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Many efforts have been made in the past by several researchers to arrive at some unifying
principles governing the embrittlement phenomena. An inescapable conclusion reached by all
these efforts was that the behavior is very complex. Hence, recognizing the complexity of
material/environment behavior, we focus our attention here only in extracting some similarities
in the experimental trends to arrive at some generic principles of behavior. Crack nucleation and
growth are examined under static load in the presence of internal and external environments.
Stress concentration, either pre-existing or in-situ generated, appears to be a requirement for
embrittlement. A chemical stress concentration factor is defined for a given material/environ-
ment system as the ratio of failure stress with and without the damaging chemical environment.
All factors that affect the buildup of the required stress concentration, such as planarity of slip,
stacking fault energy, etc., also affect the stress-corrosion behavior. The chemical stress con-
centration factor is coupled with the mechanical stress concentration factor. In addition, generic
features for all systems appear to be (a) an existence of a threshold stress as a function of
concentration of the damaging environment and flow properties of the material, and (b) an
existence of a limiting threshold as a function of concentration, indicative of a damage satu-
ration for that environment. Kinetics of crack growth also depends on concentration and the
mode of crack growth. In general, environment appears to enhance crack tip ductility on one
side by the reduction of energy for dislocation nucleation and glide, and to reduce cohesive
energy for cleavage, on the other. These two opposing factors are coupled to provide envi-
ronmentally induced crack nucleation and growth. The relative ratio of these two opposing
factors depends on concentration and flow properties, thereby affecting limiting thresholds. The
limiting concentration or saturation depends on the relative chemistry of environment and
material. A dynamic dislocation model is suggested to account for crack growth.
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I. INTRODUCTION

THE purpose of our analysis is to extract some generic
principles governing the embrittlement phenomena that
encompass a wide variety of materials, material micro-
structures, and environments. The materials include
brittle materials such as glasses and ceramics, more
ductile metals, alloys, single crystals, and complex
engineering materials with relatively high toughness in
an inert environment. Environments include external
gaseous, aqueous, liquid metal environments as well as
internal hydrogen or internal embrittling elements such
as Pb and Cd. There is an extensive literature on each of
these materials and environments, and many review
articles exist summarizing, classifying, or unifying the
principles underlying the embrittlement phenomenon.[1–20]

Gangloff[11] provided an exhaustive list of literature refer-
ences in his review on hydrogen embrittlement. In the
present article, we only highlight general behavior and
cover only those references and analyses that are pertinent
to the generic principles involved in embrittlement

phenomenon. Our analysis pertains specifically to stress
corrosion and not to general corrosion, exfoliation, or
time-dependent creep.

II. GENERAL BEHAVIOR

A. Crack Nucleation

Three distinct types of specimens have been used to
experimentally characterize and quantify the embrittle-
ment process: (1) smooth specimens under uniaxial
loading; (2) fracture mechanics specimens with initially
sharp fatigue precracks; and (3) notch tensile specimens
with finite depth, which can be considered as an
intermediate between the first two. In the limit of infinite
notch-tip radius, they behave like smooth tensile spec-
imens, and in the limit of zero radius, they behave like
cracked specimens. We may note here that atomically
sharp crack cannot be sustained in a material due to
singularity in stresses at the crack tip. Hence, a realistic
case involves crack tip core relaxations in brittle mate-
rials such as glasses[21] or localized crack tip plasticity
resulting in a finite radius in ductile materials. The
assumption of some minimum critical crack tip radius is
not far from reality,[22,23] to characterize the behavior.
Figure 1 highlights the behavior of smooth, notch,

and cracked specimens. Under sustained load or stress
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in an aggressive environment, a smooth specimen fails in
time. Experimental results indicate that the stress to fail
reaches an asymptotic limit, indicated by a threshold
stress, rth. In the case of a fracture mechanics specimen,
the asymptotic limit corresponds to a threshold stress
intensity factor, Kth. There are predominately two
factors that govern these thresholds: one is the chemical
concentration and the other is material flow properties,
such as yield stress, slip mode, work hardening, etc.

Figures 2(a) and (b) give some examples[24,25] showing
that the thresholds reach asymptotic levels as a function
of (a) concentration of the chemical agent, for a given
yield strength; and (b) yield stress for a given concen-
tration. There is a limiting threshold as a function of
concentration showing the saturation effect of the
environment, indicative of some maximum occupancy
sites available for the reactive species. The limiting
threshold also indicates that some minimum stress is

required at any concentration, to create fresh new
surfaces. That means chemical force alone is not
sufficient to create the cracked surfaces. On the other
hand, as the concentration approaches zero, the limiting
value converges to fracture toughness value, KIC, of the
material in an inert environment. This indicates that
stress alone can provide the conditions necessary to
create fresh new fracture surfaces. This difference
between the chemical stress and the mechanical stress
has to be noted. Hence, one can look at the embrittle-
ment phenomenon as a reduction in the stress necessary
for nucleation/propagation of a crack or the energy
necessary to create two new fracture surfaces. This
reduction in the applied stress due to embrittlement in
relation to the stress in inert environment becomes a
measure of the chemical driving force expressed in terms
of mechanical equivalent stress. Essentially, it is the
chemical potential gradient providing the additional
driving force that is needed for nucleation/propagation
of a crack in a material, in creating new surfaces. Thus,
there are predominantly two factors that govern the
SCC behavior: the chemistry of the environment and the
material flow properties. Just as we define the stress
concentration factor as the ratio of nominal stress with
and without a notch, we can loosely define the equiv-
alent ‘‘chemical stress concentration factor’’ for a given
material/environment system as the ratio of failure stress
with and without the chemical environment. Effective-
ness of a particular environment or chemical stress
sensitivity in reducing the strength of a given material
can thus be quantified. The chemical stress concentra-
tion factor depends on all the variables that affect the
crack tip chemical environment in reducing the failure
stress of the material in that environment. The require-
ment of a minimum threshold stress at any concentra-
tion also undermines the chemical dissolution process as
the governing mechanism of crack growth, unless
dissolution is shown to require some minimum stress.
Some important considerations are now presented to

Fig. 1—Comparing sustained load stress-corrosion behavior in
smooth and cracked specimen. Time to failure depends on remote
stress with existence of thresholds below which no failure occurs.
Stress concentration is required for embrittlement. Localized plastic-
ity generates stress concentration in a smooth specimen. Notch spec-
imen behavior is in between the smooth and cracked specimens.

Fig. 2—(a) Example showing threshold, Kth, approaches a limiting value as a function of concentration, indicating that the chemical effects gets
saturated. (b) Examples showing the threshold Kth levels of a limiting value as a function of yield stress.
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understand the role of the chemical environment by
examining the liquid metal embrittlement (LME)
results.

Extensive experiments[2] on LME have revealed the
following.

(1) Stress-strain behavior is not notably affected by
the environment; mostly fracture strain is drasti-
cally reduced.[26–28] That is, the stress-strain curves
are almost identical other than the reduction in the
fracture strain in the presence of a liquid metal. In
essence, the yield stress and strain hardening are
unaffected by the environment other than the stress
(strain) necessary for crack initiation and growth.
The reduced fracture strain is a reflection of the
reduction in cohesive forces for crack formation
and growth.

(2) Experimental results[29] on Ni single crystals
showed that LME occurs only in notched speci-
mens but not in smooth specimens.

(3) Similar results were obtained in fine-grained
Ni-polycrystals. Hence, the pre-existing stress
concentration appears to be necessary for single
crystals as well as the fine-grain specimens.

(4) On the other hand, LME occurred in coarse-
grained Ni-polycrystals even in un-notched speci-
mens.

The following conclusions can be reached based on
the preceding observations. A stress concentration is
essential for embrittlement to occur. This required stress
concentration can be pre-existing, as in a notched or
cracked specimen, or it has to be generated by an in-situ
deformation process, as in a smooth specimen. Heter-
ogeneity of slip in coarse-grained specimens provides the
conditions for the in-situ buildup of stress concentra-
tions, in favorably oriented grains. Thus, localization of
slip becomes an important factor in building the stress
concentrations for nucleation of a crack. This is
schematically indicated in the smooth specimen in
Figure 1. Hence, factors that enhance localization of
slip enhance the susceptibility for stress corrosion. These
include the planarity of slip or reduction in stacking
fault energy, ordered precipitates, coarse grain size, etc.
Similarly, existence of multiple slip systems that help
in homogenization of slip, such as in fcc materials,
fine-grain size, etc., enhance the resistance to stress
corrosion. Hence, stress concentration seems to be
an important factor, while all others seem to be
subsidiary factors that help in creating the needed stress
concentration.

To facilitate crack nucleation, the stress concentration
by slip has to occur. This can be accomplished by
dislocations piled up against grain boundaries or insur-
mountable barriers or by the coarse slip-band formation
at a free surface. Two questions are pertinent here in
relation to LME in a smooth tensile sample. First, for
embrittlement to occur, how the liquid metal at the
surface can ‘‘act’’ at the internal stress concentration
formed due to dislocations piled up at a distance, d,
from the surface, where d is the grain size. Second, the
concentrated stresses are more likely to nucleate a crack
in the second grain further away from the surface or at

least along an orientation perpendicular to the pile-up
plane as the dislocations coalesce to form a crack as in
the Stroh[30] or Smith and Barnby[31] model. To over-
come such problems, Gilman[32] proposed a crack
formation along the original slip plane, where the
dislocations in the piled-up configuration are absorbed
by the crack to make it energetically feasible, as there is
no concentration of the tensile stress on that plane. A
similar mechanism was proposed by Mura[33] in
accounting for crack nucleation along the persistent
slip bands in fatigue. In all these cases, the cracking
occurs along the slip plane rather than on a cleavage
plane. To address the first question, transport of liquid
atoms from the surface to the interior via dislocations or
by diffusion becomes a necessary condition for embrit-
tlement, if the stress concentration is not surface
connected. Transport of smaller atoms such as hydrogen
by dislocations has been suggested,[34] but not of liquid
metal atoms such as Hg. The other alternative transport
process is by diffusion, a preferred path being a grain
boundary in a polycrystal. In any case, the transport
process makes crack nucleation a time-and stress-
dependent phenomenon. Incubation-time experiments
along with the activation-energy measurements would
help to resolve this issue.
Figures 3(a) and (b) show the stress vs time to failure

data for Al alloys in different environments.[35–39]

Figure 3(a) shows that the embrittlement in Hg is very
rapid at room temperature in 2024 alloy, while it is
delayed at higher temperature, probably due to
increased tendency to form an amalgam with the base
metal. Figure 3(b), on the other hand, shows a much
delayed failure in 5083 alloy in Hg, but this delay could
be due to the presence of an oxide scale.[40] Elegant work
by Chu et al.[41] shown in Figure 4 demonstrates the
nature of the cracking process that could be involved,
even in LME. Compact tension specimens of Al 7075
alloy specimens with a 30 deg notch root radius were
loaded under tension and compression in the Ga-LME
environment. The incubation times for crack nucleation
were measured at various constant stress levels. The
important points to note here are (a) the incubation
times are shorter under tension compared to those under
compression, and (b) crack nucleation occurred at the
notch tip for tensile specimen, while it occurred far
ahead of the notch, when subjected to compression. The
insert figure shows the nucleation of a crack ahead of
the notch tip in compression. Diffusion of Ga into the
region of tensile stresses was involved, assuming that all
the precautions were taken to seal the Ga activity from
the sides of the sample.
Figure 5(a) shows the role of Cd in embrittling steel at

different temperatures[42] ranging from 503 K to 633 K
(230 �C to 360 �C). The melting point of Cd is 594 K
(321 �C). Embrittlement occurs in the presence of both
solid and liquid Cd. Note that the curves essentially run
parallel, and for a given stress, the failure time decreases
with increasing temperature. It is assumed that there is
sufficient vapor pressure of Cd to contribute to embrit-
tlement even in solid state. In the liquid state, the
embrittlement is very rapid with failure occurring in
minutes. The Arrhenius plot (Figure 5(b)) in terms of
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rate (1/time) vs 1/T shows that the apparent activation
energy is about 168 kJ/mole, with the liquid Cd data
falling on the same line as that of solid Cd, indicating
that the embrittling process remains the same. Similar
results were obtained in 4140 steel with indium by
Gardon and An[43] and by Druschitz[44] with In and
In-Sn, as shown in Figure 5(c). In all these cases, the
activation energy is quite high, characteristic of sold-
state diffusion. Lynch[45] has compared diffusion coef-
ficients extracted from LME data (or, to be more
specific, solid metal induced embrittlement (SMIE)) with
the surface self-diffusion kinetics and showed that the
diffusion coefficients in SMIE are two orders of magni-
tude lower. He suggests that the lower values are due to
the assumed diffusion distances used in the calculations,
which are larger than the actual values. In any case, the
conclusion is that the diffusion kinetics govern the
kinetics of embrittlement. On the other hand, Kamdar[46]

provides an example of the brass-Hg system (Figure 6),
which shows that activation energy is very low under
LME and corresponds more to liquid flow to the crack

tip than any diffusion ahead of the crack tip. In fact, at
higher temperatures, the process becomes complex,
indicating a change in the mechanisms. Wei and
Gao[47] classify material behavior in aqueous environ-
ments using a (da/dt)-1/T plot and attribute changes in
the activation energies to changes in mechanisms, as
indicated in Figure 7. In general, incubation times have
been observed[48] in many corrosion-susceptible alloys,
as shown in Figure 8(a). With a decrease in initial stress
intensity, the incubation time increases, and the slope on
a log-log plot is close to 0.5, characteristic of diffusion-
related phenomenon. Slopes less than 0.5 have also been
observed, and Figure 8(b) shows such an example. Here,
the actual reaction kinetics at the crack tip can govern
the embrittlement process, which includes incubation
time for crack nucleation. At this stage, we do not know
what specific crack tip environmental reaction kinetics
can be related to a particular slope of incubation time vs
K plot.
Some authors[49–52] have attributed LME to the crack

tip dissolution process, wherein the intermittent crack
tip plasticity facilitates crack opening for liquid flow in
the presence of capillary and the viscous forces and
intermittent ledges formed cut down the distances for
transport for precipitating the dissolved metal atoms.
Dissolution, diffusional transport, and re-precipitation
are involved in contributing to the liquid embrittlement.
We may note here that, although Figures 5(b) and (c)
indicate that there is no change in the activation energies
from liquid to solid metal embrittlement, discrete jumps
in kinetics have been noted[43] in going from the solid to
liquid state of the embrittling element.
Dissolution of grain boundary precipitates was also

suggested as a viable stress corrosion mechanism in
some systems, particularly when reactive elements such
as Li, etc., are present. Kamdar[2] has listed several
objections to this type of mechanism in LME. There are
also many examples wherein increasing the grain
boundary precipitation causes reduction in crack growth
rate rather than the increase to be expected from

Fig. 3—(a) Stress vs failure time in Al alloy in Hg. Steep L shape with fractions of seconds shows the rapid rate of crack nucleation and growth.
At high temperature, failure times are large either due to amalgamation or oxide formation. (b) Stress vs failure time of another Al alloy in
different environments where failure times are reasonably large at low stresses.

Fig. 4—Incubation times for crack nucleation in Al alloy with Ga
under tension and compression. During compression, crack nucle-
ation occurs way ahead of the notch, where tensile stresses may be
present. Diffusion of the Ga is envisioned.
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dissolution kinetics. On the other hand, there is evi-
dence that shows preferential dissolution of the precip-
itates in reactive environments contributing to SCC.
A more detailed analysis of precipitation or aging
effects is discussed elsewhere.[53] The presence of sharp

crystallographic features observed on many fracture
surfaces weighs against the dissolution type of mecha-
nisms.[40] Nevertheless, a detailed study of mating
fracture surfaces under LME and stress corrosion,
which is currently lacking, can help resolve these issues.
Similarly, several investigators[54–56] have shown that
electrochemical factors at the crack tip are important.
While these may be important for aqueous solutions, we
are looking at the general behavior that is common to
both aqueous and nonaqueous environments. Another
process suggested is the time-dependent plastic flow
(creep rates) as a means of generating the fresh crack tip
surfaces for chemical reactions to proceed, and this may
be pertinent at slightly higher temperatures where creep
rates can be significant for materials of concern.[57,58]

In summary, nucleation or growth of cracks requires
(a) a threshold stress or stress intensity that varies with
yield stress or plastic flow properties or factors that
affect them; (b) a critical maximum chemical concentra-
tion suggestive of a saturation effect; and (c) a localized
plasticity that is either required to establish in-situ stress

10-3

10-2

10-1

3 3.2 3.4 3.6 3.8 4 4.2 4.4

1/T X10

da
/d

t (
m

/s
)

-3

4 cal/mol

Brass/Hg
Kamdar, 1973

,(1/°K)

Fig. 6—Low activation energy for embrittlement in brass/Hg system.

10-6

10-5

10-4

10-3

10-2

2.4 2.8 3.2 3.6 4 4.4 4.8

4340 Steel

2.7 kPa  H
2
S

0.13 kPa H
2
S

133 kPa H
2
S

Liquid water

103/T

da
/d

t -
S

ta
ge

 II
, m

/s

4.6+ - 3.6 kJ/mol

14.7 + - 4,3 kJ/mole

33.5 + - 7.4 kJ/mol

Wei & Gao, 1985

Surface 
Reaction

Diffusion, Gas Transport

,(1/°K)

Fig. 7—Change in the activation energies or mechanism of crack
growth with concentration and temperature in 4340 steel with
hydrogen.

100

101

102

103

104

105

106

2.22.32.4

,(1/°K)

2.52.62.7

In
iti

at
io

n 
T

im
e,

se
cs

2.8

High Purity 4140
Druschitz (1982)

 In-Sn  Indium

(1/T ) X 103

Q~34kcals/mole

In-Sn 118°C
In 156°C

(c)

Fig. 5—(a) Cadmium embrittlement of a steel below and above the
melting point of Cd. (b) Activation energy for Cd embrittlement of
steel showing the data above and below the melting point of Cd fall
on the same line. (c) Plot of initiation time vs inverse of temperature
for 4140 steel with In and In-Sn.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 42A, FEBRUARY 2011—283



concentrations as in smooth specimens, or required to
provide a short transport distance for chemical species
to ingress, or an unavoidable process that accompanies
the crack growth. There are also conditions under which
the plasticity itself provides a requirement for embrit-
tlement, as in hydrogen enhanced local plasticity
(HELP) mechanisms, which will be discussed later. In
all cases, the incubation times are significant except in
cases where the reaction kinetics at the crack tip itself
governs the crack growth kinetics, a clear example being
the effect of humidity in the embrittlement of glasses.[16]

Even in these cases, the reduction of rate of transpor-
tation of embrittling species toward the crack tip, or by
their dilution with inert constituents, increases the
threshold stress necessary for nucleation and growth of
cracks.[59,60] The effect of notch tip radius on incubation
in some material/environment systems also supports the
diffusion mechanisms governing the nucleation and
growth kinetics.[61–63] The question whether the govern-
ing embrittling mechanisms take place at the crack tip or
ahead of the crack tip gets camouflaged if the peak
hydrostatic stress, where crack nucleates, is close to the
crack tip. It was shown[61] earlier using notches of
varying severity that microcrack formation occurs ahead
of the notch tip, but within its plastic zone. These results
also affirm that diffusion distances are limited very close
to the crack or notch tip.

We will next examine the crack growth process along
with the associated fractographic information that is
available in the literature to understand the crack
growth kinetics. The question that could arise is whether
crack nucleation kinetics differ from the crack growth
kinetics, as in, for example, fatigue, with the recognition
that it is always difficult to separate or distinguish when
the nucleation ends and the propagation begins.

B. Crack Growth Behavior and Fractographic Analysis

Figures 9(a) and (b) show the variation of threshold
stress intensity, Kth, with hydrogen concentration from

different environmental sources and sample thicknesses
in Ni-base superalloys, identifying the dominant mech-
anism for crack growth in each H-concentration regime.
Some inferences can be made. First, there is a change in
slope in Kth vs hydrogen concentration, and the slope
changes seem to correlate with the change in the
dominant fracture mechanism. Understandably, plane
stress seems to favor microvoid formation and coales-
cence, while plane strain favors the crystallographic
faceted or cleavage mode of growth. Since alloy 718 is a
Ni-base superalloy, the faceted growth occurs on {111}
planes, which are slip planes rather than cleavage planes.
Similar cleavage on slip planes was reported in pure Ni
under hydrogen[64] atmosphere. Such faceted growth on
slip planes is not uncommon and has been observed
during fatigue crack growth.[65] In addition, at low
concentrations of hydrogen, microvoid coalescence
occurs, while at higher concentrations, either faceted
crack growth (Figure 9(a))[66,67] or intergranular crack
growth (Figure 9(b)) is favored.[68–70]

The resulting crack growth rates as a function of the
stress intensity factor K are represented schematically in
Figure 10(a). Type I is characterized by well-defined
threshold, stages I through III, where stage II corre-
sponds to a plateau region with crack growth rates, da/
dt, remaining constant in some range of K. Type II is
characterized by lack of the well-defined plateau region
where the growth rates increase with increasing K. How-
ever, there is a definite change in the slope of the da/dt vs
K curve in some materials in going from stage I to stage
II. The curves are similar to those normally observed in
fatigue, with increasing K results in increasing crack
growth rate. The stage III crack growth is characteristic
of the overload fracture process common to all subcrit-
ical crack growth. Endo et al.[71] show, in Figure 10(b),
that this change in the type can occur as a function of
thickness for the material/environment/test conditions.
With increasing thickness, a shift from type I to type III
occurs, thus plane stress favoring a well-defined plateau
stage.

Fig. 8—(a) Applied stress intensity vs incubation time for Al alloys susceptible to corrosion. (b) Applied stress intensity vs incubation time for
steels that are less susceptible to corrosion.
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Figure 11 shows an example where all three types of
behavior can be noted with the change in H concentra-
tion[72] in IN-718 alloy. For concentrations less than
7 wt ppm, there is no well-defined plateau region,
although there is a small change in the (da/dt) vs K
curve when the concentration is 3 wt ppm. A well-
defined plateau exists for concentrations 7 to 14 wt ppm.
At still higher concentrations, the behavior is similar to
type I but occurs at a much lower threshold K. Figure 12
shows the corresponding fractography. Three distinct
modes of crack growth can be identified. At high
concentrations, fracture is a faceted cleavage mode on
{111} slip planes. At concentrations less than
16 wt ppm, distinct stage II was observed with crack
growth occurring by void nucleation and coalescence.
Here, large carbides form nuclei for voids. Further
lowering the concentrations, there is no observable stage
II, and the crack growth exhibits microvoid coalescence,

but on a finer scale. Here, void nucleation may still be
occurring at smaller carbide sites or at some other
heterogeneities.
These results indicate that the steady-state stage II,

where the crack growth rate is independent of the
remote applied K, is concentration dependent. Plateau is
absent at high and low concentrations. The dK range
(width of the plateau) where plateau occurs is shown for
IN-625 alloy in Figure 13. This dK range could be
dependent on both material and environmental chem-
istry. In addition, it could also depend on test method,
viz. constant displacement, constant loading rate, or
constant load tests. Lack of observation of plateau,
therefore, is not an invalidation of the test method; it
only means that the tests or material conditions are not
suitable to establish the steady-state conditions in which
crack growth is purely reaction/transport limited. In the
range where there is a steady state, the plateau velocity

Fig. 9—(a) Threshold stress intensity vs internal hydrogen concentration for a superalloy 718. (b) Threshold vs H concentration for superalloys
in gaseous and aqueous solutions, independent of the nature of source for H is evident.

Fig. 10—(a) Classification of da/dt vs K curves into three types. (b) The type of da/dt–K curve changes with increase in thickness of the
specimen.
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increases with concentration (Figure 14). Hence, at any
given concentration (within the range that plateau is
observable), steady-state conditions are established by
limiting conditions, either by transport or crack tip
reaction. Concentration dependence of plateau velocity
has been observed in many systems.[73–75] Gangloff[11]

showed that the stage II crack growth rates varied
directly with hydrogen diffusivity (Figure 15) for vari-
ous materials.

The question arises whether the lack of observation of
a plateau at low and high concentrations in Figure 14 is
due to a change in mechanism of crack growth or the
test conditions, or whether some constraints imposed
in the tests were not sensitive for stage II observation.
The diffusivity of hydrogen in a metal is a function of

the initial concentration.[11] Hence, for any given
concentration, steady-state kinetics are established
ahead of a moving crack tip. However, with decreasing
concentration of hydrogen, the role of secondary traps
becomes increasingly dominant. In steels as well as in
superalloys, carbides form secondary traps for hydro-
gen. With decreasing hydrogen concentration, the
mechanism of cracking changes to void formation at
carbides that act as hydrogen traps. Presumably these
carbides are within the plastic zone of the crack tip stress
field, where tensile stresses are sufficiently high to cause
void formation, growth, and coalescence. The mecha-
nisms are similar to those envisioned by Rice and
Johnson.[77] Cleavage fracture by the ductile process in
steels was analyzed by Ritchie et al.[78]

Fig. 11—Change in the da/dt vs K behavior with change in H con-
centration. Plateau was observed in some range of H concentration.

Hicks & Altstetter, IN 718-0oC

25wt.ppm – No Stage II

{111} Faceted

Fig. 12—Fracture appearance changes from faceted to carbide-enriched macrovoid to microvoid coalescence with H concentration.

Fig. 13—K range at plateau velocity as a function of H concentra-
tion. Maximum plateau range was observed at some intermediate
concentration with its absence at low and high concentrations.
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The preceding authors considered the fracture prob-
lem in the absence of environment. Under aggressive
environments, instead of rapid fracture, the crack growth
can be subcritical until stage III sets in. Local incremen-
tal or subcritical crack growth can be envisioned by the
similar mechanisms wherein the ductile-brittle-ductile
crack tip growth can occur alternatively to establish a
steady-state crack growth. Generally, grain boundary
paths are preferred for diffusion, but in their absence
(i.e., in single crystals), the subcritical crack growth
appears to be crystallographic, in the absence of any
trapping mechanism, as in high H concentration alloys.
Oriani and Josephic[79] compared the cracking behavior
using hydrogen and deuterium in a 4340 alloy, and the
results are shown in Figure 16. The threshold variation
with gas pressure remains the same for both cases, with
the slopes close to 0.5, characteristic of the Sievert’s or
diffusion mechanism governing the kinetics. The factor
of 2 differences in thresholds probably arises due to the
difference in the diffusion rates of H vs D in the alloy.

Cracking under LME does not appear to be much
different from that in hydrogen. Figure 17 shows that
the stress-strain curves are not significantly affected by
the liquid metal, except that the fracture strain is
considerably less in Hg environment.[80] Such results
have been reported earlier.[26–28] Since plastic deforma-
tion accompanies the embrittlement as indicated by the
significant fracture strain (Figure 17), we have plastic-
ity- or dislocation-induced local cleavage, as evidenced
by the ‘‘shear-band failure’’ observed in these materials
(Figure 18(a)). Intergranular and cavity nucleation and
coalescence modes of crack growth were also noticed
(Figures 18(b) and (c)). Hence, based on the fracto-
graphic analyses, embrittlement by hydrogen or by
liquid metal appears to be somewhat similar, although
the kinetics in each could be different.[13,14]

The behavior of SCC crack growth in glass[16] in
humid environment is also similar to the LME, as
shown in Figure 19. A well-defined threshold may not
be there in some glasses, as discussed by Weiderhorn
et al.,[16] but the mechanics of crack growth remain
similar. There is no plasticity associated with the crack

Fig. 14—Plateau velocity increases with concentration in the range
where it is observed.

Fig. 15—One-to-one correspondence between hydrogen diffusivity
and plateau velocity in several materials.

Fig. 16—Parallel shift in threshold for crack growth as a function of
pressure in shifting from H2 to D2.

Fig. 17—Load-displacement curves for T91 alloy in air and Hg
environments.
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growth, but the crack tip bonds are stretched enough for
the water molecules to attack and reduce their bond
strength. Figure 19 shows that the concentration depen-
dence arises as the percentage humidity increases with
stage I, and the beginnings of stage II to rapid crack
growth characteristics of stage III are observed. Inter-
estingly, in the water environment, no stage II was
observed, the behavior similar to that at high H
concentrations in metallic systems (Figure 11). The
subcritical crack growth occurs essentially maintaining
locally Griffith’s condition, since there is no plastic
dissipation of energy during crack growth. Figure 20
shows crack growth rates at a stress level that

corresponds to stage I and plateau regions as a function
of percent humidity. The curves are essentially parallel,
indicating that there is no change in the kinetics of the
embrittling process. The steady state at any given
percent humidity is established by the dynamics of the
reaction process at the fast moving crack.
That the diffusion distance is not too far from the

crack tip is established by observing the change in the
crack growth rate, when the environment is changed.
Figure 21 shows the classic work of Hancock and
Johnson.[81] Here, they have introduced oxygen inter-
mittently, which blocks the diffusion of H or alters the
reaction kinetics at the crack tip. The crack growth rates

Fig. 18—Fracture in Hg environment showing shear band, intergranular, and dimpled fractures in T-91 alloy.

Fig. 19—Crack growth rate vs stress intensity in soda-lime glass as a
function of relative humidity.

Fig. 20—Crack growth rate as a function of relative humidity at two
stress intensity levels for a soda-lime glass.
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decreased rapidly with the introduction of a mixture of
hydrogen and oxygen. With the reintroduction of pure
H, the recovery of the previous crack growth rates is
somewhat slower since it involves elimination of a
minute amount of oxygen sticking to the crack tip
surfaces. More drastic effects were observed with the
introduction of oxygen by Vehoff and Rothe[64] in
Fe-2.6 pct Si and in Ni. The implication of these results
is that the diffusion distances are not too far from the
crack tip, since the effects of new environments set in
rapidly. Similarly, the change of crack tip stresses by
overload or underload can affect the kinetics of crack
growth. Incubation times, for example, can be drasti-
cally affected by overloads and underloads, and the
evaluation of these effects in terms of internal stresses is
presented elsewhere.[82]

C. Crack Growth Kinetics

We have thus far presented several aspects of chem-
ically assisted crack growth results from the literature
under various environments affecting the SCC behavior
of several alloys. There are several mechanisms pro-
posed in the literature, such as HELP, hydrogen
enhanced decohesion (HEDE), internal hydrogen
assisted cracking, hydrogen environment assisted crack-
ing, etc., explaining the data. It is evident from these
reviews that there is no clear consensus regarding the
governing mechanisms. Each model explains a part of
the governing mechanisms for a system, but the com-
plexity of the mechanisms prevents any generalizations.
In spite of this complexity, there are some common
features that seem to govern the behavior in many
systems. There is a discrete mechanical threshold below
which no crack growth occurs. There is also some kind
of saturation effect in terms of chemistry defining a
maximum contribution from a given environment in
assisting crack nucleation and growth. In ceramic
systems such as glasses, there is no evidence of crack
tip plasticity and the governing mechanism occurs at the
crack tip. Owing to fast crack growth rates in these
brittle materials, transportation of the chemical species

to the fast moving crack can become a controlling
factor.[16,59,60] A somewhat similar situation arises in
some cases in the LME of alloys, where viscous flow of
the liquid toward the fast moving crack could be the rate
determining step.[83] If this process is faster, the reaction
at the crack via chemisorption or stress-induced disso-
lution or, in some cases, diffusion along grain bound-
aries ahead of the crack tip or normal lattice diffusion in
the case of single crystals will be the rate determining
factor. Consensus from experiments and numerical
analysis is that for the precracked fracture mechanics
sample or notched tensile specimens, peak concentration
of the embrittling species occurs at the notch tip, or at
the most slightly away from the notch tip in ductile
alloys or in larger root radii notches. In all these cases,
the microcrack formation is limited to within the plastic
zone of the notches. In the case of internal hydrogen, the
diffusion from bulk toward the crack tip has to occur,
and hence, the kinetics of embrittlement is slower than
that in external environment, which is close to the crack
tip. Because hydrogen is very mobile, it can get trapped
by local stress concentrations. Hence, depending on the
H concentration, the fracture mechanisms change from
intergranular, to cleavage, to void formation at carbides,
thus affecting the kinetics of the crack growth.
In general, environment affects a material in two

ways. In metallic systems, it enhances the crack tip slip
activity, thus contributing to local ductility. This is
accomplished predominantly by lowering the energy
needed for dislocation emission at the crack tip. It can
also reduce the resistance to dislocation mobility either
by the reduction of lattice resistance or by shielding
dislocation stress fields from mutual retardation. Hence,
crack tip plasticity seems to be accompanying most of
the embrittling process, lending to the proposed mech-
anisms such as HELP.[14,82] The second aspect is that it
reduces the cohesive forces that bind the atoms, say, by
the reduction of the surface energy. This leads to
embrittlement with fracture occurring at much lower
stress than that without the environment. Generally,
enhanced ductility and the enhanced embrittlement are
mutually opposing factors, contributing much of the
controversy in the literature in terms of the rate
controlling processes. Here, we are not including the
crack tip dissolution process, which may occur in some
special cases.[49–52]

Any SCC mechanism, therefore, should have two
factors. One that is responsible for ductility enhance-
ment and the other that is the embrittlement process by
a reduction in the cohesive forces. In this regard, the
work of Vehoff and Roth[64] on single crystals of Fe-
2.6 pct Si and Ni is noteworthy. They show that crack
growth occurs at a constant angle a smaller than h,
where a is the crack-mouth-opening angle and h is the
slip plane angle (Figure 22). From McClintock’s anal-
ysis,[84] such a condition is possible only if there are two
interdependent processes: (1) crack opening mechanism
and (2) crack resharpening mechanism. The crack
opening mechanism is due to the slip process, while
the crack resharpening mechanism is provided by the
decohesion processes involving cleavage or faceted
mode of crack growth. This is schematically shown in

Fig. 21—Sudden change in crack growth rates with changing
environments at constant remote stress.
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Figure 22. The dislocation shear can also occur asym-
metrically alternating above and below the crack plane.
Considering that the crack increment during the dislo-
cation shear is small, Vehoff and Roth[64] showed that
the cleavage component, aN, does not depend on crack
growth rate; hence, hydrogen transport processes are
not rate limiting. On the other hand, the cleavage
component depends on the hydrogen pressure (which
relates to H concentration), as shown in Figure 23. With
increasing hydrogen pressure, the cleavage component
increases at the expense of the shear component, making
the crack sharper. We recall that with the increase in
hydrogen concentration, the crack growth mechanism in
nickel-base alloy (Figures 9(a)) shifts from microvoid
formation and coalescence to faceted mode of crack
growth, in single crystals. Figure 23 shows that the
cleavage contribution reaches an upper limit with high
hydrogen concentration, and this limit depends on the

temperature. The upper limit of the cleavage component
indicates that plasticity always accompanies at any level,
even though its contribution decreases at high H
concentrations. At low concentrations that one can
measure, the cleavage component is small, while the
growth occurs predominately by the plasticity induced
process, where the low hydrogen that segregates to
inclusions or carbides sites causes void nucleation and
growth. The analysis is self-consistent and compatible
with fractographic observations (as in Figure 12). One
of the consistent findings is that cleavage in bcc
materials occurs predominately along the {100} planes
and in fcc materials along the {111} slip planes. The
alternate mechanisms of slip and cleavage seem to occur
at the microscale. With decreasing yield stress, the
plastic zone increases and the scale of plasticity is
enlarged. The mechanism is somewhat similar to the
HELP mechanism in the sense that the plasticity helps in
the cleavage process. However, no void formation was
found in Ni and Fe2.6 pct Si single crystals by Vehoff
and Roth,[64] even though it has been noted in other
alloys, particularly when H concentration is low.

D. Alternating Slip and Cleavage

Dislocation nucleation and cleavage seem to alternate
in some form, giving rise to crack tip embrittlement.
This appears to be true even in LME where intermittent
dislocation nucleation opens up the crack for the flow of
the liquid to embrittle the crack tip region.[85] Alter-
nately, the slip may break up the passive film formed
there by exposing it to the corrosive environment.
Diffusion of the embrittling chemical element ahead of
the crack tip appears to be governing in some systems
with activation energy close to the diffusion energy.
Gerberich and Chen[6] and many authors have empha-
sized that the plastic deformation helps to buildup
hydrostatic stresses ahead of the crack tip to facilitate
diffusion, condensation, and microcrack nucleation
ahead of the main crack. Thus, plasticity in this case
helps in building the hydrostatic stresses facilitating
diffusion. Subcritical crack growth is ensured by having
this process intermittently occurring with the crack
blunting, diffusion, and cleavage and back to crack
blunting. Crack tip blunting by dislocation generation is
inevitable in most ductile systems, since materials
cannot sustain infinite stresses at the crack tip. The
implication is that we need to consider not a sharp crack
but a microscopically blunted crack for analysis.
The detailed analysis of crack tip blunting and

dislocation nucleation at the crack tip as a means of
separating the ductile vs brittle behavior has been
proposed by Rice and Thomson,[86] and subsequently
by Rice and co-workers.[23,86–93] However, we are
concerned here not with the mutually exclusive blunting
vs cleavage, but one leading to the other, i.e., blunting
leading to cleavage. Analysis of crack tip stress fields in
elastic-plastic materials has been computed using the
Hutchinson–Rice–Rosengren (HRR) analysis, but those
stresses pertain to sharp cracks and are valid at distances
away from the blunted crack tip. There are no analytical
solutions for the stress fields within the region close to a

Fig. 22—Dislocation slip and cleavage crack growth occurring
sequentially, resulting in constant crack mouth opening angle, as
observed by Vehoff and Rothe.
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two different temperatures in Fe-3 pct Si.
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blunted crack tip, where the corrosion reactions take
place. Rice and Johnson[76] used an approximate anal-
ysis of the stress fields to evaluate the growth of pre-
existing voids ahead of the crack (notch) tip, by
combining slip-line fields with HRR fields. Hirose and
Mura[61] also used slip line field theory along with
dislocation analysis to evaluate the nucleation of the
microcracks ahead of the notch, but within the plastic
zone of the notch. They have considered the slip plane to
be the same as the cleavage plane. Ritchie et al.[78] used
a similar approach to evaluate the cleavage fracture of
carbides located at one or two grains ahead of the main
crack. A common factor in all these analyses is the
recognition that blunting is inherent and blunting
eventually leads to some cleavage, particularly if cleav-
age conditions are satisfied. Reduction of surface energy
to facilitate the cleaving process would then lead to an
embrittlement phenomenon.

In the corrosion process, we are combining the
mechanics of the growth of a blunted crack with a
time-dependent phenomenon involving the diffusion of
the embrittling species to a maximum stress concentra-
tion to initiate local or incremental fracture. Continuum
analysis using blunted crack tip (pre-existing) combined
with diffusion kinetics by Taha and Sofronis[94] yielded
the following results that are of interest. In tandem with
the other analyses, the peak hydrostatic stresses occur
within one to two units of (x/q), where x is the distance
measured from the crack tip along the X-axis and q is the
crack tip radius. The hydrogen concentration gradually
reaches a maximum and saturates at the maximum
hydrostatic stress level, in agreement with Gerberich
analysis.[6] Importantly, since diffusion of H is rapid in
steels, it takes a very short time to reach a steady state
since distances are very close to the crack tip. Thus, the
reaction occurs within the distances of q from the
blunted crack, where analyses based on sharp crack
profiles become less reliable. Note that in the preceding
analyses, although blunted crack tips (preexisting) are
considered, the change in the blunting configuration due
to plasticity or dislocation generation is not considered.

Beltz et al.[23] analyzed the problem of the blunting vs
cleavage for a blunt crack by considering the cohesive
forces to open a crack ahead of the blunted crack and
shear forces for the generation of dislocations on the slip
plane. This is an extension of dislocation vs crack
extension considered earlier by Rice and Thomson[86]

and Rice and co-workers.[86–93] Figure 24 schematically
presents the problem in question. When a blunted crack
of tip radius q is stressed, a microcrack can initiate
ahead of the blunted crack along the cleavage plane or a
dislocation can be emitted on the slip plane. The
cohesive force and shear force profiles for these two
cases are also shown in Figure 24(a). The required
forces to generate cleavage or dislocation are repre-
sented by Gclea and Gdisl, respectively, in Figure 24(b).
Beltz et al. consider several possibilities of interest.
From our point of view, the case illustrated in
Figure 24(b) is of interest, where the Gdisl is initially
low when q is small, favoring dislocation generation,
which increases q. However, with increasing q, the
curves cross over giving rise to cleavage mode. Initially,

blunting is favored but, subsequently, the cleavage takes
over resulting in brittle failure. In all the cases that they
considered, crack eventually blunts or cleaves depending
on the functional values of Gclea vs Gdisl in relation to the
actual crack tip driving force, Gc.
Considering the Vehoff and Roth analysis[64] in

Figure 22, we can reformulate the problem, as shown
schematically in Figure 25. If we consider a hypothet-
ically sharp fatigue precrack of length a and apply a
static load, two possibilities can arise: dislocation
generation on the slip planes or brittle crack extension
by an increment da. Dislocation generation also con-
tributes to small crack length increment. Crack blunts
by dislocation generation while it resharpens by cleavage
extension. If the dislocations on the slip plane saturate,
further generation of them is hindered due to back
stresses by all the previously generated dislocations,

Fig. 24—Illustration of the growth of a blunted crack by slip and
cleavage, following Beltz et al.

Fig. 25—Discrete dislocation model of crack growth by sequential
slip and cleavage crack growth.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 42A, FEBRUARY 2011—291



while the hydrostatic tensile stress field becomes increas-
ingly significant ahead of the blunted crack tip. The
crack will pop open on the cleavage plane making the
crack tip sharp, which again can emit dislocations.
The processes of blunting and cleavage cycle can
continue until the crack becomes unstable. This is what
Vehoff and Rothe[64] experimentally found as the
growth of crack with a constant crack mouth opening
angle, a, the angle decreasing with increasing H
pressure. Thus, with decreasing c, the cleavage compo-
nent increases in relation to the blunting component.
Analytical formulation of this problem is rather difficult.
A discrete dislocation analysis of the problem is possible
following our earlier work on the growth of a contin-
uous elastic-plastic crack.[94,95] Figure 25 shows sche-
matically the dislocation formulation of the crack and
the associated growth. The calculations were done for a
given applied stress, lattice friction stress on the slip
plane and c, the surface energy. Starting from a very
small crack, the crack is either allowed to emit disloca-
tions on the slip plane or extend in cleavage mode on the
cleavage plane depending on whatever process has lower
elastic strain energy. The strain energy can be computed
by taking into consideration self-energies, interaction
energies, and the work done by applied and frictional
stresses. After emitting a dislocation, the crack has a
choice again to emit more dislocations or to extend as a
cleavage crack. Depending on the friction stress (pro-
portional to yield stress) and c, we found that crack goes
through an alternate process of emitting dislocations,
thereby getting blunted, and subsequently extending in
cleavage mode, thereby resharpening itself. The process
occurs continuously in sequence until the total energy of
the entire system goes through a maximum with respect
to crack length, leading to a Griffith type of instability
condition. This is shown schematically in Figure 25. By
extending the analysis of Beltz et al.[23] in terms of crack
tip driving forces, the interplay of cleavage vs blunting
can be schematically represented by Figure 26. This type
of shuttling deformation-cleavage process results in a
constant a during corrosion crack growth, as stated by
Vehoff and Roth.[64] The cleavage crack extension can
be thought of as a microcrack formation ahead of the
crack tip (but close to the crack tip), which is energet-
ically facilitated by the reduction in surface energy due

to diffusion of the embrittling species. The time-
dependent aspect comes in terms of accumulation of
the needed hydrogen (for example) to facilitate the crack
nucleation due to the stress fields of the blunted
macrocrack. Discrete dislocation analysis will provide
a convenient means of accounting properly the image
forces exerted by the crystal dislocations or microcrack.
Such an analysis is being done currently and will be
published later. We noted earlier that the faceted growth
occurs on the cleavage plane in bcc materials, while it
occurs on the slip plane in some fcc materials. The
microcrack nucleation can be thought of as occurring
either on the cleavage plane or on the slip plane, as
shown in Figure 27. The reduction in elastic energy is
accounted for by the absorption of all the slip disloca-
tions on that plane, as considered by Gilman.[32] Thus,
the mechanisms combine HELP, HEDE, etc., in a
generic sense. Void formation can be facilitated by the
presence of secondary traps such as carbides or inclu-
sions, but it is not essential, as indicated by the studies of
Vehoff and Rothe.[64] If carbides are present ahead of
the main crack within the region of the peak stress, then,
instead of a microcrack, a microvoid can nucleate
heterogeneously leading to microvoid formation and
coalescence as a mechanism of crack growth. With
increasing yield stress, the process gets shifted closer to
the crack tip with the attendant decrease in incubation
times and the threshold stress for nucleation. The run-
out stress intensity indicates that some blunting and
resharpening has to occur for stress corrosion crack
growth. Two examples show the transition of fracture
from ductile-cleavage-ductile fracture in H-11 high-
strength steel[96] under internal hydrogen (Figure 28(a))
and in Al-6Zn-3Mg alloy,[97] showing a transition from
ductile–quasi-cleavage/grain boundary–ductile fracture
in 3 pct NaCl (Figure 28(b)). These examples of static
stress corrosion fracture surfaces support the mecha-
nism described in Figures 26 and 27.

III. SUMMARY AND CONCLUSIONS

We have examined the published data on subcritical
crack growth in chemical environments such as aqueous,
external/internal H, presence of internal embrittling
species, LME in metals, alloys, and ceramics. From the
trends in the data, we can identify some generic

Fig. 26—Schematic illustration of how crack tip force required to
cleave and dislocation glide can alternate to give crack growth with
constant crack mouth opening angle observed in experiments.

Fig. 27—Dislocation model describing faceted growth along a
cleavage plane or a slip plane.
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principles involved in the time-dependent subcritical
crack growth. In general, the crack growth behavior of
most materials is somewhat similar, with well-defined
thresholds, stage I rapid crack growth, stage II with a
plateau in growth rates independent of stress intensity,
and finally overload fracture. In many of these cases,
there is a measurable incubation time for the crack
growth initiation, which depends on the applied stress
intensity and concentration and the nature of the
embrittling chemical species. The diffusion may be a
governing variable, but in some cases, crack tip reac-
tions that provide the embrittling element can be slower
by controlling the process. In the liquid metals, the
viscous flow or the transport of the reactant products
could be controlling, while in solid metal embrittlement,
diffusion can be governing. In all cases, there appears to
be threshold stress intensity as a function of concentra-
tion of the embrittling element, indicating a saturation
effect. It affects the crack tip plasticity thereby affecting
crack growth kinetics, although there are other consid-
erations that become important and these are being
analyzed separately. Crack growth stages depend on the
concentration with the plateau region (stage II) present
only in the limited concentration range.

Embrittlement and plasticity are not mutually exclu-
sive as intuition leads us to believe. Continuous plastic
crack growth can occur by this process, as was analyzed
earlier. Corrosive environment can enhance dislocation
nucleation and its mobility as well as the cleavage crack
nucleation by the reduction of surface energy. The
interplay of both crack tip plasticity and cleavage modes
can alternate, generating a blunting-cleavage cycle that
facilitates corrosion crack growth with associated plas-
ticity. One may call this HELP or HEDE, but it can be
simply visualized as an alternating process dictated by
changing the crack tip driving force. At low hydrogen
concentrations and when carbides or inclusions can act
as traps, localized void nucleation, growth, and coales-
cence with the main crack can contribute to corrosion

crack growth in some systems. More detailed analysis of
the blunting-cleavage mode of crack growth is needed.
A discrete dislocation model is suggested.
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