described model (Ref. 2). The two results are in good
agreement., The strain situation at the crack tip was calculated for a
stationary crack; however, both experiments and theoretical considera-
tions show that crack growth must be allowed in ‘"hese computer
simulations (Ref. 119). In erder to simulate crack growth in an FEM
analysis, a relaxation of the nodal force at the crack tip has to be
provided. In the Wilson model, to obtain the strain rate value, the
relaxation is assumed to follow a creep law which has been arbitrarily
chosen by the author; this creep law 1is shown in Fig. 54. It is
interesting to note at this point that the strain rate (being similar,
in a way, to t envelope) is not related to the externally applied load
variation during fatigue, but to the crack growth rate through the
creep properties of the material.

The &, value obtained gp tqis way is shown in Fig. 54. ¢ _ tends to a
constht value of ~ 1077 s~ ', after about 10 minutes of elggsed time.

The model described here involves only a calculation of strain rate at
the crack tip; no hypothesis has b -=n made by the authors on the
influence of strain rate on the environmental crack growth rate. It
is possible, however, to make a few comments about the results
obtained. As in every problem solved by finite element method, the
most important factor in determining the order of magnitude of the
final result is the physical approach employed, which in this case can
be seen to be similar to the one previously described in Fig. 29a:
strain and strain rate have been determined in a very small zone ahead
of the crack tip (the mesh used at the crack tip was small with
respect to the crack-tip radius, p). Moreover, as pointed out by the
author himself (Ref. 109), the physical meaning and the real value of
the crack opening in the unloaded situation (bo) is not clearly
understood.
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Fig. 48 Fine mesh finite element model of a

crack tip region (Ref. 108).
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Fig. 50 Shape of a blunted crack in A 508-2 steel at 300°C. Displacement in x-
direction are relative to a point at a distance 2b ahead of the root of
the blunted crack (Ref. 108).
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at 300°C, calculated from a finite element
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The comparison of this model with the one proposed by Scott, et al.
(Refs. 2, 99, 100), described above 1is meaningful because the same
physical approach has been used in both cases. 1In fact, the numerical
value obtained for the strain at the crack tip is reasonably similar
in both methods, as shown in Fig. 52. Therefore, it is possible to
say that the physical approach is the most important factor affecting
the results in crack-tip strain evaluation, regardless of the
numerical analysis method used. However, when stcain rate (£__) is
calculated, a large difference (about 3 orders of magnitude) can be
found between the results obtained with the Scott model (Refs. 2 and
99) and the finite element approach (Ref., 119). This is due to the
hypothesis of relaxation at the crack tip, which corresponds to the
physical assumption that the crack does grow during a single fatigue
cycle.,

A comparison of strain rate models should be of interest at this
point. Shoji's model (Ref. 107) is expected to be the most similar to
the finite element method, due to the physical approach used by this
author  which takes the da/dt influence into the proper
consideration, It is possible to see in Fig._kl-that t@s z?lues of
strain rate obtained by Shoji range between 10 s to 10 "s "« This
corresponds to finite element results rather well.

It is clear that the understanding of the physical meaning of the
different models is an important step in the understanding of environ-
mental crack growth phenomenon. An accurate study and comparison of
differently obtained results can be useful for this purpose.

4.3 Slip-Controlled (Deformation) Models

A simple =odel to describe the rate of fatigue crack growth must
incorporate a cycle-dependent criterion for crack advance based on
crack-tip micromechanics. The effect of plasticity at the crack tip
can be taken into account by either crack-tip blunting models
(Refs. 120 to 122) or damage accumulation models (Refs. 123 to 125).
Both of these consider crack-tip opening displacement (CTOD) to be due
to dislocations moving on slip planes, and that a number of cycles are
required to reach a maximum CTOD, which causes a crack growth rate
proportional to CTOD itself.

Crack-tip blunting models are aimed at finding the relacionship
between da/dN and AK chrough a measure of crack-tip opening displace-
ment (CTOD) and striation spacing (Ref. 126). The simplest way to
visuaiize such a model is through the hypothesis that the amount of
crack growth in a single cycle is equal to half the measured CTOD
increment. Unfertunately, this statement {s correct only in
particular da/dN ranges, and for a limited number of materials. In
the same way, the spacing of striations observed on the fracture
surface is equal to macroscopic crack growth rate only in a limited AK
range, Moreover, in some materials (particularly pressure vessel
steels), the measurement of fatigue striations is a quite difficult
task, due to the complicated microstructure and to the fatigue process
characteristics. As a consequence, crack-tip blunting models have
been used successfully up to now to explain fatigue crack growth rates
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Fig.

Fig.

55

56

Crack tip at the AK, ;¢ just exceeding the threshold.
The crack has one slip plane coming from the crack tip
at an angle (8) to the growth direction (Ref. 133).

Crack tip at a large AK £f showing four and a half slip
lines at the angle (theta) to the direction of crack

growth., Slip lines are assumed to be separated by the
distance Dyb (Ref. 133).
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pavidson and Lankford (Ref. 131) have determined the shear stress at
the crack tip for low carbon steel through the size of the subgrains
which form during fatigue crack growth. Moreover, the analysis f
fatigue cracks by using stereocimaging techniques has allowed the s:¢ ne
authors (Ref. 132) to obtain direct measurement of CTOD and thro gh
computation from the measured displacements, the crack-tip near f‘:ld
strain.

This experimentally-deteriined crack tip strain has been applied to
results previously obtained on 7075-T65]1 aluminum (Ref. 132). The
model can be used to derive the length »f slip lines and their angle
to the direction of crack growth, when the crack growth increment is
measured, or to predict the increment of crack growth, when the length
of slip lines is known. This has been verified for the aluminum alloy
examined, where slip line length appears to be related to the mean
free path between dispersoids. The author recognizes this model as
having limitations (Ref. 133), the most serious of them being that not
all the factors associated with fatigue crack growth under constant
cyclic load are accounted for in the model. For example, neither the
threshold effect or crack closure, nor their relationship with metal-
lurgical parameters, are included. Both crack closure and threshold
effect have been accounted for in ongoing research on the effect of
environment on fatigue. This study has been performed by Davidson, et
al. (Ref. 134), Hudak and Davidson (Ref. 135), Hudak, Davidsc and
Page (Ref. 136), on low carbon steel and A 304 steel, exposed respec-
tively, to pure aqueous and dilute sulphate environments.

Independent of the proposed model, two points are of importance:

(1) The capability of stereoimaging technique to be used for a
correct estimate of crack-tip strain rate.

(2) The effect of environment on crack-tip strain rate measured with
stereoimaging.

In Fig. 57, a schematic of the stereoimaging technique is shown. In
Fig. 58, measured values of effective strain range (i.e., taking into
account the presence of crack closure) ahead of the crack tip in
environmental fatigue are reported as a function of the distance from
the crack tip. The decreasing slope of this line shows once again, as
seen for previously discussed models, that the distribution of strain
depends on the position where the strain is calculated, so that the
gage length chosen is still an important parameter for the evaluation
of the stress and strain distribution. Strain rate values computed by
using the stereoimaging strain measurement technique are shown in
Fig. 59. As the gage length is small and & is computed during a
single cycle, these values are comparable with those obtained by
Scott's (&,.) model (Refs. 2 and 99). Once again, this is a
demonstration of the importance of a physical approach, much more than
the computational method, on the order of magnitude of the results
obtained.

The effect of environment on strain rate is not important for 304

stainless steel in aqueous sulphate (Ref. 135). On the other hand,
for low carbon steel exposed to water (Ref. 134), the environment
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