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Abstract Mechanical properties of a dual-phase steel of
0.8 mm thickness are investigated with uniaxial tensile load-
ings at room temperature. Standard tensile tests are con-
ducted to determine Young’s modulus, flow curves and plas-
tic strain ratios in rolling, transverse and diagonal direc-
tions, respectively. Moreover, uniaxial tensile loadings with
unloading-reloading cycles are performed to determine the
elastic modulus evolution. Anisotropy of DP600 steel is
described using isotopic hardening plasticity in junction with
Hill’s orthotropic yield function and applied in finite element
(FE) stamping analysis of an automotive structural member.
In sheet metal deformation modeling, material models with
both constant and variable Young’s moduli were considered
to assess the effect of stiffness degradation on FE spring-
back predictions. Effective plastic strain and part thickness
distributions calculated with both models were fairly simi-
lar and maximum differences were determined to be 4 and
6 %, respectively. A similar situation holds for predicted
springback distributions, but springback magnitudes calcu-
lated with variable modulus model were constantly higher.
Computed geometries with both FE models were, further-
more, evaluated with surface scanning of manufactured parts.
While stamping geometries predicted with both models
underestimate actual shape distortions determined in manu-
factured parts, calculations with variable modulus have
reduced maximum geometric deviation by 20 % and con-
stantly improved shape correlation.
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1 Introduction

The demand on lower fuel-consumption as well as ever-
reducing emission standards puts serious constraints on vehi-
cle development programs in almost all automotive compa-
nies. Among other potential factors, today, the use of light-
weight and high-strength materials is one of the ways of
practically handling improved fuel-economy requirements
in developing auto-bodies with efficient crash-energy
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management [1]. Advanced high-strength steels (AHSS), in
particular, provide a convenient means of reducing overall
body weight while retaining essential structural stiffness and
integrity of the vehicle. Therefore, in the last decade, con-
ventional steel grades in many structural members have been
replaced with their AHSS counterparts [2,3]. The increas-
ing use of high-strength steels in sheet metal parts, how-
ever, brings about formability and shape distortion prob-
lems that can not be easily solved compared to stamping
processes involved with conventional, highly formable steel
grades [4]. The relatively high strength-to-elastic modulus
ratio of AHSS is considered to be one of the main factors
leading to difficulties to achieve a defect-free stamping part
within desired dimensional tolerances [5].

Process design approaches based on FE simulation
techniques have experienced similar difficulties with
high-strength steel applications, and their effectiveness has
been questioned particularly for springback predictions [6,
7]. This situation has led to new developments in element
technologies, explicit-implicit solution algorithms and
advanced plasticity models accounting Bauschinger effect
and other complex deformation phenomena [8-11]. From
presented experimental and FE studies, the influence of
numerical parameters and modeling techniques has been well
understood, and with the achieved developments in cyclic
plasticity modeling, very accurate springback predictions
were also obtained for various sheet metal geometries [12].
Today, various damage-coupled plasticity models exist for
the quantitatively enhanced description of the sheet metal
deformations and for an accurate calculation of springback
[13]. But as model’s capabilities improve, the number of
material parameters necessary for the description of defor-
mation process also increases. This essentially leads to more
complex material testing and usually special mathematical
techniques to determine these model parameters [14]. This
may be an undesirable situation from an industrial perspec-
tive, since the simple tension test is usually the only avail-
able material data during tooling design phase and is also
the industry standard for the identification of sheet metals
properties.

The motivation of this paper is to improve the accuracy
of FE stamping analysis with isotopic hardening plasticity
modeling based on material stress—strain data on the basis
of simple tension tests. For this purpose, mechanical proper-
ties of a dual-phase steel are determined with uniaxial tensile
loadings. Standard uniaxial tests are conducted to determine
elastic modulus, flow curves and plastic ratios of DP600 steel
of 0.8 mm thickness at room temperature. Moreover, ten-
sile loadings with repeated unloading-reloading cycles are
performed to determine Young’s modulus evolution during
uniaxial plastic deformation. Anisotropy of DP600 steel is
described with Hill’s orthotropic yield function, and strain-
hardening behavior is simulated with isotopic hardening plas-
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Fig. 1 Engineering stress—strain curves of 0.80 mm thickness DP600
steel

ticity model. Then, stamping process simulations of an auto-
motive structural part are performed. FE results calculated
with both models are evaluated in terms of plastic strain,
thickness and springback distributions. Predicted part geome-
tries are also compared with surface scanning of manufac-
tured parts.

2 Material Testing

Mechanical properties of DP600 steel were obtained with
tensile tests conducted according to ASTM ES standard [15].
Specimens having a width of 12.5 mm and a gauge length of
50.0 mm were prepared from rolling, transverse and diagonal
directions of 0.80 mm thickness sheets. All tensile tests were
conducted using a Zwick tensile testing machine. During
uniaxial tensile loadings, elongations were measured using
an automatic contacting extensometer, and transverse dis-
placements in specimen width direction were also obtained
by means of a transverse averaging extensometer. Figure 1
shows engineering material stress—strain curves determined
from standard tensile tests.

The true strain components in longitudinal and width
directions were also determined from extensometer strains,
and volume constancy is assumed in calculating true thick-
ness strains in rolling, transverse and diagonal directions.
Only the part of experimental curves up to uniform elonga-
tion was included in true stress and plastic strain calcula-
tions, and flow curves in all directions are used to determine
material strength coefficient K and strain-hardening expo-
nent n. Plastic strain ratios in rolling, diagonal and transverse
directions (ro, 745, rop) were calculated using thickness and
width strain values corresponding to an elongation of 14 %
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Table 1 The mechanical properties of DP600 steel

Test Elastic Yield K n r-ratio
direction modulus stress (MPa)

(GPa) (MPa)
Rolling 201.5 365.4 1,090.9 0.154 0.855
Diagonal 202.3 372.9 1,096.7 0.153 0.887
Transverse 204.7 379.2 1,113.5 0.151 0.994

that was approximately 1-2 % less than maximum uniform
elongations in three directions [16]. Young’s moduli in three
material directions were also determined by line-fitting to
the linear part of true stress—true strain curves and the cal-
culated moduli are employed to determine initial yield stress
of DP600 steel by 0.2 % strain offset method [15]. Table 1
summarizes mechanical properties and parameters related to
flow properties of DP600 steel of thickness 0.80 mm calcu-
lated with tensile test data. An inspection of r values from
rolling, diagonal and transverse directions indicates a direc-
tional variation with respect to rolling axis and proves the use
of an anisotropic yield function in sheet metal deformation
analysis [17].

In addition to monotonic tensile loadings, tensile tests
with repeated unloading—reloading cycles were performed
to assess the stiffness degradation during plastic deforma-
tion. A single specimen is subjected to repeated tensile cycles
between maximum stress and zero stress for a predetermined
set of engineering strain values. Figure 2 shows the stress and
strain variation along the rolling direction for seven loading—
unloading-reloading cycles. A comparison of stress—strain
curves obtained from monotonic tensile loadings and ten-
sile loadings with intermittent unloading to zero stress level
indicates that the material deformation response follows the
monotonic curve after reloading and can be described with
true stress—true strain curve along the same material direc-
tion. Moreover, a nonlinear hysteresis in material stress—
strain response is constantly observed during unloading—
reloading stage for all prestrain levels. In each hysteresis
loop, an upper intersection point A is observed to be slightly
lower than the maximum stress level in material flow curve
at the same prestrain level (Fig. 2b).

In this study, the hysteresis characteristic of experimen-
tal stress—strain histories during unloading—reloading cycles
is employed as a practical definition of Young’s modulus as
function of prestrain. Accordingly, the slope of line segment
AB connecting the zero-stress level, point B, to the inter-
section point A is defined as the prestrained elastic modulus
of DP600 steel. This modeling approach is consistent with
the application of phenomenological metal plasticity based
on the yield surface concept in stress space and replaces
the nonlinear hysteresis loop with a straight line segment
up to material stress—strain curve. The resulting variation
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Fig. 2 a True stress—true strain curves from tensile test and tensile
test with repeated unloading-reloading cycles along rolling direction.
b Hysteresis loop observed with unloading at near 8 % prestrain and
line segment defining Young’s modulus £

of elastic modulus as a function of plastic strain is shown
graphically in Fig. 3 together with the corresponding ana-
lytical curve fitted on the basis of the following exponential
function.

E=Ey— (Ey— E)(1 —e %) (1)

In above equation, Eg and Egare initial Young’s modulus and
its limiting value with increasing plastic strain &,. Fit para-
meter ¢ denotes the saturation rate. Table 2 lists the computed
constants from curve-fitting calculations based on the afore-
mentioned identification technique applied to the experimen-
tal points along rolling, diagonal and transverse directions.
A comparison of the elastic moduli variations with plastic
deformation indicates slight differences in terms of satura-
tion rates and limiting values, but nearly a 30 GPa decrease
in Young’s moduli was also noted irrespective of material
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Fig. 3 The variation of elastic modulus of DP600 steel with plastic
deformation

Table 2 Elastic moduli variations of DP600 steel

Test direction E(y (GPa) Es(GPa) ¢

Rolling 201.5 166.0 43.4
Diagonal 202.3 169.1 39.7
Transverse 204.7 172.5 41.3

testing direction. This corresponds to a stiffness degradation
of approximately 17.5 % along the rolling direction.

3 Plasticity Modeling of DP600 Steel

Sheet metal deformation models in industrial FE stamping
applications are commonly based on phenomenological plas-
ticity models that are intended to simulate multi-axial mater-
ial deformations at macroscopic scale [8§—14]. In these mod-
els, preferred orientation of polycrystalline grains due to
rolling processes is the major source of directional depen-
dence of sheet metal flow stress [17]. Furthermore, plastic
anisotropy is described by means of a yield function defin-
ing the initial yield loci in the stress space and the evolution
of the yield condition during plastic deformation is defined
using a hardening rule [9,11,13]. In this study, sheet defor-
mations are described with Hill’s quadratic yield function f
given by the following expression [17],

1

f= {(G + H)o? —2Ho, 0, + (F + H)o? + 2Nafy}
— 0y (2)

where G, H, F and N are Hill’s orthotropic parameters. oy,
oy and oy, represent in-plane Cauchy stress components and
oo is the equivalent stress. Isotropic hardening will be ass-
umed so that the yield surface retains its initial shape and
orientation in stress space throughout deformation. More-
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over, the plastic anisotropy is simulated with the uniform
expansion of yield surface, and an accumulated equivalent
plastic strain &, is introduced as an internal state variable to
calculate the yield surface size o (&p) in stress space.

=

f= {(G + H)Uf —2Hoyop + (F + H)ay2 + 2N03y}
—o0(&p) (3

Taking rolling, diagonal and transverse directions of the sheet
metal as reference orthotropic axes of Hill’s yield function,
effective stress and accumulated equivalent plastic strain
curve will be equal to true stress—true plastic strain curve
determined in tensile test along rolling direction. Further-
more, Hill’s orthotropic parameters are determined by means
of plastic anisotropy coefficients in rolling, diagonal and
transverse directions (rg, r45, r99) and will be calculated
with the following expressions.

1
- 14+r “)
1 “+ro )
ro
F=—0— 6
roo(1 + ro) ©
N — (ro + r90)(2ras + 1) @

2roo(1 4+ rg)

Figure 4 shows graphically the initial yield locus of DP600
steel computed under biaxial stress condition. Since isotopic
hardening is assumed, the yield surface will expand uni-
formly in stress space and effective stress—equivalent plastic
strain curve determines the evolution of yield loci during
deformation process.

4 Stamping Analysis of a DP600 Steel Roof-stiffener
Part

The effect of Young’s modulus evolution on the accuracy of
FE springback predictions is evaluated with process simu-
lations of an automotive roof-stiffener structure made of the
same DP steel grade investigated in previous section (Fig. 5).
FE simulations on the basis of presented plasticity model-
ing approach were performed using commercially available
Ls-Dyna program [18], and part shape distortions were pre-
dicted during die face development of the stamping tooling.
Stamping simulations are performed in two sequential steps
using two different FE models [9]. In the first step, a forming
FE model is prepared using die surfaces and blank geometry,
and sheet metal deformations are calculated using an explicit
dynamic analysis. This FE analysis provides part geometry
together with thickness, stress and strain distributions at the
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Fig. 4 The yield loci of DP600 steel in principal stress space (all values
are in MPa)

Fig. 5 A DP600 steel roof-stiffener part

end of forming process while tooling surfaces are still in con-
tact with the deformed blank. Next, a springback analysis fol-
lows to determine roof-stiffener geometry after the release of
the contact with stamping die. This springback step is con-
ducted by an implicit, geometrically nonlinear, static analy-
sis in which only blank FE meshes together with thickness,
stress and strain distributions at the end of the forming step
constituting the main modules of the computational model.
Since roof-stiffener geometry is symmetric about its trans-
verse direction, only halves of the blank and tooling sur-

Fig. 6 FE forming analysis
model of roof-stiffener part

Die (Upper tooling)

Stroke direction
(upper tooling)

Punch &2

Blankholder (lower tooling)

faces were included in forming analyses. Figure 6 shows the
FE model and the section plane on which symmetry bound-
ary conditions were applied in both forming and springback
steps. In forming model, tool surfaces were meshed with tri-
angular and rectangular rigid facet elements and a minimum
of six elements were used to have a smooth and accurate
representation of geometric features such as die radii and
surface transitions. In FE meshing of DP600 steel blank,
fully integrated four-node shell elements with 9 through-
thickness integration points were used with a uniform ele-
ment size of 1 mm (Fig. 6). A constant coefficient of fric-
tion, 0.125, is used for the contact interface between blank
and rigid stamping tooling. In order to determine the coeffi-
cient of friction required in FE modeling the forming process,
draw-bead simulator tests were conducted using sheet metal
strips of size 50 mm x 200 mm [19]. Since no lubrication is
applied in roof-stiffener stamping process, all friction tests
were also conducted under dry friction conditions, and a con-
stant drawing speed of 30 mm/s was employed during draw-
ing over bead and contra-bead rollers of radius 5 mm. The
arithmetic average of five friction coefficients determined
using experimental force data was used as modeling para-
meter in all simulations. In forming analyses, first a constant
blankholder force of 90 tons was applied on blankholder, and
then stiffener-part is stamped under the action of a 66 mm
die stroke. Next, FE mesh of the deformed blank is sub-
mitted to springback analysis retaining symmetry boundary
conditions, and final part geometry and thickness distribu-
tions were obtained using an implicit static FE computation.
In order to remove three rigid-body modes of deformed blank
(two translations in Y and Z directions, and a rotation about
X direction), three nodes are additionally constrained in X,
Y and Z directions properly in springback analysis model
(Fig. 6). Two of these nodes were located on the middle of
the blank along the symmetry line and the other node is cho-
sen very close to these two nodes. Consequently, the blank is
free to spring back in both transverse and longitudinal direc-
tions while a small zone of size approximately 2 mm x 2 mm

Blank mesh

]

|

|
S
| Symmetry plane, YZ

Y _ -
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Fig. 7 Computed effective
plastic strain and blank thinning
distributions of roof-stiffener
part

Constant Young’s modulus model

at the center of the blank is fixed. The outlined FE modeling
approach is followed in all stamping simulations using identi-
cal FE meshes, boundary conditions and contact parameters.
The plasticity model parameters are the same for all FE mod-
els, and Young’s modulus variation is included in FE models
using the exponential function whose parameters are taken
from the curve-fit along the rolling direction. It is also worth
to state that FE models that were briefly presented here were
developed on the basis of a preliminary mesh convergence
study to ensure the consistency of computational results.

@ Springer

Constant Young’s modulus model

Variable Young’s modulus model

1.884e-01
1.696e-01 ]
1.507e-01 —

1.319e-01 -

1.130e-01
9.421e-02 ]
71.537e-02 —

5.652e-02 -

3.768e-02
1.884e-02 ]
0.000e+00 —

(a) Accumulated eq. plastic strain distributions

9.719e+00
8.062e+00 ]
6.405e+00 —
4.749e+00 —

3.092e+00
1.435e+00 ]
-2.224e-01 -
-1.879e+00 —

-3.536e+00
-5.193e+00 l

-6.850e+00 —

z X

Variable Young’s modulus model
(b) Blank thinning (%) distributions

4.1 Results and Discussion

Stamping process simulations were performed using the pre-
sented two-step analysis approach, and roof-stiffener geom-
etry, part thickness and plastic strain distributions were cal-
culated using Hill’s anisotropic plasticity models with both
constant and variable Young’s moduli. The same FE meshes,
boundary conditions and computational settings were emp-
loyed in all FE simulations performed using Ls-Dyna solver
on 8-processors Windows XP64 machine. A comparison of
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Fig. 8 Computed springback
distributions of roof-stiffener
part

Constant Young’s modulus model

calculated effective plastic strain and blank thickness val-
ues indicates that both models produced fairly similar dis-
tributions and most critical material points were determined
to be at the same location (Fig. 7). The maximum differ-
ences between two predictions are approximately 4—6 % in
terms of effective plastic strain and blank thinning values,
and the results with variable elastic modulus FE model are
lower than those calculated with constant modulus case. A
similar conclusion can be drawn for the direction of spring-
back computed with both models, and part distortions on
the overall have a tendency to reduce the major curvature
of roof-stiffener about its symmetry axis (Fig. 8). In addi-
tion, in FE analyses with both models, maximum springback
deformation was occurred at the mid-section of stiffener part,
as also determined in stamping experiments. Thus predicted
shape distortion patterns were qualitatively in agreement with
actual observations in stamped parts.

There were, however, considerable differences between
magnitudes of springback predicted with both FE models.
Figure 8 shows calculated displacement distributions along
Z axis and compares shape deviations of stamping part with
respect to part forming geometries computed with constant
and variable moduli FE models. The maximum springback
displacement computed with variable modulus model is
7.4 mm at the mid-section of roof-stiffener while constant
modulus model predicted 5.2 mm maximum springback
almost at the same section (Fig. 8). Since both FE results
were obtained with Hill’s isotopic hardening plasticity model
using identical computational settings, differences between
two springback predictions are caused by differences in cal-
culated strain recovery during springback step. Since the
recovery strain AgSPringback at any material point is deter-

7.410e+00
6.559e+00
5.708e+00
4.858e+00 —
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3.156e+00
2.305e+00 —
1.454e+00 —

6.036e-01
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e | ! | el

Variable Young’s modulus model

mined by both the magnitude of stress change during spring-
back and the instantaneous value of Young’s modulus, it is
essential to investigate the changes in stress distributions
before and after springback step. Figure 9a shows bend-
ing stress distributions along the section cut at part sym-
metry plane before and after springback steps. An explo-
ration of section stresses shows that both FE models have
a nearly identical oforming and Ospringback variations before
and after springback. Consequently, the differences between
FE springback predictions are mainly caused by the differ-
ent strain recoveries computed for the same material point.
Accounting the elastic moduli variation in material plasticity
modeling increases the magnitude of recovery strain com-
puted in springback analysis.

In order to assess the accuracy of part geometries cal-
culated with both FE models, top surfaces of five stamped
roof-stiffener parts were scanned using an optical measure-
ment system. Measurement samples were chosen randomly
among manufactured parts that were produced following a
warm-up period of stamping die. Part surfaces were scanned
at one measurement session, and collected sets of measure-
ment points were averaged arithmetically to generate a rep-
resentative surface mesh composed of triangular facets for
comparison purposes. Figure 9b shows FE predicted section
profiles that were used for bending stress distributions and
measurement data from surface scanning of stamped parts.
An examination of profile plots indicates that both model pre-
dictions conform partially to measured profile, but underes-
timate actual shape distortions determined in manufactured
parts. Calculations with variable modulus have, neverthe-
less, reduced maximum geometry deviation approximately
by 20 % and constantly improved shape correlation. The
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Fig. 9 The effect of elasticity evolution on the bending strain distribution during loading and unloading steps

effect of magnitude of elastic recovery on the calculated sec-
tion profiles is also assessed by taking the ratio of recov-
ery strains computed with variable modulus model to that
from constant modulus FE model. A calculation of strain
ratio along the mid-section profile results in a variation gen-
erally located above unity line (Fig. 9¢), and as the strain

> 9 Springer

ratio increases, the part profile predicted with variable mod-
ulus model deviates from that of constant modulus case. This
situation proves the elastic modulus evolution during stamp-
ing process, similar to that in tensile tests with unloading—
reloading cycles. Furthermore, the accuracy of FE springback
predictions has been improved considerably by accounting



Arab J Sci Eng (2014) 39:3199-3207

3207

Young’s modulus reduction determined on the basis of pro-
posed uniaxial testing approach.

5 Conclusion

In this study, the effect of Young’s modulus evolution on
the accuracy of FE springback predictions was investigated
by stamping simulations of a DP steel automotive part and
comparisons with experiments. All plasticity modeling para-
meters were determined with standard tensile tests, and for
simplicity, isotopic hardening is chosen in the Hill’s plastic-
ity modeling. Young’s modulus variation was determined on
the basis of uniaxial tensile tests with repeated unloading—
reloading cycles. A minimum 30 GPa reduction in material
elastic modulus was observed in all tests and this indicates
approximately 17.5 % stiffness degradation in rolling direc-
tion. Then FE stamping analyses of a roof-stiffener part were
conducted using presented plasticity modeling with both con-
stant and variable Young’s moduli. Effective plastic strain
and part thickness distributions calculated with both mod-
els were fairly similar and maximum differences were deter-
mined to be 4 and 6 %, respectively. A similar situation holds
for predicted springback distributions, but springback mag-
nitudes calculated with variable modulus model were con-
stantly higher. Computed geometries with both FE models
were, furthermore, evaluated with surface scanning of man-
ufactured parts. While stamping geometries predicted with
both models underestimate actual shape distortions deter-
mined in manufactured parts, calculations with variable mod-
ulus have reduced maximum geometric deviation by 20 %
and constantly improved shape correlation. An evaluation of
FE results proved the key role of elastic recovery strain in
the prediction of final part geometry and revealed the signif-
icance of stiffness degradation during stamping process.
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