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Abstract
In recent years, Ti-6Al-4V titanium alloy has been widely used in many fields because of its excellent material properties.
However, the complex properties of Ti-6Al-4V titanium alloy make the common material constitutive model no longer appli-
cable. It is difficult to accurately analyze the deformation process of Ti-6Al-4V titanium alloy in theoretical analysis or numerical
simulation. In this paper, we take Ti-6Al-4V titanium alloy as the research object, and the change of elastic modulus of Ti-6Al-4V
titanium alloy was studied. A mathematical model of titanium alloy variable elastic modulus was established. Based on the
YLD2000-2D yield criterion and the mathematical model of variable elastic modulus, the constitutive model of Ti-6Al-4V
titanium alloy was established. We have carried out the numerical simulation and field experiment of V-bending springback
of Ti-6Al-4V titanium alloy sheet. The springback prediction accuracy of three different constitutive models was compared and
analyzed. The influence of yield criterion and elastic modulus on springback prediction of titanium alloy V-bending was studied.
The results show that the constitutive model established in this paper significantly improved the springback prediction accuracy
of the numerical simulation of titanium alloy sheet bending. This work has made a great contribution to the field of titanium alloy
bending forming.
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1 Introduction

Ti-6Al-4V high-strength titanium alloy is widely used in aero-
space, shipbuilding, and automotive industries because of its
light weight, high strength, heat resistance, and corrosion re-
sistance [1–4]. Ti-6Al-4V alloy has low elastic modulus and
high strength, which cause serious springback phenomenon

during bending forming. Predicting the springback in forming
is one of the key issues to ensure product quality.

Many scholars have done a lot of research on the theory of
bending springback. Zhao et al. [5] established the plane-
bending elastic complex equation and successfully applied it
to the diameter expansion and rounding process. On this basis,
Zhao et al. also studied the prediction and control of
springback during the refurbishment of large pipe ends, and
the springback analysis of the profile plane tensile bending
was studied through the loading method of pretension and
moment [6, 7]. Liu et al. [8] proposed an analysis method
for predicting springback and residual stress distribution in
thick plate multi-point forming. Ma et al. [9] analyzed the
five-point bending process and springback process of the
FFX precast section of ERW tube and established a five-
point bending springback mechanical model. Wu et al. [10]
took the high-strength steel thick plates as the research object
and analyzed the influencing parameters of springback in cold
bending forming through numerical simulation methods.
However, the theoretical analysis method has a small applica-
tion range, and it is difficult to solve the springback problem
of anisotropic materials.
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Finite element simulation is also one of the important
methods to predict the springback of materials. At present,
many scholars use finite element simulation methods to pre-
dict springback in the metal bending process. Numerical sim-
ulation results and actual results always have a certain error,
which is related to the model, meshing, material constitutive
setting, boundary condition setting, etc., of which the material
constitutive model is particularly important. In 1989, Barlat
et al. [11] proposed an anisotropic yield criterion, which is
suitable for plane stress conditions and can describe the in-
plane anisotropy of sheet metal deformation. In 2003, Barlat
et al. [12] also proposed the YLD2000-2D yield criterion and
applied it to the finite element analysis of the aluminum alloy
sheet forming process. Naofal et al. [13] studied the
springback prediction of the sheet roll forming process based
on the Y-U hardening model and variable elastic modulus.
The results show that the hardening model and changes in
the elastic modulus have a great influence on the springback
prediction. Jung et al. [14] took high-strength steel (AHSS) as
the research object, developed an anisotropic elastoplastic
constitutive model, and applied it to predict springback during
U-bending. Badr et al. [15–17] proposed the roll forming pro-
cessing of Ti-6Al-4V titanium alloy at room temperature and
an anisotropic elastoplastic constitutive model. The constitu-
tive model has higher accuracy in predicting the Bauschinger
effect and transient hardening behavior of Ti-6Al-4V thin
plate samples at room temperature. On this basis, they also
studied the influence of rolling forming process parameters on
Ti-6Al-4V bending springback at room temperature. Yang
et al. [18] studied the springback of TC4 titanium alloy under
hot stamping condition bymeans of experiment and numerical
analysis. Mulidrán et al. [19] used Hill48 and Barlat yield
criteria in combination with Ludwik’s and Swift’s hardening
models to simulate the V-shaped bending springback process
of DC06. They also used numerical simulation to predict the
springback of the hat-shaped part made of advanced high-
strength dual-phase steel HCT600X+Z, and these numerical
predictions were performed with the use of various combina-
tions of material models [20].

With the advancement of science and technology and the
continuous development of the manufacturing industry, peo-
ple have put forward higher requirements for the accuracy of
springback prediction. The elastic modulus changes during
the molding process, which affects the accuracy of springback
prediction.Morestin et al. [21] found through experiments that
when the plastic strain only reaches 5%, the elastic modulus
can be reduced to more than 10% of the initial value, and the
developed software calculates the springback in the stamping
process. The software considers the change of elastic modu-
lus. The calculated result is very close to the experimental
value. Yoshida et al. [22] studied the material properties of
DP590 high-strength steel and found that when the pre-strain
was increased, the elastic modulus showed a rapid downward

trend and proposed the Y-U hardening model and the variable
elastic modulus mathematical model. Liu et al. [23] took ultra-
high-strength steel as the research object, proposed a mathe-
matical model that considers the changes in Young’s modu-
lus, and applied it to three-dimensional finite element analysis
(FEA) to simulate the cold rolling forming process. Compared
with the constitutive model of Swift material, the springback
accuracy calculated by using nonlinear elastic modulus is im-
proved by 18%. Sun et al. [24] established a QPE (quasi-
plastic-elastic) model to describe the nonlinear change of elas-
tic modulus for the bending springback behavior of materials.
This model improves the prediction accuracy of springback.

This paper takes Ti-6Al-4V titanium alloy as the research
object, through uniaxial tensile experiment and cycle loading-
unloading-loading experiment, the material anisotropy and the
elastic modulus change rule during material deformation is
studied. A mathematical model of variable elastic modulus
is established. Based on the variable elastic modulus mathe-
matical model and YLD2000-2D yield criterion, the material
constitutive model subroutine was established. The Abaqus
simulation software Umat (user-defined material) subroutine
interface was used to embed the custom constitutive model
into the finite element model. Numerical simulation of V-
bending springback of Ti-6Al-4V titanium alloy sheet with
different constitutive models was carried out. Finally, we con-
ducted a Ti-6Al-4V titanium alloy V-shaped bending experi-
ment and compared the experimental results with the simulat-
ed results.

2 Material performance experiment

2.1 Material selection

Ti-6Al-4V titanium alloy is widely used in various industries
due to its good corrosion resistance and high strength. It is
currently a hot metal researched by scholars in the world.
The chemical composition of Ti-6Al-4V titanium alloy select-
ed in this paper is shown in Table 1.

2.2 Quasi-static uniaxial tensile test

In order to measure the material properties and anisotropy
coefficient of Ti-6Al-4V titanium alloy, we conducted a
quasi-static uniaxial tensile test. As shown in Fig. 1, the

Table 1 Material chemical composition

Element Ti Fe C N H O A1 V

% Rest 0.30 0.08 0.05 0.015 0.20 6.50 4.50
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experiment was carried out on the Instron-5969 universal ma-
terial testing machine (load 50 kN).

We have carried out tensile experiments on the three direc-
tions of RD (rolling direction), DD (diagonal direction), and TD

(transverse direction) of the material. According to the experi-
mental requirements, wemade tensile specimens. The size of the
tensile specimen is shown in Fig. 2. As shown in Fig. 3, tensile
specimens were sampled at 0°, 45°, and 90° in the rolling

Fig. 1 Instron-5969 universal
material testing machine

Fig. 2 The size of the tensile specimen

Fig. 3 Schematic diagram of
tensile specimen cutting method
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direction of the sheet. This experiment is carried out at room
temperature, and the stretching rate is 0.01 mm/s. This experi-
ment uses a contact extensometer to measure deformation.

2.3 Cycle loading-unloading-loading experiment

In order to determine the elastic modulus of Ti-6Al-4V
titanium alloy under different plastic strains, we carried
out cycle loading-unloading-loading experiments. The ex-
periment is also carried out on the Instron-5969 universal
material testing machine. The experimental conditions and
tensile specimen are the same as the uniaxial quasi-static
tensile experiment. The specific experimental steps of the
cycle loading-unloading-loading experiment are as fol-
lows. Firstly, stretch the specimen to the required initial
pre-strain, and then unload the stress to zero. The speci-
men was stretched to the second specific strain and re-
leased again when the loading-unloading cycle was ac-
complished. This cycle is continued until the maximum
preset strain value is achieved. The pre-strain is set to
0.8%, 1.0%, 1.5%, 2%, 2.5%, 3.3%, 4.1%, 5.1%, 6.1%,
7.1%, 8.1%, and 9.1%. We tested the patterns in the three
directions of RD, DD, and TD. (The elongation rate of
TD direction is low. In order to prevent the contact exten-
someter from being damaged, the pre-strain value of the
pattern in the TD direction is only set to 7.1%.)

The stress-strain curves in the three directions of RD, DD,
and TD measured by the cycle loading-unloading-loading ex-
periment are shown in Fig. 4.

2.4 Analysis of experimental results

The stress-strain curves of Ti-6Al-4V titanium alloy in RD,
DD, and TD directions are obtained by uniaxial quasi-static
tensile test, as shown in Fig. 5.

The elastic modulus, 0.2% offset yield strength, ulti-
mate tensile strength, total elongation, and plastic strain
ratio (r value) of Ti-6Al-4V titanium alloy of RD, DD,
and TD measured in uniaxial tensile test are shown in
Table 2.

The r-value is calculated according to the following
formula.

r ¼ εw
εt

¼
ln

ω

ω0

ln
t
t0

; ð1Þ

where εw and εt are the strain in the width direction and the
thickness direction respectively. ω0 and ω are the initial width
and final width, and t0 and t are the initial thickness and final
thickness of the specimen.

3 Definition of elastic modulus change

Generally, the value of elastic modulus is the slope of the
linear segment in the stress-strain curve. According to the
cycle load-unload-load experiment data in the previous
section, we can find that the reloaded loading curve has
hysteresis characteristics and is no longer linear. The cal-
culation method of elastic modulus can no longer use the
previous method. Therefore, some scholars have proposed
three calculations of elastic modulus: loaded modulus,
unloaded modulus, and chord modulus. The unloading
modulus is the slope of the connecting line in the first
half of the unloading curve. The loading modulus is the
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Fig. 4 Cycle loading-unloading-loading experiment stress-strain curves
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slope of the line connecting the first half of the secondary
loading curve. The chord modulus is the slope of the line
connecting the previous maximum strain point and the
next initial strain point, as shown in Fig. 6. This paper
selects the calculation method of chord modulus to calcu-
late the elastic modulus value in the load-unload-load
curve. The formula for calculating string modulus is as
follows.

Eu ¼ σ1−σ0ð Þ
ε1−ε0ð Þ ð2Þ

where σ1 and ε1 are the stress and strain values of the
previous maximum strain point and σ0 and ε0 are the stress
and strain values of the next initial strain point.

We need to use a mathematical model to represent the
changing law of elastic modulus. The mathematical model
of variable elastic modulus is as follows.

Eav ¼ E0− E0−Eað Þ 1−e −ξεp0ð Þh i
ð3Þ

where E0 is the initial elastic modulus; Eav is the average
elastic modulus during deformation; Ea is the material param-
eter; ξ is the material parameters that control the rate of de-
crease of elastic modulus.

Based on the above formula, we fit the experiment data.
The parameters E0, Ea, and ξ in each direction are shown in
Table 3.

Figure 7 shows the comparison between the experimen-
tal data points and the fitted curve. The elastic modulus in
the three directions of RD, DD, and TD showed a signifi-
cant downward trend with the increase of plastic strain. We
find that the elastic modulus decreases faster before 3.3%
plastic strain; after 3.3% plastic strain, the downward trend
gradually flattens out and finally becomes a constant value.
When the plastic strain is 8.3%, the elastic modulus of the
rolling direction decreases by 18.9%, the elastic modulus
of the diagonal direction decreased by 22.39%, and the
elastic modulus of the transverse direction decreased by
20%. It can be seen from the figure that the curve fitted
according to the mathematical model is very close to the
experimental data. It shows that the mathematical model of
variable elastic modulus can accurately describe the
change law of elastic modulus of Ti-6Al-4V titanium alloy.
The elastic modulus of Ti-6Al-4V titanium alloy changes
in the three directions the same. However, due to the cer-
tain anisotropy of the initial elastic modulus, the elastic
modulus of the RD is always greater than the elastic mod-
ulus in the other two directions during the entire deforma-
tion process. When plastic strain is large, the elastic mod-
ulus is 10 GPa larger than the other two directions.
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Fig. 5 Ti-6Al-4V titanium alloy stress-strain curves

Table 2 Material parameters of Ti-6Al-4V titanium alloy obtained from uniaxial tensile test

Direction Elastic modulus
E0/GPa

0.2% Offset yield strength
σs/MPa

Ultimate tensile strength
σU/MPa

Total elongation
/%

Plastic strain ratio

RD 120.4 1034 1161 12.3 2.49

DD 113.5 849 939 13.8 3.75

TD 110.0 930 1165 11.7 3.07

Fig. 6 Schematic diagram of chord modulus calculation method
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4 YLD200-2D yield criterion

Ti-6Al-4V titanium alloy exhibits strong anisotropy during
the forming process, and the isotropic yield criterion is not
applicable, so this paper will adopt the YLD2000-2D yield
criterion. The YLD2000-2D yield criterion is a plane yield
criterion based on plane stress. It uses two linear transfor-
mations on the Cauchy stress tensor to introduce the aniso-
tropic parameters of the material into the yield function.
The YLD2000-2D yield criterion can well describe the
yield behavior of Ti-6Al-4V titanium alloy, and it is also
very suitable for studying the V-shape bending springback
process of thin sheet.

The YLD2000-2D yield function expression is as follows.

ϕ ¼ ϕ
0 þ ϕ″ ¼ 2σ ð4Þ

where

ϕ
0 ¼ X

0
1−X

0
2

�� ��a; ð5Þ
ϕ″ ¼ 2X ″

2 þ X ″
1

�� ��a þ 2X ″
1 þ X ″

2

�� ��a ð6Þ

where X
0
1, X

0
2, X

″
1, X

″
2 are the stress principal value of X′

and X″.

X 1 ¼ 1

2
X xx þ X yy þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X xx þ X yy
� �2 þ 4X 2

xy

q� �
ð7Þ

X 2 ¼ 1

2
X xx þ X yy−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X xx þ X yy
� �2 þ 4X 2

xy

q� �
ð8Þ

The components of X′ and X″ can be obtained by the fol-
lowing two linear transformations.

X
0 ¼ C

0
s ¼ C

0
Tσ ¼ L

0
σ ð9Þ

X ″ ¼ C″s ¼ C″Tσ ¼ L″σ ð10Þ
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The function of transformation matrix T is to transform
Cauchy stress σ into the corresponding deviator stress tensor
s. The function of matricesC′ and C″ is to introduce anisotrop-
ic parameters.
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Fig. 7 Variable elastic modulus fitting curve for RD, DD, TD

Table 3 Variable elastic modulus mathematical model parameters

Direction E0/GPa Ea/GPa ξ

RD 120.4 91.18 87.93

DD 113.5 88.91 84.02

TD 110.0 89.14 102.26
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where α1 to α8 are eight anisotropic parameters. When the
value of 8 parameters is equal to 1, the yield criterion becomes
an isotropic yield criterion. These 8 parameters need to be
calculated from the 8 experimental data σ0, σ45, σ90, σb, r0,
r45, r90, rbmeasured by uniaxial tensile experiment and biaxial
tensile experiment, among them, two experimental data σb
and rb are given according to Reference 15. Please refer to
Reference [12] for the specific calculation method of 8 param-
eters. Table 4 shows the eight parameter values when a = 12.

5 Numerical simulation

In this paper, Abaqus finite element analysis software is used
to simulate the V-shaped bending of Ti-6Al-4V titanium alloy
sheet. The numerical simulation is divided into three groups,
corresponding to different bending angles of 60°, 75°, and
90°. The sizes of upper die, lower die, and bending stroke
are shown in Fig. 8. The numerical simulation is divided into
three analysis steps. The first step is that the indenter contacts
the upper layer of the sheet. The second step is to bend to the
specified angle. The third step is to lift the pressure head and
the sheet to rebound.

The three-dimensional model of finite element simulation
of Ti-6Al-4V titanium alloy sheet V-shaped bending is shown
in Fig. 9. Ti-6Al-4V titanium alloy sheet is 250 mm long,
80 mm wide, and 2 mm thick. Both the upper die and the
lower die are set as discrete rigid bodies. In order to reduce
the calculation time and increase the calculation efficiency, we
set the sheet as a deformable shell.

Abaqus software has a high degree of openness. When the
existing material model contained in the Abaqus material li-
brary cannot accurately represent the material behavior to be
simulated, it provides users with a convenient custom material
model subroutine interface, namely Umat subroutine interface.
In this paper, a constitutive model of Ti-6Al-4V titanium alloy
material is established based on the above YLD2000-2D yield
criterion and variable elastic modulus mathematical model and
embed the model into Abaqus software through the Umat sub-
program interface. In order to study the influence of the yield
criterion and the variable elastic modulus on the prediction of
the springback of Ti-6Al-4V, this paper conducts bending
springback simulations for three different constitutive models.

In order to accurately describe the hardening curve of Ti-
6Al-4V titanium alloy, this paper chooses the Voce model to
describe the change of its flow stress. We fitted the flow stress
of the rolling direction, and the fitting result is as follows.

Table 4 Anisotropic parameters
of YLD2000-2D YLD2000-

2D
α1 α2 α3 α4 α5 α6 α7 α8 a

0.9057 1.2511 0.9941 0.9906 0.9716 0.9674 1.057 1.0942 12

Fig. 8 Schematic diagram of mold size and bending stroke
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σs ¼ 1065þ 470:8 1−e−4:935ε
p� 	

ð18Þ

The material parameter settings of each constitutive model
in the numerical simulation are shown in Table 5.

In the numerical simulation of V-shaped bending of Ti-
6Al-4V titanium alloy sheet, the element type of the sheet is
selected as the S4R four-node shell element. We divide the
sheet into three areas and set different element sizes. The areas
with large deformation are more finely divided, and the areas
with small deformation are more rough. In this way, it

increases the accuracy of the calculation results without affect-
ing the calculation speed. The element division of the sheet is
shown in Fig. 10.

Figure 11 shows that the transverse elastic strain cloud
diagram of the sheet at a bending angle of 60° calculated
by “YLD2000-2D + variable elastic modulus” constitutive
model. SDV1 represents the elastic strain. It can be seen
that the Ti-6Al-4V titanium alloy sheet has obvious
springback after unloading. During the bending process,
the area of elastic deformation is mainly concentrated in
the middle area of the sheet, and the elastic strain is fully
restored after unloading.

6 Bending test and springback analysis

6.1 V-shaped bending test

In order to verify the accuracy of the numerical simulation
results, the V-shaped bending test of Ti-6Al-4V titanium alloy
sheet was carried out on a universal electronic testing ma-
chine. As shown in Fig. 12, firstly, we contact the upper die
with the sheet surface, then set the stroke down corresponding
to the bending angle in the operating system, and finally lift up
the upper die. The die size as shown in Fig. 8. The geometrical
parameters of Ti-6Al-4V titanium alloy sheet used in the ex-
periment are 250 mm*80 mm*2 mm.

Figure 13 shows that the final formed shape of the sheet of
three groups of V-shaped bending experiments. Figure 14
shows the change curve of springback angle with different
pre-bending angles. We find that when the pre-bending angle
increases, the springback angle decreases. The calculation for-
mula of springback angle is as follows:

Fig. 9 Finite element model

Table 5 Input parameters of three
constitutive models Material

parameters
Constitutive model

YLD2000-2D+ Variable elastic
modulus

YLD2000-2D+ Constant elastic
modulus

Isotropic

α1 0.9057 0.9057 —

α2 1.2511 1.2511 —

α3 0.9941 0.9941 —

α4 0.9906 0.9906 —

α5 0.9716 0.9716 —

α6 0.9674 0.9674 —

α7 1.057 1.057 —

α8 1.0942 1.0942 —

E0 120.4 120.4 120.4

Ea 91.18 — —

ξ 87.93 — —

ν 0.36 0.36 0.36
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Fig. 10 Element division method

Fig. 11 Numerical simulation of
transverse elastic strain cloud at a
bending angle of 60°

Fig. 12 V-shaped bending experiment process diagram
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θs ¼ 180−θb
2

−θe ð19Þ

where θs is the springback angle; θb is the pre-bending
angle. θe is the angle between the plate and the horizontal line
after springback.

6.2 Analysis of springback prediction accuracy

Through numerical simulation and bending experiment,
we obtained the springback situation of Ti-6Al-4V titani-
um alloy sheet under different bending angles and differ-
ent material constitutive models. The influence of differ-
ent material constitutive models on the prediction of V-
shaped bending springback of Ti-6Al-4V titanium alloy
sheet is shown in Fig. 15. The figure shows the influence
of different material constitutive models on the final
forming effect of sheet under three different pre-bending
angles of 60°, 75°, and 90°. When the pre-bending angles
are 60°, 75°, and 90°, the included angles between the

sheet and the horizontal plane after bending springback
are respectively 30.85°, 26.76°, and 21.81°. Under the
condition of the same pre-bending angle, the numerical
simulation results based on the isotropic constitutive
model have the biggest difference from the experimental
results, and the numerical simulation results based on
YlD2000-2D yield criterion and variable elastic modulus
material constitutive model are the closest to the experi-
mental results.

As shown in Fig. 16, it shows that the predicted springback
angle of different constitutive models at pre-bending angle of
60°, 75°, and 90°. The constitutivemodel based onYLD2000-
2D yield criterion and variable elastic modulus has higher
prediction accuracy than the other two constitutive models.
Under the case of 60° pre-bending angle, the prediction accu-
racy of springback is 12.3% higher than isotropic constitutive
model and 8.6% higher than constant elastic modulus consti-
tutive model. Under the case of 75° pre-bending angle, the
prediction accuracy of springback is 14.6% higher than iso-
tropic material constitutive model and 10.2% higher than con-
stant elastic modulus material constitutive model. Under the
case of 90° pre-bending angle, the prediction accuracy of
springback is 12.3% higher than isotropic material constitu-
tive model, and 8.8% higher than constant elastic modulus
material constitutive model. In conclusion, the material con-
stitutive model based on YLD2000-2D and variable elas-
tic modulus can significantly improve the springback pre-
diction accuracy of V-shaped bending of Ti-6Al-4V tita-
nium alloy sheets.

7 Conclusion

This article takes Ti-6Al-4V titanium alloy as the research
object. Based on the numerical simulation, the influence of
the yield criterion and the change of elastic modulus on the
prediction accuracy of the V-shaped bending springback of
Ti-6Al-4V titanium alloy sheet was studied, and the following
conclusions were drawn:

(1) According to the uniaxial quasi-static tensile test, we
found that the yield strength and elastic modulus of Ti-

Fig. 13 The final formed shape of
the sheet
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6Al-4V titanium alloy had obvious anisotropy in the
three directions of RD, DD, and TD. Among them. The
yield stress in the DD direction was the lowest, and the
yield stress in the RD direction was the highest. The
elastic modulus in the RD direction was the highest,
and the elastic modulus in the TD direction was the
lowest.

(2) Based on the cycle loading-unloading-loading experi-
ment, we found that the elastic modulus of Ti-6Al-4V
titanium alloy decreases with the increase of plastic strain
and finally becomes a fixed value. Based on the above
rules, a mathematical model of the variable elastic mod-
ulus of Ti-6Al-4V titanium alloy was established.

(3) Based on YLD2000-2D yield criterion and variable elas-
tic modulus mathematical model, a constitutive model
that can accurately reflect the anisotropy of Ti-6Al-4V
material and its variable elastic modulus characteristics
was established.

Fig. 15 Numerical simulation
and experimental results based on
different constitutive models. a
Pre-bending angle 90°. b Pre-
bending angle 75°. c Pre-bending
angle 60°
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Fig. 16 Differences in springback prediction of different constitutive
models at a pre-bending angle of 60°, 75°, and 90°
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(4) Comparing the numerical simulation results under three
different constitutive models and the V-bending
springback test results of Ti-6Al-4V titanium alloy sheet,
we concluded that the constitutive model based on
YLD2000-2D yield criterion and variable elastic modu-
lus significantly improved the springback prediction ac-
curacy of numerical simulation, which was 14.6% higher
than that of the isotropic constitutive model.
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