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a b s t r a c t

Springback is one of the most important problems that should be compensated in sheet metal forming
process with the increasing application of advanced high strength steels and light-weight alloys. In the
finite element analyses for the springback, accurate modeling of Bauschinger effect, transient behavior
and permanent softening under cyclic loading has been recognized as the most critical hardening
behavior in the constitutive modeling aspect. However, if parts of these hardening behavior are not well
modelled, is the accuracy of springback prediction seriously deteriorated? To answer this question, in this
paper the significance of Bauschinger effect and transient behavior, permanent softening and unloading
modulus in springback prediction were estimated using the springback problem of U-draw/bending
simulations proposed at Numisheet2011 Benchmark. A recent anisotropic non-linear kinematic (ANK)
model [Zang S, Guo C, Thuillier S, Lee M. A model of one-surface cyclic plasticity and its application to
springback prediction. Int J Mech Sci 2011;53:425–35.] was adopted to estimate the significance of
hardening behavior and unloading modulus because of its special feature. The ANK model can predict
exactly the same monotonous stress–strain curves for different hardening schemes, while different
Bauschinger effect and transient behavior under one-dimensional cyclic loading can be also modelled.
This feature is quite suitable to quantitatively evaluate the effects of the aforementioned hardening
behaviors in springback prediction. Initial anisotropy is described by the anisotropic yield function
Yld2000-2d. The unloading behavior is also considered by defining Young's modulus as a function of
equivalent plastic strain. Several quantitative analyses were carried out to distinguish the effect of each
hardening component and unloading elastic modulus scheme. Finally, the predicted springback by
different models were compared with experiments for both as-received and pre-strained DP780 steel
sheets.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, numerous works have been done to obtain reliable
simulation results in predicting springback of sheet metals [1–4].
Since the deformation of a sheet during forming is very complex,
the accuracy of simulation is greatly influenced by many impor-
tant factors. Constitutive model, which describes the mechanical
behavior of materials, has been considered as one of the most
important factors and paid more and more attentions during the
past decades [5–10].

Without doubt, the accuracy of springback prediction will be
enhanced when all kinds of the mechanical behavior could be
accurately described. But, if the constitutive model cannot capture

all of them at the same time, which component of the mechanical
behavior should be priorly modelled in springback prediction so
that the accuracy is not much deteriorated? This question is
reasonable because most of the recently proposed advanced
constitutive models might not predict actual mechanical behavior
observed in experiments due to the complexity of materials.
Moreover, most advanced constitutive models are not always
available in commercial finite element packages [11,12] which
are being widely used in engineering applications. Consequently,
the study on the significance of each mechanical behavior that can
be selectively reflected in the constitutive model is required.

In particular, the mechanical behavior of materials under cyclic
loading has gained more interests since the strain reversal is
common in sheet metal forming process. Fig. 1 shows a typical
flow stress curve of outer material (in the thickness direction)
when the sheet flows into die shoulder. The Bauschinger effect
and transient behavior are defined as an early re-yielding and
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subsequent rapid change of hardening rate at the beginning of
reversal loading, respectively [13–15]. The permanent softening is
either absent for some materials [16] or exists as a stress offset
between monotonous and reversed flow stresses [16–18]. As for
the unloading behavior, its non-linear nature has been well
recognized [15,19,20]. To capture it, an unloading modulus as a
function of plastic strain is usually adopted in springback predic-
tion [2,21].

As already known, the amount of springback depends on two
important aspects, i.e., the stress level in material before unloading
and unloading modulus [3,4]. If the stress state is not located in
the strain range of Bauschinger effect and transient behavior under
reverse loading, similar springback should be predicted. Although
many hardening models have been evaluated [2,9,18,22–25], the
above speculation is seldom mentioned and still unclear. The
reason is that it is challenging to maintain the overall mechanical
behavior, while the Bauschinger effect and transient behavior are
varied in numerical simulation. This is essential to perform an
efficient sensitivity analysis to evaluate the significance of several
important features in materials.

The main objective of this study is to quantitatively estimate
the significance of constitutive behavior. Among them, the
Bauschinger effect, transient behavior, permanent softening and
unloading modulus were chosen as main factors that influence in
the prediction of springback. For this purpose, recently proposed
isotropic-kinematic hardening model, namely ANK model, was
employed [25]. Here, the term ANK model refers to the combined
hardening model, which includes both the isotropic hardening law
and the kinematic hardening model. In Section 2, the ANK model
[25] is briefly reviewed and its special feature in modeling of
Bauschinger effect and transient behavior is explained. In Section
3, the 2D U-draw/bending springback problem presented in the
Numisheet2011 benchmark report [26] is summarized, which is
chosen as the example of springback analysis. Finally, in Section 4
a detailed analysis on the influences of hardening and unloading
behavior on the springback prediction is discussed.

2. Theory

2.1. Review on the ANK model

Since the present work utilizes the special feature of the ANK
model, a brief review on the ANK model is provided in this
subsection [25]. Regarding the special feature, it will be explained
in the following Section 2.2. For any combined isotropic-kinematic
hardening model, the consistency condition, which is addressed in
Chung's recent work [27], should be satisfied. It will be seen that
the present ANK model is the Ziegler type-based kinematic
hardening model, thus the consistency condition is confirmed.

For a combined isotropic-kinematic hardening model, the
equivalent stress is usually defined as

s ¼ f ðr�αÞ ð1Þ
where f is the yield function, r is the Cauchy stress tensor and α is
the backstress tensor, which defines the central position of the
current yield surface (initially, it is usually assumed to be zero). s
measures the size of the yield surface as a first order homogeneous
function.

According to the associated flow rule, plastic strain rate is

_εp ¼ _λ
∂f
∂r

ð2Þ

where _λ is the plastic multiplier.
The plastic work rate is defined as

_wp ¼ ðr�αÞ : _εp ¼ s _ɛ
p ð3Þ

where _ɛ
p is the equivalent plastic strain rate.

Using Euler's theorem for the homogeneous function f

ðr�αÞ : ∂f
∂r

¼ s ð4Þ

Substituting Eq. (2) into Eq. (3), and combining with Eq. (4), the
equivalent plastic strain rate can be written as

_ɛ
p ¼ _λ ð5Þ
With the assumption of small elastic and large plastic deforma-

tion, strain rate _ε can be decomposed into an elastic component _εe

and a plastic component _εp. For isotropic elasticity, the generalized
Hooke's law states that Cauchy stress tensor is proportional to
elastic strain tensor, i.e.,

_r ¼ Ce : _εe ¼ Ce : ð _ε� _εpÞ ð6Þ
where Ce is fourth-order elasticity tensor.

In the ANK model [25], a two-term kinematic hardening model
is used therefore the backstress α can be written as

α¼α1þα2 ð7Þ
where α1 is a non-linear Chaboche kinematic hardening model, α2

is a linear Ziegler model. Then, the evolution of backstresses can
be respectively defined as

_α1 ¼
C1

s
ðr�αÞ _ɛ p�γ1α1 _ɛ

p ð8aÞ

_α2 ¼
C2

s
ðr�αÞ _ɛ p ð8bÞ

where C1, γ1 and C2 are material hardening parameters.
Considering the yield criterion F, the plastic deformation can be

determined when F¼0, i.e.,

F ¼ f ðr�αÞ�s○ ¼ 0 ð9Þ
where s○ is the current flow stress. To generate a relative flat
stress–strain curve, a modified isotropic hardening model was

Fig. 1. A schematic unloading curve under reverse loading to illustrate the
Bauschinger effect, transient behavior, permanent softening and non-linear unload-
ing modulus.
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used for s○ in the ANK model [25]

s○ ¼ s○þRiso ¼ s○þQ ð1�e�bɛ p Þ� C1

γ1
ð1�e� γ1ɛ

p Þ ð10Þ

where s○ represents the initial yield stress, Riso is the isotropic harden-
ing, and ɛp is the equivalent plastic strain. C1 and γ1 are the same as
the parameters in Eq. (8a). Q and b are material hardening parameters.

During plastic deformation, the Cauchy stress should stay on
the yield surface all the time, which leads to the consistency
condition for the yield criterion F,

_F ¼ ∂f
∂r

: ð _r� _αÞ� ds○

dɛp
_ɛ
p ¼ 0 ð11Þ

Substituting Eqs. (2), (5), (6) and (8) into Eq. (11), after some
manipulations,

_λ ¼
∂f
∂r

: Ce : _ε

∂f
∂r

: Ce :
∂f
∂r

þAkinþAiso

ð12Þ

where Aiso is equal to ds○=dɛp, Akin is

Akin ¼
∂f
∂r

:
C1þC2

s
ðr�αÞ�γ1α1

� �
ð13Þ

The standard tangent modular can be obtained by substitution
of Eq. (12) back into Eq. (6):

_r ¼ Cep : _ε ð14Þ
where Cep is the standard tangent modular tensor, which can be
written as

Cep ¼ Ce�
Ce :

∂f
∂r

� �
� Ce :

∂f
∂r

� �

∂f
∂r

: Ce :
∂f
∂r

þAkinþAiso

ð15Þ

2.2. Special feature in modeling of Bauschinger effect and transient
behavior

In this subsection, the special feature of the ANK model [25] in
modeling of Bauschinger effect and transient behavior is
explained. Here, the special feature does not refer to the capability
of hardening model in capturing the Bauschinger effect, transient
behavior and permanent softening as the works [28–32]. The
special feature is that, during monotonic loading, the ANK model
produces exactly the same uni-axial plastic flow stress curve.
Under strain reversal, different Bauschinger effects and transient
behavior are simulated. It is important in the sensitivity analysis
because the variables should be kept except those which are
investigating. As already mentioned, the ANK model is a combined
isotropic-kinematic hardening model based on two components
nonlinear kinematic hardening scheme. For the kinematic hard-
ening model, the backstress is decomposed into two parts; i.e., a
linear Ziegler term [33] is used to capture the permanent softening
as explained in the literature [25] and a non-linear standard
Chaboche model [34] is employed to capture the Bauschinger
effect and transient behavior. Note that the Ziegler type linear
kinematic hardening model was originally introduced to account
for the Bauschinger effect but it was found to have permanent
softening as well [33]. So the non-linear Chaboche kinematic
hardening model was introduced to have the Bauschinger effect
and transient behavior only without permanent softening [34].
As for the isotropic hardening model, it involves five material
parameters, s○, Q, b, C1 and γ1, as shown in Eq. (10). Here, the last
two parameters, C1 and γ1, are same as those of backstress α1.
As already known, the integral equation of backstress α1 under
uni-axial tension is exactly identical to the last term of Eq. (10).

Therefore, the predicted flow stress under uni-axial tension is
irrelevant to the parameters C1 and γ1 since the flow stress is equal
to the sum of kinematic and isotropic hardening equations. The
following paragraphs conduct an analytical deduction on the ANK
model under uni-axial loading to better understand its predicted
forward and reverse flow stresses.

In uni-axial tension along rolling direction, the predicted
forward flow stress can be calculated from

sforward ¼ s○þRisoþαf
ANK ð16Þ

where αf
ANK stands for the backstress in forward uni-axial loading.

Although the backstress is tensor, there is only one non-zero
component for the ANK model in the case of uni-axial tension
along rolling direction.

Integrating Eq. (8), the backstress αf
ANK can be written as

αf
ANK ¼ C1

γ1
ð1�e� γ1ɛ

p ÞþC2ɛ
p ð17Þ

Substituting Eqs. (17) and (10) into Eq. (16), the flow stress of
uni-axial tension can be obtained

sforward ¼ s○þQ ð1�e�bɛ p ÞþC2ɛ
p ð18Þ

Since the non-linear kinematic hardening model α1 in the ANK
model [25] is used to capture the Bauschinger effect and transient
behavior, the above sforward indicates that the forward flow stress
in uni-axial tension is independent to the material parameters of
backstress α1. Supposing the equivalent plastic strain before strain
reversal is ɛpn , the predicted reverse flow stress sreverse can be
calculated from

sreverse ¼ �s○�Risoþαr
ANK with ɛp4ɛpn ð19Þ

where αr
ANK represents the backstress under reverse uni-axial

loading. Similarly, there is only one non-zero component for the
backstress in the case of uni-axial compression along rolling
direction. Considering the change of loading direction and the
continuity of backstress, αr

ANK can be integrated from Eqs. (8)

αr
ANK ¼ � C1

γ1
ð1�2e� γ1ðɛ p �ɛpnÞþe�γ1ɛ

p Þ�C2ðɛp�2ɛpnÞ with ɛp4ɛpn

ð20Þ
Substituting Eqs. (20) and (10) into Eq. (19), the predicted flow

stress during reverse loading can be obtained

sreverse ¼ �s○�Q ð1�e�bɛp Þ�C2ɛ
pþ 2C1

γ1
ðe� γ1ðɛ p �ɛpnÞ�e�γ1ɛ

p Þþ2C2ɛ
p
n

with ɛp4ɛpn ð21Þ
Comparing Eqs. (18) and (21), it can be seen that the absolute

value of the first three terms of Eq. (21) is equal to that of Eq. (18),
but opposite in sign. If we subtract the absolute value of Eq. (21)
from Eq. (18), the following relationship can be obtained:

Δs¼ jsforwardj�jsreversej ¼
2C1

γ1
ðe�γ1ðɛ p �ɛpnÞ�e� γ1ɛ

p Þþ2C2ɛ
p
n ð22Þ

where Δs is the gap between forward and reverse flow stresses,
which represents the Bauschinger effect, transient behavior and
permanent softening. The gap between the flow stress at the start
of unloading sf and the initial yield stress during reverse loading sr
is usually defined as the amount of the Bauschinger effect. Then
the predicted amount of the Bauschinger effect Δsbauschinger can be
defined by assuming ɛp ¼ ɛpn in Eq. (22).

Δsbauschinger ¼ sf �sr ¼
2C1

γ1
ð1�e�γ1ɛ

p
n Þþ2C2ɛ

p
n ð23Þ

It can be seen from Eq. (23) that the amount of the Bauschinger
effect depends on the plastic deformation before unloading, ɛpn,
and three material parameters, C1, γ1 and C2.
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3. U-draw/bending springback problem

In the present work, the 2D U-draw/bending test [26] was used
to quantitatively investigate the effect of Bauschinger effect and
transient behavior, permanent softening and unloading modulus
on springback prediction. Although the analysis of real parts
would be practical for industrial applications, it is difficult to
differentiate the error sources of the inaccuracy of springback
prediction with such complicated geometries. Thus it is better to
fix the other aspects of error sources such as anisotropy, contact,
element type, while focus on the influence of hardening behavior
on springback prediction. The following subsections summarize
the descriptions of U-draw/bending test, its finite element model
and the material parameters as well.

3.1. Description

The first version of U-draw/bending springback problem was
presented in Numisheet'93 benchmark. Since the material in
sidewall mainly experiences bending, unloading, reverse bending,
and unloading, this benchmark is very suitable to evaluate the
capability of hardening model in the modelling of the mechanical
behavior under reverse loading. So far, many hardening models
have been evaluated by means of numerical simulation [9,35] and
analytical method [36] using this U-draw/bending test. With the
increasing applications of advanced high strength steels (AHSSs) in
automotive industries, multi-step forming processes might be
required due to the poor ductility of AHSS [26]. Then it would be
important to understand how the pre-strain caused by current
forming influences on subsequent forming and final springback.
Therefore, the U-draw/bending test in Numisheet’93 benchmark
was recently updated with as-received and pre-strained sheets as
a Numisheet2011 benchmark problem [26].

The geometry and dimensions of the U-draw/bending test in
Numisheet2011 benchmark report [26] are illustrated in Fig. 2. The
material near the punch corner dominantly experiences bending
and unloading. In such a situation, the predicted springback θ1
(see Fig. 3) is mainly determined by the stress response under
monotonic loading and unloading modulus. It is not related to the
modeling of Bauschinger effect and transient behavior. As for the
materials in sidewall, they underwent one cyclic loading as already
mentioned. Then the predicted springback is not only determined
by the reverse unloading behavior but also significantly influenced
by the strain range before reverse unloading. This is because the
stress response under reverse loading at different strain ranges
might involve the contributions of Bauschinger effect, transient
behavior and/or permanent softening. Thus the springback para-
meters θ2 and ρ are defined to quantitatively evaluate the spring-
back behavior of the materials in sidewall (see Fig. 3).

For the material, a dual phase steel DP780 with 1.4 mm thick-
ness was considered. Two kinds of specimens are used for U-draw/
bending: one with as-received material (without pre-strain) and the

other with pre-stretching by 8% in engineering strain along rolling
direction. Rectangular shaped specimens are used for both cases.
Their dimensions are 360.0 mm in length and 30.0 mm in width.
For the pre-strain case, the specimens with the length of 360.0 mm
were griped to perform the uni-axial tensile tests along rolling
direction. The length of grip end is 25.0 mm for both sides. And
then, the specimen for subsequent U-draw/bending test was cut out
from the central portion of the pre-stretched specimen. Finally, the
length of the specimen was 324.0 mm after 8% pre-stretching and
subsequent trimming [26]. Blank holding force of 2.94 kN was
maintained by the blank holder (see Fig. 2) during the U-draw/
bending procedure. For lubrication, P-340N was applied on the tool
surfaces and the blank. The punch speed was 1.0 mm/s and the
stroke was 71.8 mm after initial contact between the punch and
the blank.

3.2. Finite element model

The finite element models for U-draw/bending test were
constructed in Abaqus version 6.10 [11]. Five analysis steps are
involved in the numerical simulations of the pre-strained U-draw/
bending test, which are (i) pre-stretching along rolling direction,
(ii) unloading, (iii) applying the blank holder force, (iv) U-draw/
bending procedure and (v) springback. The first two analysis steps
were first simulated in the implicit code Abaqus/Standard. Then,
the deformed state was imported into the explicit code Abaqus/
Explicit to form the U-shaped part, and finally the state after
forming was again imported into the implicit code Abaqus/
Standard to get the final unloading part. As for the pre-strain case,
the specimen with a length of 310.0 mm was stretched to the
engineering strain of 8% in the numerical simulation. It means that
the length of deformed specimen is 334.8 mm before unloading.
After unloading procedure, the specimen was used in the numer-
ical simulation of U-draw/bending springback problem. Compar-
ing with the length of experimental trimmed specimen
(324.0 mm), the impact resulted from the present simplicity was
believed to be slight. To accurately describe the anisotropic
behavior of metallic sheets, the non-quadratic anisotropic yield
function Yld2000-2d was chosen due to its good accuracy [6]. Also,
note that the resulting constitutive model can be associated with
any anisotropic yield function. For the hardening behavior, the
Bauschinger effect, transient behavior and permanent softening
were captured by the ANK model. The ANK model incorporating a

Punch
27 mm

Plane of symmetry

89 mm

Blank

Holder

89 mm

2 mm

Die R 7 mm

50 mm

R 5 mm

Fig. 2. A schematic view of tools and dimensions for U-draw/bending test.
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Fig. 3. Definition of the springback.
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changed unloading modulus as a function of plastic strain was
implemented into Abaqus package through the material user
subroutines UMAT (Abaqus/Standard) and VUMAT (Abaqus/Expli-
cit). Considering the symmetry of the model and boundary
condition, a quarter of the rectangular blank was simulated.
As shown in Fig. 4, a three dimensional finite element model
was used. The analytical rigid-body element was chosen for tools
(punch, die and blank holder). The reduced 4-node shell element
(S4R) was employed for the blank. A mesh size of 0.5 mm
�0.75 mm (length �width) and 9 Simpson integration points
through the thickness were chosen. The Coulomb friction coeffi-
cient between tools and the blank was 0.1, as recommended by the
Numisheet2011 benchmark report [26].

3.3. Material parameters

The material parameters of the current constitutive model can
be categorized into three aspects, coefficients of Yld2000-2d
anisotropic yield function, hardening parameters and the para-
meters related to the change of unloading modulus. Regarding the
coefficients of Yld2000-2d anisotropic yield function (see Appen-
dix A), they were provided in the benchmark report [26], as listed
in Table 1.

For the effect of pre-strain on unloading modulus, [15] and [37]
concluded that unloading modulus can be expressed as a scalar
function of equivalent plastic strain in view of the experimental
observations on stress vs. strain curves of uni-axial and bi-axial
cyclic loadings. To describe such a pre-strain dependency of
unloading modulus, a saturated type function of equivalent plastic
strain was proposed by [15], and have been widely used [20,21,38].
Usually, the unloading modulus is formulated as

E¼ E0�ðE0�EaÞ½1�eð�ξɛ p Þ� ð24Þ

where Ea and ξ are two material parameters, E0 is the initial elastic
modulus. In the benchmark report of Numisheet2011 [26], the
experimental unloading modulus with respect to the pre-strain
during the reverse loading state has been provided for DP780
steel. The initial value of Young's modulus of DP780 steel is
198.8 GPa. By fitting these experimental unloading modulus with
Eq. (24), Ea and ξ were determined to be 167.15 GPa and 99.55,
respectively. As shown in Fig. 5, the unloading modulus rapidly
decreases and saturates to Ea as the equivalent plastic strain
increases. Since the critical equivalent plastic strain is very small,
around 0.02, it can be inferred that the effect of pre-strain on
elastic modulus might be approximated as the saturated constant
value, Ea.

As for the hardening parameters, an inverse identification was
carried out using uni-axial tension, tension-compression-tension
(TCT) with an in-house Matlab toolbox SMAT. The true stress vs.
strain curves of uni-axial tension along three different loading
directions, i.e., 01, 451 and 901 from the rolling direction (RD), were
provided in the Numisheet2011 benchmark report [26]. In addi-
tion, the in-plane TCT tests were also performed for the measure-
ment of the true stress vs. strain curves under cyclic loading in the
benchmark. Five different pre-strains are available for the TCT
tests, which are approximately 2%, 4%, 6%, 8% and 10%. With these
experimental data, the hardening parameters in the ANK model,
s○, C1, γ1, C2, Q and b, are optimized at the same time. In the
Matlab toolbox SMAT, a cost function LðAÞ was defined in the least
square sense by Eq. (25) with an initial guess of hardening
parameters A0. The cost function is minimized with a Leven-
berg–Marquardt algorithm.

LðAÞ ¼ ∑
N

n ¼ 1
LnðAÞ ¼∑LT� S

n ðAÞþ∑
β
LTCT� S
n ðAÞ ð25Þ

where N is the number of tests in the database. Superscript ‘T-S’
stands for the stress level in uni-axial tension. ‘TCT-S’ stands for

Table 1
Coefficients of Yld2000-2d anisotropic yield function.

Material Parameters Values

DP780 α1 0.9276
α2 1.0243
α3 0.9622
α4 0.9980
α5 1.0043
α6 0.9165
α7 1.0043
α8 1.0324
m 6.0

 160
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Y
ou

ng
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 m
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)

Equivalent plastic strain

Exp.
Fitted

Fig. 5. Young's modulus vs. equivalent plastic strain in the uniaxial tension state.

Table 2
Material parameters of the hardening models for DP780.

Parameter Unit ANK model

s○ MPa 527.0
C1 MPa 10154.2
γ1 – 44.1
C2 MPa 124.2
Q MPa 402.0
b – 29.9

Fig. 4. Initial set-up of the U-draw/bending for finite element simulation.
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the stress level in tension-compression-tension. The sum β for
tension-compression-tension is performed over all pre-strains. For
each test, the gap between experiments and model is given by

LnðAÞ ¼ 1
Mn

∑
Mn

i ¼ 1
ðZðA; tiÞ�ZnðtiÞÞTDnðZðA; tiÞ�ZnðtiÞÞ ð26Þ

where Mn is the number of experimental points of the n-th test,
ZðA; tiÞ�ZnðtiÞ is the gap between experimental Zn and simulated
output variables Z at time ti, and Dn is a weighting matrix for the
n-th test. Finally, the optimized hardening parameters are shown
in Table 2. The predicted true stress response with these para-
meters are also plotted in Fig. 6.

Additionally, it is worth noting that a special isotropic hard-
ening law was adopted in Fig. 6(a), which can be written as

s○ ¼ s○þRiso ¼ s○þQ ð1�e�bɛ p ÞþC2ɛ
p ð27Þ

where the parameters s○, Q, b and C2 are the same as those of the
ANK model. Comparing Eqs. (18) and (27), it is obvious that the
predicted flow stresses will be absolutely the same as uni-axial
tension. As already mentioned, this is very important to quantita-
tively estimate the significance of the Bauschinger effect, transient
behavior and permanent softening in evaluating their influences
on springback simulation. The details will be further discussed in
Section 4.2.

4. Results and discussion

Since the present works focus on studying the influences of the
hardening and unloading behavior under strain reversal on spring-
back prediction, the effect of initial anisotropy should be excluded.
Samples used in the current U-draw/bending springback problem
are all aligned along the rolling direction, which is same as the
reference direction of flow stress in the constitutive model.
In addition, the strips are narrow that the deformation of materials
is almost uni-axial tension. Moreover, the anisotropy of DP780
steel is quite small [38]. Therefore, it can be inferred that the
influence of initial anisotropy on predicted springback in the
present work has been minimized. It also indicates that the
simulated springback from anisotropic yield function Yld2000-2d
and isotropic yield function von Mises would be almost same.

4.1. Sensitivity analysis for the effect of Bauschinger effect and
unloading modulus on springback

To investigate the effect of the Bauschinger effect and transient
behavior on springback, a sensitivity analysis was conducted here.
For efficient sensitivity analysis, the simulated flow stress during
forward tension, and permanent softening under reversed loading
should be exactly same when the material parameters related to
the Bauschinger effect and transient behavior are varied. For the
ANK model [25], material parameters C1 and γ1 are related to the
Bauschinger effect and transient behavior. Meanwhile, the hard-
ening parameters, s○, Q, b and C2, only influence the isotropic
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hardening and permanent softening as indicated by Eqs. (16) and
(22). Therefore, the variation of simulated Bauschinger effect and
transient behavior can be easily obtained by the parameters C1 or
γ1. In the present work, the hardening parameters listed in Table 2
are considered as the reference set.

Fig. 7 shows the effect of C1 and γ1 on the Bauschinger effect
and transient behavior for the uniaxial tension-compression-
tension. It is shown in Fig. 7(a) that the flow stress under strain
reversal increases as γ1 increases, but eventually saturates. This is
because γ1 only determines the hardening rate of the backstress in
the kinematic hardening model. Smaller γ1 needs more plastic
deformation to saturate toward C1=γ1. Similarly, the influence of
C1 on the simulated flow stress is also investigated as shown in
Fig. 7(b). The results show that the yield stress at reversed curves
decreases as C1 increases. However, the plastic deformation lead-
ing to the saturated reversed stress is not correlated to the
variation of parameters C1. Moreover, Eq. (22) states that either
smaller C1 or larger γ1 will lead to faster convergence of Δs to a
certain constant value. Consequently, the simulated flow stresses
under strain reversal will result in similar saturated values either
when γ1 is very large, or when C1 is very small.

Fig. 8 shows the influences of C1 and γ1 on predicted springback
parameters. For the effect of γ1, Fig. 8(a) shows that the variations
of springback increases as γ1 decreases. But the variations on
predicted springback tend to decreases as γ1 increases. This is
because the stress vs. strain curves are not much different when γ1
is large enough as shown in Fig. 7(a). Fig. 8(b) shows that almost

linear relationship is resulted in between C1 and variations of
springback. Comparing with the effect of γ1, C1 has less effect on
the amount of predicted springback. For both parameters C1 and
γ1, the variations of sidewall curl (ρ) are noticeable. It means that
the hardening behavior under strain reversal has more significant
influence on the springback since the material at sidewall mainly
experiences loading–unloading–reverse loading. However, the
hardening behavior under reverse loading involves the Bauschin-
ger effect, transient behavior and permanent softening as
illustrated in Fig. 1. It seems difficult to conclude which behavior
plays more important role by only considering the effects of γ1 and
C1. Therefore, a quantitative comparison will be further discussed
in the next Section 4.2.

Additionally, the effect of apparent elastic modulus at
unloading was also investigated by conducting the simulations
with constant initial modulus E0 and saturated modulus Ea after
prestrain. Here, Ea values are used as fractions of the initial
Young's modulus; i.e., 100%, 90%, 80%, 70%, 60% and 50% of E0 are
chosen. Fig. 9 shows the influences of unloading modulus on the
simulated springback. The ANK model was used for pre-strained
blank. It is found that the springback gradually increases as the
saturated unloading modulus decreases. Although there is a
rapid decrease at the beginning of the variable modulus as
shown in Fig. 5, the unloading modulus almost saturates to the
reference set Ea for the case of pre-strained blank. Therefore,
this rapid decrease of unloading modulus has no influence on
predicted springback.

Fig. 8. Sensitivity analysis of the Bauschinger effect and transient behavior on
predicted springback parameters. (a) Impact of γ1 on predicted springback para-
meters, C1 is fixed and (b) Impact of C1=γ1 on predicted springback parameters, γ1
is fixed.
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From Fig. 9, it is found that the sheet with pre-strain seems to
represent larger springback than the case without pre-strain when
the saturated unloading modulus Ea decreases. In addition, the
springback parameters are normalized relative to the case of
Ea ¼ E0, as shown in Fig. 10. The results show that the influence
of unloading modulus on predicted springback is almost linear.
With the decrease of unloading modulus, the variations of pre-
dicted springback tend to be large. It is easy to understand that a
larger springback will be predicted by a smaller unloading mod-
ulus since the springback recovery is inversely proportional to
unloading modulus.

4.2. Estimating the significance of each hardening behavior and
unloading modulus

In the previous subsection, the sensitivity analysis implies that
both hardening behavior under reverse loading and unloading
modulus have significant effects on springback prediction. In this
subsection, the contributions of the Bauschinger effect and tran-
sient behavior, permanent softening, and unloading modulus to
the final predicted springback will be estimated using the special
feature of the ANK model [25]. In other words, individual con-
tribution from each hardening behavior will be estimated.

As already known, the magnitude of springback is proportional
to the stress level before unloading and inversely proportional to
unloading modulus. To quantitatively estimate the influences of
Bauschinger effect and transient behavior, permanent softening
and changes of unloading modulus, the variable U is introduced to

represent the amount of U-draw/bending springback, which is one
of the parameters θ1, θ2 and ρ.

Without loss of generality, the classical isotropic hardening
(namely IH) and the ANK models with/without Bauschinger effect
and transient behavior (namely ANK/ANK-WOB) are respectively
considered for hardening models. Here, the ANK model without
the Bauschinger effect and transient behavior (ANK-WOB) plays an
important role for this estimation. The ANK-WOB model means
that the Bauschinger effect and transient behavior described by Eq.
(8a) are neglected. It is achieved by modifying the parameter γ1 to
a very large value (5000 was used in this study) in the ANK model
[25]. As already explained, a large γ1 will lead the backstress
rapidly saturate to the constant value. Then, the effect of Bauschin-
ger effect and transient behavior during strain reversal will be
minimized. Fig. 11 shows that isotropic hardening model always
overestimates the flow stress by the ANK-WOB model by a
constant offset stress. It is also shown that the stress simulated
by the ANK model under strain reversal saturates to that of the
ANK-WOB model after a large plastic deformation. Moreover, the
change of unloading modulus is considered as well, E(ep) denotes
the unloading modulus as a function of plastic deformation, while
E is an initial Young's modulus.

For conveniences, the following definitions are introduced
here,

δH1 ¼UANK�WOB�E�UANK�E ð28aÞ

δH2 ¼UIH�E�UANK�WOB�E ð28bÞ

δE1 ¼ UIH�EðepÞ �UIH�E ð28cÞ

δE2 ¼ UANK�WOB�EðepÞ �UANK�WOB�E ð28dÞ

δE3 ¼ UANK�EðepÞ �UANK�E ð28eÞ

Since the difference between the ANK-WOB and ANK models is the
existence of the Bauschinger effect and transient behavior in the
predicted stress–strain curves, the gap δH1 can be used to
represent the effect of the Bauschinger effect and transient
behavior on predicted springback. Similarly, δH2 stands for the
influence of permanent softening on springback prediction.
Regarding the effect of unloading modulus, it can be respectively
described by the parameters δE1, δE2 and δE3.

Since the ANK model is able to describe the realistic stress–
strain curves of sheet metals, we assumed that the ANK model
with an unloading modulus as a function of plastic deformation
has the highest accuracy in springback prediction. Then, the
simulated springback from the other models can be rewritten as

UIH�E ¼UANK�EðepÞ �δE3þδH2þδH1 ð29aÞ

Fig. 11. Predicted stress–strain curves with different hardening models.

Fig. 12. A schematic illustration of the influences of hardening and unloading
behavior on simulated springback.

Fig. 10. Sensitivity analysis of the Young's modulus on predicted springback
parameters.
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UIH�EðepÞ ¼UANK�EðepÞ �δE3þδH2þδH1þδE1 ð29bÞ

UANK�WOB�E ¼ UANK�EðepÞ �δE3þδH1 ð29cÞ

UANK�WOB�EðepÞ ¼ UANK�EðepÞ �δE3þδH1þδE2 ð29dÞ

UANK�E ¼ UANK�EðepÞ �δE3 ð29dÞ

The qualitative comparisons for the predicted springback in
Eqs. (29) are illustrated in Fig. 12. It can be inferred that the
springback predicted from the ANK model with changed unload-
ing modulus, i.e., UANK�EðepÞ, locates between the amount of
springback UANK�E and UANK�EþδE2 all the time. This is due to
the fact that the magnitude of δE3 is less than those of δE1 and δE2
all the time. However, for the predicted springback UIH�E and
UANK�WOB�E , their relative relationships to UANK�EðepÞ are unknown
because the relative relation between δE3 and δH1/δH2 depends
on the material itself. Therefore, there is a possibility that the
springback predicted by the isotropic hardening with initial
Young's modulus is close to the real springback. This can be
explained easily if we assume that UANK�EðepÞ is real solution which
is exactly the same as the experiment. Then, isotropic hardening
assumption always overestimates the springback, which makes
the predicted springback away from experiment. But, initial elastic
modulus assumption decreases the springback, which leads to the
prediction closer to experiment. Overall, the isotropic hardening
with initial elastic modulus sometimes results in good match with
experiment. However, it is worth noting that this possibility does

not indicate that the advanced constitutive models are not
necessary in sheet springback prediction.

Fig. 13 shows the experimental and predicted springback
profiles after U-draw/bending for different models. It is found that
the ANK model [25] with a changed unloading modulus represents
the best agreement with experiments. The hardening models with
changed unloading modulus always predict larger springback
compared with those with an initial unloading modulus. In the
case of constant initial unloading modulus, isotropic hardening
predicts slight larger springback than that of the ANK-WOB model.
Since the permanent softening for the DP780 steel is not sig-
nificant (see Fig. 11), this small difference between the springback
amount predicted by isotropic hardening and the ANK-WOB
model is reasonable. A large gap is observed for the springback
predicted by the ANK model (ANK-E(ep)) and isotropic hardening
(IH-E(ep)). It indicates that the Bauschinger effect and transient
behavior might play an important role in the springback predic-
tion. It is worth noting that the springback predicted by isotropic
hardening model with a constant initial unloading modulus is very
close to the experimental results for the pre-strained blank. On the
other hand, there is an obvious difference in sidewall profile
prediction in case of blank without pre-strain. As already men-
tioned, there is a possibility for the isotropic hardening model
with a constant initial unloading modulus to predict the spring-
back close to the actual amount. But it should be emphasized that
the error considerably depends on the material and its deforma-
tion history. Logically, there is no consistent springback
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predictions for isotropic hardening model with a constant initial
unloading modulus.

To quantitatively compare the contributions of the Bauschinger
effect and transient behavior, permanent softening and unloading
modulus to the predicted springback, δE1, δE2, δH1 and δH2 are
respectively calculated for the springback parameters θ1, θ2 and ρ
(see Fig. 14). For the DP780 steel, it can be seen that the variation
of predicted springback resulted from the decrease of unloading
modulus is much larger than those from the Bauschinger effect
and permanent softening; i.e., δE1 or δE3 is larger than the sum of
δH1 and δH2. This is because the flow stress of DP780 steel is
higher and it is known that the unloading modulus seems more
important for such high strength steels [20]. Since the permanent
softening is small for DP780 steel as shown in Fig. 11, the influence
of Bauschinger effect and transient behavior on predicted spring-
back is more serious than that of permanent softening for sidewall
prediction (ρ). Moreover, it is found that the Bauschinger effect
and transient behavior seem to be important for the springback
parameter θ1 in the case with pre-strain. In such a case, the
material near the punch corner, which corresponds to the springback
parameter θ1, experience continuous tension (bottom surface) and
pre-strained tension-compression (top surface). Since there is a
strain path change for the material at the top surface of blank, the
Bauschinger effect, transient behavior and permanent softening
should have significant effect on the predicted springback.

Although the Bauschinger effect, transient behavior, permanent
softening and unloading modulus for different kinds of material
are not exact same, we still can get some general descriptions on
the same kind of material. For instance, the change of unloading
modulus for dual phase steels is similar, and the permanent
softening is usually slight [16,20]. Therefore, for the same kind of
material, if we adopted the present method to estimate the
significance of each hardening behavior and unloading modulus,
the derived conclusions are meaningful in some senses.

5. Conclusion

In the present work, the influences of the Bauschinger effect
and transient behavior, permanent softening and unloading beha-
vior of metallic sheets on springback prediction were quantita-
tively estimated using the special feature of the ANK model. Three
different hardening schemes were considered by properly select-
ing material parameters of the ANK model: isotropic hardening
(IH); isotropic-kinematic hardening with Bauschinger effect and
transient behavior, and permanent softening (ANK model);
isotropic-kinematic hardening with only permanent softening
(ANK-WOB model). During monotonic loading, all these models
produce exactly the same uni-axial plastic flow stress curves.
Under strain reversal, ANK-WOB model only considers permanent
softening, while ANK model takes into account the Bauschinger
effect and transient behavior, as well as permanent softening.
Moreover, the degradation of elastic modulus after plastic pre-
strain was also considered for each hardening model. The spring-
back problem of U-draw/bending of as-received and pre-strained
DP780 steel was predicted by these three hardening models with/
without the change of unloading modulus. For DP780 steel
considered in this study, the results showed that the unloading
modulus is more important than the Bauschinger effect and
transient behavior, and permanent softening in springback pre-
diction. Meanwhile, the Bauschinger effect and transient behavior
are highly influential for springback prediction comparing with
permanent softening. In addition, the relative relationships among
the springback predicted by different hardening models with/
without the change of unloading modulus are qualitatively com-
pared. Through the detailed parametric study for the effect of

hardening and elastic unloading behavior, the conventionally
adopted isotropic hardening scheme with constant initial elastic
modulus might be able to predict the springback within reason-
able accuracy, but the analysis showed that this does not justify
the appropriateness of the model.
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Appendix A. Anisotropic yield function Yld2000-2d

The non-quadratic anisotropic yield function Yld2000-2d is a
linear transformation of two convex functions ϕ′ and ϕ″ [6]. It is
defined by an equivalent stress s:

ϕðsÞ ¼ s ¼ 1
2
ðϕ′þϕ″Þ

� �1
m

ðA:1Þ

where

ϕ′¼ jS′1�S′2jm; ϕ″¼ j2S″2þS″1jmþj2S″1þS″2jm ðA:2Þ
with m¼6 and m¼8 for BCC and FCC materials, respectively. S′1;2
and S″1;2 are the principal values of the linear transformations on
the stress deviator ~s′ and ~s″ which are defined as

~s ′11
~s ′22
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and

~s″11
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~s″12
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3
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3
75 ðA:4Þ

where C′ and C″ are linear transformation matrices. s11, s22 and s12
are the components of the deviatoric stress tensor s.

Using

T ¼
2=3 �1=3 0
�1=3 2=3 0
0 0 1

2
64

3
75 ðA:5Þ

the transformation can be applied on the Cauchy stress tensor
rT ¼ ðs11; s22; s12Þ as
~s′¼ C′ � s¼ C′ � Tr¼ L′ � r ðA:6Þ
and

~s″¼ C″ � s¼ C″ � Tr¼ L″ � r ðA:7Þ
The tensors L′ and L″ representing linear transformation of the

stress tensor are

L′11
L′12
L′21
L′22
L′66

2
66666664

3
77777775
¼

2=3 0 0
�1=3 0 0
0 �1=3 0
0 2=3 0
0 0 1

2
6666664
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α1

α2

α7
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75 ðA:8Þ
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and

L″11
L″12
L″21
L″22
L″66

2
66666664

3
77777775
¼ 1

9

�2 2 8 �2 0
1 �4 �4 4 0
4 �4 �4 1 0
�2 8 2 �2 0
0 0 0 0 9

2
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7777775

α3
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α8

2
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ðA:9Þ

where all the independent coefficients αk (for k : 1�8) reduce to
1 in isotropic case. For the calibration of material coefficients αk,
only seven coefficients are required to account for seven input
data, namely s0, s45, s90, r0, r45, r90, the uni-axial yield stresses and
r-values measured at 01, 451, 901 to RD, and sb the balanced
bi-axial yield stress. The eighth input data can be the ratio
rb ¼ _ɛp22=_ɛ

p
11, which characterizes the slope of the yield surface in

balanced bi-axial tension.
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