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Ductile fracture initiation in high-strength low alloyed welded steel
joints is predicted using micromechanical complete Gurson model
(CGM). The crack tip constraint and variation of stress triaxiality in

ligament are considered on single-edge notch bend SE(B) and compact
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tension C(T) specimens, including the effect of strength mismatching
and different weld metal width. According to the analysis of stress
triaxiality in front of the crack tip, transferability of fracture initiation

parameter was studied. As a result of the analyses on specimens,
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fracture initiation parameter determined by using CGM can be
transferred from one geometry to another if their triaxial conditions are
found to be similar.
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1. INTRODUCTION

Ductile fracture is a geometry dependent event, whereas
the fracture toughness or ductility of a material can not
be directly transferred from one geometry to another. It
depends on variation of geometry constraint level,
therefore conventional fracture mechanics parameters,
such as J or CTOD can be used only in some limited
cases. Ductile fracture process is controlled by
nucleation, growth and coalescence of micro voids, so it
is natural to link material fracture behaviour to the
parameters that describe the evolution of micro voids
rather than conventional global fracture parameters.
Numerous micromechanical models have been
developed to describe the behaviour of ductile materials.
They are classified into two main groups: uncoupled
and coupled micromechanical models. In uncoupled
ones, such as Rice and Tracey [1] and McClintock [2],
failure stage is characterized by the critical void growth
ratio (R/Ry)., corresponding to the crack initiation.
Damage parameter is not incorporated into the
constitutive equation and it is assumed that presence of
voids does not significantly alter the behaviour of the
material. The von Mises criterion is most frequently
used as yield criterion in uncoupled models, while
coupled models, such as Rousselier [3] and Gurson [4]
are recently more interesting for researchers. Damage
parameter is incorporated into constitutive equation and
crack growth simulation is automatically performed
using a complete deterioration of elements in front of
the crack tip [S]. One of the most widely used models is
Gurson model for ductile porous materials. It was
improved later by Tvergaard and Needleman [6] and is
known as Gurson-Tvergaard-Needleman (GTN) model.
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This model has incorporated damage parameter (void
volume fraction) in flow criterion and it considers the
critical void volume fraction, f;, as a material constant-
failure parameter. The GTN model has been further
upgraded by Zhang [7], who introduced the complete
Gurson model (CGM). This model does not consider the
critical void volume fraction, f;, as a material constant,
but as a variable which depends on stress/strain state,
constraint level, etc.

In this paper, the effect of the weld metal width and
strength mismatching on ductile fracture initiation have
been investigated by using the complete Gurson model
(CGM). Numerical simulation of two different welded
specimens; single-edge notch bend, SE(B), and
compact tension, C(T), was done. The two welded
specimens were made of high-strength low alloyed
(HSLA) steel. They have been used to study constraint
effect on over-matched (OM) and under-matched (UM)
welded joints. Transferability of ductile fracture
initiation parameter between the two specimens has
also been discussed.

2. DUCTILE TEARING MODELLING

Micromechanical models have been recently developed
for modelling the behaviour of ductile materials. Among
these models, micromechanical model proposed by
Gurson is considered, as most widely used one for
ductile porous materials. Gurson has derived yield
condition equation for porous plastic solids. He
analyzed a spherical void in an infinite perfectly plastic
medium. Tvergaard and Needleman [6] have modified
this model and derived the following yield condition
known as Gurson-Tvergaard-Needleman (GTN) model:
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where Ocq = /(3/ 2)SijSij ; Sij is the stress deviator; o

denotes the current yield stress of the material matrix;
on 1s the mean stress; ¢, and ¢, are the constitutive
parameters introduced by Tvergaard [8] to improve the
ductile fracture prediction; ¢5 = (¢1)* and f~ is the
damage function [6] defined by:

f <
f* _ {f or f fc (2)
Je+K(f=f)  forf> [
where f. is the critical void volume fraction

corresponding to the occurrence of void coalescence;
the parameter K is the accelerating factor which defines
the slope of a sudden drop of force on the force —
diameter reduction diagram.

The damage parameter f is evaluated by equation
which consists of two terms describing the nucleation
and growth of voids under the external loading:

3)

J = Jaucleation * /¢ growth -

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

“)

f nucleation

where ée%

parameter A is a scalar constant concerning the damage
acceleration. It is estimated by the following
expression:

is the equivalent plastic strain rate;

Eoq — €
N el L[ BTN
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where fy is volume fraction of void nucleating particles,
ey 18 the mean void nucleation strain and Sy is the
corresponding standard deviation; fitting parameters of
the yield function of Gurson.

The micro void volume fraction due to growth can
be estimated by:

A= Q)

fgrowth = (1 - f)gllf . (6)
where éi‘i’ is plastic part of the strain rate tensor.
The critical void volume fraction, f;, is not

considered as a material constant. It is determined by
Thomason’s plastic limit-load criterion, which predicts
the onset of coalescence when the following condition is
satisfied [9]:

B
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where o = 0.1 and f = 1.2 are two constants fitted by
Thomason, ¢, is the maximum principal stress and r is
the void space ratio given by the formula:

Jora )

r= 3/£e81+€2+€3
4r 2

where €1, &, and ¢; are the principle strains.

The complete Gurson model was implemented into
the finite element code ABAQUS through the material
user subroutine UMAT, which has been developed by
Zhang, based on [7].

®)

3. MATERIAL

Two different specimens, SE(B) and C(T), were used to
test the fracture initiation in over-matched (OM) and
under-matched (UM) welded joints. The joints were
made of HSLA steel. Mechanical properties and
chemical composition of used materials are given in
Tables 1 and 2, respectively. Two weld metal widths (6
and 18 mm) were used. The mismatching factor M is
defined as the ratio of the yield strength of the weld
metal and the base metal:

R
M = Rroawm
Rpoopm

)

where Rppowm and Rpyopy are yield strengths of the
weld and base metal, respectively.

Table 1. Mechanical properties of base metal and weld
metals at room temperature

Material E [GPa] |R,, [MPa]|R,, [MPa] M
Over-matching | 183.8 648 744 1.19

Base metal 202.9 545 648 -
Under-matching| 206.7 469 590 0.86

The parameters of the GTN model such as initial
void volume fraction (f;), etc, summarized in Table 3,
were obtained previously in [10]. The effect of
secondary voids on ductile fracture was neglected,
because the secondary voids formed around Fe;C
particles have extremely low effect and are present only
during the final stage of ductile fracture.

4. NUMERICAL MODELLING

Mechanical properties were determined at room
temperature. True stress — true strain data, given in
Figure 1, was used in numerical modelling. The welded
specimens in Figures 2 and 3, with the ratio of crack
length to specimen width ao/W = 0.32 and thickness 25
mm, were modelled. The geometry of SE(B) specimen
is given in [10].

Table 2. Chemical composition of base metal and fillers in weight %

Material C Si Mn P S Cr Mo Ni
Filler: over-matching 0.04 0.16 0.95 0.01 0.02 0.49 0.42 2.06
Base metal 0.123 0.33 0.56 0.003 0.002 0.57 0.34 0.13
Filler: under-matching 0.096 0.58 1.24 0.013 0.16 0.07 0.02 0.03
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Table 3. Parameters of the GTN model for the weld metals [10]

Material Jo N 91 92 q3
OM-WM | 0.002 0 1.5 1 2.25

UM-WM | 0.002 0 1.5 1 2.25
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True stress, ¢ (MPa)
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Figure 1. True stress — true strain curves of tested materials
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Figure 2. Geometry of welded C(T) specimen
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Figure 3. Welded joint of SE(B) specimen

Welded specimens are considered as bimaterial
joints, since the crack is located in the weld metal, along
the axis of symmetry of the weld. Two different widths
of weld metal for both OM and UM welded joints were
used: 2H =6 and 18 mm.

The FEM program ABAQUS was used with CGM
user subroutine for determination of the value of stress
and strain components and the value of f during the
increase of loading. The specimens were analysed under
plane-strain conditions, and 8-noded isoparametric
reduced integration elements were used. The FE size
(0.15 mm x 0.15 mm) which approximates the
estimated value of the mean free path A between non-
metallic inclusions was used for both specimens (Fig.
4). The FE mesh of SE(B) specimen is given in [10].
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Due to the symmetry of SE(B) and C(T) specimens, half
of each specimen was modelled.
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Figure 4. FE mesh of: (a) C(T) specimen and (b) detail of
crack tip mesh

5. RESULTS AND DISCUSSION
5.1 Prediction of ductile fracture initiation

The effect of strength mismatching and width of the weld
metal on fracture can be predicted successfully by using
the CGM. Crack growth initiation was predicted using the
critical void volume fraction, f., as a failure criterion.
Failure is defined by the instant when the first element in
front of the crack tip becomes damaged. The condition for
the onset of crack growth, as determined by the J-integral
(or CTOD) at initiation, J; (CTOD;), is most adequately
defined by the micromechanical criterion [10]:

f>r- (10)

When the condition given by (10) is satisfied, the
onset of the crack growth occurs. Ductile fracture
initiation is described here by crack tip opening
displacement (CTOD;) value at crack growth initiation.
The CTOD; was estimated by complete Gurson model
when the critical void volume fraction (f;) is reached.

The results are given in Table 4, and it can be seen
that the numerical results for CTOD; are in good
agreement with experimental ones especially in UM
welded joints, while it is not the case in OM welded
joints. The reason may be due to considering
mechanism of ductile fracture for OM welded joints,
which probably exhibits a small fraction of cleavage.

Figures 5 and 6 show damage parameter (f) versus
CTOD for C(T) and SE(B) specimens in case of over-
matched and under-matched welded joints. In Figure 5,
it is pronounced that increasing rate of damage
parameter in case of wider weld metal (2H = 18 mm) is
higher than increasing rate of damage parameter in case
of narrow one (2H = 6 mm) for OM welded joints,
while the opposite phenomenon was observed in case of
UM welded joints (Fig. 6).
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Table 4. Experimental and numerical values of CTOD; for
SE(B) and C(T) specimens in OM and UM welded joints

CTOD; [mm]
Specimen type 2H =6 mm 2H=18 mm
Exp. Num. Exp. Num.
SE(B) OM | 0.084 | 0.157 | 0.065 | 0.129
UM | 0120 | 0.119 | 0.132 | 0.130
om OM - 0.094 - 0.089
UM - 0.086 - 0.092
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Figure 5. Crack tip opening displacement (CTOD) vs. void
volume fraction (f) for OM welded joints
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Figure 6. Crack tip opening displacement (CTOD) vs. void
volume fraction (f) for UM welded joints

This phenomenon is in good agreement with
experimental results given in [11], which show that
smallest weld metal width in OM welded joints has the
highest resistance to ductile fracture initiation, while the
opposite behaviour was obtained for UM welded joints.
Moreover, the effect of weld metal width on resistance
to ductile fracture initiation for over-matched C(T)
welded specimen is lower than the effect of weld metal
width on that for over-matched SE(B) specimen (Fig.
5). It is apparent, the C(T) specimen is more
conservative than SE(B) specimen.

5.2 Evaluation of constraint level

To compare the stress triaxiality of specimens or
components, one should take in account the remaining
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ligament which should be considered. Some
investigations [12] indicated that the specimens for
structural integrity assessment can be selected according
to constraint level. If the constraint level of specimen
matches the constraint level of component, the results of
specimen seem to be transferred to that component
within certain circumstances.

The effect of the specimen geometry, strength
mismatching and weld metal width on ductile fracture
initiation was evaluated on the base of stress triaxiality
in front of crack tip. Figures 7, 8 and 9 illustrate
variation of stress triaxiality due to the variation of
specimen geometry with loading conditions, strength
mismatching and width of the weld metal,
respectively.

— — OM 18mm C(T)
1—— OM 18mm SE(B)

Stress triaxiality

[
I‘
-

0 T T T \ T T
0.0 0.5 1.0 15 2.0 2.5 3.0

Distance ahead of initial crack tip (mm)

Figure 7. The effect of specimen geometry with loading
conditions on stress triaxiality in front of the crack tip
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Figure 8. The effect of strength mismatching on stress
triaxiality in front of the crack tip

One can notice, the geometry of specimen with
loading conditions (Fig. 7) has the most pronounced
influence on ductile fracture initiation in comparison
with the influence of strength mismatching (Fig. 8) and
weld metal width (Fig. 9). The least pronounced
influence on ductile fracture initiation is obtained for the
weld metal width. As the result, the best resistance to
ductile fracture initiation can be obtained according to
the best combination among structure geometry,
strength mismatching and weld metal width.
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Figure 9. The effect of weld metal width on stress triaxiality
in front of the crack tip

6. CONCLUSION

Constraint effect on ductile fracture initiation in welded
specimens made of high-strength low alloyed steel has
been studied using a complete Gurson model (CGM).
Two different welded specimens, SE(B) and C(T), were
used to predict ductile fracture initiation and the effect
of structure geometry, strength mismatching and weld
metal width. The following conclusions are drawn from
the present study:

e The effect of constraint on ductile fracture can be
evaluated by local damage model rather than by
using  conventional  fracture = mechanics
parameters which are inaccurate or even
inapplicable in case of large-scale deformation
and plastic straining during tearing;

e The small weld metal width in over-matched
welded joint has higher resistance to ductile
fracture initiation than the wide one and vice
versa in under-matched welded joints;

e The most influential constraint on ductile
fracture initiation is specimen geometry with
loading conditions, while less pronounced effects
are obtained for strength mismatching and weld
metal width;

e The CGM can predict ductile fracture initiation
(CTOD; value) in welded specimens and effect of
constraint level based on the critical void volume
fraction, f.. Ductile fracture initiation parameters,
such as CTOD; can be transferred from one
component to another within certain circumstances
if their triaxiality conditions are similar.
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YTHUHAJ OTPAHUYEHOI' JE®@OPMUCAA HA
HACTAHAK ) KNJIABOI' IOMA KOPUITREBEM
KOMILIETHOI I'YPCOHOBOI' MO/IEJIA —
HYMEPHYKA CUMYJIAIIMJA

Bamup Jynuc, Mapko Pakun, Bojan Melo,
Augexcannap Cenmak
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Hacramak >xuimaBor soma y 3aBapeHUM CIIOjeBHMa
HUCKOJIETHPAHOT deJHWKa TIIOBHIIEHEe dYBpcTohe je
npeaBul)eH NPUMEHOM MHKPOMEXaHHYKOT KOMIUIETHOT
I'ypconoBor Mojena (CGM). OrpannueHo
nehopMHCame OKO BpXa MPCIHHE (CHT. ,,constraint™) u
IIPOMEHA TPOOCHOCTH HAlOHAa Yy JIMTAMEHTY Cy
pa3MaTpaHu Ha enpyBeTama 3a CaBHjambe y TPH Tauke
SE(B) u Ha KOMIIaKTHHUM eIpyBeTama 3a 3aTe3ame
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C(T), y3umajyhu y o003up yTHLIA] pasjiuke Y
MEXaHWYKUM OcoOMHama (€Hr. ,,mismatch®) u mupuHe
Merama IiaBa. AHaTM3MpaHa je  IPEHOCHBOCT
napaMeTrpa KoOju OJAroBapa HACTaHKy MpCIHHE, Y
3aBUCHOCTH OJi TPOOCHOCTH HAIOHA HCIpPEa EHCHOT
BpXa W 3aKJbyuyeHO je Ja ce JJ0o0ujeHe BpeIHOCTH
KopumiheHOr mapamMeTpa MOTY KOPHUCTHUTH 3a 00e
reoMeTpHje pa3MaTpaHe y pany.
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