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The interaction between the mechanical heterogeneity and the residual stress in dissimilar metal welded joints (DMW s) leads to a
complex mechanical field of crack tips, which strongly affects stress corrosion cracking (SCC) behaviors. A dual-field coupling
model was established by using the user-defined field (USDFLD) and the predefined stress field method based on the elastoplastic
finite element method in this study. Thus, the mechanical heterogeneity and the residual stress of the DMWT] are realized. The
influence of the interaction between the mechanical heterogeneity and the residual stress on the mechanical field of crack tips at
different locations was investigated. The results show that the mechanical heterogeneity causes the stress and strain distribution on
both sides of the crack tip asymmetry. And the residual stress affects the magnitude of the stress and strain around the crack tip.
The variation trend of the stress and strain along the crack propagation with crack length is basically the same as that of the
residual stress. However, the stress and strain distributions are slightly lagging behind the residual stress distribution due to the
redistribution of the residual stress caused by the crack propagation. In addition, the stress and strain range of cracks at different

positions with crack length are also different.

1. Introduction

With the development of structural integrity assessment,
more and more attention has been paid to the research on
crack-like defects in important mechanical structures (nu-
clear power, aviation, transportation, etc.). It is one of the
most important issues in the world to reach or even prolong
the service life of the structures with defects. Considering
that the service equipment is often subjected to a harsh
service environment in actual operation, and it is very easy to
produce “low stress” failure below the design load. Stress
corrosion cracking (SCC) caused by the water environment,
susceptible materials, and the internal and external load will
seriously affect the safe operation and service life of me-
chanical structures [1-4]. Dissimilar metal welded joints
(DMW]s) are widely present in connection parts with dif-
ferent materials. And the DMWT is the weakest link that is
most likely to generate SCC because the welding process
will cause the nonuniform distribution of the local

microstructure and material mechanical properties and
inevitably induce the residual stress [5-7]. Both will sig-
nificantly affect the stress and strain field at the crack tip of
the DMW], which is one of the main factors affecting SCC
behaviors [8-10]. In particular, the SCC behavior is more
unpredictable under the interaction of the mechanical
heterogeneity and the residual stress. Therefore, it is of great
significance to study the mechanical field at the crack tip in
the DMW] under the interaction of the mechanical het-
erogeneity and the residual stress in detail.

The heterogeneity of mechanical properties mainly in-
cludes the heterogeneity of yield strength and strain hard-
ening exponent. Recent research found that the distribution
of the mechanical properties in DMW s is very nonuniform
through the tests of mini-sized flat tensile specimens. Es-
pecially, there are continuous changes of the mechanical
properties in the softening and hardening zone near the
material interface, thus the interface area between two
materials cannot be ignored [11]. And the stress and strain at
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the crack tip vary with the difference of the mechanical
properties when the crack is located in different material
regions [12]. However, the DMW] was simplified to a
“Sandwich” model when studying SCC behaviors in most
previous studies [10, 13, 14]. A sudden change in the me-
chanical properties at the material interface is produced, and
it cannot accurately describe the mechanical heterogeneity
of the DMW]J. Thus, structural integrity assessment has
certain limitations by using the “Sandwich” model [15-17].
More detailed characterization of the DWM]J mechanical
properties will greatly help the research of the crack tip
mechanical field. In addition to the mechanical heteroge-
neity, the residual stress of the DMWT] also has a significant
influence on the mechanical field of the crack tip, and it is the
dominant driving force affecting SCC behaviors [18-21].
Some scholars found that the residual stress will noticeably
change the stress and plastic strain of the crack tip, and the
residual stress is redistributed on account of the crack
propagation, which results in the mechanical field of the
crack tip becoming more complex [22-24]. Substantial
studies have shown that the distribution of the residual stress
is nonuniform along the weld seam direction. Furthermore,
sometimes, the residual stress might exceed the yield
strength of the base metal and the weld metal [25, 26]. And
the residual stress of the DMW] is more of a concern for SCC
than the working load [27-30]. However, the influence of the
interaction between the mechanical heterogeneity and the
residual stress on the crack tip mechanical field is unclear.

It is necessary for predicting SCC behaviors to more
accurately characterize the local mechanical properties of
materials and consider the role of the residual stress. In this
study, a continuous transition model of the mechanical
properties was established by the user-defined field
(USDFLD) in ABAQUS, and the residual stress was applied
by the predefined stress field method. The model of dual-
field coupling is thus established. Then, the influence of
interaction between the mechanical heterogeneity and the
residual stress on the mechanical field of cracks with dif-
ferent lengths was investigated through the submodel
technique in detail, which provides a new numerical cal-
culation method for the safety assessment and life prediction
in engineering practice.

2. Calculation Procedures

2.1. Geometric Model and Materials. In order to study the
influence of the interaction between mechanical properties
heterogeneity and residual stress on the mechanical field at
the crack tip, this study selected the DMW], which connects
the safe-end piping to the nozzle of the reactor pressure
vessel (RPV) in the primary circuit of pressurized water
reactors (PWRs) as the research object, as shown in
Figure 1(a). The DMWT] is simplified to a two-dimensional
plane strain model in the finite element analysis according to
the geometric structure of the DMW], and the sampling
position of the numerical simulation is shown in Figure 1(b).
The sampling length of the DMW] is 160 mm, which is
composed of the base metal (austenitic stainless steel 316L
and low-alloy steel SA508), the weld metal (Alloy52Mw), the
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buttering layer (Alloy52Mb), and the cladding layer (308/
309L), respectively. The sample geometric dimensions and
crack positions are shown in Figure 1(c). Three characteristic
locations were selected: Crack-1 was located in Alloy52 M,
and Crack-2 and Crack-3 were, respectively, located in 316L
heat-affected zone (HAZ) and the interface of A508-
Alloy52Mb. The crack length a was set to 8-40 mm, and nine
lengths were evenly selected.

The stress-strain relationship of materials in the DMW]
is represented as the Ramberg-Osgood equation, which is

written as
e 0 a\"
—=—+4al — |, (1)
& 0, o,

where o is the true stress, ¢ is the true strain, o, is the yield
stress, &, is the yield strain, &y = 0,/E, E is elastic modulus, « is
the offset coefficient, and # is the strain hardening exponent.
Generally, the elastic modulus of the materials is
193000 MPa, and Poisson’s ratio is 0.288 in the DMW], and
these two parameters are considered to be constant in
physical experiments and numerical simulations [24]. To
characterize the mechanical properties of the DMW] more
accurately, including the yield strength and the strain
hardening exponent of materials, the Vickers hardness HV
of different regions in the DMW] was obtained through the
Vickers hardness experiment in this study. Then, the yield
strength and the strain hardening exponent of the DMW]
were calculated by the theoretical formulas. The sample of
the DMWT] used in the experiment is shown in Figure 2(a).
The experiment was completed at room temperature, and
the indentation morphology of the sample is shown in
Figure 2(b).

Figure 3 shows the distribution of Vickers hardness and
the yield strength distribution in the DMWT] through the
experiment. The yield strength of two base metals and their
HAZ can be obtained according to (2) [31]:

o, =3.28HV - 221. (2)

The yield strength of weld metal Alloy52M can be ob-
tained according to (3) [31]:

0, =3.15HV - 168. (3)

And the strain hardening exponent » can be obtained
according to (4) [32]:

1

" In(1390/0,)’ @

where x=0.163. It is obvious from Figure 3 that welding
causes changes in mechanical properties, especially in HAZ.
In ABAQUS, the continuous transition model of mechanical
properties was established by USDFLD to characterize the
mechanical heterogeneity [15].

2.2. Residual Stress Model. According to the experiments
conducted by researchers of Mitsubishi in Japan, the residual
stress distribution of the DMWT at the safe-end of nuclear
power plants was obtained, including axial and hoop [33].
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Figure 1: DMW] which connects safe-end piping to nozzle of reactor pressure vessel. (a) Pressurized water reactor, (b) DMW] and
sampling position, (c) sample geometric dimensions and three characteristic cracks (mm).
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FIGURE 2: Vickers hardness experiment. (a) Experimental sample and hardness test point, (b) indentation morphology of sample.

Because SCC in DMW]s usually appears on the inner surface
of the piping and cracks along the radial direction, the effect
of the axial residual stress on crack is more critical than that
of the hoop residual stress. Only the axial residual stress is
considered in the finite element analysis in this study.
Figure 4 shows the axial residual stress distribution. It can be
seen that the variation of residual stress is very nonuniform.
The residual stress is applied by the predefined stress field
method in this study to obtain the most accurate residual
stress [20].

2.3. Finite Element Model. The submodel technique was
used to obtain the stress and strain field accurately, and
the submodel was a circle with a radius of 0.1 mm around
the crack tip in finite element analyses. 2D plane strain

()

eight-node isoperimetric elements (CPE8) were adopted
in both the global model and submodel. Figure 5(a) shows
the global model and boundary settings of Crack-1 with
a=8 mm. The X-direction of the left and right boundaries
of the global model was fixed, and the boundary of the
submodel was driven by the calculation results of the
global model. The mesh number of the global model and
the submodel were 4122 and 2320, respectively. The crack
propagation direction and the circle around the crack tip
can be adopted as characteristic paths to observe better the
distribution of the stress and strain around the crack tip
[15, 24]. In this study, Path-1 was extracted as a path from
—90”to 90" at a distance of 0.02 mm from the crack tip, and
Path-2 was extracted as a path along the direction of crack
propagation. The submodel and two paths are shown in
Figure 5(b).
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3. Results and Discussions

Figure 6 shows the yield strength distribution of the DMW]
through the USDFLD in ABAQUS. And the axial residual
stress field of the DMWTJ is shown in Figure 7. It clearly
shows that the continuous transition of the mechanical
properties is realized, and nonuniform residual stress is
applied in numerical calculation.

3.1. Variation of the Stress and Strain along the Crack
Propagation. The energy is released due to the initiation and
propagation of the crack, which breaks the original self-
balanced state of the residual stress, and the residual stress is
redistributed. To investigate the variation law of the residual
stress redistribution with the crack length, the residual stress
along Path-1 of Crack-1 with a=8mm, 16 mm, 24 mm,
32mm, and 40 mm is shown in Figure 8. It can be seen that
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F1GURE 5: Finite element model in numerical simulation. (a) Global model, (b) submodel.
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FIGURE 7: Axial residual stress field of DMW]J.

the crack propagation obviously leads to the redistribution
of the residual stress. Especially, the redistribution of the
residual stress is more apparent when the crack length in-
creases gradually. It should be noted that the residual stress
valley value gradually increases and moves backward with
the increase of the crack length, while the residual stress peak
value decreases and moves slightly forward with the increase
of the crack length. Hence, the residual stress redistribution
leads to larger tensile stress around the crack tip than the
original residual stress, which possibly provides a greater
driving force than expected for the crack propagation. In
addition, the residual stress near the outer wall decreases
with the increase of the crack length. It indicates that the
residual stress near the outer wall is significantly correlated
with the crack length, and the crack propagation state may

be obtained by the residual stress redistribution of the outer
wall of the piping.

In order to investigate the variation law of the mechanical
field around the crack tip of different lengths with residual
stress distribution in more detail, the stress and strain along
Path-1 of cracks at different positions with nine crack lengths
were extracted and compared with the residual stress dis-
tribution. The distribution curves of the Von Mises stress and
the tensile stress at 0.02mm from crack tips on Path-1 for
cracks with different lengths are shown in Figures 9(a) and
9(b), respectively. The Mises stress and the tensile stress of
Crack-1 are much higher than the other two cracks under the
same crack length condition. The stress will be bigger as the
crack tip is located in the region of high residual strength. The
variation trend of the stress with crack length is analogical for
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FIGURE 9: Distribution of the stress around the crack tip with crack length. (a) Von Mises stress, (b) tensile stress.

cracks at different locations. However, the variation ampli-
tude of the crack tip stress of Crack-1 is more severe than
other positions of the crack, while the variation amplitude of
the crack tip stress of Crack-2 and Crack-3 is relatively gentle.
That is to say, there is a big gap between the maximum and the
minimum on Crack-1 curve. This phenomenon is because
Crack-1 is located in the weld metal, and the yield strength is
larger. In other words, the greater yield strength of materials
might induce the higher sensitivity of the stress at the crack tip
to the residual stress. By comparing the residual stress dis-
tribution, it should be noted that the peak and valley values of
the stress separately lag behind two extreme values of the
residual stress distribution. This may be due to the redistri-
bution of the residual stress. But the variation trend of the
stress around the crack tip with the crack length is consistent
with that of the residual stress.

According to the above research, the stresses in the high-
stress zone near the crack tip under the residual stress are
larger than the yield strength corresponding positions, in-
dicating the existence of the plastic zone at the crack tip.
Figures 10(a) and 10(b) show the distribution curves of the
equivalent plastic strain and tensile plastic strain around
crack tip at 0.02mm from crack tips on Path-1 for cracks
with different lengths, respectively. Since Crack-1 is located
in the weld metal Alloy52M with high yield strength and
strain hardening exponent, the plastic strain around the
crack tip of Crack-1 is significantly smaller than that of
Crack-2 and Crack-3, which is opposite to the crack tip
stress. But the variation trend of the crack tip plastic strain at
different positions with the crack length is analogical.
Nevertheless, the variation amplitude of the crack tip plastic
strain at three positions is diverse, and the variation
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F1Gure 10: Distribution of the plastic strain around the crack tip with crack length. (a) Equivalent plastic strain, (b) tensile plastic strain.

amplitude of the crack tip plastic strain of Crack-3 is more
severe. This phenomenon may be due to the fact that crack3
is located in an area with low yield strength, which results in
a higher sensitivity of the crack tip plastic strain to the
residual stress. The variation trend of the plastic strain is the
same as the distribution of the axial residual stress but
slightly lagging behind, and the residual stress noticeably
affects the plastic strain around the crack tip.

3.2. Strain Field around the Crack Tip. Figure 11 shows the
tensile plastic strain contours of three cracks with a = 40 mm.
It illustrates that the tensile plastic strain contour of Crack-1
is symmetrical. However, the tensile plastic strain contours
of Crack-2 and Crack-3 are asymmetrical. Combined with
the mechanical heterogeneity, the yield strength and strain
hardening exponent on the left side of the crack tip of Crack-
2 and Crack-3 are obviously lower than that on the right side.
Consequently, the tensile plastic strain on the left side of the
crack tip is noticeably bigger than that on the right side. It
indicates the mechanical heterogeneity has evidently an
effect on the tensile plastic strain around the crack tip. The
crack in HAZ of 316L may propagate to the base metal, while
the crack in the A508-Alloy52 M interface may propagate to
the weld metal. In other words, the crack may propagate to
the region of larger tensile plastic strain. Experiments by
some scholars have also confirmed this point: the propa-
gation direction of cracks will be obviously changed by the
mechanical heterogeneity caused by welding. Cracks located
at or near the interface always deviate to the materials with
lower strength [34, 35].

In order to investigate plastic strain near the crack tip of
different lengths under the interaction of the mechanical
heterogeneity and the residual stress in more detail, cracks with
a=8mm, 16 mm, 24 mm, 32 mm, and 40 mm are selected for
analysis. The tensile plastic strain of three cracks along Path-1 is
shown in Figure 12. It clearly shows that there is a high strain
area near the crack tip, and the plastic strain decreases sharply
as it is far from the crack tip. For the maximum and minimum

of the tensile plastic strain when a=8mm and a=32mm,
respectively, and when a=8mm and a=16 mm, the tensile
plastic strain is approximately the same. Compared with the
residual stress distribution in Figure 4, the residual stress at
8 mm, 16 mm, and 40 mm from the inner surface of the piping
is bigger than that at 24 mm and 32 mm. The tensile plastic
strain of cracks with a=8 mm, 16 mm, and 40 mm is bigger,
while the tensile plastic strain of cracks with a=24 mm and
32mm is smaller. It illustrates that the residual stress will
obviously affect the magnitude of the stress and strain at the
crack tip. The stress and strain at the crack tip do not simply
increase with the increase of the crack length under the residual
stress. Due to the redistribution of the residual stress, the degree
of drop in the plastic strain at different crack tips is different,
and the variation trend of the plastic strain lags behind that of
the residual stress.

Figure 13(a) shows the tensile plastic strain of Crack-1
along Path-2. Since Crack-1 is located in weld metal
Alloy52M, the local mechanical properties around the crack
tip are almost identical, and the distribution of the tensile
strain on both sides of the crack tip is symmetrical. The
tensile plastic strains of Crack-2 and Crack-3 along Path-2
are shown in Figures 13(b) and 13(c), respectively. Crack-2 is
located in the HAZ of 316L, and the yield strength and strain
hardening exponent of the local area on the left side of the
crack tip are lower. Crack-3 is located at the interface of
A508-Alloy52Mb. Welding makes the local area of the base
metal A508 appear high hardness, and the yield strength and
strain hardening exponent in this area increase suddenly.
For this reason, the tensile plastic strain on the left side of the
crack tip is patently greater than that on the right side.
However, it should be noted that the difference is smaller
when a=24mm and 32 mm. According to Figure 4, it is
clear that the mechanical heterogeneity has a weak effect on
the plastic strain around the crack tip under smaller residual
stress. But bigger residual stress leads to greater tensile
plastic strain and greater difference of the plastic strain on
both sides of the crack tip. In other words, the asymmetrical
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FiGure 11: Tensile plastic strain contours of cracks with a =40 mm. (a) Crack-1, (b) Crack-2, (c) Crack-3.

0.004

o
=
S
@

Tensile plastic strain (g;;)

=4
(=1
(=]
—_

0.000 L L
0.01 0.04 0.07
Distance from Pipe Inside to Outside (d (mm))
—o— a=8 —v— a=32
—o— a=16 —o— a=40
—a— a=24

FiGURE 12:

(Avg: 75%)

+1.0e+01
+3.5e-03
+2.5e-03
+1.5e-03
+5.0e-04
+1.0e-04
+00e+00

g
=3
S
)

Tensile plastic strain (¢;;)

0.001

0.000 L L
0.01 0.04 0.07
Distance from Pipe Inside to Outside (d (mm))
—o— =8 —v— a=32
—o— a=16 —o— a=40
—a— =24
(b)
Continued.



Science and Technology of Nuclear Installations

%p
20.004 |2,
= A
g & 28
g IR
2 Y \A \g\
] 'V\V\A\ \o\
w
% I \V\A\ o\o\
o 0.002 F A 0,
=z V\;kk §gEEi\
o A N
& \VNRK op, S
B, e
~ \g\A\A:sﬁ\«g\\ﬁgga
\V\Q:Q\A_
5
0.000 L L
0.01 0.04 0.07 0.10
Distance from Pipe Inside to Outside (d (mm))
—o— g=8 —v— a=32
—o— a=16 —o— a=40
—a— a=24

(c)

FiGure 12: Tensile plastic strain along Path-1. (a) Crack-1, (b) Crack-2, and (c) Crack-3.

0.03 0.045
a
= = D%%&gtﬂ\
& & 3
= 0.02 = 0.030 D/ d\u
: E foy
"é é /AAAAA
= = f L7770
o o ZE
= 0.01 = 0.015 7 \
g : FN
= = i
g 3
2
A/'V ¥
24
4830305908667
0.00 0.000 L L L
-90 -60 -30 0 30 60 90 -90 0 30 60 90
The angle around crack tip (°) The angle around crack tip (°)
—o— a=8 —v— a=32 —o— a=8 —v— a=32
—o— a=16 —o— a=40 —o— a=16 —o— a=40
—a— a=24 —a— a=24

()

(®)

FiGgure 13: Continued.



10

0.045

Science and Technology of Nuclear Installations

0.030

0.015

Tensile plastic strain (g;;)

The angle around crack tip (°)

0.000
-90
—o— a=8
—o— a=16
—a— a=24

(c)

—v— a=32
—o— a=40

FIGURE 13: Tensile plastic strain along Path-2. (a) Crack-1, (b) Crack-2, (c) Crack-3.

effect of the mechanical heterogeneity on the stress and
strain field at the crack tip is more pronounced. Larger
residual stress promotes the effect of mechanical
heterogeneity.

4. Conclusion

In this study, the dual-field coupling between the mechanical
heterogeneity and the residual stress of the DMW] is realized by
USDELD and the predefined stress field method. The me-
chanical field of cracks at three characteristic positions in the
DMWTJ under the interaction is investigated by the submodel
technique. The main results are summarized as follows:

(1) The maximum of the residual stress decreases due to
the residual stress redistribution. Conversely, the
minimum of the residual stress increases. The var-
iation trend of the crack tip stress and strain with
crack length is basically consistent with that of the
residual stress. However, the residual stress is
redistributed due to cracks propagation, and the
variation trend of the stress and strain at the crack tip
with the crack length is slightly lagging behind that of
the residual stress. Furthermore, the greater yield
strength of materials might induce the higher sen-
sitivity of the crack tip stress to the residual stress and
reduce the sensitivity of the crack tip strain to the
residual stress.

(2) A smaller crack tip stress in HAZ of 316L or A508-
alloy52 M interface: conversely, a larger crack tip
stress exists in Alloy52 M, which provides a higher
propagation driving force for cracks in the weld
metal. Cracks located in the weld metal are more
dangerous and worthy of concern.

(3) The plastic strain distribution on both sides of the
crack tip is asymmetric because of the mechanical

heterogeneity. The larger residual stress will result in
a more prominent asymmetric effect of mechanical
heterogeneity. Larger residual stress promotes the
effect of mechanical heterogeneity, and the crack
tends to propagate to the region of lower yield
strength.

Data Availability
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