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+e complicated driving force at the stress corrosion cracking (SCC) tip of the safe-end dissimilar metal-welded joints (DMWJs)
in the pressurized water reactor (PWR) is mainly caused by the heterogeneous material mechanical properties. In this research, to
accurately evaluate the crack driving force at the SCC in DMWJs, the stress-strain condition, stress triaxiality, and J-integral of the
crack tip at different positions are analyzed based on the heterogeneous material properties model. +e results indicate that the
larger driving force will be provided for the I-type crack when the crack is in the SA508 zone and the interface between the 316L
region and base metal. In addition, the heterogeneous material properties inhibit the J-integral of the crack in the 316L region,
which has a promoting effect when the crack is in the SA508 zone and weld metal. It provides a new idea for analyzing driving
force at the crack tip and safety evaluation of DMWJs in PWRs.

1. Introduction

+e welded structure of the primary circuit of the pres-
surized water reactors (PWR) works under irradiations, high
temperature, high pressure, and corrosion environments.
+e austenitic stainless steel and nickel-based alloy with
excellent high-temperature mechanical properties and
corrosion resistance have been widely used for structural
welding materials in nuclear power plant’s (NPP) primary
circuits [1–4]. Previous research and practices have shown
that corrosion resistance is mainly due to the formation of
chromium-rich oxide film on the metal surface. However,
the environment-assisted cracking (EAC) is represented by
stress corrosion cracking (SCC) in high-temperature and
high-pressure water environments produced by the local
oxide film rupture with mechanical and material synergy
[5–8]. +e schematic diagram of the SCC in the welded joint
at the safe-end of the primary circuit of the PWR is displayed
in Figure 1.

Accurate measurement of the mechanical properties of
the welded joint in the safe-end of the in-service nuclear
power equipment is an effective means to ensure its safe
operation. Several studies have demonstrated that the mi-
crostructure and mechanical properties in the heat-affected
zone (HAZ) and fusion zone (FZ) of the DMWJ are com-
plicatedly distributed [9–13]. On this basis, the heteroge-
neous mechanical properties of the DMWJs in PWRs will
cause the complexity of the driving force at the crack tip.
Several studies have attempted to evaluate the local material
mechanical proprieties of the safe-end DMWJ. Some
scholars [14, 15] have obtained the mechanical proprieties of
the Alloy52M DMWJ in the PWR by the microhardness test
or minisized tensile test. +e experiment illustrates the acute
change in the strength (yield strength and tensile strength) at
the interface between the materials. At the same time, some
researchers have proposed that the driving force at the crack
tip of welded structures can be analyzed by the stress tri-
axiality and plastic strain condition around the crack tip
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[16, 17]. Peng et al. [18, 19] have studied the effect of strength
mismatch on the SCC driving force of DMWJs and found
that the heterogeneous material properties have a retarda-
tion effect on the driving force of SCC initiation between the
dilution zone and base metal. Lingyan et al. [11] studied the
effect of the heterogeneous material mechanical properties
on the crack driving force of DMWJs. +e obtained results
show that the interaction between strength mismatch and
crack depth affects the driving force at the SCC crack tip
directly. Nevertheless, the existence of FZ and HAZ has been
usually ignored when studying the mechanical properties
mismatch of DMWJs in previous studies by the finite ele-
ment method (FEM). It is simplified to a bimaterial or triple-
gate material “Sandwich” model, and the mechanical
properties of the base metal and weld metal are defined,
respectively. Nevertheless, the mechanical field and driving
force at the tip of SCC in different positions of the welded
joint are analyzed by the “Sandwich” model has been unable
to meet the requirements [20–22]. To characterize the
distribution of mechanical properties in the DMWJ more
accurately, some scholars [23, 24] tried to use some sub-
routines in ABAQUS to realize the uneven distribution of
mechanical properties varies along with the spatial position.
Xue et al. [23] have established the “Sandwich” model and
the heterogeneous material model of the DMWJ based on
the user-defined field (USDFLD) subroutine, and the results
illustrate that the heterogeneous material model compen-
sated for the sudden change of the mechanical properties of
the Sandwich model at the interface. However, only a few
pieces of literature could be found on the driving force of
DMWJs with heterogeneous materials.

In this study, to further study the driving force and
mechanical field around the tip of SCC of DMWJs in PWRs,
the stress-strain state, stress triaxiality, and J-integral at the
crack tip at different positions were analyzed based on the
elastic-plastic fracture mechanics approach.

2. Geometric Model of the Welded Joint

+e geometric structure of the Alloy 52M DMWJ at the
connection between the nozzle and safe-end of the PWR is
shown in Figure 2(a). +e operating experience of NPPs
shows that the SCC behavior is more likely susceptible in
weld zones [25, 26], which seriously threatens the safety of
in-service NPPs. Several pieces of research illustrated that
the interface region of the DMWJ prepared by different
materials is the focus of SCC initiation [27, 28]. In this study,
the interface cracks are located on the fusion boundary line,
and the length of the initial crack is 4mm.+e location of the
seven cracks is shown in Figure 2(b) and summarized in
Table 1.

3. Calculation Model

3.1. Material Model. +e Ramberg–Osgood (R–O) equation
can be adapted to express the material constitutive models of
the DMWJ in PWRs [18], which is written as

ε
ε0

�
σ
σ0

+ α
σ
σ0

 

n

, (1)

where σ0 is the yield strength, ε0 is the yield strain, α is the
coefficient of Ramberg–Osgood, and n is the work hardening
exponent. In order to obtain the local mechanical properties
of the Alloy 52M DMWJ in detail, Wang et al. [14, 15] sliced
the Alloy 52M DMWJ from prefabricated material in dif-
ferent positions and carried out small-size plate tensile tests
at 340°C. +e measured data of mechanical properties for
the A508, Alloy52Mb, Alloy52Mw, and 316L are listed in
Table 2. +e yield strength σ0 and work hardening exponent
n near the weld zone of the Alloy 52M DMWJ are shown in
Figure 3.

Many material constitutive models have been provided
to users in ABAQUS, but they are only adopted to
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Figure 1: Schematic diagram of the stress corrosion cracking in the welded joint at the safe-end of the primary circuit of the PWR.

2 Science and Technology of Nuclear Installations



homogeneous metals. However, the material mechanical
properties at DMWJs are heterogeneous, as the previous part
mentioned. +e USDFLD subroutine is programmed in the

FORTRAN language, which is used for redefining the
mechanical properties of each integrated point in the ele-
ment [29]. +e flow chart was displayed in Figure 4, where
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Figure 2: (a)+eDMWJ structure for connecting the pipe-nozzle of a pressure vessel to the safe-end and (b) the four materials composed of
the DMWJ (pipe-nozzle A508, buttering Alloy52Mb, weld Alloy52Mw, and safe-end pipe 316L).

Table 1: A summary of the seven cracks and their locations.

Crack number Crack location
Crack 1 Center crack in the 316L zone
Crack 2 316 L/Alloy 52Mw interface
Crack 3 Center crack in the Alloy 52Mw zone
Crack 4 Alloy 52Mw/Alloy 52Mb interface
Crack 5 Center cracks in the Alloy 52Mb zone
Crack 6 Alloy 52Mb/SA508 interface
Crack 7 Center crack in the SA508 zone

Table 2: Mechanical property data of the four materials at 340°C [14, 15].

Material Young’s modulus, E (MPa) Poisson ratio, v Yield stress, ε0 (MPa) Work hardening exponent, n Hardening parameter, α
A508 183150 0.3 476 8.08 1.78
Alloy52Mb 180000 0.3 393 4.45 12.36
Alloy52Mw 180000 0.3 389 4.99 9.93
316L 176390 0.3 227 3.24 10.46
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Figure 3: Local mechanical properties distribution of the Alloy 52M DMWJ. (a) Yield strength and (b) work hardening exponent [14, 15].
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the functional relationship between the material mechanical
properties Ux and the field variable f(x) was established
[23, 30].

3.2. FEMModel. +e FEM is established according to the
geometric size shown in Figure 2(b). +e crack front
along the thickness of the Alloy 52M DMWJ specimen is
mainly dominated by the plane strain condition.
+erefore, the elastic-plastic finite element analysis is
carried out under the condition of plane strain. +e 8-
node biquadratic plane strain quadrilateral elements
(CPE8) are adopted in the global model to obtain the
accurate stress and strain distribution at the crack tip. At
the same time, the calculation speed is the fastest when
the global grid number is 5940 by comparison, as shown
in Figure 5(a). +e mesh around the crack tip is refined to
eliminate the influence of the crack tip singularity on the
calculation results. After checking, when the number of
meshes in the 0.5 mm circular region of the crack tip is
1664 CPE8, the calculation effect is the best, as shown in
Figure 5(b).

In order to characterize the effect of the uneven distri-
bution of mechanical properties on the driving force of the
crack tip in detail, a circular region is set at 0.2mm from the
crack tip as the observation path.+e left region of the crack is
0∼180°, and the right region of the crack is 0∼−180°, as shown
in Figure 5(b).+e stress intensity factor (KI) is adopted as the
mechanical parameter, and the constant load is taken as the
loading condition. As shown in Figure 5(a), the uniform
tensile load is applied on both sides of the specimen, and the
parameter KI � 15MPam1/2 [29] is defined.

4. Results and Discussions

4.1. 3e Stress Condition around the Crack Tip. +e stress-
strain condition around the crack tip of the DMWJ in

PWRs is important for local fracture analysis and structural
integrity assessments. +e Mises stress σm contour around
the crack tip is shown in Figure 6, where Figures 6(a), 6(c),
6(e), and 6(g) are the Mises stress contours around the tip
of the SCC of the noninterface. It can be seen that the
contour around the crack tip of the noninterface presents a
slight asymmetric distribution along both sides of the crack
due to heterogeneous material properties of the Alloy 52M
DMWJ. +e field area of the Mises stress around the crack
tip in the weld metal is significantly smaller than that of the
base metal under the same external load conditions.
Figures 6(b), 6(d), and 6(f ) are the Mises stress contours
around the crack tip of the interface, where the contour
around the crack tip is asymmetrically distributed along
both sides of the crack due to the dramatic change of the
material properties at the interface, and the most obvious is
the Mises stress contour distribution at the interface be-
tween A508 and Alloy 52Mb. +e discussion above il-
lustrate that the material constraint effect of the Alloy 52M
DMWJ caused by the welding progress will cause the
asymmetric distribution of the Mises stress contour around
the crack tip. In addition, the asymmetric Mises stress
contour of the interface crack tip is more evident than the
noninterface crack tip.

Figure 7 represents the stress curves along the obser-
vation path of the tip of the SCC in the 316L, Alloy52Mw,
Alloy52Mb, and SA508. Figures 7(a) and 7(b) show the
Mises stress σm and tensile stress σ11 at the crack tip, re-
spectively. It can be seen from Figure 7 that the distribution
trend of the Mises stress is consistent with that of the tensile
stress at the crack tip, and the four curves are almost
symmetrically distributed along the crack tip atΦ� 0°. +ere
are two maximum points in each curve, and the absolute
value of the angle corresponding to each of themaxima is the
same. It indicates that the heterogeneous mechanical
properties distribution of the Alloy 52M DMWJ does not
cause the uneven distribution of the stress state at the crack
tip of the noninterface crack. +e crack tip stress value of
crack 1 in the SA508 zone is larger than that of the other
three cracks, which shows that larger tensile stress will be
obtained at the crack tip of the SA508 zone when the tensile
load is kept constant. Meanwhile, it will promote the growth
of the I-type crack.

+e stress curves along the observation path of cracks
2, 4, and 6 are shown in Figure 8, where Figures 8(a) and
8(b) are Mises stress σm curves and tensile stress σ11 curves
of the crack tip, respectively. It is obvious from Figure 8
that the stress curve of crack 6 is asymmetrically dis-
tributed along the crack tip at Φ� 0°, and the maximum
stress at the crack tip deviates to the SA508 zone. It
demonstrates that the yield strength of the SA508 zone is
greater than that of the Alloy 52Mb zone, which is per
Figure 4(a). +e stress curves of cracks 2 and 4 are not
completely symmetrical along the crack tip atΦ� 0° either.
As shown in Figure 8, the tensile stress at the crack tip of
crack 2 is greater than that of the other curves. It is in-
dicated that larger tensile stress will be provided for the
I-type crack when it is located at the interface between the
316L region and base metal.
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Figure 4: +e flow chart of the USDFLD subroutine.
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4.2. 3e Strain Condition around the Crack Tip. +e equiv-
alent plastic strain εeq contours around the crack tip is shown
in Figure 9, where Figures 9(a), 9(c), 9(e), and 9(g) are the
equivalent plastic strain contour around the crack tip of the
noninterface. Similar to the Mises stress contours around
the crack tip, the equivalent plastic strain contour around
the crack tip presents a slight asymmetric distribution along
both sides of the crack. Combined with the material
properties displayed in Figure 3, it indicates that the field
area of the equivalent plastic strain contour around the crack
tip of the high-strength base metal (SA508) is smaller than
that of the welded metal. Figures 9(b), 9(d), and 9(f) are the
equivalent plastic strain contour around the crack tip in the
interface. It can be seen that the contour around the crack tip

of the interface is asymmetric, which indicates that the
plastic deformation on both sides of the interface crack is
asymmetric under the same load conditions. Compared with
other scholars’ research, the continuous asymmetric stress-
strain contours around the crack tip in the interface region
were based on the heterogeneous material model, while the
traditional “Sandwich” material model will produce muta-
tion contours at the interface [23, 31]. +erefore, the het-
erogeneous mechanical properties will cause the complex
distribution of the crack tip stress-strain field, regardless of
the “Sandwich” or the heterogeneous material model.

Figure 10 shows the strain curve along the observation
path of the crack tip for 316L, Alloy52Mw, Alloy52Mb, and
SA508. Figures 10(a) and 10(b) are the equivalent plastic
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Figure 6:+eMises stress (S, Mises) contour around the crack tip. (a) Crack 1. (b) Crack 2. (c) Crack 3. (d) Crack 4. (e) Crack 5. (f ) Crack 6.
(g) Crack 7.
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Figure 5: Mesh division of the finite element model. (a) Global model and (b) crack tip refinement mesh.
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strain εeq and tensile strain ε11 curve of the crack tip, re-
spectively. It is evident from Figure 10 that the strain curve
of cracks 1 and 7 has symmetrical distribution along the
crack tip at Φ� 0° but that of cracks 3 and 5 does not. +e
plastic strain on the left 0∼−180° of crack 3 is less than that on
the right 0∼180°. Conversely, the plastic strain on the left
0∼−180° of crack 5 is larger than that on the right 0∼180°. It
demonstrates that the plastic strain near the crack tip of the
base metal side is relatively smaller when the crack is in the
weld metal. Furthermore, there is less plastic constraint loss
near the crack tip of the base metal side. At the same time,
the heterogeneous mechanical properties of the Alloy 52M

DMWJ cause the uneven distribution of the plastic strain at
the crack tip in the base metal, which has a negligible effect
on the base metal. By comparing the numerical values of the
curves in Figure 10, it can be concluded that the plastic strain
at the crack tip in the 316L region is the largest under the
same external load condition and the plastic strain at the
crack tip is the smallest in the SA508 region.

+e strain curves along the observation path of cracks 2,
4, and 6 are shown in Figure 11. Figures 11(a) and 11(b) are
the equivalent plastic strain εeq curve and normal plastic
strain ε11 curve of the crack tip, respectively.+e distribution
trend of the equivalent plastic strain εeq is consistent with
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Figure 7: +e stress curve at the crack tip of the noninterface. (a) Mises stress and (b) tensile stress.
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Figure 8: +e stress curve at the crack tip of the interface. (a) Mises stress and (b) tensile stress.
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that of the tensile strain ε11 at the crack tip, and the curve is
not symmetrically distributed along the crack tip Φ� 0°. +e
strain curves of cracks 2 and 4 are very close to each other.
From the strain distribution curve of cracks 2 and 6, it is
evident that the plastic strain at the crack tip of the base
metal is smaller than that at the weld metal.

4.3. 3e Stress Triaxiality around the Crack Tip. +e stress
triaxiality and equivalent plastic strain combination are
considered the main driving force for the SCC initiation
[14, 15]. +e stress triaxiality at the crack tip is defined as
the ratio of the hydrostatic stress σeq to Mises stress σm.
Figure 12(a) shows the stress triaxiality curves of the
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Figure 9: +e equivalent plastic strain εeq contour around the crack tip. (a) Crack 1. (b) Crack 2. (c) Crack 3. (d) Crack 4. (e) Crack 5.
(f ) Crack 6. (g) Crack 7.
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Figure 10: +e strain curve at the crack tip of the noninterface. (a) Equivalent plastic strain and (b) normal plastic strain.
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crack tip along the observation path in 316L, alloy52Mw,
alloy52Mb, and SA508, where the stress triaxiality of the
crack tip distributes symmetrically along the crack tip at
Φ� 0°. +e stress triaxiality of the crack tip is the largest in
the Alloy52Mw zone and the smallest in the SA508 re-
gion. +e plastic strain and stress triaxiality at the crack
tip in the 316L region are larger than those at the crack tip
in other regions. +erefore, a larger driving force is re-
quired for the SCC initiation when the crack is in the 316L
zone. It can be seen that the SA508 region is safer than
those in other zones. +e stress triaxiality curve of the
interface crack tip along the observation path is shown in

Figure 12(b). +e stress triaxiality curves of cracks 2 and 4
are very close to each other. +e stress triaxiality curve at
the crack tip of crack 6 is not symmetrically distributed
along the crack tip at Φ� 0°, and the maximum value of
the stress triaxiality curve is biased towards the
Alloy52Mw zone. +erefore, crack 6 is more likely to
extend to the Alloy52Mw region.

4.4. J-Integral in the Welded Joint Specimen. J-integral is a
fracture parameter to characterize the driving force of
the crack tip. +e black curve in Figure 13 shows the
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Figure 11: +e strain curve at the crack tip of the interface. (a) Equivalent plastic strain and (b) normal plastic strain.

0.0

0.5

1.0

1.5

2.0

2.5

str
es

s t
ria

xi
al

ity
 σ
m

/σ
eq

-180 -120 -60 0 60 120 180
Different angle around crack tip Φ (°)

Crack 1
Crack 3

Crack 5
Crack 7

(a)

str
es

s t
ria

xi
al

ity
 σ
m

/σ
eq

0.0

0.5

1.0

1.5

2.0

2.5

-180 -120 -60 0 60 120 180
Different angle around crack tip Φ (°)

Crack 2
Crack 4
Crack 6

(b)

Figure 12: +e stress triaxiality curve at the crack tip.
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J-integral numerical distribution of the crack tip at dif-
ferent positions of the Alloy 52M DMWJ, and the
imaginary red curve shows the J-integral numerical
distribution of the homogeneous material model under
the same load conditions. It indicates that the J-integral at
the crack tip is the largest in the 316L zone, whether in the
heterogeneous metal-welded joint model or the homo-
geneous material model. On the other hand, the crack
located in the SA508 region is the smallest. For the Alloy
52M DMWJ, the J-integral numerical value is decreased
from the 316L zone to the SA508 region under the same
load conditions. Compared with the J-integral numerical
value of the crack tip of the homogeneous material, the
heterogeneous mechanical properties of the Alloy 52M
DMWJ have inhibition on the J-integral of the crack tip in
the 316L zone. Conversely, it can promote the J-integral
of the crack in the SA508 region and weld metal, and the
promoting effect on the J-integral of welding material
Alloy52 Mw is quite evident. +e J-integral at the SCC
crack tip of the Alloy 52M DMWJ based on the het-
erogeneous materials model has the same trend as that
obtained by Zhao et al. [32] using the “Sandwich” ma-
terial model.

5. Conclusions

In this research, the stress-strain condition, stress tri-
axiality, and J-integral of the SCC tip at different posi-
tions of the Alloy 52M DMWJ are analyzed based on the
heterogeneous material model. +e main acquired results
are summarized as follows:

(1) When the stress intensity factor KI is constant, the
heterogeneous mechanical properties of the Alloy
52M DMWJ do not cause the uneven distribution
of the stress state at the crack tip of the non-
interface crack. But the stress curve of the inter-
face crack is showing asymmetrical distribution
along the crack tip.

(2) By combining the stress-strain condition of the Alloy
52M DMWJ at different SCC tips positions, the
larger tensile stress would be provided for the I-type
crack when the crack is in the SA508 zone and the
interface between the 316L region and base metal.

(3) When the stress intensity factor KI is constant, the J-
integral at the tip of SCC in the Alloy 52M DMWJ
decreases from the 316L region to the SA508 zone.
+e heterogeneous mechanical properties have in-
hibition on the J-integral of the crack in the 316L
region. On the other hand, it has a promoting effect
when the crack is in the SA508 zone and weld metal.
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