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Abstract: Bulge is a defect that causes geometrical inaccuracy and premature failure in the innovative incremental sheet forming 
(ISF) process. This study has two-fold objectives: (1) knowing the bulging behavior of a Cu clad tri-layered steel sheet as a function 
of forming conditions, and (2) analyzing the bending effect on bulging in an attempt to identify the associated mechanism. A series of 
ISF tests and bending analysis are performed to realize these objectives. From the cause−effect analysis, it is found that bulge 
formation in the layered sheet is sensitive to forming conditions in a way that bulging can be minimized utilizing annealed material 
and performing ISF with larger tool diameter and step size. The bending under tension analysis reveals that the formation of bulge is 
an outgrowth of bending moment that the forming tool applies on the sheet during ISF. Furthermore, the magnitude of bending 
moment depending upon the forming conditions varies from 0.046 to 10.24 N·m/m and causes a corresponding change in the mean 
bulge height from 0.07 to 0.91 mm. The bending moment governs bulging in layered sheet through a linear law. These findings lead 
to a conclusion that the bulge defect can be overcome by controlling the bending moment and the formula proposed can be helpful in 
this regards. 
Key words: incremental forming; clad sheet; bulge; bending moment; forming conditions 
                                                                                                             

 
 
1 Introduction 
 

Incremental sheet forming (ISF) is a relatively new 
process in the domain of sheet metal forming. By 
definition, this is a process whereby a flat sheet is 
transformed into a desired three-dimensional shape 
without the application of dedicated dies and punches 
(Fig. 1(a)). Compared with the conventional incremental 
forming processes, such as metal spinning and backward 
bulging, the ISF process is more flexible in respect of 
shape complexity and tooling [1]. Water jet forming 
(WJF) is a novel alternative of ISF; however, this process 
demands higher capital investment [2−4]. Therefore, to 
date, ISF is thought as a promising and economical 
option amongst various incremental forming methods. 

At present, due to slow forming speed, ISF is 
feasible to produce small batches. However, with 
advancement in the technology, the process has potential 
to be employed for large-scale production. High speed 
ISF is a good piece of work in this context [5]. ISF is 

now a well-established process and its further details can 
be reviewed in the published literature [6−9]. 

Similar to traditional metal forming processes, ISF 
also suffers from defects such as bulge, wall and 
corner-fold [10]. As shown in Fig. 1(a), bulge is a defect 
that develops in the bottom of a part. This defect causes 
geometrical errors and may lead to premature sheet 
failure, thus adversely affecting the overall process 
performance. Limited efforts have been spent to control 
this defect. In this regards, HUSSAIN et al [10,11] 
proposed to employ optimum process conditions as one 
of the possible solutions. AL-GHAMDI and   
HUSSAIN [12] suggested to use pre-strained sheet. 
ISIDORE et al [13] proposed to utilize flat-end tool to 
minimize bulging. Although these studies have 
significant contribution to bulging in ISF, insights into 
the bulging of layered clad sheet(s) have not been 
presented in the literature. 

The clad sheet metal is a class of composites 
fabricated to satisfy special needs, e.g., high fracture 
toughness,  improved  conductivity  and  better  wear 
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resistance. The clad is composed of multiple layers of 
different materials, often bonded through cold rolling 
process. A number of studies on conventional forming of 
clad metals [14−17] have reported that this class of 
materials exhibits essentially different forming behaviors 
relative to monolithic sheets. Therefore, the knowledge 
reported on bulging of monolithic sheets in ISF might 
not be directly applicable to control bulging in clad 
sheets. Keeping in view increasing applications of clad 
metals in industry and potential applications of ISF as an 
innovative forming method, it is necessary to determine 
bulging response of clad metals to ISF processing. 

Moreover, most of the bulge-related studies in ISF 
have been experimental in nature. In order to 
methodically control this defect, there is a need to 
identify the related cause or mechanism. The 
deformation in ISF is jointly achieved by bending, 
stretching and shearing [18]. As shown in Fig. 1(a), the 
moment due to bending load applied by the forming tool 
tends to cause curvature change in its surrounding that 
further develops into bulge in a series of incremental 
steps. Bulging (say height of bulge) is likely to vary as 
the applied moment varies. A systematic bending 
analysis is required to acquire insights into this point in 
order to adequately understand and control bulging. 

The present study addresses the above-mentioned 

gaps. The tri-layered Cu/steel clad sheet is employed as 
the experimental material. To begin with, the bulging 
response of layered sheet is examined subjecting the 
sheet to various ISF conditions. This yields a detailed 
cause−effect analysis providing insights into bulging 
behavior of clad sheet. In the second step, bending 
analysis is performed to determine the moment and its 
associated effect on bulging. Correlation between the 
bending moment and bulge height is established to reveal 
how bending affects the formation of bulge in ISF. 

 
2 Experimental 
 

The experimental material employed in the present 
work was Cu clad steel sheet. The sheet was comprised 
of three layers stacked as Cu/steel/Cu, as shown in the 
optical micrograph in Fig. 2. The Cu layers were 
composed of 99.9% pure Cu, and the steel layer was 
composed of DC04 steel (0.15% C and 99.85% Fe). The 
layers were bonded through cold rolling by applying 
50% thickness reduction. After rolling, the overall 
thickness of layers was about 1 mm (where the steel 
layer was about 0.9 mm thick). The clad sheet was 
annealed over a range of temperatures, as given in Table 
1, in order to minimize the rolling stresses. To determine 
the mechanical properties, tensile samples following the 

 

 

Fig. 1 Schematic of bending under tension in ISF: (a) Sheet bending and equilibrium diagram of bent section; (b) Strain distribution 
across section; (c) Stress distribution across section (F is tension force applied on unit width of sheet; M is bending moment applied 
on unit width of sheet; r is bend radius of inner surface of bent section, which is equal to radius of tool; ρ0 is radius of middle surface 
of bent section; t is thickness of sheet after forming; t0 is thickness of sheet before forming) 
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Fig. 2 True stress−true strain curves of Cu/steel/Cu clad sheet 

 
Table 1 Mechanical properties of Cu/steel/Cu clad sheet 

T/°C σy/MPa n K/MPa 

25 (as-received) 177 0.09 438.7 

233 155 0.11 418 

350 145 0.12 406 

466 130 0.13 397 

700 115 0.15 374 

 

ASTM E8 standard were cut in the rolling and transverse 
directions of sheet. The tension tests were conducted at 
the crosshead speed of 2 mm/min utilizing the Instron 
machine. Figure 2 presents the representative 
stress−strain curves against two extreme annealing 
conditions (i.e., 25 °C and 700 °C). A series of such plots 
were drawn for the range of temperatures and the 
important mechanical properties were determined in the 
rolling and transverse directions. The mean values of 
these properties, namely yield stress (σy), hardening 
exponent (n) and strength coefficient (K) are given in 
Table 1. The values of n and K were determined by 
plotting the true stress−strain data on the logarithmic 
scale as reported in MARCINIAK et al [19]. 

The bulging response of Cu/steel clad sheet to ISF 
processing was studied by varying forming conditions. In 
order to adequately incorporate the effect of forming 
conditions, design of experiments (DoE) approach was 
employed, as DoE contrary to ad-hoc approach (vary one 
condition keeping the others fixed) considers the 
combined effects besides individual effects. The test plan 
was formulated through response surface design, because 
this design requires less runs and it plots a response in 
3D space thus allowing deeper cause−effect analysis. 
The design of the following mathematical form was 
employed: 
 
Y=f (X1, X2, X3,…, Xn)+E                       (1) 
 
where Xi is the variable (i.e., forming condition), E is the 

error due to noise and Y is the response (i.e., bulge 
height). 

A statistical package Design Expert DX-10 was 
utilized for design and analysis. Five conditions namely 
tool diameter (d), wall angle (θ), spindle rotation (ω), 
feed rate (f), temperature (T) and step size (p), as defined 
in Fig. 1(a), were varied over wide ranges (Table 2). The 
design space included the following points: model points 
of 28, lack-of-fit points of 5, replicates of 4, and 
additional center points of 1. These points summed to 38 
runs whereby each of the forming conditions had five 
levels as detailed in Table 2. 

The frustum of pyramid was formed as the test 
geometry (inset in Fig. 1(a)). To produce this geometry, 
blank of 140 mm × 140 mm × 1 mm in size was clamped 
on a rig. The forming was performed utilizing a steel tool, 
whose motion was controlled through a three-axis CNC 
milling machine (Maker: Sky Corporation). After having 
formed, the specimens were cut into two halves utilizing 
a wire-cut machine and a depth gauge was used to 
measure the height of bulge on at least five points in an 
accuracy of ±0.01 mm. 
 
3 Experimental results 
  

Figure 3 exhibits the bulge profiles of three 
representative specimens. As can be seen, the bulge 
height gradually increases from the periphery towards 
the center of specimen and achieves the maximum value 
at the center. Based on this trend, two measures were 
defined to characterize bulging in the clad sheet, namely 
maximum bulge height (Hmax) and root mean bulge 
height (Hm) defined as below: 
 

2
m

1

1 n

i
i

H H
l 

                               (2) 

 
where Hi is the bulge height measured at the ith point, 
and l is the number of points. 

Table 2 lists the bulge height recorded for the 
Cu/steel clad sheet in 38 tests. As can be seen, in respect 
of Hmax, test 4 experiences the least bulging while test 36 
endures the maximum bulging. The value of Hmax varies 
from 0.1 to 1.44 mm. 

In order to know the significant parameters 
affecting bulging in the clad sheet, analysis of variance 
(ANOVA) was performed on the bulge height. The 
quadratic model was chosen as the fit model. The 
ANOVA results are presented in Table 3. The terms with 
p*≤0.05 are shown to be significant. It is observed from 
Table 3 that the parameters interact with each other (e.g., 
dθ and dp in the case of Hm). This means that the nature 
of influence of one parameter depends on that of the 
interacting parameter. 
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Table 2 DoE test plan and results 

Test No. d/mm θ/(°) ω/(r·min−1) f/(mm·min−1) T/°C p/mm Hmax/mm Hm/mm 

1 6 60 500 1000 0 0.2 0.22 0.143 

2 20 20 1750 3500 700 0.2 0.32 0.207 

3 6 20 3000 3500 0 0.2 1.26 0.828 

4 20 60 3000 1000 350 0.2 0.12 0.06 

5 6 46.7 500 2666 0 1 0.2 0.128 

6 20 20 500 3500 0 1 0.28 0.164 

7 20 20 3000 1000 700 0.47 0.26 0.154 

8 20 20 3000 3500 466 1 0.26 0.151 

9 13 20 3000 1000 0 0.2 0.48 0.297 

10 15.3 60 500 1000 0 1 0.14 0.089 

11 15.3 60 500 1000 0 1 0.15 0.092 

12 10.7 60 500 3500 233 0.2 0.18 0.112 

13 10.7 46.7 3000 3500 0 1 0.36 0.223 

14 6 60 3000 3500 700 0.2 0.16 0.095 

15 15.3 60 500 3500 700 1 0.14 0.092 

16 13 40 1750 2250 350 0.6 0.28 0.180 

17 20 60 500 1000 700 0.2 0.12 0.083 

18 20 20 500 1000 0 0.2 0.3 0.191 

19 20 60 1333 3500 0 1 0.12 0.083 

20 20 20 500 1000 700 1 0.28 0.159 

21 20 60 3000 1000 700 1 0.14 0.088 

22 20 60 500 1000 700 0.2 0.1 0.067 

23 6 60 3000 1833 700 1 0.18 0.117 

24 13 40 1750 2250 350 0.6 0.32 0.202 

25 6 20 500 2666 0 0.2 1.34 0.790 

26 20 46.7 500 3500 0 0.2 0.28 0.178 

27 20 33.3 3000 1000 0 1 0.44 0.282 

28 20 20 1750 3500 700 0.2 0.32 0.189 

29 6 60 500 1000 700 1 0.18 0.117 

30 6 20 2166 1000 0 1 0.16 0.735 

21 15.3 60 3000 2666 0 0.2 0.16 0.102 

32 20 60 3000 3500 700 0.47 0.12 0.074 

33 6 60 3000 1000 0 0.73 0.18 0.113 

34 6 20 3000 2250 700 1 0.2 0.761 

35 20 20 3000 3500 0 0.2 0.32 0.197 

36 6 20 500 1833 700 0.2 1.44 0.913 

37 6 20 500 3500 700 0.73 1.38 0.872 

38 10.6 46.7 3000 1000 700 0.2 0.34 0.222 

 
Figure 4 portrays the influence of forming 

conditions on the mean bulge height (Hm). Regardless of 
the interacting parameters, the bulge height sharply 
increases as the angle increases from 20° to 35° and 
afterwards gradually decreases when the angle increases 

from 35° to 60°. This can be observed from a number of 
response surfaces, i.e., Figs. 4(a, c−e). The bulge height 
in general reduces with the increase of tool diameter 
from 6 to 20 mm (Fig. 4(a)). This reduction is sharp 
when step size is small (0.2 mm). However, when step  
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Fig. 3 Bulge profiles for selected Cu/steel/Cu specimens 

size is large (1 mm), relatively slight increase is observed 
in the bulge height (Fig. 4(b)). The height of bulge falls 
as the rotation increases (from 500 to 3000 r/min) and 
further this fall is dominant when the angle is low (20°). 
The bulge contrarily increases when the feed rate 
increases from 1000 to 3500 mm/min (Fig. 4(d)). 
Generally, the bulge height decreases as the step size 
increases from 0.1 to 1 mm. Furthermore, this effect is 
dominant when the tool diameter and angle are low (i.e., 
6 mm and 20°). With the increasing of annealing 
temperature (from 0 to 700 °C), the bulge decreases 
especially when the step size is low (0.2 mm). However, 
there is a slight increase in the bulge height when the 
step size is high (1 mm) (Fig. 4(f)). Among all, the 
effects of feed rate and rotations are comparatively low.  

 
Table 3 Analysis of variance for response surface quadratic model 

Source 
Hm Hmax 

F-value p-value Significance F-value p-value Significance 

Model 16.89 <0.0001  35.28 <0.0001  

d 24.3 0.0006  128.97 <0.0001  

θ 166.14 <0.0001  454.18 <0.0001  

ω 0.91 0.3632  0.35 0.5685  

f 2.22 0.1671  0.18 0.6822  

T 0.0032 0.9557  0.023 0.8835  

p 16.13 0.0025  2.64 0.1355  

dθ 6.5 0.0289  22.68 0.0008  

dω 1.45 0.2561  0.69 0.427  

df 0.12 0.7395  0.63 0.4447  

dT 2.51 0.1444  9.5 0.0116  

dp 14.18 0.0037  3.17 0.1056  

θω 5.17 0.0462  0.1 0.7536  

θf 6.11 0.033  2.04 0.1839  

θT 3.41 0.0947  1.02 0.3361  

θp 7.99 0.0179  0.64 0.4429  

ωf 0.56 0.4716  0.82 0.3876  

ωT 2.72 0.1302  1.34 0.2746  

ωp 3.45 0.093  19.54 0.0013  

fT 0.057 0.8158  0.0065 0.9371  

fp 0.52 0.4866  3.94 0.05  

Tp 4.41 0.05  5.89 0.0357  

d2 3.14 0.1068  5.09 0.0477  

θ2 30.37 0.0003  19.57 0.0013  

ω2 1.4 0.2637  1.97 0.1906  

f2 2.79 0.1256  5.07 0.048  

T2 0.8 0.3922  8.84 0.014  

p2 0.34 0.575  0.13 0.7303  

LoF 1.24 0.4363  1.3 0.4179  
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Fig. 4 Effect of parameters on mean bulge height (Conditions other than those shown on horizontal axes are set to middle values) 
 

The response of maximum bulge height (Hmax) to 
variation in the parameters is observed to be similar to 
that detailed for the mean bulge height. Therefore, 
separate details are not reported. 

From Fig. 4 and above discussion, it follows that 
large tool diameter, medium annealing temperature, low 
rotation, high step size and intermediate feed rate are 
conducive for minimizing bulging in ISF of Cu/steel clad 
sheet for a given angle. The feed rate and rotation are 

relatively less influential; therefore, these parameters can 
be kept high to enhance the process performance in 
respect of productivity and formability. 
 
4 Bending analysis 
 

EMMENS and BOOGAARD [20] and FANG    
et al [18] have reported that the sheet in ISF experiences 
bending under tension. Therefore, in order to know the 
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role of bending on bulging, the authors performed 
bending analysis with superimposed tension. To perform 
this analysis, the authors followed the approach 
presented in MARCINIAK et al [19]. 

Note that the forming tool simultaneously applies 
the tension and bending moment on the unit width of 
sheet during forming. The resulting bent section and its 
equilibrium diagram are presented in Fig. 1(a). 

Suppose an element of thickness dy and unit width 
(1) is situated at a distance y from the middle surface. 
The element experiences the strain ε1 in the applied 
tension direction. This strain is the sum of stretching 
strain and bending strain as depicted in Fig. 1(b) and can 
be determined using the following relation:  
 

0
1 a b

0

ln
t y

t
  


                          (3) 

 
where εa is the strain due to stretching of sheet; εb is the 
strain due to bending of sheet. 

Consider a simple case of strain hardening in which 
the true stress−true strain curve is linear near the middle 
of section and the total stress can be given by 
 

1
1 a 1a a

1 0 0

d

d

y y
C


   

  
                  (4) 

 
where σa is the stress due to stretching of sheet; σb is the 
stress due to bending of sheet; ε1a is the stretching strain 
in the middle surface; C is the slope of true σ1−ε1 curve 
at ε1=ε1a, i.e., slope of the linear segment of curve near 
the middle surface of considered section. The stress 
distribution across the section is shown in Fig. 1(c). As 
illustrated, the slope C is multiplied with the bending 
strain to calculate the bending stress below and above the 
middle surface. 

Assuming that the sheet in ISF experiences plane 
strain deformation (as minor strain in most of the cases 
remains zero [18]) and strain hardening obeys the power 
law, C can be determined: 
 

11
1a 1a

1

d

d
nC nK


 


                         (5) 

 
K′ is the strength coefficient in plane strain 

deformation, related with the constants of uniaxial 
stretching as follows: 
 

1

24

3

n

K K



    
 

                             (6) 

 
where K is the strength coefficient in uniaxial stretching; 
n is the strain hardening exponent in uniaxial stretching. 

The bending moment M that the element of 
thickness dy and unit width (1) endures during ISF, is the 
product of applied tension force F and distance y from 
the middle surface: 

 
 /2

1 /2
{ (d 1)}

t

t
M Fy y y


                      (7) 
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  

(8) 
 

While solving above integral, the stress σa due to 
stretching is ignored as it does not affect bending 
moment. 

Considering that the recovery of moment is elastic 
(i.e., M=∆M), the following elastic equation can be 
employed to determine the change in curvature: 
 

1,max1

0

1

/2

M
E

I y t




       
 

              (9) 

 
where I is the moment of inertia. For unit width, it can be 
calculated using the following relation: 
 

3

12

t
I                                    (10) 

 
ΔM is the change in bending moment due to unloading; 
Δσ1 is the change in stress σ1 due to unloading; E′ is the 
plane strain elastic modulus. 

The Eqs. (8)−(10) can be combined to obtain the 
change in curvature as follows: 
 

1
1a

0 1

d(1/ ) 1

1/ d E

 
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
 


                        (11) 

 
The plane strain elastic modulus E′ is determined by 

the following relation: 
 

21

E
E

v
 


                                (12) 

 
where E is the elastic modulus in uniaxial tension; v is 
the Poisson ratio. 

For more details on the derivations, the reader is 
referred to MARCINIAK et al [19]. 

It can be noticed from Eqs. (5)−(8) that the bending 
moment depends upon the plastic constants (n, K), 
curvature radius ρ0 and plastic strain ɛ1 applied on the 
sheet. The values of n and K have been observed to vary 
with the annealing temperature (T, a variable of current 
study), as given in Table 1. The value of ρ0 can be 
determined using the tool radius r and thickness t, as 
illustrated in Fig. 1(b) and given below: 
 
ρ0=t/2+r                                   (13) 
 
where t0 is fixed but r (i.e., d/2) is a variable in this study. 
The plastic strain ɛ1 depends on the forming conditions, 
specifically wall angle θ, tool radius r and step size p [8]. 
The other forming conditions namely feed rate f and 
rotation ω may affect friction at the tool−sheet  
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interface [5]; however, these do not seem to have very 
significant effect on sheet bending. Therefore, for the 
sake of simplicity, their influence on the bending 
moment is ignored at present. 

To compute the bending moment, the necessary 
parameters of Eq. (8) were determined as follows. The 
plastic constants n and K were determined by plotting the 
stress/strain data (tension test) on logarithmic scale, as 
listed in Table 2. Having known these constants, the 
value of K′ was computed using Eq. (6). The value of 
slope C was obtained using Eq. (5). The strain ɛ1a in this 
equation is the stretching strain applied to the middle 
surface. Its value was determined making use of the 
thickness t of formed sheet and the thickness t0 of 
unformed sheet. The Cosine law [18] offers a reasonable 
approximation of t; however, it was experimentally 
measured from parts in order to obtain accurate results. 

In order to determine the curvature change ∆(1/ρ) 
due to unloading, the slope C was obtained as explained 
before. The plane strain elastic constant E′ was 
calculated using Eq. (12), while the values of E and ν 
(elastic constants in uniaxial tension) were kept fixed for 
the range of annealing temperatures. In fact, low 
temperature heat treatment does not substantially affect 
these constants specifically those of low carbon    
steels [21]. As the present material was mainly composed 
of low carbon DCO4 steel (90%, volume fraction) and 
the maximum temperature employed (700 °C) was below 
its phase transformation temperature (720 °C), the E 
(207 GPa) and ν (0.33) were assumed to remain 
unaffected by the current heat treatment process. For the 
reader’s clarity on the calculation procedure, the major 
parameters for the first six tests (Table 2) are shown in 
Table 4. 

Figure 5 presents the bending moment applied by 
the forming tool on the unit width of sheet during 
forming. As can be seen, the moment ranges from 0.046 
to 10.24 N·m/m, revealing that the applied moment 
varies with a variation in the forming conditions. The 
effect of this moment on the mean bulge height (Hm) is 
shown in Fig. 6. This is worth seeing that the bulge 
height increases from 0.07 to 0.91 mm as the bending 

moment increases from 0.046 to 10.24 N·m/m. It is also 
to observe from Fig. 7 that bulging increases with the 
change in curvature (∆1/ρ) due to elastic recovery 
increasing. These trends endorse that the bending 
moment plays an important role in the formation of bulge 
in ISF. The behavior of bulging as a function of moment 
is governed by the following linear formula: 
 
Hm=0.079M+0.081                           (14) 
 

Combined with Eq. (8), the above equation can be 
re-written as follows: 
 

3

m
0

0.079 0.081
12

C t
H


 

   
 

                   (15) 

 
This is worth noticing from Eq. (15) that the smaller 

value of slope C and greater value of curvature radius ρ0 
are conducive in minimizing bulging. The value of C can 
be reduced by increasing stretching strain and that of ρ0 
can be increased by employing greater tool radii. The R2 
value for the proposed formula is found to be high (i.e., 
90%). This means that the formula can be reliably used 
to predict the bulge height and hence to control bulging 
without performing hit and trial runs. 

Since bending moment depends upon the forming 
conditions, as mentioned before, and there is a consistent 
relationship between the moment and bulge height, it can 
be said that the variation in the bulge height due to 
variation in the forming conditions shown in Fig. 4 
occurs due to corresponding variations in the bending 
moment. 

 
5 Bulging comparison between clad and 

monolithic sheet metals 
 

Table 5 compares the effect of parameters on 
bulging in the Cu/steel clad sheet (present study) and in a 
monolithic Al sheet (previous study by the authors [11]). 
This comparison is drawn on the basis of maximum 
bulge height (Hmax). This is worth noticing that the 
bulge-parameter trend for Cu/steel clad sheet in most 
respects differs from that for the monolithic Al sheet,  
as expected. For instance, the bulge height in monolithic  

 
Table 4 Determination of bending moment and related parameters 

Test No. n K'/MPa E'/GPa r/m t/m ρ0/m ɛ1a 
1

1a
1

d

d
C





 
  
 

/MPa M/(N·m·m−1) ∆(1/ρ)/m−1

1 0.09 512 227 0.003 0.00049 0.003245 0.713 62.7 0.19 0.08 

2 0.15 440 227 0.01 0.00092 0.01046 0.083 546 3.39 0.24 

3 0.09 512 227 0.003 0.00091 0.003455 0.094 395 7.19 0.51 

4 0.12 476 227 0.01 0.00048 0.01024 0.733 75 0.067 0.03 

5 0.09 512 227 0.003 0.00067 0.003335 0.40 106 0.80 0.14 

6 0.09 512 227 0.01 0.00092 0.01046 0.083 442 2.745 0.19 
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Fig. 5 Bending moment experienced by Cu/steel clad during 

ISF 
 

 

Fig. 6 Correlation between bulge height and bending moment 

 

sheet consistently decreases with the increase in diameter 
whereas the bulge height in multi-layered clad sheet 
increases or decreases depending on the step size chosen. 
The influence of step size in the two types of sheet 
metals is in complete disagreement. The other effects can 

 

 

Fig. 7 Correlation between bulge height and curvature change 

 
be compared from Table 5. In fact, layers in the clad 
sheet owing to different hardening behavior (e.g., K of 
steel: 438 MPa and K of Cu: 398 MPa at room 
temperature) and unequal elastic constants (e.g., E of 
steel: 212 GPa and E of Cu: 119 GPa at room 
temperature) experience unequal elastic relaxation upon 
unloading, which most likely accounts for the 
discrepancies listed in Table 5. 

Moreover, the temperature range of annealing for 
the Cu and steel could be another possible reason for the 
differences highlighted in Table 5. In the present study, 
the Cu/steel clad sheet was annealed at 700 °C (at 
maximum) as further increase in the temperature led to 
delamination of Cu. The recrystallization temperature for 
steel is about 735 °C and that for Cu is about 540 °C. 
The given temperature of 700 °C is high enough to 
realize complete recrystallization in Cu while the same is 
insufficient for such a transformation in steel [22]. This 

 

Table 5 Comparison between bulge-parameter trend in Cu/steel clad sheet and monolithic Al sheet [10] 

Parameter Cu/steel clad (Current study) Monolithic Al [10] 

θ 
Bulge height increases from 20° to 35° and 

 reduces afterwards up to 60° 
Bulge height constantly  

decreases from 20° to 55° 

d 
Bulge height reduces as the diameter increases when the step 

size is 0.2 mm. However, the bulge height increases as 
the diameter increases from 6 to 13 mm when the step size is 1 mm

Bulge height constantly decreases as 
the diameter increases from 7 to 20 mm 

T 
Bulge height primarily decreases as 

the temperature increases 
Bulge height constantly increases as 

the temperature (or ductility) increases 

p 
Bulge height decreases as the 

step size increases from 0.2 to 1 mm 
Bulge height increases as the step size 

increases from 0.1 to 0.8 mm 

ω 
Bulge height slightly increases as 

the rotation increases from 500 to 3000 r/min 
Not investigated 

f 
Bulge height increases as the feed rate 
increases from 1000 to 3500 mm/min 

Not investigated 
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Table 6 Suitability of bulge formula proposed for monolithic sheet [10] to predict bulging in Cu/steel clad sheet 

d/mm θ/(°) ω/(r·min−1) 
f/ 

(mm·min−1) 
T/°C n p/mm t/mm

Hmax/mm 

Predicted Expected Error/% 

7 20 500 2600 0 0.09 0.2 1 0.538 1.32 59.5 

20 55 500 2600 700 0.15 0.8 1 0.273 0.2 −36.5 

14 40 500 2600 700 0.15 0.6 1 0.486 0.66 26.4 

 
discrepancy in the recrystallization of steel and Cu can 
easily lead to stress gradient in the bonded sheet, thus 
complicating the bulging behavior of Cu/steel aggregate. 
On the other hand, such an issue intrinsically cannot 
occur in a monolithic sheet like Al [10]. 

To predict the maximum bulge height (Hmax) in the 
monolithic sheets, am empirical formula has been 
proposed by HUSSAIN et al [10]. This model takes the 
material type into account by considering hardening 
exponent as material property. In order to examine the 
suitability of this model to predict bulging in the present 
Cu/steel clad sheet, the bulge height was estimated 
against the given conditions and was compared with the 
experimental one. As can be observed from Table 6, the 
prediction error is rather high (26%−60%), which means 
that the model proposed for the monolith sheet metal(s) 
cannot accurately predict the bulging behavior of clad 
sheet(s). Further, this confirms that the bulging behavior 
of multi-layered clad sheet is essentially different from 
that of monolithic sheet. 

 

6 Conclusions 
 

(1) Bulging in the layered sheet is sensitive to 
forming conditions. The use of large tool diameter,  
high step size and medium annealing temperature is 
conducive to control bulging. The response     
surfaces provide further guideline in this regards. 

(2) Bending under tension analysis reveals that the 
bending moment has controlling effect on the formation 
of bulge. Further, the moment depends upon the forming 
conditions and bulging increases (i.e., bulge height from 
0.07 to 0.91 mm) as the bending moment increases (from 
0.046 to 10.24 N·m/m). 

(3) The behavior of bulging as the function of 
bending moment is governed by a linear law. This law 
includes important forming parameters and, therefore, 
can be used to predict and control bulge formation in the 
Cu/steel clad sheet. 
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Nomenclatures 
ε1 Total strain that sheet endures in applied load 

direction 
σ1 Total stress that sheet endures in applied load 

direction 
σy Yield stress 

εa Strain due to stretching 

σa Stress due to stretching 

εb Strain due to bending 

σb Stress due to bending 

C Slope of true stress−strain curve when ε1=ε1a 

t Thickness of sheet after forming 

t0 Initial thickness of sheet 

y Distance of an element from neutral axis 

ρ0 Curvature radius of neutral axis 

n Hardening exponent 

K Strength coefficient 

E′ Elastic modulus in plane strain deformation 

E Elastic modulus in uniaxial tension 

ν Poisson ratio 

d Tool diameter 

r Tool radius 

θ Wall angle 

ω Tool rotation 

p Step size 

T Annealing temperature 
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渐进成形冷固结多层覆铜板的鼓包： 

成形条件和弯曲的影响 
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摘  要：鼓包是渐进成形工艺(ISF)中引起几何误差和过早失效的一种缺陷。本研究的目的是：(1)了解覆铜三层钢

板的鼓包行为与成形条件之间的关系；(2)分析弯曲对鼓包的影响，并试图得出相关机理。为此，进行一系列的渐

进成形和弯曲实验。结果表明：层状板材的鼓包形成对成形条件较敏感，可以通过采用退火材料，更大的刀具直

径和步长进行 ISF 加工，使鼓包减到最小，弯曲分析表明，鼓包是成形工具在 ISF 过程中施加在板材上的弯曲力

矩作用的结果；当力矩从 0.046 增加到 10.24 N·m/m 时，鼓包的平均高度从 0.07 增加到 0.91 mm；层状板材中的

鼓包与弯曲力矩呈线性关系。综上，通过控制弯曲力矩可以克服鼓包缺陷，本研究提出的公式对相关研究有一定

的帮助。 

关键词：渐进成形；被覆板；鼓包；弯曲力矩；成形条件 

 (Edited by Bing YANG) 


