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Abstract

The safety assessment of welded structures and joints still remains an important industrial problem. In this study, a simple diffusion bonded
bi-material joint has been made in order to analyze the plastic mismatch effect. It consists of an assembly of ferritic and austenitic steels which
are representative of nuclear pressure vessel components. Tests were performed on various specimens including smooth and notched tensile
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ars, Charpy V-notch specimens and single-edge notch bend specimens. Homogeneous and bimaterial specimens were teste
otched specimens, the effect of the distance between the notch root and the interface on fracture initiation and crack propagati
as studied. Tests were modeled using elasto-plastic finite element simulations. These simulations were post-processed in order
rack initiation based on the Rice and Tracey criterion according to the “local approach of fracture” procedure.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The structural safety assessment of welded structures (par-
icularly bi-material components) remains an important in-
ustrial problem. The interaction between the welded parts,

he weld metal and the heat affected zones makes the struc-
ural integrity analysis difficult. Geometrical details of the
eld may make the problem even more complex.
Two common approaches to fracture that are usually used

o analyze rupture of homogeneous elastic–plastic solids are
he “global approach” (which started in the 70’s) and the
local approach” (which started in the 80’s). Applications
o heterogeneous structures are more recent. The global ap-
roach examines the changes in the crack driving force in

erms of theJ-integral[1], which may be related to the en-
rgy release rate. Recently, the effect of theQ-factor [2,3],
hich accounts for scaling the stress triaxiality depending
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on the crack tip constraint, has been emphasized. The
parametersJ–Q can be used to analyze the stress–strain
close to an interface between plastically dissimilar ma
als [4,5]. A three parameters approach (so calledJ–Q–M)
has been recently proposed to analyze strength misma
joints [6]. The need for a three parameters approach ou
the complexity of the situation to be analyzed. The sec
approach, referred to as local approach, has been deve
in particular by the Beremin group[7,8] and considers th
local stress and deformation contributions to the failure
cesses. This approach is able to deal with situations w
no preexisting crack is present and to predict the locatio
crack initiation. In addition, it can be applied without a
modification to welds and interfaces thus appearing as a
tractive alternative to the global approach in these situat
An example of application to the brittle fracture of weld
given in[9]. Both approaches have been compared for ho
geneous materials in[10,11]and for heterogeneous structu
in [5] showing that consistent results are obtained in ca
cracked structures.

921-5093/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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In this study, a simple diffusion bonded bimaterial joint
was produced in order to analyze the strength mismatch ef-
fect on damage process at the interface region. It consists of
an assembly of ferritic and austenitic steels which are rep-
resentative of bi-material components used in nuclear pres-
sure vessels. In that case, the joint is welded so that the sit-
uation to be analysed is more complex. The bonded joint
studied in this work is therefore a simplified representation
of the actual structure. The microstructures of each material
are first presented. The interface region was analyzed using
microprobe analysis. Then the mechanical and fracture be-
haviors are studied using smooth and notched tensile bars
(NT), Charpy V-notch specimens and single edge eotch bend
(SENB) specimens. Crack paths and failure mode under static
loading are then examined. Results are finally interpreted and
modeled using a simple local approach type model for ductile
failure.

2. Materials

The study was performed on a bi-material joint consisting
of a ferritic (A508) and an austenitic (316L) steels. The bond
was processed under the following conditions: 980◦C under a
pressure of 8 MPa during 35 min. This processing route leads
to specific microstructures and mechanical properties which
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Fig. 1. Optical micrograph showing the interface and austenitic grain bound-
aries decorated with carbides.

less than 10�m. The microprobe analysis maps of the in-
terface show some particles identified as oxides containing
manganese, silicon and chromium. These particles may em-
brittle the interface (Table 2).

3. Test samples and testing conditions

Mechanical tests were carried out on homogeneous ferritic
materials (which have been subjected to the same heat treat-
ment as the joints) and bimaterial joints. Monolithic austenite
samples were not available for bulk material property charac-
terization. However, sub-sized specimens were used to obtain
some properties. Several specimen types were used to charac-
terize the materials. This includes: (i) smooth tensile bars, (ii)
U-notched tensile bars (Fig. 2), (iii) V-notched tensile bars
(Fig. 2), (iv) sub-size Charpy specimens (Fig. 3(a)) and sin-
gle edge notch bend specimens (Fig. 3(b)). These specimens
are respectively referred to as: TB, NTχ, (χ = 10× r/φ0,
wherer is the notch radius andφ0 the sample diameter at the
minimum cross section), NTV, KCV and SENB. For tests
performed on homogeneous specimen, the specimen name
is followed by a letter “F” for ferrite or by a letter “A” for
austenite in order to identify the material. Standard tensile
properties for both materials are given inTable 2.

In the case of heterogeneous specimens, the notch plane
i tter
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ignificantly differ from those of the original materials.
articular the ferrite becomes harder and more brittle d

he thermal cycle of the joining process. Similar results h
een found in[12,13]where it was shown that the transiti
egion was shifted from the range−100 to 0◦C to the rang
0 to 80◦C after heat treatment.

The ferritic–austenitic joints in the current study were
ost-bond heat treated to restore the initial properties in o

o keep the interdiffusion zone as small as possible. A bat
errite material was also submitted to the same heat trea
s the joints have experienced during the bonding pro
his bulk material can be characterized to obtain refer
roperties of the ferrite.

The nominal chemical compositions of both steels
isted inTable 1. Microprobe analysis (Cameca SX50) w
arried out across the interface to characterize the inter
ion profiles. A micrograph of the interface is shown inFig.
. The diffusion bonding process leads to element migra
cross the interface. Austenitic grains are marked by car
ver a distance of about 100�m. This is well corroborated b
arbon profiles across the interface which indicate a ca
iffusion depth of about 40�m. For elements other than c
on (Si, Cu, Mo, Mn, Cr and Ni), microprobe profiles acr

he interface indicate a sharper transition which extends

able 1
ominal chemical compositions of the materials (wt.%)

C S P Si Mn Ni Cr Mo Cu

508 0.19 0.01 0.01 0.19 1.52 0.55 0.18 0.49 0.07
16L 0.03 0.04 0.03 0.51 1.88 12.0 18.0 2.52 0.38
s always parallel to the interface. In this case, the le

able 2
ensile mechanical properties of both materials

Rp0.2 (MPa) Rm (MPa) A (%)

508 568 770 8
16L 264 601 43
ismatch (A508/316L) 2.15 1.28 0.18

ata for the austenite were deduced from the analysis of sub-sized n
ensile specimens.
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Fig. 2. Axisymmetric notched specimens (NTχ and NTV).

identifies the material in which the notch lies and a num-
ber gives the distance between the notch and the interface.
The letter “I” is used to show that the interface between
both materials lies at the notch tip. For instance the desig-
nation KCV1F represents a Charpy specimen whose notch
tip is in the ferrite at a distance of 1 mm from the inter-
face.

All tests were carried out at room temperature. TB sam-
ples were tested with a strain rate equal to 10−3 s−1. NTχ

samples were tested with controlled radial displacement of
the minimum cross section in order to get an average strain
rate in the notch equal to 10−3 s−1. In the case of het-
erogeneous NTχ specimens axial displacement was mea-
sured with an extensometer (gage length of 10 mm) which
was located symmetrically on both sides of the notch (Fig.
4(b)). Some sub-size samples NT (minimum diameter: 4 mm)
were extracted from the diffusion bonded block (seeFig.
4(a)). They remain much larger than the material grain size.
This served two purposes: (i) verifying that the behavior of

F s
8

Fig. 4. (a) Notched samples extracted from diffusion bonded heterogeneous
blocks. (b) Axial and radial extensometers on NTχ and NTV samples.

the ferritic material extracted from the bonds is similar to
that of the heat treated homogeneous material, (ii) obtain-
ing some information about the plastic and rupture behav-
ior of the bulk austenite. The notch opening was measured
with a 10 mm gage length. NTV samples were tested with
a constant load line velocity of 6.5�ms−1. The axial dis-
placement was measured in a similar way as for the NTχ

specimens using a gage length of 13 mm. Due to limited
amount of material available, Charpy specimens used in this
study are slightly smaller than the standard ones[14]. The
sample geometry as well as the geometry of the anvil and
the striker are detailed inFig. 3(a). The tests were carried
out under quasi-static conditions using a load line velocity
of 20�ms−1. In both previous cases, the load line veloc-
ity was selected in such a way to obtain strain rates close
to 10−3 s−1 in the notch region. SENB specimens contain
sharp cracks which were produced by fatigue with a stress
intensity factor amplitude of 20 MPa

√
m. They were then

tested with a load line velocity of 1 mm/mn. The crack mouth
opening displacement (CMOD) was measured during the
test.

4. Crack paths and fractographic examinations

Fractographic examinations of different samples were
c sms,
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ig. 3. (a) Sub-size Charpy specimens. (b) SENB specimen (thicknesB =
mm).
onducted in order to investigate: (i) the failure mechani
ii) the crack path and crack deflection.

Fig. 5(a) and (b) show cross sections of samples N2I
stopped before failure) and NT10I whose failure occurred i
he austenite where damage by void growth took place.
ure surfaces for the austenite show large dimples (100�m).
ig. 5(c) shows the ductile crack initiation zone in the fer

n sample NTV3F followed by cleavage areas. Dimples in
uctile region are relatively small (5–10�m).

Due to the strength mismatch, the development of st
nd stresses is no longer symmetric in heterogeneous
les. This causes crack deflection from the usually obse
ath on homogeneous samples. This effect is illustrate
ig. 6 in the case of KCV samples. It is shown that
ases where the notch lies in the ferrite, the crack is
iated toward the interface for KCV1F and KCV2F spe
ens where notch tip distance was 1 and 2 mm, respect

n the case of the KCV4· · · 9F specimens the crack ru
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Fig. 5. Fractographic examination: (a) cross section of a NT2I sample show-
ing ductile damage development in the austenite before failure, (b) cross sec-
tion of a NT10I sample after failure showing damage and the fracture surface
in the austenite. (c) SEM examination of a NTV3F sample fracture surface
showing ductile failure initiation followed by brittle failure. The dashed line
indicates the transition between ductile and brittle fracture.

straight, since the interaction of neighboring materials is not
any more effective on the fracture process. For the KCV1F
specimen, final failure occurred by interface failure. In the
case of the KCV2F sample, the interface is crossed by the
running crack which further propagates into the austenite.
In the case of KCV#A specimens the opposite effect is ob-
served. For KCV1A specimens, the crack tends to propagate
away from the interface. The effect is reduced for KCV2A
specimens. Otherwise the crack runs straight (KCV4A). Very
similar and consistent trends were observed on SENB spec-
imens. Such an example is given inFig. 7(a) for the case of
a SENB2F sample which shows cracks deflection toward the
interface.

5. Results of mechanical tests

5.1. Results for smooth and notched bars

Results for homogeneous ferrite on smooth (TB) and
notched tensile bars are shown inFig. 8(a). The load in-
creases and ductility decreases with increasing notch severity
as usually reported[15]. Failure in sample NT2F is initiated
at the center of neck region of the specimens. In this par-
ticular case, initiation is ductile but outside the central re-
gion failure becomes brittle thus explaining the rapid load
drop. All other samples have a fully ductile failure mode.
NT10F sub-size samples (extracted from bonded blocks)
were also tested (dashed lines onFig. 8(a)). In compar-
ison with full size specimens from homogeneous blocks,
the sub-size samples showed similar plastic behavior. Fail-
ure initiation (indicated by the rapid load drop) is scattered
although the failure mechanism is fully ductile. This ob-
servation is consistent with other studies with respect to
existing scatter and size effect on ductile failure on a sim-
ilar material [16]. Therefore, it can be concluded that the
ferritic materials in homogeneous blocks and in bonded
joints are similar, since both materials have experienced
identical thermal cycles and exhibit similar plastic proper-
ties.

Fig. 8(b) shows results obtained on a sub-size NTA
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ustenitic specimen. These data can be used to determ
lastic behavior of the austenitic material using an inv

dentification method (Section6.1) [17].
Results obtained from heterogeneous samples are s

n Fig. 9. Several NTχ samples were tested. However, m
f them resulted in interface failure which is out side

he scope of this work.Fig. 9(a) shows force–displaceme
urves for samples NT2I and NT10I in which failure oc-
urred in the austenite. The usual notch effect is obse
oad is increased with increasing notch severity whereas
ility is decreased. Results for NTV samples are shown
ig. 9(b). Due to the sharp notch, failure is always in
ted at the notch root. When the notch is located in the
ite (NTV2F· · ·NTV6F), decreasing distance to the interf
auses the apparent ductility to increase and the maxi
oad to decrease. The ductility increase is partially ca
y the deformation of the austenite along the 13 mm g

ength. In all cases, stable crack growth initiated at the n
oot (which can be observed visually) and preceded final
re.

.2. Results for Charpy specimens

Results for Charpy specimens are shown inFig. 10 for
amples with the notch located in the ferrite and inFig. 11
or samples with the notch located in the austenite. S
ens KCVF, KCV9F and KCV4F have very similar beh

ors showing that the interface is too far from the notch
o influence the response of the bimaterial structure. In t
ases, failure initiation corresponds to a ductile mecha
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Fig. 6. Crack paths (arrows) observed on Charpy specimens for different locations (A and F) and distances between the notch tip and the interface. Schematic
(a) is showing the fracture paths developed with respect to different locations and distances to the bi-material interfaces, (b) notch in austenite at a distance of
1 mm, (c) and (d) notch in ferrite at distances of 2 and 1 mm, respectively. The dashed line delineates the ferrite/austenite interface.

but is followed by brittle failure. Deformation to failure is
increased for specimens KCV2F and KCV1F. As in the case
of NTV specimens the maximum load is reduced. The early
failure of specimen KCV1F is caused by interface failure
(Fig. 6). Specimens KCV4A and KCV2A showed a simi-
lar behavior which implies that the presence of the inter-
face plays a limited role on the fracture performance. On the
other hand, specimen KCV1A appears to be affected and fails
rapidly.

Fig. 7. (a) Crack path observed on an SENB2F specimen showing crack
deflection toward the interface (Nital etching), (b) crack path observed on
an SENB2A specimen showing that the crack remains flat and that crack
advance is limited (CMOD= 2.8 mm, Nital etching).

5.3. Results for SENB specimens

Results obtained from SENB specimens (Fig. 12) indi-
cate the same trends as for the Charpy specimens containing
blunt-notches and tested under static loading. The homoge-
neous SENBF specimen fails rapidly with ductile crack ini-
tiation and subsequent brittle fracture. Bi-material specimen
SENB2F showed much higher ductility although the maxi-
mum load was similar. This indicates the beneficial effect of
the austenite in heterogeneous joints when the notch tip is in
the ferrite. By stopping the test before final failure, specimen
SENB2A showed a very limited crack growth up to 3 mm
CMOD. This shows good resistance of the austenite to crack
propagation.

Fig. 8. Testing of axisymmetric notched specimens: (a) results for homoge-
neous ferrite, (b) results for austenite. (F: force,S0: initial cross section,φ0:
initial minimum diameter,�φ: variation of the minimum diameter). Dashed
lines correspond to the FE simulation. Black dots indicate the predicted
fracture initiation.
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Fig. 9. Testing of axisymmetric bimaterial notched specimens: (a) Results for NT10I and NT2I specimens, (b) results for NTV specimens. Dashed lines
correspond to the FE simulation. Black dots indicate the predicted fracture initiation. Maps show the damage indicator at predicted crack initiation.

Fig. 10. Charpy tests under static loading: force–deflection curves for sam-
ples whose notches are in the ferrite for different values of the distance
between the notch tip and the interface. Dashed lines correspond to the FE
simulation. Black dots indicate the predicted fracture initiation in the ferrite.
Maps show the damage indicator at predicted crack initiation computed in
the ferrite.

Fig. 11. Charpy tests under static loading: force–deflection curves for sam-
ples whose notches are in the austenite for different values of the distance
between the notch tip and the interface. Dashed lines correspond to the FE
simulation. Black dots indicate the predicted fracture initiation in the austen-
ite. Maps show the damage indicator at predicted crack initiation computed
in the austenite.

6. Simulation—discussion

In this section, an interpretation of the main experimental
results is proposed based on an application of the local ap-
proach to fracture[10]. The method relies on finite element
calculations of test pieces which are used to evaluate damage
maps. These maps can then be used to predict crack initiation
as well as crack direction of propagation (crack path).

Finite element calculations were carried out using axisym-
metric or 3D elements with quadratic interpolation and re-
duced integration. Finite strain formalism is used. In regions
where damage develops, a fixed element size (200�m) was
used.

6.1. Plastic behavior of the materials

The elasto-plastic behavior of the ferritic material can di-
rectly be obtained from the tensile tests. In order to obtain

Fig. 12. SENB tests : force–CMOD curves for different samples. Dashed
lines correspond to the FE simulation. Black dots indicate the predicted
fracture initiation.
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reliable data after the onset of necking, the Bridgman analy-
sis[18] was used. Photographs were taken to directly measure
the minimum cross section as well as the radius of curvature
of the neck.

The plastic behavior of the austenite was determined using
an inverse identification procedure. It was adjusted in order
to match the mechanical response of sub–size homogeneous
NT10 and heterogeneous NTχ and NTV samples. This identi-
fication strategy for the behavior of different materials is par-
ticularly interesting in the case of welds where it is difficult to
obtain bulk material representative of the heat affected zone
for instance. A similar procedure using notched samples was
proposed in[17]. The identified hardening behavior is given
by the following equation for the ferritic material (MPa):

σy(p) = 543+ 243(1− exp(−49.76p))

+ 337(1− exp(−2.12p)), (1)

and for the austenitic material by (MPa):

σy(p) = 259+ 1047(1− exp(−1.80p))

+ 114(1− exp(−5.03p)), (2)

wherep is the equivalent von Mises plastic strain. All mate-
rials were assumed to be isotropic.

6

ost-
p void
g lid
f as
i id
d oid
g

w
e al
t nt is
a alue
( ed
t
t ge
i lastic
s mer-
i Rice
a ure.
T ment
a

re-
s ched
t d
f
(

In the case of austenite, the following experiments were
used: NTmini

10 , NT10I and NTV1A. (Figs. 8(b) and 9(a)). The
optimized critical void growth ratio is equal to 3.4. The Rice
and Tracey criterion may be interpreted as a condition for
void coalescence by internal necking[22]. As the austenite
has the higher hardening rate, coalescence should occur for
higher deformation levels than for the ferrite. This is consis-
tent with its higher value for (R/R0)c. Fig. 9shows damage
maps at Gauss points for bimaterial notched bars. For the
NT10I sample, the location of maximum damage is clearly
situated below the interface and the simulation corresponds
well to the examination of the fractured sample shown inFig.
5(b). In the case of the NT2I sample, high damage is located
close to the interface which explains the interface debond-
ing observed on this sample. In addition, faster growth of
voids located at the interface, as shown in[23], may cause
the debonding. This phenomenon is however not taken into
account by the present model.

6.3. Finite element simulation of NTV samples

Predicted failure initiation is shown inFig. 9(b) for
NT2,3,4,6F and NT1A samples showing a good agreement.
These tests were not used to adjust the critical void growth
ratio and therefore validate the model. The damage map cor-
responding to sample NTF is also shown in the same figure
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.2. Evaluation of damage on notched bars (NTχ)

The damage of both materials is evaluated with a p
rocessor using the Rice and Tracey model for ductile
rowth [19,10]. The original model is, however, only va

or high stress triaxiality[20]. The accuracy of the model w
mproved by Huang[21] in particular to better represent vo
ilatation rate at low stress triaxiality. In that case the v
rowth rate is given by

Ṙ

R
=

{
α exp(βτ)ṗ, if τ > 1

ατ1/4 exp(βτ)ṗ, if τ ≤ 1
with τ = σm

σeq
, (3)

hereR is the void radius,σm the mean stress andσeq the
quivalent von Mises stress.α andβ are two constants equ

o 0.427 and 1.5, respectively. Failure of a volume eleme
ssumed to occur when void growth reaches a critical v
R/R0)c (whereR0 is the initial void radius) which is assum
o be a material constant. A damage indicator (R/R0) is ob-
ained by integrating Eq.(3). The Rice and Tracey dama
ndicator was evaluated using averaged values of the p
train and the stress triaxiality ratio in each element. Nu
cal crack initiation is defined as the instant where the
nd Tracey criterion is met for the first time in the struct
he crack extension at initiation corresponds to one ele
s averaged values are used.

The value of (R/R0)c for the ferrite was adjusted to rep
ent failure initiation on homogeneous smooth and not
ensile bars (TB, NT10, NT4, NT2). Comparison of predicte
ailure with the experimental data is presented inFig. 8(a) for
R/R0)c equal to 2.14.
2
howing that the crack initiates at the notch root and ten
eviate toward the interface. This corresponds to the o
ations reported inFig. 5(c). The subsequent brittle fractu
as not modeled in this study.

.4. Finite element simulation of the Charpy and SENB
pecimens

Charpy and SENB tests were modeled using 3D ca
ations. It has been shown in the literature that the Ch
est cannot be modeled using plane strain or plane stres
itions [24,25] in the ductile regime. Contact between
ample, the support and the striker was also modeled a
ng a friction coefficient equal to 0.1.

Results of the simulation are shown inFig. 10for cases
here the V-notch lies in the ferrite andFig. 11 for cases
here the V-notch lies in the austenite. A good agreem

s obtained comparing the force–displacement curves.
icted failure initiation is also shown by the solid dots.

For the KCVF specimen, initiation occurs slightly bef
he maximum load. This corresponds to the fact that s
rack growth is observed. After the maximum load, the s
men fails by cleavage fracture. For KCV1F and KCV
pecimens, the maximum load level is reduced due to
eformation of the austenite. Initiation is delayed comp

o homogeneous specimens.
For KCV#A specimens, initiation does not appear as b

nfluenced by the presence of the hard ferritic material.
s partly due to the high hardening capacity of the aust
hich prevents strain localization between the notch roo
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the interface. Initiation occurs largely before the maximum
load, as the 316L steel is extremely ductile and allows for
very stable crack extension after initiation.Fig. 7(b) shows
that crack extension remains limited at the maximum load.

Damage maps at initiation in the center of the specimen
are also shown inFigs. 10 and 11. The crack path can be
inferred from locations were damage is high. In the case of
KCV1F and KCV2F specimens, damage tends to be higher
toward the interface, which indicates crack deflection in this
direction. The opposite effect is obtained for KCV1A and
KCV2A specimens, which indicates that the crack propagates
away from the interface. However, the effect is less marked
than for KCV#F specimens. This corroborates well with the
experimental results shown inFig. 6.

Similar results are obtained from SENB specimens con-
taining sharp fatigue cracks (Fig. 12) although the load tends
to be overestimated. For homogeneous ferrite, ductile crack
initiation is immediately followed by cleavage fracture; the
predicted CMOD at initiation corresponds to the experimen-
tal failure. Note that the fatigue crack on the SENB specimen
represents a more severe defect than the Charpy V-notch. For
both SENB2F and SENB2A initiation is followed by stable
crack growth. Crack deflections are similar to those observed
for Charpy specimens.
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the limit load are structural effects which can be accounted
for using finite element simulations (see e.g.[26]). Based on
these observations, the different experiments can be simu-
lated using models for ductile fracture coupled with structural
computations. In this work, the simple Rice and Tracey model
is used as a post-processor of elastoplastic calculations. The
model parameter ((R/R0)c) for both materials is fitted on
notched bars and validated on Charpy and SENB samples. In
particular, the model can be used to interpret crack deflection
in bi-material joints. A more detailed simulation including
crack propagation would require the use of more sophisti-
cated models coupling plastic hardening and damage growth
such as the Rousselier[27] or Gurson[28] models.
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