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a b s t r a c t
The objective of this study is determination of the effect of mechanical heterogeneity on ductile crack
initiation and propagation in weldments using micromechanical approach. Welded single-edge notched
bend (SENB) specimens were experimentally and numerically analysed. Material properties of welded
joint zones were estimated using a combined experimental and numerical procedure; strains on a
smooth tensile specimen were determined using ARAMIS stereometric measuring system in order to
obtain true stress – true strain curves. High-strength low-alloyed steel was used as base metal, in
quenched and tempered condition. J–R curves and crack growth initiation values of fracture mechanics
parameter were experimentally and numerically obtained for specimens with a pre-crack in the heataffected zone (HAZ) and weld metal (WM). The complete Gurson model (CGM) was used in prediction
of J–R curves and crack growth initiation. It is shown that the resistance to crack initiation and growth
can be predicted using micromechanical analysis, and that the results are signiﬁcantly affected by
mechanical heterogeneity of the weldment.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Crack initiation and stable crack growth in ductile materials are
conventionally characterised by fracture resistance curves,
obtained from the standard fracture mechanics tests. However,
testing of the different specimens often reveals considerable differences in these curves, due to the constraint effects [1–5]. These
effects are very important even in homogeneous structures, where
the fracture resistance is dependent on geometry of the structure
and crack, as well as on the loading type. In welded joints (e.g.
specimens notched and pre-cracked in different zones), they are
much more pronounced than in homogeneous structures, having
in mind the material heterogeneity in addition to the geometry
constraints. The service safety of highly loaded welded structures
is strongly dependent on the integrity and fracture resistance of
their welded joints. Therefore, mechanical heterogeneity of the
joint is a key factor for understanding the fracture and failure of
such structures under various exploitation conditions [1,2,6,7].
Above-mentioned constraints are the reason why transferring the
fracture parameters from specimens to components is especially
questionable in case of welded joints. One of the ways to take into
account both constraints due to material mismatching and due to
⇑ Corresponding author. Tel.: +381 11 3302 346; fax: +381 11 3370 364.
E-mail address: asedmak@mas.bg.ac.rs (A. Sedmak).
0261-3069/$ - see front matter Ó 2012 Elsevier Ltd. All rights reserved.
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geometry is J-Q-M formulation [8–10], derived by extending the
J-Q theory [11] of the two-parameter fracture mechanics.
Recently produced high-strength low-alloyed (HSLA) steel,
examined in this study as the base metal (BM), typically exhibits
large-scale deformation and plastic straining during tearing, which
helps to prevent rapid unstable fracture. Such strain state (large
scale yielding) is another reason why traditional J integral approach of classical fracture mechanics cannot give adequate results
[12]. Having in mind all the mentioned issues, micromechanical
analysis is used in this work to eliminate or decrease the dependence of fracture parameters on geometry of the structure and
material heterogeneity. This approach is chosen as appropriate
for fracture assessment, since it correlates the local stresses and
strains with resistance to crack initiation and growth. Therefore,
the constraint effects are inherent in the analysis, which is not
the case in the two-parameter fracture mechanics.
In case the crack is located in the middle of the weld metal
(WM), not in the vicinity of the heat affected zone (HAZ), the joint
can be analysed as bimaterial, as shown through several studies
[1,13–16]. However, there are situations when it is also very
important to understand the behaviour of HAZ during the fracture
process [17–21], bearing in mind that it is often susceptible to
cracks and its toughness may inﬂuence the overall fracture behaviour of a welded joint. In [17], experimental tests and FEM analyses
have been performed on high strength steel weldments produced
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Nomenclature
a
a0
Da
A
AA
Ai
AT
B
CMOD
CTODi
E
f
f⁄
f0
fc
fF
fN
fu
fv
f_ growth
f_

nucleation

F
J
Ji
J0.2/BL
n

crack length (mm)
initial crack length (mm)
crack length increment (mm)
strain controlled nucleation rate (–)
area fraction of inclusions (–)
area of detected inclusions (mm2)
measurement ﬁeld area (mm2)
specimen thickness (mm)
crack mouth opening displacement (mm)
crack tip opening displacement at crack initiation (mm)
Young’s modulus (GPa)
current void volume fraction (–)
modiﬁed void volume fraction (damage function) (–)
initial void volume fraction (–)
critical void volume fraction (–)
void volume fraction at ﬁnal failure (–)
volume fraction of void nucleating particles (–)
ultimate void volume fraction (–)
volume fraction of non-metallic inclusions (–)
void volume fraction growth rate (s1)
void volume fraction nucleation rate (s1)
applied force (kN)
J-integral (N/mm)
J-integral at crack initiation (N/mm)
J-integral at 0.2 mm crack growth offset to the blunting
line (N/mm)
strain hardening exponent (–)

using two different consumables for different mismatch levels.
Almost all fracture initiation points were in the HAZ, and the probability for initiation in the base material and the weld metal was
found to be rather small. Welded HSLA steel specimens with a
pre-crack in the heat affected zone were examined in [18], and it
is shown that the strength mismatching of the homogeneous and
heterogeneous joints caused a redirection of the crack propagation
towards the low-strength region of the joint. In [19], two HSLA
steels of different strength level were welded using the same consumables. Fracture deviation from HAZ into weld or base metal occurred: for the BM with higher strength, the crack propagated from
HAZ to WM, while for the BM with lower strength the crack propagated from HAZ to BM. Numerical and experimental investigation
of ductile tearing of the welded joint with a pre-crack in HAZ using
local approach to fracture is conducted in [20]. The fracture assessment has been done using uncoupled and coupled approach, and
special attention has been given to modelling of the crack growth
direction (the crack deviated towards the BM).
Besides the cracks initiated in HAZ (e.g. around some initial defect), it is important to take into account the possibility that the
fracture path can run through HAZ even if the crack was initiated
in WM or BM. Therefore, there are many cases when a welded joint
should not be considered as bimaterial. In this work, the crack initiation and propagation is analysed in welded single edge notched
bend (SENB) specimens with a pre-crack in WM or HAZ. The aim
was to determine the mechanical heterogeneity effect on ductile
crack initiation and propagation in high strength steel weldments
using the same specimen geometry and loading conditions.
The complete Gurson model (CGM) [22] is applied for ductile
fracture modelling. It includes the void coalescence criterion proposed by Thomason [23], and critical damage parameter value
(used as failure criterion) is not a material constant, but depends
on the stress and strain state in the structure. This fact is especially
important in the examined joints, where the material heterogene-

q1, q2

ﬁtting parameters of the Gurson-Tvergaard-Needleman
yield criterion (–)
void space ratio (–)
distance between the support cylinders (mm)
deviatoric components of the Cauchy stress tensor
(MPa)
standard deviation in the Gaussian distribution of
nucleation rate (–)
volume fraction of detected inclusions (–)
mean value of the volume fraction (–)
specimen width (mm)

r
S
Sij
SN
VV
V
V
W

Greek symbols
e_ pij
component of the plastic strain rate tensor (s1)

epeq

equivalent plastic strain (–)

_ peq

equivalent plastic strain rate (s1)
principal strains (–)
mean nucleating strain (–)
yield function of the Gurson–Tvergaard–Needleman
model (–)
mean free path between non-metallic inclusions (lm)
Poisson’s ratio (–)
maximum principal stress (MPa)
mean stress (MPa)
current ﬂow stress of the matrix material (MPa)
von Mises equivalent stress (MPa)

e
e1, e2, e3
eN
u
k

m
r1
rm
r
req

ity causes severe gradients in the stress and strain ﬁelds around the
crack tip before and after the crack growth initiation.
2. The complete Gurson model (CGM)
Several micromechanical models have been developed for modelling the behaviour of ductile materials. Among them, the model
proposed by Gurson [24] is a widely used one for ductile porous
materials. The yield function of Gurson, modiﬁed by Tvergaard
[25] and Tvergaard and Needleman [26], is used to describe the
growth of voids in the material and subsequent macroscopic softening. The modiﬁed yield function is deﬁned by the formula:


2

 req 2
3q2 rm
/ req ; rm ; r; f ¼
þ 2q1 f  cosh
r
2r


2
 1 þ ðq1 f  Þ
¼0

ð1Þ

where rm is the mean stress, r is the ﬂow stress of the matrix material, f⁄ is the modiﬁed void volume fraction, and req is the von Mises
equivalent stress:

req

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
Sij Sij
¼
2

ð2Þ

where Sij stands for the deviatoric components of the stress tensor.
The constants q1 and q2 are ﬁtting parameters introduced by
Tvergaard [25], to improve the ductile fracture prediction of the
Gurson model.
The modiﬁed void volume fraction, f⁄, often called the damage
function [26], is given by:

(


f ¼

f

for f 6 fc
f  f

fc þ fuF fcc ðf  fc Þ for f > fc

ð3Þ
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where fc is the critical void volume fraction at the onset of void coalescence, fu ¼ 1=q1 is the ultimate void volume fraction, and fF is the
void volume fraction at ﬁnal failure.
The increase in the void volume fraction, f, during an increment
of deformation is partly due to the growth of existing voids and
partly due to the nucleation of new voids. Thus, the evolution
law for the void volume fraction is given in the form:

f_ ¼ f_ nucleation þ f_ growth

ð4Þ

Nucleation is considered to depend exclusively on the plastic
strain in the material and can be estimated by following equation:

f_ nucleation ¼ Ae_ peq

ð5Þ

where e_ peq is the equivalent plastic strain rate; parameter A is the
void nucleation rate, in this work estimated by the following
expression [27]:

"

2 #
fN
1 epeq  eN
A ¼ pﬃﬃﬃﬃﬃﬃﬃ exp 
2
SN
SN 2 p

ð6Þ

fN is the volume fraction of void nucleating particles, eN is the mean
strain for void nucleation and SN is the corresponding standard
deviation.
The void volume fraction due to the growth of voids can be estimated by:

f_ growth ¼ ð1  f Þe_ pij

ð7Þ

where e_ pij are diagonal components of the plastic part of the strain
rate tensor.
The critical void volume fraction, fc, is not considered as a material constant in the complete Gurson model. It is determined by
Thomason’s plastic limit-load criterion [23], with the assumption
that all voids remain spherical during the increase of loading.
The CGM predicts the onset of coalescence when the following
condition is satisﬁed [22]:



r1
1
P a
1
r
r

2

!

b 
þ pﬃﬃﬃ 1  pr 2
r

ð8Þ

where a = 0.1 and b = 1.2 are two constants ﬁtted by Thomason.
Zhang et al. proposed a linear dependence of a on hardening exponent n for elastic–plastic materials that exhibit strain hardening. r1
is the maximum principal stress and r is the void space ratio given
by the formula:

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3 3f
r¼
ee1 þe2 þe3
4p

ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ee2 þe3
2

ð9Þ

joint was K, which was selected for the research purpose to make
easier positioning of a crack in HAZ. The chemical compositions of
the base metal and consumable are listed in Table 1.
Precise estimation of true stress – true strain curves for different welded joint regions is difﬁcult due to the heterogeneous metallurgical and mechanical properties of the joint zones, especially
for heat affected subzones. Therefore, they were obtained by testing a smooth tensile plate at room temperature (Fig. 1). The strains
were monitored by ARAMIS stereometric measuring system
(www.gom.com) for speciﬁc area on the specimen, which included
the welded joint regions (Fig. 2). The smooth tensile panel was
numerically modelled to estimate true stress – true strain curves
for all regions of welded joint (base metal BM, coarse grain heat-affected zone CGHAZ, ﬁne grain heat-affected zone FGHAZ and weld
metal WM). Numerical strains were compared with experimentally measured ones for different regions of the joint. Iteration procedure was performed by varying yield strength and hardening
exponent up to obtaining a good combination, which matches
numerical strains with experimental ones (Fig. 3). Fig. 3 shows
the heterogeneity effect on strains in all regions of welded joint.
It is obvious that the welded joint exhibits slight strength overmatching, and the average strain in HAZ changes rapidly in comparison with BM and WM. First iteration of true stress – true
strain curves was chosen as the ﬁrst estimated curves from experimental results. Large values of true stress – true strain curves beyond ultimate load were extrapolated by ﬁtting the data up to the
ultimate stress with calculated true fracture stress and strain. The
estimated mechanical properties are given in Table 2 for BM,
CGHAZ, FGHAZ and WM.
Quantitative microstructural analysis was performed to estimate the micromechanical parameters: volume fraction (fv) and
mean free path (k) between the non-metallic inclusions for the
zones of the welded joint, according to [28] (Table 3). In the initial
stage of ductile fracture of steel, the voids nucleate mostly around
non-metallic inclusions. Hence, the initial porosity f0 is here assumed to be equal to the volume fraction of non-metallic inclusions (fv). Fig. 4 shows two measurement ﬁelds in the weld
metal. A group of oxides and sulphides can be seen in the two measurement ﬁelds, which are marked by arrows.
Volume fraction of sulphides and oxides in tested steel has been
determined on basis of equality with surface fraction [28]:

V v ¼ AA ¼

Ai
AT

ð10Þ

where VV and AA are the volume and surface fraction of detected
sulphides and oxides respectively, Ai is the area of the detected
inclusions and AT is the measurement ﬁeld area.

where e1, e2 and e3 are the principal strains.
3. Materials and experimental procedure
The material studied in this work was HSLA steel, NIOMOL
490 K, which is used as the base metal. Shielded metal arc welding
process (SMAW) was performed with consumable VAC 60Ni to
weld a plate (300  300  16 mm). A mixture of shielding gases;
3.8% CO2 + 93.7% Ar + 2.5% O2, was used in order to get acicular ferrite, which raises the toughness of the welded joint. The specimens
were cut transversely from the welded plate. The shape of welded
Table 1
Chemical composition of base metal, NIOMOL 490 K and consumable in wt.%.
Material

C

Si

Mn

P

S

Mo

Cr

Ni

NIOMOL 490 K
VAC 60 Ni

0.123
0.096

0.33
0.58

0.56
1.24

0.003
0.013

0.002
0.160

0.34
0.02

0.57
0.07

0.13
0.03
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Fig. 1. True stress – true plastic strain curves.
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Fig. 2. Geometry of smooth tensile specimen.

Fig. 3. Comparison between numerical and experimental strain distribution at
ultimate load 200 kN.

Table 2
Mechanical properties of the materials.
Material

Young modulus, E (GPa)

Yield strength, rY (MPa)

BM
CGHAZ
FGHAZ
WM

202.9
203
195
200

520
550
500
530

Table 3
Microstructural parameters of the materials.
Material

fv

fN

k (lm)

BM (NIOMOL 490 K)
HAZ
WM

0.0094
0.0086
0.0194

0.014748
0.014748
0.010685

578
497
202

fv is determined as the mean value of surface fraction of nonmetallic inclusions for all measurement ﬁelds:

Fig. 4. Two optical micrographs of non-metallic inclusions in the weld metal.

V ¼
fv ¼ V

P

V Vi
n

ð11Þ

where n is the number of measurement ﬁelds.
Volume fraction of secondary void nucleating particles fN
(Table 3; in steel, these are mainly Fe3C particles), which
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represents the effect of secondary voids on ductile fracture, was
calculated from the content of carbon in tested materials using
the lever rule [29]:

wt:%cem: ¼

%C  0:025
 100%
6:67  0:025

ð12Þ

where %C is carbon content in used steel, 6.67 is wt.% of carbon in
Fe3C compound and 0.025 is wt.% of carbon content in ferrite.
Two SENB specimens were used to investigate the fracture
behaviour of welded joints: with fatigue pre-cracks in the HAZ
and WM. Figs. 5 and 6 show the geometry of both specimens.
The initial crack length to specimen width ratio was a0/W = 0.49
and 0.45 for specimens with a pre-crack in WM and HAZ, respectively. The cracks were located in the middle of the weld metal
or in the middle of HAZ, between CGHAZ and FGHAZ. Crack growth
resistance curves were obtained for both specimens according to
the ASTM E1820 standard [30]. The single specimen method was
used and the unloading compliance technique was applied for stable crack growth monitoring. Crack mouth opening displacement
(CMOD) and applied force (F) were monitored for both specimens.
4. Finite element models
For the determination of the value of stress and strain components and the value of damage parameter (f) in the specimens exposed to external mechanical loading, the FEM software Abaqus
(www.simulia.com) was used, with CGM user subroutine, UMAT,
developed by Zhang based on [22]. To simplify the ﬁnite element
analysis, materials of all regions of welded joint were assumed to
be isotropic. Isoparametric quadrangular ﬁnite elements with
2  2 Gauss integration were used. In front of the crack tip, squared
ﬁnite elements (0.2  0.2 mm for specimen with a pre-crack in
WM and 0.5  0.5 mm for specimen with a pre-crack in HAZ) were
used. These sizes approximate the value of the mean free path (k)
between non-metallic inclusions in tested materials (see Table 3).
Figs. 7 and 8 show ﬁnite element meshes used to model the SENB
specimens with a pre-crack in WM and HAZ, respectively.
It is well know that ductile tearing of metals occurs by the
nucleation, growth and coalescence of microvoids with signiﬁcant
plastic deformation. Therefore, the zone of interest, containing the
crack, is modelled by the CGM and the rest of the model is characterised by elastic–plastic behaviour without damage [31]. Based on
this fact, ductile fracture was modelled in the current models by
introducing a tearing zone surrounding the crack line, where material degradation and separation can occur. This tearing zone is
embedded in a continuous elastic–plastic material where only
plastic deformation occurs. Thus, tearing zone was considered in
WM for the specimen with a pre-crack in WM and in HAZ for the
specimen with a pre-crack in HAZ. The loading of both specimens
was controlled by prescribed displacements.
In order to apply the CGM to simulate the ductile tearing in
SENB specimens with a pre-crack in WM and HAZ, various model
parameters must be deﬁned:

Fig. 6. Geometry of SENB specimen with a pre-crack in HAZ.

The ﬁrst set of constitutive parameters is q1 and q2, which are
related to the hardening of the matrix material. In this study, q1
and q2 were 1.6 and 1.0, respectively, for SENB specimen with a
pre-crack in WM and 1.2 and 1.0, respectively, for SENB specimen
with a pre-crack in HAZ. The values of q1 and q2 were determined
according to the study [32]. The second set of parameters is void
initiation and coalescence parameters (f0, fc and fF). Like mentioned
previously, the initial void volume fractions (f0) are assumed to be
equal to the volume fractions of non-metallic inclusions (fv), which
is given in Table 3 for BM, HAZ and WM. The critical void volume
fraction (fc) is crucial damage parameter in CGM, since it represents the end of stable void growth and the start of void coalescence. It is not a material constant according to CGM, but it is
calculated during the processing procedure, based on the stress
and strain ﬁelds, see Eq. (9). Void volume fraction at ﬁnal fracture
(fF) is determined according to the relation fF = 0.15 + f0 [22]. The
third set of parameters (eN, SN, and fN) is related to secondary voids
nucleation. The volume fraction of void nucleating particles (fN)
has been evaluated from Fe3C content in materials. The nucleation
parameters deﬁned by Chu and Needleman, eN = 0.3 and SN = 0.1
[27,33,34], were considered for the analysis.
5. Results and discussion
The onset of crack growth and crack resistance curves in analysed welded joints are successfully predicted by using the CGM
model. To analyse the transferability of the numerical results and
validate the ductile failure model implemented, the numerical
and experimental results have to be compared. Figs. 9 and 10 show
the comparison between numerical (using the CGM and von Mises
yield criterion without damage model) and experimental results of
force (F) vs. crack mouth opening displacement (CMOD) for SENB
specimens with a pre-crack in WM and HAZ, respectively. A good
agreement between the CGM results and experimental ones has
been achieved. The damage model (CGM) predicts the load drop
after maximum load, which represents the stage of ductile tearing,
quite well, whereas the simulation without the damage model cannot predict this phenomenon. It can also be noticed that both specimens have exhibited signiﬁcant nonlinear behaviour preceding
unstable fracture, as expected. This conﬁrms the ductility of materials, which is higher in the HAZ than in the WM. Nevertheless, the
differences in the maximal force arise from the weldment mechanical heterogeneity. Moreover, the rate of load drop of the SENB
specimen with a pre-crack in the WM is higher than the one of
the SENB specimen with a pre-crack in the HAZ. It can be attributed to the effect of volume fraction of non-metallic inclusions,
which is higher in WM than in HAZ.
5.1. Numerical modelling of crack initiation

Fig. 5. Geometry of SENB specimen with a pre-crack in WM.

Crack initiation can be predicted by using the CGM model; failure is deﬁned by the instant when the ﬁrst element in front of the
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Fig. 7. Finite element mesh of SENB specimen with a pre-crack in WM (a) and detailed crack-tip mesh (b).

Fig. 8. Finite element mesh of SENB specimen with a pre-crack in HAZ.

crack tip becomes damaged. The condition for the onset of the
crack growth (as determined by the J-integral, Ji, or crack tip opening displacement, CTODi) is most adequately deﬁned by the micromechanical criterion:

f P fc

ð13Þ

When the condition given by Eq. (13) is satisﬁed, the onset of
the crack growth occurs. The critical void volume fraction (fc) in
the CGM is determined by evaluating Eq. (8) at the end of each
increment step. Once Eq. (8) is satisﬁed, void coalescence starts
and the current void volume fraction is regarded as fc for that
Gauss point. To determine numerically the crack initiation, the increase of void volume fraction (f) is monitored at the Gauss point
nearest to the crack tip [35]. When current monitored f reaches fc
and Eq. (13) is satisﬁed, the fracture mechanics parameter at crack
initiation (Ji or CTODi) is determined.
Crack initiation values for SENB specimens with a pre-crack in
WM and HAZ have been determined. In Fig. 11, the increase of the

value of f is given as a function of the J-integral for SENB specimens
with a pre-crack in WM and HAZ. The J-integral for a stationary
crack under loading is obtained by using the domain integral method. It can be noticed in the Fig. 11, the more rapid increase of the
void volume fraction (f) was obtained for the specimen with a
pre-crack in WM. This can be explained as the effect of mechanical
heterogeneity and volume fraction of non-metallic inclusions on the
damage f. Distributions of void volume fraction (f) at the crack
growth initiation are shown in Fig. 12 for both specimens; concentration of large values very close to the crack tip is obvious. The values of Ji are given in Table 4 with experimentally determined
fracture toughness (J0.2/BL) using SENB specimens with a pre-crack
in WM and HAZ. It is important to know that the value of Ji can be
determined experimentally by measuring the stretch zone width
according to the ESIS P2-92 procedure [36], while J0.2/BL was determined without measuring the stretch zone width according to
ASTM E1820 [30]. The value of J0.2/BL is greater than Ji for the majority of structural materials. The effect of heterogeneity can also be
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Fig. 9. Force (F) vs. CMOD for SENB specimen with a pre-crack in WM.

Fig. 10. Force (F) vs. CMOD for SENB specimen with a pre-crack in HAZ.

Fig. 12. Distribution of void volume fraction at the crack growth initiation for SENB
specimen with a pre-crack in WM (a) and HAZ (b).

Table 4
Experimental (J0.2/BL) and numerical (Ji) values for the specimens with a pre-crack in
WM and HAZ.
Material

J0.2/BL (N/mm)

Ji (N/mm)

WM
HAZ

64.7
84

57.6
104

5.2. Numerical modelling of crack propagation

Fig. 11. Void volume fraction (f) vs. J-integral for SENB specimens with a pre-crack
in WM and HAZ.

seen on the obtained different values of the J-integral corresponding
to the initiation (Ji) of crack growth (Table 4). It can be seen that the
value of Ji is larger than the value of J0.2/BL for HAZ, while it is not in
the case of WM.

Ductile fracture propagation can be simulated by different techniques, including: element splitting, node releasing, element deleting and stiffness decreasing. The last technique has been used in
this work.
The computational simulation within an element follows Eq. (3)
after it reaches the critical damage value fc, and continues until the
void volume fraction f⁄, reaches its maximum value fu . At this point
in the simulation, the element is fully failed according to the GTN
yield function (Eq. (1)), leading to local stiffness reduction.
J–R curves have been obtained by using specimens with a precrack in WM and HAZ. The FE meshes for both specimens are
shown in Figs. 7 and 8. In the model of tearing zone, minimum
two layers of elements with a highly reﬁned mesh stretch out
across the ligament ahead of the crack tip because of expected
damage and crack propagation in this region. However, several
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researchers [37,38] have introduced a single layer of elements in
front of the prospective crack plane to simulate the ductile tearing.
The crack growth (Da) has been simulated by tracing the path of
completely damaged elements, which appear in different colour in
Fig. 13. In other words, the crack growth has been estimated by
multiplying the original length of an element with the number of
damaged elements. The element is assumed to be failed
(completely lost its load carrying capacity) when the void volume
fraction at ﬁnal failure (fF) is reached according to the relation
fF = 0.15 + f0. The crack growth resistance curves were obtained
and presented in Figs. 14 and 15 for the cracks in WM and HAZ.
It can be seen that good agreement is obtained between experimental and numerical results. It is also obvious that the crack resistance curve of the SENB specimen with a pre-crack in HAZ is higher
than the one of the specimen with a pre-crack in WM due to the
effect of heterogeneity and slight effect of crack depth. Better fracture resistance of HAZ in comparison with WM, in welded joints
produced of HSLA steels of different strength level, has also been
obtained in [19]. However, direct comparison with the literature
results is very difﬁcult; bearing in mind the possible difference in
the base metal and welding consumables manufactured by different producers. Further, even for the exactly same BM and consumable, fracture behaviour of welded joint can depend on welding
technology and conditions.

Fig. 14. J–R curve for SENB specimen with a pre-crack in WM with the effect of
mesh size.

5.3. The inﬂuence of FE size on crack initiation and propagation
Several researches analysed the effect of ﬁnite element size on
the prediction of crack initiation and crack resistance curves

Fig. 15. J–R curve for SENB specimen with a pre-crack in HAZ with the effect of
mesh size.

Fig. 13. Distribution of void volume fraction for SENB specimen with a pre-crack in
WM (a) and HAZ (b).

[13,14,20,22,31,37,39]. In this study, it is also found that the size
of FE mesh signiﬁcantly affects the material resistance curves and
crack initiation values for specimens with a crack in WM and
HAZ. The results are in agreement with the literature ﬁndings;
as the FE size is increased, the fracture toughness also increases,
both for crack initiation and crack growth. For both materials, the
initial FE size is set to the approximate value of the mean free
path (k) between non-metallic inclusions. In addition, one more
mesh size was considered for each specimen; these sizes were
chosen as follows: elements larger than k for WM and elements
smaller than k for HAZ. In this way, two similar ﬁnite element
sizes are used for each of the materials. Signiﬁcant effect of FE
mesh size on material resistance curves can be seen in Figs. 14
and 15; the best agreement is obtained for the size of the element
approximating the mean free path between the non-metallic
inclusions k in analysed materials, given in Table 3. The connection of the FE size and material microstructure (expressed
through k) was conﬁrmed through many studies, including
[13,14,34,37]. In some of them, the ratio of the two values is
equal to 1, as presented here. This ratio can be different, but
the important conclusion is that these quantities are related,
which means that FE size (as numerical parameter) depends on
k (as microstructural parameter) and can be regarded as material
parameter in the Gurson model.
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6. Conclusion
Mechanical heterogeneity effect on ductile crack initiation and
propagation in welded SENB specimens with a pre-crack in HAZ
and WM has been analysed in this paper using the complete Gurson model (CGM).
The increasing rate of damage growth ahead of the crack tip in
the SENB specimen is smaller in the HAZ than in the WM. This difference can be attributed to much higher initial void volume fraction of the latter, as well as to slightly longer crack in this zone.
Crack resistance curves (J–R curves) and crack initiation values
were successfully predicted using the CGM and true stress – true
strain curves of the welded joint zones. These curves were determined by a combined experimental–numerical procedure, utilising
stereometric strain measurement and ﬁnite element modelling of
smooth tensile panel.
It is shown that the resistance to crack initiation and growth is
greatly affected by the heterogeneity of the weldment. The heterogeneity of the examined joints cannot be adequately represented
by the often used ratio of the yield strengths, because hardening
behaviour and microstructure also inﬂuence the fracture behaviour. The yield strengths of the joint zones are similar (less than
10% difference), while fracture resistance exhibits signiﬁcant differences. The value of the J integral at crack initiation Ji, obtained
by the CGM, is larger than the value of J integral for 0.2 mm crack
growth J0.2/BL for HAZ, and smaller in the case of WM.
The inﬂuence of the ﬁnite element size on the results was also
analysed. It is found that ﬁnite element size near the crack tip
strongly inﬂuences the prediction of crack initiation and growth,
and that there is a very signiﬁcant difference in appropriate FE size
between the WM and HAZ. For the analysed materials, this size
corresponds to the mean free path between the non-metallic inclusions in the examined welded joint zones.
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