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Abstract
During the development of an automobile part obtained by stamping process, time and money are
required aiming process planning and set up of a new tooling. One of the di�culties in stamping is to
know if the chosen material will have su�cient formability to reach the �nal form required by the project.
Because of this di�culty it is very interesting to propose a method that can accurately simulate the
forming process. The failure criteria can be mathematical or empirical models capable of determining the
onset of necking for each stress/strain states. It is interesting to �nd a failure criterion that can be easily
determined and provides a good ability to detect the failure accurately. In this study six different failure
criteria were studied. Five of them are classi�ed as ductile damage models and they depend on the stress
triaxiality and plastic strain. The last criteria depend only on the deformations in the main directions and
it is called the forming limit curve (FLC). It was used computational models through �nite element
analysis (FEA). The formability was evaluated by monitoring the displacement of the punch until the
failure of the material. Some failure criteria have been able to provide approximation errors in the range of
0.7 - 5% which makes them interesting for practical implementation in the industry.

1. Introduction
The signi�cant increase of advanced high strength steels (AHSS) applications in vehicles was necessary
due to the environmental demands that lead to decreased pollutants by reducing vehicle weights and
maintaining the mechanical strength levels of materials already used in industry [1]. During the design
phase of a product, time and money are spent during the tooling set up [2]. Depending on the geometry of
the desired product the selected material can be unable to deform to achieve such requirement.
Determining a failure criterion that can accurately describe the fracture mechanism of a metallic
materials can be very useful in sheet metal parts development.

Two groups of failure criteria modes that are applied in the stamping process were carried out. The �rst is
the forming limit curve (FLC) and the second is the ductile damage mode criteria. The FLC criteria is
usually obtained by Nakazima test based on the two main strains, i. e., width-by-length. On the other
hand, the ductile damage criteria are based on the complete state of stresses and strains involved in the
stamping process [3]. The fracture starts when the equivalent plastic strain reaches a critical value Dc,

Eq. 1.
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In the Eq. 1 
−
ϵ p is the equivalent plastic strain, 
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ϵ f is the equivalent plastic strain for fracture, D
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called the ductile failure criteria or damage factor, which indicates the onset of fracture when it reaches
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the critical value Dc = 1, since at the time of fracture the relation 
−
ϵ p =

−
ϵ f is suggested by [4]. The

parameters e 
−
θ  are called triaxiality or triaxial stress and Lode angle, respectively, both are stress-

dependent parameters. This criteria mode uses the graph  x 
−
ϵ f to describe the failure limits of a given

material and is called the fracture envelope. Mathematical models are determined to obtain an equation
that can provide the plastic deformation in the fracture based on the stresses applied to the specimen.
Habibi et al. [5] used �ve mathematical models of the ductile damage model, they are: Modi�ed Mohr
Coulomb [6], Maximum Shear Stress [7], Johson-Cook [8], Lou and Huh [9] and Oh et al. [10] All these
mathematical models are showed below.

Modi�ed Mohr Coulomb (MMC):

−
ϵ f =

A
C2

C3 +
√3

2−√3 1 − C3
3+μ2

3 − 1 X
1+C2

1

3+μ2 + C1 +
1
3

−μ

√3+μ2

−
1
n

(2)

Maximum Shear Stress (MSS):
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Johson-Cook:
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The constants C1,C2and C3 are obtained through practical tests [3]. The number of constants in each
model indicates the number of tests required to determine the complete mathematical model. The main
need for the experiments is to know the exact triaxiality of each test. The variable μ is called the Lode
parameter. The triaxiality value is described in Eq. 7.

= −
p
q  (7)

Where,

p = −
1
3 σ1 + σ2 + σ3  (8)

q =
1
2 σ1 − σ2

2 + σ2 − σ3
2 + σ3 − σ1

2  (9)

The term p (Eq. 8) is the hydrostatic pressure and q (Eq. 9) is the Von Mises stress or equivalent stress.
Both are expressed in terms of stresses in the principal directions (σ1, σ2 e σ3). For uniaxial tensile test

the value of  is 0.33 since σ2 = σ3 = 0. For pure compression test the value of  is -0.33 since the same
stress state from tensile test is obtained but σ1 acting in the opposite direction. For values that simulate
another stress state it is necessary to change the specimen geometry to obtain a known triaxial stress

state [3,11]. The Fig. 1 shows some specimens used by [3] to plot the curve  x 
−
ϵ f.

The purpose of the work is to �nd an initial estimation of formability measured by punch depth which can
be implemented by a quick input during the development a new stamping geometry. This initial
estimative is obtained by using different failure criteria on FEA simulation instead of practical tests that
are usually required to measure forming limits.

2. Materials And Methods
The computational code was developed in a commercial version of ABAQUS software which was fed with
data from the DP600 steel. The results of the present work were compared to the results obtained with the
experimental data presented in the study [12], where the formability of the DP600 steel with the variation
of the blank holder load (BHL) were previously evaluated. To prove the model validity the con�gurations
of the blank, die, BHL and the punch were de�ned in order to get closer to the parameters used by [12].
The Nakazima tool geometry used in the practical tests and in the computational model are shown in Fig.
2.

The blank holder, die and punch were modelled as solid shell elements since their deformation are not
evaluated during the analysis. The sheet was modeled as deformable shell due to purpose of analyze its
deformation during the process. The advantage of the shell format is reduced iteration time. The shell
element type for the sheet was S4R integration type. The model was divided in three parts. The 1st part
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was the contact between blank holder and die, the 2nd part is the blank holder force application and the
3rd part was the vertical motion from the punch pushing the sheet downwards through the die. For this
model it was used the penalty contact method.

The failure criteria used in the work are approximated for the plane stress state and this approach is also
interesting for the sheet modeling in the shell format. The shell format will not consider the analysis of
stress and deformation in the direction of the sheet thickness [13]. Fig. 3 summarizes the formats and
types de�ned for the simulations.

The �nite element simulation was done in three steps: 1st step - contact between the blank holder and the
blank; 2nd step - application of the BHL load and the 3rd step - vertical displacement of the punch. The
default value of the time period in ABAQUS application was 1, i.e., the time varies from 0.0 to 1.0
throughout the simulation step. The time increments in each analysis are simply fractions of the total
period of each simulation step [13]. In this study the punch displacement step time is 10x longer than the
time of the 1st and 2nd steps. For the computational simulations the same BLF levels used by [12], in his
practical tests, were de�ned for the present study. In this case, three BLF loads were used: 58tf, 80tf and
130tf.

It is important to clarify the conditions under which the failure criteria are reached in the ABAQUS models
de�ned in this work. Abaqus software automatically delete the elements at the crack location. It was
selected an increment of 0.1mm from punch displacement to extract the exact punch displacement when
the crack initiates.

To de�ne the fracture envelopes of Eq. 2, 3, 4, 5 and 6 it was necessary to leave all terms on the right side
of the equation as a function of . This allows to vary the value of  with an increment value and observe

the corresponding value of 
−
ϵ f for each value of . In this way it is possible to obtain the trace of the

fracture envelope curve. According to [2] for the plane strain state the Lode angle can be related to
triaxiality through the Eq. 10:
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The Lode angle and the Lode parameter are related by the Eq. 11.
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Using Eq. 10 and 11 to leave Eq. 2, 3, 4, 5 and 6 in function only of triaxiality we obtain the equations
below:
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Modi�ed Mohr Coulomb:
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Maximum Shear Stress:
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Johson-Cook: 
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Oh et al.:
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The values of f1, f2and f3 are called simplifying functions and it can be obtained according to the Eq. 17,
18 and 19 [14].
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Using the calibration constants obtained by [1] for the DP600 steel, the �ve fracture envelopes in Fig. 4
were obtained. The curve data were useful to feed the ABAQUS software as a failure criteria. Usually tests
that provides a known stress test are chosen to calculate the constants. Pure tensile test, pure
compression or pure shear tests are used for that, Fig. 1.

The shape of the curve from Fig. 4 is explained by the behavior from the ductile damage equation for
each criteria. In this case Eq. 14 for Johson-Cook and Eq. 16 for Oh et al. Johson-Cook has an exponential
equation while Oh et al. has a linear equation. It was not selected to use criteria with similar curve shapes
since Oh et al. per example presented minor errors when compared to other criteria as illustrated by Fig. 7.

The values of ϵ1 and ϵ2 (major and minor true strains) were also obtained by [12] via the Nakazima test
of DP600. These values were used to implement the FLC criteria in the computational model. The
fundamental mechanical properties and true stress-by-true strain curve for DP600 steel obtained by [15]
as illustrated in Fig. 5 were also used.

3. Results
The stamping depth was the compared variable among the failure criteria (total punch displacement at
the exact fracture point). Fig. 6 demonstrates the exact moment when the fracture occurs in the blank. For
the three BHL (58tf, 80tf and 130tf) the errors were calculated in relation to the practical values obtained
from the punch force vs displacement curves determined by [12]. Fig. 6 also illustrates a crack initiation in
the sheet during the computational model execution considering a failure criteria inserted in the material
characterization.

The stamping depths obtained at the crack starting are summarized in Tab. 1.

Table 1: Stamping depths (in mm) obtained in the tests.

The computational results for the BHL of 58tf showed very good convergence with the practical results
obtained by [12], for the FLC criterion, and with a good convergence for the Lou and Huh criterion, is
illustrated in Fig. 7(a).

The magnitude of the errors for this load can be attributed to the different mechanical properties of
DP600 steels used by [12], [5] and [11]. The data used to feed the computational model were obtained by
[11] and the failure criteria calibration constants were the same used by [5] in practical and computational
tests with DP600 steel.
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For the BHL of 80tf the criteria that shown nearest results to [12] were the FLC and the Modi�ed Mohr-
Coulomb (MMC), as can be seen in the Fig. 7(b).

The errors obtained for the simulation with the BHL of 130tf are shown in Fig. 7(c). The results for
Johnson-Cook, Maximum Shear Stress (MSS) and Oh et al. were the ones that came closer to the results
obtained by [12].

It was observed that Lou & Huh and the FLC criteria showed larger errors when the sheet restriction is not
so expressive. The same meshing was applied for all the simulations and if the mesh is reduced all the
results could be changed by the same amount proportionally. It was used a mesh of 0.5x0.5 elements at
a circular section of 50mm radius and 2x2 elements at the remaining sheet, Fig. 8.

Most of the maximum punch depth values obtained for the computationally simulated failure criteria
showed a linear trend or very close to linear. On the other hand, the results obtained by [12] deviate from
the trend obtained from the computational results, see Fig. 9. The computational deviation can be
justi�ed by do not consider the changes in the elasticity modulus during the plastic deformation of the
sheet; furthermore, lubrication parameters and different deformation rate from those used by [12] can
also be attributed to this behavior.

It was observed that some graphic lines did not presented a linear behavior related to forming depth when
compared to other lines. The line with the practical results obtained by [12] was the one that did not
present a linear behavior and one of the aspects that could explain is that the numeric models made by
FEA could not explain some variances in the material that could happen during deformation such as
changes in the modulus of elasticity during plastic deformation. Some better approximations can be
done by using sub-routines during simulations which could be the focus on futures studies.

The failure criteria obtained by FEA did not achieve a greater results accuracy when compared to the
failure criteria obtained by the Nakazima test [12]. For the elaboration of the FLC failure criteria, a
sequence of tests with controlled conditions and parameters is required, which makes di�cult the
obtention of all the data. Some of the failure criteria of the ductile damage model require only one
uniaxial tensile test for its determination, which becomes interesting when compared to the FLC criteria.

It was observed that for each blank holder load there was a criteria that was closer to the results obtained
by [12], such behavior can be studied for the selection of the rupture criterion to be used in a given or
speci�c application. For example, in addition to the FLC criterion, Lou & Huh criterion obtained a
reasonable simulation error for loads of 58tf while the Johson-Cook criterion resulted in a 1% error for
130tf load.

In the cases with a small amount of sheet restriction, an approximation with 6% error was obtained for
the Oh et al. criterion when compared to the result reproduced by [12] for blank holder load of 58tf. The
FLC criterion distanced itself from the results obtained by [12] in cases with greater sheet restriction, while
the MSS criterion raised with the data of [16] resulted in an error of 7.1% for the blank holder load of
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130tf. Such errors become interesting since the determination of the Oh et al. and MSS criteria require
only one tensile test.

The approximations obtained by the Habibi et al. criteria [5] diverged from the results of [12] due to the
fact that the DP600 steel used in the tests to determine the calibration constants did not have the same
characteristics (composition and mechanical properties) of the steel used by [12].

In summary, the following factors can be highlighted from the performed experiments:

- Linear behavior of the stamping depths obtained by the computational tests was observed while the
same trend was not observed for the experiments performed by [12] - further study of the fracture
mechanism of DP or AHSS steels becomes necessary;

- Some criteria showed lower errors at speci�c blank holder loads, such result can be used for a practical
implementation having the sheet restriction intensity as a selection criterion for the rupture criteria;

- Criteria where only one uniaxial tensile test is needed for model calibration, showed errors in the range of
3-7%. This fact becomes interesting when compared to the determination of a failure criterion by
Nakazima test or via three practical tests according to some criteria of the ductile damage model.

4. Conclusion
The failure criteria numerically obtained did not reach a good precision in the results if compared to the
failure criteria obtained by the FLC plotted with Nakazima test data. In the FLC failure criteria a sequence
of tests with controlled conditions and parameters is required and it makes hard to obtain the FLC. Some
failure criteria for ductile damage models require only one uniaxial tensile test to be determined becoming
interesting when compared to the FLC criterion.

In this study it was observed that for each blank holder load there was a failure criterion that was closer
to the results obtained by [12]. Such behavior can be studied for the selection of the failure criteria to be
applied in a given application. For example, in addition to the FLC criterion, Lou and Huh criterion showed
a reasonable simulation error for the BHL of 58tf while the Johson-Cook criterion resulted in a 1% error for
the BHL of 130tf. Thus, in the case where the sheet metal is in a very restricted condition it becomes
feasible to use the Johnson-Cook criterion.

Is very important to note that is more interesting to use a failure criterion with only one calibration
constant, as the case of the Maximum Shear Stress (MSS) and the Oh et al. criteria. Such criteria were
able to deliver a computational error of 3% for the BHL of 130tf and an average error of 7% for the BHL of
80tf. As the most striking contribution is worth to note that the two criteria mentioned above can be
obtained by a simple uniaxial tensile test.

For the sheet metal community, the achieved results presented in this work can be used by choosing a
speci�c failure criterion prior the tooling development to have a �rst approach of the process parameters
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to be implemented prior the current production of new product. Also the failure criteria can be used to
troubleshoot stamping issues based on strain analysis and sheet formability.
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Figure 1

Specimens used by [3] to de�ne the fracture envelope.
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Figure 2

Drawing of the modi�ed Nakazima tool used for tests and the computational model.

Figure 3
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Computational model and its characteristics.

Figure 4

Fracture envelopes obtained with the constants determined by [5] for the DP600.
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Figure 5

Fundamental mechanical properties and true stress vs true strain curve obtained by [15].
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Figure 6

Crack initiation by failure criteria implemented in the computational model.

Figure 7

Errors obtained by computational models for a BHL of 58tf (a), 80tf (b) and 130tf (c).



Page 17/18

Figure 8

Meshing applied for all the simulations.
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Figure 9

Comparison between the obtained results.


