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Article history: The stretch bending test is one of the methods for forming metals, especially sheets. In this
Received 1 January 2021 method, a piece of a metal sheet simultaneously undergoes compressive and tensile forces,
Reviewed 3 February 2021 thereby being converted into a curved piece with a great curvature. In the present research,
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Accepted 1 March 2021 springback was studied using a U-form die in a stretch bending test, and the experiments were

performed on stl12 steels through a laboratory set-up. Moreover, various parameters were

Keywords: investigated, including die radius, pin diameters, blank holding force (BHF), and distance
Springback between pins. The stretching depth was 10 mm. Not to mention, springback is affected by
Tensile force technical and geometric parameters. For example, the results of the present study revealed that
U-Shaped increasing the pin spacing led to the reduction of springback and for more spacing, the
B,HF . springback tends to spring-go, additionally, it was observed that a rise in the die radius, pin
Pin radius . . . .
Die radius diameters, and blank holder force resulted in the reduction of springback.
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1. Introduction made a concerted effort to reduce springback. For

o . instance, several studies have been conducted on the
Considering the fact that most of the automotive ] ]
. i effects of mechanical parameters on springback. Some
bodies are developed by forming processes, one of the ]
) L authors have shown that high stretch metal always
methods of producing these bodies is through the o ) ) ) ) )
. . exhibits more springback in comparison with ductile
bending process on a macro scale [1]. In the Industrial ) )
L . . . metals. For example, Panti et al. [3], Jiang et al. [5], and
process, prediction of the final dimension of the part ] T
L . . Mori et al. [6] reported that a rise in yield stress led to a
after unloading is an essential problem [2]. Springback o ) )
. . rise in springback. Mkaddem and Saidan showed that the
is a phenomenon that occurs in the last stage of sheet ] ] ) ]
. . . reduction of the die radius dropped springback [7].
forming due to the presence of residual stress and is . ] ]
Additionally, Lee and Kim reported that reducing the

fillet radius and blank holder force (BHF) increased the
springback [8]. In U-shaped dies, increasing the die

uneven throughout the depth of the sheet. Therefore, this
is the answer to the question why the study of the effects

of physical and metallographic phenomena on ) ] ) ]
. . . . . radius led to the reduction of springback [4], which was
springback is very important for factories engaged in ) )
. also confirmed in another study by Verma and Halder
shaping [3, 4]. In the last 10 years, researchers have . . .
[9]. BHF is another important factor affecting
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springback [10]. Liu et al. [11], and Lee and Yang [12]
showed that a rise in BHF resulted in the reduction of
springback in steel and aluminum alloys. Furthermore,
with the increase of BHF, the yield stress increased in
the stretched section, thereby leading to strain hardening
and significant plastic deformations in sheet thickness
[13, 14]. The oscillatory increase of BHF by Liu et al.
(2002) is another technique that reduces yield stress in
the wall of the sample and consequently reduces
springback [13]. Anisotropy is another plastic factor that
has led to conducting studies about springback [4, 9, 15].
In a study performed by Verma and Halder, it was
observed that springback was low for isotropic materials
[9]. Recovery is another important factor that reduces
springback after it being formed in high temperatures. In
a study done by Yanagimoto and Oyamada on high
stretch steel, it was demonstrated that springback could
be decreased at temperatures above 750 K [16]. This
phenomenon can be explained by reducing strain and
creep. The width and thickness of the shaped sheet also
affects the springback [17, 18]. Garcia-Romeu et al. [17]
reported that a rise in the width of aluminum and steel
sheets increased springback. In another study performed
by Serkan et al. [18], it was revealed that a rise in the
sheet thickness reduced springback. Springback can also
be reduced through the friction between the surface of
the sheet and the die. In a numerical study done by Li et
al. [14], it was reported that increasing the friction
coefficient led to the reduction of springback. It can be
claimed that friction coefficient plays the same role as
BHF. Samuel reported that springback could be
decreased by the gradual increase of friction coefficient
[4]. 1t should be noted that numerical studies have also
played a significant role in springback-related research
in the last 15 years, which has led to the minimization of
optimal geometric and technological parameters of
springback [4, 14]. In metal engineering, an increase in
the elastic modulus led to a decrease in the springback
[19, 20]. The more important springback parameters are
the Young modulus, material property, tools radius, and
blank holder force [21]. To predict springback, it is
necessary to accurately determine the distribution of
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internal yield stress, which is extremely demanding and
requires complex cyclic loading, while numerical
simulation can be a convenient and easy solution to solve
this problem. In the first step of the present research, a
device was made that was easily mounted on a tensile
machine. The BHF was easily controlled by a torque
meter, and the stretch and springback were calculated at
the time of loading and unloading. The present study
aimed to investigate the effects of BHF, pin spacing, die
radius, and pin radius on springback.

St12 sheet is widely used in the automotive industry.
Much research has been done on the St12 sheet in the
form of U, V, and L shapes. But no research has been
conducted on the topic of the present study, that the
distance and radius of the pins and the radius of the die
and the holders force were variable. In this research, in
addition to obtaining optimal bending conditions by two
experimental and numerical methods, an equation is
derived to obtain the amount of springback.

2. Experimental Procedure

In the present study, Rectangle specimens with
dimensions 120 mm, 20 mm, and 1 mm (thickness) have
been considered while the die and the stretching rods
were made of VCN-150 steel, and 0.003 m? of the
surface of the holder was considered on the die on both
sides of the specimens (Fig. 1). As illustrated in Fig. 1,
the die has two holders both of which have been
connected to it (see Fig. 2). The holder's load may be
calculated by a load cell. The properties of the St12 was
achieved from the literature review [22]. In addition, the
tests on springback were carried out using a die made at
the laboratory [23]. Additionally, the setup consisted of
a die, pins, tensile mechanisms and blank holders (BHF).
The design of the die is such that it can be mounted on a
tensile machine, and the stretching mechanism is also
mounted on the movable jaw of the tensile machine. This
mechanism plays the role of a punch, in which two
cylindrical rods cross over and perform the stretching
action (See Fig. 2). In addition, the two ends of the sheet
are held under pressure by BHF and the tensile force is
generated by a displacement speed of 3 mm/min [23].
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The pins

Fig. 1. Schematic of the setup.

Fig. 2. The set of die and sheet on a hydraulic press (R¢=10
mm, Rp=6 mm, D=30 and h=20 mm).

In this study, the Taguchi method, as an important
tool for robust design, has been using by combining
experimental design theory and the concept of quality
loss function to statistically investigate different
parameters. Results from Ouakdi et al. 2011, revealed
that the effective parameters on springback are: the pin
radius (Rp), the die radius (Rq), the pins distance (D), and

the blank holding force (BHF). They considered BHF
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and h as main variable parameters in their study. We
investigate the effect of Ry, Ry, D, and BHF on
springback as variable parameters. Table 1 shows the
factors and their levels. These levels are selected based
on [1]. Different conditions obtained from the Taguchi
method are shown in table 2.

Table 1. The range of the process variables of computer
simulation and experimental tests

Factors Levels

Rp (mm) 4 6 8 10
Ra (mm) 4 6 8 10
BHF (kN) 36 9 12
D (mm) 26 30 34 40

This setup allows for the BHF to be changed at the
two ends of the samples through a torque meter.
Moreover, the force between the die and the holder can
be changed through changing the torque of bolts at the
two ends of the samples. The amount of pressure can be
calculated via dividing the clamping force by the cross-
section of BHF. Moreover, the die radius could be
changed in the design of the die (Fig. 2). The springback
falls into two categories: primary and secondary. If ‘h’
is the initial height of the specimen after the stretching
depth, and ‘h1’ is the tensile height after suppression of
the stretching force, then the initial springback (Ah;) is
calculated from the difference between h and hl.
However, after discharging from set-up, the specimen
height changes to h2, and the secondary springback
(Ahy) is obtained from the difference between h and h2
[23]. This aims to measure the second springback which
plays a crucial role in the engineering design. In order to
measure the second springback, instead of the height
measurement, we may compute the second springback
using the graph paper. The second springback of
specimen was calculated after unloading and separating
the samples from the die.

Table 2. The factors and levels of the Taguchi method

SN 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

A 1 1 4 1 1 4 1 1 2 2 3 2 3 2 2 2 3 3 3 3 4 4 4 4

B 4 2 3 4 4 2 3 4 4 1 4 4 4 4 2 4 4 4 4 4 4 4 4 4

c 8332 3 31 3 333 2 3 1 3 3 3 3 3 3 3 3 3 3 3

b 1112 3 3 3 4 1 1 1 2 3 3 3 4 1 2 3 4 1 2 3 4
IIMF, Iranian Journal of Materials Forming, Volume 8, Number 2 April 2021
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This setup allows for the BHF to be changed at the
two ends of the samples through a torque meter.
Moreover, the force between the die and the holder can
be changed through changing the torque of bolts at the
two ends of the samples. The amount of pressure can be
calculated via dividing the clamping force by the cross-
section of BHF. Moreover, the die radius could be
changed in the design of the die (Fig. 2). The springback
falls into two categories: primary and secondary. If ‘h’
is the initial height of the specimen after the stretching
depth, and ‘h1’ is the tensile height after suppression of
the stretching force, then the initial springback (Ahj) is
calculated from the difference between h and hl.
However, after discharging from set-up, the specimen
height changes to h2, and the secondary springback
(Ahy) is obtained from the difference between h and h2
[23]. This aims to measure the second springback which
plays a crucial role in the engineering design. In order to
measure the second springback, instead of the height
measurement, we may compute the second springback
using the graph paper. The second springback of
specimen was calculated after unloading and separating
the samples from the die.

2.1 ABAQUS simulation

Numerical simulation is used widely in product
design. ABAQUS is one of the adaptable finite element
software that can be used to model structures both
homogenous and nonhomogeneous [24]. In this
investigation ABAQUS software was employed for two
purposes, to obtain the proper circumstance of stretching
pins, the die radius, the blank holder force and to
compare the results of experimental and simulation tests
[25]. Of the most important factors in the metal forming
simulation, the relationship between stress and strain is
the most influential. For this purpose, a tensile test
according to BS EN ISO 6892-1 was performed. The
mesh convergence was assessed and the sheet was
simulated as a deformable body utilizing 14531 Solid
elements (C3D8R) with 8 integration points through the
thickness (Fig. 3). Therefore, the number of elements has
been assumed to be 25342. The tools (pins, die, and
blank holder) were modeled as discrete rigid body. The
rigid body movements were controlled by the reference
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points. The boundary conditions imposed on the tools
were intended to describe as accurately as possible the
experimental conditions.

It was constrained in all of the directions and the pins
moved in the perpendicular direction as much as 10 cm
(Fig. 4). After applying the mechanical properties,
density, Young's modulus, and Poisson ratio, the matrix,
pitch, and roller set were drawn as a rigid piece and
assembled on the assembly. In this study, the blank set
between the holder and the die and holder force was
varied based on different togues. In simulation, no
friction was established between holder-blank and die-
blank. The period time was 0.01 and a dynamic explicit
solver was used in this study. The simulations were
carried out for different set numbers obtained from the
Taguchi method shown in Table 2.

310
200
270

o]
Lh
(=]

Maximum

tension(MPa)

230
210
190

0 5000 10000 15000 20000 25000 30000

No. of element
Fig. 3. Mesh convergence.

Fig. 4. Specimen simulation.

3. Results and Discussion

3.1. The relationship between BHF and tensile height

In this process, the stretching height was 10mm. One
of the factors that affect stretching height is the BHF.
This relationship was determined by computer
simulations using the Abaqus software version 6.13. The
simulation results demonstrated that increasing the BHF
caused tearing and its reduction resulted in wrinkling.
The best BHF for stretching height of 20 mm was 9 kN.
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When the BHF is too large, the sliding between the
specimen and the die reaches its minimum level, and
ruptures occur. Additionally, if the BHF is lowered to a
certain extent, there will be sliding between the sheet and
the die, and finally, before the bending process, the
sheets layers move freely on the pins, and wrinkles are
formed. Demonstrated in Fig. 5 is a distribution of von
Mises stress in which the holder's force, the pin radius,
and the height are 9 kN, 6 mm, and 20 mm, respectively.

S, Mises

(Avg: 75%)
+3.498e+08
+3.381e+08
+3.265e+08
+3.148e+08
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arise in the yield stress in these two areas. Table 3 shows
the tension for the various die and pin radiuses while an
upsurge in die and pin radii result in decreasing the
tension. According to the simulations, the best radius of
the die was achieved 10 mm. The springback and
maximum force for Taguchi levels are shown in Table 4.
The Taguchi levels were done based on experimental
tests and computer simulation.

Table 3. Von Mises yield zones created in the stretch bending
test on St12 sheet

Rd=4 mm Rg¢=6 mm Rg¢=8 mm Rg=10 mm

+3.032e+08

+2.916e+08
+2.799e+08
+2.683e+08

+2.567e+08
+2.450e+08

+2.218e+08
+2.101e+08

Holder

Die o7 = =

Pins
Blank RS [
.-
Fig. 5. Distribution of von Mises yield in terms of the R¢= 10

mm, Rp= 6 mm and BHF=9 kN.

3.2. The effects of the die radius on the yield created
on the sheet

As it can be seen in Fig. 5, two areas, marked in red,
displayed the most sensitivity in the stretching process,
namely the contact area of the sheet with the radius of
the die and the contact area of the sheet with the pins.
The results revealed that the material flow zone
decreased in the plastic area with the decrease of the die
radius, and the accumulation of residual stresses
occurred in a small area of the sheet, thereby leading to

Rp=4 mm 556 491 472 440
Rp=6 mm 460 432 431 349
123340408 = Rp=8 mm 418 393 372 298
Rp=10 mm 370 350 332 289

3.3. The Effects of pin diameter on stretching force

Based on the results in Table 3, the best die radius is
10 mm because this radius had minimum tension in the
bending area. Shown in Table 5 is the maximum forces
for different pins radius. The simulation results revealed
that there is a direct relationship between the tensile
force applied by the pins and the diameter of the pins. In
Table 5, the result of computer simulations and
experimental tests have been compared [26]. It is seen
that the tensile force is decreased by increasing the pin
diameter since the contact with the surface of the sheet
is increased and a larger area of the sheet caused a
decrease in the pressure.

Table 4. Springback and maximum force based on Taguchi levels

Experimental Simulation Experimental Simulation
SN A B C D F SP F SP SN A B C D F SP F SP
1 1 4 3 1 271+03 32+03 28 35 13 3 4 1 3 188+01 15+02 178 25
2 1 2 3 1 278+02 34+#03 292 37 14 2 4 3 3 202+04 18402 211 2
3 4 3 2 1 189401 12+01 20 18 15 2 2 3 3 208+04 2104 22 22
4 1 4 3 2 254+04 25+#02 261 27 16 2 4 3 4 192+03 134+¥03 202 15
5 1 4 3 3 22403 2¢03 217 22 17 3 4 3 1 212+02 2+03 227 23
6 4 2 1 3 165+02 1+0.2 179 13 18 3 4 3 2 205+03 2+04 193 23
7 1 3 3 3 225+01 25#03 225 28 19 3 4 3 3 185+04 13+03 174 13
8 1 4 3 4 20#03 17#01 195 177 20 3 4 3 4 177#03 11+01 174 14
9 2 4 3 1 244403 3+03 255 32 21 4 4 3 1 185402 1+0.2 191 15
10 2 1 3 1 248+03 3204 265 35 22 4 4 3 2 17102 1.3+0.3 18 13
11 3 4 2 1 214402 23+03 23 25 23 4 4 3 3 16303 0902 171 1.1
12 2 4 3 2 231402 23502 228 245 24 4 4 3 4 154403 0.7+04 148 0.9
Set Numbers, Force (kN):F, Springback: SP
IIMF, Iranian Journal of Materials Forming, Volume 8, Number 2 April 2021
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Table 5. The effects of pins radius on bending force
The maximum force [kN]

Rp (mm) Ra(mm)  Numerical Experimental
4 10 28 27.140.3
6 10 255 24.440.3
8 10 22.7 21.0+0.2
10 10 19.1 18.5+0.4

3.4. The effects of BHF, die radius and pin distance
on springback

The results of empirical and simulation experiments
showed that, by increasing BHF and die radius, the
springback decreased and even went down to zero (See
Fig. 7) [27].
springback for the force F> 12 kN (the torques of the

It was also observed that there was

toughness of BHF screws was 36 N.m) and the sheets
got wrinkled in the form of M shapes (Fig. 6). As the
torque increased, the BHF increased as well, and there
was less slid between the sheet and the die. As explained
earlier, when slid decreases in the contact areas of the
sheet between the holder and the die, stretching and
residual stresses increase at the same time, and before
any change in the sheet layers, it slips on the pin, and the
M-shaped piece is created. Moreover, when torque is
reduced, the slid goes become higher in the contact areas
of the sheet between the holder and the die and the
samples are easily shaped. Furthermore, with the
increase of the diameter of the pin and BHF to 9 kN, the

®Rp=4mm(Exp) ®Rp=4mm(Sim) = Rp=6mm(Exp)

M. Cheraghi, A. Adelkhani & M. Attar

springback decreased, which is due to the reduction in
the distribution of yield stress in the contact area of the
sheet and the radius of the die. the lowest springback has
occurred in the range of 9 kN (See Fig. 7). In addition,
the impact of the pin distance on the springback at the
different pin radius has been illustrated in Figs 8, 9 and
10. Whilst it is seen that a surge in the pin distance
Additionally,
increasing the value of the pin distance and its radius

causes the springback to decrease.

simultaneously causes the decreasing in springback. In
Fig. 10 the effects of the pin radius on springback are
shown for 10 mm die radii. As the pin radius increases,
the residual stresses are distributed in a larger area and
the springback decreases as a result of increasing the
deformed region. The results demonstrated that the
lowest springback was found in the 10 mm pin radius.

BHF=15KN,

BHF=21KN,
Rg=6mm,
Re=10mm

Fig. 6. The wrinkled samples obtained from the stretch

Rp=6mm(Sim)

®Rp=8mm(Exp) ®Rp=8mm(Sim) ®Rp=10mm(Exp)®Rp=10mm(Sim)

359
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Fig. 7. The springback rate for different BHF, R¢=10 mm and h=20 mm.
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‘ D=34mm \

Fig. 8. The different pin distance: Rr=6 mm, R¢=6 mm and BHF=9 kN.

D=40mm

Springback=3"
Re=6mm
Ra=10mm
D=26mm
BHF=9KN

Fig. 9. The Springback: Re=6mm, R¢=10mm and BHF=9 kN Springback.

= D=26mm(Exp) ® D=26mm(Sim) = D=30mm(Exp) * D=30mm(Sim)
® D=34mm(Exp) ® D=34mm(Sim) ® D=40mm(Exp) ® D=40mm(Sim)
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Fig. 10. The springback for different Re and D, Rg= 10 mm, BHF=9 kN and h =20 mm.

It should be acknowledged that increasing the holder
load caused the sprignback to decrease while it is seen
that, according to Fig. 7, for a constant amount of the
holder's load, an upsurge in the pin radius made the
springback decrease. the springback for a different
amounts of the pin radius is illustrated in Fig. 11. As
previously mentioned, the minimum amount of the
springback was seen in the pin radius of 10.

Fig. 11. The springback rate for different of Rp, R¢g=6 mm,
BHF=9 kN and h=20 mm.
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In this study, the role of the springback and its
corresponding effect has been scrutinized. It is seen that
the variation of the springback is attributed to some
parameters including Rd, Rp, D, and BHF. Furthermore,
in order to prognosticate the springback, the multi-
choices regression model has been utilized based on
MATLAB 2015 software. The input numbers are the
mentioned parameters as, Rd, Rp, D, and BHF and the
outcome Is the springback, thereby the below equation
has been calculated. It should be mentioned that the
mean square error, MSE, and the correlation coefficient
are 0.185 and 0.959, respectively. Table 6 shows the
calculated spring back from the Formula and simulation.
For this purpose, different values of Rd, Rp, D, and BHF
were used and springback was obtained based on
formula and simulation. The results showed that the
formula calculated the values very accurately.
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springback =—0.02043x BHF —-0.15374x D—0.26184x R, +0.024042x R, +8.2636 @

Table 6. Springback comparison between results of formula and simulation

BHF D Rp Rd Springback (Formula) Springback(simulation) Error
11 36 8 5 0.53 0.59 10.16949
5.1 26 4 7 3.28 3.61 9.141274
6.3 3% 9 6 0.54 0.62 12.90323
7.8 29 7 9 2.02 2.14 5.607477
10 33 5 8 1.86 2.02 7.920792
4.8 31 11 7 0.67 0.71 5.633803
9.5 30 6 5 2.01 2.13 5.633803

4. Conclusion

The springback is a negative phenomenon that
occurs in bending processes. In this study, the effect of
some parameters on springback were investigated. The
tests were done based on experimental and simulation
methods. The results of numerical simulation
demonstrated that the stretching height for St12 Sheet
was about 20 mm, and the von Mises yield was in the
range of 289 to 556 MPa. As the diameter of the pin
increased, the shaping force, which was around 15-27
kN for a 4-10 mm radius, decreased. With the increase
of BHF and the radius of the pins, there was a drop in
springback phenomenon. The results of experimental
tests revealed that the sheets experienced wrinkles in the
form of M shapes for torques of T>36 N.m. When the
pin diameter and the die radius increased and BHF
measured at 6 KN, the springback was almost zero. With
the increase of pin spacing, the springback decreased,
and for Rp=10 mm, it was near zero.
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