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The slow strain rate tensile test (SSRT) is a common means to investigate stress corrosion cracking (SCC) in key engineering
structural materials of light-water reactors, and it is an important task to real-time monitor the crack growing length and rate of
the specimen during the test. Because the specimen is placed in an autoclave with high-pressure and high-temperature water
environment-simulated light-water reactor, the current potential drop method, which includes current potential drop (DCPD)
and alternating current potential drop (ACPD), is the main means to real-time monitor crack growth rate in the SCC test. As a
supplementary means to obtain the crack growth rate during the test, the SSRT process of nickel-based Alloy 600 CT specimens is
investigated by using the elastic-plastic ﬁnite element method (EPFEM) in this paper. Based on the consideration that both the
elastic-plastic deformation and crack length of the specimen would aﬀect the relationship between the load and the displacement
of the loading point during the SSRT test, the relationship between the loading point displacement caused by crack propagation
ΔLc and plastic deformation ΔLp is separated by EPFEM. Then, the SCC crack growth rate and the real-time crack length are
obtained. This proposed approach could be used to improve the test results in the SSRT test.

1. Introduction
To improve the corrosion resistance of nuclear power
equipment, austenitic stainless steel and nickel-based alloys
are widely used as the structural materials in the primary
circuit of pressurized water reactors (PWRs). Both austenitic
stainless steel and nickel-based alloys, however, were found
to be susceptible to stress corrosion cracking (SCC) by both
laboratory experiment and ﬁeld experience [1–6]. The SCC is
typically associated with the combined eﬀect of residual
stress and working stress in a high-temperature water environment; such cracking can aﬀect the reliability, integrity,
and economy of PWRs and may become a potential service
life-limiting issue [7].
The method for quantitative monitoring of the SCC
propagation behaviour of austenitic stainless steel in the
high-temperature water environment has been investigated
for many years. Hwang et al. have studied the acoustic

emission (AE) characteristics of SCC on 304 austenitic
stainless steel and conclude that during the SCC development process, speciﬁc AE waveforms were generated, which
can distinguish the SCC stages by heating, saturation,
maximum temperature and pressure, and leakage [8]. Kovac
et al. have studied the IGSCC propagation of sensitized type
AISI 304 stainless steel by using four measuring techniques
such as AE, electrochemical noise (EN), digital imaging,
elongation measurements, and crack propagation were
observed in all measured signals, although AE activity occurred only when the crack was large enough. The propagation was also successfully monitored with digital imaging
[9]. Satoh et al. compared the EAC growth rate in hightemperature water with or without irradiation by using
quantitatively predicting the theoretical model of SCC
combined with the ﬁnite element method. The results show
that the ﬁnite element simulation of crack growth rate agrees
with the theoretical calculation results under irradiation

2
conditions; however, there are deviations in results under
nonirradiation conditions [10]. Shi et al. proposed an artiﬁcial neural network algorithm (ANN) for predicting the
rate of SCC growth of Alloy 600. The results show that the
crack propagation rate prediction results obtained by ANN
are consistent with the experimental data [11]. Ritchie et al.
used the ﬁnite element method and the electrical analogue
method to study the relationship between crack length and
voltage drop of CT specimens. The results show that the
crack length and voltage drop are approximately linear [12].
Zhang et al. used the direct current potential drop (DCPD)
to conduct SCC growth tests of cold-worked nuclear-grade
316L austenitic stainless steel containing various dissolved
oxygen (DO) contents but no dissolved hydrogen. The results showed that the SCC crack growth rates increase with
increasing DO content in the simulated PWR primary water
environment [13]. Zhai et al. have investigated the SCC
initiation of three mill-annealed Alloy 600 heats in simulated
pressurized water reactor primary by using constant load
tests equipped with DCPD measurement capabilities. The
results showed that the initiation time in the ground samples
was slightly delayed, and the SCC initiation times were
greatly reduced by a small amount of cold work [14].
The slow strain rate tensile test (SSRT) is an important
experimental method to evaluate the stress corrosion sensitivity of materials in the high-temperature water environment. In the SSRT test, the direct current potential drop
(DCPD) or the alternating current potential drop (ACPD)
method are usually used to the real-time measure the crack
growth length [15, 16]. Since DCPD mainly uses time
changes in the potential around the crack tip to estimate the
crack propagation, the results are highly susceptible to the
experimental environment. An estimated method of realtime crack growing rate during the SSRT test is proposed by
using the elastic-plastic ﬁnite element method (EPFEM) in
this paper. Based on the consideration that both the elasticplastic deformation and crack length of the specimen would
aﬀect the relationship between the load and the displacement of the loading point during the SSRT test, the relationship between the loading point displacement caused by
crack propagation ΔLc and plastic deformation ΔLp are
separated by EPFEM. Then, the SCC crack growth rate and
the real-time crack length are obtained.

2. SSRT Experiment in HighTemperature Water
2.1. Materials and Specimen. The type Alloy 600 selected
from the safety-end welded joint in pressurized water reactors (PWRs) is used in the SSRT experiment. The chemical
compositions of the material are shown in Table 1 [17, 18].
Standard 12.7 mm thickness compact tension (CT) specimen with 5% side grooves on each side was prepared, which
is shown in Figure 1 [19].
2.2. Experiment Procedures. SCC crack growth tests were
measured using a slow strain rate stress corrosion testing
machine equipped with an autoclave, a high-precision
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heating controller, a servo loading system, and a direct
current drop (DCPD) crack length measurement devices.
The precrack length on the CT specimen is 10 mm, and the
CT specimen is loaded by a displacement load. The load-line
displacement change rate V � 0.005 mm/h, and the test
period is 900 hours. The stress corrosion test procedure for
Alloy 600 is shown in Figure 2(a). The CT specimen with
precrack is ﬁxed by a pin, and a load P was applied to the
specimen in the vertical direction as shown in Figure 2(b);
the load-line displacement and the crack growth behaviour
during the tests was separated monitored by using the sensor
on the SSRT machine and the DCPD device.

3. Calculation Model
3.1. Material Model. The true stress-strain curve of Alloy 600
can generally be expressed in Ramberg–Osgood relationship, and the equation is written as
n

ε
σ
σ
� + α  ,
ε0 σ 0
σ0

(1)

where σ 0 is the yield strength of the material, ε0 is the yield
strain of the material, respectively, α is the yield oﬀset coeﬃcient of the material, and n is the strain hardening exponent of the material [20]. The mechanical properties of
Alloy 600 are shown in Table 2 [21].
3.2. Geometric Model. To investigate the eﬀect of the SSRT
process of nickel-based Alloy 600, simulated SCC numerical
tests with CT specimen were performed in this investigation.
The numerical simulation process was guided by the
American Society for Testing and Materials (ASTM) standards [19]. Since the shape and loading mode of the sample
are both symmetrical, a one-half model of the CT sample is
used in this simulation to reduce the amount of calculation,
and the pre-crack length of the sample is 10 mm.
3.3. Finite Element Mesh. The loading process and the crack
growth process were simulated by commercial FEM code
ABAQUS, which is expected to represent the crack tip stress
and strain conditions in the entire SSRT experimental
process [22]. The mesh of the specimen is shown in Figure 3,
and the mesh nearby the crack tip region of specimen is
signiﬁcantly reﬁned to obtain a more detail and accurate
data at the crack tip, where the X-axis is the opposite direction of the crack growth, and Y-axis is the normal direction of the crack growth in the coordinate system. The
crack length extends from 24 mm to 27 mm by using node
releasing technique during the simulating process.

4. Results and Discussions
4.1. SSRT Experiment Results. After 900 hours of slow strain
rate stretching, the crack on the CT specimen was expanded
from 24 mm to 27 mm by using DCPD, and the crack
propagation length was about 3 mm. The relationship between the tensile load P and the load line displacement ΔL is
shown in Figure 4.
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Table 1: Chemical composition of Alloy 600 (%).
Mn
0.22

Fe
9.50

S
0.0021

Si
0.12

Cu
0.1

Cr
15.57

P
0.007

Nb
<0.05

Ti
0.28

Ni
Bal.

60

60°

2–ϕ
12.
7

C
0.065

22.5
W = 50
62.5
(a)

12.5
(b)

Figure 1: Compact tension specimen: (a) specimen; (b) geometric dimensioning.

(a)

(b)

Figure 2: The SSRT experiment: (a) the test procedure for Alloy 600; (b) the installation position of the CT specimen.
Table 2: Nickel-based Alloy 600 material mechanical properties at
340°C.
σ 0 (MPa)
436

Ε
0.239

α
3.075

n
6.495

E (GPa)
189.5

]
0.286

4.2. Calculation Result and Analysis. After the numerical
simulation is completed, the data of the load line displacement ΔL and the tensile load P at the load point are
extracted, and the relationship between the tensile load P
and the load line displacement ΔL is obtained as shown in
Figure 5. Because the whole crack growing length during
the test process is about 3 mm, the relation of the tensile
load P and the load-line displacement ΔL are calculated
when the crack extends every 0.375 mm, for which the

crack length are 0 mm, 0.375 mm, 0.75 mm, 1.125 mm, . . .,
3 mm, respectively.
The above results are obtained by fixing the deformation
path, which fixes the crack propagation length during the
slow strain rate test (SSRT), and the relationship between the
tensile load P and the load-line displacement ΔL of the fixed
crack length is obtained. By incorporating the FEA results
with SSRT result, we could get the intersection of the SSRT
test curve and the numerical simulation curve under different crack lengths, thus the load-line displacement ΔLc
caused by the change in crack length is separated from the
total line displacement obtained from the SSRT test, as
shown in Figure 6.
In Figure 6, the black scatter curve and the colour curves
are separated and used to represent SSRT result and the

4
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Figure 3: Mesh model: (a) global mesh; (b) mesh refinement on crack tip.
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Figure 4: The relationship between tensile load and load line
displacement.
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Figure 6: The integration of the numerical simulation and SSRT.
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Figure 5: The relationship between tensile load and load line
displacement.

numerical simulation results. The green lines are used to
represent the intersection of numerical simulations and test
results. By extracting the intersection of these curves, we can

get the relationship between the crack propagation length Δa
and the load line displacement ΔL, as shown in Figure 7.
From the relation of the crack growth length Δa and the
load-line displacement ΔL, we could estimate the crack
growth rate da/dt by the load-line displacement change rate
V and the relation of the crack growth length Δa with the
load-line displacement ΔL during the test process, which is
very useful for SCC experiments on the new environmental,
material, and mechanical conditions. The SSRT time, Δa,
and ΔL data are shown in Table 3.
The relationship between the crack growth rate and the
crack growth length is shown in Figure 8.
The stress intensity factor KI and J-integral J along the
thickness of specimen could be worked out by using the
ABAQUS software, as shown in Figures 9 and 10, which
indicate that the KI and J in the centre area of the specimen
are bigger than two sides. At the same time, the difference of
J between centre areas with two sides is bigger than KI, which
indicates that the crack growth will be more rapid in the
central area than on the two sides.
The change laws of the stress intensity factor KI and Jintegral J with the crack growing in the centre area (plane
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100
Stress intensity factor, KI (MPa·m1/2)

Crack growth length, Δa (mm)

3.0
2.5
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1.5
1.0
0.5
0.0

0

1

2
3
Displacement, ΔL (mm)
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90
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60
50
40
30
20
10
0
–0.5 –0.4 –0.3 –0.2 –0.1 0.0 0.1 0.2 0.3
Thickness of specimen, x (mm)

5

V = 0.005 mm/h

Table 3: The SSRT experimental time, Δa, and ΔL data.
T (h)
72
220
350
464
564
660
744
820
897

da/dt (mm/s)
—
4.735E − 07
5.952E − 07
6.735E − 07
7.388E − 07
7.8918E − 07
8.400E − 07
8.892E − 07
9.290E − 07

Crack growth rate, da/dt (mm/s)

1.0 × 10–6
9.0 × 10–7
8.0 × 10–7

1200
1000
800
600
400
200

7.0 × 10–7

0
–0.5 –0.4 –0.3 –0.2 –0.1 0.0 0.1 0.2 0.3
Thickness of specimen, x (mm)

6.0 × 10–7
5.0 × 10–7
4.0 × 10–7
0.0

Figure 9: The stress intensity factor KI along the thickness of
specimen.

J integral, J (kJ/m2)

Δa (mm)
0
0.375
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1.125
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1.875
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3
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Figure 7: The relationship between crack growth length and loadline displacement.
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Figure 8: The relationship between crack growth rate and crack
growth length.

strain condition) are shown in Figures 11 and 12, which
indicate that both KI and J will increase as the crack
propagation because of both load and crack length increasing during the test process.
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ΔL = 1.75 mm; Δa = 0.75mm
ΔL = 2.82 mm; Δa = 1.50mm
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ΔL = 1.1 mm; Δa = 0.375 mm
ΔL = 2.32 mm; Δa = 1.125 mm
ΔL = 3.3 mm; Δa = 1.875 mm
ΔL = 4.1 mm; Δa = 2.625 mm

Figure 10: The J-integral along the thickness of specimen.

Finally, the relational curve of the SCC growth rate da/dt
with stress intensity factor KI and the relational curve of the
SCC growth rate da/dt with J-integral J could be obtained
during the whole test process, which provide a clear
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Figure 11: The relationship between crack growth length and stress
intensity factor.
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Figure 13: The relationship between stress intensity factor and
crack growth rate.
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Figure 12: The relationship between crack growth length and
J-integral.

understanding about the effect of the mechanical factors on
SCC crack growth. It is also very convenient to analyze the
effect of environmental and material factors on SCC crack
growth rate and removing the mechanical factors. The relationship between KI, J, and crack growth rate is shown in
Figures 13 and 14, respectively.

5. Conclusions
(1) A quantitatively estimated approach of SCC growing
rate in the slow strain rate test based on EPFEM is
proposed, which can be used to estimate the actual
crack growth rate during the SSRT test.
(2) During the crack propagation process, the KI and J in
the centre area of the specimen are bigger than those
on the two sides. At the same time, the difference of J
between centre areas with two sides is bigger than KI,

300
400
500
J integral, J (kJ/m2)

600

700

V = 0.005mm/h

Figure 14: The relationship between J-integral and crack growth
rate.

which indicates that the crack growth will be more
rapid in the central area than on the two sides.
(3) When the crack propagation length is less than
3 mm, the KI and J at the crack tip position gradually
increase as the crack propagation length increases,
and the increasing of J is much quicker than the
increasing of KI, which provides a clear understanding of the effect of the mechanical factors on
EAC crack growth.

Data Availability
Previously reported Alloy 600 material chemical composition, cited as [18] within the text, and mechanical data, cited
as [21] within the text, were used to support this study and
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and https://doi.org/10.1115/pvp2011-57317, respectively.
The SSRT experiment data and the numerical simulation
data of the SSRT experiment used to support the findings of
this study are included in the article.
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