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Linearly Increasing Stress Tests conducted in 30 �C aerated distilled water using as-quenched 4340 and
3.5NiCrMoV turbine rotor steels indicated that stress corrosion cracking occurred at all applied stress
rates for 4340 steel, whilst only at applied stress rates less than or equal to 0.002 MPa s�1 for the turbine
rotor steel. The crack velocity increased with increasing applied stress rate for both steels with the max-
imum crack velocity for 4340 steel corresponded to vII in fracture mechanics tests in room temperature
water. The fracture surface morphology was mixed mode consisting of intergranular and transgranular
fracture regions.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Stress corrosion cracking (SCC) occurs when a susceptible mate-
rial under stress is exposed to an appropriate environment. Crack
growth occurs slowly until a critical crack length is reached; there-
after there is brittle fracture, which can be catastrophic [1–4].
Stress corrosion cracking of high strength steels has been widely
studied, because of their importance to engineering applications
[5–10]. Also, comprehensive research of the root causes has been
an on-going effort [1,11–14]. The present study follows on from
the previous investigation [15] into the effect of the applied stress
rate on the stress corrosion cracking of two high strength steels in
distilled water at 90 �C, and the interested reader is referred to that
paper for a discussion of the possible effects of the applied stress
rate. In summary, in the simplest anodic dissolution mechanism,
the crack tip strain rate maintains a bare crack tip and the crack
can advance by chemical dissolution of the crack tip metal. In
SCC caused by hydrogen, the crack tip strain rate role may be to
maintain bare metal to allow corrosion to occur liberating hydro-
gen by the cathodic reaction; alternatively the role may be to
maintain a bare surface to allow hydrogen entry into the metal.
The temperature 90 �C represents a high temperature for the stress
corrosion cracking of high strength steels, where it has been sug-
gested [15–17] that the cracking mechanism involves anodic disso-
lution. The stress corrosion crack velocity at 90 �C was dependent
on the applied stress rate and increased with increasing applied
ll rights reserved.
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stress rate. Stress corrosion crack initiation was controlled both
by the development of corrosion pits on the specimen surface
and by the crack tip strain rate, although the crack tip strain rate
had more influence on initiation than the development of corro-
sion pits. The prior research used the Linearly Increasing Stress
Test (LIST) methodology [18–26]. Subsequently, SCC initiation for
4340 in distilled water was studied [27] using stressed samples
in an environmental scanning electron microscope (ESEM); the
observations indicated that there were surface films as expected
from the Pourbaix diagram, that these were at least partially pro-
tective, and these were involved in the initiation of SCC.

The present research also used LIST to study the stress corrosion
cracking of the same two high strength steels at much lower tem-
peratures. Slow strain rate type tests have not been previously
used to study the stress corrosion cracking of high strength steels
in room temperature distilled water, although there have been
fracture mechanics type studies [16,28–30]. The present study is
aimed at the scientific understanding of the stress corrosion crack-
ing mechanism of high strength steels and in particular the role of
the applied stress rate.
2. Experimental procedure

This study used as-quenched 4340 steel and 3.5NiCrMoV tur-
bine rotor steel, which were the same as used in the previous study
[15]. The composition of these steels is presented in Table 1. Cylin-
drical tensile specimens, 8.5 mm in diameter and 80 mm in length,
with a gauge section of 4.0 mm diameter and 15 mm in length
were machined from respective steel blocks. All 4340 steel speci-
mens were austenitized at 860 �C in high purity nitrogen for 1 h
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mailto:sramamur@uwo.ca
http://www.sciencedirect.com/science/journal/0010938X
http://www.elsevier.com/locate/corsci


Applied Stress, MPa
0 500 1000 1500 2000

P
ot

en
ti

al
 D

ro
p,

 m
V

5.00

5.25

5.50

5.75

6.00

6.25

5

4

3

2

1

Fig. 1. A plot of the potential drop as a function of the applied stress for
representative tests with as-quenched 4340 steel. Numbers 1–5 represent the
corresponding data points in Fig. 3. The arrows represent the point where a change
in slope was observed in the potential drop plot.

Table 1
Composition of the steels used in this study.

Steel Composition (wt.%)

C Ni Cr Mo V Mn P Si S

4340 0.35 1.47 1.5 0.25 0.01 0.5 0.017 0.35 0.025
3.5NiCrMoV 0.23 3.05 1.9 0.65 0.07 0.45 0.011 – 0.009
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and quenched into oil. Similar procedure was followed for the
3.5NiCrMoV steel specimens. Batch heat-treatment ensured that
the starting microstructure was the same for all specimens for each
steel composition. This heat treatment resulted in a fully martens-
itic microstructure in both the steels with a prior austenite grain
size of 20 lm. The microstructure of the as-quenched 3.5NiCrMoV
rotor steel is described by Gates et al. [31]. The yield strength of the
4340 steel was 1700 MPa and of the rotor steel was 1270 MPa.
After heat-treatment, the specimens were mounted in a lathe
and the gauge section was polished through successive silicon car-
bide papers to 800 grit finish. Identical polishing condition, includ-
ing the lathe speed, was employed for the preparation of all
samples. Further, the gauge section of the specimens were exam-
ined under optical microscopy after the polishing processes to en-
sure that the gauge section morphology was uniform and did not
contain any coarse scratches or other surface aberrations 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 LIST apparatus is described elsewhere [18,22,23–26]. Each
machine consists of a lever beam. The specimen loading train is
on one side of the lever beam and the other arm contains a known
movable weight. Movement of the weight, driven by a synchro-
nous motor, from its equilibrium position causes a proportional
load on the specimen. The loading on the specimen is reported in
terms of the engineering stress. Using synchronous motors of dif-
ferent speeds allows various applied stress rates. Nine stress rates,
ranging from 0.0002 to 26 MPa s�1 were used in this study.

All experiments were carried out in aerated distilled water at
30 �C at the open circuit corrosion potential. Tests were conducted
at 30 �C rather that at room temperature to ensure minimal varia-
tion in temperature. Once the desired temperature was reached, an
hour was allowed for stabilisation before the stress rate was ap-
plied. After fracture, the specimen was removed from the cell,
washed with distilled water and dried. The fracture stress, rf,
was calculated from the position of the load at specimen fracture
and the initial cross-section area of the specimen. The fracture sur-
faces were examined in a scanning electron microscope (SEM).

Two identical samples were tested at each applied stress rates
where stress corrosion cracking was observed. The exception being
the experiments at very low applied stress rates (0.00034 and
0.0002 MPa s�1) where only one sample was tested. This is because
of the duration of these tests which took two months or longer to
complete.

As presented previously [18,20,22,23–26], the threshold stress,
rth, for stress corrosion cracking was determined using a potential
drop technique. During the LIST tests, a 5-A stabilised d.c. current
(from a BWD model 245A power supply) was applied to the spec-
imen and the resulting potential drop across the specimen was
plotted as a function of the applied stress. The threshold stress
was measured to be the stress at which there was a change in
the slope in the potential drop versus applied stress plot, corre-
sponding to the decrease in the cross-sectional area of the gauge
section due to crack propagation. A CDP-10 linear displacement
transducer (manufactured by Tokyo Sokki Kenkyujo Ltd) was at-
tached to the loading arms to measure the displacement of the
specimen. This displacement was calibrated to give an output pro-
portional to the specimen strain. The strain rate at the threshold
stress was in each case determined from the slope of the strain ver-
sus time plot at the threshold stress (the threshold stress itself was
evaluated from the potential drop measurements).

Assuming the stress corrosion cracks grow at a constant rate be-
tween rth and rf, the average crack growth rate, v, was calculated
from the following equation, where a is the maximum crack length
observed on the fracture surface after the test and _r is the applied
stress rate [15]:

v ¼ a _r
rf � rth

ð1Þ

The precision in the LIST tests were as follows. The total error on
the load on the specimen was determined to be less than ±1% for
loads of 1000 N and less than ±0.14% for higher loads [18]. The
loading rate, determined by the speed of the synchronous motor,
was determined to be accurate to ±1% [18]. The precision in the po-
tential drop measurements was ±0.1 lV and potential drop values
were measured at every second for higher applied stress rates and
at every few minutes for the very low applied stress rates. The pre-
cision in the temperature control was better than ±1 �C. Finally, the
error in the crack length measurements was determined to be
±0.1 mm [18].
3. Experimental results

3.1. Potential drop measurements

Figs. 1 and 2 present typical potential drop curves; the potential
drop is plotted against the applied stress for 4340 steel and the
3.5NiCrMoV turbine rotor steel, respectively, subjected to the LIST
in distilled water at the free corrosion potential. Each number on
Figs. 1 and 2 identifies the potential drop data for the test with that
same number in Figs. 3 and 4, respectively. The curves numbered 4
and 5 in Fig. 2 each represent a specimen, for which there was duc-
tile fracture and there was no change in the slope of the potential
drop – applied stress plot until the yield stress was reached, after
which the slope increased sharply due to plastic deformation. All
the other curves in Fig. 2 and all the curves in Fig. 1 exhibited an
increase in the slope of the potential drop – applied stress curve
corresponding to the initiation of stress corrosion cracking. This
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Fig. 2. A plot of the potential drop as a function of the applied stress for typical
experiments with as-quenched rotor steel specimens. Numbers 1–5 represent the
corresponding data points in Fig. 4. The arrows represent the point where a change
in slope was observed in the potential drop plot. The curves numbered 4 and 5 each
represent a specimen for which there was ductile fracture and there was no change
in the slope of the potential drop – applied stress plot until the yield stress was
reached, after which the slope increased sharply due to plastic deformation.
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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 steel
in distilled water at 30 �C. The numbers 1–5 correspond to the potential drop plots
shown in Fig. 1. The data from 90 �C water tests are shown as red lines [15]. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this paper.)
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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 in distilled water at 30 �C. The numbers 1–5 correspond to the
potential drop plots shown in Fig. 2. The data from 90 �C water tests are shown as
red lines [15]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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point was has been marked by an arrow for each curve in both fig-
ures and was identified as the threshold stress.
3.2. Fracture stress and threshold stress

The threshold stress and the fracture stress for as-quenched
4340 in aerated distilled water at 30 �C are plotted in Fig. 3 as a
function of applied stress rate. The solid lines represent the polyno-
mial regression fit for the data presented in this figure. There was
stress corrosion cracking at all the stress rates shown in the figure,
though some specimens tested at stress rates of 2.08 and
20.8 MPa s�1 failed in a ductile manner. The fracture stress de-
creased slightly with decreasing applied stress rate until
0.02 MPa s�1 and decreased significantly with further decrease in
the applied stress rate. At low applied stress rates, the fracture
stress approached the threshold stress and was about one third
of the fracture stress at higher stress rates. The threshold stress
data, represented by the open symbols, is also plotted in this figure.
The data and the polynomial fit indicated that the threshold stress
decreased slightly with decreasing applied stress rate. As men-
tioned previously, at low applied stress rates, the threshold stress
was one third of the fracture stress value at higher applied stress
rates. For comparison, the data from the previous study in 90 �C
water is also presented in this figure: the solid and dotted red lines
present the trends lines for the fracture stress and threshold stress,
respectively, at 90 �C from the prior study [15]. Comparison of the
fracture stress values between the 30 �C and 90 �C tests indicates
that the fracture stress was slightly greater at corresponding stress
rates for the specimens tested in 30 �C water. At low applied stress
rates, the fracture stresses were similar for the 30 and 90 �C tests.
Moreover, the applied stress rate at which the fracture stress
started decreasing significantly was lower for the 30 �C test
(0.02 MPa s�1) compared to that for the tests in water at 90 �C
(0.2 MPa s�1).

There were also differences in the threshold stress between the
30 �C and 90 �C tests. The threshold stress decreased slightly with
decreasing applied stress rate for the tests conducted in 30 �C
water. This is in contrast to the 90 �C data (presented by the dotted
red lines), in which the threshold stress remained constant at high-
er applied stress rates and decreased with decreasing applied
stress rate at lower applied stress rates. Also, at lower applied
stress rates, the magnitude of the threshold stress was the same
as that for tests conducted in 90 �C water at corresponding applied
stress rates and were about one third of the yield strength.

Fig. 4 presents the results for as-quenched 3.5NiCrMoV rotor
steel. There was no stress corrosion cracking in water at stress
rates higher than 0.002 MPa s�1 and the fracture stress remained
essentially constant with increasing applied stress rate. There
was stress corrosion cracking at stress rates equal to or less than
0.002 MPa s�1 and the fracture stress significantly decreased with
decreasing applied stress rate. Where there was stress corrosion
cracking, the threshold stress decreased with decreasing applied
stress rate.

The data from the 90 �C tests for the as-quenched 3.5NiCrMoV
steel are plotted as red lines for comparison purposes. At 90 �C,



Table 2
Average values of the total elongation D and the total crack mouth opening
displacement Dc measured at various applied stress rates for as-quenched 4340 steel
and turbine rotor steel tested in aerated distilled water at 30 �C.

Steel Applied
stress
rate,
MPa s�1

No. of cracks
observed along
the gauge
length, n

Total
elongation
D
(�10�3 m)

Total crack
mouth
displacement
Dc (�10�3 m)

Dc/D

4340 26.0000 1 0.49 0.11 0.224
2.6000 1 0.39 0.09 0.230
0.24000 1 0.34 0.08 0.235
0.02080 1 0.265 0.10 0.377
0.00208 2 0.295 0.125 0.423
0.00034 4 0.27 0.14 0.519
0.00020 4 0.26 0.12 0.46
Mean 0.33 0.109 0.352

Rotor 0.00208 1 0.303 0.133 0.440
0.00034 2 0.33 0.135 0.412
0.00020 3 or 4 0.345 0.165 0.477
Mean 0.326 0.144 0.442
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there was stress corrosion cracking at most applied stress rates, ex-
cept for the two highest stress rates. The fracture stress decreased
with decreasing applied stress rate. This trend was similar to that
for the 4340 steel as shown in Fig. 3. When there was no stress cor-
rosion cracking at the higher applied stress rates in the 30 �C test,
the fracture stress remained constant close to the ductile fracture
stress; the fracture stress decreased with decreasing applied stress
rate when there was stress corrosion cracking. In addition, trends
in the threshold stress were also different between the 30 and
90 �C test. The threshold stress in the 30 �C test decreased with
decreasing applied stress rate, while it remained essentially con-
stant with the applied stress rate in the 90 �C tests.

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 paper [15]. The first approach was based
on the assumption of a plane strain state acting at the crack tip
[32]. Congleton et al. [32] have shown that the crack tip strain rate
_ec at a distance x (in meters) from the tip of a growing crack in an
ideally plastic solid under plane strain, small scale yielding condi-
tions, large scale yielding and fully plastic conditions, is given by
[32]:

_ec ¼
aL
nx
ð _em � _eNCÞ þ

bryv
Ex

ln
0:2EðD� DNCÞ

nryx

� �
ð2Þ

where a (=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 meters, n is the number of circumferential
cracks observed on the gauge section, em and eNC are the strain rates
acting on the specimen and on an uncracked gauge length, respec-
tively, b is a constant with a value equal to 5.083 for a Poisson’s ra-
tio, v, equal to 0.3, ry is the yield strength of the steel in MPa, v is
the crack velocity in ms�1, E is the Young’s modulus in MPa, D
and DNC are the total displacement in meters for the cracked and
the uncracked gauge length, respectively. The total elongation D
and the total crack mouth opening displacement Dc, which may
correspond to the crack opening displacement (after Congleton et
a1. [32]) were measured on several LIST specimens tested at various
applied stress rates and the average values at each stress rate are
presented in Table 2. Table 2 shows that the average Dc values were
1.09 � 10�4 and 1.44 � 10�4 m for 4340 and the rotor steel, respec-
tively. Similar to the 90 �C water results, the D/Dc ratio increased
with decreasing applied stress rate. Table 2 implies that the mean
values of _eNC are 0.65 _eext and 0.56 _eext for 4340 and turbine rotor
steels, respectively. Substituting these values, together with the val-
ues of a, b, the yield strength of the steels, the Young’s modulus
E = 210000 MPa and choosing x = 5 � 10�5 m as an arbitrary choice
(the value of x varies between 1 � 10�5 and 1 � 10�4 m Congleton
et al. [32]) Eq. (2) becomes:

_ec ¼
51
n

� �
_eext þ 823 _a ln

52
n

� �
ð3Þ

_ec ¼
66
n

� �
_eext þ 615 _a ln

94:6
n

� �
ð4Þ

for 4340 and turbine rotor steels, respectively.
The second approach for calculating the crack tip strain rate was

based on the assumption of plane stress acting at the crack tip.
Development of the model and the equations employed for the cal-
culation of the crack tip strain rate were presented previously [11].
This model assumes plasticity at the crack tip and a crack tip stress
equal to the yield strength. Moreover, as discussed in the previous
paper [15], this model is partially based on the analysis of slow
strain rate stress corrosion cracking data by Silcock [33]. As de-
scribed in the model [15], the total measured strain (em) is equal
to the sum of the strain on the uncracked gauge length (euncracked)
and the strain associated with stress corrosion cracks (ecracked).
Assuming plasticity at the crack tip [r = Kec

n 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 uncracked
gauge length [15], the equation for crack tip strain rate becomes:

_ec ¼
L em � eu þ mDceu

L

� �
nmDcry

" #
_r ð5Þ

A point worth noting is that, unlike Eqs. (3) and (4), the Eq. (5)
does not contain either the crack velocity or the macroscopic strain
rate for the calculation of the crack tip strain rate. However, both
the em and Dc terms are affected by the stress corrosion crack
velocity and the stress corrosion crack depth terms and generally
increase with an increase in either term. The macroscopic strain
rate term is accounted for by the applied stress rate, which controls
the macroscopic strain rate in the present study.

The crack tip strain rate values calculated from both approaches
are plotted in Fig. 5. In addition, two more strain rates have also
been plotted in this figure. The first one is the lowest line on this
figure, which corresponds to the expectation from _e ¼ _r=E, where
the strain rate has been calculated from the applied stress rate
on the assumption of elastic deformation. This data is represented
by small dark circles in this figure. The second plot is the measured
macroscopic strain rate, measured at the threshold stress as a func-
tion of applied stress rate. This data has been represented by full
circles and triangles for the 4340 and rotor steels, respectively. 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
_e = A1 _rm1, where _e is the relevant strain rate, A1 is a constant,
m1 is the slope of the corresponding straight line and _r is the ap-
plied stress rate. For the measured macroscopic strain rate data
(measured at the threshold stress), the least square fit yields the
following relationship. The fit parameters are presented in Table 3.

_em ¼ 9:5� 10�6 _r1:01 ð6Þ

The open triangles and the crosses represent the crack tip strain
rate calculated using Eqs. (3) and (4) based on the methodology de-
scribed by Congleton et al. [32] Least square fit of this data (solid
lines through the symbols) yields the following relationship (Table
3):

_ec ¼ 1:7� 10�3 _r0:85 ð7Þ
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at the threshold stress as a function of the applied stress rate. The open symbols
represent the crack tip strain rate evaluated based on the best existing literature
approaches. The open triangles and crosses have been calculated using, respec-
tively, Eqs. (3) and (4) using the method of Congleton et al. [32]. The open squares
and circles have been calculated based on the approach of Silcock [33] using Eq. (5).
The least square fit parameters are presented in Table 2.

Table 3
Parameters for the least square fit of the data reported in this study and the results
from 90 �C water experiments [15].

Data to be fitted Relationship Parameters for
30 �C water

Parameters for
90 �C water [15]

Constant A Slope
m

Constant
A

Slope
m

Measured strain
rate versus
applied stress
rate

_em ¼ A _rm 9.5 � 10�6 1.01 1.9 � 10�5 1.02

Calculated crack
tip strain rate
versus applied
stress rate
(calculation 1)

_ec ¼ A1 _rm1 1.7 � 10�3 0.85 3.4 � 10�3 0.84

Calculated crack
tip strain rate
versus applied
stress rate
(calculation 2)

_ec ¼ A1 _rm1 5.6 � 10�4 1.06 5.9 � 10�4 1.05

Stress corrosion
crack velocity
versus applied
stress rate

v ¼ A2 _rm2 3.4 � 10�4 0.78 7.6 � 10�7 0.78

Stress corrosion
crack velocity
versus
measured
strain rate

v ¼ A3 _em
m3 3.2 � 10�3 0.73 1.4 � 10�2 0.98

Stress corrosion
crack velocity
versus
calculated
crack tip strain
rate
(calculation 1)

v ¼ A4 _ec
m4 1.4 � 10�4 0.89 1.8 � 10�4 0.74

Stress corrosion
crack velocity
versus
calculated
crack tip strain
rate
(calculation 2)

v ¼ A4 _ec
m4 1.59 � 10�4 0.73 1.6 � 10�4 0.94
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The open squares and the circles have been based on the ap-
proach from Silcock [33] as described above. Least square fit of this
data (solid lines through the symbols) yields the following rela-
tionship (Table 3):

_ec ¼ 5:6� 10�4 _r1:06 ð8Þ

This figure indicates that the crack tip strain rate was approxi-
mately 200 times greater than the measured macroscopic speci-
men strain rate. At low values of applied stress rate there are
significant differences in the crack tip strain rates calculated by
the two approaches, while at higher applied stress rates, both val-
ues tend to approach each other. The ratio _ec= _em has values be-
tween 100 and 300 at higher applied stress rates and about 2000
at low applied stress rates for calculation 1 (Eqs. (3) and (4)) and
50–65 at higher applied stress rates and about 40–20 at lower ap-
plied stress rates for calculation 2 (Eq. (5)). The magnitude of these
ratios is similar to the data from 90 �C water experiments [15].
Moreover, the parameters for the least square fit indicate that
the external strain rate data had a slope of 1.01, whereas the slope
of the least square fit lines for the crack tip strain rate data are 0.85
and 1.06, respectively. Comparison of this data to the 90 �C results
[15] (Table 3) indicate that the slopes for 30 �C measurements are
similar to those for 90 �C measurements. The close correlation in
the crack tip strain rates for tests conducted in 90 �C and 30 �C
water suggests that the crack tip strain rate was controlled by
the applied stress rate or through the external strain rate produced
by the applied stress rate in both tests.

The values of the ratio _ec= _em are greater than that reported in
literature for the stress corrosion cracking of austenitic stainless
steels in high temperature water, where an average of 10 cracks
were observed in the specimen gauge section [34–37]. In our
experiments, only a single crack was observed on the gauge section
at higher applied stress rates and two to four cracks were observed
at lower applied stress rates. Perhaps, the smaller number of cracks
could have resulted in the much greater crack tip strain rates ob-
served in this study.

Finally, the crack tip strain rates determined in this study are
within the range for 3.5NiCrMoV steels in which stress corrosion
cracking was observed [7] for CERT tests in water. In their study,
SCC was observed when the strain rates were between 5 � 10�8

and 5 � 10�7 s�1 and ductile fracture was observed when the strain
rates were of the order of 10�6–10�5 s�1. In our study, SCC was ob-
served in this steel when the strain rates were of the order of 10�9–
10�8 s�1. our measurements were conducted in 30 �C water, while
the lowest temperature was tested in their study was 50 �C, which
could explain the discrepancy at the higher limit of the measured
strain rates at which SCC was observed.
3.4. Crack velocity versus applied stress rate

Fig. 6 presents the average stress corrosion crack velocity data
from both steels plotted as a function of the applied stress rate.
The crack velocity has been evaluated using Eq. (1). Fig. 6 shows
that the crack velocity was dependent on the applied stress rate;
the dependence was more pronounced for 4340. With increasing
applied stress rate, the crack velocity increased until the maximum
crack velocity was reached. This maximum crack velocity for 4340
was similar to the plateau crack velocity observed in the fracture
mechanics tests conducted at 30 �C water by Magdowski [16,28],
whereas the maximum crack velocity observed for the turbine ro-
tor steel was two orders of magnitude lower than that reported by
Magdowski [16,28] for this steel in 30 �C water. Both 4340 and the
turbine rotor steel exhibited similar crack velocities (within an or-
der of magnitude) at corresponding applied stress rates, which
indicates that the crack velocity was independent of the steel
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Fig. 6. Average crack velocity plotted as a function of applied stress rate for both
steels. The least square fit parameters are presented in Table 2.
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(composition 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 stress corrosion crack 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 ¼ A2 _rm2, with the slope m2 equal to 0.78 and A2 is equal
to 3.4 � 10�7, a constant independent of applied stress rate. The fit
parameters are also presented in Table 3. A similar value of slope
(0.73) was obtained when the average crack velocity was plotted
against the external strain rate measured at the threshold stress,
_em, and fitted to the relation v ¼ A3 _em

m3 (Table 3) which suggests
that the external strain rate was dependent on the applied stress
rate.

Fig. 7 presents the least square fit of the stress corrosion crack
velocity versus the applied stress rate for both 30 �C water and
90 �C water experiments. Fig. 7 shows that the slopes of the least
square fit lines for the data at both temperatures were nearly iden-
tical, though the stress corrosion cracking velocity at 90 �C was
slightly higher than at 30 �C at corresponding applied stress rates.
This observation indicates that for both 30 and 90 �C tests, the ef-
fect of the applied stress rate on stress corrosion cracking of these
steels was the same at both temperatures and the crack velocity
was dependent on the applied stress rate.
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Fig. 7. Linear square fit plots of average stress corrosion crack velocity as a function
of applied stress rate for 30 �C water (dash line) and 90 �C water (solid line) for both
steels. The least square fit parameters are presented in Table 2.
3.5. Crack velocity versus crack tip strain rate

Fig. 8 presents the stress corrosion crack velocity plotted
against the crack tip strain rate, calculated using the two ap-
proaches as discussed above. The closed symbols represent the
data from the first approach (Eqs. (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 v ¼ A4 _ec

m4, were
m4 is the exponent and A4 is the constant. The fit parameters are
presented in Table 3. The exponent (m4) values are 0.89 for ap-
proach 1 (Eqs. (3) and (4)) and 0.73 for approach 2 (Eq. (5)).

The data presented in Fig. 8 show that the crack velocity was
dependent on the crack tip strain rate and increased with increas-
ing crack tip strain rate. Both the 4340 and the turbine rotor steel
specimens had similar crack velocities at corresponding crack tip
strain rates. This observation is similar to the trends presented in
the crack velocity versus the applied stress rate plot presented in
Fig. 7. In fact, the exponents in Figs. 7 and 8 (as shown in Table
3) are similar in value. This suggests that the crack tip was under
plane stress state for most of the test and was proportional to
the applied stress rate.

Fig. 9 presents the least square fit of the 30 �C and 90 �C water
data and this plot shows the comparison of the trends observed in
the 30 �C and 90 �C water experiments. This figure and Table 3
show that the exponents (slopes) were similar at both tempera-
tures, thus indicating that the effect of the applied stress rate on
the stress corrosion crack velocity was similar at these two tem-
peratures and the stress corrosion crack velocity was dependent
on the applied stress rate through the crack tip strain rate.

3.6. Fractography

Figs. 10 and 11 present representative secondary scanning elec-
tron micrographs for the 4340 steel and rotor steel at various ap-
plied stress rates. Micrographs at five different applied stress
rates are presented in Fig. 10 for 4340. Fig. 11 presents the micro-
graphs at the applied stress rates where there was stress corrosion
cracking in the rotor steel. These micrographs indicate that the
fractography was similar for all applied stress rates and for both
steels. The applied stress rate did not influence the fracture mor-
phology. The micrographs indicated that the fracture morphology
was a mixed mode consisting of some intergranular fracture with
a large amount of transgranular fracture with a significant amount
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Fig. 5) for both steels. Crack tip strain rate from approach 1 (Eqs. (3) and (4)) and
approach 2 (Eq. (5)) have been plotted in this figure. The least square fit parameters
are presented in Table 2.



Crack Tip Strain Rate, 1/s

10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100

C
ra

ck
 V

el
oc

it
y,

 m
/s

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

Least square fit for 30C water data from calc-1
Least square fit for 30C water data from calc-2
Least square fit for 90C water data from calc-1
Least square fit for 90C water data from calc-2

Fig. 9. Comparison of the least square fit data for 30 �C and 90 �C water [15] based
on approach 1 (Eqs. (3) and (4)) and approach 2 (Eq. (5)). The least square fit
parameters are presented in Table 2.
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of plasticity; dimple rupture and slip steps could be clearly seen in
these figures. Table 4 presents the rough percentage of intergranu-
lar and transgranular fractures on the fracture surface (within the
stress corroded region) for samples where fractography was con-
ducted. This table also shows that a significant portion of trans-
granular fracture was observed on the fracture surface. Moreover,
the grain facets appear to be relatively clean in the micrographs
in Figs. 10 and 11. These micrographs were obtained near the
mid-crack region or near the crack tip. In contrast, the grain facets
near the crack initiation point were corroded and covered with
some corrosion products. This is shown in Fig. 12 for the rotor steel
tested at an applied stress rate of 0.00034 MPa s�1. The markings
on the grain facets could be due to the dissolution of the slip steps
or the preferential dissolution of grain boundary precipitations.
4. Discussion

4.1. Threshold Stress

The threshold stress for stress corrosion cracking measured in
the present work was about 600 MPa for both 4340 and the
Fig. 10. Representative secondary electron micrographs showing the fracture surface mo
stress rates.
3.5NiCrMoV rotor steel. These numeric values correspond to
0.35 ry and 0.47 ry for 4340 and 3.5NiCrMoV rotor steel, where
ry is the yield stress. Thus 4340 can be considered to be more sus-
ceptible to SCC because the onset of SCC occurs at a much lower
fraction of ry. How does this compare with other systems? SCC
in Mg–Al alloys is also associated with hydrogen; the thresh stress
was found to be about 0.5 ry so also in the elastic region of applied
stress [19,20,38]. In contrast, the initiation stress was found to be
just above the yield stress for a range of pipeline steels undergoing
SCC in ‘‘high pH” carbonate–bicarbonate solution [24]. Further-
more, rock bolt SCC has been found to have a threshold stress close
to the ultimate tensile strength [39,40]. This indicates that the
threshold stress depends on the particular metal-environment
couple.
4.2. Critical applied stress rate and critical crack tip strain rate

In fracture mechanics tests, stress corrosion cracking is not ob-
served for a stress intensity factor below the threshold stress inten-
sity, KISCC. As shown by Speidel [41], when the stress intensity
factor increases above KISCC towards the plateau stress intensity
(KP), the crack velocity increases rapidly. This is region I of the
crack velocity, v, versus K plot. At stress intensity factors above
KP, the crack velocity remains a constant (vII). The results presented
in this study, especially the correlation between the applied stress
rate and the stress corrosion crack velocity (Fig. 7), indicates that
the stress corrosion crack velocity increased with increasing ap-
plied stress rates for both steels, until it reached the maximum
crack velocity. This maximum crack velocity observed in this study
correspond to vII in fracture mechanics tests [16,28,41,46], espe-
cially for 4340 in room temperature water [16,28].

Thus, Fig. 7 can be considered to represent the region I of the
fracture mechanics tests, an observation similar to that for 90 �C
water data [15]. This suggests that in region I of the stress corro-
sion crack velocity-stress intensity factor plot, the stress corrosion
crack velocity is controlled by the crack tip deformation behaviour.
Assuming that the stress corrosion crack velocity in region I is in-
deed controlled by crack tip deformation, the minimum stress cor-
rosion crack velocity observed by Magdowski [16,28] for 4340 steel
in room temperature water was 1 � 10�10 m s�1. By extrapolating
the least square fit line in Fig. 7 to this minimum crack velocity, the
critical applied stress rate below which SCC would not occur in
rphology from the LIST experiments in 30 �C water for 4340 steel at various applied



Fig. 11. Representative secondary electron micrographs showing the fracture surface morphology from the LIST experiments in 30 �C water for the rotor steel at two different
applied stress rates where there was stress corrosion cracking.
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4340 steel can be determined. This extrapolation indicates a value
of approximately 2.6 � 10�5 MPa s�1 for the critical applied stress
rate.

Using the critical applied stress rate value, the critical applied
strain rate below which SCC would not occur can be determined
from Fig. 5. By extrapolating the least square fit line in Fig. 5 to this
critical applied stress rate of 2.6 � 10�5 MPa s�1, a value of the crit-
ical crack tip strain rate of 2.5 � 10�7 s�1 from approach 1 (Eqs. (3)
and (4)) and 8.0 � 10�9 s�1 from approach 2 (Eq. (5)) can be ob-
tained. 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 and was probably close to
2.5 � 10�7 s�1. The upper limits of the crack tip strain rates, above
which SCC could not occur, were 0.35 s�1 and 5.1 � 10�6 s�1, corre-
sponding to the applied stress rates of 2.6 � 101 MPa s�1 in 4340
steel and 2.0 � 10�3 MPa s�1 in turbine rotor steel, respectively.

The role of crack tip strain rate in controlling the plateau crack
velocity, vII, has been presented in the previous studies [38,42]. The
model proposed indicates that there is a limit on the maximum
crack tip strain rate that can be attained at the crack tip and this
maximum crack tip strain rate determines the plateau crack veloc-
ity vII. This maximum crack tip strain rate is dependent on the yield
strength of the steel; higher yield strength steels produce higher
crack tip stresses, resulting in higher crack tip strain rates and
higher vII values. The results from the LIST measurements support
the assumption of a maximum in the crack tip strain rate which is
dependent on the yield strength of the steel and crack velocities
greater than vII could not be produced in either steel.

4.3. Kinetics of SCC

Results presented in the previous sections indicated that the
relationship between the stress corrosion crack velocity and the
crack tip strain rate calculated from both approaches can be de-
scribed by the equation: v ¼ A4 _ec

m4, where A4 and m4 are con-
stants. The value of the exponent was 0.89 and 0.73 for the 30 �C
results and these values were similar to those for the 90 �C exper-
iments (Table 3). As discussed, these values were greater than
those reported for the SCC of stainless steels (0.3–0.5) in high tem-
perature water [34,37,43,44], but are within the range 0.5–1 re-
ported for sensitized stainless steels in high temperature water
[36]. Moreover, typical slopes for log v versus log _e plots were of
the order of 0.5–0.7 for intergranular SCC (IGSCC) and 0.2–0.3 for
transgranular (TGSCC) [45]. Thus, the fit parameters from this
study are similar to the range reported in the previous studies.
Moreover, the fact that the data from this study follow this rela-
tionship indicates that the crack tip plasticity controls the film rup-
ture rate and facilitates corrosion at the crack tip. The amount of
corrosion after each film rupture event is controlled by the repass-
ivation rate at the crack tip. Thus, the crack tip strain rate and the
repassivation rate compete with each other.

The data presented in Fig. 8 show that the stress corrosion crack
velocity was dependent on the crack tip strain rate and increased
with increasing crack tip strain rate, except for turbine rotor steel
at higher crack tip strain rates. Both the 4340 and the turbine rotor
steel specimens exhibited similar crack velocities at corresponding
crack tip strain rates. In fact, the exponents in Figs. 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 independent of the composition of the steels
used in the present study. This result is analogous to that observed
in region I of the fracture mechanics tests for these steels in high
temperature water [41], where the experimental 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
[46]. These observations imply that a similar rate limiting step,
independent of steel composition for both steels.

What is the rate limiting step? Scully [47], Newman [48] and
others [49–51] suggested that the role of the crack tip strain is to
rupture the passive film at the crack tip for an anodic dissolution
mechanism. Alternatively, in any mechanism involving hydrogen,
the rupture event at the crack tip could be to rupture not a passive
film, but merely to rupture a surface film that hinders hydrogen in-
gress into the material. Thus, the rate of film rupture could be a rate
limiting step at both temperatures at both 30 �C and 90 �C. The
increase in the crack tip strain rate through the increase in the
applied stress rate could increase the film rupture rate and hence
accelerate subsequent events. This acceleration would continue
until the maximum crack velocity corresponding to the plateau
crack velocity, vII, observed in fracture mechanics tests at corre-
sponding temperatures is reached, at which point, the crack tip re-
mains film free and other processes like transportation of the ionic
species to and from the crack tip take over as the rate limiting step.

The results presented in Fig. 7 could be explained on the basis of
the rate limiting step being film rupture rate. In 4340 steel, the
crack velocity increased with increasing applied stress rate, until
the maximum crack velocity corresponding to vII is reached. On
the basis of the rate limiting step being the film rupture rate, it
can be explained that an increase in the applied stress rate causes
a corresponding increase in the crack tip strain rate and increase in
the film rupture rate leading to increased corrosion and hence
crack velocity. However, the results for the turbine rotor steel indi-
cate that the maximum crack velocity observed in the present
study was two orders of magnitude less than vII from fracture
mechanics tests at room temperature [16,28]. This was probably



Fig. 12. Secondary electron micrograph for the rotor steel specimen at an applied
stress rate of 0.00034 MPa s�1. This micrograph was obtained near crack initiation
and showed corroded grains.

Table 4
Percentage of intergranular and transgranular failure at the fracture face in the two
steels at different applied stress rates where stress corrosion cracking was observed.
These percentages correspond to the regions from the stress corrosion cracking only
and do not include the ductile overload failure regions. N/A – data not available.

Steel Applied stress
rate, MPa s�1

Percentage of
intergranular failure

Percentage of
transgranular failure

4340 26.0000 50 50
2.6000 55 45
0.24000 50 50
0.02080 60 40
0.00208 70 30
0.00034
0.00020

Rotor 0.00208 60 40
0.00034 70 30
0.00020 N/A N/A
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due to the fact that some other process, besides the film rupture
rate, is active at the crack tip and controls the crack growth rate.
This process could be independent of the applied stress rate, which
could explain why the crack velocity did not increase much with
the increase in the applied stress rate. Thus, the rate limiting step
at higher applies stress rates could be different for 4340 and rotor
steels. Moreover, at higher applied stress rates, the rate limiting
process for the rotor steel is too slow to cause failure by SCC and
hence, stress corrosion was not observed at applied stress rate
higher than 0.002 MPa s�1.

Though it appears that there is good evidence for the rate lim-
iting step being film rupture rate and being the same for tests con-
ducted in 30 �C and 90 �C water (based on the similar exponents
observed for least square fit data), the actual mechanism of crack-
ing could be different at these two temperatures. Magdowski
[16,28] reports that the crack growth rate – temperature plots have
different slopes in the high (approximately above 60 �C) and low
temperature regions. The slope in the low temperature region
was consistent with the Hydrogen Embrittlement mechanism
(HE) and the high temperature region’s slope was consistent with
the Anodic Dissolution (AD) mechanism. Their work was supported
by the work of Rieck et al. [17,52]. The present study could not re-
veal which of these two mechanisms operate in 30 �C water. The
suggestion of HE to be the mechanism of cracking would agree
with the results presented in this study, as the rate of hydrogen
production is dependent on the rate of corrosion at the crack tip,
which in turn depends on the rate of film rupture and hence on
the crack tip strain rate and the applied stress rate.

4.4. Fractography

Figs. 10 and 11 indicate that the fracture morphology was inter-
granular in both steels, with large transgranular regions present
within the intergranular region. This suggests the presence of a
preferential crack path along the prior austenite grain boundaries.
The role of grain boundary segregants, which have been reported
as a possible cause of preferential attack, has been discounted by
others [16,28,41]. Rieck [17,52] presented a model for the inter-
granular cracking, which proposes that the crack path is defined
by the surface where most dislocations meet. Some of the micro-
graphs presented in Figs. 10 and 11 show the slip steps on some
of the grain facets. The slip steps appear to be wavy, which suggests
that the slip cannot concentrate on one plane. The next obstacle the
dislocations meet is the grain boundary. In low alloy steels, the
prior austenite grain boundaries remain high angle grain bound-
aries and present a more significant obstacle to dislocation motion
than the low angle twin boundaries found in martensite. This pile
up of dislocations at the prior austenite grain boundaries produce
concentration ledges and lead to dissolution of these ledges, caus-
ing 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 [27]. Using environmental SEM (ESEM), they have observed
that, for the 4340 steel in distilled water, oxide film was found to
form on the surface of 4340 steel specimen 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
are along the grain boundaries, then initiation along the grain
boundaries have been observed. Corrosion at the exposed cracks
appeared to be limited by the oxide healing process, thus the for-
mation of cracks and the crack healing appeared to be competing
processes occurring on the sample surface. If the intergranular
penetration is faster than the crack healing process, then crack
growth was observed. However, if the crack penetration was
slower than the crack healing process, then shallow cracks were
observed. In some of their experiments, they have also observed
crack initiation from corrosion pits.

In the present study, the intergranular cracking observed on
4340 and rotor steel specimens could be due to the dislocations-as-
sisted film rupture or due to the cracking of oxides along the grain
boundaries. It is also possible that the build-up of dislocations
could result in the cracking of oxide film and when this occurs
along a suitably oriented grain boundary, crack initiation and prop-
agation would occur.

5. Conclusions

LIST experiments were performed on as-quenched 4340 and
3.5NiCrMoV turbine rotor steel specimens in 30 �C distilled water.
The experimental results from this study indicate that:

(1) For the 4340 steel specimens, there was stress corrosion
cracking at all applied stress rates, though some specimens
tested at stress rates of 2.08 and 20.8 MPa s�1 failed in a duc-
tile manner. For this steel, the fracture stress decreased
slightly with decreasing applied stress rate until
0.02 MPa s�1 and decreased significantly with further
decrease in the applied stress rate. The threshold stress
decreased slightly with decreasing applied stress rate.



S. Ramamurthy, A. Atrens / Corrosion Science 52 (2010) 1042–1051 1051
(2) For the rotor steel, there was no stress corrosion cracking at
applied stress rates greater than 0.002 MPa s�1. Where stress
corrosion was observed, the fracture stress remained essen-
tially constant with increasing applied stress rate and the
threshold stress was found to decrease with the decrease
in the applied stress rate.

(3) For 4340, the stress corrosion crack velocity increased with
increasing applied stress rate until it reached a maximum
stress corrosion crack velocity, corresponding to the plateau
stress corrosion crack velocity measured in fracture mechan-
ics tests in room temperature water [16,28].

(4) The stress corrosion crack velocity was dependent on the
applied stress rate and the crack tip strain rate. It was inde-
pendent of the steel composition, indicating a similar rate
limiting step, independent of steel composition for both
steels.

(5) Exponents of the least square fit data were similar for both
30 �C and 90 �C water experiments, indicating that the same
rate limiting step could be operating at both temperatures.

(6) Fracture surface morphology was mixed mode consisting of
some intergranular fracture, significant transgranular
regions and a significant amount of plasticity. In addition,
the applied stress rate did not influence the fracture
morphology.

(7) Crack initiation and propagation could be due to the build-
up of dislocations along the grain boundaries or due to the
formation of cracks in the oxide layer at grain boundary
regions or a combination of both processes.
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