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a b s t r a c t

The finite element method based on GTN (Gurson–Tvergaard–Needleman) ductile damage mechanics
model are used to investigate the effects of work hardening mismatch on fracture resistance behavior
of two cracks (interface crack and near interface crack) in bi-material interface regions. The results under
the simulation and investigation conditions in this work show that for the interface cracks, the material
constraint effects caused by work hardening mismatches are detrimental for fracture resistance due to
the increase of crack-tip stress triaxiality, and this detrimental effects increase with increasing the mis-
match degree in work hardening. For the near interface cracks, the work hardening undermatching
(Dn > 0, Dn is the difference in work hardening exponent between two materials) has beneficial effects
on fracture resistance due to the decrease of crack-tip stress triaxiality, and the hardening overmatching
(Dn < 0) has slight detrimental effects on fracture resistance. The work hardening mismatch also influ-
ences the crack growth paths, and the cracks generally propagate and deviate into the material sides with
lower hardening capacity (higher hardening exponent n). In the integrity design and assessment for
cracks in bi-material interface regions in dissimilar metal welded joints, it is recommended to obtain
and use fracture resistance properties related to yield strength and work hardening mismatches.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Dissimilar metal welded joints are widely used to join different
metal materials in many engineering structural components, like
pressure vessels and pipes. Nevertheless, the bi-material interface
regions in such joints are usually indicated to be the weakest loca-
tions for failure due to the highly microstructure and mechanical
heterogeneity. This heterogeneity will compromise the safe perfor-
mance of the metal structures and could cause catastrophic acci-
dents. Therefore, accurate structural integrity design and
assessment for cracks in bi-material interface regions are very
important.

For understanding the fracture resistance behavior of any
welded structures containing cracks, the mismatches in mechani-
cal properties is an important factor to be considered. The mis-
matches not only include the mismatch in yield strength
(strength mismatch), but also mismatch in work hardening (plastic
regions of the stress–strain curves beyond yielding) [1]. The
strength mismatch is commonly defined by the ratio of the yield
strengths of weld metal and base metal. This global strength

mismatch has effects on the fracture mechanics crack driving force,
crack-tip stress field, crack-tip constraint and fracture resistance,
and has been widely investigated [2–8] and considered in the
structural integrity assessment [9,10].

However, the work hardening mismatch is not widely investi-
gated and considered in conventional assessment but plays a role
in the determination of the fracture resistance and crack driving
force [1]. In addition, the global strength mismatch only considers
weld metal and base metal properties. For the bi-material interface
regions in dissimilar metal welded joints, the global strength mis-
match is difficult to define and a term ‘local strength mismatch’ in
a more general way indicating the strength differences between
the regions next to the crack has been proposed [1,11]. It has been
shown in the previous studies of authors [11–16] and in the liter-
ature [17,18] that the local fracture resistance in conjunction with
local material constraint effects and crack path deviation is
strongly influenced by the ‘local strength mismatch’ in the bi-
material interface regions in dissimilar metal welded joints. How-
ever, only a few studies on the effects of work hardening mismatch
on crack-tip constraints, near tip stress fields and J-integral for bi-
material interface cracks could be found in the literature [19–23].
Zhang et al. [19] introduced a material constraint parameter M to
consider the effects of strength mismatch, plastic strain hardening
mismatch and general mismatch on near-tip stress fields for bi-
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material elastic–plastic interface crack, and indicated that the J–M
theory can be used in the assessment of fracture behavior of weld-
ments with mismatches properties. Østby et al. [20] investigated
constraint effect on the near tip stress fields due to difference in
plastic work hardening for bi-material interface cracks in small
scale yielding, and found that the change in stress depends
strongly on hardening mismatch, increasing as the mismatch
degree increases. The interfacial crack-tip constraints and J-inte-
gral for bi-materials with plastic hardening mismatch have been
examined by Lee and Kim [21,22], and they have found that for
bi-materials consisting of two elastic–plastic materials, increasing
plastic hardening mismatch increases both crack-tip stress con-
straint in the lower hardening material and the J-contribution
there. The influence of plasticity mismatch on the growth and coa-
lescence of voids on the biomaterial interface was investigated by
Li and Guo [23], and the results showed that the growth rate of the
void on the biomaterial interface is much faster than in the homo-
geneous material and deformed voids are seriously distorted and
the linking of adjacent voids takes place in the softer matrix mate-
rial. However, the effects of work hardening mismatch on the local
fracture resistance of bi-material interface and near interface
cracks have not been investigated and understood.

Because of the complexity of strength and work hardening mis-
matches on the crack tip stress fields and fracture resistance
behavior of welded joints, the trend is towards the application of
damage mechanics models for computing the fracture resistance
curve [1]. It is well known that the ductile crack initiation and
growth in metals and welded joints are the result of nucleation,
growth and coalescence of microvoids. For simulating this process,
the damage mechanics model, such as the Gurson–Tvergaard–Nee-
dleman (GTN) model [24–26] was developed. This model has been
widely used in simulating ductile crack growth and fracture resis-
tance behavior for different specimens [27], material interfaces
[17,27] and similar metal joints [28–32]. The fracture resistance
curves of a dissimilar metal welded joint has also been simulated
using the GTN model by authors [12]. This model may be used to
systematically investigate and understand fracture resistance
behavior of bi-material interface region cracks with different work
hardening mismatches. In simulations, the work hardening proper-
ties of materials composed of the bi-material joints can be accu-
rately changed, and other factors influencing fracture resistance
also can be accurately controlled.

In this study, the finite element method based on GTN duc-
tile damage mechanics model is used to investigate the effects
of work hardening mismatch on fracture resistance behavior
of two cracks (interface crack and near interface crack) in bi-
material interface regions. The J–resistance curves and fracture
toughness are calculated, and the results are analyzed by
crack-tip stress triaxiality distributions. The structural integrity
design and assessment for bi-material interface regions are also
discussed.

2. Numerical simulation procedures

2.1. Materials

To investigate effects of work hardening mismatch on fracture
resistance behavior of bi-material interface regions, two materi-
als composed of the bi-material joint with the same elastic prop-
erties and yield strength but different plastic work hardening
capacities are used. One material is the common ferritic low-
alloy steel A508, which is usually used for making nuclear pres-
sure vessels, and another material is assumed to have different
work hardening exponent n which is denoted as A508-N. The
true stress–strain relation of the two materials follows the Ram-
berg–Osgood form:

e
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¼ r

r0
þ a

r
r0
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where the e and r denote the true strain and the true stress, respec-
tively. The r0 is tensile yield stress, e0 (=r0/E) is yield strain, E is
Young’s modulus, a is the Ramberg–Osgood coefficient, and n is
the work hardening exponent. The A508 and A508-N materials have
the same E = 202,410 MPa, Poisson’s ratio m = 0.3, r0 = 522 MPa and
a = 3.89 at room temperature [33]. The work hardening exponent n
of the A508 material is 7.04 [33], and that of the A508-N material is
changed from 3.04 to 11.04. The true stress–strain curves of the
A508-N materials with different n at room temperature are shown
in Fig. 1 and the thick curve with n = 7.04 is the same as that of the
A508 material.

2.2. Specimen geometry

The single edge-notched bend (SENB) specimens are used in
FEM analyses. The loading configuration and geometry of the SENB
specimen (L = 80 mm, S = 57.6 mm, W = 14.4 mm and a0/W = 0.5)
with bi-materials are illustrated in Fig. 2. The loading points and
initial cracks are located at the centers of the specimens. For exam-
ining the effects of work hardening mismatch on fracture resis-
tance behavior of bi-material interface regions and facilitating
the interpretation of results, only the work hardening exponent n
of the A508-N material is changed. The difference in work harden-
ing exponent between A508-N and A508 (Dn = n(A508-N) � n(A508)) is
defined as mismatch factor, and nine work hardening mismatch
levels are simulated with (i) undermatched (work hardening
capacities of A508 is lower than that of A508-N), Dn = �4, �3,
�2 and �1; (ii) evenmatched (work hardening capacities of A508
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Fig. 1. True stress–strain curves of the A508-N materials with different work
hardening exponents n at room temperature (the thick curve with n = 7.04 is that of
the A508 material [33]).

Fig. 2. The loading configuration and geometry of specimen.
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