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Abstract: In this paper, the uniaxial loading–unloading–reloading (LUR) tensile test was conducted to
determine the elastic modulus depending on the plastic pre-strain. To obtain the material parameters
and parameter of Yoshida-Uemori’s kinematic hardening models, tension–compression experiments
were carried out. The experimental results of the cyclic loading tests together with the numerically
predicted response of the plastic behavior were utilized to determine the parameters using the Ls-opt
optimization tool. The springback phenomenon is a critical issue in industrial sheet metal forming
processes, which could affect the quality of the product. Therefore, it is necessary to represent a
method to predict the springback. To achieve this aim, the calibrated plasticity models based on
appropriate tests (cyclic loading) were implemented in commercial finite element (FE) code Ls-dyna
to predict the springback in the roll forming process. Moreover, appropriate experimental tests were
performed to validate the numerical results, which were obtained by the proposed model. The results
showed that the hardening models and the variation of elastic modulus have significant impact
on springback accuracy. The Yoshida-Uemori’s hardening represents more accurate prediction of
the springback during the roll forming process when compared to isotropic hardening. Using the
chord modulus to determine the reduction in elastic modulus gave more accurate results to predict
springback when compared with the unloading and loading modulus to both hardening models.
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1. Introduction

A phenomenological plasticity model is made up of several ingredients such as a hardening law.
The variation of elastic modulus has an important effect on springback prediction accuracy.

Sheet metal forming processes like roll forming, bending, stretching, deep drawing [1] and
stamping are widely used in the production processes, especially in the automobile industries [2].
The management of sheet properties can also be successfully implemented by creating a special internal
architecture, for example, by differential heat treatment [3].

Getting a product without causing defects that may happen during or after the process such as
wrinkling, surface distortion, and springback is considered to be an essential problem in sheet metal
forming processes. Springback phenomenon is one of the most complex and difficult issues in the
industry [4].

Springback is an unwanted deformation that results from the interaction between elastic and
plastic regions in the sheets after the forming process. As the sheet metal’s strength and formability
increase, serious defects including springback and side-wall curl will also take place.
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These distortions can have a destructive effect on the final shape of the products, which make it
difficult to fulfill their desired dimensional precision.

Subsequently, due to the absence of dimensional accuracy, the resulting product struggles
to assemble with the part in a sub-assembly way or can diminish the function of the
downstream operations.

The springback phenomenon in sheet metal forming processes has been investigated by several
researchers. Additionally, the springback effect has been excessively described using the finite element
(FE) simulation.

Distinct methods have been used to estimate the constant elastic modulus in the course of
deformation in order to predict the springback. However, researchers have recently showed that the
elastic modulus variation should also be taken into consideration for precise prediction of springback.

Several researchers have reported that the estimated springback is extremely affected by the
variation of the elastic modulus, which in turn relies on plastic strain, and nearly all metals are of
inflexible retrieval behavior after plastic distortion [5].

As mentioned by Yang et al. [6], both macroscopic and microscopic quantifications have been
used to examine the effectiveness of plastic distortion on the elastic modulus. It has been deduced
that the movement of the mobile and pile-up dislocations is the primary reason for the reduction of
elastic modulus.

Yoshida et al. [7] concluded that elastic modulus was not stable in the unloading phases,
and suggested an exponential formula to evaluate the elastic modulus with reference to plastic strain.
Therefore, referring to Yoshida-Uemori’s formula, further precise results have been detected in the
residual curvatures of side-wall in the U-bending test.

Previous studies did not examine the effect of the variation of elastic modulus on productive
processes, but focused on the reasons for this change and confirmed it.

Yang et al. [8] proposed an analytical model to estimate springback in the air-bending of advanced
high strength steel (AHSS). The precision of springback prediction increases when the mechanical
behavior is fully defined. Therefore, the quantity of springback is firmly related to two essential
factors, namely, the stresses formed in the material before the unloading and unloading modulus and
compared to the analytical method, the finite element (FE) simulations with the highest amount of
unloading modulus exhibited more consistency with the preformed experiments in comparison to the
estimations with the lowest amount of unloading modulus. Nevertheless, this analytical model used
only the unloading modulus; this limits the conclusiveness of the work.

Yu Hy et al. [9] proposed an empirical formula to describe the relation of elastic modulus with
plastic strain. They observed that the springback simulation with varied elastic modulus showed
higher accuracy for a U-channel bending process in comparison to the stable elastic modulus. They
concluded that inelastic recovery should be taken into consideration in order to enhance the accuracy
of springback simulation. They focused on the effect of the variation of elastic modulus and did not
study the effect of hardening models.

The variation of elastic modulus with the increase of plastic strain was first investigated by
Lems [10]. They reported that point defects and dislocations were the major reasons for this alteration.
In addition, it was demonstrated that the elastic modulus saturation with two models was promptly
dependent on the representation of the dislocation by an elastic string, which in turn depends on the
kink movement.

A new hypoelastic model was proposed to describe this complex nonlinear behavior by Ghaei [11].
The model can be easily utilized in any plasticity constitutive law. The constitutive law was implemented
into the ABAQUS commercial package via a user material subroutine UMAT. A comparison between
the experimental response and its simulated response showed that the model was able to describe
the material response fairly well. Furthermore, for an accurate springback prediction in sheet metal
forming, it is very important to thoroughly understand the hardening models that describe proper
material behavior.
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Kim and Kimchi [12] studied the pre-strain effect on springback of a dual phase steel for an S-rail
stamping test. The springback magnitude has been shown to be considerably affected by the distortion
histories of steel parts. Furthermore, Yoshida-Uemori’s hardening model exhibited better correlations
with springback measurements in S-rail stamping when compared to the isotropic hardening models
regardless of the elastic modulus models.

Abvabi et al. [13] investigated the reduction of the elastic modulus of high strength steel alloys
(HSS) after plastic distortion. The results showed that the reduction of elastic modulus with pre-strain
significantly influences springback in the roll forming of HSS alloys compared to when a softer steel
is formed.

Eggertsen and Mattiasson [14] reported that the estimated springback is highly influenced by the
variation of elastic modulus as a result of plastic straining. They also found that the hardening law
option slightly affects the springback estimation in comparison to the impact of the elastic modulus
variation. They used the variation of elastic modulus with the pre-strain elastic modulus, namely
“unloading modulus”, but they did not examine chord and loading modulu.

The FE code JSTAMP/Ls-dyna was used for implementing the established process simulation and
springback prediction that takes place in an automobile body panel by Hu et al. [15]. In this situation,
the Yoshida-Uemori’s model was chosen to identify the anisotropic material behavior of sheet metal in
the course of deformation. As a consequence, it was deduced that the Y-U material model could be
proposed for predicting the springback of high strength steels.

Ulhassan et al. [16] studied the impact of the Young’s modulus variation in deep drawing and
springback simulations and examined blank holder’s variance in the course of deep drawing for
the springback reduction of the steel (DC04, DP600, and DP1000). It was shown that all materials
displayed a considerable decrease in the elastic modulus prior to the achievement of the saturation
value. Therefore, the fluctuation in the amount of elastic modulus should be taken into consideration
in order to enhance the accuracy of springback estimation in deep drawing.

Springback behavior of sheet materials has been studied for many years. This issue became more
important in materials with high yield stress. With ever continuing advancements in the material
technology and development of new materials, the need for accurate springback prediction has also
become more profound. As mentioned in the above, many researchers have studied the effect of the
variation of elastic modulus on springback in sheet metal forming processes like bending and stamping,
but they did not provide any suggestion for the change of elastic modulus that should be considered
(chord–loading–unloading elastic modulus).

Therefore, this work is the first study to investigate the effect of hardening models with a change in
elastic modulus (IH and Y-U hardening models with chord–loading–unloading elastic modulus for both
of them) on springback in roll forming. Our findings confirmed that using Y-U with the chord elastic
modulus gives a more accurate prediction of springback during the roll forming process compared to
other results. Hence, the use of chord elastic modulus in simulations to improve springback prediction
accuracy is recommended, regardless of the hardening models.

This work is a new study to investigate the effect of both the variation of elastic modulus with
pre-strain using the loading, unloading, and chord modulus approaches to determine the change in
elastic modulus and the hardening law on springback in roll forming to develop the finite element
(FE) simulation and control the springback to an acceptable level. In this study, st-37 steel sheets with
the thickness of 2 mm were used. The uniaxial tensile test and tension–compression experiments
were employed to determine the material parameters. Finally, the numerically predicted value of the
springback was validated by the roll forming experiments.

2. Defining the Elastic Modulus Change

The uniaxial loading–unloading–reloading (LUR) tensile test was performed at room temperature
to determine the elastic modulus that depends on the plastic pre-strain. An Intsron tensile test machine
was utilized in all experiments (INSTRON, Shanghai, China). This machine has a load capacity of
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100 kN. Tensile test samples were prepared according to the ASTM E8 standard. The functional
equipment of the tension tests is shown in Figure 1. The experiment was repeated with two specimens.Metals 2019, 9, 1005 4 of 13 
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Figure 1. Uniaxial tensile test.

First, a precursory monotonic uniaxial tensile experiment was performed to confirm the degree of
elongation uniformity. Then, the sample was loaded up to the required strain, which was accompanied
by unloading to zero stress. The specimen was loaded to a specific strain and released again when the
loading–unloading cycle was accomplished. The pre-strain levels were set at the following percentages:
0.5%, 0.8%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, and 10%. The true stress–strain curves resulting from
the experimental cyclic (LUR) tensile tests are represented in Figure 2.
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Overall, there was a negative correlation between the elastic modulus of the steel sheets and the
effective strain such that as the effective strain rises, the elastic modulus of the steel sheets diminishes.
The elastic modulus was calculated for various pre-strain levels using three methods: the loading,
unloading, and chord modulus. These methods were used to calculate the elastic modulus of distinct
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pre-strain levels. In order to prevent the influence of nonlinear effects, the elastic modulus was
calculated from 40 MPa. To examine the loading and unloading modulus, part of the flow stress was
specified as the boundaries. However, the chord modulus was counted from (ε1, σ1) to (ε2, σ2) and
considered as the slope of the entire unloading–loading slope (Figure 3).Metals 2019, 9, 1005 5 of 13 
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Figure 3. Definition of the elastic modulus.

A mathematical model is required to implement the elastic modulus variation with respect to
plastic strain in FEA simulations. The suggested mathematical variation in the Young’s modulus is
represented by the following equation:

Eav = E0 − (E0 − Ea)
[
1− e(−ξε

p
0)
]

(1)

where E0 represents the initial Young’s modulus; Eav is the average elastic modulus during the forming
process; Ea describes the Young’s modulus value at an endlessly large plastic strains; and ξ is defined
as a material parameter that controls the rate of the Young’s modulus reduction. The Young’s modulus
degradation for FE simulations is defined by the previously mentioned mathematical model and the
three introduced parameters fended by the curve fitting approach as represented in Figure 4. According
to the fitted curve, the loading, unloading, and chord modulus changes of the Yoshida parameters are
specified in Table 1 and incorporated into the finite element analysis (FEA).
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Table 1. Yoshida equation’s parameters for st-37.

- Chord Unloading Loading

E0 (GPa) 202 202 202

Ea (GPa) 149 135.5 143

ζ 68.39 42.59 32.25

3. Uniaxial Tensile

Tensile test samples were prepared based on the ASTM E-8 stander to consider the anisotropic
plastic behavior of the material. Uniaxial tensile tests were carried out on various samples along
different directions (0◦, 45◦, and 90◦ degree with respect to rolling directions). An electrical discharge
machine (EDM) was used to construct an ASTM E-8 with defined dimension specimens. The anisotropy
coefficient or Lankford parameter (r) is defined by the strains in the width and thickness directions.
The Lankford parameter r is defined as follows:

r =
εw

εt
=

ln w
w0

ln t
t0

(2)

where εw and εt are the strains in the width and thickness directions, respectively; w0 and w are the
initial and final widths and t0 and t are the initial and final thickness of the specimen, respectively.
The mechanical properties together with the Lankford parameter are shown in Table 2.

Table 2. Uniaxial tensile properties of st-37.

Direction Young’s Modulus (GPa) r-Lankford Parameter

Rolling direction (0◦) 201.9 0.893

Diagonal direction (45◦) 204 0.822

Transverse direction (90◦) 204 0.797

4. Yoshida-Uemori Model and Cyclic Tension–Compression Test

The Yoshida-Uemori model [6] is one of the most sophisticated models that can reproduce transient
Bauschinger effects, permanent softening, and work hardening stagnation during large elasto-plastic
deformation. This model uses two surfaces to describe the hardening rule: the yield surface f and the
bounding surface F. In the forming process, the yield surface does not change in size, but its center
translates with deformation; the bounding surface changes in both size and location.

The surfaces of the Yoshida-Uemori model are shown in Figure 5. The yield surface is defined
as follows:

f = σ(σ−α) −Y = 0 (3)

where Y is the size of initial yield surface; σ is the equivalent plastic stress; and σ and α are the Cauchy
stress deviator and the backstress deviator, respectively. The bounding surface is defined by the
following equation:

F = σ− (σ−β) − (B + R) = 0 (4)

The center of the bounding surface is indicated by β; B is the size of the initial bounding surface;
and R is the parameter indicating the isotropic hardening rate. The relative kinematic motion of the
yield surface on the bounding surface α∗ is defined in the following equations:

α = α∗ + β (5)
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α∗ = C
[

a
Y (σ−α) −

√ a
α∗α

] .
ε

p
= 0

a = R + B−Y
(6)

where C is a material parameter that determines the kinematic hardening rate and
.
ε

p is the effective
plastic strain rate. Isotropic hardening at the bounding surface is defined in the following equation:

.
R = m + (Rsat−R)

.
ε

p (7)
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β = m(
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ε
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where m is a material parameter that determines the isotropic hardening rate; Rsat is the
saturated isotropic hardening stress; and the material parameter b determines the movement of
the bounding surface.

Various experimental and theoretical processes were used to acquire the materials’ cyclic loading
behavior. In the present work, tension–compression experiments were carried out on a specimen with
a 50 mm gauge length to obtain the st-37 hardening behavior and the Yoshida-Uemori’s parameter of
the kinematic hardening models.

Particular loading equipment was utilized to avoid deformation of the sheet specimen during its
subjection to a tension–compression cyclic load. A specific device was used to clamp the specimen.
This device consists of two parallel plates that are attached through coil-springs as represented in
Figure 6.

In this study, the optimization code Ls-opt was utilized to characterize the Yoshida-Uemori
(Y-U) preliminary hardening parameters including six parameters named as B, m, Rsat, C, b, and h.
The Yoshida-Uemori model constants determined for st-37 are presented in Table 3.

Table 3. Material parameters of the Yoshida-Uemori model for st-37.

h B Rsat m C b

0.1 600 197.1 3.9 279 279.16
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In order to determine the material parameters, the simulation curves were created through the
implementation of unchanged loading schemes upon 1-element derived from the FE-model. Then,
the curve mapping was performed. Next, a primary tensile was loaded up to 0.02 strain, followed by
reloading up to 0.06 strain. To further define the material parameters, the experimental curve was
specified as a target curve, and the previously mentioned loading conditions were carried out to the
1-element model during the curve mapping procedure. The efficiency of the parameters was improved
until it reached a minimum deviation value among the simulation based and the experimental curve.
A comprehensive schematic representation for the identification process of the model parameter
is represented in Figure 7. Furthermore, a sequential response surface method (SRSM) [17] was
used by Ls-opt to minimize the difference between the experimental and calculated stresses [18].
The comparison between the Y-U model estimations with respect to the results of the experimental
cyclic test is shown in Figure 8.
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5. Experimental Tests

Roll forming involves uncoiling a long strip of metal and sending it through consecutive sets of
roll stand to achieve a required cross-section with no reduction in the strip thickness, except in the
localized bend regions. Roll formation of the arc-section was performed in a single step. Both rollers
were utilized at the experimental setup stand as shown in Figure 9. The main forming parameters are
presented in Table 4.
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Table 4. Roll forming parameters of arc-section.

Strip Thickness (mm) Strip Length (mm) Web Width (mm) Strip Material

2 300 12 st-37

The setup was composed of an essential gear box with a 1/40 train value and a single subordinate
gear box for a stand with a 1/1 train value. The four rollers (A–D) were adaptable in the strips’
transverse orientation so that the strip would be perfectly aligned to the roll forming line as represented
in Figure 10.

The eventual geometry of the parts after springback was considered as an essential measurement
for evaluating the effect of various hardening models on the accuracy of the FE model results. In order
to obtain the three-dimensional geometry of the roll formed samples, an optical measurement method
was used. The optical scanner used in these measurements is a range Vision 3D scanner Standard Plus
that has a precision of 0.03 mm in the 133 mm × 100 mm × 133 mm range.
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6. Finite Element Analysis Model

Simulations of the roll forming process were performed using the commercial finite element
Ls-dyna software, taking advantage of an explicit solver for the formation process and an implicit
solver for the simulation of the springback. The rollers were specified as a solid mass, and an entirely
incorporated element formulation (type 16) was chosen for the forming and springback models.
The algorithmic type of contact interfaces, known as “forming one-way surface to surface”, was
defined between the roller and sheet metal where the friction coefficient was considered equal to 0.15.
A schematic representation of the produced models is presented in Figure 11.
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7. Results and Discussion

The difference between the bending arc and the arc sheet metal after release from the roll former
was utilized as a measurement of springback. The sheet metal was structured using two distinct
models adapted from the Ls-dyna material library:

(1) MAT 37 (Transversely Anisotropic Elastic Plastic) with four types of isotropic hardening [IH]:
(a) constant E model, (b) the loading elastic modulus, (c) the unloading elastic modulus, and (d)
the chord modulus.

(2) MAT 125 (Kinematic Hardening Transversely Anisotropic (Yoshida-Uemori’s model) with three
types [Y-U]: (e) the loading elastic modulus, (f) the unloading elastic modulus, and (g) the chord
elastic modulus.
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In order to evaluate the effects of hardening models and the variation of elastic modulus on
springback prediction, the numerically predicted cross-section of the roll formed sample was compared
to the experiment results.

The difference between the numerical and experimental results showed that the springback arcs
simulated with diverse elastic modulus were closer than those simulated with the constant elastic
modulus, as shown in Figure 12. Furthermore, it was found that the simulation using the chord
elastic modulus enhanced the accuracy of the springback estimations when compared to the loading
and the unloading elastic modulus for both the MAT-37 and MAT-125 material models, as shown in
Figures 12 and 13. Moreover, the hardening model had the primary effect on the springback prediction.
Therefore, it was concluded that the simulation using MAT-125 (Transversely Anisotropic Elastic
Plastic) improved the accuracy of the springback predictions when compared to the utilization of
MAT-37 (isotropic hardening), as shown in Figure 14.Metals 2019, 9, 1005 11 of 13 
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8. Conclusions

In summary, this paper presents an effective method for improving the numerical prediction of
springback in the roll forming process. Two different hardening models were investigated: isotropic and
the Yoshida-Uemori models. The elastic modulus was calculated for various pre-strain levels using three
methods: loading, unloading, and chord modulus. The elastic modulus change was investigated for
two previous cases (IH and Y-U) to determine the springback test results. Tension–compression, uniaxial
tension, and loading–unloading tests were conducted to investigate the hardening behavior, anisotropy
coefficient, and change of elastic modulus. The material constants of various constitutive equations
were detrained based on the experimental results, and were implemented in the commercial finite
element Ls-dyna software for modeling and analyzing springback. FE simulation and experimental
were conducted to evaluate springback behavior in roll forming. The change of elastic modulus
with pre-strain in the numerical analysis of the roll forming process increased the level of springback
predicted; however, the use of the chord modulus gave more accurate results to predict springback
when compared with the unloading and loading modulus to both hardening models. In addition,
it was confirmed that the accuracy of the finite element analysis could be improved by using the
Y-U (Transversely Anisotropic Elastic Plastic) model with the consideration of the elastic modulus
degradation, especially using the chord modulus, when compared to the isotropic hardening model.
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