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Abstract In this work, a set of GTN (Gurson-Tvergaard—Needleman) parameters of the Alloy52M dissimilar metal
welded joint (DMW]J) have been calibrated, and a micromechanical analysis of in-plane constraint effects on the local
fracture behavior of two cracks, which located in the weakest regions of the DMW]J, has been investigated by the local
approach based on the GTN damage model. The results show that the partition of the material and the variation of the g,
parameter make the J-resistance curves obtained by numerical simulations close to the experimental values. The numerical
J-resistance curves and crack growth paths are consistent with the experiment results, which show that the GTN damage
model can incorporate the in-plane constraint effect. Furthermore, after the stress, strain and damage fields at the crack tip
during the crack propagation process have been calculated, and the change of the J-resistance curves, crack growth paths

and fracture mechanism with in-plane constraint have been analyzed.

KEY WORDS: Micromechanical analysis; In-plane constraint; Fracture behavior; Dissimilar metal welded
joint; GTN (Gurson-Tvergaard-Needleman) damage model

1 Introduction

The dissimilar metal weld joint (DMW]J) is an indispens-
able part of the nuclear power plants (NPPs) and has been
widely used in the primary water systems for connecting
the pipe-nozzle to the safe end. But due to the harsh service
environment and the highly heterogeneity of microstruc-
ture, mechanical and fracture properties, the DMW] is also
the vulnerable component of the NPPs. Different types of
defects such as axial and circumferential defects have been
found in the DMWTI [1, 2], and serious leakage events were
reported [3, 4]. Thus, the DMWIJ was treated as a key
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component of design, fabrication, inspection and monitor-
ing in many countries, and the JAEA (International Atomic
Energy Agency) Safety Standards pointed that the rea-
sonable evaluation of the DMWI is one of the key factors
for the safe operation of the NPPs [5].

However, in the present integrity assessment methods,
the particular assessment method for the DMW] has not yet
been provided. The joint is often simplified as a sandwich
composite composed of base metal and weld metal; the
interface region and heat-affected-zone (HAZ) are ignored.
But the recent studies showed that the heat flow and ele-
ment migration during welding process led to the complex
microstructures and sharp fluctuation of mechanical prop-
erty in the interface regions and HAZ, the ignored zone
with the lowest J-resistance curves were the weakest
locations of the DMW] [6-8].

On the other hand, the complex geometry structures of
the safe end are often simplified as a straight pipe in the
present integrity assessment methods, and the effect of
crack-tip constraint has not been taken into account
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accurately. Constraint is the resistance of structure against
plastic deformation [9]. According to the crack plane, it can
be divided into two conditions of in-plane and out-of-plane.
The in-plane constraint relates to the specimen dimension
in the direction of growing crack, while the out-of-plane
constraint relates to the specimen dimension parallel to the
crack front. The loss of constraint can increase the load-
bearing capacity of the cracked components. In the DMW]J,
both in-plane and out-of-plane constraints generally exist.
Thus, the simplified method can result in too conservative
or non-conservative results inevitably.

Therefore, it is critical and essential to develop an
accurate structural integrity assessment method, which
considers the constraint, complex microstructures and the
sharp fluctuation of mechanical property for the DMWJ.
For this, the fracture behavior of cracks with different
constraints which located in the weakest locations of the
DMW!] needs to be clarified firstly.

In previous study, the fracture behavior of cracks loca-
ted in various locations of DMWIJ has been extensively
studied. The results showed that the stress and strain fields
at crack tip, crack growth paths and J-resistance curves
were related to the microstructure of DMWI at different
locations [10-12]. When the initial crack located in the
base metal or the center of the weld metal, the crack-tip
plastic and damage zones were symmetrical, the crack
propagated along the initial crack plane and the J-resis-
tance curve was high [13]. When the initial crack located in
the interface or the near interface zone, the crack-tip plastic
and damage zones were asymmetric, the crack growth path
had a significant deviation phenomenon and the J-resis-
tance curve was lower [14, 15]. When the initial crack
located in the fusion line, a symmetrical plastic zone
occurred at the crack tip firstly. With the propagation of
crack, the plastic zone become asymmetric, and the crack
growth path was deflected [16, 17]. When the initial crack
located in the heat-affected-zone, the plastic zone was
asymmetric, and the crack deviated to the weld interface
rapidly [16-18]. Unfortunately, in these studies, the effect
of constraint on fracture behavior has not been considered.

On the other hand, much research has been done on the
effect of constraint on the local fracture resistance of
homogeneous materials, and the fracture mechanics have
been developed from single-parameter to the two parame-
ters, three parameters, and the unified parameter which can
characterize both in-plane and out-of-plane constraints, as
shown in Fig. 1. However, these studies are only focused
on the homogeneous material or similar metal welded joint,
and the DMWJ with complex microstructures has not been
considered.

Only limited studies about the effect of constraint on the
local fracture behavior of DMW]J can be found in the lit-
erature. Keinanen et al. [19] tested the J-resistances of the
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DMWI] with different constraints, Blouin et al. [20] tested a
large number of specimens with various types and crack
locations at low temperature, and Wang et al. [21] studied
the ductile crack growth of a DMWIJ with different crack
depths. More recently, the authors [22, 23] investigated the
effect of constraint on the local fracture resistances of two
cracks which located in the weakest regions of an
Alloy52M DMW!I by experiment. The results showed that
with increasing constraint, the fracture mechanism of the
two cracks changed from ductile fracture through mixed
ductile and brittle fracture to brittle fracture, and led to the
decrease in fracture toughness rapidly. It is dangerous if
this change was ignored. Thus, for accurate failure
assessment of the DMW], the effects of constraint on the
fracture behavior of cracks which located in the weakest
location of DMWI need to be investigated systematically.

However, it is time consuming and difficult for a large
number of fracture mechanic experiments, and the stress,
strain and damage fields at the crack tip during the fracture
process cannot be obtained by experiment directly. Fortu-
nately, the local approach based on GTN (Gurson-Tver-
gaard—Needleman) damage model has been widely used to
study the fracture behavior of materials under different con-
straint conditions successfully [24]. If a set of GTN parame-
ters of the DMWIJ were calibrated, the fracture behavior of
DMW!]J under different constraints can be obtained.

In this work, the two cracks (the crack 2 at ASO8 HAZ
and the crack 3 at AS508/52Mb interface, as shown in
Fig. 2) which located in the weakest regions of an

1
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Fig. 2 Materials of the DMWIJ and the initial crack positions [8, 13]
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Alloy52M DMW] were selected, and the GTN parameters
of DMW] were calibrated. And then, a micromechanical
analysis of in-plane constraint effects on the local fracture
behavior of DMWJ was carried out based on GTN damage
model.

2 Micromechanical Analysis
2.1 Materials of the DMW]J

In this study, a DMWIJ which is used for connecting the
safe end to pipe-nozzle of the reactor pressure vessel in
NPPs was used. The DMWJ was fabricated by Shanghai
Company of Nuclear Power Equipment in China. The pipe-
nozzle material was ferritic low-alloy steel (A508) and was
supplied in the form of a forging with quenching and
tempering treatments. The safe end pipe material was
austenitic stainless steel (316L) and was supplied in the
form of a solution treated and water-quenched pipe. The
weld was manufactured by applying a buttering technique,
and the buttering material as well as weld material was the
same nickel-base alloy (Alloy52M), but their manufacture
procedures were different [8, 13].

To prevent from welding cracking, the base metal A508
was pre-heated to about 125 °C before buttering. The
buttering layer was deposited through an Alloy52M
welding wire (the diameter of wire is 1.2 mm) by auto-
matic gas-tungsten arc welding (GTAW) on the ferritic
nozzle face. The carbon equivalent of the AS08 steel is
0.6187%, and its susceptibility to welding cracking is low.
The welding current, voltage and speed were 200 A,
11.5 V and 1.85 mm/s, respectively. A total of 478 weld
passes were deposited, and the buttering layer with an
average width of 20 mm was formed. Then a heat treat-
ment (annealing at 610 °C for 15 h, with subsequent fur-
nace cooling to 300 °C) was conducted on the buttering to
relieve the residual stress. After that, 100% non-destructive
testing (ultrasonic testing) was performed on the buttering,
and no defects were found within the fusion zone and
buttering layers. This buttering layer material is denoted as
Alloy52Mb [8, 13].
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Fig. 3 True stress—strain curves of the four materials at room
temperature [25]

After buttering, welding was carried out between the
buttering layer and the austenitic safe end pipe using the
GTAW and the Alloy52M welding wire (the diameter of
wire is 0.9 mm). The welding current, voltage and speed
were 180 A, 10 V and 1.75 mm/s, respectively. A total of
439 weld passes were deposited, and the weld with an
average width of 19 mm was produced. Here, this weld
metal material is denoted as Alloy52Mw. After welding,
100% non-destructive testing (ultrasonic testing) was per-
formed again on the weld, and no defects were found
within the welding zone [8, 13].

The materials of the DMW]J are shown in Fig. 2, and the
chemical compositions of the materials used for fabrication
of the DMW]J are listed in Table 1. The true stress—strain
curves of the materials at room temperature are shown in
Fig. 3, and the mechanical property data are listed in
Table 2 [25].

2.2 Specimen Geometry

The single-edge notched bend (SENB) specimens were
used in the finite element method (FEM) analysis. The two
weakest positions (the crack 2 and crack 3) with the lowest
J-resistance curves were selected. The crack 2 is located in
the A508 HAZ with a 1.5-mm distance from A508/52Mb
interface, and the crack 3 is located in the AS508/52Mb
interface, as shown in Fig. 2.

Table 1 Chemical compositions of the materials used for fabrication of the DMW1I (wt%)

C S P Si Mn Ni Cr Mo Cu Al Ti Co Fe Nb
AS508 0.20 0.001 0.005 0.20 1.36 0.96 0.17 0.47 - - - - Balance -
52Mb 0.02 <0.001 0.003 0.14 0.25 60.39 2891 0.01 0.01 0.67 0.56 0.01 9.03 <0.01
52 Mw 0.025 0.001 0.004 0.18 0.24 58 29.18 0.01 0.02 0.75 0.53 0.02 10.23 <0.01
316L 0.025 0.001 0.005 0.52 1.73 11.69 17.89 2.43 - - - - Balance -
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Table 2 Mechanical property data of the four materials at room temperature [25]

Material Young’s modulus, £ (MPa) Poisson’s ratio, v Yield stress, oy (MPa)
A508 202,410 0.3 514
Alloy52Mb 178,130 0.3 495
Alloy52 Mw 178,130 0.3 511
316L 156,150 0.3 311
F HAZ | le NIZ |
o Initial crack Interface A508 A B C D E F G 52M b
T | .
3 AS508 52Mb  [52Mw \\‘
— Interface
Crack 2 Crack 3
57.6 12

Fig. 4 Loading configuration and geometry of the SENB specimen
(for the crack 2 specimen)

To investigate the fracture behavior of two cracks under
different in-plane constraints, the crack 2 and crack 3
specimens with five crack depths (fixed specimen thickness
B =12 mm and width W = 144 mm) denoted as a/
W =10.2, 0.3, 0.5, 0.6 and 0.7 were used. The dimensions
of these specimens are consistent with the experiments in
Ref. [22]. The loading configuration and geometry of the
crack 2 specimen are typically illustrated in Fig. 4, the
loading point and the initial crack are located in the center
of the specimen, and the loading span § is 57.6 mm

(S=4Ww).
2.3 Local Heterogeneous Mechanical Properties

To incorporate the strength mismatch of A508/52Mb
interface region into the finite element models, the inter-
face region was divided into three zones: heat-affected-
zone (HAZ) in A508, fusion zone (FZ) and near interface
zone (NIZ), as shown in Fig. 5. Furthermore, according to
the local microstructure and hardness, the HAZ was further
divided into four-material zones (A, B, C and D zones in
Fig. 5), the NIZ was divided into two-material zones (F
and G zones in Fig. 5) and the FZ is a single-material E
zone [6].

The true stress—strain curves of the A, B, C, D, E, F
and G zones at room temperature were determined by the
mini-sized flat tensile specimens in the work [25] and
reproduced in Fig. 6, the elastic modulus E and Poisson’s
ratio v for the HAZ, FZ and NIZ are taken to be
180,000 MPa and 0.3, respectively. These multi-material
zones were modeled in the GTN damage model shown in
the next section, and the true stress—strain data of each

Fig. 5 Multi-material zones in the A508/52Mb interface region
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Fig. 6 True stress—strain curves of the multi-materials [6]

zone in Fig. 6 were used in the finite element analyses.
For the four materials (A508, Alloy52Mb, Alloy52Mw
and 316L) beyond the interface region, the material
property data in Fig. 3 and Table 2 were used in the
finite element analyses.

2.4 GTN Damage Model and Parameters

One of the most commonly used models for simulating
ductile fracture was Gurson constitutive model, in which
the effect of void volume fraction is taken into account in
the constitutive equations as an extra internal variable. The
Gurson model considered material as a homogeneous,
uncompressible ideal rigid plastic medium, and used the
von Mises plasticity criterion as a yield criterion. The
model was modified by Tvergaard and Needleman, Tver-
gaard later for introducing additional parameters (q;, ¢,
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Table 3 GTN damage parameters

A508 HAZ FZ 1AZ 52Mb 52 Mw 316L
q1 1.5 1.5 1.5 1.5 1.5 1.5 1.5
q> 1 1 1 1 Variable 1 Variable
q3 2.25 2.25 2.25 2.25 2.25 2.25 2.25
eN 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Sn 0.1 0.1 0.1 0.1 0.1 0.1 0.1
N 0.002 0.002 0.008 0.002 0.002 0.002 0.002
fo 0.00008 0.00015 0.0008 0.00004 0.000001 0.00015 0.000001
fc 0.04 0.04 0.01 0.04 0.04 0.04 0.04
fr 0.25 0.25 0.15 0.25 0.25 0.25 0.25

gs) and a modified damage variable f*. This is mostly often
referred as GTN (Gurson—Tvergaard—Needleman) model.
The yield function of the GTN model has the following
form:
2
* Geq % 3q20'm *2

¢ (om, Oeq, f7) :6—%+26hf COSh<T‘f> —1l—qgf
=0.

(1)

where gy, is the hydrostatic stress, o4 is the von Mises
equivalent stress and oy is the flow stress of the “voidless”
matrix material. The g, g» and g3 are phenomenological
based parameters, which are used to consider the interaction
between adjacent voids. The void volume fraction f* is the
substitute of fin the original equation, which is used to take
into account the gradual loss of the stress carrying capability
of the material due to void coalescence. The void coales-
cence occurs when the void volume fraction f reaches the
critical value f,, and the fracture occurs when the freaches the
critical failure void volume fraction fg. This GTN damage
model has been implemented in ABAQUS code as a user
material subroutine and is widely used to simulate and pre-
dict the crack initiation and propagation. The GTN damage
model was used to obtain the crack growth behavior of
specimens with different in-plane constraints in this paper.

Generally, the GTN damage model contains nine
parameters: qi, 2, g3, fo, fn, &x, SN, fe and fr. The g1, g2
and g5 are the constitutive parameters, the f; is the initial
void volume fraction, the fy, én and Sy are the void
nucleation parameters, the fc is the critical void volume
fraction and the fr is final failure parameter. To simplify
the complex calibration process of these parameters, the g,
¢» and g5 are usually fixed tobe ¢; = 1.5, ¢> = 1, g5 = 41,
and the values of ¢, = 0.3 and Sy = 0.1 have been used in
most investigations for low-alloy steels [26]. The param-
eters fo, fn, feo and fr are obtained by fitting the numerical
J-resistance curves with experiments [26, 27]. The J-re-
sistance curve will increase with decreasing f, and f, and
increasing f. and fg, and vice versa.

@ Springer

In a recent study, Dutta and Guin [28] pointed out that
the variation of the ¢, parameter near the crack tip is
helpful to make the numerical J-resistance curves close to
the experimental values for various materials. The J-re-
sistance curve and fracture toughness of a material will
increase with decreasing ¢. Thus, in this paper, g = 1.5,
qs = q%, &, = 0.3 and Sy = 0.1 were selected, the other
parameters (fy, fn, fo, fr and g;) were obtained by a com-
parison of the experimental and numerical J-resistance
curves, as shown in Table 3 and Fig. 7.

It should be mentioned that the values of f. and fr in the
FZ are lower than those in other zones. This is because the
J-resistance curve of the FZ is the lowest [13], the decrease
in f. and f¢ will reduce the J-resistance curve.

The finite element meshes for the typical crack 2
specimen (a/W = 0.5) are illustrated in Fig. 8. The FEM
analysis based on GTN model is explicit and dynamic,
and the mesh sizes of 0.1 mm x 0.05 mm were used in
the crack growth regions [24]. The typical model con-
tains 72,608 elements and 84,105 nodes. The loading was
applied at the top and center of the SENB specimen by
prescribing a displacement of 6 mm.

The load versus load-line displacement curves can be
obtained from the FEM simulations. With instantaneous
crack length obtained at each loading point, the J-curves
can be determined in reference to the resistance curve
procedure, as specified in ASTM E1820.

3 Results and Discussion
3.1 J-Resistance Curves

Figure 9 shows the comparison of J-resistance curves
which were obtained from the experiments in Ref. [22] and
the numerical simulations in this paper. It can be seen that
the numerical J-resistance curves are consistent with the
experiment results, which shows that the GTN model can
incorporate the in-plane constraint effect.
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It can also be found that the J-resistance curves of the
two cracks decrease with increasing in-plane constraint.
The specimens with the lowest in-plane constraint (a/
W = 0.2) have the highest J-resistance curves, while the
specimens with the highest in-plane constraint (/W = 0.7)
have the lowest J-resistance curves. The reason will be
analyzed in Sect. 3.3.

3.2 Crack Growth Paths

The crack growth paths of the crack 2 specimens which
were obtained from the experiments in Ref. [22] and the

numerical simulations in this paper are shown in Fig. 10. It
can be found that the numerical crack growth paths are
consistent with the experiment results, which indicates that
the GTN damage parameters are accurate and efficient, and
can be used to obtain the crack growth paths of specimens
with different in-plane constraints.

Furthermore, it can also be found that when the crack
depth a/W = 0.2, the crack growth path is nearly straight
along the initial crack plane. The irregular crack edges on
the crack growth path are characteristics of void ductile
fracture [29]. When the crack depth a/W = 0.5, the crack
has a deviation path toward AS508 base metal whose
strength is lower than that of A508 HAZ. The smooth
crack edges at the beginning of crack growth path are
characteristics of brittle fracture. When the crack depth a/
W = 0.7, the crack has a deviation path toward A508
base metal strongly. All of the crack edges are smooth
and sharp, which means that the brittle fracture occurs
here.

Figure 11 shows the crack growth paths of the crack 3
specimens with different in-plane constraints which were
obtained from the experiments in Ref. [22] and the
numerical simulations in this paper. It can be found that the
numerical crack growth paths are consistent with the
experiment results also.

Furthermore, it can also be found that when the crack
depth a/W = 0.2, the crack is nearly straight along the
interface firstly [30] and then tends to deviate to the side of
52Mb with lower strength. The fracture surface is rough
and scraggly, which implies that substantial energy has
been consumed to separate the crack surface, the fracture
mechanism is highly ductile fracture. When the crack depth
a/W = 0.5, the crack has a deviation path toward the side
of 52Mb with lower strength, and the crack edges are
serrated. When the crack depth a/W = 0.7, the crack has a
deviation path toward 52Mb strongly. The fracture surface
is smooth, which means the fracture mode is brittle fracture
in this specimen.

The results in the previous study of authors have shown
that the fracture mechanism of crack 2 and crack 3
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specimens are ductile when the in-plane constraint is low.
With increasing in-plane constraint, the fracture mecha-
nism changes from ductile fracture through mixed ductile
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and brittle fracture to brittle fracture [22]. It is consistent
with the characteristic of crack growth paths in this paper,
the reason will be analyzed in Sect. 3.3.
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3.3 Micromechanical Analysis of In-Plane
Constraint Effect on Fracture Behavior

3.3.1 PEEQ, VVF, TRIAX and S of Specimens
with Different In-Plane Constraints at the Same J-
Integral

Figure 12 shows the PEEQ (equivalent plastic strain), VVF
(void volume fraction), TRIAX (stress triaxiality) and S
(Mises stress) of crack 2 specimens with different in-plane

constraints at the same J-integral (J = 200 kJ/mz). The
PEEQ reflects the local plastic deformation at crack tip, the
VVF reflects the damage of material, the TRIAX and S
reflect the stress state at crack tip. The micromechanical
analysis of the crack 2 and crack 3 specimens reflects the
similar results, thus, only the results of crack 2 specimens
were listed here.

It can be seen clearly that the PEEQ and VVF increase
with increasing in-plane constraint. It means that the same
load will promote larger plastic deformation and longer
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(Avg: 75%)
+6.000¢-01
+5.000¢-01
+4.000¢-01
+3.000¢-01
+2.000¢-01
+1.000¢-01
+5.000¢-02
+0.000¢+00

Crack tip

Crack tip

Crack tip

E y Crack tip
+0.000e+00

Fig. 12 PEEQ, VVF, TRIAX and S of crack 2 specimen with /W = 0.2 a,d, g, j,a/W =0.5b, e, h, k,a/W=0.7¢, £ i,1atJ =200 kJ/m?

propagation in specimen with higher in-plane constraint. The
specimen with higher constraint has the lower fracture
resistance and will fracture more easily. Thus, the J-resis-
tance curve of specimen decreases with increasing in-plane
constraint. The specimen with a/W = 0.2 (the lowest con-
straint in this paper) has the highest J-resistance curve, while
the specimen with a/W = 0.7 (the highest constraint in this
paper) has the lowest J-resistance curve, as shown in Fig. 9.

It can also be found that at the same J-integral, the
TRIAX at crack tip increases with increasing in-plane
constraint. For the high TRIAX can promote the initiation
and propagation of brittle fracture or lower ductile fracture
[31-33], the trend and percentage of brittle fracture will
increase with increasing in-plane constraint, as described in
Sect. 3.2. The specimen with a/W = 0.2 which has the
lowest TRIAX is favorable for the development of ductile
fracture.

The large plastic deformation relaxes the stress at the
crack tip, thus, the magnitude of S decreases with
increasing in-plane constraint. This is consistent with the
Ref. [34], which showed that the stress is lower in the
specimen with high constraint under the same load.
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Crack tip Crack tip
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Furthermore, it can be found that the PEEQ, VVF,
TRIAX and S are heterogeneous at the crack tip because of
the effect of strength mismatch. The PEEQ, VVF and
TRIAX at the left side of the crack tip (A508 base metal
with lower strength) are larger than those at the right side
(A508 HAZ). With increasing in-plane constraint, the
heterogeneity became more obvious. This is why the crack
has a deviation path toward AS508 base metal, and the
deviation will become stronger under higher in-plane
constraint.

3.3.2 The PEEQ, VVF, TRIAX and S of the Crack 2
Specimen with a/W = 0.5 at Different J-Integrals

Figure 13 shows the PEEQ, VVF, TRIAX and S of the
crack 2 specimen with a/W = 0.5 at different J-integrals. It
can be seen that the crack has not yet begun to expand (the
VVF < (.25 at crack tip) at J = 200 kJ/m? (lower J-inte-
gral). The PEEQ and TRIAX are lower, while the S at the
crack tip is higher. The distributions of PEEQ, VVF,
TRIAX and S are asymmetric, the PEEQ, VVF and TRIAX
mainly occur in the material of A508, while the S mainly
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Fig. 13 PEEQ, VVF, TRIAX and S of the crack 2 specimen with /W = 0.5 at J = 200 kJI/m? a, d, g, j, J =500 kJ/m? b, e, h, k and

J=1200 kKJ/m? ¢, f, i, 1

occurs in the material of 52Mb. For the crack located in the
A508 HAZ with higher strength martensite microstructure
but low fracture toughness, the brittle fracture will occur
under higher S.

With increasing J-integral, the crack propagates a short
length at J = 500 kJ/m®. The PEEQ and the TRIAX
increase under higher load, while the S at the crack tip
decreases. The distributions of PEEQ, VVF, TRIAX and S
are asymmetric. The PEEQ, VVF and TRIAX mainly occur
in the material of A508, while the S mainly occurs in the
material of 52Mb also.

When the J = 1200 kJ/m?, the crack has a long propa-
gation and toward to the A508 base metal during the
propagation process. The crack path deviation will promote
the change of fracture mechanism from brittle fracture to
the ductile fracture. This comes from two factors. One
factor is that the crack path deviation makes the mode I
crack change into mixed crack of modes I and II, and this

reduces the driving stress for brittle fracture. The other
factor is that the crack path deviates to the material with
lower strength, and larger plastic deformation may relax
local crack-tip opening stress, which can promote the
development of ductile fracture process. Therefore, the
local brittle fracture firstly initiates and propagates from the
initial fatigue pre-crack tip, and then changes into ductile
fracture, as shown in Fig. 10c, d.

In summary, these results suggest that the fracture
behavior of cracks, such as J-resistance, crack growth path
and fracture mechanism, in the weakest locations of
DMW] are complex and sensitive to the in-plane con-
straint. For accurate and reliable failure assessment of the
DMW] structures, it needs to consider the effect of in-plane
constraint on fracture behavior. The local approach based
on GTN damage model is an effective method to study the
fracture behavior of DMWIJ under different in-plane
constraints.
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4 Conclusions

1. A set of GTN parameters of the Alloy52 M DMWJ
were calibrated in this work. The partition of the
material according to local microstructure and hard-
ness and the variation of the g, parameter will help the
J-resistance curves close to the experimental values.

2. The J-resistances and crack growth paths of the
specimens obtained from numerical simulations are
consistent with the experiment results. The J-resis-
tance, crack growth path and fracture mechanism are
sensitive to the in-plane constraint and relate to the
stress, strain and damage fields at crack tip.

3. The local approach based on GTN damage model can
be used to consider the effect of in-plane constraint on
the fracture behavior of DMW]J.
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