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The material mechanical properties and crack propagation behavior of dissimilar metal welded joint (DMW]) of pressurized water
reactor (PWR) was investigated. In this research, the mechanical parameters of the cladding layer materials (304L-SA508) of the
DMWT] in PWRs were obtained by the continuous indentation test. Simultaneously, the user-defined (USDFLD) subroutine in
ABAQUS was used to establish the heterogeneous materials model of the welded joint. On this basis, the local crack propagation
path of DMWT s has been discussed based on the extended finite element method (XFEM). The result indicated that the strength
value at the fusion boundary line (FB line) is the largest, and the yield strength reaches 689 MPa. The yield stress values of the
cladding metal (304 L) and base metal (SA508) are 371 MPa and 501 MPa, respectively. Affected by the material constraint effect of
the DMW], the crack will propagate through the FB line when the initial crack is perpendicular to the FB line. And when the initial
crack parallels the FB line, the crack will deviate from it. Meanwhile, the crack propagation length is smaller as the initial crack tip
is closer to the FB line when the load condition is constant.

1. Introduction

Dissimilar metal welded joints (DMW ]s) are widely used to
connect different metal materials in many engineering
structural components, such as reactor pressure vessels
(RPV) and pipes [1-3]. Moreover, nickel-base alloys such as
Alloy 152/52M, Alloy 309 L/308 L, and Alloy 182/82 have
been widely used as weld metals [4, 5]. During the welding
and service process of such structures, flaws such as cracks
may occur in DMWT]s due to the influence of microstructure
and mechanical property inhomogeneity. It is demonstrated
in several experiences of nuclear power plants (NPPs) that
the weld zone is more susceptible to stress corrosion
cracking (SCC) caused by hydrochemistry, material, and
mechanical factors, which seriously threatens the safe op-
eration of in-service NPPs [6-10], as shown in Figure 1.

Therefore, it is great to assess structural integrity accurately
for such DMWT]s with cracks.

Accurately measuring the material mechanical proper-
ties of the critical components of the welded joint in the
main pipeline of the in-service NPP is an effective means to
ensure its safe operation. Several studies have demonstrated
that the mechanical properties in the heat-affected zone
(HAZ) of DMW]s become complex, which extremely affects
the structural integrity of critical components in PWRs
[11-13]. In addition, the material constraint effect of the
DMWT] will lead to the uneven distribution of stress-strain
conditions around the tip of the crack, which is one of the
main factors affecting SCC [14-16]. In previous studies,
some scholars have attempted to obtain the material me-
chanical properties of DMW]s by microhardness test or
mini-sized tensile test [2, 17, 18], and the experiments in this
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field have shown that the strength of the weld zone and HAZ
has changed dramatically. Nevertheless, the welded joint
needs to be sliced in different positions, releasing residual
stress and changing mechanical properties of the welded
joint. The continuous indentation test is known as the
“probe of material mechanical properties,” which can ef-
fectively characterize the material mechanical properties of
metals and compound materials [19-22]. Xue et al. [20]
carried out tensile work hardening and continuous inden-
tation tests on nuclear-grade austenitic stainless steel (316 L).
The results indicated that the deviation of yield strength and
tensile strength obtained by the continuous indentation test
is within the allowable error range. In this study, the me-
chanical properties such as yield strength o, and tensile
strength ¢, of the cladding layer of the DMW] in PWRs were
obtained by the continuous indentation test.

More recently, several scholars have been devoted to
understanding the mechanism of the crack propagation
behavior in DMWTs to avoid the sudden fracture failure in
the weld zone by SCC in PWRs [23-26]. Fan et al. [27, 28]
investigated the effects of work hardening mismatch on
fracture resistance behavior of cracks in bimaterial interface
zone based on the Gurson-Tvergaard—-Needleman ductile
damage mechanics model. The results indicated that the
work hardening mismatch influences the crack growth path.
In addition, it is an effective means for the numerical
simulation of the crack propagation behavior in DMWT]s
based on the extended finite element method (XFEM). Yang
et al. [29] studied three-point bending specimens with the
material mechanical properties mismatch by XFEM. The
results illustrated that the specimens with larger ultimate
tensile strength mismatch are prone to interface crack
propagation. The effect of elastic modulus mismatch on
crack propagation can be ignored. To date, little literature
could be found on the crack propagation behavior of
DMWTs with heterogeneous materials.

In this study, the local mechanical properties of the
cladding layer of the DMWT] were obtained by continuous
indentation test, and the heterogeneous material model of
the DMW] was established by the user-defined field
(USDFLD) subroutine for numerical simulation test. Since
then, the local crack propagation behavior in DMW]s has
been discussed based on XFEM.

2. Continuous Indentation Test

As schematically shown in Figure 2, the pipe-nozzle material
of the SA508-52M-316L DMW] is low-alloy steel (SA508),
and the safety end pipe material is austenitic stainless steel
(316 L). The DMW] is prepared by deposition a buttering
layer on the surface of SA508 by gas tungsten arc welding
(GTAW; 120-160 A, 10-12V, 1.85mm/s, and interpass
temperature <203°C). Then a heat treatment (keep at 610°C
for 15h, then cool the furnace to 300°C) was conducted on
the buttering to relieve the residual stress. By performing
multilayer welding on GTAW, the buttering layer is con-
nected to the safety end pipe, but the buttering layer and the
multilayer is the nickel-base alloy (Alloy 52 M). To prevent
corrosion of the inner surface of the pipe nozzle and local
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FIGURE 2: Stainless steel cladding layer specimen of welded joint of
the pressure vessel (C, circumferential; R, radial direction; and A,
axial direction).

welded joint, electrode arc welding is used to deposit a layer
of austenitic stain steel (304 L) on its surface with a thickness
of 85mm. There is a fusion zone with a width of
0.02mm~0.2 mm near the fusion boundary line (FB line)
and a width of 2 mm~3 mm of HAZ on the side of the base
metal [2, 7].

More recently, the continuous indentation test, widely
used to obtain material mechanical properties [20-23],
obtained the multicycle load-depth (P — k) curve by pressing
the indenter vertically into the same test point on the surface
of the metal specimen with a specific cyclic load. The elastic
modulus E, yield strength o), and tensile strength o, of the
metal can be determined by transforming the multicycle
load-depth (P — h) curves into the characteristic stress-strain
(0—¢) curves. Tabor et al. [30] have proposed that the
characteristic stress o, of indentation was replaced by the
ratio of load and contact region under the case of complete
plastic deformation, and the calculation equation is as

follows:
1F 1 F
= === —7, 1
"TYATVY M

where F is the indenter load value; a is the contact radius
between the indenter and specimen when considering the
deformation of the region around the indentation; V¥ is the
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plastic constraint factor, which is related to the yield strain
and strain hardening exponent # of the metal specimen; and
¥ =3 was defined in NPR-ISO/TR 29381 [31, 32]. The
characteristic stress ¢, of indentation was proposed by AHN
[33] based on the concept of shear strain at the contact edge,
which can be expressed as follows:

1 a
, = @———— —=qtany, (2)

V1 - (a/R? R

where tany is the shear strain of the contact edge and a is a
constant independent of the metal specimen, which «=0.14
was defined in NPR-ISO/TR 29381 [32].

In this study, the array indentation test points were set at
the welded joint to characterize the material mechanical
properties of the base metal, weld zone, and HAZ of the
welded joints, as shown in Figure 3. In order to avoid the
influence of indentation interval on the measurement ac-
curacy of the continuous indentation test, the interval be-
tween two columns of indentation test points was set to
1.25mm, and the vertical interval was set to 1.5 mm. A total
of six arrays were set up, and the data obtained from the test
points in the same column were averaged. Dao et al. [34]
characterized true stress-strain curve by improved elastic-
plastic model, which is adapted to characterization the
mechanical properties of DMW]s in PWRs; the equation is

as follows:
Ee, Ke",
o=

O'SO'y, a>ay, (3)

_ _ n
o, = Esy = Key,

where K is the strength factor and # is the strain hardening
exponent. The improved elastic-plastic model based on the
method of characterizing stress and strain is as follows:

E n
0,=oy(l+asr) . (4)
y

The tensile strength o, is the maximum value in the
engineering stress-strain curve. The derivation of engi-
neering stress can be derived as n=1In(1 +¢,) =¢, when e=n,
the tensile strength.

n n
o-s)
where e is the natural index.

According to equations (4) and (5), the yield strength o,
and tensile strength ¢, of DMW]Js in PWRs obtained by the
continuous indentation test are illustrated in Figures 4 and 5,
respectively. The yield strength displayed in Figure 4, which
in the HAZ is greater than that of the base metal, reached the
maximum value (689 MPa) at the FB line. Simultaneously,
the yield strength fluctuated significantly in the HAZ and its
adjacent regions, which reached stability at about 5 mm from
the FB line. The yield stress values of the cladding metal
(304 L) and base metal (SA508) are 371 MPa and 501 MPa,
respectively. It is indicated that the yield strength uneven
distribution within 5mm on both sides of the FB line of
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FiGure 3: The distribution diagram of the continuous indentation
test point.
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FIGURE 4: Local yield strength o, distribution of welded joints at
different positions from the FB line.

DMWT]Js in PWRs. In addition, the yield strength decreases
monotonically in the range of 2.5 mm~5 mm on both sides
of the FB line, and the material at a distance of 5mm from
the FB line is homogeneous. It can be seen from Figure 5 that
the tensile strength value near the FB line of DMWT]s in-
creases significantly and reaches the maximum at the po-
sition at FB line, which is similar to the yield strength
distribution of DMWTs. The tensile strength value of the
welded joint tends to be gentle the farther away from the FB
line and reaches a stable value at about 5 mm from the FB
line.
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3. Calculation Model

3.1. Geometric Model. Compact tension (CT) specimen is
usually used in SCC experiments in high temperature of
PWRs [14, 35]. A typical DMWTJ in PWRs has a pipe inner
diameter of 834.6 mm and a wall thickness of 83.5 mm. The
welded joint can be simplified as a two-dimensional plane
strain model when the inner diameter of the pipe is greater
than the crack length (a =2 mm). Because of the limitation
in the size of the DMWTJ in PWRs, the 0.5T-CT specimen
with prefabricated crack is adopted in this numerical sim-
ulation test according to the American Society for Testing
and Materials Standards [36]. Figures 6(a) and 6(b) exhibit
the finite element geometric model with the transverse or
longitudinal prefabricated crack, respectively, where x is the
distance of the crack tip to the FB line.

3.2. FEM Model. The XFEM is different from the traditional
finite element method. It requires low mesh density at the
crack tip and does not need remeshing during crack
propagation [29, 37]. The global grid for a specimen con-
taining cracks is shown in Figure 7, where the crack
propagates along the X-direction, and the Y-direction is the
normal direction of the crack at the coordinate system.
According to Mose’s [38] research, the finite element size
near the crack tip significantly impacts the numerical
simulation results. The finite element model with 44,706
nodes of 4-node biquadratic plane strain quadrilateral
(CPE4), and the element size of the crack propagation zone

is 0.08 X 0.08 mm. To contend the finite element model to
convergence effect, 3 mm load displacement is adopted to
the loading hole in Y-direction, and the velocity is 0.1 mm/s.
All other motions of the center point are restrained except
the vertical direction. Simultaneously, the coupling con-
straint was defined between the center point and the loaded
hole.

3.3. Heterogeneous Material Model. Many material consti-
tutive models have been provided to users in ABAQUS, but
they are only adopted to homogeneous metals. Nevertheless,
the material mechanical properties at DMW]s are hetero-
geneous, which has been verified by the continuous in-
dentation test. In this research, a heterogeneous material
model of the DMW] has been established based on the
USDFLD subroutine. The subroutine flowchart is shown in
Figure 8, which is programmed in the FORTRAN language
[39].

Firstly, the heterogeneous materials of DMW]s are
related to the finite element coordinate position, and the
functional relationship is established. In this research,
equations (6) and (7) between the finite element X-co-
ordinate Ux and the strength parameters (o, and o,)
shown in Figures 4 and 5 are established; the strain
hardening exponent n and Poisson ratio are set to con-
stant 0.135 and 0.3, respectively. Since then, the pre-
defined material “MAT” in the FEM model has been
invoked by the state variable STATEV (x) for the field
variable f(x) [40].
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f(o) =1

3.4. Damage Modelin XFEM. The damage model in XFEM is
used to define the damage and final failure process of the
simulated damage element. Its failure mechanism includes
damage initial criterion and damage evolution law. When
the initial damage criterion is satisfied, the damage will occur
according to the defined damage evolution law.

3.4.1. Crack Initiation Criterion and Crack Propagation
Direction. The stress intensity factor K is the criterion of
crack initiation when dealing with the numerical simulation
of the crack initiation of the DMWT] in PWRs. The crack will
initiate propagation behavior until the stress intensity factor
reaches the threshold value Kjc. Since the stress intensity
factor is mainly determined by the maximum principal stress
at the crack tip, the maximum principal stress is selected as
the initiation criterion in the XFEM damage model [37, 39].

f= {<03“">}, ®)

o

max

where 0y max is critical maximum principal stress, 0,y is
the maximum principal stress, the Macaulay brackets { )

is used to indicate that the pure compressive stress state is
not initial damage, and fis a fracture criterion based on the
ratio of the maximum principal stress; it will cause crack
initiation when f> 1. In this research, the crack is Model I,
and the maximum principal stress equals the tensile
strength. The tensile strength uneven distribution of DMW]
in the heterogeneous material model is shown in Figure 6.

3.4.2. Damage Evolution Law. The crack propagation is
determined by calculating whether the equivalent strain
energy release rate Gequy reaches the critical equivalent
strain energy release rate Gequivc. Moreover, the critical
equivalent strain energy release rates Gic, Guc, and Gc
reflect the fracture resistance of materials during crack
propagation. The power law based on energy is involved in
this research to the crack propagation after the crack
initiates.
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GequivC GIC GHC GHIC ’
where a,,, a,,, and g, are damage exponents. In this research,
the crack is Model I, so only the first item in equation (9) is
adopted. According to Irwin [41], the plastic energy and
crack surface energy of material loss are constant during

crack propagation, and the critical energy release rate reflects
the fracture resistance of material during crack propagation.

dI1 Al ATl
=- lim —=- lim —; (10)
dA AA—0 AA AA—0 BAa
where AA is crack surface area; II=U— W is potential en-
ergy, Uis strain energy of the crack and W is external work; B
is the crack width; and a is the crack length. Yang et al. [29]
adopted the virtual crack closure technique (VCCT) with
two steps for obviously the fracture energy release rate G:
[L- 1L
G=————, 11
BAa ()
where IT, and IT, are the potential energy in steps 2 and 1,
respectively.

4. Results and Discussion

Based on the heterogeneous material model, the crack
propagation behavior in DMW] specimens with pre-
fabricated transverse and longitudinal cracks was discussed
by the elastic-plastic extension finite element method.

4.1. The Propagation Path of Transverse Crack. Figure 9
shows the crack propagation paths and tensile stress dis-
tribution of the transverse crack, where the crack propa-
gation does not deviate from the initiation direction. It
illustrated that the crack propagation does not occur the
deflection propagation behavior when the crack propagation
direction is consistent with the change direction of me-
chanical properties, which has been identified in the pre-
vious literature. Some studies indicated that although the FB
line hinders crack propagation, the crack will propagate
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FIGURE 9: Crack extension path and tensile stress distribution of transverse cracks: (a) x=0.6, (b) x=1.2, (¢) x=1.8, and (d) x=2.4.

through the FB line and continue to propagate along the
initiation direction [4, 42]. In addition, the large tensile
stress concentration at the crack tip and the specimen
boundary along the crack front were subjected to com-
pressive stress.

The length of the crack propagation varies with the
loading hole displacement load on the CT specimen as
shown in Figure 10, which can be seen that the crack
propagation length is the same when the initial crack tip is
1.2 mm, 1.8 mm, and 2.4 mm away from the FB line, and the
minimum is when the distance is 0.6 mm. It indicated that
the crack propagation length is smaller as the initial
transverse crack tip is closer to the FB line under the same
load condition. The transverse crack propagation to the FB
line in Figure 10 has been marked with black symbols, which
demonstrates that the crack propagation behavior in
DMWT]s would continue to propagate through the FB line in
the PWRs. Some previous studies have revealed that the
crack gradually propagates through the FB line and the
dilution zone (DZ) of the base metal after initiation
[2, 43, 44].

They are combined with the local strength distribution of
DMWT]Js in PWRs as shown in Figures 4 and 5, where the
strength (yield strength 0, and tensile strength ¢, at the FB
line is the largest. Therefore, the numerical simulation re-
sults show that the transverse crack could propagate from
low to high strength region and continue to propagate to the
low strength zone after growth through the highest strength
zone, which has been identified in the previous literature.
Seifert et al. proposed that the SCC in weld metal very easily
crossed the fusion line and further propagated with a high

14
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FIGUure 10: The crack propagation length curves with the dis-
placement load.

growth rate as a transgranular crack into the heat-affected
zone and base material of the adjacent low-alloy steel [45].

It should be noticed that the crack propagation length
I in DMWTJs varies significantly with unit displacement
load (U,) in the near zone of the FB line from Figure 10.
To characterize the variation of crack growth length with
displacement load in detail, the slope of the four curves



(k=Al/AU,) shown in Figure 10 is set to crack growth
length under unit displacement load. Figure 11 shows the
variation of crack propagation length with unit-load
displacement, where the value of k changes dramatically
near the FB line. Combining with the strength distri-
bution of DMWTJs in PWRs as shown in Figures 4 and 5,
the crack growth length of unit load displacement is
relatively small before reaching the FB line and the crack
propagation from low to high strength in this region.
Previous studies have revealed that the FB line hinders
crack growth perpendicular to the FB line, most likely
because the complex stress-strain field at crack tip and
oxidation along the FB increase the crack growth distance
[7, 43, 46]. Conversely, the crack propagation length
suddenly increases when the crack crosses the FB line,
and then the crack propagates from the high to low
strength region. It demonstrated that the crack propa-
gation length is mainly affected by the uneven distri-
bution of the strength in the DMW]. It changes suddenly
when the crack propagates to the FB line, and it is sus-
tained changes on both sides of the FB line.

4.2. The Mechanical Characteristic at the Transverse Crack Tip.
Previous studies have shown that the stress-strain condition
at the crack tip is one of the main factors affecting the crack
propagation behavior. It can be seen from the local am-
plification diagram in Figure 10 that the displacement loads
are different at the crack initiation point when the initial
crack is at a different distance from the FB line. Simulta-
neously, it is shown in Figure 11 that the crack propagation
length (k) is also different at the crack initiation point.
Therefore, the Mises stress 0, and equivalent plastic strain
£cq curves at the tip of the transverse cracks are investigated
in this research.

Figure 12 shows the Mises stress 0,,, curves of 0.2 mm in
front of transverse cracks, which indicates that the Mises
stress decreases with the increase of the distance from the
crack tip. The Mises stress is the largest when the transverse
crack tip is 0.6 mm from the FB line, which indicates that the
closer the transverse crack is to the fusion line, the larger stress
is required for the crack initiation behavior. It means that the
closer the transverse crack from the FB line, the more difficult
it is to initiate behavior under the same load conditions.

The equivalent plastic strain e.q curves at the crack tip
front of the transverse cracks are shown in Figure 13, where
the value curves are the largest when the transverse crack tip
is 0.6 mm from the FB line. The equivalent plastic strain
curves coincided with the transverse crack tips 1.2 mm and
1.8mm away from the FB line. The distribution of the
equivalent plastic strain curves in Figure 13 is consistent
with the displacement of the crack initiation behavior in
Figure 10. It can be seen that the larger the equivalent plastic
strain at the front of the transverse crack, the larger the
displacement load of the crack initiation behavior.

The previous section mentioned that the transverse crack
in weld metal would continue to propagate in the base metal
through the FB line. The stress-strain condition is concerned
by many scholars when the crack propagates to the FB line.
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FIGURE 12: Mises stress curves at the front of initiation crack tip.

Figure 14 illustrates the Mises stress ¢, curves of 0.2 mm in
front of transverse cracks when the crack propagates to the
FB line, where the Mises stress decreases with the distance
from the crack tip. It can be seen from Figure 14 that the
Mises stress at the crack tip front increases with the in-
creasing length of the initial transverse cracks distance from
the FB line. It indicates that a larger driving force is required
for crack propagation behavior when the crack propagates to
the FB line. It also verifies the conclusions of previous studies
that the FB line hinders crack growth [43, 47].

Figure 15 illustrates the equivalent plastic strain e.q
curves in front of transverse cracks when the crack prop-
agates to the FB line. The equivalent plastic strain e.q value is
larger when the initial transverse crack is closer to the FB
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line. The distribution of the equivalent plastic strain curves
in Figure 15 is consistent with the displacement of the
transverse crack propagation to the FB line in Figure 10. It
can be seen that the displacement load is larger when cracks
are propagated to the FB line and the equivalent plastic
strain value is larger at the transverse crack front.

4.3. The Propagation Path of Longitudinal Crack. The crack
propagation path and tensile stress distribution of the
longitudinal cracks are shown in Figure 16, where the
initial crack propagation is along the X-direction. Nev-
ertheless, the material mechanical properties change
along the Y-direction, which is perpendicular to the crack
propagation direction. The extension path of longitudinal

cracks in the weld metal is shown in Figures 16(a)-16(c).
It can be seen that the longitudinal cracks in weld metal
deflect away from the FB line. In addition, the longitu-
dinal cracks in base metal deflect away from the FB line,
as shown in Figures 16(d)-16(f). Previous researches
have focused on the effect of the strength mismatch on the
crack propagation path, and the results indicated that the
crack tends to deflect along the low yield strength side
[29, 48].

Extract the longitudinal crack extension paths in the
two-dimensional plane as shown in Figure 17, where the
longitudinal cracks in the DMWT] will deviate from the initial
crack direction and propagate along the direction away from
the FB line. It indicates that the noninterface cracks in
DMWT]s do not propagate through the FB line. Combined
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with the strength distribution of DMWTJs shown in Figures 4
and 5, the yield strength and tensile strength decreased
gradually on both sides of the FB line, since the longitudinal
cracks in the welded joints will deflect along the side with
smaller strength. In addition, the yield strength at the FB line
is 188 MPa larger than that of base metal (SA508) and

318 MPa larger than that of weld metal (304L) in Figure 4;
the deflection amplitude of longitudinal cracks in weld metal
was larger than that in base metal. It indicated that the
uneven distribution of yield strength in DMWT]s is one of the
main factors affecting the deflection amplitude of crack
propagation. It is also worth noticing in Figure 17 that the
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crack extension length is smaller as the noninterface crack is
closer to the FB line under the same displacement load
condition.

5. Conclusions

The main acquired results are summarized as follows:

(1) The mechanical properties of DMW] were obtained
by the continuous ball indentation test. The results
indicated that the strength value at the FB line reaches
a maximum, and the yield strength maximum is
689 MPa. The region of 5 mm from the FB line can be
considered homogeneous metal, and the yield stress
values of the cladding metal (304 L) and base metal
(SA508) are 371 MPa and 501 MPa, respectively.

(2) When the initial transverse cracks are perpendicular
to the FB line, the transverse crack propagates
through the FB line, and the crack propagation does
not deviate from the initial direction. At the initi-
ation point, the stress and strain values at the tip of
the transverse crack are larger as the initial crack is
closer to the FB line. Conversely, the stress and strain
values at the tip of transverse cracks are smaller when
the crack propagates to the FB line.

(3) Since the uneven distribution of material properties
of DMWTJs in PWRs, the crack growth length with
displacement load will change dramatically at the FB
line. The crack growth length is released and in-
creases suddenly when the crack extension through
the FB line from the weld metal to the base metal
region, and the rate gradually decreases in the base
metal region.

(4) When the initial longitudinal cracks parallel the FB
line, the propagation of the longitudinal cracks will
deviate from the initial direction. The initial longi-
tudinal crack is located in the base metal or weld
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metal, and the crack will deviate away from the FB
line. In addition, the crack propagation length is
smaller as the noninterface crack is closer to the FB
line under the same load conditions.

Data Availability

The mechanical property parameters of welded joints were
obtained based on continuous ball indentation tests, which
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