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a b s t r a c t
Dual-phase (DP) steel sheets have high potential for utilization as automotive structures
due to their good combination of strength and ductility. As sheet metal forming processes
induce complicated stress-strain states, determination of forming limit is vital, particularly
using numerical approaches. This current study aims to examine the fracture behavior of
DP600 steel sheets through several ductile fracture criteria in a wide range of stress states.
For a better and more accurate understanding of the experimental tests, parallel numerical
simulations were performed. First, the models were calibrated using the results of
Nakazima tests, and then the fracture loci in principal strains, and equivalent strainstress triaxiality spaces were predicted by each model. The capability of the criteria was
verified through cross-die and bulge tests. Also, errors were quantified for the calculated
results using correlation coefficient and relative error methods. The results reveal that
Maximum Shear Stress, Modified Mohr Coulomb, and Lou fracture models were able to
predict the onset of fracture with acceptable accuracy. However, Maximum Shear Stress
required only one experimental test to be calibrated.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
The selected sheet materials to manufacture the body-in-white and closure panels of an automobile have a strong influence on a vehicle’s performance terms of safety, fuel economy, noise and vibration, and durability. In this regard, modern
automotive manufacturing introduced materials with higher strength-to-weight ratios, such as advanced high strength
steels (AHSSs) to replace the conventional ones [1–3]. Among AHSSs, dual phase (DP) steels have been of great interest in
the automotive industry due to their microstructure consisting of dispersion of hard martensite particles in soft and formable ferrite matrix [4–6]. This structure provides superior strength without any decrease in formability [6,7]. However, their
applications are restricted due to their complex failure behavior [8–10]. Therefore, their failure behavior should be understood and subsequently controlled in different forming processes, which is very important for automotive industry [11–
13]. On the other hand, since the multiphase microstructure of DP steels results in a complex micromechanical behavior,
formability of these steels requires to be studied in order to make their widespread use possible, particularly in automobile
body structure [13–16].
A relatively new experimental technique, which was originally designed by the automotive industry as a press-shop
formability test is ‘cross-die’ deep drawing test. Since this method is able to trigger a wide variety of stress states, i.e. from
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Nomenclature
Ci
material constants in the
R e ductile fracture criteria
D
damage indicator, D ¼ 0 f fðgde;lÞ (when D = 1 the fracture occurs)
E
experimental results, in this study the results of equivalent strains
n
 ¼ Ke
K, n
material constants in Hollomon strain hardening model, r
N
the number of data were utilized in the investigation (stress triaxialities)
P
predicted results, in this study the results of equivalent strains
b
strain ratio, b ¼ ddee21
r1 ; r2 ; r3 principal stresses, r1 P r2 P r3

 2 ¼ ðr1  r2 Þ2 þ ðr1  r2 Þ2 þ ðr1  r2 Þ2
r
von Mises equivalent stress, 2r
rm
mean or hydrostatic stress, rm ¼ ðr1 þ r2 þ r3 Þ=3
e1 ; e2 ; e3 principal strains, e1 P e2 P e3
e
equivalent plastic strain
ef
equivalent plastic strain at fracture

g
stress triaxiality, g ¼ rm =r
l
Lode parameter, l ¼ ð2r2  r1  r3 Þ=ðr1  r3 Þ
AHSS
advanced high strength steel
DP
dual-phase
FE
finite element
FFLD
fracture forming limit diagram
FLD
forming limit diagram
J-C
Johnson–Cook
MMC3 Modified Mohr-Coloumb
MSS
Maximum Shear Stress

unixial tension to plane-strain, and biaxial tension, it is a good candidate to evaluate the formability of sheets. As the sheets
experience complicated stress states during the deformation, like other forming processes, a comprehensive study is
required to obtain the forming limits, i.e. the onset of necking, fracture, tearing, and wrinkling. While the experimental determination of formability is a time-consuming and difficult process, theoretical prediction methods are preffered. Like other
AHSS sheets, DP steel sheets fail catastrophically with little post necking strains, damage is considered as the most critical
forming limit [17–20]. In this regard, different coupled damage models were successfully employed to measure the forming
limits through cross-die deep drawing tests [21–23]. However, the capability of uncoupled fracture models have never been
assessed to predict the forming limits of this experimental test.
In the present research, a comparative numerical study was made on the ability of uncoupled ductile fracture criteria to
describe the failure behavior of DP600 steel sheets in a wide range of stress triaxialities. The models were calibrated using
the results of Nakazima tests, then the fracture loci in principal strains, and equivalent plastic strain-stress triaxiality spaces
were predicted by each model. The capability of the criteria were examined through cross-die and bulge tests. Finally, the
errors were quantified for calculated results.

2. Experimental procedure
2.1. Material
In the current work, DP600 steel sheets with thickness of 1 mm were studied. Their initial microstructure consisted of a
ferrite matrix containing 20% martensitic islands [17]. The mechanical properties were evaluated using a tensile testing
method according to DIN EN 10002 standard. Fig. 1(b) shows its dimpled fracture surface which indicates ductile fracture
behavior of the material, however, the specimen failed with little localized necking.

2.2. Nakazima punch stretching test
To obtain the experimental forming limit diagram (FLD) and fracture forming limit diagram (FFLD), Nakazima testing
method was employed. In this regard, different specimens with various geometries were first prepared and then square grid
patterns were etched electrochemically on their surface for strain analysis. The specimens were formed up to fracture and
the limiting strains at necking and fracture areas were evaluated. Schematic geometries of specimens and the machine used
for the forming process are illustrated in Fig. 2.
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Fig. 1. The result of tensile test; (a) the experimental flow curve and the fitted Hollomon strain hardening curve, and (b) the fracture surface of studied steel
taken by scanning electron microscopy.

2.3. Cross-die test
The cross-die deep drawing tests were carried out at the R&D Department of Tata Steel Europe. This forming process is
able to cover a wide range of stress states. The experimental setup and the final product configuration, are shown in Fig. 3.
The side dimensions of initial square blanks were about 270 mm. Grease was used as the lubricant. The punch speed was set
at 35 mm/s1 and the blank holder force was set at 483 kN. The strain distribution of the products was measured with
PHASTTM photogrammetric strain measuring equipment.
2.4. Bulge test
Hydraulic bulge tests were performed as frictionless biaxial tension deformation. So, the deformation only happens by
diminution of the sheet thickness. In this method, a circular sheet specimen is deformed by hydraulic pressure. Therefore,

Fig. 2. Nakazima stretch-forming test; (a) geometries of the specimens (all dimensions in mm), and (b) the test set-up.
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Fig. 3. Cross-die test; (a) the set-up, and (b) the final production.

the material, which is clamped by a draw bead, flows between the blank holder and die. A reservoir underneath the specimen
contains hydraulic liquid and the pressure is applied by a punch. The stress-strain state of material is tracked during the
forming using a laser-aided measuring device. More details can be found in Ref. [24].

3. Numerical procedure
3.1. Methodology
Various ductile fracture criteria have been proposed in the past which can be used to predict the fracture onset which are
established as coupled and uncoupled damage models [25]. The first type models are empirical in nature, coupling failure
only to macroscopic process parameters. In fact, these models are based on the assumption that crack initiates when the
stress function over the effective strain field reaches a critical value. Whereas coupled damage models involve constitutive
laws that incorporate damage characteristics of the material as intrinsic parameters. As the damage evolves, the constitutive
softening of the material occurs. Both models have some advantages and disadvantages. However, uncoupled damage models are more convenient to implement in finite element (FE) modelling since they are often based on few experimentally
measured parameters and detect the crack initiation by defining a threshold value. However, these models are not realistic
because the influence of damage evolution on material properties is neglected.
In this study, the ability of various ductile fracture criteria were assessed, Table 1, i.e. Maximum Shear Stress [26], Oh et al.
[27], Johnson-Cook [28], Modified Mohr Coulomb [29], and Lou and Huh [30] models. As stress state and strain intensity are
the most important contributing factors which control initiation of ductile fracture, all models were written in the form of
stress triaxiality, Lode parameter, and equivalent plastic strain at fracture. Lode parameter is deviatoric stress state which
characterizes the position of second principal stress in relation to the first and third ones.

Table 1
The list of applied fracture criteria in the present work.
Fracture criterion
Maximum Shear Stress

Formula

ef ¼


C1

1
n
pKﬃﬃﬃﬃﬃﬃﬃﬃﬃ2
3þl



1

Oh et al.

l
ef ¼ C 2 g þ 3p3ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3þl2

Johnson–Cook
Modified Mohr-Coloumb

ef ¼ C 3 þ C 4 expðC 5 gÞ

Lou and Huh

ef ¼

( 
qﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 "rﬃﬃﬃﬃﬃﬃﬃﬃﬃ


#)1
n
pﬃﬃ
1þC26
3þl2
l
K
3 ﬃﬃ
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1

þ C6 g þ 13 p
C7 C8 þ 2 3 ð1  C8 Þ
3
3þl2
2

ef ¼ C 11

3þl



C 9
2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2

3

3þl

1þ3g
2

C 10
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In order to employ any fracture criterion, it is crucial to have the entire stress-strain history of the material during deformation. Since it was difficult to acquire directly from the experimental tests, parallel numerical simulations were performed
to calibrate the fracture models. In this respect, the experimental and simulation results of hemispherical-punch stretching
test specimens with 15, 45, and 115 mm widths, which apply the different stress triaxialities, were analyzed.
3.2. Finite element simulation
The numerical simulations of all tests were performed according to the real conditions using the commercial finiteelement software Abaqus/Explicit V6.12. The sheets were assigned as deformable homogenous shell with four-node quadrilateral shell elements of type S4R. A dense mesh has been employed in all models in order to resolve the strain field and
capture instabilities. Mechanical properties of the investigated steel were taken from the tensile test result (Fig. 1). A frictional coefficient of 0.05 was applied between the contact surfaces using Coulomb friction model. Moreover, the following
assumptions were made:
1. As DP600 steel sheets exhibit little anisotropy in plasticity, von Mises isotropic yield function was employed in the present study.
2. Plane stress conditions were satisfied, i.e. r3 ¼ 0.
3. The volume remained constant during plastic deformation, i.e. de1 þ de2 þ de3 ¼ 0.
n .
 ¼ Ke
4. Strain hardening was isotropic and Hollomon strain-hardening law was used, r
5. The sheet metal is proportionally loaded.
R e
6. Damage indicator was defined to track the onset of damage, D ¼ 0 f f ðgde;lÞ, where crack initiates if D = 1.
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ.
7. The relation between stress triaxiality and strain path is g ¼ rrm ¼ pﬃﬃp1þb
3 1þbþb2
 


1
l ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃ
g g2  13 .
¼ 27
8. The Lode parameter can be related to stress triaxiality when r3 ¼ 0, cos p2 1  p6 sin
2
2
l þ3

4. Results and discussion
4.1. Numerical simulation results
The simulations were performed according to the experimental tests. At first to evaluate the accuracy of the simulations
experimental FFLD was implemented in FE codes. Fig. 4 illustrates both the experimental and numerical results of Nakazima
tests. At first, as no failure criterion was implemented in the FE calculation, the simulated results do not show fracture but a
non-ending plastic deformation. For each Nakazima specimen the simulation shows the strain path accordingly (Fig. 4(a)). As
supposed, each specimen experienced a specific, almost linear strain path before fracture and the designed specimens were
able to cover a wide range of strain paths. The FFLD follows a V-shape trend like conventional FLD and even approaches to it
in the right hand side of diagram which implies the little localized necking was formed before the fracture. The fracture location is approximately accurately predicted for each deformed specimen, Fig. 4(b).
Fig. 5 shows the results of cross-die test. The fracture location and the force-displacement response were predicted precisely. The values and distribution of major and minor strains were measured experimentally (Fig. 6) using PHASTTM equipment, and numerically (Fig. 7). The negligible errors might have occurred in both the experimental and numerical
approaches. For instance, in FE simulations the parameters which are supposed to have minor effects on the final results
are eliminated, such as temperature, adiabatic heating, and strain rate. In addition, in experiment, stopping the process at
the exact moment of the fracture onset is very difficult. However, the results of experiments and simulations are in good
agreement. Note that the fracture occurred at point 4.
Furthermore, the bending effects result in some differences between integration points on the top or bottom surfaces. The
strain states of the integration points on the inside () and outside (+) surfaces at the fracture moment are plotted in
Figs. 8 and 9. These point out that the fracture triggered inside of the cross-die product because of the special shape of FFLD.
As the cross-die test is complicated and each point of the sheet underwent different stress-strain states during punching, the
histories of straining and thinning/thickening were extracted from the simulations for eight different elements. Fig. 10 displays the strain state histories of different elements which indicate that the damaged element experienced a purely plane
strain path through the deformation and fracture occurred in a plane strain condition, as well. Evolution of thickness for
the elements is illustrated in Fig. 11. It can be seen that all the points on the flange experience continuous thickening while
the elements on the side walls experience thinning, and the elements on the bottom like point E were only pushed. Also, the
figure indicates that the failure triggered where severe thinning occurs (point C).
Fig. 12 shows experimental and numerical data of the bulge test. Predicted location and strains of fracture as well as
stress-strain curve are in a good agreement with the experimental results. As expected, the entire sheet which was imposed
by the hydraulic pressure experienced roughly equi-biaxial tension.
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Fig. 4. The experimental and simulation results of Nakazima tests; (a) experimental forming limit diagrams and the strain paths of each specimen extracted
from the simulations before implementation of failure criteria, (b) comparison of material response between experiments and simulations, and (c) the
deformed specimens at the fracture onset, i.e. after implementation of failure criteria (the colors represent the values of equivalent plastic strain).

4.2. Calibration of fracture criteria
The ductile fracture criteria were calibrated using Nakazima tests, as mentioned in Section 3.1. It is worth mentioning
that the minimum number of experimental tests which each model requires to be calibrated is equal to the number of constants that the model contains. The materials constants were calculated for the models and listed in Table 2.
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Fig. 5. The comparison between experimental and numerical results of cross-die test; (a) the failure location (the colors represent the values of damage
indicator calibrated using experimental FFLD), and (b) the force-displacement responses.

The fracture loci were plotted in different spaces in a wide range of deformation modes to detect the differences better,
i.e. the principal strains space (Fig. 13) and equivalent strain-stress triaxiality space (Fig. 14). The fracture loci of all the models, except Johnson-Cook, consists of four branches in the space of principal true strains (Fig. 13). The branches are, the stress
states between equi-biaxial tension (b = 1) and plane strain (b = 0). The second branch covers the range from plane strain
(b ¼ 0) to uniaxial tension (b = 1/2). The third branch extends from uniaxial tension ðb ¼ 1=2Þ to pure shear ðb ¼ 1Þ.
The fourth and last branch is applicable to the stress states between pure shear ðb ¼ 1Þ and uniaxial compression
(b ¼ 2Þ. Those four branches could also be distinguished after transformation to the space of equivalent strain to fracture
and the stress triaxiality as shown in Fig. 14. The first branch corresponds to the stress states between equi-biaxial tension
pﬃﬃﬃ
pﬃﬃﬃ
(g ¼ 2=3) and plane strain ðg ¼ 1= 3Þ. The second branch covers the range from plane strain ðg ¼ 1= 3Þ to uniaxial tension
(g ¼ 1=3Þ. The third branch extends from uniaxial tension ðg ¼ 1=3Þ to pure shear (g ¼ 0Þ. The fourth and last branch is
applicable to the stress states between pure shear (g ¼ 0Þ and uniaxial compression (g ¼ 1=3Þ [31,32]. These figures indicate that the employed models, except J-C, are able to easily distinguish the different modes of deformation.
The shape and results of MSS, MMC3, and Lou models are in good agreement with the experimental data. Note that in
these models the shear stress was considered [25,33–35]. The effect of shear stress on damage in DP steels has been proved
from microscopic view point [36–39]. Researcher convinced that damage was propagated by linking of the voids, which are
located in localized deformation band, along the shear direction. Although Oh model was able to diagnose the fracture locus
branches, the calculated equivalent strain at fracture in equi-biaxial tension was very low. Despite Johnson-Cook model
being widely used in the literature, in this study it was unable to differentiate the branches. In addition, it predicted the fracture limit curve following the conventional trend of ductile fracture models as a straight line with a negative slope which is
not proper for AHSSs.

4.3. Verification of fracture models
The fracture criteria were verified through comparing the experimental and simulation data which were obtained in the
previous sections. As mentioned before, an uncoupled fracture model considers fracture as a sudden incident when the stress

374

N. Habibi et al. / Engineering Fracture Mechanics 190 (2018) 367–381

Fig. 6. The experimental data at fracture moment which was measured using PHASTTM equipment; (a) Major strain distribution, (b) minor strain
distribution, and (c) measured strains for the different locations.

and strain states of the undamaged continuum reaches a critical level. Therefore, the deformation trend remained unchanged
by implementation of uncoupled fracture models into the FE codes. However, each model predicted different moment for the
onset of failure. Table 3 presents the fracture results for cross-die and bulge tests which were predicted by aforementioned
failure models. The predictability of the damage criteria is also quantified for equivalent strain-stress triaxiality spaces using
standard statistical parameters such as correlation coefficient (R) and relative error which are expressed as:
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Major principal strain

Fig. 7. The simulation results at fracture onset; the distribution of (a) major strain, and (b) minor strain.

Minor principal strain
Fig. 8. Global strain status and the damage indicator at the integration points located at the negative surface (the colors represent the values of damage
indicator calibrated using experimental FFLD).

P
P P
N E:P  ð EÞð PÞ
R ¼ rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃrﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P 2
P 2
P 2
P 2
P  ð PÞ
N
E  ð EÞ N
Relative error ¼



PE
 100%
E
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Major principal strain
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Minor principal strain
Fig. 9. Global strain status and the damage indicator at the integration points located at the positive surface (the colors represent the values of damage
indicator calibrated using experimental FFLD).

Fig. 10. Mode of deformation for different locations; (a) the values of stress triaxiality at the onset of fracture which is depicted by the colors, and (b) strain
paths which each element undergoes (solid and dashed lines represent the elements at the negative and positive surfaces, respectively).

The correlation coefficient is a commonly used statistical parameter and provides information about accuracy of the calculated values where 1 is total agreement and 0 is no relationship with the observed data. As shown in Fig. 15, the values of R
for MMC3, MSS, and Lou models are more than 0.8 which imply the good agreement between the predicted and experimental FFLDs. However, MSS required only one experimental result to become calibrated. The excellent predictability of MSS has
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Fig. 11. Sheet thickness for different locations; (a) the values at the onset of fracture which is depicted by the colors, and (b) the thinning/thickening
histories.

Fig. 12. The comparison between experimental and numerical results of bulge test; (a) the failure location (the colors represent the values of damage
indicator calibrated using experimental FFLD), and (b) the stress-strain curve.
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Table 2
Material constants in the fracture criteria for the investigated steel.
Fracture criterion

Constants

Maximum Shear Stress (MSS)
Oh
Johnson–Cook (J-C)
Modified Mohr-Coloumb (MMC3)
Lou and Huh

C1
C2
C3
C6
C9

¼ 470:65 MPa
¼ 0:51
¼ 0:13
¼ 0:02
¼ 4:55

C4 ¼ 0:52
C7 ¼ 465:07 MPa
C10 ¼ 0:69

C5 ¼ 0:76
C8 ¼ 0:97
C11 ¼ 1:06

Major principal strain

(a)

Minor principal strain

Major principal strain

(b)

Minor principal strain
Fig. 13. Experimental and predicted fracture forming limit diagrams; (a) in the wide range of uniaxial compression to balanced biaxial tension, and (b) in
the short range of uniaxial tension to balanced biaxial tension.

been reported for high strength aluminum as well [40–42]. J-C model was unable to predict the shape of FFLD and its corf in different stress triaxialities (Fig. 12). As the
relation coefficient is negative. It is worth mentioning that R is calculated for e
value of uniaxial tension (g ¼ 1=3 or b ¼ 0:5) was not obtained through the specimens of Nakazima test with designed
geometries, the effect of equi-biaxial tension become more profound.
This observation can easily be noticed in calculated relative errors for the results of cross-die and bulge tests, Fig. 16. Since
the failed element underwent roughly plane strain path through cross-die test, the errors are low for all models and the dif-
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Fig. 14. Experimental and predicted fracture loci in the equivalent fracture strain and stress triaxiality; (a) in the wide range of uniaxial compression to
balanced biaxial tension, and (b) in the short range of uniaxial tension to balanced biaxial tension.

Table 3
The results derived from simulation at the fracture onset.
Damage model

Cross-die test
Punch stroke (mm)

Bulge test
Equivalent strain at fracture

Exp. FFLD
MSS
Oh
J-C
MMC3
Lou

39.30
38.81
38.19
38.21
39.01
38.30

0.80
1.17
0.51
0.44
1.00
0.80

ferences become negligible. On the other hand, as the fractured element experiences equi-biaxial tension, the differences
between models become obvious. Note that the first column in Fig. 16 which is mentioned as ‘‘exp.” refers to the simulation
where the experimental FFLD was implemented as the damage criterion.
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Fig. 15. The correlation coefficients of equivalent plastic strain calculated at fracture onset in the range of stress triaxiality according to Nakazima tests.

Fig. 16. The errors occured in fracture results which were predicted by fracture criteria; (a) for punch stroke in cross-die test, and (b) for equivalent plastic
strain in bulge test.

5. Conclusion
In the present work, the failure behavior of DP600 steel was observed experimentally and numerically. Various ductile
fracture criteria were employed to predict the forming limits. The simulations were able to predict the fracture locations precisely. However, the equivalent strains at fracture were calculated differently by each model. The more accurate models were
Maximum Shear Stress, Modified Mohr Coulomb, and Lou models which considers shear stress as a crucial factor of the fracture onset. However, the MSS model requires only one experimental test for calibration which is advantageous over the
other models.
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