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Abstract: Springback phenomenon is well predicted for some mild steel materials, but not for steels with higher strength. One of the most
used tools to stamping optimization is usage of finite element analysis. In order to accurate describe the real behaviour of the materials for
stamping of vehicle panels, the application of proper hardening rule seems to be crucial. Due to higher accuracy of predicted results, high
strength steel sheets are usually modelled by means of kinematic or mixed isotropic-kinematic hardening models. In this paper the spring-
back prediction of advanced high strength steel DP600 by numerical simulation was investigated. Through cyclic tension-compression
tests, the material characterization has been performed for DP600 steel sheet. Different hardening models (isotropic, kinematic and mixed
isotropic-kinematic) used in the simulations were compared with expreriment. The Yoshida—Uemori model succesfully describe the kine-
matic behaviour of the material and provided more accurate results than others.
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1. INTRODUCTION

Stamping process is the most commonly used manufacturing
process to produce thin vehicle panels. The biggest challenge in
stamping process is to ensure satisfying design specifications
without causing defect as splits, wrinkling, skid lines, surface
distortions and springback issues (Slota et al., 2015). The spring-
back phenomenon is still the current issue in automotive industry,
considering mainly materials which have higher strength (Slota et
al., 2012). Numerical simulation by finite element method (FEM)
is widely used as a tool for engineers to improve the part design
taking into account the process limitations. Finite element analysis
(FEA) is a well-established tool for analyzing and predicting sheet
forming strains for various materials and test conditions. FE simu-
lation of springback, however, is much more sensitive to numeri-
cal tolerances and to material model than forming simulations.
Numerical procedures that must be considered more critical for
springback simulation include the spatial integration scheme,
element type and time integration scheme (implicit, explicit, one-
step). Various material representations affect springback simula-
tions significantly such as the unloading scheme, strain hardening
rule, evolution of elastic properties, plastic anisotropy, Bausching-
er effect, etc. (Wagoner et al., 2013).

During the forming operations, the sheet metal often under-
goes to bending-unbending and stretching processes. For exam-
ple, when a sheet is drawn over a tool radius or draw bead. In
these cases, the material is subjected to complex strain paths
which make it difficult to accurately predict the final shape of the
part after forming. Because of this, the accuracy of the imple-
mented product is dependent on the accuracy of the implemented
material constitutive model amongst others.

Complex material models are presented increasingly in FEM

codes to provide accurate predictions of material behaviour.
These models take into account different phenomena, such as the
Bauschinger Effect, the transient behaviour and the permanent
softening. Predictions of all these effects which affect the final
shape are connected to the hardening rule. Hardening models
describe the evolution of the initial yield surface. It is recommend-
ed to use various types of hardening models, according to their
ability to explain and exact predict plastic behaviour during the
given deformation process (Silvestre, 2015). With the increased
complexity of hardening model, it is able to increase the accuracy
of the predictions (Eggertsen and Mattiasson, 2010).

There are four types of hardening models which may arise
during sheet metal forming processes: isotropic models, kinematic
models, rotational and distortional hardening models (Bruschi et
al., 2014). Isotropic hardening models are used for simple applica-
tions. They are able to express the proportional expansion of the
initial yield surface (Slota et al., 2014; Bruschi et al., 2014). The
advantage of these models is that are able to predict hardening
behaviour of a high range of different materials and they are
widely used due to their simplicity. However, FEM simulation of
new advanced materials, such as advanced high strength steels
(AHSS) or ultra high strength steels (UHSS), need more complex
formulation of hardening. The use of isotropic hardening models
overestimates the hardening in reversal loading under reverse
strain paths. This is due to the occurrence of different phenomena
during reversal loading which occur commonly in high strength
materials, especially as: the Bauschinger effect, the transient
behaviour and the permanent softening (Bruschi et al., 2014).
Kinematic hardening laws offer more sophisticated models than
isotropic. These models assume, that the yield surfaces preserve
their shape and size but translate through the stress space. Due
to their ability to predict some phenomena mentioned above,
kinematic hardening models have received special attention in the
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last years (Eggertsen and Mattiasson, 2010). The Bauschinger
effect is a clear illustration of how the mechanical response of a
metallic material depends not only on its current stress state but
also on its history of plastic deformation. A combination of the
isotropic and a non-linear kinematic hardening rule (also called
mixed hardening models) gives a uniform expansion and transla-
tion in shape of the yield surface. Mixed hardening models can
predict properly material behaviour of AHSS (Lemoine et al.,
2011). According to Kim et al. (2012) the hardening behaviour
including the transient behaviour and Bauschinger effect was well
described by a modified mixed Chaboche model for dual phase
steels. Based on the Yoshida combined isotropic-kinematic hard-
ening model, the constitutive parameters for several AHSS, such
as DP780 and DP980 was determined by Shi et al. (2008). Yo-
shida model was able to determine the stress and strain behav-
iours in various cycle tension and compression tests. The com-
plexity and accuracy of models depend on the number of material
parameters and history variables. Every model has its precise
requirements in terms of experimental data and testing needed to
identify its parameters. However, in the characterization of stamp-
ing operations, cyclic loading experimental tests are generally
used in order to analyse kinematic hardening (Lemoine et al.,
2011). Several authors have proposed several reverse loading
tests (Cao et al., 2009; Silvestre et al., 2015; Eggertsen and Mat-
tiasson, 2010; Slota et al., 2014; Yoshida and Uemori, 2002;
Boger et al., 2005; Chongthairungruang et al., 2013; Kuwabra
etal., 2009; Piao et al., 2012). Rotational hardening model as-
sumes that the yield locus rotates and distortional hardening
model assumes that the yield locus distorts. Nevertheless, the
capabilities of isotropic and kinematic hardening models to fully
describe the hardening curve upon opposite load, it cannot de-
scribe the anisotropic and distortional hardening behaviour. It is
due to the change of the sheet metal plastic anisotropy at increas-
ing level of deformation as a result of the texture evolution (Bru-
schi et al., 2014).

Advanced high strength steels represent special challenges
because in general they have higher strength and ductility combi-
nations than conventional steels for vehicle panels and they make
use of either very coarse microstructures (DP steels) or strain-
induced transformations and complex hardening behaviour (TRIP
and TWIP steels). These differences manifest themselves in large
changes of elastic “modulus” following plastic deformation, very
large hardening transients following a stress reversal, and high
temperatures attained by the plastic work in areas of large defor-
mation. Much of the current research on springback focuses just
on these aspects (Wagoner et al., 2013).

The goal of this research is to study springback effects of dual
phase steel grade DP600 by both, experimentally and numerical-
ly. To verify the predicted results of investigated steel, experi-
mental tests were carried out. FE simulations of the forming with
stretching were performed in explicit FE code. Accurate spring-
back prediction requires knowing the stress state through the part
before unloading, which is controlled by the plastic response of
the material during stamping. Parameters of material model that
can often be put aside in satisfactory stamping simulations must
be included for springback simulations (Yoshida and Uemori,
2003). Among these features belong: Bauschinger effect, harden-
ing stagnation, permanent softening and early re-yielding in the
compression phase of the cycle. These features can be revealed
performing cyclic tension-compression test. Not all of new material
models describing this features. Yoshida-Uemori kinematic hard-
ening material model (Mahmoudi et al., 2011) describes kinematic

hardening of the loading surface, combined isotropic-kinematic
hardening for the bounding surface, Bauschinger transient similar
to a general two surface model and work hardening stagnation at
large plastic strain. First step in process of implementation these
features is to perform cyclic test under tension-compression load.
Next step is fit the experimental curves by means of optimization
technique. Experimental and numerical results concerning spring-
back after stamping were compared.

2. EXPERIMENTAL PROCEDURE

2.1. Experimental material

The material investigated in this work was the high strength
dual phase steel grade DP600 with a thickness of 1.0 mm. Me-
chanical properties of this steel sheet obtained from uniaxial
tensile test are shown in Tab. 1. The data shown in the table
represents mean values.

Tab. 1. Mechanical properties of DP600 steel sheet

Material Re Rm A80 K n[
[MPa] | [MPa] | [%] | [MPa]

DP600 | 383 | 620 | 26.1 | 1008 | 0.179

In order to characterizing the Bauschinger effect during re-
verse deformation including the transient Bauschinger strain, early
re-yielding, work-hardening stagnation and permanent softening
behaviour of investigated steel, cyclic tests under tension-
compression load were performed. The cyclic tests were carried
out using TiraTest testing machine. Elongation of the specimen
(Fig.1) was controlled by crosshead displacement of the testing
machine.
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Fig. 1. Dimensions of specimen used for cyclic tension-compression test
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Fig. 2. Tension-compression experimental curve of DP600
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Tension-compression test was started by tension load as first
part of full cycle. After a specific crosshead stroke corresponding
to a defined pre-strain level, load was reversed to compression
until reaching crosshead displacement according to a given com-
pression strain. Next, re-loading in tension direction was intro-
duced until the crosshead stroke being equal to that in the first
tension. The pre-strain levels between 1 and 5 percent were
studied (Fig. 2). It should be noted that higher pre-strain levels
could lead to a buckling of the sample.

2.2. FEM simulation

Springback effect of the investigated steel by means of nu-
merical simulation and the final resulted shapes of the sample
after tool removal were predicted. Numerical simulation was per-
formed in explicit FE code and the input parameters are presented
in Tab. 2.

Tab. 2. Input parameters of FE analysis

Parameter Value Parameter Value
Time integra- Explicit Element type Shell
tion scheme

Mesh type Rectangle Refinement 0

Mesh size 1.5 mm Holding force 10 kN
Nr. of integra- 5 Friction coeffi- 0.15

tion points cient

The stamping simulation was consisting of two stages. The
first stage was the deep-drawing process and the second stage
was springback after the tool release process. The FE model with
boundary conditions were generated according to experimental
setup. The shell elements were used to mesh the sample.

Punch

Blankholder

Specimen

Fig. 4. Formed sample for springback analysis
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All parts of the tool were setup as a rigid body. The friction co-
efficient of 0.15 was set for every contact surface of the tool. The
springback profiles of the deformed samples calculated by FE
simulations were compared with experimental results.

For this research was selected tool which is used into the
Nakajima test. Geometry of the tool is showed in Fig. 3. This
experiment was performed on the universal testing machine Er-
ichsen 145-60. Blankholder force was set to the values of 10 kN.
Experimentally stamped specimen of investigated high strength
steel is presented in Fig. 4. The geometry was selected due to
existence of drawbeads and great diameter of punch what may
have influence to the diminishing problems associated with the
problems of numerical modeling.

2.3. Results

To compare experiments with numerical material models, both
analyses were performed using the same process conditions.
When advanced material models which consider kinematic hard-
ening were obtained, numerical simulation of tensile-compression
test was performed and the strain paths were plotted. For this
purpose, the mixed isotropic-kinematic hardening model
of Chaboche and Yoshida-Uemori kinematic hardening model
were used. The true stress-strain curves obtained from the numer-
ical tension-compression cyclic tests compared with experiment
are presented in Fig. 5. When Yoshida-Uemori kinematic harden-
ing material model was used, it can be observed, that transient
Bauschinger effect is described preferably. The stress-strain curve
illustrated in Fig. 5 shows, that the material behaviour is described
with higher accuracy than isotropic or mixed hardening models.

800
600
_ 400
[J
a
2 200
a2
£ 0
1
S
£ -200
400 ¥y + Experiment
——Isotropic hardening
-600 = + Mixed hardening
-800 = = Kinematic hardening
-0,01 0 0,01 0,02 0,03 0,04 0,05 0,06

True strain [-]

Fig. 5. True stress-strain curves obtained from cyclic T-C test from
numerical simulation and the real experiment
of DP600 steel sheet

In Fig. 6 is illustrated course of the contact force between
punch and the sheet metal. From this graph implies that the draw-
ing stroke was the same in the case of numerical simulation and
real experiment. The load-displacement curves were calculated by
FE simulations using different materials models and compared
with the experimental results. From these three curves implies,
that the Yoshida-Uemori kinematic hardening material model
predicts experimental course more accurate than others.
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Fig. 6. Experimentally measured punch load curve during stamping
in comparison with FE simulation results using different hardening
models for the DP600 steel

The final shape of the stamped part after springback obtained
from simulation and the real experiment is shown in Fig. 7. It is
shown, that the predicted profiles of the part after springback
better agreed with measured data of investigated material when
the Yoshida-Uemori kinematic hardening material model was
used. This result is confirmed by the course of stress-strain curve
shown in the Fig. 5. Cross-section profile predictions from Yo-
shida-Uemori model most fairly agreed with the experimental
results, whereas the isotropic provided the least accurate predic-
tions. The springback prediction of high strength steels by FE
simulation with using isotropic hardening model seems to be
inadequate.

-------- Yoshida
Experiment
wm e Chaboche
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Fig. 7. Cross-section profiles of the sample after springback
calculated by FEM using different hardening models
in comparison with experimental results for DP600 steel

3. CONCLUSIONS

From the research presented in this paper implies, that the
hardening models which consider kinematic hardening are more
accurate within springback simulation. Implementation of ad-
vanced hardening material models presented in this research is
associated with the need of an appropriate experimental test to
obtain stress-strain curve from cyclic tension — compression test.
In compression phase of the cycle, this test is associated with the
problem of buckling. Therefore, it is necessary to use a special
fixture to prevent buckling. Designed fixture allows reliably meas-
ure stress-strain curves. Subsequently, hardening models which
describe springback issue with great accuracy can be implement-
ed. Yoshida-Uemori kinematic hardening model was successfully
fitted to the experimental stress-strain curves obtained from cyclic
test. The numerical prediction of springback with this hardening
model agreed well with experimental data. The application of
conventional isotropic hardening model for materials such ad-
vanced high strength steels is unsatisfactory.
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