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Abstract. Springback is the geometric change during forming process and it affects the dimensional accuracy of
a ﬁnished product. This study aims to analyse the issue of springback in sheet bending by using response surface
methodology (RSM). The effect of punch travel (d), strain hardening index (n), holding time (t), punch velocity
(v) and width of the sheet (w) on the springback was explained by contour plots. The experiments were designed
as per Centre Composite design and also linear and quadratic polynomial equations were used for developing the
mathematical model. The experimental results of the punch travel, velocity, width of the sheets increased which
increases the springback. The holding time increases when the springback decreases. ANOVA analysis was used
to identify the most signiﬁcant factor which affects the springback and it indicates that the springback is
inversely proportional to the holding time and the springback is directly proportional to the width of the sheets.
The results of scanning electron microscope (SEM) and energy dispersive analysis of X rays analysis for the
nickel coated mild steel were also reported.
Keywords: : Nickel coated mild steel / sheet bending / springback / RSM / ANOVA

1 Introduction
Metal forming process in the manufacture of various
products like pipes, automobiles, house hold items,
buildings, aesthetic items etc plays a signiﬁcant role and
nowadays, air bending process is the most widely used
method in sheet metal shops because of its ﬂexible
characteristics. In recent years, clad sheet metals made
up of different material components are widely used
because of their exceptional mechanical and functional
properties and are in high demand for the manufacturing of
industrial products and the most important technical issue
faced by the sheet metal forming industries was the
prediction of springback [1]. In the manufacturing industries, steel sheets are extensively used and corrosion is a
main factor which affects the surface of the sheets. So the
demand for coating sheets got increased in order to protect
the industrial product made of steel. The effect of heating
current on the spring back of bended sample was developed
and analyzed. The simulation was done to study the
temperature variation with time, current in resistance
heating and spring back [2]. The various factors considered
for the determination of springback coefﬁcient were radius
of bending, size and nature of the sheet metal [3]. The
* e-mail: dpritima22@gmail.com

experimental and numerical investigation of laminated
steel sheet in V-bending process considering non-linear
visco-elasticity of polymer layer reported that the ﬁnite
element model can be used to predict the ﬁnal shape after
bending and spring-back [4]. Bending is the most
frequently process used during manufacturing of automotive safety parts which are achieved by consecutive
sequences of blanking and bending in which the minimization of maximum punch load was achieved by the response
surface methodology (RSM) based on design of experiments [5]. The release of residual stresses in the sheet metal
results in springback and the prediction of springback in
sheet forming simulation achieved only the smallest success
in terms of solution accuracy. As a result RSM along with
the ﬁnite element model was used as an optimization tool
[6]. The experiment was carried out on HSS sheet and
reported about the elimination of spring-back of high
strength steel sheet by using additional bending with
counter punch and the ﬁnite element simulation using an
advanced kinematic hardening model [7].
The spring-back and spring-go behaviors in bending of
thick plates of high strength steel at elevated temperature
suggested a compensation method of the tool to improve
the dimensional accuracy of the bend part [8]. The
Bauschinger effect, transient behavior and permanent
softening of dual phase steel sheet metal DP780 were
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studied and found the reasonable springback for three
point bending tests through which the related hardening
parameters are optimized [9]. Thickness of the sheet,
tooling geometry, lubricating conditions, material properties and processing parameters were the important factors
that affect the springback in bending process and
developed the model for predicting springback with the
help of artiﬁcial neural network approach [10]. The effect of
thickness, Y/E ratio, Poisson’s ratio for non-linear work
hardening material under pure bending determined the
springback ratio using Ramberg-Osgood stress strain
relationship with Tresca and Von-Mises yielding criteria
[11]. The proposed novel model to predict the spring back
in high strength and low alloy steel also proved that the
hardening exponent, bending radius, thickness ratio,
friction coefﬁcient and blank holder force are the inﬂuential
factors on the springback [12].
A RSM is a technique which has been proved more
efﬁcient than classical gradient based methods since it
requires fewer iterations and convergence is guaranteed
especially for non-linear problems. Naceur et al used RSM
based on diffuse approximation which optimizes the tools
geometry in sheet metal forming to reduce the springback
effects after forming and also for the rapid design of
aluminium sheet metal forming parameters [13,14]. The
stress-strain relational behavior was considered during the
determination of springback [15]. The mathematical and
statistical techniques were used in RSM and this one was
used to analyze the prediction of the response [16]. The
micromechanical modeling of bending under forming
behavior of dual phase steel 600 was achieved and
concluded that the micro–macro modeling approach will
enable the microstructure to be tailored for different
applications in automobile industry [17]. The experimental investigations and statistical analysis of pulsed laser
bending of AISI 304 stainless steel sheet were studied and
they have considered laser power, scan speed, spot
diameter and pulsed duration as input parameters and
bending angle was considered as the output. They used
RSM for modeling and optimization of the pulsed laser
bending process [18]. The bending behavior was analyzed
with empty and foam-ﬁlled beams using RSM and
optimized the parameters [19]. The relationship between
springback and various parameters like strain hardening
exponent, coating thickness, die opening, die radius,
punch radius, punch travel, and punch velocity were
analyzed in air bending of electro galvanized steel sheet
with the help of RSM and central composite design [20].
Draw bead design in sheet metal forming based on
intelligent sampling was optimized using RSM [21]. Micro
defcts were analyzed during the usage of sheet metal in
deep drawing process [22]. The multiobjective robust
optimization methodology to address the effects of parametric uncertainties on drawbead design used a dual response
surface method to construct surrogate model and developed
a multiobjective particle swarm optimization to generate
robust Pareto solutions [23]. The various factors considered
for different heat treatment conditions were punch radius,
holding time and sheet thickness [24]. Thickness of sheet
metal and grain size were the most inﬂuential factors for the
determination of spring back [25].

The development of theoretical models for the sheet
bending processes is complex because of its various control
parameters. Springback prediction by the conventional
method is more expensive and tedious. So this makes a way
to develop a mathematical model using RSM. The
mathematical model is developed with the help of
regression analysis. The ANOVA test was carried out to
ﬁnd the signiﬁcant factor and also to validate the
experiment. The effect of die shoulder radius, punch-die
clearance, punch nose radius and material properties on
springback were investigated and also conﬁrmed that the
die corner radius has more inﬂuence on springback [26]. By
varying the holding time and bend angles, corresponding
springback values were recorded in V-bending test [27].
The effect of martensitic transformation on springback
behavior was studied on 304L austenitic stainless steel [28].
The striking force was given to the work piece and was
converted into desired three dimensional objects by using
simple die [29].
The process of maintaining geometry accuracy in sheet
bending is related with spring back. The response for spring
back angle agrees well with experiments which also
validates the developed model. The effect of the thickness
ratio, normal anisotropy and the strain hardening exponent on the spring back angle were studied [30].
Nickel coated mild steel sheets are mainly used in
batteries which gives better post corrosion resistance. Ni
coated mild steel is used in control valves, cooling towers,
steel compressors and also in food industries and nowadays
they are in high demand. This work aimed to study the
sheet bending behavior of nickel coated mild steel sheet
using RSM. The intend of this cram was to establish the
correlation among springback and the bending parameters,
and to discover the process variables having signiﬁcant
persuade on the response. The effects of control parameters
such as punch travel, strain hardening index, width of
sheet, holding time, and punch velocity on springback were
studied in detail.

2 Experimental method
2.1 Electroplating process
The work piece was fabricated through nickel electroplating method. It is a technique of electroplating a thin
layer of nickel onto a mild steel. To achieve the better
corrosion resistance, wear resistance and high strength, the
nickel coating was applied on mild steel. Nickel electroplating is a process of depositing nickel on a mild steel.
Before coating, mild steel sheet was involved in many
primary processes such as cleaning, masking, pickling, and
etching. Nickel plate is considered as anode and mild steel is
considered as cathode terminal.
The pH level of the electrolyte was maintained in the
range between 2.5 and 3 by adding 15% of dilute sulfuric
acid and the range of temperature between 45 °C and 50 °C.
Nickel was deposited on the mild steel by electroplating
process. In this method, low reaction temperature was
occurred during electroplating process which is kept stress
free process. The deposition parameters were easily
controlled and manipulated by this process. The quality
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Table 1. Experimental layout and results for the springback.
S.No

Punch
travel (mm)

Strain hardening
index

Holding
time (min)

Punch velocity
(mm/s)

Width of the
sheet (mm)

Spring back
(degrees)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

10
15
15
20
15
15
15
10
15
15
10
20
10
20
20
20
10
15
20
15
20
10
15
15
15
15
5
20
15
10
25
10

0.22
0.27
0.27
0.24
0.27
0.27
0.27
0.22
0.27
0.27
0.24
0.22
0.22
0.22
0.22
0.24
0.24
0.23
0.24
0.27
0.22
0.24
0.27
0.21
0.27
0.27
0.27
0.24
0.27
0.24
0.27
0.22

2.5
5
5
2.5
0
5
5
7.5
5
5
7.5
2.5
7.5
7.5
7.5
7.5
2.5
5
7.5
5
2.5
7.5
5
5
5
5
5
2.5
10
2.5
5
2.5

0.666
0.499
0.166
0.666
0.499
0.499
0.499
0.333
0.499
0.499
0.666
0.666
0.666
0.333
0.666
0.333
0.333
0.499
0.666
0.499
0.333
0.333
0.499
0.499
0.833
0.499
0.499
0.333
0.499
0.666
0.499
0.333

40
70
50
40
50
50
50
40
50
50
40
60
60
60
40
40
40
50
60
30
40
60
50
50
50
50
50
60
50
60
50
60

3.7
1.7
3.1
2.4
0.8
1.4
2.2
1.9
2.3
2.4
3.2
3.2
1.6
0.8
2.2
2.6
3.5
2.5
1.7
4.2
2.8
3.3
3.5
2.5
1.7
2.7
4
2.1
2.8
1.9
3.2
3.6

of electroplated nickel mainly depends on the coating
thickness, holding time and uniformity of the deposited
metal. The nickel anode was dissolved into the electrolyte
in the form of nickel ions. The ions travel through the
solution and deposited on the cathode.

performed as per the design matrix and the measured
output parameter (springback) was provided in Table 1.
The ﬁve independent controlled input parameters are
chosen as A: punh travel, B: strain hardening index, C:
holding time, D: punch velocity and E: width of the sheet in
which they have great effect on springback.

2.2 Experimental details
The dimensions of the sheet used for the present study are,
(i) 120  30  0.68 mm, (ii) 120 mm  40 mm  0.68 mm,
(iii) 120 mm  50 mm  0.68 mm, (iv) 120 mm  60 mm
 0.68 mm and (v) 120 mm  70 mm  0.68 mm. The
scanning electron microscope (SEM) analysis was carried
out for the nickel coated mild steel sheets using SEMZEISS machine. The composition of the casted materials
was veriﬁed by energy dispersive analysis of X rays
(EDAX) analysis. The sheet bending operation was

3 Results and discussion
3.1 SEM and EDAX analysis of nickel coated mild
steel sheets
The morphology of the nickel coated mild steel sheets is
presented in Figure 1. This image Figure 1a shows that the
nickel was appropriately coated on the surface of the mild
steel sheets and the Ni was well dissolved in the surface of
the mild steel sheet. Figure 1b shows the morphology of Ni
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Fig. 1. SEM images of nickel coated mild steel sheets.

Fig. 2. (a–f) EDAX analysis of nickel coated mild steel sheets.
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Table 2. Analysis of variance results for springback.
Source

Adj SS

Adj MS

F-value

P-value

Model
Linear
A = punch travel
B = strain hardening index
C = holding time
D = punch velocity
E = width of the sheet
Square
AA
BB
CC
DD
EE
2-Way
AB
AC
AD
AE
BC
BD
BE
CD
CE
DE
Error
Lack-of-ﬁt
Pure error
Total

23.9430
12.4283
4.1611
5.3875
0.0403
1.3727
0.8078
3.4754
0.2007
1.1672
0.1458
0.1986
1.1806
10.8360
0.3254
0.0006
0.4402
0.0870
1.2764
3.7141
1.9907
0.0028
3.0899
0.0321
1.5370
0.4370
1.1000
25.4800

1.19715
2.48566
4.16105
5.38751
0.04033
1.37267
0.80775
0.69508
0.20074
1.16717
0.14583
0.19863
1.18056
1.08360
0.32536
0.00059
0.44019
0.08701
1.27642
3.71405
1.99074
0.00279
3.08989
0.03213
0.13973
0.07284
0.22000
–

8.57
17.79
29.78
38.56
0.29
9.82
5.78
4.97
1.44
8.35
1.04
1.42
8.45
7.75
2.33
0.00
3.15
0.62
9.13
26.58
14.25
0.02
22.11
0.23
–
0.33
–
–

0.000
0.000
0.000
0.000
0.602
0.010
0.035
0.013
0.256
0.015
0.329
0.258
0.014
0.001
0.155
0.949
0.104
0.447
0.012
0.000
0.003
0.890
0.001
0.641
–
0.895
–
–

coated mild steel at higher magniﬁcation at 200 nm scale. It
was studied that the nano level Ni particles are arranged on
the surface of the mild steel which gives the impression that
this coating was perfectly done. The coating thickness and
layers were exempliﬁed by SEM through cross sectional
view as shown in Figure 1a. The coating thickness variation
was directly proportional to the electrode gaps and plating
time. The large electrode gap results in more amount of
coating as well as uniform layers. The coating layers consist
of black and bright nickel which was visible in Figure 1b.
The bright nickel has larger grains when compared to the
black nickel. The low grain size decreases the bonding
strength of the coatings whereas the larger grain size
increases the adhesive strength of the coatings and have
excellent thermal constancy. The SEM image Figure 1b
conﬁrmed that the enormous bright nickel grains were
obtained during coating process.
Figure 2a–f shows the results of EDAX analysis of Ni
coated mild steel sheets. This analysis was conducted to
evidence the presence of appropriate elements in mild steel
as well as the coated Ni element. Figure 2b, shows the
required composition of the mild steel along with Ni

coating. Figure 2(c–f) ensures the presence of elements such
as Ni, C, Fe and S respectively. Also the presence of nickel
in high intensity ensures that the surface is appropriately
coated by Ni. The presence of nickel is conﬁrmed by the
EDAX mapping shown in the Figure 2c which have large
grain size and excellent adhesive properties.
3.2 Hardness and surface roughness test
The experiments were carried out with 2 sets of specimen,
one based on mild steel and an other based on nickel coated
mild steel sheet. The Rockwell hardness of the specimens is
calculated with respect to different sheets. Diamond
indentor with 150 kgf load was applied during hardness
test. The hardness of the plain mild steel was found to be
65 HV. The hardness for the nickel coated MS specimen
was increased to 85 HV. This indicates that the nickel
coating increases the hardness of the substrate at surface
level. The roughness test was carried out for plain mild steel
(uncoated) and nickel coated mild steel specimens. It was
also found that uncoated mild steel specimens have large
variation in roughness (1.66 mm) when compared to nickel
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Table 3. Conﬁrmation test.
S.No

Punch
Strain
Holding
Punch Width of the Springback degree Springback degree Error %
travel (mm) hardening time (min) velocity sheet (mm) experimental value predicted value
index
(mm/s)

1
2

10
15

0.22
0.27

2.5
5

0.666
0.499

40
70

coated specimens (0.624 mm). Hence, it may be concluded
that coated process can improve the surface quality of the
substrate.
3.3 Determination of springback
The experiment was done in Universal Testing Machine
(UTM) in which hardened steel is used as die and punch.
The sample work piece is carefully placed in suitable
position on the die and the load was gradually applied on
the work piece. Finally the required springback angle was
determined by the difference between the bend angles
before and after deformation as shown in Table 1. This
experiment was repeated for various levels.
3.4 Development of the empirical relationship and
ANOVA analysis
In this investigation, the central composite face centered
design was used, which ﬁts the second order response
surface very accurately. All coefﬁcients were obtained by
applying central composite face centered design. After
determining the signiﬁcant coefﬁcients, the ﬁnal relationship was developed using only those coefﬁcients. The ﬁnal
empirical relationship to predict springback of nickel
coated mild steel sheet is given below in equation (1). The
developed model was used to predict the output response
such as spring back.
Springback ¼ 58:6 þ 0:501A  442B  3:65C
 31:92Dþ 0:523E  0:00351A
 Aþ 837B  Bþ 0:0297C  Cþ 3:14D
 D  0:002127E  E  1:227A  B
 0:00053A  C  0:236A  D
 0:00162A  Eþ 10:10B  Cþ 133:5B
 D  1:518B  Eþ 0:038C
 Dþ 0:01927C  E  0:0319D  E:
ð1Þ
As for ANOVA technique, if the calculated value of the
F ratio of the developed model was less than the standard F
ratio value at a desired level of conﬁdence (95%), then the
model was said to be adequate within the conﬁdence limit.
ANOVA test results are presented in Table 3 for the model.
From the table, it was understood that the developed
relationship is found to be adequate at 95% conﬁdence
level. Values of “Prob>F” less than 0.0500 indicate that
model terms are signiﬁcant. In this case, B2 are signiﬁcant
model terms. Values greater than 0.1000 indicate that the
model terms are not signiﬁcant. The results of ANOVA for
springback are shown in Table 2.

3.7
1.7

4.125
1.95

11.4
14

3.5 Analysis of contour plots
Contour plots also called level plots are used to represent
the three dimensional surface on a two dimensional plane.
Contour plots are drawn to show the effectiveness of the
applied method and a suitable design region was readily
identiﬁed [31]. These plots gave a clear picture about
interactions between the process parameters and response.
The above Figure 3a shows that the springback was
minimum for the high value of punch travel and strain
hardening index. The maximum springback was obtained
at the combination of 15 mm punch travel and 0.21 of strain
hardening index. The desirable springback is achieved
when the punch travel is above 15 mm and also when the
strain hardening index was above 0.24.
In Figure 3b, the springback was minimum at the high
value of punch travel and holding time of 5 min. The
maximum value of springback was obtained at the lower
values of punch travel and holding time of 5 min. There was no
signiﬁcant effect of holding time on springback. The values of
springback decrease linearly for the values of punch travel
greater than 20 mm and holding time above 3 min.
It is observed from Figure 3c that most of the contour
plot was occupied by high springback. At the combination
of 25 mm punch travel and 0.5 mm/sec punch velocity, the
springback was minimum.
It is very clear from Figure 3d that the springback value
was minimum at the punch travel of 15 mm and width of
the sheet of 70 mm. The minimum springback was also
obtained at the punch travel of 25 mm and width of the
sheet of 50 mm. Width of the sheet should be more than
50 mm to obtain the minimum springback.
In Figure 3e, the springback was minimum at the high
value of strain hardening index and lower value of holding
time. The maximum springback was obtained at the minimum
value of strain hardening index and holding time of 5 min.
In Figure 3f, the springback value decreases linearly.
Maximum springback was achieved at both the higher
values of strain hardening index and width of the sheet.
In Figure 3g, the springback value was minimum at the
combination of strain hardening index (0.24) and punch
velocity of 0.5 mm/s. The strain hardening index and
punch velocity have much lesser inﬂuence on desired
springback.
In Figure 3h, the minimum springback was obtained at
the combination of higher value of width of the sheet and
the punch velocity from 0.4 to 0.6 mm/s
The normal probability plots of the springback are
shown in Figure 4 and it is clearly noticed that all the values
of springback fall on a straight line showing the normal
distribution [32].
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Fig. 3. (a) Contour plot: punch travel vs. strain hardening index, (b) contour plot: punch travel vs. holding time, (c) contour plot:
punch travel vs. punch velocity, (d) contour plot: punch travel vs. width of the sheet, (e) contour plot: strain hardening index vs.
holding time, (f) contour plot: strain hardening index vs. width of the sheet, (g) contour plot: strain hardening index vs. punch velocity,
(h) contour plot: punch velocity vs. width of the sheet.
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Fig. 4. Normal probability plot of springback.

Fig. 5. (a–e) Effect of process parameters on springback.

3.6 Effect of process parameters on springback
This section deals with the direct effect of the individual
parameter on springback. The direct effects of the design
parameters are illustrated in Figure 5a–e. Figure 5a shows

that springback increases for increasing punch travel. This
was due to the fact that the bending moment was
proportional to the springback angle. Figure 5b illustrates
that the increase in strain hardening index increases the
value of springback which is because of increasing
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resistance in plastic yielding [26]. Figure 5c shows that the
springback remains constant in all the values of holding
time. The effect of punch velocity on springback is shown in
Figure 5d and it shows that springback decreases for
increasing values of punch velocity. The inﬂuence of width
of the sheet on springback is shown in Figure 5e and it is
evident that springback also decreases for increasing values
of width of sheet.
3.7 Conﬁrmation test for the experiments
The prediction results of the RSM model were tested by
performing conﬁrmation experiments for the various values
of the process parameters which are compared with the
results of prediction model. Table 3 clearly shows the
comparison between the experimental and predicted values
in which the error is calculated as


ðY p  Y expÞ
 100;
ð2Þ
Errorð%Þ ≡
Y exp
where, Yp is the predicted value and Yexp is the
experimental value. It is found that the error percentage
calculated is small and so the developed model is found to
be accurate.

4 Conclusions
The following conclusions are drawn from the above study:
– sheet bending behavior of nickel coated mild steel was
analyzed for the springback by using RSM;
– strain hardening index is the most inﬂuencing factor on
springback followed by punch travel;
– an empirical relationship was developed to predict the
springback of sheet bending of nickel coated mild steel
sheets during bending using RSM;
– the mathematical model developed is in close agreement
with experiment results. The conﬁrmation experiment
shows that percentage of error between measured value
and predicted value is small;
– SEM analysis revealed the morphology of the nickel
coated mild steel sheets and EDAX results conﬁrm the
evidence of the presence of nickel and some elements
including iron, sulphur, etc;
– it was noticed that smaller punch travel produces higher
springback.
The developed relationship can be effectively used to
predict the springback of sheet bending at 95% conﬁdence
level.
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