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Springback is a crucial factor in sheet metal forming process. An accurate prediction of springback is the
premise for its control. An elasto-plastic constitutive model that can fully reflect anisotropic character of
sheet metal has a crucial influence in the forming simulation. The forming process simulation and
springback prediction of an automobile body panel is implemented by using JSTAMP/LS-DYNA with the
Yoshida-Uemori, the 3-parameter Barlat and transversely anisotropic elasto-plastic model, respectively.
Simulation predictions on spingback from the three constitutive models are compared with experiment
measurements to demonstrate the effectiveness and accuracy of the Yoshida-Uemori model in character-
izing the anisotropic material behavior of sheet metal during forming. With an accurate prediction of
springback, it can provide design guideline for the practical application in mold design with springback
compensation and to achieve an accurate forming.
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1. Introduction

Sheet metal forming is widely used in the automotive
industry. Nearly 80% auto components are made by stamping.
Sheet metal forming technology directly influences automobile
manufacturing cost and development cycle of new cars.
Involving various complex physical phenomena such as
contact-impact, large deformation, and elasto-plasticity, it is
difficult to design and control sheet metal forming process,
resulting in many defects in the forming process, among which
wrinkling, cracking, and springback are the three major defects.
Dimension accuracy is a major concern in sheet metal forming
process, due to considerable elastic recovery during unloading,
which leads to springback (Ref 1). It requires an accurate
prediction on springback in mold design for springback control
and accurate forming (Ref 2-4).

Since NUMISHEET�93, there have been regular springback
benchmarks, and many research efforts have been devoted to
understanding springback mechanism for controlling it and
achieving an accurate sheet metal forming, by experi-
ment approaches (Ref 5-11), developing analytical models
(Ref 1, 12-19) and using numerical simulation techniques.
Springback is affected by a combination of various process
parameters such as part dimension and shape, sheet thickness
and material properties, type of process and lubrication

conditions, etc. These complexities limit the application of
experimental approaches and analytical models in the accurate
prediction of springback, which is of vital importance in the
design of tools and forming process. Alternatively, the appli-
cation of numerical simulation techniques, especially finite
element method (FEM), and computer-aided design is becom-
ing essential in modern metal-forming technology (Ref 20, 21).

The prediction of springback by using FEM has been carried
out by many investigators in the past. Taylor et al. (Ref 22)
used the combination of implicit and explicit FEM with
ABAQUS to simulate benchmark problems of NUMI-
SHEET�93. Chou and Hung (Ref 23) investigated springback
reduction techniques including arc bottoming, pinching die, and
spanking in U-channel bending processes. By combining
optimization with FE analysis, optimum forming parameters
based on springback reduction were identified. Taking a 2D
U-draw bending as an example, Papeleux and Ponthot (Ref 24)
investigated the effects of numerical and physical parameters
on effectiveness and suitability of numerical simulation on
springback. Taking into account uncertainties in material
properties and process conditions in a sheet metal flanging
process, Buranathiti and Cao (Ref 25) proposed model
validation approaches for simulation-based models and for
reducing costly physical experiments. Panthi et al. (Ref 26)
analyzed springback in sheet metal bending by using an
algorithm based on Total-Elastic-Incremental-Plastic Strain
with large strain and rotation. The effects of sheet thickness
as well as die radius on springback were investigated. By using
Hill�s quadratic yield function, Firat et al. (Ref 27) presented a
rate-independent anisotropic plasticity model taking into
account the Bauschinger effect and applied it to the springback
of the Numisheet�93 U-channel benchmark. Other works
including the Bauschinger effect and time-dependent properties
of springback can be found in Ref 28 and 29.

The springback of sheet metal is a highly non-linear process
(Ref 30). It requires delicate treatments in numerical simulations
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including advanced computational algorithm for contact defini-
tion and convergence criteria for solutions, robust element types
and especially appropriate constitutive models (Ref 31). Sheet
metals usually render anisotropy and it is crucial to reflect this
anisotropic material behavior appropriately for an accurate
stress calculation and thus an effective springback prediction
(Ref 32-34). In this paper, the forming process simulation and
springback prediction of an automobile body panel made from
high strength steel are implemented by using FE software
package JSTAMP/LS-DYNA. Yoshida-Uemori constitutive
model (Ref 35, 36) is selected to characterize the anisotropic
material behavior of the high strength steel sheet during
forming. Simulation predictions on spingback are compared
with experiment measurements along with numerical results
from the 3-parameter Barlat model and transversely anisotropic
elasto-plastic model to demonstrate the effectiveness and
suitability of the Yoshida-Uemori model. By achieving an
accurate prediction of springback, it can provide theoretical
basis for the practical application in mold design for springback
control and accurate forming.

2. Yoshida-Uemori Material Model

The Yoshida-Uemori kinematical hardening material model
(Y-U model) adopts Hill�s 48 anisotropic yield function which
assumes consistence between the orthogonal coordinate system
and the anisotropy axis:

where r0Y ð�epÞ is the yield stress along the rolling direction. F,
G, H, L, M, N are anisotropic material constants and can be
calculated from the three anisotropic parameters R0, R45, and
R90 along the directions which are 0�, 45�, and 90� to the
rolling direction, respectively:

H ¼ R0

1þ R0
; G ¼ H

R0
; F ¼ H

R90
;

N ¼ ðR45 þ 1=2ÞðF þ GÞ; L ¼ 1:5; M ¼ 1:5

ðEq 2Þ

Young�s modulus has a great influence on the prediction
accuracy of springback in forming numerical simulation. In
stamping process, Young�s modulus varies considerably with
the increase of plastic deformation. In the Y-U model, the
variation of Young�s modulus with respect to plastic strain is
described by (Ref 35, 36)

E �epð Þ ¼ E0 � E0 � Eað Þ 1� exp �n�epð Þ½ � ðEq 3Þ

where E0 and Ea stand for Young�s modulus for initial and
infinitely large prestrained materials, respectively. �ep denotes
effective plastic strain. n is a material constant.

The Y-U model assumes that the magnitude and shape of the
yield surface keep unchanged during plastic deformation. It can
only translate as a whole in the stress space. As schematically
shown in Fig. 1, the Y-U kinematical hardening model can be
described by a yield surface f with back stress a and a boundary

surface F with back stress b. The center of the yield surface
f just moves with the back stress a. The boundary surface
F expands with the hardening of plastic strain and can be
described by (B + R). The back stress a consists of two
components b and a*, which are defined by

a ¼ bþ a�

_b ¼ m 2
3 b _ep � b � _�ep
� �

_a� ¼ C BþR�Y
Y ðr� aÞ _�ep � a�

ffiffiffiffi
a
�a�

p
_�ep

h i

8
>><

>>:
ðEq 4Þ

where a* is the relative kinematic motion of the yield surface
f with respect to the bounding surface F. m and b are material
parameters determining anisotropy in Hills (1990) yield crite-
rion. C is the material parameter for kinematic hardening rule
of yield surface. B is the initial size of the bounding surface.
Y is the initial yield strength. R is the isotropic hardening
component of the bounding surface.

The expanding rate of the boundary surface F is defined by

_R ¼ mðRsat � RÞ _�ep ðEq 5Þ

where _R is the rate of expansion of the bounding surface. Rsat

is the material parameter for isotropic hardening rule of the
bounding surface. In the Y-U model, except for the six
parameters, Y, C, B, m, b, Rsat, another parameter h is used to
express hardening stagnation (Ref 35, 36).

The Y-U model is an elasto-plastic model with double yield
surfaces. It introduces a constraint surface to make the
boundary surface produce non-isotropic hardening through

the forward and reverse strain paths, thus making it be capable
of describing hardening stagnation and following overall
hardening. Additionally, the constraint surface of the Y-U
model is defined in the deviatoric stress space and avoids the
problem of being unable to define plastic strain space for
the case of lager shear strain. The Y-U model overcomes
the shortage of other kinematic hardening models by the

Fig. 1 Yoshida-Uemori kinematical hardening model (Ref 35, 36)
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description of hardening stagnation. By combining with Hill�s
90 anisotropic yield function, Yoshida used the Y-U model to
predict springback of high stress steel in stretch bending
(Ref 36). Comparison with experiment results demonstrated
that the Y-U model provides a better springback prediction than
other traditional hardening models. JSOL Corporation devel-
oped an integrated forming simulation system named JSTAMP
based on LS-DYNA, and the Y-U model is programmed as a
user subroutine in LS-DYNA for springback simulation.
JSTAMP established a specific material database for the Y-U
model through a large number of experimental data, which
improves the accuracy of springback analysis. In this paper, the
forming process simulation and springback prediction of an
automobile body panel made from a high strength is imple-
mented by using JSTAMP/LS-DYNA. Both the Y-U hardening
model and isotropic hardening models are used and compared
to demonstrate the effectiveness and accuracy of the former.

3. Finite Element Model and Forming Simulation
Results

Figure 2 shows the FEM model for the stamping of the
automobile body panel, including punch, die, blank, binder, and
pad. The minimum tooling radius is 3 mm. A binder force of
150 kN is imposed on the binder to prevent wrinkling. A force
of 15 kN is imposed on the pad to prevent blank moving and
bouncing during forming. An inverted drawing structure is
adopted for the mold and single action is selected as its process
type.

The original length and width of the blank are 1420 mm9
278 mm with a uniform thickness of 1.10 mm. The blank
material is DP600 high strength steel. Its main material
parameters are listed in Table 1. The forming simulation is
implemented by using JSTAMP/LS-DYNA software. Penalty-
based contact algorithm and ‘‘forming-one-way’’ contact
interface type in LS-DYNA are chosen. Coulomb law is used
to define contact friction. The main processing parameters are
shown in Table 2. The maximum velocity of the punch in the
real forming is 0.5 m/s. Various tooling speeds including 2, 5,
and 10 m/s were selected in the numerical simulation for trial
computation. Special attention was paid to the dynamic effects
introduced by the artificial increase in tooling speed. The ratio
of internal to kinetic energy in the blank was closely monitored.
It was found that by setting the punch speed as 5 m/s, stable
results can be obtained with good computational efficiency.
Hence in the following calculation, the punch speed is set to be

5 m/s. In addition, the effect of gravity was investigated by
comparing results with those of non-gravity case with Y-U
model. It was found that the effect of gravity is negligible.
Hence the gravity load was neglected in the following
simulations.

In the numerical simulation, the mold parts are defined as
rigid bodies. The blank is discretized by quadrilateral shell
elements with an overall element size of 2 mm9 2 mm and has
refined mesh in potential large deformation regions contacting
with tooling fillet areas. A total element number of 78351 to
ensure computational accuracy for forming and springback
analysis. Fully integrated element formulation is selected and
the number of integration points through shell thickness is set to
be 7. The simulation is implemented without adaptive mesh.
The material parameters of the DP600 high stress steel for the
Y-U model are shown in Table 3.

Figure 3 shows the thinning ratio of the blank after forming.
As can be seen in Fig. 3, the maximum thinning ratio of the
formed automobile body panel is about 20% which is within
the normally acceptable range of 3 to 25%. No obvious
wrinkling in the forming process is found except slight material
accumulation occurs near process bars.

The forming limit diagram (FLD) is shown in Fig. 4. As can
be seen in Fig. 4, the major portion of the formed automobile
body panel is in the safe region, which indicates that the
formability of the part is good. Also there is some insufficient
stretch and wrinkling near the fringe and process bars. Those
defects would not affect the normal operational usage of the
formed part as they are not in the functional region of the part.

Except affected by computational errors resulting from
assigned material parameters, mold geometry and friction, the
accuracy on springback prediction is directly relevant to the
computational accuracy on the stress field. Consequently, to
ensure accurate springback prediction, it is essential to precisely
control each aspect of forming simulation, eliminate accumu-
lation error and improve computational accuracy for the stress
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Fig. 2 FE model for forming of an automotive panel

Table 1 Material parameters of DP600 (thickness:
1.1 mm)

Density,
kg/mm3

Initial
Young�s
modulus,
MPa

Poisson�s
ratio

Yield
strength,
MPa

Tensile
strength,
MPa r n

7.859 10�9 2.069 105 0.28 390 630 0.85 0.149

Table 2 Forming processing parameters

Punch
stroke,
mm

Pad
stroke,
mm

Binder
force, kN

Pad
force, kN

Friction
coefficient

Velocity,
m/s

55 30 150 15 0.125 5

Table 3 Material parameters for Y-U model of DP600

Y, MPa B, MPa Rsat, MPa b, MPa C m h

360 435 255 66 200 26 0.3
Young�s modulus Eo = 206 GPa, Ea = 152 GPa, x = 61
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field. After forming simulation, an output file, which contains
information such as nodal coordinates, strains and stresses and
other simulation results, can be generated for further springback
analysis. Rigid body motion should be eliminated for spring-
back analysis. This is achieved by defining constrains on the
three nodes of the blank shown in Fig. 3. The constrained
nodes are picked exactly as that used in experimental mea-
surement. The first node constrains the three translational
degrees of freedom and acts as the reference point in the
springback model, at which the springback displacement is
set to be zero. The second node confines the global Y- and
Z-translations, while the third one eliminates the global
translation along the Z-direction.

Springback is actually a stress release process. There are two
approaches for springback analysis: single step or multiple step
springback analysis. Single step springback analysis usually
leads to good results. However, converged result may not be
obtained using single step analysis for relatively flexible part.
Thus multiple step approach is chosen in the springback
analysis in order to obtain a converged result. In this approach,
the springback deformation is divided into several smaller,
more manageable steps. This is accomplished by automatically
inserting artificial spring constraints at each nodal point. These
artificial springs resist deformation, making equilibrium easier
to achieve. As the solution proceeds, these springs are
automatically relaxed, until they are removed entirely at the
termination time.

4. Result Analysis and Discussion

Currently, there are mainly three kinds of methods to
measure the amount of springback. The first one is to cut
different sections of the formed part to measure the 2D
deviations of the part from the corresponding mold section after
springback. This method is mainly used in the springback

Fig. 3 Thinning distribution

Fig. 4 Forming limit diagram

Fig. 5 Springback measurement with a GOM ATOS whitelight
scanner
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evaluation of simple parts. The second one is to check the
displacements of points on the parts after forming to charac-
terize the springback amount. This method is currently widely
used in the evaluation of springback in finite element forming
simulation. The third method is to measure the deviations of the
blank after springback from mold surface which is defined as
the reference model. This method is suitable to evaluate the
amount of springback especially for complex parts. In this
paper, a GOM ATOS whitelight scanner is used for 3D
digitizing and optical measurements of the formed part, as
shown in Fig. 5. The positional resolution of the camera system
is 800,000. The recorded 3D model data of the formed panel is
compared with the CAD model of the mold surface to check the
deviation of the formed part from the mold surface. Figure 6

shows the measured springback of four typical points on the
panel.

In order to evaluate the accuracy of springback prediction
from different hardening models, the standard LS-DYNA
material models *MAT_3-PARAMETER_BARLAT (MAT36)
and *MAT_TRANSVERSELY_ANISOTROPIC_ELASTIC_
PLASTIC (MAT37) are used in the simulation as well. These
two material models are isotropic hardening models compared
with the Y-U model. Swift exponential hardening rule (HR = 2)
is chosen for the 3-parameter Barlat model with a strength
coefficient k ¼ 935:0 and an exponent n ¼ 0:15. Other specific
parameters for the 3-parameter Barlat model are the exponent in
Barlat�s yield surface m ¼ 6, the Lankford parameters
R0 ¼ R45 ¼ R90 ¼ 0:85. The material parameters selected for

Fig. 6 Experimental result of springback

Table 4 Comparison of experimental and simulation results for springback

Comparison

Position

1 2 3 4

Experimental result, mm �0.86 0.73 �0.70 0.56
Y-U model, mm �0.71 0.62 �0.85 0.61
3-Parameter Barlat model, mm �0.56 0.30 �1.72 1.27
Transversely anisotropic elasto-plastic model, mm �0.51 0.63 �1.14 1.31

Fig. 7 Numerical springback along a section
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the transversely anisotropic elasto-plastic model are: Young�s
modulus E = 2.069 105 MPa, Poisson�s ratio m = 0.28, the
yield stress = 390 MPa, the tangent modulus Et = 1.049 103

MPa, and the anisotropic hardening parameter R = 0.85. Stress-
strain curve obtained from material testing can also be used to
define the transversely anisotropic elasto-plastic model.

Numerical springback results are obtained through the
geometry evaluation function of the post-processing module
in JSTAMP and are then compared with experimental mea-
surements in Fig. 6 to demonstrate the accuracy of the Y-U
model. The comparison is listed in Table 4. As can be seen in
Table 4, compared to the results from the 3-parameter Barlat
model and the transversely anisotropic elasto-plastic model,
overall, the springback predictions from the Y-U kinematic
hardening model are much closer to the experiment result. The
comparison demonstrates the accuracy and effectiveness of the
forming simulation of the car panel using the Y-U model. By
numerical simulation with the Y-U model in the virtual forming
stage for springback prediction, it is feasible to make improve-
ments for the actual production by reducing or avoiding mold
trial, thus to optimize the forming process.

For complicated parts, springback varies with positions. In
order to obtain an overall springback of a part, a series of
section lines at different positions of the part can be picked to
analyze springback comprehensively. The deviation of a section
line in an evaluation model (analysis results, etc.) from the
regular shape of a base model (3D data, such as CAD model or
cloud data) can be checked to evaluate springback along the
section. Figure 7 shows the profile of a section of the formed
auto-body panel by using the Y-U model. It is compared with
the corresponding section on the mold to show springback.

The preceding results indicate that the Y-U model which
incorporates with Hill�s 48 yield function can well predict the
stress-strain response and springback of the High Strength Steel
in forming. However, computationally, the Y-U kinematic
hardening model is very time consuming and needs expensive
memory. For some materials, especially medium strength steels,
the kinematic hardening model would not be suited. Instead,
classical isotropic hardening models would be more appropriate
for stress-strain analysis of proportional loading cases and are
more computationally economic and efficient. In spirngback
prediction of sheet metal forming, which model to select
depends on the material used as well as forming scenarios. A
lot of computational exploring and extensive experience are
needed for an accurate prediction.

5. Conclusion

The forming process simulation and springback prediction
of an automobile body panel is implemented by using FE
package JSTAMP/LS-DYNA. The Yoshida-Uemori constitu-
tive model is selected to characterize the anisotropic material
behavior of sheet metal during forming. Comparisons of
numerical springback predictions with experiment measure-
ments as well with numerical results from other isotropic
hardening material models demonstrate the effectiveness and
accuracy of the Y-U model. By using FEM and an appropriate
constitutive model, accurate forming simulation and springback
prediction can be achieved. Based on simulation results, it is
feasible to significantly reduce the time and cost on mold trial

and modification, and thus improve forming quality of
products.
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