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ABSTRACT: Thus far, micromechanical modeling of cells has been used success-
fully to capture the deformation behavior of dual phase (DP) steels, which display
impressive mechanical properties, especially for the automotive industry. However,
the prediction of ductile failure, which is essential in the manufacture and design of
parts, needs to be modeled in order to develop a model, which can fully characterize
DP-steels. The Gurson–Tvergaard (GT) damage model is coupled with a
micromechanical model developed in earlier works, which captures the deformation
behavior of DP-steels well, making a complete material model. A procedure that
accounts for damage in terms of the void volume fraction, stress triaxiality and
the mechanics of failure in DP-steels as major damage factors, is developed in this
work to determine the calibrating parameters in the GT yield function. When these
parameters are determined, they are employed in numerical simulations of a tensile
bar test to compare the experimental and numerical fracture parameters. The results
show good agreement between the numerical predictions using the GT parameters
obtained by the procedure developed in the current work and the experimental
findings at different levels of volume fraction of martensite (Vm). It is also shown
that the GT parameters obtained using a calibrating procedure, which ignores the
local deformation behavior of the material, does not produce the appropriate
parameter values.

KEY WORDS: dual phase steel, damage models, fracture, calibrating procedure,
micromechanical modeling, macromechanical modeling.
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INTRODUCTION

D
UAL PHASE (DP) steels offer attractive mechanical properties, especially
for the automotive industry, such as high strength, continuous yielding,

high work hardening rate, and good ductility in addition to high crash
resistance, reduced cost, good formability, and excellent surface finish, due
to the elimination of the yield point elongation. The application of DP-steels
in automotive components such as bumpers, wheels, wheel discs, pulleys,
springs, etc. have shown a weight reduction of up to 30% with an increase in
component life (Abdalla et al., 1999). These steels are also reported to
display high crashworthiness features, due to the combined strength and
ductility they display, which is why they are used in the crash sensitive parts
in the front and rear rails of automobiles.

Dual phase steels which are produced by the intercritical heat treatment of
low carbon steels, possess a composite microstructure consisting of
martensite dispersed in a softer phase known as ferrite. The mechanism of
failure of DP-steels reportedly occurs in a ductile manner by void
nucleation, growth, and finally coalescence. The fracture mechanics
approach, which is based on a well-founded mathematical background,
fails to address this aspect of failure due to several reasons. The most
important reason is that the basic philosophy in the conventional fracture
mechanics, which uses global fracture parameters such as the J-integral,
works only in some limited cases, and often the assumption of the existence
of a macroscopic flaw in the material does not correspond to the real
material at hand and thus does not account for the characteristics of the
material (Gdoutos, 1993).

The attractive mechanical properties of DP-steels are attributed to their
microstructure and, consequently, modeling the mechanical behavior of
such materials has to be done based on the microstructural levels, which are
many, but only the phase level of the material can be considered as an
isotropic continuum. Micromechanical modeling of cells has been used
in previous works to characterize the DP-steels. Detailed investigations were
presented and a model was developed which can particularly capture the
deformation behavior of DP-steels (Al-Abbasi and Nemes, 2003a,b;
Al-Abbasi and Nemes, 2007).

The above model can predict the deformation behavior of DP-steels,
which enabled it to predict the yield strength, UTS, the uniform strain, and
the strain-hardening rate. However, this model does not embody a fracture
criterion, which would enable it to predict the limiting elongation to
fracture. As mentioned earlier, the ductile failure of DP-steels occurs by the
process of void nucleation, growth, and coalescence. For a void-containing
material, the most widely-known and used material damage model is the
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Gurson–Tvergaard (GT) model, which has been discussed in the literature.
The results of the micromechanical model developed in previous works are
coupled with the GT model to describe the deformation and fracture
behavior of the DP-steels. The calibrating parameters in the GT yield
function are determined uniquely by a procedure developed in this work.
The main objective of the current research work is to present a model that
can predict the failure behavior of DP-steels in addition to being able to
characterize their deformation behavior, which has been the subject of
previous works. The model above can then be used to understand the
deformation and fracture behavior of DP-steels, which can lead to optimum
design of these steels with enhanced properties.

EXPERIMENTAL RESULTS

Materials

A low carbon DP-steel consisting of martensite dispersed in an equiaxed
ferrite is used in this work. The above material was received in the form of a
wire rod of diameter 10mm and chemical composition, determined using
vacuum emission spectroscopy in wt.%, of 0.09C, 1.5Mn, 0.98 Si, 0.06Cr,
0.08Ni, 0.005 S, 0.01 P, 0.004Mo, 0.005N, and 0.04Cu. This material was
cut into the shape of cylindrical bars and quenched in water from different
intercritical temperatures to room temperature to obtain DP-steels of
different volume fraction of martensite (Vm). The heat treatment details are
presented in Table 1. The single ferrite phase was also produced (as shown in
Table 1) which is required to model the material micromechanically which
will be shown later. The heat treatment to produce ferrite was carried out by
decarburizing the steel for 21 h at 1000�C followed by furnace cooling,
to produce a carbon free steel. This process of heat treatment produced 6%
pearlite in addition to ferrite, which is a good approximation of the ferrite
phase as the pearlite phase is not much stronger than the ferrite phase and
due to its low percentage, would not have significant influence on the
material behavior. To remove decarburized layers on the tensile samples,

Table 1. Heat treatment details and volume fraction of martensite produced.

Vm (%) Annealing temperature (�C) Time

14.0 750�C 15min
19.7 As received As received
34.0 825�C 10min
Ferrite 1000�C 21h
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they were machined to 6mm diameter, which also ensures a uniform heat
treatment through the diameter.

Mechanical Testing

After heat treating the cylindrical bars according to Table 1, tensile
specimens with threaded ends were made from them and tested in uniaxial
tension on a Material Testing Systems (MTS) machine which is equipped
with an automatic controller using the displacement control mode at a quasi
static rate of 0.05mm/s. A one-inch extensometer was used to measure the
strain in the specimens. The ratio of the gauge length to the diameter is
taken as nearly 4 : 1. The tensile tests were performed at room temperature
and the resulting load-strain data obtained directly from the MTS machine
was converted to engineering stress–strain curves. The single ferrite phase
produced as shown in Table 1 was also tested to get the ferrite phase
behavior. Three to four specimens for each Vm were tested. The repeatability
of the results was excellent and almost all the necking occurred between the
extensometer pins.

Microstructure

Figure 1 shows representative optical micrographs of DP-steels
produced in this work. The specimens examined for microstructure
were cut from the threaded portion of the specimen as this region
undergoes minimum deformation. The samples were ground using a
series of silicon carbide papers and polished using diamond paste and
finally etched using a 2% nital solution. The volume fractions were
determined using a Clemex vision version 3.5 image analyzer equipped
with a Nikon model Epiphot 200 optical microscope, based on area
percent. In order to obtain a good representation of the microstructure,
a magnification of 500 times was chosen and 16 fields in each of the
four coordinate directions and in the diagonal directions in addition to
the center of the specimen was measured in each specimen examined.
In the microstructures shown in Figure 1, the bright grains are the ferrite
phase and the dark ones are the martensite. These microstructures show
how the martensite phase is distributed in the ferrite matrix at each level
of Vm considered. Figure 1(c-1) and (c-2) represent the material at
Vm¼ 34% at different locations of the analyzed sample. These show how
close the distribution of martensite is at different locations of the sample.
Figure 1(d-1) and (d-2) show representative single ferrite at two different
locations of the sample which show low percent pearlite precipitate
everywhere.
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MICROMECHANICAL MODELING OF CELLS

Micromechanical analysis of multiphase materials provides aggregate
behavior from known properties of the individual constituents and
their interface interaction. In previous work by Al-Abbasi and

(c-1)

(a) (b)

(d-1)

(c-2)

(d-2)

40µm 40µm

40µm40µm

40µm40µm

Figure 1. Micrographs of typical microstructures produced in this work: (a) Vm¼ 14%;
(b) Vm¼ 19.7%; (c) Vm¼ 34%; and (d) Single ferrite phase with 6% pearlite.
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Nemes (2003a), it was shown that the idealization based on the stacked
hexagonal array (SHA) model could well capture the mechanics and
mechanisms of deformation of DP-steels. The SHA model was shown to
capture the experimental results reported in the literature, both in terms
of the stress–strain behavior and in terms of the deformation fields of
the constituents at several levels of Vm. On the other hand, the
idealizations based on plane strain models were shown to overpredict the
strain hardening behavior of the material at intermediate and high Vm,
which misinterpret the deformation fields of the constituents and the
interaction between each. Al-Abbasi and Nemes (2003b) have extended
the same axisymmetric model but made it with two particle sizes to
account for particle size distribution. The idealization based on the two
particle sizes was shown to be a more realistic assumption in this kind of
material and better represents the behavior of DP-steels. Al-Abbasi and
Nemes (2007) have shown that the above model which considers particle
size distribution, when coupled with the effect of carbon dilution and
grain size difference, compares very well with experimental observations.
In this work, the model above will be utilized with certain modifications
to predict fracture behavior of DP-steels.

In micromechanical modeling, the behavior of each constituent is
required which can be determined by tests on the material consisting of
a single constituent. For steels, this is achievable by annealing the steel
to a designed temperature level and then cooling at controlled rates
using the time temperature transformation (TTT) diagram to get the
desired single phase. The single-phase steel can then be tested
mechanically to obtain the mechanical behavior of that specific phase.
The interaction of phases (interface boundaries) will be ignored, as it is
considerably small, on the order of few atomic sizes, compared to the
phases being modeled. Thus, the boundary will be considered a cohesive
interface, although from the metallurgical viewpoint this is not absolutely
true as the boundary between the ferrite and the martensite is an
interface between different crystal types which is not a cohesive interface,
but from the mechanical point of view the interface is strong enough to
be assumed cohesive for the mechanics and mechanism of deformation
to be investigated compared to the noncohesive boundaries. Therefore,
a perfectly continuous boundary between the ferrite and martensite has
been used in the micromechanical model. Each phase is considered to be
an elastic plastic solid and it is assumed that the total strain increment
can be decomposed into the elastic and plastic components:

d"tij ¼ d"eij þ d"pij: ð1Þ
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The plastic strain rate is given as:

d"pij ¼ 0 f < 0

d"pij ¼
3

2

d"pe
�e

�0
ij f ¼ 0:

ð2Þ

Where, the deviatoric stresses �0
ij ¼ �ij � 1=3ð�kkÞ and the effective stress,

�e, and the effective plastic strain rate, d"pe , are defined as:

�e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
�0
ij�

0
ij

r

d"pe ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3
d"pijd"

p
ij

r
:

ð3Þ

The von Mises yield condition is assumed:

f ¼ �e � �� ð4Þ

where �� is a function of the effective plastic strain and is taken to describe
the isotropic hardening. The martensite material behavior is adopted from
Davies (1978), as martensite strength characteristics are carbon dependent
only and thus it would be sufficient to know the carbon content to adjust
martensite strength. The ferrite material behavior obtained from the
single ferrite phase made in this work as shown earlier, is used to describe
the plastic material behavior in the micromechanical model. Alloying
elements have considerable effect on the behavior of the material and this
phase behavior has to be produced for any material when the prediction of
the material behavior is sought.

The hardening behavior of martensite is taken from the experimental
results reported by Davies (1978) and expressed by the following:

��m ¼ Km "0 þ "pm
� �nm

ð5aÞ

where the subscript m denotes martensite, "0 is 0.002 in this work, and nm is
0.07 (Davies, 1978). The values of the ultimate stress for the single
martensite phase and the values of nm reported by Davies (1978) are utilized
in a power law relation to get Km, which was found to be 2409MPa.
The experimental behavior of the ferrite was fitted using two equations,
namely a logarithmic equation and a power law equation, as one equation is
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not able to characterize the material behavior throughout the range of
interest and is mathematically expressed as follows:

��f ¼
920 "0 þ "pf

� �0:2556
for 0:002 � "pf � 0:15 ð1Þ

109 Ln "0 þ "pf

� �
þ 753:4 for "pf � 0:15 ð2Þ

8><
>: ð5bÞ

where f denote ferrite, "0 is taken to be 0.002, and "pf is ferrite plastic strain.
The single ferrite and martensite behaviors have been chosen to be
continuous from the instability point onwards. Large strains are considered
in the ferrite case because the ferrite phase experiences large plastic
deformations on the microstructural level especially at the ferrite martensite
interface. The stress versus plastic strain for the ferrite and martensite phases
is shown in Figure 2. The difference in uniform elongation is shown better
by considering the behavior under uniaxial tension stress. Under the above
conditions, the effective stress reduces to the true uniaxial stress, �, and the
effective plastic strain is equal to true strain, ". The engineering and true
stresses and strains are related as follows:

e ¼ expð"Þ � 1

�n ¼
�

1þ eð Þ
:

ð6Þ

For uniaxial loading, the engineering stress versus strain is also shown in
Figure 2, where the difference in uniform strain for the two phases is quite
apparent.1

In many previous treatments reported in the literature, modeling
DP-steels has been performed in order to predict the deformation behavior
of the material. As demonstrated by Al-Abbasi and Nemes (2007), this has
been done quite successfully. However, in those treatments there were no
fracture criteria employed and therefore, the model could not predict the
limiting strain value (fracture) of the aggregate under tensile loading. The
ductile failure of DP-steels occurs by the process of void nucleation, void
growth, and finally void coalescence. For a void-containing material, the
most widely-known material damage model is the GT model, which has
been reported comprehensively in the literature. This model was the first to
account for material softening reflected in the yield function, which was a
great success in modeling ductile material failure. On the other hand, due to

1It should be noted that no fracture criteria has been employed at this stage, therefore, the response shown
cannot predict the limiting strain value of the phase under tensile loading.
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some drawbacks, this model went through a series of improvements by
Tvergaard and others, because it greatly overpredicts strain to failure in real
materials. Even with the improvements mentioned above, the model has no
intrinsic ability to predict coalescence i.e., transition from homogeneous to
localized deformation mode between voids. However, it has been shown by
many workers that this model can adequately capture the failure behavior of
many materials that fail by the process of void nucleation, growth, and
coalescence using the correct calibrated parameters in each case. This model,
although used by many, is also criticized because of its many correcting
parameters. However, the rationale that there is no better model than this
still prevails. The GT model is a damage model which when coupled with the
results of the micromechanical model presented in Al-Abbasi and Nemes
(2003b) and Al-Abbasi and Nemes (2007), will make up a complete material
model, which will be the subject of the next sections.

FRACTURE MECHANISM OF DP-STEELS

Dual phase steels have been reported by many authors to fracture in a
ductile manner of void nucleation, void growth, and void coalescence. Many
investigators like Rashid (1977) and Rashid and Cprek (1978), Gladman
(1997) and Balliger (1982) have observed that void formation arises from
both martensite particle fracture and interface decohesion. Gladman (1997),
Koo and Thomas (1977), and Balliger (1982) stressed that major voids form
in the fracture of martensite particles. Sun and Pugh (2002) have observed
that the formation of voids takes place by both mechanisms depending
on the morphology of the martensite. Steinbrunner and Krauss (1988)
observed three mechanisms of void formation, namely, interface decohesion,
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Figure 2. Idealized behavior of the martensite and ferrite shown as true stress vs true strain
and engineering stress vs engineering strain for uniaxial tensile stress conditions.
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martensite fracture, and uniquely identified martensite separation. Kang
and Kwon (1987) studied the fracture behavior of intercritically treated
structure in medium carbon steels and observed that the ferrite–martensite
interface decohesion was the predominant mode of void nucleation and
growth, where martensite structure was the lath type. On the other hand, as
the amount of the martensite increases, its shape changes to the plate-like
structure, which fails mostly by cleavage (low energy tears) rather than
dimples observed in the former case. Kim and Thomas (1981) have reported
that the initiation of the void in the DP-steels depends on the morphology of
the second phase. They have shown in coarse martensite distribution,
that the failure occurs by cleavage of ferrite grains, while for the globular
and finely distributed martensite, the void initiation occurs at the
ferrite–martensite interface and does not occur at the martensite particles
as was reported by others. Others like Gerbase et al. (1979), Speich and
Miller (1979), Korzekwa et al. (1980), and Szewczyk and Gurland (1982)
have reported that void formation occurs due to martensite–ferrite interface
decohesion. Speich and Miller (1979) observed that at low Vm, void
formation only occurs due to interface decohesion and at high Vm either
mechanism forms voids as they have considered Vm as high as 60%.
Szewczyk and Gurland (1982) have not observed any particle cracking for
Vm in the range 15–20%.

Nam and Bae (1999) have shown that unlike martensite particles aligned
nearly parallel to the drawing axis, which are thinned to fibrous shape, those
aligned transverse to the drawing axis are severely bent and even fractured
with increasing drawing strain. They stated that overwhelming reports
find that the majority of voids which lead to fracture are formed at the
ferrite–martensite interface, rather than the cracked martensite and
eventually coalesce to cause failure during subsequent tensile loading or
drawing. Ahmed et al. (2000) have reported three modes of void nucleation,
namely martensite cracking, ferrite–martensite interface decohesion, and
decohesion at the interfaces with minimum plastic deformation, which has
been uniquely identified by them. They reported that at low to intermediate
Vm the void formation was due to ferrite–martensite interface decohesion,
while the other two mechanisms also occurred at high Vm (above 32%).

From the above, it can clearly be seen that void formation occurs mainly
by both mechanisms, particle cracking and decohesion of martensite–ferrite
interface, at high Vm, while at low and intermediate Vm particle cracking is
not observed. The preceding observations assert that the failure process in
DP-steels occurs mainly by the decohesion of the interface between the
ferrite matrix and the martensite particles for the levels of Vm of interest.
As a result, in the micromechanical damage model introduced in this work
discrete voids are placed at positions of maximum plastic strain (at the

456 F. M. AL-ABBASI AND J. A. NEMES



ferrite–martensite interface) in order to describe the actual failure condition
for the DP-steel.

PARAMETER CALIBRATION PROCEDURE

One of the most well-known damage models which account for the
existence of voids in a matrix material is known as the GT model. The GT
model assumes a void-containing continuum material, which accounts for
the voids in the yield function. The yield function is given by:

� ¼
�e
�y

� �2

þ2fvq1 cosh
3q2�h
2�y

� �
� 1þ q3f

2
v

� �
¼ 0 ð7Þ

where fv is the void volume fraction, �e is the effective stress, �h is the
hydrostatic stress, and �y is the yield stress of the fully dense matrix
material. Tvergaard suggested the calibrating parameters q1¼ 1.5 and
q2¼ 1 and q3 ¼ q21 (Tvergaard, 1981, 1982) to better capture experimental
results. Since then, the parameters in the above equation have
traditionally been adjusted by fitting the experimental results with
finite element predictions using different values of the calibrating
parameters in a trial and error fashion (e.g., employing the GT model
in a simulation of a tensile bar and comparing the results to the
experimental findings). The best fit was considered to be the proper
values for the material considered. These values have been used
regardless of the material properties, which suggests that the selection
of these values (without certain criteria) was done blindly. Faleskog et al.
(1998) reported that the ‘q’ values for several studies made in previous
works showed that the parameters selected in this way were not
consistent for materials of different strain hardening index and yield
strength to stiffness ratio, which provides clear evidence for the need of
a robust scheme to determine these calibrating parameters.

Faleskog et al. (1998) and Geo et al. (1998) presented a procedure for
choosing the proper calibration parameters for different strain hardening
rates of metallic materials, using a three dimensional model for moderate and
high strain hardening materials as the parameters suggested by Tvergaard
(1981, 1982) and Tvergaard and Needleman (1984) were not adequately
capturing the real material behavior at different strain hardening rates. They
followed a two-step calibration procedure; in the first step, they used a three
dimensional model containing a discrete spherical void to get the values of the
parameters and the second was to use those in the GTmodel simulating a unit
cell material which accounts for void existence in a smeared way.
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The calibration procedure Faleskog et al. (1998) have proposed involves
using a micro model with homogeneous matrix material containing a
discrete void for different levels of strain hardening rates. Although the
model they used captures localization occurring in plain carbon steels with
voids, they do not necessarily represent multiphase steels. The mechanics
and mechanisms of deformation of DP-steels, as shown in Al-Abbasi and
Nemes (2003a,b), and Al-Abbasi and Nemes (2007), are quite different from
plain carbon steels. Unlike the plain carbon steel, DP-steels undergo a series
of mechanisms, while deforming which introduces different strain localiza-
tions than the plain carbon steels, which should be considered when
parameter calibration is considered. This demonstrates the need
for calibrating the GT model using the micro model, which captures
the mechanics and mechanisms of deformation taking place in DP-steels.

In the GT model, the void volume fraction (fv) which is the current void
volume fraction is the damage variable, and �y is the current flow stress of
the matrix material. There are two parameters in Equation (7) that need to
be determined (after setting q3 ¼ q21) in a procedure, which takes into
account the void volume fraction as a damage criterion and loading
condition, which should be consistent with what occurs in a tensile test bar
during fracture. Therefore, these are the two essential failure criteria, which
need to be observed in the process of obtaining the calibrating parameters in
Equation (7). This can be achieved by employing discrete voids in the
micromechanical model, which well describes the deformation behavior of
DP-steels to manifest void growth as the material is deformed. Since there
are two parameters to be determined, two discrete void sizes can be
employed in the micromechanical model separately to get two different
deformation responses. The stress triaxiality in the neck of a tensile bar
reaches values in the range of 1.2 depending on the material properties.
If the two discrete voids are employed in the micromechanical model and the
triaxiality is maintained in the triaxiality range corresponding to that in the
neck of the tensile bar at failure, the parameters which are obtained by
solving the yield function should represent the failure process of the material
being considered.

The above calibrating procedure to determine the GT parameters is
developed and used in this work. The fully dense matrix material referred to
in the GT model will be the micromechanical model, developed in previous
works, consisting of ferrite and martensite, at the specific Vm for which
the response is sought. The response of the micromechanical model is
obtained for the two void sizes (void 1 and void 2). At a strain
corresponding to triaxiality of 1.2, the response of the micro model with
void 1 is used to get the variables fv1, �e1, �h1, and �y1. Following the
same steps, the micromechanical model response with void 2 is used to get
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fv2, �e2, �h2, and �y2. When the above variables are inserted in Equation (7),
it gives two equations with two unknowns (q1 and q2), which can be solved.

CELL MODEL DESCRIPTION

It was shown in a preceding section that failure of DP-steels occurs mainly
by the decohesion of the interface between ferrite matrix and martensite
particles for the levels of Vm of interest. In the cell model, the voids are made
in such a way that at the interface, extra nodes are inserted in order to
disconnect the elements on the martensite side from the element on
the ferrite side, which imposes the required noncohesive condition
simulating the condition of interface decohesion. The proper stress
triaxiality condition in the micro model is controlled by two springs,
which are fixed laterally and axially at the sides of the model as shown in
Figure 3. The boundary conditions are similar to what was previously used
in Al-Abbasi and Nemes (2003b) except for the two springs, which are used
to get proper triaxiality conditions. A specified displacement at node ‘d’ on
the vertical spring (k2) is applied and node ‘a’ is fixed to develop stress

k1

k2

H0

L0 b

a

c

d

Figure 3. Cell model with two springs and dimensions.
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triaxiality loading condition. The global true stress quantities used to
describe the model predictions are:

S11 ¼
F1

2�ðL0 þ ub1ÞðH0 þ uc2Þ
ð8Þ

S22 ¼
F2

�ðL0 þ ub1Þ
2

ð9Þ

where F1 and F2 are the concentrated loads in the radial and axial directions,
respectively, ub1 is the radial displacement of point ‘b’ and uc2 is the axial
displacement of point ‘c’ on the model body. The other dimensions are
shown in Figure 3. The global effective and hydrostatic stresses can be
expressed as follows:

Se ¼ S22j � S11j ð10Þ

Sh ¼
1

3
ðS22 þ 2S11Þ ð11Þ

and the stress triaxiality, T, can be defined as:

T ¼
Sh

Se
: ð12Þ

The macroscopic components of strain can be expressed as:

E11 ¼

Z L

L0

dL

L
¼ ln

L

L0

� �
¼ ln

L0 þ ub1
L0

� �
ð13Þ

E22 ¼

Z H

H0

dH

H
¼ ln

H

H0

� �
¼ ln

H0 þ uc2
H0

� �
: ð14Þ

From which the effective strain can be expressed as follows:

Ee ¼
2

3
E22j � E11j ð15Þ

PARAMETER DETERMINATION

The parameters are determined for three levels of Vm considered in this
work, namely, Vm¼ 14, 19.7, and 34% using the cell model described in the
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previous section. For each case two different martensite–ferrite surface
interface decohesion sizes are applied in the micro model at similar stress
triaxiality conditions by changing the spring stiffness, which changes the
lateral to axial loading ratio. The stress–strain responses for the two void
size cases for each Vm considered are shown in Figure 4. The fully dense
matrix material response (model response with no void) for each Vm is also
added in this figure. The contours of equivalent plastic strain for effective

0

200

400

600

800

1000

0 0.1 0.2 0.3 0.4 0.5
Effective strain

E
ffe

ct
iv

e 
st

re
ss

 (
M

P
a)

0

200

400

600

800

1000

0 0.1 0.2 0.3 0.4 0.5

Effective strain

E
ffe

ct
iv

e 
st

re
ss

 (
M

P
a)

Void 2

Void 1

Matrix material

Void 1 

Matrix material 

Void 2 

0

200

400

600

800

1000

1200

0 0.1 0.2 0.3 0.4 0.5
Effective strain

E
ffe

ct
iv

e 
st

re
ss

 (
M

P
a)

Void 1

Matrix material

Void 2

(a)

(c)

(b)

Figure 4. Stress–strain response of the micro model for: (a) Vm¼ 14%; (b) Vm¼19.7%; and
(c) Vm¼ 34%.
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strains corresponding to triaxiality, T¼ 1.2 are shown in Figure 5(a)–(c)
for Vm¼ 14, 19.7, and 34%. The figures depict the void size and growth at
the corresponding effective strains. The effective stress–strain curves are
determined by evaluating the lateral and axial spring forces in each case to
determine the axial and lateral stresses using Equations (8) and (9), from
which, using Equation (10) and (11) the effective and hydrostatic stresses are
determined. The lateral and axial strains are determined using Equations
(13) and (14), from which using Equation (15) the effective strain is
calculated. In each void size case at a corresponding Vm, the stress triaxiality
is measured using Equation (12), as the lateral to axial loading ratio is
manipulated by changing the spring stiffness to obtain similar stress
triaxiality for both cases up to effective strains of �20%. At a stress
triaxiality of T¼ 1.2 for each void case the variables fv, �e, �h, and �y are
determined. The void volume fractions were calculated using Catia 5.8.
After all the variables were determined, the GT equations for two cases of
void volume fractions were solved using Maple 8 to obtain the parameters,
q1 and q2. The variables obtained from the micro model using Figure 4 and
the void volume fraction using the contours in Figure 5 are summarized in
Table 2. As can be seen in Table 2, the variables fv, �e, �h, and �y for each
level of Vm for two void sizes (void 1 and void 2) are determined.

Figure 5a. (a) Contours of plastic strain for Vm¼14%, void 1 at 13.5% effective strain and
details of void growth at; (b) 4%; and (c) 13.5% effective strain.
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Figure 5b. (a) Contours of plastic strain for Vm¼ 14% for void 2 at 13.5% effective strain and
details of void growth at; (b) 4%; and (c) 13.5% effective strain.

Figure 5c. Contours of plastic strain for Vm¼19.7% for (a) void 1 at 14.2% and (b) void 2 at
15.6% effective strains, and Vm¼ 34% for (c) void 1 at 9%; (d) void 2 at 10% effective strains.
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The calibrating parameters for each Vm are summarized in Table 3.
These calibrating parameters are determined by substituting the variables
determined in Table 2 into the GT model for the two void cases.

SIMULATION OF A TENSILE BAR TEST

The response of a tensile bar for the three Vm considered is simulated to
assess the ability of the calibrated GT model to capture localization and
fracture at the macro scale. The tensile bar is modeled using symmetry
conditions, which reduces the problem to one-fourth the model size.
The necking is triggered at the center of the model by marginally reducing
the radial dimension at that spot. The mesh is finer in the middle
where necking occurs and coarsens away from the middle uniformly.
The measurements on the model are done at a corresponding gauge length
(25.4mm) performed experimentally, to be able to compare the model
predictions to the experimental results. The model was made with 330
axisymmetric eight node reduced integration elements and 1099 nodes.

The model predictions in terms of the computed normalized load versus
elongation are shown in Figure 6 compared to representative experimental
results obtained in this work. The plot of the tensile bar showing the necking
at failure with contours of plastic strain for the three Vm considered are
shown in Figure 7. The GT model with the calibrating parameters
determined in this work (Table 3) was used in performing these simulations.

Table 2. Variables determined from stress–strain response of voided
micro model.

Vm (%) Void fv (%) ry (MPa) rh (MPa) re (MPa)

14 Void 1 0.35500 648.950 766.670 629.340
Void 2 1.08413 648.950 721.800 594.500

19.7 Void 1 0.49500 741.000 853.990 714.170
Void 2 1.73665 734.000 788.422 651.150

34 Void 1 0.52157 649.390 983.163 629.421
Void 2 0.83343 667.460 953.380 610.350

Table 3. Parameters determined by solving the GT yield function.

Vm¼ 14% Vm¼ 19.7% Vm¼ 34%

q1 1.900 2.331 2.574
q2 1.210 1.012 0.905
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The growth of voids and nucleation of new voids was introduced in the GT
model by the following Equation (Tvergaard, 1982):

dfv ¼ dfnucl: þ dfgr: ð16Þ

0

200

400

600

800

1000

0 0.1 0.2 0.3 0.4

Elongation

P
/A

0 
(M

P
a)

0

200

400

600

800

1000

0 0.1 0.2 0.3 0.4

Elongation

P
/A

0 
(M

P
a)

0

200

400

600

800

1000

0 0.1 0.2 0.3 0.4
Elongation

P
/A

0 
(M

P
a)

Experimental

Model

Model

Experimental

Model

Experimental

Failure

Failure

Failure

(a)

(c)

(b)

Figure 6. Comparison between tensile bar model prediction and representative
experimental results for (a) Vm¼ 14%; (b) 19.7%; and (c) 34%.
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Figure 7. Contours of plastic strain showing necking of the tensile bar model at fracture:
(a) mesh design; (b) Vm¼ 14%; (c) Vm¼ 19.7%; and (d) Vm¼34%.
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And the total void volume fraction determined as:

ft ¼ f0 þ fnucl: þ fgr: ð17Þ

In numerical modeling, the void nucleation is generally written in two
parts, namely, the stress-controlled and strain-controlled quantities.
Gurson (1977) and Goods and Brown (1979) have shown that the
nucleation of voids could be correlated to the equivalent plastic strain.
Although there are a number of workers that have reported the
correlation to equivalent stress, the strain-controlled model will be used
in this work. Void nucleation and void growth are respectively defined in
ABAQUS (Hibbitt et al., 2002):

dfnucl: ¼ Ad"pe þ Bðd�h þ d�eÞ ð18Þ

dfgr ¼ ð1� fvÞ traceðd"
p
ijÞ ð19Þ

where A and B are strain and stress controlled void nucleation intensity
parameters, respectively, �e is the effective (von Mises) stress, �h is the
hydrostatic stress, "pe is the effective plastic strain, and "pij are components of
the plastic strain tensor. The nucleation parameters for the strain-controlled
case is defined in ABAQUS (Hibbitt et al., (2002):

A ¼
fN

SN

ffiffiffiffiffiffi
2�

p exp
�1

2

"pe � "N
SN

� �2
" #

ð20Þ

where fN is the volume fraction of particles or inclusions (or volume
fraction of existing voids), "N is the mean nucleation strain, and SN is the
corresponding standard deviation. In this work, these values are taken as,
"N¼ 0.3, SN¼ 0.1 (Chu and Needleman (1980)) and f0 was taken as
0.0002 (Ishikawa et al., 2000). The value of fN was taken as 0.012
(Ishikawa et al., 2000), 0.023, and 0.023 for Vm¼ 14, 19.7, and 34%
respectively. At low Vm the fN parameters are taken the same as what
Ishikawa et al. (2000) have reported, but at intermediate and high Vm the
values are chosen to be 0.023, since at low Vm the deformation mechanics
and mechanisms are very similar to plain carbon steels, but at
intermediate and high Vm the mechanics and mechanisms of deformation
are quite different as shown in Al-Abbasi and Nemes (2003a,b) and
Al-Abbasi and Nemes (2007). Although the parameters work well for the
model describing the fracture behavior of DP-steels, rationally it would
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be better to investigate the nucleation parameters for DP-steels, which is
beyond the scope of this work.

The constitutive behavior of the material considered for the correspond-
ing Vm is obtained from the predictions of the micromechanical model
reported in Al-Abbasi and Nemes (2007), which can be used in the
numerical simulation of any geometry. The composite is assumed as an
elastic–plastic solid and the flow stress, �, and the plastic strain, "p, to be
related as follows:

� ¼ K "0 þ "p
� �n

: ð21Þ

The parameters K, "0, and n are determined from a fit of the true stress
versus true strain response from the micro model from the strain of 0.2% to
the uniform elongation. The resulting parameters as shown in Table 4 for
the three levels of Vm, are utilized in the tensile bar simulations. As can be
seen from Figure 6, the predictions produced by the simulations of the
tensile bar agrees very well with the experimental results produced in this
work. The model can predict the yield strength, hardening behavior, and the
UTS for all the levels of Vm considered in this work. More importantly,
the model can capture the onset of failure where the material suddenly losses
its load carrying capacity (Figure 6(a)).

The parameters in the GT equation can also be determined from results
given by Faleskog et al. (1998). For the ranges of Vm investigated in this
work, the corresponding parameters can be determined by using Table 4 and
results from Faleskog et al. (1998) and linearly interpolating and/or
extrapolating to get the constants corresponding to the hardening of
each Vm, and the yield stress to the stiffness ratio. The yield strength to
stiffness ratio for Vm¼ 14, 19.7, and 34% are 0.001882, 0.003571, and
0.002371, respectively.

Figure 8 depicts the results of the simulation of a tensile bar using the
parameters from Faleskog et al. (1998) compared to the results obtained in
this work. The simulation predictions obtained by employing the calibration
parameters obtained in this work and the ones determined from Faleskog
et al. (1998) results are compared to the experimental findings summarized

Table 4. Parameters used to describe the macroscopic material behavior.

Vm (%) K n e0

14.0 994 0.2118 0.0102
19.68 1131 0.2245 0.0129
34.0 1220 0.1688 0.0037
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in Table 5. The reduction of area (ROA) and the elongation at fracture are
measured at the instant where there is a sudden loss of the load carrying
capacity (Figure 6(a)). As can be seen in Figure 8, the predictions of
Faleskog et al. (1998) do not show the sharp drop as in the case of the results
of the present work, which is closer to the experimental findings.
The experimental results show a sudden collapse in the load carrying
capacity of the material tested at the three Vm considered, while the
predictions using the calibrating parameters from Faleskog et al. (1998)
show that the material can still be loaded and as loaded it looses its capacity
gradually. The model predictions based on the calibrating parameters
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Figure 8. Predicted tensile bar responses from parameters determined in this work and the
ones taken from Faleskog et al. (1998) for Vm (a) 14%; (b) 19.7%; and (c) 34%.
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determined in this work show good agreement with the experimental results
both in terms of the ROA and the elongation at fracture. As shown in Table
5, the elongation to fracture percentage and the ROA percentage predicted
in the current work fall within the experimentally observed results. On the
other hand, the predictions made using Faleskog et al. (1998) are good as
seen from Table 5 for Vm¼ 14% but fall outside the experimental range for
intermediate and large Vm.

CONCLUSIONS

A procedure was developed in this work to determine the calibrating
parameters in the GT model for DP-steels. The procedure determines q1 and
q2 and assumes q3 ¼ q21, which is known to be an insensitive parameter.
The determination of the parameters is based on employing discrete voids in
the micromechanical model developed in previous works, which successfully
captures the deformation behavior of DP-steels at different levels of Vm.
The variables in the GT model, �y, �e, �h, and fv are determined from the
response of the micromechanical model with voids (two void size cases) at
each Vm. These are then used in the GT yield function making up two
equations with two unknowns from which q1 and q2 are obtained.
In determining the response of the micro models with voids, the triaxiality
in each void size case for a certain Vm is maintained closely at the same
values, and at strains corresponding to stress triaxiality T¼ 1.2 the variables
�y, �e, �h, and fv are determined.

The parameters determined in this work are implemented in a finite
element simulation of a tensile test bar to predict elongation at fracture and
the ROA. The predicted results agree well with the experimental findings at
all levels of Vm considered, as shown in Table 5. The calibrating parameters
from Faleskog et al. (1998) show good agreement for low Vm but at
intermediate and high Vm the results differ from the experimental range.
The deformation behavior of DP-steels shows that the martensite particle

Table 5. Comparison of the predicted results and the experimental findings,
ROA and elongation to fracture.

Elongation to fracture (%) Reduction of area (ROA) (%)

Current
work

Faleskog
et al. (1998)

Experimental Current
work

Faleskog
et al. (1998)

Experimental

Vm¼ 14.0% 32.33 34.20 32.60–36.81 66.17 70.70 67.06–71.65
Vm¼ 19.7% 33.73 38.86 33.46–36.08 54.02 78.30 53.94–55.89
Vm¼ 34.0% 24.70 29.29 22.00–24.41 42.80 68.87 42.94–49.43
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does not deform plastically at Vm¼ 14% and that the deformation is not as
complex as in the case of intermediate and high Vm. With this being said, the
good agreement between the predicted results determined by using
calibrating parameters obtained from Faleskog et al. (1998) at low Vm

(14%) is not surprising as at this level of Vm the localization is not severe,
which is similar or close to what happens in plain carbon steel.
At intermediate and high Vm, however, the deformation behavior is
quite complex and very different from plain carbon steel as shown by
Al-Abbasi and Nemes (2003a,b) and Al-Abbasi and Nemes (2007), which
demonstrates the need for the current model to perform the calibration of
the GT parameters. In addition, the simulation results for the tensile bar for
parameters obtained from Faleskog et al. (1998) do not show a sudden drop
of the load carrying capacity of the model as observed experimentally. With
the current parameters, the drop is noticeable which agrees well with
experimental findings at the three levels of Vm.
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