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Nowadays, the digitalization of the production process is an indispensable part of the stampings
production in the pre-series stage, but also as a subsequent support for series production. Automotive
producers are under pressure to comply with the ever decreasing CO. production standards for cars,
which predicates the use of modern material types with an advantageous weight-to-strength ratio. This
paper focuses on the use of mathematical modelling in a numerical simulation environment to predict
the deformation process and subsequent material spring-back of dual-phase steel DP500. The material
data and characteristics are used to define the material computational model in numerical simulation.
The results of the numerical simulations are then compared with the stamping obtained by a real pressing
process, where their shape comparison and further evaluation of the used material models and selected

parameters are performed.
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1 Introduction

The use of high-strength materials in the automo-
tive industry is predestined primarily for the produc-
tion of non-visible panels that serve exclusively as de-
formation zone elements or reinforcing elements of
the car body. In view of the requirements about high
strength combined with sufficient ductility of the ma-
terial for the production of shaped stampings, the in-
troduction of new types of materials in the automotive
industry is a highly debated topic. Dual-phase steels
offer high strength combined with the sufficient duc-
tility for such production. These materials are based
on Manganese-silicon alloys with low medium carbon
content. From a structural point of view, these mate-
rials consist of a ferritic matrix. Inside this matrix,
there are small areas of hard martensite (5 to 50% by
volume), which may contain retained austenite de-
pending on the chemical composition and processing
method or when increased ductility is required at the
shear edge. Due to the basic ferritic matrix, the mate-
rial gives good formability and the hard martensite el-
ements in this matrix provide high strength values.
This material is capable of absorbing large amounts of
energy. During forming of this material, deformation
is concentrated in the lower strength areas of the fer-
ritic phase surrounding the areas of martensite. As a
result, this material exhibits relatively high strain hard-
ening during cold forming. The cause of this effect is
the stacking of dislocations around the hard marten-
sitic phase areas during the forming process of the
material [1-0].

In the case of forming the strength materials, the
deformation process is always followed by a relatively
significant  spring-back of the material. ‘This
undesirable effect must be correctly predicted and
subsequently eliminated as much as possible, as it
fundamentally affects the final shape, dimensional
accuracy and stability of the formed part. Numerical
support for the production of stampings is nowadays
an indispensable standard. However, in order to
achieve accurate results of numerical simulations of
the forming process and the subsequent spring-back
of the material, it is necessaty to correctly define the
data that enter the numerical simulations in the form
of the yield locus, boundary conditions and other
parameters of the numerical simulation. In order to
determine and subsequently eliminate the spring-back
phenomenon itself as accurately as possible, it is
necessaty to correctly describe the process of material
deformation during forming, which is largely
influenced by the material computational model,
which is  defined using selected material
characteristics. The following chapters are devoted to
the mechanical testing of the material, which is used
to obtain the material data used for the definition of
the yield locus used in the numerical simulation and,
above all, to the numerical simulation of the forming
process and the subsequent spring-back of the
material. Finally, the results of the numerical
simulations are compared and evaluated with respect
to the real sheet metal forming process.
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2 Definition of the yield locus in numerical
simulation

GA
2

Fig. 1Control points of the yield locus in the plane of the

main stresses

From the material point of view, it is necessary to
define the input material data correctly for an accurate
description of the deformation in the numerical simu-
lation environment. The necessary material properties
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and characteristics are obtained through selected ma-
terial testing. The observed stress-strain behaviour of
the material is used to define the yield locus of the ma-
terial model, where the boundary of the yield locus is
defined by control points that represent the stress val-
ues obtained from the selected tests. (see Fig. 1) [7, §].

During deformation, the material undergoes strain
hardening, which can be described by an isotropic or
kinematic hardening law. The isotropic hardening of
the material is described by a stress-strain curve ob-
tained from a static tensile test in the reference direc-
tion 0° with respect to the rolling direction (see Fig. 2
— left). Approximation coefficients obtained through
the Krupkowski law are used to define this hardening
law, see equation (1) [7, §].

g=C(p, +¢,)" (1)

Where:

o... True stress [MPa],
C...Strength coefficient [MPa],
n...Strain hardening exponent [1],
@pl. .. Plastic true strain [1],
o...Offset of true strain [1].
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Fig. 2 lustration of the sress-strain curve approximation for the definition of the isotropic hardening law (left) and the change in
yield strength under fully reversed cyclic loading (right)

The kinematic hardening law used during the de-
formation (so-called "Yoshida" law), takes into ac-
count the change in yield stress of the material under
fully reversed loading — tensile and compresion (see
Fig. 2 — right). This effect is generally called as the
"Bauschinger effect" and as a consequence it causes a
change in the position of the yield locus boundary dur-
ing plastic deformation of the material. The definition
of this model is performed by means of the "fitted"
constants obtained by approximating the stress-strain
curve from a cyclic test under uniaxial fully reversed
cyclic lading. The advantage of the kinematic "Yo-
shida" hardening law is precisely taking into account
the displacement of the yield locus boundary position
during the the deformation computation in the nu-
merical simulation of the material forming process [7].
3 Experimental part

This chapter deals with the implementation of rel-
evant mechanical testing results into the numerical
simulation environment in the software PAM-
STAMP 2G. The material data and characteristics en-
ter the simulation process in the form of a material
card, where a computational model is selected, an yield
locus is defined and finally a material hardenign model
used during deformation is defined. The selected yiled
locus are compared with each other. Moreover, there
are also compared results from the simulation results
with the real stamping process.

To define the relevant yield locus in the numerical
simulation, mechanical material testing was carried out
— see Fig. 1. In Fig. 3 are summerized the final stress-
strain curves measured by the static tensiel test with
subsequent approximation acc. to Krupkowski law.
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Fig. 3 Stress-strain curves from the static tensile test for directions 0°, 45° and 90 regarding the rolling direction (left) and approxi-
mation of the stress-strain curve in the reference direction 0° (right)

In Fig. 4 are shown the final dependences true

stress-strain curve.

stress vs true strain for the equi-biaxial loading of ma-
terial as well as Krupkowski approximation of such
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Fig. 4 Stress-strain curve from the equi-biaxial test (left) and approximation of such curve (right)

In Fig. 5 are shown the final dependencs true stress
vs true strain measured from the plane strain test.
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Fig. 5 Stress-strain curves from the plane strain test for directions 0°, 45° and 90°regarding the rolling direction (left) and approxi-
mation of the stress-strain curve in the reference direction 0° (right)
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Fig. 6 illustates the final dependeces shear stress vs
shear strain measured from the shear test. Again.
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Krupkowski approximation of such stress-strain curve
in the reference direction 0° is shown there as well.
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Fig. 6 Stress-strain curves from the shear test for directions 0°, 45° and 90 regarding the rolling direction (left) and approximation
of the stress-strain curve in the reference direction 0° (right)

The measured data and stress characteristics of the
material are used to define the material card in the
software PAM-STAMP 2G. First, the material type
must be selected as well as basic material characteris-
tics — e.g. Young’s modulus E, density g and Poisson’s
ratio v - see Fig. 7.

Edit material *
Mame
Type ‘Spedal steel or Aluminium j
Mechanics ‘
Parameters

E | 190.69599 'D 0.3 f|7.866

Fig. 7 Defininiton of the basic material characteristics in the
sw PAM-STAMP 2G

Next, the material model that controls the choice
of the yield locus must be selected - see Fig. 8. De-
termiend stress characteristics of the material are al-
ways given here as a ratio to the reference value of the
hardenign curve from the static tensile test in the di-
rection 0° - relative to the rolling direction.

Plasticity law
|'l.fegter vield locus ﬂ
Defirition |Standaru:| j
0 45 30
J-unizxial ‘ L. ‘0.992508 ‘ 1.01126
r-unizial ‘ 0.7574 ‘ 0,5459 ‘ 09076
G-plane ‘ 110339 ‘ 112625 ‘ 1,14223
(fplane ‘0.516664 ‘0.522685 ‘0.4993?4

G-pure shear ‘0.511119 ‘0.511326 ‘u.suegnz

r-biaxial 1.1478 (Jbiaxial | 0967053

hitp://www.tatasteelButomotive.com

Fig. 8 Choice of yield locus (plasticity law) and definiton of
the relevant yield locus in the material card - sw PAM-
STAMP 2G

As described above, it is also necessary to define a
material hardening law during its deformation. First,
there was used the definition of isotropic hardening.
This model is defined using the coefficients C, 7 and
po, determiend from approximation of the stress-
strain from static tensiel test in the reference direction
0° with respect to the rolling direction - see Fig. 9.
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Fig. 9 Definiton of the isotropic hardening law — sw PAM-STAMP 2G

In the case of definition the kinematic hardening
law, the influence of so-called Bauschinger effect must
be defined and described. Here, it is necessary to per-
form a cyclic test with uniaxial loading under the re-
versed tension and compression. As a result from this
test, ther is stress-strain curve in the form of hysteresis
loops — see Fig. 10.

This curve needs to be further approximated to
obtain selected constants that are used to define the
kinematic "Yoshida" hardenign law in the sw PAM-
STAMP 2G. This approximation is carried out in col-
laboration with company MECAS ESI GROUP using
the licensed sw MatPara — see Fig. 11.
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Fig. 10 Stress-strain curve form the cyclic test
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Fig. 11 Liustration of fitting constants for ,,Y oshida* hardenign law — sw MatPara

Determiend “fitted” constants are subsequently
used to define the kinematic hardening law in the re-
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leant material card of sw PAM-STAMP 2G. Defini-
tion of the kinematic hardening law is shown in Fig.
12.

Yoshida kinematic hardening model X
—Parameters
Xsati ,b.ogT Bsat W Rsatx IW
cxt lm cx2 m EpRef W
Hnih I'F Rnih0 W AM IT
Xi ,0.7 Younga m Eps0 W
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OK Cancel

Fig. 12 Definition of the kinematic ,,Y oshida* hardenign law — sw PAM-STAMP 2G

The next step after the definition of yield locus was
the numerical simulation of given metal forming pro-
cess. Using numerical simulation in sw PAM-STAMP
2G, the sheet metal forming process was imple-
mented, specifically the bending technology — U-
bending process. To set up the numerical simulation,
it was first necessary to import all the needed parts of

forming tool and the given sheet blank, which was
made using the blank editor in the sw PAM-STAMP
2G. The own U-bending process was performed using
a simple bending punch, bending die and blank-
holder. Subsequently, their relative positions were ad-
justed to correspond with the real metal sheet forming
processs — see Fig. 13.
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Fig. 13 Setting the position of individual tool parts — sw PAM-STAM 2G

Next, the forming process itself was set up. For and process parameters. After setting all the necessary
each functional patt involved in the forming process parameters, the compuation of strain for the given
it was necessary to set and define boundary conditions sheet metal forming process with subsequent material
in relation to the formed material, kinematic quantities spring-back was performed - see Fig. 14 and Fig. 15.

Fig. 14 Conorse fo the forming process numerical simulation — sw PAM-STAM 2G
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‘e te

Fig. 15 Spring-back of the stamping — sw PAM-STAMP 2G

4 Results results with respect to the real metal forming process,
it can be seen that the kinematic hardening law better
describes the shape and the spring-back angle with
respect to the real stamping. The next Fig. 17 shows a
visualization of the such deviations between the
numerical simulation computation according to the
Vegter Standard kinematic hardening law and the
contour determined by the real sheet metal forming
process. From the relevant histogram, it can be seen
that most of the differences between the numerical
simulation computation and the real forming process
occur in the interval of 0 to 0.2 mm.

Fig. 16 illustrates the comparison of the final sheet
contour determined by computation of the numerical
simulation in sw PAM-STAMP 2G according to the
Vegter Standard Yield locus in the variant with
isotropic and kinematic hardening law. Such
numerical simulation computation is compared with
the contour of real stamping prepared by the forming
process. Based wupon such comparison, small
deviations  between the numerical simulation
according to the isotropic and kinematic hardening
law can be observed. In the case of comparing these

s Vegter Isotropic
e Vegter Kinematic

s Fxperiment

Fig. 16 Final contours of the stamping from yield locus V'egter Standard with isotropic and kinematic hardening law regarding the
contour of the real stamping
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Fig. 17 Deviations between the numerical simulation (1 egter Standard Kinematic Hardening law) and real stamping

5 Conclusion

This paper was focused on the use of sheet metal
forming process mathematical modelling in the
numerical simulation environment of sw PAM-
STAMP 2G. Taking into account the current
requirements and trends in the automotive industry,
there was investigated a two-phased steel DP500. This
material was used as it offers a favourable strength to
weight ratio while maintaining sufficient formability
for the metal forming process. In order to study the
deformation behaviour of the material by numerical
simulation, it was first necessary to provide correct
material data, which enters the numerical simulations
in the form of chosen yield locus (plasticity law). The
required material characteristics were determined
through selected material tests and then implemented
into the material card in numerical simulation. After
all the parameters of the numerical simulation were
set, the actual computation of the U-bending process
as well as the subsequent material spring-back took
place. The computation was carried out with respect
to the selected yield locus Vegter Standard in the
variant with isotropic and kinematic hardening law
during deformation of tested material.

Using numerical analysis of the forming process,
the yield locus Vegter Standard with isotropic
hardening law and Vegter Standard with kinematic
hardening law (so-called "Yoshida" hardening law),
were compared. The models based on the Vegter yield
locus are generally considered to be among the newest
material models currently used for computation the
forming process and subsequent material spring-back

in sw PAM-STAMP 2G. Using the submitted
research, both of these models can be classified as
highly accurate, however it can be observed that
combination of the Vegter Standard yield locus and
kinematic hardening law provides more accurate
results both for deformation and subsequent material
spring-back. This is certainly due to the taking into
account also influence of the Bauschinger effect in the
forming process. Thus as a final statement, there can
be concluded that if there are required highly accurate
results for stampings undergoing more complex
deformation, the use of the kinematic hardening law
is very favourable in the area of developed plastic
deformation.
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