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Stress corrosion cracking (SCC) of as-quenched 4340 and 3.5NiCrMoV steels was studied under hydrogen
charging conditions, with a cathodic current applied to the gauge length of specimens subjected to Lin-
early Increasing Stress Test (LIST) in 0.5 M H,SO,4 solution containing 2 g/l arsenic trioxide (As,03) at
30 °C. Applied stress rates were varied from 20.8 to 6 x 10~* MPa s~'. Both the fracture and threshold
stress decreased with decreasing applied stress rate and were substantially lower than corresponding
values measured in distilled water at 30 °C at the open circuit potential. The threshold stress values cor-
respond to 0.03-0.08 o, for 4340 and 0.03-0.2 o, for the 3.5NiCrMoV steel. SCC velocities, at the same
applied stress rate, were an order of magnitude greater than those in distilled water. However, the plots

of the crack velocity versus applied stress rate had similar slopes, suggesting the same rate-limiting step.
The fracture surface morphology was mostly intergranular, with quasi-cleavage features.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Stress Corrosion Cracking (SCC) [1-4] occurs for a susceptible
material subjected to a tensile stress in an aggressive environment
and can lead to catastrophic failures [5-8]. High strength steels are
particularly susceptible; increasing yield strength significantly
decreases the threshold stress intensity factor, Kiscc [9-11]. As a
consequence, SCC of high strength steels has been widely studied
[12-17] and is an on-going effort [3,5,18-20]. This paper follows
our previous studies of the SCC of two high-strength steels (4340
and 3.5NiCrMoV) in distilled water at 90 °C [21] and 30 °C [22],
which studied the influence of the applied stress rate on SCC using
the Linearly Increasing Stress Test (LIST) [23-31]. These studies
indicated that the SCC velocity increased with increasing applied
stress rate until it reached a maximum SCC velocity; for 4340,
the maximum SCC velocity corresponded to the plateau SCC veloc-
ity measured in fracture mechanics tests [32,33]. The SCC velocity
was the same for both steels, indicating a similar rate-limiting step.
The experiments in distilled water at 30 and 90 °C indicated that
the same rate-limiting step could be operating at both tempera-
tures. Nevertheless, the mechanism of SCC could be different at
the two temperatures. It was suggested [21,32,34] that the SCC
mechanism involved anodic dissolution at 90 °C. Anodic dissolu-
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tion, in its simplest form, involves the dissolution of metal at the
crack tip, which is kept bare by the crack tip strain rate. In contrast,
it was thought [32,33] that hydrogen was involved at temperatures
less than 60 °C, in which case a role of crack tip strain rate is to
maintain a bare crack tip for easy hydrogen entry into the steel.
High strength steels exhibit intergranular fracture along prior
austenite grain boundaries and hence it is difficult to identify the
SCC mechanism from the fracture surface morphology alone [35].

The present research was carried out to explore the behaviour
of these steels under cathodic hydrogen charging conditions using
LIST. The LIST tests were the same as in our previous studies
[21,22] so that the cracking behaviour with cathodic hydrogen
charging could be directly compared with the experimental results
in distilled water at 30 and 90 °C.

2. Experimental procedure

Cylindrical tensile specimens were machined from 4340 and
3.5NiCrMoV rotor steel from the same steel plates as used in our
previous studies [21,22]. Their composition is shown in Table 1.
All 4340 specimens were austenitized at 860 °C in high purity
nitrogen for 1 h and quenched into oil. A similar procedure was
followed for the 3.5NiCrMoV steel. Batch heat-treatment ensured
that the microstructure was the same for each specimen for each
steel. The heat treatment resulted in a fully martensitic microstruc-
ture in both steels, with a prior austenite grain size of 20 pm, as
described by Gates et al. [36]. The yield strength (o) of 4340
was 1700 MPa and that of the 3.5NiCrMoV steel was 1270 MPa.
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Table 1
Composition of the steels used in this study.
Steel Composition (wt.%)

C Ni Ctr Mo V Mn P Si S
4340 035 147 15 025 0.01 05 0.017 035 0.025
3.,5NiCrMoV 023 3.05 19 065 0.07 045 0011 - 0.009

After heat-treatment, each specimen was mounted in a lathe and
the gauge section was ground through successive silicon carbide
papers to 800 grit. Identical grinding conditions, including lathe
speed, was employed for the preparation of each sample and, fur-
thermore, the gauge section of each specimen was examined with
optical microscopy after the grinding procedure to ensure that the
gauge section surface was uniform and did not contain any coarse
scratches or other surface defects that could act as crack initiation
sites. The samples were then degreased in an ultrasonic cleaner
with technical grade hexane solution, rinsed with distilled water
and immediately loaded in the LIST apparatus.

The key to the LIST apparatus [23-31] is a lever beam. The spec-
imen, and its loading train, is on one side of the lever beam and the
other side contains a movable weight. Movement of the weight,
driven by a synchronous motor, from its equilibrium position
causes a proportional loading on the specimen, which is reported
in terms of engineering stress. Synchronous motors of different
speeds allowed nine applied stress rates, ranging from 0.0005 to
20 MPas .

For each LIST experiment, the steel was specimen immersed in
0.5 M H,S0O,4 solution containing 2 g/l arsenic trioxide (As,03) at
30°C as a hydrogen recombination poison. Each LIST specimen
was subjected to a cathodic current of 0.5 A, resulting in a current
density of 2600 A/m? on the gauge section. There was no surface
damage or cracking on the tensile specimens in the as-charged
condition without any applied stress. LISTs were conducted at
30 °C rather that at room temperature to ensure minimal variation
in temperature. Once the desired temperature was reached, an
hour was allowed for stabilisation and the cathodic current and
stressing were applied. After fracture, the specimen was removed
from the cell, washed with distilled water and dried. The fracture
stress, gy, was calculated from the value of the load and the initial
specimen cross-section area. The fracture surfaces were examined
in a scanning electron microscope (SEM). Two identical samples
were tested at each applied stress rate where there was SCC. Even
at the low applied stress rates (0.0005 and 0.0006 MPa s~ '), where
the duration of the tests could be a month or longer, repeat
samples were used to determine the reproducibility of the
measurements.

The SCC threshold stress, o, was determined using a potential
drop technique. During a LIST, a 5 A stabilised d.c. current (from a
BWD model 245 A power supply) was applied to the specimen and
the resulting potential drop across the specimen was plotted as a
function of the applied stress. The threshold stress was identified
as the stress at which there was a change in the slope in the poten-
tial drop versus applied stress plot, corresponding to a decrease in
the cross-sectional area of the gauge section due to crack propaga-
tion. A CDP-10 linear displacement transducer (manufactured by
Tokyo Sokki Kenkyujo Ltd.) was attached to the loading arms to
measure the displacement of the specimen. This displacement
was calibrated to give an output proportional to the specimen
strain. The strain rate at the threshold stress was in each case
determined from the slope of the strain versus time plot at the
threshold stress; the threshold stress itself was evaluated from
the potential drop measurements.

Assuming the SCC cracks grow at a constant rate between o,
and oy, the average crack growth rate, », was calculated from the
following equation, where a is the maximum crack depth on the

fracture surface after the test and & is the applied stress rate
[21,22]:

ac
vV=————
Of —Om

(1)

The precision in the LIST tests were as follows. The total error in
the specimen load was less than +1% for loads of 1000 N and less
than +0.14% for higher loads [23]. The loading rate, determined
by the speed of the synchronous motor, was accurate to 1%
[23]. The precision in the potential drop measurements was
+0.1 pV. Potential drop values were measured at every second for
higher applied stress rates and at every few minutes for the low
applied stress rates. The precision in the temperature control was
better than 1 °C. The error in the crack length measurements
was +0.1 mm [23].

3. Experimental results
3.1. Potential drop measurements

Figs. 1 and 2 present typical potential drop curves plotted
against the applied stress for 4340 and 3.5NiCrMoV steel, respec-
tively, subjected to LIST in 0.5 M H,S04 + 2 g/l As,03 solution under
hydrogen charging conditions. The methodology employed during
the potential drop measurements was the same as in previous
studies [21,22]. Each number in Figs. 1 and 2 identifies the poten-
tial drop data for the LIST experiment with that same number in
Figs. 3 and 4, respectively. Arrows in these figures marked the
point at which there was a change in slope in the potential drop-
applied stress plot. The stress at this point was identified as the
threshold stress and plotted in Figs. 3 and 4.

3.2. Fracture stress and threshold stress

The threshold stress and the fracture stress for as-quenched
4340 under hydrogen charging conditions in 0.5 M H,SO4 + 2 g/l
As,03 solution at 30 °C are plotted in Fig. 3 as a function of applied
stress rate. The symbols represent the experimental data and the
black solid lines represent the polynomial regression fit for the
data. SCC was observed at all applied stress rates shown in the fig-
ure. Moreover, both the fracture and threshold stresses decreased
with decreasing applied stress rate. The fracture and threshold
stress values were low. The fracture stress varied from ~200 to
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Fig. 1. A plot of the potential drop as a function of the applied stress for
representative tests with as-quenched 4340. The arrows represent the change in
the slope of potential drop plot and mark the threshold stress corresponding to
crack initiation. Numbers 1-5 correspond to the data points shown in Fig. 3.



S. Ramamurthy et al./Corrosion Science 53 (2011) 2419-2429 2421

68fp I
63fp  __—
5.8 4\ 3

531 4

n A

43 . . . . . .
0 50 100 150 200 250 300 350

Applied Stress, MPa

Potential Drop, mV
=

Fig. 2. A plot of the potential drop as a function of the applied stress for typical
experiments with as-quenched 3.5NiCrMoV steel. Numbers 1-5 represent the
corresponding data points in Fig. 4. The arrows mark the crack initiation point and
correspond to the threshold stress.
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Fig. 3. A plot of fracture stress (closed symbols) and threshold stress (open
symbols) plotted as a function of the applied stress rate for as-quenched 4340 under
hydrogen charging condition at 30 °C. The numbers 1-5 correspond to the potential
drop plots shown in Fig. 1. The red trend lines represent the polynomial regression
data from the 30 °C water experiments [22]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

530 MPa and the threshold stress varied from ~60 to 230 MPa.
These values were much lower than the values measured in dis-
tilled water at 30 °C at the open circuit potential. The 30 °C water
data has been plotted as red lines for comparison. This indicates
that hydrogen charging has decreased the fracture and threshold
stresses quite significantly, to less than one-third of the yield
strength (1700 MPa) for the fracture stress and less than one-tenth
of the yield strength for the threshold stress. Moreover, the results
in 30 °C distilled water at the open circuit potential indicated that
the fracture stress remained within a narrow band from 2 to
0.2 MPas~! and decreased significantly with further decrease in
the applied stress rates. In contrast, the fracture stress decreased
continuously with decreasing applied stress rate under hydrogen
charging conditions.

Fig. 4 presents the results for as-quenched 3.5NiCrMoV steel.
SCC had occurred at all applied stress rates shown in the figure.
Also, both the fracture and threshold stresses decreased with
decreasing applied stress rate, similar to the trends for 4340

(Fig. 3). For example, the fracture stress decreased from 418 MPa
at higher applied stress rates to about 170 MPa at low applied
stress rates. These values represent one-third to one seventh of
the yield strength for this steel (1270 MPa). Similarly, the thresh-
old stress decreased from 250 MPa at higher applied stress rates
to ~60 MPa at lower applied stress rates. Both 4340 and 3.5NiCr-
MoV steel exhibited similar threshold stresses at similar applied
stress rates.

The trend lines for the 30 °C distilled water experiments at the
open circuit corrosion potential were also plotted in this figure,
presented by the red lines. Similar to the data for 4340, the dis-
tilled water experiments yielded higher fracture and threshold
stress values than the hydrogen charging experiments. Moreover,
SCC was not observed in 30 °C distilled water experiments at ap-
plied stress rates greater than 0.002 MPa s~!. This is in contrast to
the hydrogen charging experiments where there was SCC at all
applied stress rates. These results again indicate that hydrogen
charging was much more aggressive than measurements at open
circuit corrosion potential. As discussed previously, in the water
experiments, the mechanism of cracking could be anodic dissolu-
tion or hydrogen embrittlement. In this case, the availability of
hydrogen is as a result of the cathodic reactions occurring near
the vicinity of the crack tip. This reaction and the anodic dissolu-
tion (in anodic dissolution mechanism) are controlled by the
crack tip strain rate (through the applied stress rate) which de-
fines the frequency of the film rupture process. Hence, at higher
applied stress rates, there is not sufficient time for the passive
film formation and its rupture and this could result in the ductile
fracture at higher applied stress rates. In contrast, under hydrogen
charging conditions, there is a steady supply of hydrogen from
cathodic charging which can diffuse ahead of the crack tip and
can participate in the cracking process. This could explain why
intergranular cracking was observed at all applied stress rates in
this study.

For the 30 °C water experiments, the 4340 and 3.5NiCrMoV
steel exhibited similar threshold stresses at lower applied stress
rates. A similar trend was also observed for the hydrogen charging
experiments, but the threshold stresses were much lower for the
hydrogen charging experiments compared to the 30°C water
experiments.
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Fig. 4. A plot of fracture stress (closed symbols) and threshold stress (open
symbols) plotted as a function of the applied stress rate for as-quenched
3.5NiCrMoV steel under hydrogen charging condition at 30 °C. The numbers 1-5
correspond to the potential drop plots shown in Fig. 2. The red trend lines represent
the polynomial regression data from the 30°C water experiments [22]. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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3.3. Crack tip strain rate versus applied stress rate

The crack tip strain rates were calculated using two approaches
as described in the prior papers [21,22]. The first approach was
based on the assumption of a plane strain state at the crack tip
[37]. Congleton et al. [37] showed that the crack tip strain rate &
at a distance x (in metres) from the tip of a growing crack in an ide-
ally plastic solid under plane strain, small scale yielding conditions,
large scale yielding and fully plastic conditions, is given by [37]:

ol L Boyy [m 0.2E(5 — 5Nc)}

Ee=—(&m—¢&
¢ = o (Bm —én0) + T no,x

(2)

where o (= 0.5) is a constant, which was determined from the finite
element analysis to be the same for stationary and growing cracks, L
is the gauge length in metres, n is the number of circumferential
cracks on the gauge section, &, and éyc are the strain rates acting
on the specimen and on an uncracked gauge length, respectively,
B is a constant with a value equal to 5.083 for a Poisson’s ratio equal
to 0.3, o, is the yield strength of the steel in MPa, v is the crack
velocity in ms™!, E is the Young’s modulus in MPa, 6 and dyc are
the total displacement in metres for the cracked and the uncracked
gauge length, respectively. The total elongation § and the total crack
mouth opening displacement 6., which may correspond to the crack
opening displacement (after Congleton et al. [37]) were measured
on several LIST specimens tested at various applied stress rates
and the average values at each stress rate are shown in Table 2.
Table 2 shows that the average §. values were 1.03 x 10~# and
1.18 x 107*m for 4340 and the 3.5NiCrMoV steel, respectively.
Similar to the 90 °C [21] and 30 °C [22] water results, the 6./ ratio
increased with decreasing applied stress rate. Table 2 implies that
the mean values of éyc are 0.66 &q and 0.66 &y for 4340 and the
3.5NiCrMoV steels, respectively. Substituting these values, together
with the values of «, g, the yield strength of the steels, the Young’s
modulus E =210,000 MPa and choosing x=5 x 107> m as an arbi-
trary choice (the value of x varies between 1 x 10™> and
1 x 10~* m {Congleton, Shoji and Parkins [37]}), Eq. (2) becomes:

b= {%} o + 823010 [%}

. 52]. 77.7
8( = |:?j| 8ext + 6157/1“ |:Tj|

3)
(4)

for 4340 and the turbine rotor steel, respectively. In these equa-
tions, &y is the strain rate resulting from the applied stress rate
(éext = G/E)

The second approach for calculating the crack tip strain rate was
based on the assumption of plane stress at the crack tip. Develop-
ment of the model and the equations employed for the calculation
of the crack tip strain rate were presented previously [21,22]. This
model assumes plasticity at the crack tip and a crack tip stress
equal to the yield strength. Moreover, as discussed [21,22], this
model is partially based on the analysis of slow strain rate SCC data
by Silcock [38]. As described in the model [21], the total measured
strain (&) is equal to the sum of the strain on the uncracked gauge
length (&,) and the strain associated with stress corrosion cracks
(&c). Assuming plasticity at the crack tip [0 = Ké&t'], where K is a
constant and n; is the strain hardening coefficient and determining
the strain due to stress corrosion cracks and that from the un-
cracked gauge length [21], the equation for crack tip strain rate
becomes:

Nocey
éC: L[8m78u+T} & (5)
mné.oy
where L corresponds to the length of the gauge section in metres, n
is the number of cracks along the circumference of the gauge sec-
tion, n; is the strain hardening coefficient, §. is the total crack

mouth opening displacement, ¢, is the yield strength and the
parameters &, and &, have been described previously.

Unlike Egs. (3) and (4), Eq. (5) does not contain either the SCC
velocity or the macroscopic strain rate for the calculation of the
crack tip strain rate. However, both &, and é. are affected by the
SCC velocity and the SCC depth terms, and generally increase with
an increase in either term. The macroscopic strain rate term is ac-
counted for by the applied stress rate, which controls the macro-
scopic strain rate in the present study.

The crack tip strain rate values, calculated from both ap-
proaches (Egs. (3) and (4) and Eq. (5)), are plotted in Fig. 5. Two
more strain rates have also been plotted in this figure. The lowest
line corresponds to the strain rate expected from & = 6/E, where
the strain rate has been calculated from the applied stress rate
on the assumption of elastic deformation. The second line is the
measured macroscopic strain rate, measured at the threshold
stress as a function of applied stress rate. This strain rate was
determined as the slope of the macroscopic strain versus time data.
The solid lines in this figure represent the least square fit of the
strain rate data to a relationship of the form & = A;6™, where ¢
is the relevant strain rate, A; is a constant, m, is the slope of the
corresponding straight line and & is the applied stress rate. For
the measured macroscopic strain rate data (&,, measured at the
threshold stress), the least square fit yields the following relation-
ship. The fit parameters are shown in Table 3.

ém=1.0x1074"0 (6)

The open triangles and the crosses represent the crack tip strain rate
& calculated using Egs. (3) and (4) based on the methodology de-
scribed by Congleton et al. [37]. Least square fit of this data (solid
lines through the symbols) yields the following relationship (Table
3):

& =92x1074"% 7

The open squares and the circles have been based on the ap-
proach from Silcock [38] as described above (Eq. (5)). Least square
fit of this data (solid lines through the symbols) yields the follow-
ing relationship (Table 3):

& =17x10"¢"" (8)

Fig. 5 shows that the measured strain rate &, at the threshold stress
is about a factor of two greater than the expected strain rate.
Moreover, Fig. 5 shows that the crack tip strain rate calculated from
both approaches were much greater than the expected or the mea-
sured strain rates. The ratio &:/é, has values between 200 and 300
for approach 1 (Egs. (3) and (4)) and this ratio appeared to be
independent of the applied stress rate. For the crack tip strain rate
calculations from approach 2 (Eq. (5)), the é&./é&, ratios were
approximately 2000-3000, i.e. an order of magnitude greater than
that from approach 1, and this ratio also appeared to be
independent of the applied stress rate, i.e. the ratio of &./&, did
not significantly change with the applied stress rate, i.e. the slopes
for the lines & and &, remained nearly parallel with increasing ap-
plied stress rate.

The relationship between the crack tip strain rate and the ap-
plied stress rate (Fig. 5) suggests that the crack tip strain rate
was controlled by the applied stress rate. Similar slopes for the
external macroscopic strain rate and the crack tip strain rates cal-
culated form both approaches suggest that all these strain rates
could be controlled by the applied stress rate or that the crack
tip strain rate could be controlled by the external strain rate pro-
duced by the applied stress rate.

Table 3 also presents the fit parameters for the 90 °C [21] water
and 30°C [22] water experiments. The slopes for the crack tip
strain rates from approach 2 [38, Eq. 5] were similar for water
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Table 2

2423

Average values of the total elongation ¢ and the total crack mouth opening displacement 5. measured at various applied stress rates for as quenched 4340 and the 3.5NiCrMoV

steel tested under hydrogen charging conditions at 30 °C.

Steel Applied stress No. of cracks observed Total elongation Total crack mouth dc/d
rate (MPas™) along the gauge length, n 5(x 1073 m) displacement §. (x 10> m)

4340 20.8 6 0.42 0.1 0.238
20.8 4 0.4 0.08 0.2
2.08 12 0.34 0.09 0.265
2.08 8 0.3 0.08 0.267
0.25 15 0.26 0.07 0.269
0.25 10 0.28 0.08 0.286
0.021 12 0.26 0.11 0.423
0.021 11 0.24 0.09 0.375
0.00208 16 0.29 0.13 0.448
0.00208 15 0.28 0.11 0.429
0.00076 21 033 0.16 0.485
0.00071 24 0.34 0.14 0.412
Mean 0.312 +0.056 0.103 +0.028 0.341 +0.097

Rotor 20.8 5 0.36 0.12 0.333
20.8 4 0.41 0.14 0.341
2.08 9 0.35 0.11 0.314
2.08 10 0.38 0.13 0.342
0.21 10 03 0.08 0.267
0.21 11 0.33 0.09 0.273
0.023 15 0.31 0.1 0.323
0.023 13 0.29 0.09 0.31
0.00208 24 0.34 0.13 0.382
0.00208 22 0.31 0.11 0.355
0.0005 29 035 0.15 0.429
0.0006 32 0.38 0.17 0.447
Mean 0.343 +0.036 0.118 £ 0.027 0.343 +0.055

experiments at both temperatures and the hydrogen charging
experiments at 30 °C. This suggests that the crack tip strain rate
is controlled by the applied stress rate in a similar manner for
the experiments in water and under hydrogen charging. However,
the slope for approach 1 [37, Eqs. 3 and 4] is slightly greater for the
hydrogen charging experiments compared to the water experi-
ments. This calculation takes into account the crack tip displace-
ment values and could indicate that the crack tip displacement is
affected in a slightly different manner under hydrogen charging
compared to water experiments.

3.4. Crack velocity versus applied stress rate

Fig. 6 presents the average SCC velocity for both steels as a func-
tion of the applied stress rate. The SCC velocity was evaluated
using Eq. (1). Fig. 6 shows that the SCC velocity was dependent
on the applied stress rate for both steels. With increasing applied
stress rate, the SCC velocity increased and the maximum SCC
velocity measured was of the order of 1 x 1074 m s~'. Both steels
exhibited similar maximum SCC velocities. Moreover, both 4340
and 3.5NiCrMoV steel exhibited similar SCC velocities (within an
order of magnitude) at corresponding applied stress rates, which
indicates that the SCC velocity was independent of the steel (com-
position and strength) and dependent only on the applied stress
rate. Fig. 6 also shows that, at any applied stress rate, there is a
scatter in SCC velocity by about a factor of two.The straight line
in Fig. 6 is the least square fit of the data to the relation
v =A,0™, with the slope m, equal to 0.92 and A, is equal to
6.6 x 107, a constant independent of applied stress rate. The fit
parameters are also shown in Table 3. A similar value of slope
(0.90) was obtained when the average SCC velocity was plotted
against the external strain rate measured at the threshold stress,
&m and fitted to the relation v = As&)y? (Table 3) which again sug-
gests that the external strain rate was dependent on the applied
stress rate.

Fig. 7 presents the least square fit of the SCC velocity versus the
applied stress rate for hydrogen charging condition and for the

experiments in 30 °C [22] and 90 °C [21] distilled water at the open
circuit potential. This figure shows the crack velocities under
hydrogen charging conditions were greater than those in the 30
and 90 °C water experiments. Moreover, this difference appears
to be slightly more pronounced at higher applied stress rates
(>2 MPa s~ 1). It should also be recalled that the 3.5NiCrMoV steel
did not exhibit SCC in distilled water experiments at higher applied
stress rates while cracking was observed at all applied stress rates
under hydrogen charging conditions. For example, for the experi-
ments in 30 °C distilled water, SCC was not observed at applied
stress rates equal to or greater than 0.002 MPa s~ . This also con-
firms the previous observation that hydrogen charging has en-
hanced the kinetics of SCC significantly, especially in the
3.5NiCrMoV steel. Despite the increase in SCC kinetics, the SCC
velocity is still controlled by the applied stress rate, an observation
similar to the results from 30 to 90 °C water experiments.

The results shown in Figs. 6 and 7 also indicate that the maxi-
mum SCC velocities for the 30 °C hydrogen charging experiments
were of the order of ~1.0 x 107* m s™! for both 4304 and 3.5NiCr-
MoV steels at higher applied stress rates. These values are much
greater than the maximum SCC velocities for 30 °C water experi-
ments, which were 1.1 x 10 ms™' for the 3.5NiCrMoV steel
and 7.3 x 10°®m ™! for the 4340 steel. In 30 °C water, SCC was
not observed at applied stress rates greater than 2 x 10~ MPa s~!
for the 3.5NiCrMoV steel, whilst there was cracking at all applied
stress rates under hydrogen charging conditions. This again indi-
cates that the SCC kinetics under hydrogen charging conditions is
different from that at open circuit potential in 30 °C distilled water.

3.5. Crack velocity versus crack tip strain rate

Fig. 8 presents the SCC velocity plotted against the crack tip
strain rate, calculated using the two approaches as discussed
above. The closed symbols represent the data from the first ap-
proach (Egs. (3) and (4)); the open symbols represent the second
approach (Eq. (5)). The solid lines represent the least square fit of
the data to the equation » = A4&7, where my is the exponent
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Fig. 5. Plots of strain rate as a function of the applied stress rate. The lowest line
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calculated based on the approach of Silcock [38] using Eq. (6). The least square fit
parameters are shown in Table 3.

and A, is the constant. The fit parameters are shown in Table 3. The
exponent (my) values are 0.91 for approach 1 (Egs. (3) and (4)) and
0.84 for approach 2 (Eq. (5)).

The data shown in Fig. 8 show that the SCC velocity was depen-
dent on the crack tip strain rate and increased with increasing
crack tip strain rate. Both the 4340 and the 3.5NiCrMoV steel had
similar SCC velocities at corresponding crack tip strain rates. This
observation is similar to the trends presented in the SCC velocity
versus the applied stress rate plot shown in Fig. 7. In fact, the expo-
nents in Fig. 7 and 8 (as shown in Table 3) are similar in value.
Moreover, the value of the exponents suggests that the crack tip
was under plane stress state for most of the test and was propor-
tional to the applied stress rate.

Fig. 9 presents the least square fit for the hydrogen charging
data (black lines) and the data from 30 °C (red lines) and 90 °C
(blue lines) distilled water experiments under open circuit corro-
sion potential. The solid lines represent the plots from approach
1 (Egs. (3) and (4)) and the dashed lines represent the plots from
approach 2 (Eq. (5)). Comparison plots shown in this figure indi-
cates that cracking is controlled by the strain rate, even under
hydrogen charging conditions. However, the slope under hydrogen
charging condition is slightly different from 30 to 90 °C distilled
water, thus again confirming that cracking kinetics under hydro-
gen charging conditions are different from that in distilled water
experiments.

3.6. Fractography

Figs. 10 and 11 present representative secondary scanning elec-
tron micrographs of fractures for 4340 and the 3.5NiCrMoV steel at
various applied stress rates. Fig. 10 indicates that the fractography
was similar for all applied stress rates, and that the applied stress
rate did not influence the fracture morphology. The micrographs
indicated that the fracture morphology was a mixed mode consist-
ing of some intergranular fracture with a large amount of trans-
granular fracture, and with a significant amount of plasticity.
Dimple rupture and slip steps could be clearly seen in these figures.
The plasticity appeared to arise from the ductile overload region,

beyond the SCC region. Moreover, the grain facets appear to be rel-
atively clean in the micrographs in Fig. 10. The corresponding
micrographs for the 3.5NiCrMoV steel are shown in Fig. 11. These
figures indicate that the fracture mode was mostly intergranular
at low applied stress rates. However, the extent of transgranular
features increased with increasing applied stress rate and at higher
applied stress rates, it was mostly transgranular with a significant
amount of plasticity; dimple rupture and slip steps could be clearly
seen in these figures. Thus, it is possible that the failures at higher
applied stress rates for the 3.5NiCrMoV steel could be due to a mix-
ture of SCC and another mode of failure, while for 4340, it could be
mainly due to SCC.

In the 30 °C water experiments at the open circuit potential, the
fracture surface morphology was mixed mode containing inter-
granular fracture and transgranular features exhibiting significant
amounts of plasticity. However, SCC was not observed at applied
stress rates greater than 2 x 107> MPas~! for the 3.5NiCrMoV
steel, while cracking was observed at all applied stress rates under
hydrogen charging conditions. The difference in the fracture mor-
phology at higher applied stress rates for this steel again suggests
that the kinetics of cracking could be different under hydrogen
charging conditions compared to the experiments in distilled
water at open circuit potential.

4. Discussion
4.1. Fracture and threshold stress

The fracture stress measured in this study under hydrogen
charging conditions varied between 200 and 528 MPa for 4340
and 198 to 419 MPa for the 3.5NiCrMoV steel. These fracture stress
values correspond to 0.09-0.23 oy, for the 4340 steel and 0.11-0.25
oy, for the 3.5NiCrMoV steel where oy, is the fracture stress in air.
These values are much lower than those for the experiments in
30 °C water [22], in which the fracture stress for the 4340 steel ran-
ged from 0.3 to 0.95 g, and 0.571 to 0.98 gy, for the 3.5NiCrMoV
steel. Thus, these results indicate that the hydrogen charging has
significantly decreased the fracture stress for both steels. Also,
these values are lower than the extent of the decrease in fracture
stress for the slow strain rate testing of hydrogen charged 4135
steel specimens (tensile strength 1450 MPa) [39]. In that study
[39], the fracture stress decreased to ~0.3 gy, for the specimens
containing 1.3 ppm diffused hydrogen. One difference between
that study [39] and the current study is the dynamic charging em-
ployed in the current study, which means that the hydrogen fugac-
ity would be much greater, consistent with the larger decrease in
the fracture stress.

The threshold stress measured in this study varied between
~60 and 140 MPa for the 4340 steel and 50-250 MPa for the
3.5NiCrMoV rotor steel. These values correspond to 0.03-0.08 g,
for 4340 and 0.03-0.2 gy for the 3.5NiCrMoV steel. These values
are much lower than those in 30 °C water [22], namely 0.38-0.48
oy, for 4340 and 0.43-0.73 g, for the 3.5NiCrMoV steel. This further
confirms that the kinetics of cracking under hydrogen charging is
different from that in 30 °C water.

Lijie et al. [40] have studied the hydrogen-facilitated SCC of 310
stainless steel and observed that hydrogen reduced the stability of
the passive film and shortened the incubation of SCC. Moreover,
this reduced initiation time and hydrogen-facilitated dissolution
increased the crack growth rate and reduced the time to failure.
As a result, a decrease in the threshold stress was observed in their
study. A significant reduction in the threshold stress as a result of
hydrogen charging was also observed in the present study; how-
ever the mechanism of cracking could be different in stainless steel
compared to the high strength steels examined in this study.
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Table 3

Parameters for the least square fit of the data reported in this study and the results from 30 to 90 °C water (at open circuit potential) experiments.

Data to be fitted

Relationship  Parameters under Parameters for 30°C  Parameters for 90 °C
hydrogen charging water [22] water [21]
condition at 30 °C

Constant Slope Constant A Slope Constant Slope

A m m A m
Measured strain rate versus applied stress rate &n = AG™ 1.0x107° 1.01 95x10°% 1.01 19x107° 1.02
Calculated crack tip strain rate versus applied stress rate (calculation 1) & =A 6™ 92 %1073 1.02 1.7 x1073 0.85 34x1073 084
Calculated crack tip strain rate versus applied stress rate (calculation 2) & =A™ 1.7x107% 1.1 56x107* 1.06 59x107* 1.05
Stress corrosion crack velocity versus applied stress rate v = Ao 6.6x10°% 0.92 34x10* 078 7.6x1077 0.78
Stress corrosion crack velocity versus measured strain rate v =Asén? 21x107" 090 32x1072% 073 14x 102 098
Stress corrosion crack velocity versus calculated crack tip strain rate v =AM 48 x10™* 091 1.4x10* 0.89 1.8x10* 0.74
(calculation 1)
Stress corrosion crack velocity versus calculated crack tip strain rate v =AM 93x103 084 1.59 x 1074 0.73 1.6x10™* 0.94

(calculation 2)

The results shown in Figs. 3 and 4 also indicate that the thresh-
old stress decreased with decreasing applied stress rate. This is in
contrast to the 30 °C water data [22], where for 4340 the threshold
stress remained constant at higher applied stress rates and de-
creased with the applied stress rate at lower applied stress rates.
The different behaviour under hydrogen charging could be attrib-
uted to the longer test duration at lower applied stress rates, which
results in greater hydrogen concentrations within the steel due to
the dynamic charging employed in this study. In fact, a plot of
threshold stress versus logarithmic of the test duration or the total
accumulated charge would yield a linear fit with the threshold
stress decreasing proportionately with the accumulated hydrogen
in the steel. Such behaviour has also been observed previously;
Zhang et al. [41] observed such a linear relationship when hydro-
gen assisted cracking experiments were performed in high
strength T-250 maraging steel.

4.2. Crack tip strain rate

The proposed role of crack tip strain rate varies depending on
the mechanism of cracking. In the anodic dissolution mechanism,
its function is to maintain the crack-tip bare so that metal dissolu-
tion can occur, which results in crack propagation. In the hydrogen
embrittlement mechanism, the crack tip strain rate facilitates
hydrogen production at the crack tip and also its transport to the
region ahead of the crack tip for internal hydrogen. However, for
the current set of experiments, hydrogen production is directly a
result of cathodic charging and could be significant compared to
the hydrogen production at the crack tip. Hence, the role of crack
tip strain rate is to facilitate hydrogen transport to the regions
ahead of the crack tip.

The data shown in Fig. 6 can be considered to represent the re-
gion I of a fracture mechanics tests, an observation similar to that
for 90 °C water [21] and 30 °C water data [22]. This suggests that in
region I of the SCC velocity-stress intensity factor plot, the SCC
velocity is controlled by the crack tip deformation behaviour.
Assuming that the SCC velocity in region I is indeed controlled by
crack tip deformation, the minimum SCC velocity observed by
Magdowski [32,33] for 4340 in room temperature water was
1 x 1079 m s~'. By extrapolating the least square fit line in Fig. 6
to this minimum SCC velocity, the critical applied stress rate below
which cracking SCC would not occur in 4340 can be determined.
This extrapolation indicates a value of approximately 1 x
10~° MPa s~! for the critical applied stress rate. This value is some-
what similar to the value of 2.6 x 10> MPa s~ ! reported for the
30 °C water data [22]. It should also be mentioned that the extrap-
olation is applicable only to the experiments under hydrogen
charging conditions. In addition, if experiments were to be per-
formed at applied stress rates lower than those employed in this

study, it is possible that specimens would exhibit SCC at the very
low applied stress rates resulting in the minimum crack velocity
below which SCC could not occur much lower than that is shown
in the present study.

Using the critical applied stress rate value, the critical applied
strain rate, below which SCC would not occur, can be determined
from Fig. 5. Extrapolating the least square fit line in Fig. 5 to this
critical applied stress rate of 1 x 107> MPa s~ !, predicts a value of
the critical crack tip strain rate of 9.0 x 1078 s~! from approach 1
(Egs. (3) and (4)) and 8.0 x 107'°s~! from approach 2 (Eq. (5)).
During LIST, the stress state acting at the crack tip varies from
plane stress for most of the test to plane strain at final stages of
fracture. Hence, the actual critical crack tip strain rate would lie
in between these two values. The upper limits of the crack tip
strain rates, above which SCC could not occur, were 0.2 and
8 x 10 357!, corresponding to the applied stress rates of
2.6 x 10! MPa s~! for the 3.5NiCrMoV rotor steel and 3.0 and 5 x
1072s! corresponding to an applied stress rate of ~2.0 x
102 MPa s~ for 4340.

4.3. Effect of hydrogen charging on kinetics of cracking

The results presented in this study, especially the correlation
between the applied stress rate and the SCC velocity (Fig. 6), indi-
cate that the SCC velocity increased with increasing applied stress
rates for both steels. The maximum SCC velocity in the present
study was 8.5 x 10> m s~ ! for 4340 and 1.0 x 10°*m ™! for the
3.5NiCrMoV steel. These values show some interesting trends.
Firstly, the maximum SCC velocity is independent of the yield
strength of the steel under hydrogen charging conditions. This is
in contrast to the 30 °C water experiments, in which the maximum
SCC velocity was dependent on the yield strength of the steel [22].
Secondly, it is possible that we may not have reached the plateau
crack velocity () in LIST tests, at least for 4340. The maximum
SCC velocity in this study for the 3.5 NiCrMoV steel correlated with
the y; observed in gaseous hydrogen for steel with similar yield
strength [42]. However, for a steel of ~1700 MPa yield strength,
the plateau crack velocity, ;, was in excess of 1 x 1074 ms™!,
which was greater than the crack velocities observed in this study.

The results presented in the previous sections indicated that the
relationship between the SCC velocity and the crack tip strain rate
calculated from both approaches can be described by the equation:
v = Ae0%, where A4 and my are constants. As shown in Table 3, the
value of the exponent was 0.91 and 0.84 for the hydrogen charging
experiments and these values were similar to those for the 90 and
30 °C results (also shown in Table 3). As discussed, these values
were greater than those reported for the SCC of stainless steels
(0.3-0.5) in high temperature water [43-46], but are within the
range 0.5-1 reported for sensitised stainless steels in high
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Fig. 6. Average crack velocity plotted as a function of applied stress rate for both
steels under hydrogen charging condition at 30 °C. The least square fit parameters
are shown in Table 3.
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Fig. 7. Linear square fit plots of average stress corrosion crack velocity as a function
of applied stress rate under hydrogen charging condition at 30 °C (solid line), at
open circuit potential in 30 °C water (medium dash line) [22] and at open circuit
potential in 90 °C water (dark dash line) [21] for both steels. The least square fit
parameters are shown in Table 3.

temperature water [47]. Moreover, typical slopes for log v versus
log ¢ plots were of the order of 0.5-0.7 for intergranular SCC
(IGSCC) and 0.2-0.3 for transgranular (TGSCC) [48]. Thus, the
parameters from this study are similar to the range reported in
previous studies. Moreover, the fact that the data from this study
follow this relationship indicates that the crack tip plasticity con-
trols the events at the crack tip. Crack tip plasticity could control
the processes affecting the hydrogen transport to the crack tip,
such as the dislocation motion and pile up at the crack tip. In
addition, the crack tip plasticity could also control the film rupture
events thus creating a bare metal region, which would also
facilitate some corrosion at the crack tip and would facilitate
hydrogen entry.

The data shown in Fig. 8 show that the SCC velocity was depen-
dent on the crack tip strain rate and increased with increasing crack
tip strain rate, except for the 3.5NiCrMoV steel at higher crack tip
strain rates. Both the 4340 and the 3.5NiCrMoV steel specimens
exhibited similar SCC velocities at corresponding crack tip strain
rates. The exponents in Fig. 7 and 8 (as shown in Table 3) have similar
values. These observations indicate that the crack velocity was
dependent only on the applied stress/strain rate and was indepen-
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Fig. 8. Average crack velocity plotted as a function of crack tip strain rate (shown in
Fig. 5) for both steels under hydrogen charging condition at 30 °C. Crack tip strain
rate from approach 1 (Egs. (3) and (4)) and approach 2 (Eq. (5)) have been plotted in
this figure. The least square fit parameters are shown in Table 3.
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Fig. 9. Comparison of the least square fit data under hydrogen charging condition at
30 °C (black) and at open circuit potentials (OCP) in 30 °C (red) [22] and 90 °C (blue)
[21] water based on approach 1 (Egs. (3) and (4) - solid line) and approach 2 (Egs.
(5) - dash line). The least square fit parameters are shown in Table 3. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

dent of the composition of the steels used in the present study.
Because the microstructure is fully martensitic for both steels [36],
the crack velocity also appeared to be independent of the
microstructure. This trend is similar to the results from the previous
data from the 90 °C[21] and 30 °C[22] water experiments and is also
analogous to that observed in region I of the fracture mechanics tests
for these steels in high temperature water [49] where the experi-
mental data for these steels lie on the same vertical band. Such
observation has also been substantiated by the extensive study
conducted by the same group [50]. These observations imply a
similar rate-limiting step, independent of steel composition for both
steels, could be responsible for the crack growth.

The nature of the rate-limiting step is important. For the exper-
iments in water and under anodic dissolution mechanism, Scully
[51], Newman [52] and others [53-55] suggested that the role of
the crack tip strain is to rupture the passive film at the crack tip
to facilitate metal dissolution and crack propagation. For the cur-
rent study, under hydrogen charging conditions, the rupture event
at the crack tip may not be the rupture of a passive film, but merely
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Fig. 10. Representative secondary electron micrographs showing the fracture surface morphology from the LIST experiments under hydrogen charging condition at 30 °C for

4340 at various applied stress rates.

0023 MPa s

Fig. 11. Representative secondary electron micrographs showing the fracture surface morphology from the LIST experiments under hydrogen charging condition at 30 °C for

the 3.5NiCrMoV steel at different applied stress rates where there was SCC.

the rupture of a surface film that hinders hydrogen ingress into the
region ahead of the crack tip. Thus, the rate-limiting step would be
expected to be the same for both steels in the current set of exper-
iments. The role of the applied stress rate is to produce a crack tip
strain rate above the critical crack tip strain rate required for film
rupture. The increase in the crack tip strain rate through the in-
crease in the applied stress rate could increase the film rupture rate
and hence accelerate the hydrogen diffusion and transport pro-
cesses occurring at regions ahead of the crack tip. Because the
hydrogen is generated externally and not produced as a result of
film rupture at the crack tip, the role of crack tip strain rate is to
aid in the hydrogen transport and diffusion processes only. Thus,
it is conceivable that the increase in the crack tip strain rate would
increase the hydrogen diffusion/transport rate further, thus result-
ing in greater crack velocities. This possibility is also confirmed by
the results shown in Figs. 6 and 8 in which the maximum crack
velocities were much greater than those reported for 90 °C [21]

and 30 °C [22] water experiments and were similar for both steels
independent of the steel composition. These observations can also
explain why the plateau crack velocity (z;) may not have been
reached in the current set of measurements.

The role of crack tip strain rate in facilitating hydrogen trans-
port is also supported by the work of Scully and Moran [56]. Their
study focused on the effect of mechanical strain on hydrogen entry
and transport in 4340 under cathodic polarisation. Their data sup-
port the possibility of mechanical strain promoting enhanced
hydrogen absorption as a result of film rupture. Rupture of the sur-
face film enhanced the overall rate of hydrogen entry by increasing
the hydrogen surface coverage and possibly the adsorption-
absorption rate constant on the bare surfaces formed. They have
also determined that the rate of hydrogen accumulation at a region
ahead of the crack tip is controlled by the transport process. Their
findings are also consistent with the results from this study in
which the role of crack tip strain rate appeared to produce a bare
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surface and enhance the transportation of hydrogen into the region
ahead of the crack tip.

4.4. Fractography

Figs. 10 and 11 indicate that the fracture morphology was
intergranular in both steels. There was some ductile fracture
and plasticity in the 3.5NiCrMoV steel at the higher applied stress
rates. Mostly intergranular fracture suggests that the preferential
crack path could be along the prior austenite grain boundaries.
This observation is consistent with the intergranular cracking
model presented by Rieck [34,57], which proposes that the crack
path is defined by the surface where most dislocations meet.
Other than the slip steps (as shown in some of the micrographs
in Figs. 10 and 11), the next obstacle the dislocations meet is
the grain boundary. In low alloy steels, the prior austenite grain
boundaries are high angle grain boundaries and present a more
significant obstacle to dislocation motion than the low angle twin
boundaries in martensite. This pile up of dislocations at the prior
austenite grain boundaries produces a concentration of ledges and
leads to dissolution of these ledges, causing cracking to be
intergranular.

Another possible mechanism of intergranular cracking is the
growth and the rupture of oxide films, as proposed by Atrens and
Wang [58]. Using environmental SEM (ESEM), they observed that,
for 4340 in distilled water, an oxide film was found to form on the
surface of 4340 specimens after immersion in water. Applied stress
was found to accelerate the oxide growth and the presence of small
cracks within the oxide layer provided the pathway for the water
to reach the bare metal. If the cracks were along the grain bound-
aries, then there was crack initiation along the grain boundaries. In
their study, they observed that the extent of corrosion was deter-
mined by the competing processes of film cracking and repassiva-
tion. In the current study, any cracks in the oxide film are expected
to facilitate hydrogen absorption and transport into the regions
ahead of the crack tip. Thus, the role of the applied stress rate
would be to increase the frequency and the extent of cracking in
the oxide film at the crack-tip, thus increasing the rate of hydrogen
availability at the regions ahead of the crack-tip. Such a possibility
is also consistent with the observations by Scully and Moran [56].

The presence of intergranular cracking under hydrogen charg-
ing was also observed by Wang et al. [39]. In their study, crack ini-
tiation occurred at the centre of the specimen and propagated
towards the outside surface. The very outer surface layers exhib-
ited shear lips, the width of which decreased with increased hydro-
gen diffusion rate. Such observations were also found in the
present study, where the fracture was mostly intergranular at most
of the fracture surface and the extent of intergranular cracking,
especially for the 3.5NiCrMoV steel, increased with decreasing ap-
plied stress rate (which provided longer times for hydrogen diffu-
sion and resulting in increased hydrogen concentrations within the
material).

5. Conclusions

LISTs were performed on as-quenched 4340 and 3.5NiCrMoV
steels under hydrogen charging conditions in 0.5 M H,SO, solution
with 2 g/l arsenic trioxide (As,03) at 30 °C. The experimental re-
sults indicate that:

(1) Cracking was observed at all applied stress rates under
hydrogen charging conditions for both steels. This is in con-
trast to the experiments in 90 and 30 °C distilled water at
open circuit potential where cracking was not observed at
higher applied stress rates.

(2) The fracture stress values in the current study correspond to
0.09-0.23 oy, for 4340 steel and 0.11-0.25 oy, for the
3.5NiCrMoV steel (o5, is the fracture stress in air). These val-
ues are much lower than those for the experiments in 30 °C
water [22], in which the fracture stress for 4340 ranged from
0.3 t0 0.95 g, and 0.571 to 0.98 oy, for the 3.5NiCrMoV steel.

(3) The dynamic charging decreased the fracture stress much
more dramatically than that observed previously.

(4) The threshold stress values decreased significantly com-
pared to the experiments in distilled water.

(5) Both the fracture stress and the threshold stress were depen-
dent on the applied stress rate for both steels

(6) The measured SCC velocity increased with increasing
applied stress rate. Both steels exhibited a similar SCC veloc-
ity at the same applied stress rate. Cracking was observed at
higher applied stress rates in the 3.5NiCrMoV steel in con-
trast to the results from distilled water experiments.

(7) The measured SCC velocity was independent of the steel
composition, indicating a similar rate-limiting step, inde-
pendent of steel composition for both steels.

(8) Exponents of the least square fit data from this study were
similar to those from 30 °C [22] and 90 °C [21] water exper-
iments, indicating that the same rate limiting step could be
operating in all three sets of experiments.

(9) Fracture surface morphology was mostly intergranular frac-
ture, with significant amount of plasticity observed at higher
applied stress rates.

6. List of symbols and abbreviations

SCC stress corrosion cracking

IGSCC  intergranular stress corrosion cracking

TGSCC transgranular stress corrosion cracking

LIST linearly Increasing Stress Test

Kiscc threshold stress intensity

o applied stress rate

o fracture stress

O thi threshold stress

Ofo fracture stress in air

oy yield strength, in MPa

v crack velocity

&m total measured strain, sum of the strain associated with
cracks (&) and the strain on the uncracked gauge length
(&)

Eext external strain rate resulting from the applied stress rate

&m strain rate acting on the specimen

éNc strain rate acting on the uncracked gauge length

& crack tip strain rate at a distance x from the crack tip

é total elongation

Oc total crack mouth displacement

ONC total displacement for the uncracked gauge length

o constant

L gauge length in m

n number of circumferential cracks in the gauge section

B constant (5.083) for Poisson ratio = 0.3

K constant

ny strain hardening coefficient

E Young’s modulus
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