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�e micro-mechanical state at the crack front is one of the key factors a�ecting the stress corrosion cracking (SCC) growth
behavior. �e mechanical heterogeneity and residual stress in the dissimilar metal welded joint (DMWJ) induce the micro-
mechanical state at the crack front to become more complex. �e sandwich model and dual-�eld model of the DMWJ with inner
surface axial crack were established in this study. �e stress and strain states at the crack front with di�erent crack locations and
lengths under the interaction of the mechanical property and the residual stress were investigated. �e results show that a more
accurate evaluation of stress and strain states can be obtained when using the dual-�eld model to describe the material mechanical
property and residual stress of the DMWJ. �e sandwich model overestimates the crack driving force including the stress and
strain at the crack front.�e tensile stress in themiddle of shallow cracks is smaller than that at both ends, while the tensile stress in
the middle of deep crack is larger than that at both ends.�e variation trend of the tensile stress and normal strain at the crack apex
is basically the same as that of the residual stress with the crack depth. However, there is almost no normal plastic strain in the
initial stage of crack propagation due to the small residual stress in the initial stage.

1. Introduction

Stress corrosion cracking (SCC) is a phenomenon that
describes the behavior of crack propagation under the
synergistic action of material degradation, mechanics, and
an aqueous chemical environment near the micro-area at the
crack front. An updated review of the operation of nuclear
power plants has demonstrated that the SCC can introduce a
considerable hazard to its long-term safety [1]. SCC crack
growth rate is an important factor for quantitative evaluation
of critical structure lifetime in nuclear power plants. While
in the model of SCC crack growth rate calculation, the
micro-mechanical state at the crack front is one of the key
factors that determine the SCC growth rate [2-4]. Moreover,
this micro-mechanical state tends to exhibit variability and
complexity during the service due to the mechanical het-
erogeneity and the residual stress in the actual dissimilar
metal welded joint (DMWJ) at the safety-end of the nuclear
power plant. �erefore, it is di�cult to predict the crack

propagation behavior of SCC in DMWJ, which is a weak link
in the whole research �eld of the structural integrity of the
nuclear power plant. A more accurate SCC growth behavior
can be obtained by studying the mechanical �eld distribu-
tion at the crack front under the interaction of mechanical
heterogeneity and residual stress, which reduces the overly
conservative safety assessment in engineering, and then the
operation and life extension scheme are improved. Hence,
the study about the interaction of mechanical heterogeneity
and residual stress may have promising bene�cial e�ects on
the safe and stable operation of the nuclear power plant.

�e bi-material model with welded metal and base metal
is usually used in the traditional research on fracture be-
havior of the material interface. �ese models are generally
called sandwich models which have a sudden change of
mechanical properties at the material interface [5, 6]. As a
result, the stress-strain �eld around the tip of the interface
crack has a sudden cli�-typed change under the sandwich
model [7]. However, an earlier study showed that the
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interfaces of two materials in the DMWJ are not strictly
differentiated, and especially noteworthy is that the me-
chanical properties change continuously at the material
interface between two materials [8, 9]. *erefore, the
sandwich model may not meet the requirements for a more
accurate analysis of the SCC crack front stress state of the
DMWJ. Meanwhile, the SCC behavior is also closely related
to the residual stress [10, 11]. Nam et al. [12] confirmed that
residual stress acts as a dominant factor in the initiation and
growth of SCC by investigating an artificial SCC which is
made in STS 304. Surface and subsurface residual stress
distribution was assessed by Rhouma et al. [13] using X-ray
diffraction (XRD). *e result shows that the tensile residual
stress directionality and level play a major role in the cor-
rosion micro-crack initiation and in the resulting micro-
crack network morphology. However, under the interaction
of mechanical heterogeneity and the residual stress, stress
and strain states at axial direction SCC crack front with
different crack locations and depths in the DMWJ have not
been investigated and understood. Rapid advances in finite
element software make it an effective tool for crack analysis
[14–17].

In this research, to characterize the mechanical prop-
erties and the residual stress of the DMWJ, the user-defined
field (USDFLD) was used to establish the non-uniform field
of mechanical properties of materials, and the predefined
stress field method was used to set the residual stress field in
the finite element software. *en, the dual-field model of the
DMWJ with inner surface axial crack was established. *e
mechanical field of the crack front with different crack lo-
cations and lengths under the interaction of the mechanical
properties and the residual stress was investigated.

2. Numerical Simulation and Experiments

2.1. Experiments. *e DMWJ sample provided by the In-
stitute of Metal Research, Chinese Academy of Sciences, is
used in this research. Its sampling schematic diagram in the
typical AP1000 pressurized water reactor (PWR) nuclear
power plant is shown in Figure 1. *e ferritic low alloy steel
(A508) and austenitic stainless steel (316L) are used for the
nozzle of the nuclear pressure vessel and safety-end pipe,
respectively. *e nickel-base alloy (52M) is used for the
welded metal, including 52Mb which is welded by the
buttering technique.

In this study, to obtain the more detailed distribution of
material mechanical properties of the DMWJ, the distri-
bution of Vickers hardness was measured on the sample,
which is shown in Figure 2. It shows that the hardness near
the heat affected zone (HAZ) has increased significantly.

2.2. FEM Model. To study the effect of different crack lo-
cations and crack lengths on the stress and strain around the
crack front, 11 crack locations have been selected. *e
simplified model of the DMWJ has ignored the welding
slope of buttering layer and A508, where the geometric size
of themodel is 60× 30×10mm, as shown in Figure 3. Crack-
1 is located in the centre of 52M of the weld, and the crack

size is 5× 21mm (a× 2c). When it expands to 25mm along
the Y direction, the crack size includes 9 different lengths
with equal intervals (2.5mm), and the shape of the crack
front remains unchanged (2c� 21mm).*e centre of Crack-
10 and Crack-11 is located at the interface of A508-52M and
52M-316L, and both crack sizes are 5× 21mm. *e three-
dimensional finite element model used about 18414 20-node
quadratic brick and reduced integration (C3D20R) ele-
ments. *e meshes around the crack front were refined in
spider mesh with 7488 C3D20R elements. *e three-di-
mensional finite element model and locally refined crack
front meshes are shown in Figure 4.

*e sandwich model and dual-field model of the DMWJ
were established to compare the stress and strain states at the
crack front in this study. *e stress-strain relation of the
safety-end welded structure materials conforms to the
Ramberg–Osgood (RO) equation, namely,

ε
ε0

�
σ
σ0

+ α
σ
σ0

 

n

, (1)

where σ0 is the yield strength, ε0 is the yield strain, α is the
RO coefficient, and n is the work hardening exponent. In
general, all parameters are consistent except the yield
strength and the work hardening exponent in most studies
of crack propagation in welded joints [18, 19]. *us,
Young’s modulus E, Poisson’s ratio ], and RO coefficient α
of the DMWJ are, respectively, constant (202,000MPa,
0.3, and 1) in this study. Based on the relationship between
Vickers hardness and the yield strength of welded joints
[20], the yield strength could be obtained according to the
Vickers hardness HV distribution of DMWJ in Figure 2.
Figure 5 shows the yield strength distribution of the dual-
field model and sandwich model. In the sandwich model,
the yield strength of A508, 52M, and 316L is set as
535MPa, 634MPa, and 358MPa, respectively. In the dual-
field model, the yield strength distribution is shown in
Figure 5, which was established by the user-defined field
subroutine (USDFLD) in ABAQUS. *e work hardening
exponent n can be obtained according to the yield strength
[21].

n �
1

κ ln 1390/σ0( 
, (2)
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Figure 1: DMWJ at safety end in PWRnuclear power plant. (a) Safety
end and sampling position. (b)*ree-dimensional geometrical model.
(c) DMWJ sample.
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where k� 0.163. Also, the continuous change of the yield
strength along the X direction in the finite element model
realized by the USDFLD is shown in Figure 6.

In the dual-field model, according to the residual stress
distribution of dissimilar metal welded joints at the safety
end of nuclear power [22], the residual stress distribution
along the Y direction added in this study is shown in
Figure 7. *e residual stress was applied by the predefined
stress field method in this study. Figure 8 shows the con-
tinuous distribution of residual stress in the finite element
model, which is consistent with the distribution curve of
residual stress shown in Figure 7. Most SCC tests are

performed on specimens under constant load [23, 24], and
the uniform stress load was used in the sandwich model. Its
value is 204MPa, which is the average value of the residual
stress in the dual-field model.

To sum up, two models of the DMWJ for investigating
the stress and strain states at the crack front were established
in this study. One is a sandwich model with strictly dif-
ferentiated material interfaces, in which the residual stress is
applied with a constant load. *e other is a dual-field model
in which mechanical properties change continuously at the
interface, and a residual stress field is applied.

3. Results and Discussion

3.1.DifferentCrack Locations. 20 μm in front of the crack tip
can be used as the characteristic point [2]. *erefore, this
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Figure 2: Vickers hardness experiment. (a) Experimental process. (b) Vickers hardness HV distribution of the DMWJ sample.
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Figure 5: Yield strength distribution of sandwich model and dual-
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point is selected as the characteristic point to analyze the
stress and strain states at the crack front in this study.
Figure 9 shows the tensile stress at the crack front along
crack angle of Crack-1, Crack-10, and Crack-11. As shown
in Figure 9(a), the tensile stress has a sudden cliff-typed
change at the interface of A508 and 52M because of the
sudden change in the yield strength of the bi-materials at the

interface in the sandwich model. In contrast, the tensile
stress increases at the HAZ in the dual-field model due to the
high strength in the HAZ of A508. Figure 9(b) illustrates that
the distribution of tensile stress at the crack front along the
crack angle is smooth and symmetrical due to the constant
yield strength of the whole 52M in the sandwich model.
Furthermore, the maximum value is near the crack apex
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Figure 6: Yield strength contour distribution in the dual-field model.
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Figure 7: Hoop (Z-direction) residual stress distribution along the Y direction of the DMWJ.
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Figure 8: Residual stress contour distribution in the dual-field model.

4 Science and Technology of Nuclear Installations



(θ= 90°), whereas the tensile stress distribution of the dual-
fieldmodel is opposite to that of the sandwichmodel, there is
a maximum near the interface of 52Mb and 52Mw. *is
maximum is the local maximum, which is compared to the
material in the left and right regions of the interface (52Mb
and 52Mw). Figure 9(c) shows that the mutation of tensile
stress is larger than that of Crack-10 due to the larger dif-
ference in the yield strength between 52M and 316L in the
sandwich model. In the dual-field model, the tensile stress
decreases gently with the increase of the crack angle because
of the reduction in the yield strength, and the minimum
value is near θ=150°. Comparing Figures 9(a)–9(c), it can be
found that compared with the dual-field model, the tensile
stress at the crack front has an apparent mutation at the
material interface in the sandwich model, which is consistent
with the results of previous studies [25].*e tensile stress at the
crack front is overestimated than that in the dual-field model.

*e relationships between the normal plastic strain at the
crack front and the crack angle of Crack-10, Crack-1, and

Crack-11 are depicted in Figure 10. It can be seen from
Figure 10(a) that the sandwich model has a sudden cliff-
typed change at the interface between A508 and 52M, which
is similar to tensile stress variation, but the trend is opposite
to tensile stress. Moreover, in the dual-field model, the
normal plastic strain in the HAZ of A508 decreases due to
the high yield strength in this zone, and the minimum value
close to zero is located in the HAZ. Figure 10(b) shows that
the normal plastic strain distribution at the crack front is
relatively smooth and symmetrical due to the homogeneous
material used in the whole 52M welding material of the
sandwich model. However, the normal plastic strain of the
dual-field model at the crack front of 52Mb increases
sharply, even surpasses that of the sandwich model, because
the yield strength of 52Mb in the dual-field model is smaller
than that of 52Mw, and the maximum value is located at the
leftmost end of the crack. Figure 10(c) shows that the normal
plastic strain mutation of Crack-11 in the sandwich model is
larger than that of Crack-10, while the normal plastic strain
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Figure 9: Distribution of tensile stress along crack front with crack angle. (a) Crack-10. (b) Crack-1. (c) Crack-11.
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in the dual-field model changes continuously, and the
normal plastic strain in 316L is greater than that in 52M.*e
analysis combined with Figures 10(a)–10(c) indicates that
the sandwich model overestimates the normal plastic strain
at crack fronts of cracks generally compared with the dual-
field model.

3.2. Different Crack Depths. Figure 11 shows the tensile
stress distribution at the crack front along the crack angle of
different crack depths. Cracks-1∼3 are in the stage where the
residual stress gradually decreases along the crack growth
direction, and Cracks-4∼9 are in the stage of gradually in-
creasing residual stress. It can be seen from Figure 11(a) that
at the initial stage of crack propagation (Cracks-1∼3), the
overall tensile stress decreases as the increase of crack length,
and the tensile stress at both ends of Cracks-1∼3 is greater
than that at the middle. Combined with Figures 11(a) and
11(b), in other cracks (Cracks-4∼9), the overall tensile stress

increases with the increase of crack length, and the tensile
stress in the middle of the crack is larger than that at both
ends. Combing Figures 3 and 7, we can find that the residual
stress at the crack front changes with the crack growth.
Cracks-1∼3 (shallow cracks) are in the stage where the re-
sidual stress gradually decreases along the crack growth
direction, so the tensile stress in the deepest part of the crack
(θ= 90°) is the smallest. However, Cracks-4∼9 (deep surface
crack) are in the stage of gradually increasing residual stress,
so the tensile stress in the deepest part of the crack (θ= 90°) is
the largest. *erefore, under the dual-field interaction, the
tensile stress in the middle of shallow cracks is smaller than
that at both ends obviously, while the tensile stress in the
middle of deep surface crack is larger than that at both ends.
Furthermore, it can be inferred that in the process of crack
growth, due to the variable driving forces under the influ-
ence of the residual stress and mechanical properties, its
shape may not be a simple regular ellipse.
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Figure 10: Distribution of normal plastic strain along crack front with crack angle. (a) Crack-10. (b) Crack-1. (c) Crack-11.
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To further study the relationship between the tensile
stress at the crack front and residual stress, the crack apex
(θ� 90°) is taken as a representative to plot the relationship
with the crack length, as shown in Figure 12. It can be seen
that the tensile stress at the crack apex firstly decreases and
then increases and finally decreases with the increase of the
crack length, which is consistent with the distribution of
residual stress. However, the minimum value of tensile stress
lags behind the minimum value of residual stress and the
maximum value advances to the maximum value of residual
stress.*is is because the propagation of the crack breaks the
original self-balanced state of the residual stress, and the
residual stress is redistributed.*erefore, the variation trend
of the tensile stress at the crack front does not completely
coincide with the original distribution of residual stress.*is
phenomenon was studied in detail in [14]. *is figure can

better describe the effect on tensile stress at the crack front of
non-uniform residual stress during the crack growth. In
other words, the tensile stress at the front of the crack
changes with different residual stress in corresponding crack
lengths. *erefore, the tensile stress at the crack front is
affected not only by the geometry of the crack length but also
by the redistribution of residual stress.

Figure 13 illustrates the normal plastic strain distribution
at the crack front with different crack depths. It can be seen
that in the initial stage of crack propagation (Cracks-1∼2),
the overall normal plastic strain decreases with the increase
of crack length, and the normal plastic strain at both ends of
Cracks-1∼2 is greater than that in the middle. However, it
can be obviously found that the normal plastic strain of
Cracks-3∼5 is close to zero. *ere is almost no plastic strain
because the tensile stress at the crack front of Cracks-3∼5 is
relatively small in Figure 12. From Crack-6, the normal
plastic strain at the crack front increases with the increase of
the crack depths. Also, due to the smaller yield strength of
52Mb than 52Mw, the normal plastic strain at the crack
front is greater than that of 52Mw, and the maximum values
are all in 52Mb.

Similar to Figure 12, the crack apex (θ� 90°) is taken as a
representative to plot the relationship between the normal
strain (including the normal plastic strain) and residual
stress with the crack length. It can be seen from Figure 14
that the normal strain at the crack apex decreases first and
then increases and finally decreases with the increase of the
crack length, which is consistent with the distribution of the
tensile stress at crack apex in Figure 12. In other words, the
variation trend of the normal strain at the crack front with
the crack length is basically consistent with that of the re-
sidual stress. However, the normal plastic strain at the crack
apex is close to zero in Cracks-2∼5. According to the dis-
tribution of the tensile stress at crack apex in Figure 12, the
tensile stress at crack apex of Cracks-2∼5 is basically less
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Figure 11: Distribution of tensile stress along crack front with crack angle. (a) Cracks-1∼5. (b) Cracks-5∼9.
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than the yield stress of 52Mw (634MPa). *erefore, the
plastic deformation near the crack front is very small and the
elastic strain is dominant. *erefore, the change of normal
plastic strain at the crack apex with the crack length is not
consistent with the distribution of residual stress.

Above all, the tensile stress in the middle of the shallow
crack is significantly smaller than that of the two ends under
the interaction of the inhomogeneous field of material
mechanical properties and the residual stress field, while the
tensile stress in the middle of the deep crack is relatively
uniform and larger than that of the two ends. *e variation
trend of the tensile stress at the crack apex with the crack
length is basically consistent with the residual stress dis-
tribution. Similarly, the normal strain variation trend at the
crack apex is consistent with tensile stress, but the normal

plastic strain is not consistent with the distribution of re-
sidual stress.

4. Conclusions

(1) Compared with the traditional sandwich model, a
more accurate evaluation of stress and strain states
can be obtained when using the dual-field model to
describe the mechanical heterogeneity and residual
stress of the DMWJ. *e sandwich model overes-
timates the crack driving force including the stress
and strain at the crack front.

(2) When the inner surface axial crack propagates to the
interface of A508 and 52M, the tensile stress at the
crack front in HAZ of A508 increases, but the normal
plastic strain decreases. When the inner surface axial
crack propagates to the interface of 316L and 52M,
the tensile stress at the crack front in 316L is less than
that in 52M, but the normal plastic strain is greater
than that in 52M, and the stress and strain change
gently due to the smooth transition of material
properties in HAZ of 316L.

(3) *e tensile stress in the middle of shallow surface
cracks is smaller than that at both ends obviously,
while the tensile stress in the middle of deep surface
crack is larger than that at both ends. *e variation
trend of the tensile stress at the crack apex is basically
the same as that of the residual stress with the crack
depth, but the position of the maximum and min-
imum of the two is different due to the redistribution
of the residual stress.

(4) *e normal strain distribution at the crack apex with
the crack depths is the same as the tensile stress.
However, there is almost no normal plastic strain in
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Figure 13: Distribution of normal plastic strain along crack front with crack angle. (a) Cracks-1∼5. (b) Cracks-5∼9.
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the initial stage of crack propagation because the
tensile stress does not reach the yield strength.

For the purpose of structural integrity analyses, many
efforts have been made to reduce unnecessary conservatism
in the guidance of engineering practices. Using the dual-field
model of mechanical heterogeneity and residual stress may
help to achieve this purpose by providing a better under-
standing of the prediction of the crack driving force.
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