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Abstract
High Strength Steel is more used in automotive industry to combine safety improvements and weight reductions of the vehicles.
However, these steels raise new challenges for manufacturer, especially for springback and its prediction. Finite Element
Analysis is widely used for the prediction of springback but accuracy is strongly depending on numerical as well as physical
parameters. Such parameters affecting prediction are for example frictional behavior, constitutive model, loci function. In this
paper the sensitivity of friction coefficients and the influence of somematerial laws on the springback prediction were studied and
analyzed in details. Several numerical models are investigated in this work in order to allow the different aspects of materials
mechanical behavior to be better described: isotropic work-hardening (Swift, Hockett-Sherby, SHS), isotropic-kinematic hard-
ening, yield loci (Hill 48, Hill 90 and Barlat 91). In this study, we use an industrial example of the deep drawing process: the side
sill closing with the material steel TRIP800. All the simulations are carried out with the commercial code Pam-Stamp 2G and
comparison with the experimental results are presented.
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Introduction

High Strength Steel (HSS) and Very High Strength Steel
(VHSS) are more used in automotive industry to reduce the
weight and to improve the safety of the vehicles. However,
several undesirable phenomena are observed after the forming
of such materials. Springback is one of the critical problems
that appear when high strength steel is used. Many researchers

have investigated the springback phenomenon using experi-
ence and finite element analysis (FEA). FEA is widely accept-
ed for the prediction of formability issues such as thinning,
wrinkles, and fracture but the FEA has not achieved the same
level of accuracy in springback prediction. This is a compli-
cated task because accuracy is strongly depending on numer-
ical as well as physical parameters.

The frictional is a parameter that has a big impact on
springback prediction, but it has been often simplified for
the industrial forming by adopting the classical Coulomb’s
law. The frictional behaviour is influenced by many factors
such as lubricant, material properties and process conditions.
Several researchers have shown that the friction coefficient is
not constant during forming process and it varies depending
on loading conditions, temperature, and sliding velocity.
Grueebler and Hora [1] investigated temperature and velocity
dependence of the friction for a biaxial stretching test, the
numerical results showed a good correlation with measure-
ments. Santos and Teixeira [2] studied the U-bending process
and proposed different values of the friction coefficient on
different contact regions. Keum et al. [3] studied the forming
of aluminium alloy and steel. They expressed the friction co-
efficient as a function of sheet properties, lubricant viscosity,
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tool geometry and forming speed. Kim et al. [4] proposed
more realistic characterisation of friction behaviour of HSS
considered an experimental system based on contact pressure.
This kind of approach requires a testing device that is very
expensive. The friction behavior has been simplified in most
industrial applications, i.e., the coefficient of friction has usu-
ally been supposed to be constant.

In the last decade, the numerical development for
springback analysis has been mainly relying on material me-
chanical behavior and Finite element technique. Julsri et al. [5]
studied the springback of two grades of steel using macroscale
and microscale representative volume elements. Lin et al. [6]
studied the effect of constitutive model on the springback
prediction of of two materials: advanced high strength steel
MP980 and aluminum alloy 6022-T4. Their numerical results
are compared to measurements of stamped U-channel. Ben-
Elechi et al. [7] developed a fast-deep drawing and springback
of sheet metals using an improved inverse approach method.
The obtained results showed a good accuracy of springback
predictions. Quadfasel et al. [8] analyzed the springback of
three high manganese TWIP-steels using U-bending test.
The bending angle of U-profiles obtained after springback
showed a higher springback prediction than expected. Lee
et al. [9] implemented a new friction model based on the
macroscopically observation of frictional behavior. The influ-
ences of the material and friction models for the springback
prediction in U-draw/bending were presented. Zhang et al.
[10] studied springback prediction of U bending based on
analytical model and Hill’s1948 yield criteria. Laurent et al.
[11] proposed experimental and numerical studies of
springback for the split-ring test. The obtained results showed
that the yield criteria presented higher impact on simulation
accuracy than the hardening law. In the same context, Oliveira
et al. [12] simulated the springback of draw-bending for
DC06/DP600 and evaluated several hardening models.
Broggiato et al. [13] studied the Chaboche nonlinear kinemat-
ic hardening model within the FEM code. In their work, ex-
perimental and FEA results are compared. Sumikawa et al.
[14] analyzed the springback of curved hate shape part using
two high strength steel. The influence of Young’s modulus,
Bauschinger effect, elastic and plastic anisotropy on
springback predictions was presented. Komgrit et al. [15] pro-
posed a new technique to reduce the U bending springback of
High-Strength Steel (HSS) by both numerical and experimen-
tal investigations. In their original forming method, a kinemat-
ic hardening and the Yoshida–Uemori model was used.

In conclusion of this part of literature review, the friction
and material mechanical behavior are parameters that have big
impact on springback prediction. Moreover, there has been no
study in which friction and material behavior parameters, that
is, isotropic work-hardening isotropic-kinematic hardening
and yield loci were considered simultaneously in springback
analysis of industrial application.

The aim of this work is to investigate springback effects of
an automotive part by both experiments and FE simulations.
The forming of side sill closing of a car was studied in order to
analyze the sensitivity of friction coefficients, the material
constitutive laws and the yield functions on the accuracy of
springback prediction. All numerical simulations are carried
out with the commercial code Pam-Stamp 2G.

Constitutive models

During the forming process the elastoplastic modeling is
adopted and the material is initially stress-free. The plastic part
εp follows a flow rule and is derived from the yield function.
The model is based on Hills 1948 yield criterion and
the relationship defining the equivalent stress σ is given
by the Eq. (1):

σ
2
¼ σ

0
−X

� �
: M : σ

0
−X

� �
ð1Þ

Where M is a symmetric tensor, which is function of the
anisotropy parameters of the Hill’48 quadratic yield function.
σ' represents the Cauchy’s deviatoric stress tensor and X rep-
resents the back-stress tensor.

The evolution of the flow stress with plastic work is:

σ ¼ f ε
p� �

ð2Þ

In this study three laws (Swift, Hockett-Sherby and SHS)
are implemented to describe the isotropic work-hardening and
another one, a combined isotropic-kinematic hardening law
(Mixed) to provide a flexible model, simultaneously describ-
ing the change in size and position of the center of the yield
surface.

& Swift law:

σ ¼ K ε0 þ ε
p� �n

ð3Þ

& Hockett-Sherby law:

σ ¼ σsat− σsat−σ0ð Þexp −n ε
p� �

ð4Þ
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& SHS law:

σ ¼ 1−αð ÞK ε0 þ ε
p� �

þ α σsat− σsat−σ0ð Þexp −n ε
p� �n o

ð5Þ

where K,ε0, n, σsat, σ0, α are the constitutive models parame-
ters for the swift, Hockett-Sherby and SHS law.

& Mixed law:

The Mixed law describes isotropic and kinematic harden-
ing and can be expressed using two internal states variables.
The first variable is a scalar: R, describing the isotropic hard-
ening and the second variable is a tonsorial X, describing the
kinematic hardening. X can be described by the following
equation:

Ẋ ¼ CX
X sat

σ
σ

0
−X

� �
−X

" #
ε̇
p

ð6Þ

where CX represents the saturation rate of X and Xsat is a
material parameter representing the saturation value of the
norm |X| of the back stress, Lemaitre and chaboche [16].

The isotropic hardening evolution gives the variation of the
yield surface size Y, expressed by

Y ¼ Y 0 þ R ð7Þ

Y0 is the initial value of the yield stress and R is the satura-
tion of flow stress given by the following equation:

R ¼ Rsta 1−exp −Crε
P

� �� �
ð8Þ

where Cr represents the saturation rate of R and Rsat describes
its saturation value.

Yield functions

The yield criteria describe the material transition from the
elastic to plastic behavior. In this paper three yield functions
are studied: Hill 48, Hill 90 and Barlat 91.

Hill 48 yield criterion [20] is one of the simplest and most
used yield functions which it can be easily implemented in FE
codes for the simulation of forming processes. The quadratic
yield criterion is given as follow:

2 f σij
� � ¼ F σyy−σzz

� �2 þ G σzz−σxxð Þ2 þ H σxx−σyy
� �2

þ 2 Lσ2
yz þMσ2

zx þ Nσ2
xy

� �
¼ 1

ð9Þ

where F, G, H, L,M and N are the material constants and x, y
and z are the orthogonal axes of orthotropic.

According to Hill’s plasticity conditions (Dasappa et al.,
[17]), and in case of plane stress problem(σzz = σyz = σzx = 0),
Hill 48 quadratic yield function will be reduced to:

2 f σij
� � ¼ Gþ Hð Þσ2

xx þ F þ Hð Þσ2
yy−2Hσxxσyy þ 2Nσ2

xy ¼ 1

ð10Þ
where σxx, σyy, σzz, σyz, σzx and σxy are the components of the
Cauchy stress tensor defined in the orthotropic frame, σij is the
equivalent tensile stress. σxx, σyy, σzz are defined by stresses in
the rolling direction (x), transverse direction (y), and thickness
direction (z), respectively; while σxy, σyz, and σzz are the shear
stresses in xy, yz, and zx directions.

The material parameters F, G, H, and N can be described
using normal anisotropy in 0∘, 45∘ and 90∘ directions.

F ¼ r0
r90 r0 þ 1ð Þ;G ¼ 1

r0 þ 1
;G ¼ 1

r0 þ 1
;H ¼ r0

r0 þ 1
;N

¼ r0 þ r90ð Þ 1þ 2r45ð Þ
2r90 r0 þ 1ð Þ

ð11Þ

The yield criteria proposed by Hill in 1990 (Hill 90) is
based on a non-quadratic yield function as opposed to the
Hill 48 quadratic yield function. Hill 90 function seems to
be well adapted because it is able to take into account different
behaviors during the bending/unbending phase. The Hill 90
criterion model is more convex than the Hill 48 model, but the
computing time during numerical simulations is increased
[18].

The parameters of Hill 90 yield function are determined
from the uniaxial tension tests along three directions i.e., 0°,
45° and 90° and from bi-axial tension or shear test. The yield
criterion is formulated by:

σxx þ σyy
�� ��m þ αm σxx−σyy

� �2 þ 4σ2
xy

h im
2

þ σ2
xx þ σ2

yy þ 2σ2
xy

h im
2−1

β σ2
xx−σ

2
yy

� �
þ γ σxx−σyy

� �2n o
¼ 1þ αm þ β þ γð Þ σ1

yy

� �m
¼ 2σb

yy

� �m

ð12Þ

where α, β, γ, m are constant parameters of material, σ1
yy

and σb
yy represent the yield stress under uni-axial tension and

equi-biaxial tension, respectively.
The third yield function considered in this study is related

to Barlat 91 criterion which will makes it possible to represent
more general the plasticity convexity than HILL 48 and HILL
90 criterions. Its formulation can be described as follows [18]:

g ¼ S1−S2j jm þ S2−S3j jm þ S3−S1j jm ¼ 2Ym ð13Þ
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where S1, S2 and S3 are the principal values of the isotropic
plastic equivalent deviatory stress tensor S. The exponent m
represents the shape of the yield surface that depends on the
structure of the material. These previous values are deter-
mined from the following matrix:

bþ cð Þσ11−cσ22−bσ33½ �=3 hσ12 gσ13
hσ12 aþ cð Þσ22−cσ11−aσ33½ �=3 f σ23
gσ13 f σ23 aþ bð Þσ33−bσ11−aσ22½ �=3

2
4

3
5

ð14Þ

The different coefficients a, b, c, f, g, h are obtained from
uniaxial and shear yield stresses in the directions of the sym-
metry axes using a Newton-Raphson numerical procedure.
The exponent m represents the severity of the texture and
can take any real value larger than 6 (Barlat et al., [19]).

Application

In the current study an industrial application was treated ex-
perimentally and numerically using an advanced high strength
steel sheet (TRIP800). The effects of friction coefficient and
material proprieties on the accuracy of the springback are
investigated. Figure 1 shows the position of the real part of
side sill closing in the automotive structure.

The experimental system used for this project is depicted in
Fig. 2. It is composed of Deep drawing hydraulic press and
data acquisition systems maintained by a digital interface
board utilizing a specialized computer program.

The simulation of the deep drawing process is conducted in
two steps: the forming and the springback analysis. The
forming simulation is done by explicit time integration and
the springback is done by the implicit time integration. The
tools (punch, die and blank holder) were modeled as rigid
bodies, and the blank was described using shell elements with
five integration points in the thickness. Throughout this work,
the average element size of the uniformmesh was about 8 mm
in width and in length. The refinement level of the elements
was set to 4 so that the smallest elements had a size of 2 mm.
The tool setup imported in the numerical simulation software

is shown in Fig. 3. The numerical tests were performed with a
blank holder force of 38 tones.

The initial sheet thickness of the side sill closing is 1.2 mm.
All simulations are carried out using Pam-Stamp 2G software
with a fixed set of numerical parameters in order to nu-
merically evaluate the influence of the material models on
the prediction of springback. Figure 3 presents three-
dimensional exploded view of the initial configuration of
tools used for the simulation of the deep drawing process.

Results

In order to have an idea about the sensitivity of springback
prediction to the material parameters, first we will present the
sensitivity of the springback to the friction coefficients (con-
sidered as reference). Then, we will investigate the obtained
results for the different material parameters: constitutive laws
(isotropic hardening and kinematic-isotropic hardening) and
yield functions (Hill 48, Hill 90 and Barlat 91). All numerical
results will be compared with measurements.

Effects of friction coefficient

The friction is used as a reference parameter to compare the
influence of the different material models. It was recognized
that the contact behavior governed by the coefficient of fric-
tion is an important parameter in deep drawing process that
has a critical influence on the springback prediction, for this
reason we start our study with this parameter. Three friction
coefficients (μ=0.08, μ=0.12 and μ=0.16) are chosen to eval-
uate the influence of this parameter on the springback predic-
tion. The material TRIP800 was used and the SHS law was
implemented on Pam-Stamp 2G software. The results obtain-
ed after forming given in terms of springback for the different
coefficients of friction are presented below. Figure 4a shows
the displacement iso-values obtained after springback in case
of coefficient of frictionμ=0.12. The distance is orientedwith-
in the normal. This last is also oriented in the interior of the
side sill closing, so the positive values represent a displace-
ment to the inside and the negative values represent a

Fig. 1 Real part of side sill
closing
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displacement to the outside. Two phenomena are produced
during the springback: the cambering at the middle of the side
sill closing and the twist at the bottom part. The maximum and
minimum displacement obtained after springback appearance
are 22.3 mm and −14 mm, respectively. In the same manner,
the relative displacement resulting from springback prediction
with a value of friction coefficient μ=0.16 is illustrated in
Fig. 4b. From this contour plot, the maximum displacement
obtained after springback is 24.9 mm and the minimum value
is −14.4 mm. Figure 4c depicts the relative displacement be-
tween the two results corresponding to the friction coefficients
ofμ= 0.12 and μ= 0.16. As it can be noted from this figure, the
maximum variation between the two results is ΔUmax =
2.56mm and the minimum one is ΔUmin = −2.44mm. In order
to better understand the evolution of springback we chose the
relative variation between the two results expressed in per-
centage form. It was calculated by the following formulation:

%Variation ¼ Variation between the two results Fig: 4cð Þ
Variation of the reference result Fig: 4að Þ

� 100

ð15Þ
The calculated percentage of the relative variation of the

displacement compared to these two coefficients of friction

(μ=0.12 and μ=0.16) could be summarized as follow: %

Variation ¼ 2:56þ2:44ð Þ 22:3þ 14ð Þ � 100 ¼ 13:77%.
In the same way as the previous study, we look here to

compare the predicted results obtained with the couple of fric-
tion coefficients (μ=0.12 / μ=0.08). Figures 5a–c report the
simulated springback sequences, and highlight the calculated
displacement histories. It can be seen from these iso-values a
non-uniform distribution of the final displacement and that the
limit values determined with a higher friction coefficient
(μ=0.12) are larger than the numerically predicted values with
a lower one (μ=0.08). As it can be observed from Fig. 5c, a
relative difference of displacement obtained with these two
considered coefficients of friction varies from −2.77 mm to
2.57 mm, and therefore the relative variation expressed as a
percentage is equal to:

%Variation ¼ 2:57þ 2:77ð Þ
22:3þ 14ð Þ � 100 ¼ 14:71%:

It can be seen clearly that a percentage of variation almost
similar (around 14%) is obtained when a comparison between
(μ=0.08 to μ=0.12) and (μ=0.16 to μ=0.12) is done.

In Fig. 6a, b and c the results for the springback of the
unloaded structures are presented in order to compare between
both coefficients of friction, μ=0.16 to μ=0.08 considered as a

(a) (b)Fig. 2 Experimental trials of deep
drawing: a) Deep drawing
hydraulic press and data
acquisition systems b) Zoom of
the tooling setup

Fig. 3 Three-dimensional exploded view of numerical model used in the deep drawing of the side sill closing
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∆Umax = 2.56mm
∆Umin = -2.44mm

(c)

(a) (b)Umax = 22.3mm
Umin = -14mm

Umax = 24.9mm
Umin = -14.4mm

Fig. 4 The displacement isovalues obtained after springback for TRIP800 steel sheet and SHS isotropic hardening behavior law for: a) μ = 0.12, b) μ =
0.16 and c) Relative displacement between two coefficients of friction (μ = 0.16/0.12)

Umax = 19.6mm
Umin = -13mm

Umax = 22.3mm
Umin = -14mm

∆Umax = 2.57mm
∆Umin = -2.77mm

(c)

(a) (b)

Fig. 5 The 3D iso-values of the final displacement distributions occurring
during springback steps, after deep drawing of TRIP800 material and
including the SHS isotropic-hardening elasto-plasticity model: a) μ =

0.12, b) μ = 0.08 and c) Relative geometric difference given in terms of
displacement, corresponding to (μ = 0.08/0.12)
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reference value. The relative variation of displacement given
in percentage is defined by the following expression:

%Variation ¼ 5:32þ 2:77ð Þ
19:6þ 13ð Þ � 100 ¼ 22:28%:

As it can be noted, the percentage of variation increases
when we compare between the lower friction coefficient
(μ=0.08) and the upper one (μ=0.16). Indeed, it could be
predicted that with the increasing of the friction coefficients
this variation augments in a remarkable way. This variation is
obtained, mainly by the twist phenomenon produced at the
bottom and the top of the side sill closing as demonstrated
by Fig. 6c. In fact, it can be concluded from the results obtain-
ed in Figs. 5 and 6, that the coefficient of friction has a lot of
influence, clearly observed, on the springback prediction.

A comparison between the variation of displacements
(ΔU=Umax-Umin) for the three coefficients of friction (μ =
0.08, μ = 0.12, μ = 0.16) is summarized in Table 1. It can be
deduced that the variation between maximum and minimum
iso-values increases when the friction coefficient increases.

Table 2 presents a summary of results characterizing the
percentages of variation reached for different couple of fric-
tion coefficients (μ = 0.16/0.12, μ = 0.08/0.12, μ = 0.08/0.16).
It can be deduced that the maximum relative error given in

percentage of the displacement variation was obtained for a
couple of friction coefficient(μ = 0.08/0.16), corresponding to
a value of 22.28%.

The obtained numerical results were compared with the
experimental ones. To get some details on the springback of
the side sill closing, the stamped part profiles were evaluated
in three different sections displayed in Fig. 7. The use of these
approaches will lead to a sensitivity analysis of the friction
coefficient on the evolution of geometrical profiles.
Section 1 and 2 are located on the left and right side of the
automotive part, respectively. The third section is located at

(c)

(a) (b)Umax = 19.6mm
Umin = -13mm

Umax = 24.9mm
Umin = -14.4mm

∆Umax = 5.32mm
∆Umin = -2.77mm

Fig. 6 The results of springback prediction after unloading given in form
of displacement distributions on TRIP800 steel sheet and for SHS law
describing the isotropic hardening behavior: a) μ = 0.08, b) μ = 0.16 and

c) Relative difference in displacement computed with these two
coefficients of friction 0.08 and 0.16, respectively

Table 1 Comparison of different results characterizing the variation of
displacements attained for varied values of friction coefficients

(Material type: TRIP800 advanced high strength steel) and (work–
hardening model: SHS law)

Friction coefficients Variation of displacements
(ΔU=Umax-Umin)

(μ=0.08) 32.6 mm

(μ=0.12) 36.3 mm

(μ=0.16) 39.3 mm
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the corner between section one and two. Figure 7 shows the
coordinate system used for profile evaluation.

The profile of the part was predicted numerically before
and after springback. Figure 8a presents the results of the
springback obtained in section 1 by experimental measure-
ments and numerical tests for different coefficients of friction.
It can be noted a remarkable opening of the first section after
springback. Indeed, the minimum opening is obtained with
high value of friction coefficient (μ=0.16). The results corre-
sponding to the friction coefficient of 0.12 is much closer to
that found with a coefficient of friction of 0.08. It can also be
noted that the measured part profile shows more opening in
the region corresponding to the X variation between −190 mm
and −150 mm.

In Fig. 8b, the numerical findings and experimental mea-
surements have been recorded at section 2 for various coeffi-
cients of friction. It can be clearly noticed, a maximum open-
ing of the second section after springback appearance is local-
ized in the radial direction X, limited between −30 mm and
50 mm. All numerical results obtained by FE simulations for

different coefficients of friction are globally very close to the
experimental measurements, nevertheless a slight difference
of geometrical profiles of the stamped parts could be reported,
and situated located in the interval X ∈ [−240; −160] mm.

The springback and corresponding dimensional deviations
reported in section 3 are displayed in Fig. 8c. For the valida-
tion of these numerical results relative to a variation of the
coefficient of friction, we chose to compare the side sill clos-
ing profile formed by deep drawing process in previous ex-
perimental works. It was found that all section openings after
springback are almost close to each other, and there is a re-
markable difference between numerical simulation and exper-
imental data in the right upper corner of the part. The numer-
ical results obtained with a friction coefficient of μ=0.12 is
much closer to the profile of the part measured experimentally
after springback. It can also be concluded that the friction
coefficient has an important impact on these results defined
by the springback predicting.

Influence of constitutive laws

In this section, the sensitivity of the constitutive laws using
Hill’48 criteria was studied. The forming and springback sim-
ulations are performed using PAM-STAMP 2G software.
Three types of hardening models (Swift, Hockett-Sherby
and SHS laws) were implemented to describe the isotropic
work-hardening, and a mixed isotropic kinematic hardening
law is also implemented to define the isotropic and kinematic
of the work-hardening. In the presented section, the same
material TRIP800 is employed and the coefficient of friction
is fixed to μ=0.12. Springback analysis was conducted for the

Table 2 Percentage of the displacement variation obtained for different
couples of friction coefficients

(Material type: TRIP800 advanced high strength steel) and (work–
hardening model: SHS law)

Variation of friction coefficients Relative percentage error

(μ=0.16/0.12) 13.77%

(μ=0.08/0.12) 14.71%

(μ=0.08/0.16) 22.28%

Section1

Section 3

Section2

Fig. 7 Section positions in real
part used for profiles evaluation
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different constitutive laws; the obtained numerical results
were compared with the experimental values in three sections
of the formed part. Figure 9a represents the isovalues of the
displacement obtained after springback appearance by consid-
ering the TRIP800 material and Swift law. The maximum and
minimum values of displacement can reach 20.8 mm and
−13.5 mm, respectively. Firstly, it can be seen a nonuniform
distribution of displacement in the final deformed piece.
Secondly, this response in the central region of the bottom
of the of the side sill closing remains unchanged, whereas
the resulting springback was found to be considerable in the
periphery of the part.

The variation of the displacement obtained after springback
for the samematerial and the Hockett-Sherby law is illustrated
by contour plots shown in Fig. 9b. As mentioned in this
figure, it can be marked that the effect of the constitutive
modeling of the real material appears very significant
when the extreme values of the relative displacements
are observed to be 22.9 mm and −14.1 mm, respectively.
These critical responses are predicted in the same
forming regions as the results expressed from previous
figure.

In order to make a more fair comparison of the models, this
geometrical accuracy is also directly reflected to the

(a)

(b)

(c)

Fig. 8 Comparison of experimental and simulating results corresponding to cross-section profiles evolution obtained before and after springback by
mean of deep drawing process under different friction coefficients: measured and predicted profiles in a) Section 1, b) Section 2 and c) Section 3
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springback results in Fig. 9c where the two considered hard-
ening models (Hockett-Sherby and Swift) deliver the differ-
ences in simulated displacement distribution. Small vari-
ations of relative displacements are observed when the
positive and negative differences are equal to ΔUmax =
2.07, ΔUmin = −1.44 mm.

As shown in Fig. 9c, the relative error calculated between
Swift and Hockett-Sherby isotropic hardening law compared
to the Swift law that’s approximately 10.23%. It was
expressed in percentage by the following formulation:

%Variation ¼ 2:07þ 1:44ð Þ
20:8þ 13:5ð Þ � 100 ¼ 10:23%:

Consequently, this result could be considered acceptable
and satisfactory, since the overall error remains almost small,
which prove the ability and fidelity of both hardening behav-
iors treated in this section for numerical prediction of forming
and springback of car body parts.

Figure 10a and b display the results of variation of the
displacement obtained at the end of the stamping and after
the appearance of springback, that obtained by using the hard-
ening laws of Swift and the two combined laws Swift-
Hockett-Sherby (SHS), respectively. The figures show that
the absolute values of the upper and lower deviations of the

displacement prediction in the case of the SHS work harden-
ing law were slightly larger than those of the Swift model.
Thus, it was found that the displacement varies between
−14 mm and 22.3 mm, corresponding to the minimum and
maximum springback responses. Figure 10c presents the rel-
ative variation of the geometrical error committed between
these two types of hardening rules (Swift and SHS behavior
laws). An important remark concerns the distribution of the
displacement, which is basically observed to be localized on
the bottom surface of the side sill closing, resulting in
cambring phenomenon, however in the middle part of work-
piece this geometrical response results from the sections open-
ing predicted numerically. The deformed shape obtained from
a comparison between Swift and SHS hardening models will
lead to an estimated percentage of variation about 7.4%. It can
be written in the following form:

%Variation ¼ 1:5þ 1:04ð Þ
20:8þ 13:5ð Þ � 100 ¼ 7:4%

Figure 11a, b and c show the influence of the nature of
hardening through a comparison of combined isotropic-
kinematic hardening law with the corresponding results from
the Swift law, considered as a reference model for the

∆Umax = 2.07mm
∆Umin = -1.44mm

(c)

(a) (b)Umax = 20.8mm
Umin = -13.5mm

Umax = 22.9mm
Umin = -14.1mm

Fig. 9 The three-dimensional displacement distribution in the final de-
formed pieces resulting from numerical simulation corresponding to the
following data (Material: TRIP800; Friction coefficient: μ = 0.12; Yield

function: Hill’48 criteria): a) Swift isotropic hardening law, b) Hockett-
Sherby isotropic hardening law and c) The differences in simulated dis-
placement distribution using the two considered hardening models
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(c)

(a) (b)Umax = 20.8mm
Umin = -13.5mm

Umax = 22.3mm
Umin = -14mm

∆Umax = 1.5 mm
∆Umin = -1.04mm

Fig. 10 Contour plot of displacement in the component at the end of the
stamping and after springback for material TRIP800, Hill’48 plasticity
model and friction coefficient μ = 0.12: a) Case of Swift work hardening

behavior, b) Case of SHS work hardening behavior and c) The relative
error committed between these two types of hardening rules

(c)

(a) (b)Umax = 20.8mm
Umin = -13.5mm

Umax = 22.5mm
Umin = -14.5mm

∆Umax = 2.25 mm
∆Umin = -1.31mm

Fig. 11 Comparison between the Swift isotropic hardening law and the
mixed isotropic-kinematic hardening model: a) Results from Swift law,
b) Results from combined type of isotropic-kinematic hardening

plasticity model and c) Displacement differences between isotropic for-
mulation and mixed isotropic-kinematic hardening law
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numerical simulation with material TRIP800 material forming
by deep drawing process. We remind that the springback ge-
ometry studied here is characterized by the relative deviation
in displacement between the shape of the deformed product
after removal of the sheet metal from the forming tools, com-
pared with its target geometry (the die cavity) generated by
computer-aided design. The latter is considered as reference
geometry.

Based on the Fig. 11b displaying the contours of displaced
shape after unloading, and associated with a mixed nonlinear
hardening elastoplastic model it can be indicated that the
maximum variation of relative displacement predicted by
the numerical model is about 22.5 mm and the minimum
displacement is equal to −14.5 mm. This is mainly due
to twist phenomenon resulting at the bottom region of
side sill closing. For a quantitative evaluation of the in-
fluence of hardening behavior type of TRIP800 steel
sheet on the geometrical field’s distribution, a geometri-
cal shape error is reported in Fig. 11c given in form of
contour plots and reproducing the geometrical deviation
in terms of resulting displacement. From this contour
plots, it can be noted a small dependence of the de-
formed sheet on the constitutive behavior of sheet mate-
rial, which can lead to inhomogeneous displacement dis-
tributions in the final part. As it can be observed, the
predicted displacement continually decreases stepwise
through the forming process from its maximum value
(ΔUmax = 2.25 mm) until reaching its minimum value
(ΔUmin = −1.31 mm). The comparison of the predicted
displacements obtained from the developed models was
conducted, and the percentage error is calculated as fol-
lowing:

%Variation ¼ 2:25þ 1:31ð Þ
20:8þ 13:5ð Þ � 100 ¼ 10:38%

Compared to the isotropic hardening results (Swift,
Hocket-Sherby and SHS), it is clear that the mixed isotropic-
kinematic hardening law has a higher influence on the predic-
tion of the springback.

In this part of work, one undertakes a comparative study
between all results provided by the four behavior laws de-
scribed previously in order to ensure the validity of each one
of them for the prediction of relative error values of
springback. Table 3 recapitulates the percentage of the relative
variation of the resulting displacement obtained with different
constitutive models. Consequently, it can be concluded that
both the isotropic hardening laws (Swift, Hockett-Sherby and
SHS) and the combination of isotropic and kinematic harden-
ing law (Mixed law) showed a minor influence on the
springback prediction. Indeed, the maximum variation does
not exceed in any case 10%, judged to be satisfactory. The
obtained results also prove that the constitutive laws have a

lower influence when they will be compared to the friction
coefficients (see Table 2).

Table 3 Calculated relative error, expressed in terms of
percentage of the displacement according to the isotropic con-
stitutive model of Swift’s strain hardening.

The comparison of the part profile from FEM simulation
before and after springback with the experimental results after
stamping and springback is displayed in Fig. 12a, b and c,
corresponding respectively, to the section 1, section 2 and
section 3 (see Fig.7 for more details about the section
positions).

After final unloading, an opening of geometrical profiles
could be reported in sections 1 and 2, but the inverse phenom-
enon has occurred in section 3 after springback showing re-
markable closures of profiles. A good correlation between
measurements and simulations were therefore observed in
sections 1 and 3. Nevertheless, throughout the radial direction
of section 2 (see Fig. 12b) a slight deviation between the
numerical results and the experimental measurements can be
noticed, especially for a radial distance defined by X > 0 mm.

Comparison of different yield functions

After having studied the effect of the material-hardeningmode
on the springback prediction by using the Hill’48 yield func-
tion, the influence of the yield criteria on the prediction of the
springback will now be investigated. For that purpose, three
yield loci including the Hill 48, Hill 90 and Barlat 91 functions
were implemented in Pam-Stamp 2G software and were com-
pared. The same material (TRIP800) and the isotropic SHS
law have been considered for numerical simulation for the rest
of this research works. Figure 13a, b and c display the results
of distribution of the displacement after springback. The com-
puted result with Hill 48 yield function leads to minimum and
maximum values of displacement, respectively, equal to
Umax = 22.3 mm and Umin = −14 mm. Figure 13b shows
the springback variation related to the yield loci based on
the Hill 90 in order to examine the geometrical state of
the stamped part at the end of this operation and after
springback appearance. The same figure verifies the

Table 3 Calculated relative error, expressed in terms of percentage of
the displacement according to the isotropic constitutive model of Swift's
strain hardening

(Material type: TRIP800 High Strength Steel) and (coefficient of friction:
μ=0.12)

Various tested hardening laws Comparison of relative displacement

(Hockett-Sherby/Swift) 10.23%

(SHS/Swift) 7.40%

(Mixed/Swift) 10.38%
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expected higher values of the springback errors prediction
in the deep drawing, which are located in the deformed
lower region near the contour of the part. It indicates the
change in the distribution of the relative displacement in
the fully unloaded state, where the red and dark blue
colors represent higher and lower values, respectively.
By examining the 3D iso-values of the geometric error
of the sheet springback obtained by FEM calculation
and given by Fig. 13a and b, the predicted results using
Hill’48 yield criterion seem to be clearly larger than those
determined with of Hill 90.

From simulation result, the relative gap resulting from the
significant difference in displacement between the two

different cases of Hill 48 and Hill 90 was plotted in Fig. 13c.
As it can be seen from this figure, two phenomena are of big
interest: the twist at the top of the side sill closing and side wall
curl. The difference in springback between the considered
material models defining the relative variation in terms of
residual displacement is measured as a percentage, and can
be expressed in the following form:

%Variation ¼ 5:04þ 5:24ð Þ
22:3þ 14ð Þ � 100 ¼ 28:32%

At this point, it should also be noticed that this value of the
estimated relative error is more pronounced than the overall
error results calculated from the comparison of different

(c)

(a)

(b)

Fig. 12 Comparison of the part profile from FEM simulation before and after springback with the measured results after stamping and removal of tools
in: a) Section 1, b) Section 2 and c) Section 3
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coefficients of friction and the influence of various constitu-
tive laws mentioned previously (see Tables 2 and 3).

The predicted findings presented in Fig. 14 investigate the
final geometrical shape of the automotive part resulting in
appearance of springback. The effectiveness of the developed
approach is evaluated through a comparison of numerical re-
sults obtained with Barlat91 yield function to those found by
using Hill 48 material model. The contour plots distribution of
the deformed shape predicted by the Barlat’91 yield criterion
is shown in Fig. 14b. It allows displaying the evolution of the
relative displacement caused by springback after forming and
retracting the tools. For this simulation, the springback was
calculated by considering the normal direction to the inner
surface. The displacement variation between the inner and
outer surface of the sheet for the whole part presents a major
deviation between maximum and minimum values, equal to
22.1 mm and −13.5 mm, respectively. From the results indi-
cated in Fig. 14a and b, it could be observed that the upper and
lower deviations characterizing the interval of springback var-
iation are globally close and follow almost the same order of
magnitude for both Hill 48 and Barlat’91 material models.

Figure 14c depicts the relative difference in displacement
calculated from the two previous yield criteria. From a numer-
ical point of view, the springback deviation based on residual
stresses cannot exceed the maximum value of 1.41 mm, how-
ever its minimum is limited to −1.01 mm.

From the 3D plot of contours shown in Fig. 14c, it was
concluded that the main difference between results determined
from the two plasticity models could be due to a cambering
phenomenon. In fact, the maximum and minimum variations
are localized on the top and on the bottom of the side sill
closing, respectively. The relative percent difference com-
pared to the Hill 48 yield function considered as reference
model was computed according to the following expression:

%Variation ¼ 1:41þ 1:01ð Þ
22:3þ 14ð Þ � 100 ¼ 6:66%

In order to make a comparative study between all results
determined by different yield functions, we chose to recapit-
ulate in the same table all relative displacement variations
expressed as a percentage of Hill’48 yield criteria. A compar-
ison of the calculated results of relative springback errors for
both material models Hill 90 and Barlat 91 has been summa-
rized in Table 4. In fact, according to the numerical results
presented in this table, it is clearly observable the decrease of
the relative percent difference for the displacement values
when a comparison of Barlat91 with Hill90 yield criteria is
done. It was found that the difference between (Barlat 91 and
Hill 48) yield locus is smaller than that calculated in the case
of the couple (Hill 90 and hill 48) yield functions.
Consequently, the smallest and highest values of the relative

(c)

Umax = 22.3mm
Umin = -14mm

∆Umax = 5.04 mm
∆Umin = -5.24mm

(b) Umax = 17.1mm
Umin = -12.9mm

(a)

Fig. 13 Displacement repartition obtained after springback when the
TRIP800 steel material and a value of friction coefficient μ = 0.12 are
used in combination with the isotropic SHS hardening model: The

computed result with a) Hill’48, b) Hill’90 yield functions and c)
Difference in springback between material models Hill’48 and Hill’90
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springback variation are consecutively 6.66% and 28.32%,
reached for Barlat 91 and Hill90, respectively. These men-
tioned yield functions were compared to the Hill 48 yield
criterion employed as a reference material model. It may be
reasonably assumed that this remarkable value of the maxi-
mum variation controlled from numerical simulations is main-
ly due to the twist phenomenon produced at the bottom of the
side sill closing (see Fig. 13b). In conclusion, it can be seen
from this part of analysis a considerable influence of the yield
locus on the prediction of the springback and that the material
model strongly effects the final shape of formed sheets.

Figure 15 represents a correlation between the experimen-
tal cross section geometries measured along the X-axis and the
numerical profiles predicted from FE simulations. They were
evaluated in 3 different sections of the stamped part of the side
sill closing workpiece. A good agreement between experi-
mental and numerical results can be observed after the appear-
ance of springback in sections one and two. From these re-
sults, the obtained profiles after stamping seem to be almost
identical for every material model. As shown in Fig. 15a and
b, the two models Hill48 and Barlat91 yield functions may
also lead to results very close. As illustrated in Fig. 15b, it can
be clearly seen some slight deviations explained by a distor-
tion of the manufactured parts. Moreover, there is an

observable opening localized especially beyond the right cor-
ners of the formed parts. For comparison purposes of all pre-
viously mentioned yield criteria, Fig. 15c illustrates the finite
element results for section 3 which are subsequently
superimposed with the experimental measurement. While re-
ferring to this considered figure, it is possible to deduce two
observations:

The first is related to the geometrical aspects of the stamped
part where all cross-sectional profiles resulting from both
FEM simulations and experimental tests after springback are
visibly distorted showing a notable deviation. Additionally, it
was found another phenomenon which characterizes the cam-
bering and bending effect denoted by an excessive orienta-
tions and deformations of the specimens during the forming
step. These findings, have been proven for various material
models implemented into Explicit finite element code Pam-
Stamp, describing various yield criteria.

The second observation concerns the comparison in terms
of geometrical accuracy of springback between the simulation
results of the predicted cross-sectional profiles to the experi-
ment. From a global point of view, it worth noting in Fig. 15c
that the different geometrical profiles plotted along the X-axis
evolve similarly, while following almost identical variations
with the same accuracy, with the exception of Hill 90 yield

(c)

(a) (b)

∆Umax = 1.41 mm
∆Umin = -1.01mm

Umax = 22.3 mm
Umin = -14mm

Umax = 22.1 mm
Umin = -13.5mm

Fig. 14 Contour plots of the deformed shape displaying the displacement
variation in workpiece after forming for the same numerical conditions
applied in the previous test: a) Case of Hill’48 yield criterion, b) Case of

yield stress function proposed by Barlat’91 and c) Difference in
simulation results using Hill’48 yield loci compared to Barlat’91
plasticity model
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function which gives results with more deviation compared to
the measurements and to other material models.

Finally, in conclusion of this section, and based on the
results presented by Fig. 15a, b and c and on the Table 4
recapitulating the relative displacement variation obtained
for different couples of yield loci and expressed as a percent-
age of Hill’48 yield criteria, it can be confirmed that the ma-
terial models have a considerable impact and a significant role
on the predicted springback errors.

Conclusion

In this study several material laws are evaluated in order to
determine their influence on the prediction of the springback.
The constitutive models are used to allow the different aspects
of materials mechanical behavior to be better described:
isotropic work-hardening (Swift, Hockett-Sherby, SHS),
isotropic-kinematic hardening, yield loci (Hill 48, Hill
90 and Barlat 91). The effects produced by these

(c)

(a)

(b)

Fig. 15 Evolution of the experimental cross section geometries measured along the X-axis and the predicted profiles resulting from the numerical
simulations in 3 different regions of the structure of side sill closing. The comparison of the yield functions in: a) Section 1, b) Section 2 and c) Section 3

338 Int J Mater Form (2021) 14:323–340



abovementioned material models on the springback of
High Strength Steel TRIP800 was investigated and com-
pared to the influence of friction behavior. It is recognized
that the friction is one of the process parameters that has a
lot of influence on the springback predictions. The obtain-
ed results confirm this tendency for the industrial example
(side sill closing) and for the steel TRIP800 used in auto-
motive industry. Based on the obtained measurements and
numerical results, the following conclusions can be made:

1. This study allowed us to classify these parameters by
order of importance

& The first parameter that has a big impact on the prediction
of springback is the yield loci (Hill 48, Hill 90, Barlat 91).
The side sill closing example showed a maximum sensi-
tivity around 28%.

& The second parameter represents the friction; the obtained
results showed a sensitivity about 22%;

& In the third classification, we will find the least significant
factor, representative of the work-hardening laws (Swift,
Hockett-Sherby, SHS, mixed). Accordingly, the smallest
value of sensitivity was around 10%.

2. The combined isotropic-kinematic hardening law seems
to have the same sensitivity as the isotropic work-
hardening (Swift, Hockett-Sherby, SHS)

3. In this case of deep drawing process, the numerical model
with isotropic-Kinematic work-hardening and yield loci
Hill 48 fits well with experimental results.

4. The maximum deviation between measurements and nu-
merical results was obtained for the isotropic work-
hardening SHS and yield loci Hill 90.
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