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Sheet metal forming is one of the most common manufacturing processes in the production of
many mechanical components and auto parts. Therefore, accurate investigation of the effects of
important parameters in the sheet metal forming process is of primary importance for engineers
and designers. In the present study, the effects of grain size, punch radii, and sheet thickness on
the springback in the W-shaped bending dies are evaluated. The investigated metal sheets are
composed of pure copper with three thicknesses of 0.1, 0.3, and 0.5 mm. In this research, the
annealing heat treatment process is conducted for 60 minutes at 500, 750, and 900 degrees on the
Celsius scale to study the grain size in copper specimens, then the recovery process is performed
at ambient temperature. The experimental results revealed that the rise of annealing temperature
results in the significant variations of metallographic structure and grain size. According to the
results, for a constant thickness, the mechanical properties changed by increasing the annealing
temperature. As the grain size increased, the elongation and yield strength decreased. With a
constant annealing temperature, the yield strength and elongation fell with a decrease in
thickness. However, in both cases Young’s modulus does not change much. The results also
indicated that by increasing the thickness of the sheet under the same conditions of grain size, the
springback angle decreased as well, so that the springback angle minimized through selecting the
radii of 0.3 mm for the punch. Additionally, it was concluded that the springback angle can be
minimized with a decrease in t/d ratio for a constant sheet thickness. Based on these results, a
multiple-choice regression model has been employed that the average error of this model for
springback prediction was 8.08%.

© Shiraz University, Shiraz, Iran, 2022

1. Introduction

Since most automotive bodies are developed by
forming processes, one of the methods of producing
these bodies is through the bending process on a macro
scale [1]. The springback is a vital subject in bending and

other processes and affects the final shape and accuracy

[2]. The prediction of springback of sheet metal is a
conflict in the metal forming process [3]. In fact, sheet
metal forming is a method used to convert flat metal
sheets into the desired shape without breakage or intense
localized thinning of the metal sheet. Bending is one of
the processes of sheet metal forming that is primarily

present in forming methods. One of the applications of
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this process is to create curvature in metal sheets or to
convert them into U or V-shaped or in some cases
circular C-beams [1-4]. The more important springback
parameters are the Young’s modulus, material property,
tools radius, and the blank holder force [5]. In order to
predict springback, it is necessary to accurately
determine the distribution of 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. The bending
process is influenced by various parameters, including
sheet thickness, friction, and the mechanical properties
of the material. Not to mention, springback has been
studied through numerical and experimental methods
applied by many researchers. For example, an
experimental and FEM study on bending angles, punch
radii and different holding times effects in the V-bending
process was established by Sen and Tasdemir [6]. In
another research, the factors affecting springback in
sheet metal bending were studied [7]. Numerical
methods have been applied to study the effects of various
parameters, such as the clearance between the punch and
die, friction coefficient, punch speed and sheet thickness,
on springback in U-shaped dies [8-11]. Mkaddem and
Saidan showed that the reduction of the die radius
dropped springback [12]. Moreover, the accuracy of
springback prediction is greatly influenced by Young's
modulus and yield stress, and the effects of Young's
modulus and other parameters on springback have been
investigated in numerous studies [13]. For example,
Panti et al. [14], Jiang et al. [15], and Mori et al. [16]
reported that a rise in yield stress led to a rise in
springback. In metal engineering, an increase in the
elastic modulus led to a decrease in the springback [17,
18]. Studies showed that a decrease in the size of
specimens leads to a decline in flow stress and a rise in
friction. In micro-bending, the grain size ratio (D) and
sheet thickness (T) are two key factors in the springback
[10]. Liu et al. [19], investigated the size effect on
springback of sheet metal foils in micro-bending. His
results showed that by increasing grain size, springback

increased as well [19]. In another study performed by
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Serkan et al. [20], 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. A parametric study on the bending
accuracy in micro-W-bending was studied by Liu et al.
[21]. They concluded that, the foil thickness had the
highest influence on springback [21]. Springback should
be determined to increase the accuracy of the final
product [22]. The mechanical properties of the material
changes with mechanical work [23]. Based on the
researchers’ studies, a myriad of studies has been
conducted on the effects of specimen size, grain size and
punch dimensions on springback, but so far, no research
has been performed on the interaction of different
parameters on springback in W-shaped dies of pure
copper. Much research has been done on the copper
sheet in the form of U, V, and L shapes. Additionally, in
this research, a multi-choice regression model has been
utilized. The springback can be measured based on this

equation.

2. Materials and Methods

2.1. ABAQUS simulation and stretching test
Numerical simulation is widely used in the
engineering field. ABAQUS is a powerful finite element
software for modeling homogeneous and heterogeneous
materials [1]. In this investigation, the ABAQUS
software was used for result validation [11]. In this
study, the die was fixed, and the punch moved in the
direction of the vertical axis. Given that the size of the
element and its type directly affects the results, the
elements of type SR4 were used in this study. A dynamic
explicit model with an analysis time of 0.01 was
considered (Fig. 1). The relationship between stress and
strain is one of the important parameters in a computer
simulation. For this purpose, samples, before and after
annealing, were prepared according to ASTM ES8
standard. The true stress-strain curves of the annealed
pure copper are shown in Fig. 2. The metal sheet under
study was made of pure copper [1] in three thicknesses
of 0.1, 0.3, and 0.5 mm and dimensions of 16 mmx12

mm [10]. To study the mechanical properties of copper
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Fig. 1. The specimen simulation.

sheets, the uniaxial tensile test was employed. Young’s
modulus and Poisson’s ratio were adjusted to 104 and
0.28, respectively [24].

First, according to the ASTM ES standard (see Fig. 2
and Table 1), a sample was prepared, and the dummy
sample was then subjected to a tensile speed of 0.01
mm/min until the breakage and tearing of the specimen,
and the force-displacement data was recorded by the
computer throughout the process [10, 21]. Fig. 2
illustrates the effect of specimen grain size and thickness
on the stress-strain curves for the specimens. It is

observed that the yield strength and elongation gradually

True Stress (MPa)

decrease with a decrease in thickness, while Young’s
modulus experiences a minor decline. When there are
several grains in the thickness direction, the yield
strength is strongly influenced by the surface grain
weakening effect. As for the interactive specimen
geometrical effect and grain size effect on the
mechanical properties of the copper sheets, the yield
strength is observed to decrease by increasing the grain

size.

2.2. Heat treatment
The most commonly used heat operation for steel

alloys is annealing, and the goal is to achieve a completely
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Fig. 2. The stress-strain curves for a thickness 0f 0.1, 0.3 and 0.5 mm based on tensile test.

500
. 400
J
o
3
» 300
g
&
g 200 [ - - = =t=0.1 mm; d=156 pm
= 5 I e t=0.1 mm; d=124 pm
100 =eme=t=0.1 mm; d=30 pm
— t=0.1 mm; As-received
o 0 0.05 0.1 0.15 0.2
True Strain
500 [
_. 400}
©
a
=3
«» 300
g
% 200
E - = = t=0.5 mm; d=161 pm
o e t=0.5 mm; d=133 pm
—emem= t=0.5 mm; d=41 pm
—— t=0.5 mm); As-received
0 0 0.05 0.1 0.15 0.2
True Strain
April 2022

1JMF, Iranian Journal of Materials Forming, Volume 9, Number 2



A Study of the Effects of Grain Size, Sheet Thickness and Punch Radii on Springback in ... 7

Table 1. The yield Stress and UTS for various thickness of copper sheets at received, 500, 750 and 900°C

t(mm) Temperature (°C)  Yield Stress (MPa) UTS (MPa)
0.1 As-received 302 (+10.5) 455 (#9.4)
0.1 500 173 (+4.9) 340 (£9.3)
0.1 750 127 (£6.1) 275 (£8.9)
0.1 900 103 (£7.7) 200 (£7.8)
0.3 As-received 310 (#9.1) 450 (£5.0)
0.3 500 204 (£3.2) 400 (+4.1)
0.3 750 135 (£6.1) 295 (£6.5)
0.3 900 110 (£6.2) 215 (£5.6)
0.5 As-received 390 (£7.3) 500 (£6.6)
0.5 500 210 (£8.3) 415 (+4.6)
0.5 750 154 (£6.3) 310 (£2.7)
0.5 900 130 (+4.3) 234 (£3.7)

homogeneous and stable metallurgical structure (usually
ferrite or pearlite) and free from tension, cold working,
and separation effects. It should be noted that the
annealed parts are usually more flexible and have the
least solidity. Annealing occurs during three stages of
recovery, recrystallization, and grain growth. In the
present research, the pure copper blanks with the
thicknesses of 0.1, 0.3 and, 0.5 mm were annealed at
500, 750, and 900°C. Moreover, given the furnace
temperature, the copper specimens were exposed to
annealing at a constant temperature for 60 min [25, 26].

An electric furnace with a thermal precision of £2°C

was used. Thereafter, the furnace was turned off and the

No Annealing

Annealing at
500°C

Annealing at
750°C

Annealing at
900°C

t=0.1 mm

specimens were left to cool down outside the furnace. In
addition, the metallographic tests were conducted to
determine the grain size after the heat treatment. The
samples were polished in a solution of 5 g FeCls, 15 ml
HCl and 85 ml H,O for 10 s [10]. After heat treatment and
the removal of the samples from the furnace, the samples
were allowed to be cooled down to the ambient
temperature, then they were cut according to ASTM
D6287-17 standard. The grain size was evaluated by an
optical microscope (Neophot 32, Germany). ASTM E112
standard was used to measure the mean grain size (Fig. 3).
Table 2 shows the mean grain size, thickness, and the

ratio of primary thickness to the grain size (t/d), under

t=0.3 mm t=0.5 mm

Fig. 3. Specimens microstructure based on different thickness and annealing circumstance.
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Table 2. The Effect of temperature on Grain Size in different thickness

Stage 1

Stage 2

Stage 3 Stage 4

Annealing conditions  Without Annealing

750°C 900°C

Thickness or t (mm) 0.1 0.3 0.5 0.1
Grain size or d (um) 11 18 20 30
t/d 9 16.7 25 3.4

0.5 0.1 0.3 0.5 0.1 0.3 0.5
41 124 132 133 156 158 161
12 | 0.81 2.3 3.8 1 0.64 1.9 3.1

different temperatures. The specimens were tested by a
60-tons tensile testing machine (SANTAM, Iran).
Furthermore, given the bending nature on small scales,
the dimensions of the die were set on a millimeter scale.
To examine the effects of process parameters, the punch
radius (R,) was set at 0.3, 0.5 and 0.8 mm, and the
external radius of the die (Rgq) was set at 0.4 mm [9].
Additionally, the clearance between the punch and
matrix was set at the thickness of the copper sheet
divided by 2. The punch and the die with external
dimensions of 35 mmx20 mm and 30 mm were built
(Fig. 4). Moreover, to increase the precision of
machining, the clearance between the punch and die was
considered, as well. The punch and die required for
micro-bending process should be made of cost-effective
materials that have relatively high strength and good
machining capacity. Therefore, the steel VCN 150 was
selected in the present study. Fig. 5 shows the length and

35mm
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m
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f . Sty
Rs=0.8mm Pinch
holder

o

R>=0.3mm

Fig. 4. The components of the die built and applied in the
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present study.

width of copper specimens in the present study, with the

of dimensions 16 mmx12 mm.

3. Results and Discussion

3.1. The thermal cycles effects on the grain size

In Table 2, the effects of thermal cycling on the
behavior of grain size are shown. As can be seen, an
excessive increase in the temperature of annealing cycle
negatively affects the crystalline structure and grain size.
Based on Fig. 5, when the metal is heated to half the
melting point, recrystallization occurs and the grain
boundaries are displaced. As a result, the seeds appear
with new sizes. The cooling method and its speed were
two other major parameters that influenced the final size
of grains. Different cooling speeds result in changes in
the microstructure, grain size, intermetallic phases, and
their mechanical properties. In the metals deformation
process at low temperatures (environment temperature),
the density of misalignments increases, with the
accumulation of misalignments behind the grain
boundaries, strength and yield stress increase and
flexibility decreases. In the present study, the cooling
was carried out at ambient temperature. The size of grain
decreases with a fall in annealing temperatures and the
specimen thickness. Based on the result of this
investigation and literature review, by increasing the
annealing temperature the copper grains become larger
and the seeds tend to grow and subsequently the strength

will decrease [26].

No Annealingat  Annealingat ~ Annealing at
annealing 500°C 750°C 900°C
Grain Grain Grain Grain

size=11 pm size=30 ym  size=124 pm  size=156 ym
- , . i | ‘ }\ 8 : i: ‘Lg'

% . . i i ] s ! s i 2.

AR ad g B

Fig. 5. W-bending for Rp=0.8 mm and thickness of 0.1 mm.
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It is found that, in the case of constant sheet
thickness, with increasing grain size, elongation and
yield strength decreased. Moreover, a slightly lesser
Young’s modulus was observed when the grain size
grew larger at constant thickness. The reason
contributing to this effect is that the surface grains have
fewer constraints compared to the inner ones, thus they
present relatively lower flow stress. For a given sheet
thickness, the proportion of surface grains increases
when the average grain size grows larger, leading to a

decrease in the flow stress.

3.2. The punch radius’s effects on springback
behavior

To study the effects of punch radius on springback
behavior in copper sheets, the results were examined for
the same grain sizes. Fig. 6 displays the annealed
specimens in thicknesses of 0.5 mm and three punch
radii at 500, 750, and 900°C. As can be seen, when the
punch radius increases, the residual stresses are
distributed in a larger area and the springback increases
because of an increase in the deformed region. In other
words, the material flow zone decreased in the plastic
area with the decrease of the punch radius, and the

accumulation of residual stresses occurred in a small area
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Fig. 6. The results of experimental bending for thickness of
0.5 mm.

of the sheet, thereby leading to a decrease in springback.
The results demonstrated that this was the lowest
springback for the 0.3 mm punch radius (Fig. 7). This is
in agreement with the experimental results obtained by
Liu et al. [10].

3.3. The effects of thickness and grain size of the
copper sheet on springback behavior

Material thickness has a major influence on
springback [27]. In Fig. 7 and Fig. 8 the effects of
thickness of the copper sheet on springback behavior
are shown for various punch radii. As can be seen, the
springback angle has been reduced by increasing the
thickness of the sheet. On the other hand, it can be
observed that with the rise in the t/d ratio, the springback
angle has been decreased because in the same forming

angle and thickness conditions, the plastic deformation

q
Experimental :“ Experimental
35
3
25

3

1.5

1
0.5

45 " .
Simulation Simulation

35
3
25
1
1.5

1
0.5

0.5
9 34 0.81 0.641 167 83 23 159 15 12 38 31

(t'd) (v/d)

Fig. 7. The effects of thickness, grain size and punch radius on springback angle.
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Fig. 8. The effects of thickness on springback angle when the
punch radius is 0.8 mm and 500°C annealing temperature.

area is larger, which requires a large forming force, thus
resisting the springback behavior. In other words, by
increasing the thickness, the moment of inertia of the
rectangular area of specimens increases, and the stress of
the bending area decreases.

One of the important factors in the study of
springback behavior on a micro scale is the ratio of
primary thickness to the grain size (t/d) [7]. However,
the smallest springback angle was for a thickness of 0.5
mm and a grain size of 161 pum at a temperature of
900°C. Thus, it can be concluded that temperature
selection is a necessary element in studying springback
behavior on a micro scale. In Table 2, the t/d ratio
measured at about 9.0 for a thickness of 0.1 mm and a
grain size of 11 pum, which is relatively large and
consistent with the classic bending theories for metal
sheet forming. However, with a decrease in the t/d ratio,
the springback angle has decreased as well. Furthermore,
this ratio measured 0.64 for a thickness of 0.1 mm and a
grain size of 156 pm. Therefore, it is concluded that the
factor of grain size has significant effects on springback
angle, and it is the t/d ratio that affects it. These results
are consistent with that of Wang’s [26].
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3.4. Simulation results

Validation results were carried out based on software
simulations which were in good agreement with the
experimental results. For constant thickness, the
springback decreased by increasing the grain size and, in
the case of fixed annealing temperatures, it decreased by
increasing the t/d ratio (Fig. 7). Increasing the punch
radius also increased the springback. Due to the fact that
the difference in the annealing temperature of the
specimens results in the variation of grain size, and
subsequently the stress-strain curves, in this paper, the
real stress-strain data obtained by the experimental tests
were precisely imported in ABAQUS. Therefore, the
accurate material behavior for the corresponding
analysis could be considered by this finite element tool.
Please note that for the simulation all the settings of
analysis were similar except for the mentioned stress-
strain curves of each specimen. Table 3 shows the
numerical values of Fig. 7 (numerical values of
experimental and simulated tests and error values). In
fact, the error values demonstrate the difference between
experimental tests and simulation results. It can be noted
that the average errors for the punch radii of 0.3, 0.5, and
0.8 mm are 4.26%, 3.34%, and 5.19%, respectively.
Therefore, the numerical simulation and experimental

results correlate well and are in good agreement.

3.5. Regression model

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 punch radii, sheet thickness and
grain size. Furthermore, to prognosticate the springback,
the multi-choice regression model has been utilized
based on MATLAB 2015 software. The input numbers
are the mentioned parameters such as punch radii, sheet
thickness, and grain size, and the outcome is the
springback, thereby Eq. (1) has been calculated. It
should be mentioned that the correlation coefficient is
0.9216 (R?=0.9216).

SP =2.06754 X R, — 0.5358 X t

(D
—1.2578 x log (d) + 3.7575

1JMF, Iranian Journal of Materials Forming, Volume 9, Number 2
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Table 3. Comparison between experimental with numerical results (Sim=Simulation, and Exp=Experimental)

R,—0.3 , R,~0.5 . R,=0.8
vd Exp Sim L0 (A5 Exp Sim L0 () Exp Sim Error (%)
9 3.2 33 3.0 3.6 3.6 0.0 4.2 4.2 0.0
34 2.3 2.3 0.0 2.9 3.0 3.3 3.2 3.1 3.1
0.81 L5 1.5 0.0 2.6 2.6 0.0 2.9 2.8 3.4
0.64 1.5 1.4 6.7 1.8 1.8 0.0 2.8 2.6 7.1
16.7 2.7 2.8 3.6 3.1 3.1 0.0 3.7 3.7 0.0
8.3 2.1 2.2 4.5 2.8 2.8 0.0 3.1 3 3.2
2.3 1.4 1.3 7.1 1.7 1.9 10.5 2.3 2.4 4.2
1.9 1.3 1.2 7.7 1.7 1.8 5.6 2.5 2.3 8.0
25 2.3 2.4 4.2 2.8 2.9 3.4 34 3.2 5.9
12 2.1 2.1 0 2.5 2.5 0.0 3 2.7 10.0
3.8 1.4 1.2 14.3 1.6 1.8 11.1 2.62 2.3 12.2
3.1 1 1.0 0 1.6 1.5 6.2 2.32 2.2 5.2
Mean Error 4.26 3.34 5.19
Fig. 9 shows the correlation between the actual and ;{ % ‘: ;‘ =
. . . ,({t* ‘1""(\‘.""‘
predicted values in the regression model. The result PN ):l.’
shows that the proposed model has good accuracy for A“’;%agfzg at : &3 f
X

predicting springback. In order to evaluate the extracted

regression model, for eight different samples,
springback was performed experimentally. Samples
included 0.4 mm and 0.8 mm thick, sheets annealed at
600°C and 830°C. SEM imaging was performed on the
annealed specimens to determine the grain size and two
punch radii of 0.7 and 1 mm were used (Fig. 10). Table
4 presents the springback values for the samples as

experimental and predicted by the regression model. The

45

—O;Actual Data
4 (U f Predicted by Regression Model | -|
' o R?=0. 9216

w
h

Springback Angle (Degree
w
o

-
n

[
=

Fig. 9. Correlation between actual and predicted values by
regression model.

Table 4. Springback comparison between results of formula
prediction (Pre) and experimental (Exp)

Rp t T d S?E':%t:;k Error
0, # 0,
(mm) (mm) (°C) (pm) Exp Pre (%)

1 0.4 600 100 3.19 3.09512 297
1 0.8 600 140 2.71 2.697 0.48
1 0.4 830 145 2.63  2.892151  9.06
1 0.8 830 172 243 2.584552 5.98
0.7 04 600 100 2.32 2474858 6.25
0.7 0.8 600 140 1.71 2.076738 17.66
07 04 830 145 1.84 2271889 19.01
0.7 0.8 830 172 2.03  1.96429  3.23

Mean Error 8.08
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Fig. 10. Specimens microstructure for 0.4 mm and 0.8 mm
thick sheets, annealed at 600°C and 830°C.

results of evaluating the regression model using
experimental data showed that the average error of the

model for estimating the springback is 8.08%.

4. Conclusion

e According to the results of the heat treatment cycle,
the grain size increased with increasing the
annealing temperature, leading to a decrease in the
mechanical properties of the sheet such as the yield
strength, and ultimate strength.

e The springback decreased with an increase in the
sheet thickness and annealing temperature and
increased in return for the rise in punch radii.

e The comparison of simulation and experimental
results showed that the mean error values of 4.26%,
3.34%, and 5.19% for the punch radii of 0.3, 0.5,
and 0.8 mm were negligible, and the results of
numerical simulations match well with the

experimental tests.

e Based on the mentioned results, a mathematical
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formula was obtained to predict springback. This
mathematical relationship for the prediction of
springback based on the punch radii, grain size, and
thickness can be used efficiently to avoid costly

experimental tests.
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