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a b s t r a c t

Compared with monolithic metal sheet, Single Point Incremental Forming (SPIF) of bimetal

composite sheet has attracted increasing attention, as it takes advantages of materials with

different superior properties, such as high strength, low density, and good corrosion

resistance. However, deformation behaviors of bimetal composite sheet in SPIF may differ

from the single-layer sheet, which depends on the layer arrangements and mechanical

properties of each layer. In this regard, a comprehensive study was conducted to investigate

the deformation behaviors of roll-bonded Cu-Al composite sheets in SPIF through predictive

modeling, including analytical, empirical as well as numerical approaches, and extensive

experimental work taking into consideration effects of key process parameters. It was

demonstrated that overall, the formability, surface roughness, thickness variation and

forming force in different layer arrangements, in terms of various process parameters,

follow the similar trends to single-layer sheets. However, it was further revealed that

deformation mode of layer-up sheet tends to a compression state and that of layer-down

sheet tends to a stretching state. This leads to higher formability and larger forming force in

Al/Cu layer arrangement compared to Cu/Al layer arrangement, as the exterior thinner but

stronger Cu layer could endure more stretching deformation.

© 2018 Politechnika Wroclawska. Published by Elsevier B.V. All rights reserved.
1. Introduction
Bimetal composite sheets fabricated by roll bonding have been
extensively used in composite structures and components
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with wide applications in aerospace, electrical, chemical, ship
and building industries, as it takes advantages of combined
mechanical, physical, and chemical properties from different
basematerials [1]. Recently, growing interest has been focused
on forming processes of bimetal composite sheets by
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researchers. Traditional forming processes like deep drawing
has been considered to process such kind of material. Parsa
et al. [2] studied the effects of thickness ratio as well as layer
arrangements on the reachable drawing ratio in the deep
drawing of aluminum/stainless steel two-layer sheets numer-
ically and experimentally. Results revealed that the aluminum
to steel thickness ratio of 1/3 can result in amaximumdrawing
ratio. Bagherzadeh et al. [3] developed analytical models to
perform stress analysis and instability condition in hydro-
mechanical deep drawing of Al/Carbon steel sheets. Then, the
effect of layer thicknesses, arrangements, drawing ratio and
frictional condition on the forming process were analyzed
based on the established models. It showed that the lay-up
and thickness of sheets can change the working fluid pressure
zone. In their further work [4], suitable process condition to
achieve a successful forming of aluminum/steel sheets was
predicted by a well-established FE model. The wider working
region could be achievablewith reduction in thickness of lower
strength layer and also when aluminum layer is in contact
with drawing punch. In Ref. [5], the effects of key factors on the
deep drawing of steel/brass laminated sheets were compre-
hensively investigated by using numerical and experimental
approaches. Results indicated that the layer stacking sequence
can significantly affect the final part properties. Karajibani
et al. [6] studied the formability of Al-Steel sheets in a deep
drawing process through numerical and experimental meth-
ods. It was concluded that the drawing ratio of two-layer
metallic sheets could be increased by improvement of layer
thickness, die arc radius and friction between blank and
punch. Analytical and experimental analysis was performed
by Dehghani and Salimi [7] to study the formability of copper/
stainless steel sheets in deep drawing. It was reported that the
thickness variation of stronger layer (stainless-steel) is more
uniform than the weaker one (copper). Moreover, the
formability of bimetal sheets, in different layer arrangements,
in terms of various factors, has the same trends as single-layer
sheets.

With the increasing demands for customized components
with bimetal materials, it is necessary to develop new forming
technology to deal with bimetal composites instead of
conventional deep drawing or stamping. Single Point Incre-
mental Forming (SPIF), as an emerging technology, has gone
through intensive research over the past decade. During SPIF,
localized deformations are superimposed to a sheet by a
relatively small tool that follows a predefined path until a final
shape is achieved. This unique deformation mechanism
brings major benefits, such as better formability, lower
forming force, no forming dies and complex equipment
needed compared to conventional drawing and stamping
processes, making it very suitable for rapid prototyping and
low-volume production. Detailed recent developments of SPIF
could be found in Refs. [8–10]. Although SPIF has historically
been applied mainly to single-layer metal sheets [11–13], in
recent years, researchers have started to focus on the shaping
of layered metal composite sheets processed by SPIF. Al-
Ghamdi et al. [14] investigated the annealing effect on the
bond force and formability in the SPIF process of Cu/Steel
composite sheets. It was found that the most appropriate
annealing temperature for maximizing the formability was
700 8C. Moreover, there was no delamination observed during
forming until the maximum angle was achieved. In Ref. [15],
annealing was also adopted to reduce the hardening effects
and then various characterization tests including formability
in stamping and SPIF process were performed. Results
revealed that the formability in both of stamping and SPIF
increase with the increase of annealing temperature. Further-
more, it was found that formability is limited by delamination
in stamping whereas it is not found in SPIF. Using numerical
and experimental investigations on the SPIF of Al/Cu two-layer
sheets, Honarpisheh et al. [16] demonstrated that by increas-
ing the tool radius and step-down size, the forming force
increases and thewall thickness decreases during incremental
forming of the studied bimetal materials. Sakhtemanian et al.
[17] also studied the effects of layer arrangements of low-
carbon steel (St) and pure titanium (Ti) bimetal sheets on SPIF
process experimentally and numerically. They concluded that
the arrangement of Ti–St shows a higher forming force than
St–Ti due to the twinning density of Ti layer in Ti–St mode
twice higher than that in St–Ti mode, leading to more work
hardening.

According to the literature review, great efforts have been
made to investigate the formability of bimetal composite
sheets in deep drawing process. Only a few attempts have
been made to study the SPIF of bimetal composite sheets, in
which, to the best of authors' knowledge, little attention has
been paid on the comprehensive study of deformation
behaviors during the forming process. Specifically, two main
questions should be answered in this research in relation to
SPIF of bimetal composite sheets: (i) how do the metal layer
arrangement and its properties as well as other parameters
comprehensively influence the forming process? (ii) what are
the reasons for the different deformation behaviors between
monolithic metal sheets and bimetal composite sheets
processed by SPIF? It is noted that Cu-Al bimetallic sheets
are widely used as conductive, thermal conductive and
decoration materials with applications such as contact
washer, high and low-voltage power distribution unit (save
materials compared to use of Cu only), heat resistant
tableware (compared with traditional stainless steel material,
its conductivity is much higher and can be more uniformly
heated to save energy), decorative panels and so on. In this
study, the SPIF of roll-bondedCu-Al composite sheets has been
performed to reveal the deformation behaviors by predictive
modeling and experimental approaches to explore the
processing ability of this kind of material. The effects of
process parameters, such as sheet layer arrangement, step-
down size, drawing angle and tool diameter, on formability,
surface roughness, thickness variation, as well as forming
force are comprehensively analyzed based on experimental
results. Furthermore, the derived predictive results through
analytical, empirical and numerical approaches are verified
with the experimental ones, which shows good agreement
with each other.

The rest of this paper is organized as follows. Section 2
introduces thematerials and experimental equipment used in
this study. Methodology including analytical, empirical and
numerical approaches to assess formability, surface rough-
ness, thickness variation and forming force is presented in
Section 3. Section 4 presents and discusses the results,
illustrating the deformation behaviors in SPIF of Cu-Al
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Fig. 1 – Tensile tests: (a) dog-bone shaped samples and (b) true stress–strain curves of Cu-Al composite sheets.
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composite sheets. Conclusions are summarized in the last
section.
Fig. 2 – Four-axis MIKRON® VCE 800W Pro machine.
2. Materials and equipment

2.1. Materials

In this study, copper (C10100) and aluminum (Al1060-O)
composite sheets fabricated by cold roll bonding with an
overall thickness of 1 mm were adopted in experiments,
which were provided by Luoyang Copper One Metal
Material Develops Co., Ltd. The original thicknesses of
aluminum-Al1060-O and copper-C10100 sheets were about
8.5 mm and 1.5 mm before rolling. After rolling, the average
thicknesses of the aluminum and copper layers were
0.85 mm and 0.15 mm, respectively. Additionally, the
bimetal sheet with average aluminum and copper layers
of 0.9 mm and 0.1 mm thicknesses as well as single-layer
aluminum-Al1060-O and copper-C10100 sheets of 1.0 mm
thickness were also provided for experimental comparison
purpose. The Cu-Al composite sheets were cut into small
pieces with dimensions of 200 mm � 200 mm ready for use.
In order to evaluate the mechanical properties of Cu-Al
composite sheets, tensile tests with dog-bone shaped
samples along rolling, diagonal, and transverse directions
(as shown in Fig. 1(a)) were performed in a universal testing
machine (Model: DNS-100, manufactured by Sinotest
Equipment Co., Ltd.) with a maximum load of 100 kN.
Table 1 – Mechanical properties for copper, aluminum and the

Material Young's
modulus [15_TD$DIFF](E) [Gpa]

Copper (C10100) 119
Aluminum [19_TD$DIFF](Al1060-O) 70
Cu(0.15 mm)-Al(0.85 mm) [20_TD$DIFF]bimetal sheet 77
During the tensile tests, the strain rate was set to be 5 mm/
min. For each sample, three times of tests have been
repeated to get average values. The true stress–strain
curves were obtained as shown in Fig. 1(b). The anisotropy
of tensile properties in three directions are not so obvious,
so that in the following FE modeling, they would assume to
be isotropic. Mechanical properties for copper, aluminum
and their composite are listed in Table 1.

Several papers have presented a view that the mechanical
properties of composite sheets are the sum of the proper
properties of its component layers. The Young's modulus,
Poisson's ratio, Yield stress and Ultimate tensile strength can
be calculated by the following equation [18]:
ir composite.

Poisson's
ratio [16_TD$DIFF](P)

Yield stress
at 0.2% yield
[17_TD$DIFF](Y) [MPa]

Ultimate tensile
strength [18_TD$DIFF](UTS) [MPa]

0.326 90 200
0.330 75 110
0.330 78 122
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Fig. 3 – Experimental setup with dynamometer.

a r c h i v e s o f c i v i l a n d m e c h an i c a l e n g i n e e r i n g 1 9 ( 2 0 1 9 ) 4 8 4 – 5 0 2 487
xCu-Al ¼ cCuxCu þ cAlxAl (1)

where xCu-Al, xCu, and xAl can refer to Young's modules, Pois-
son's ratios, Yield stresses and Ultimate tensile strengths. cCU
and cAl are the volume (percentage) fractions of metallic com-
ponents in composite sheet.

The calculated values of E, P, Y, and UTS are 77.4 GPa, 0.329,
77.3 MPa and 123.5 MPa for bimetal composite sheet,which are
very close to the values obtained from the tensile tests in
Table 1.

2.2. Experimental equipment

All the forming tests were performed on a four-axis vertical
machining center (MIKRON®VCE 800WPro), as shown in Fig. 2.
Feed rates used in experiments ranged from 1000 mm/min to
4000 mm/min. Tungsten carbide hemispherical tools with
different diameters were used to deform Cu-Al composite
sheets. The forming toolwas fixed not to rotate for all the tests.
Before forming, the sheet was clamped on the frame with
[(Fig._4)TD$FIG]
Fig. 4 – Designed geometries: (a) groove, (b) truncated con
blank holders. During the forming process, the forming tool
was numerically controlled by a Heidenhain iTNC530 control-
ler which follows the specifically designed tool paths. The
forming contact zone between forming tool and sheet metal
was lubricated by mixture of general lithium-base grease
(Brand: EFFICIENT) and mineral oil (Brand: Sinopec SJ10W-40)
to reduce friction and avoid excessive wear of the tool surface.
The dynamometer used in this study has three channels to
measure forces for the x, y and z directions (maximum ranges:
x-5000 N, y-5000 N, z-10,000 N) in the experiments. The details
of experimental setup with dynamometer system are shown
in Fig. 3. Other analysis devices are portable profilometer
(Model: TR210) used for surface roughness measurement and
opticalmicroscopy (Model: ICX41M, SunnyOptical Technology
Co., Ltd.) used for observation of interface morphology.
3. Methodology

In this study, three geometries (groove, truncated cone with
variable generatrix and truncated pyramid with fixed drawing
angle) were designed to perform experimental investigations.
The corresponding designed shapes are represented in Fig. 4. It
is noted that groove shape was intended to investigate
formability and two-direction (X–Z) forces that could be used
to determine the friction coefficient. Truncated cone with
variable generatrix was designed to test formability so as to
estimate the maximum forming angle based on simple
geometric relations. Truncated pyramid with fixed drawing
angle was used to investigate surface quality and forming
force, as it has flat forming surfaces which could facilitate the
surface measurement and force calculation.

3.1. Formability

Two geometries (groove and truncated cone with variable
generatrix) as shown in Fig. 4(a) and (b), were used to evaluate
the process formability of Cu-Al composite sheets. In groove
tests, the forming tool follows the zig–zag tool paths to deform
the material until the complete crack is observed.

In Fig. 4(b), the maximum formable angle amax can be
determined by
e with variable generatrix, and (c) truncated pyramid.
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Fig. 5 – The geometric relations between scallop height hs (mm) and process parameters (tool radius r (mm), step-down size Dz
(mm), drawing angle a (degree)).
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amax ¼ arccos
y
R

� �
y ¼ h�hp

(
(2)

where R is the radius of generatrix; h is the design height; hp is
the crack height.

3.2. Surface roughness

Surface roughness has been regarded as a weak point in SPIF
process [13]. Surface condition is very complex mainly
depending on the tool path (step-down size and tool diameter).
In SPIF, surface roughness on the tool-sheet contact surface
can be characterized as a resultant of large-scale waviness
created by the forming tool path and small-scale roughness
induced by large surface strains (see Fig. 1(a) in Ref. [13]). In
addition, as the step-down size decreases, the internal tool-
sheet contact surface will change from a waviness look to a
strict roughness look (see Fig. 2 in Ref. [13]) so that a typical
tool-sheet contact surface in SPIF exhibits both roughness and
waviness (see Fig. 3 in Ref. [13]). In this study, we investigate
scallop height because it is the peak of waviness caused by two
adjacent tool paths, which has a direct and significant impact
on the surface roughness of SPIF parts that can be approxi-
mately measured and characterized by Rz. Therefore, it is of
great importance to efficiently predict the surface roughness
Rz caused by scallop height given the effects of process
parameters, thereby evaluating the surface quality of compo-
nents. Recently, a simplified analytical model has been
proposed to calculate the scallop height [19]. The geometric
relations between scallopheight and process parameters, such
as tool radius, step-down size, and drawing angle are
represented in Fig. 5.

In order to establish the model, two situations (I) and (II)
should be considered. When the two adjacent tool paths
intersect at position A and it satisfies OA ¼ OA ¼ OO ¼ r, step-
down size Dz can be calculated as

Dz ¼ r sin2a (3)
(I) W
hen Dz�r sin 2aðb ¼ bÞ as shown in Fig. 5(b), it derives

sinb ¼ Dz
2r sina

(4)

hs
cosb ¼ 1�
r

(5)

Given hs is far smaller than r, it has

hs ¼ r� r2� Dz2

4 sin2
a

� �1=2

(6)

When Dz> r sin 2aðb 6¼bÞ as represented in Fig. 5(c), it
(II)

derives
sinða�bÞ ¼ l
r

(7)
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cosb ¼ 1�hs

r
(8)

l ¼ r� Dz
tana

(9)

The relation between hs and Dz can be deduced from
Eqs. (7)–(9),

hs ¼ r�r sinaþ Dz cosa� cosa
tana

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2rDz tana�Dz2

p
(10)

It is noted that the tool radius used in SPIF is usually
between 5 and 15 mm. The step-down size is chosen smaller
than 2 mm. In this case, Dz/r ≤ 0.4, a can be estimated using
Eq. (3). It derives a ≥ 788, which shows that Eq. (10) in (II) is used
in the situation with larger drawing angle, step-down size and
smaller tool radius.

3.3. Thickness variation

Thickness variation greatly affects the performance of parts
formed by SPIF. Sine law is awidely used formula to predict the
thickness variation in single-pass SPIF process, which can be
expressed as

t ¼ t0 sinð90��aÞ (11)

where t0 and t represent the original sheet thickness and
deformed sheet thickness; a is the drawing angle.
3.4. Forming force

Forming force is an important process quantity to understand
the forming mechanics which has been widely investigated in
SPIF [11]. In this study, finite element and empirical models
were developed to effectively predict the forming force. Of
particular interest, based on the statistical method, Aerens
et al. [20] proposed a generalized model to predict the axial
force, as depicted in Eq. (12). They claimed that the established
formula could be applied to any material based on the tensile
strength only.

Fz ¼ 0:0716Rmt1:57d0:14Dh0:09
a cosa (12)

Dh ¼ Dz2

4d sin2
a

(13)

where Rm is the tensile strength (N/mm2), t is the thickness of
the sheet (mm), d is the diameter of the tool (mm), a is the
drawing angle (degree), Dh is scallop height, and Dz represents
the step-down size (mm).

In order to improve the prediction accuracy for bimetal
composite material, the model in Eq. (11) is modified. Given
only one thickness of Cu-Al composite sheet used in this
study, the initial formula could be set as

Fz ¼ adbDhc
a cosa (14)
where a, b, and c are coefficients to be determined by experi-
mental data.

3.5. Finite element modeling

A simplified three-dimensional finite element model was
developed to simulate the deformation process of Cu-Al
composite sheet using ABAQUS software 6.14. An explicit
finite-element formulation, instead of the implicit formula-
tion, was used to reduce the required computing time.
Specifically, in this FE model, it is assumed that material
behavior is isotropic, and a power-law plastic material model
was used. The sheet blank with size of 200 mm � 200 mm that
consists with the actual experiment, is considered as a
deformable body and discretized with shell elements S4R,
which are reduced integration elements with one integration
point in the plane and five integration points through the
thickness. To obtain the proper number of integration points
through the thickness and size of elements for meshing the
bimetal sheet, preliminary studies were performed and it was
found that five integration points through the thickness and
shell element size of 1 mm could achieve a proper balance
between simulation time and result accuracy. In addition,
there are two alternatives to simulate the composite sheet.
One is to define a separate section for each sheet layer. The
mechanical properties of each sheet layer are attributed to
each section. The both sections are tied to each other to
simulate the roll-bonded behavior. The other is to define the
composite sheet as a whole. As the simulation results show
little difference between the two methods in this study, the
latter one was adopted to model the composite sheet with
improved simulation efficiency. Additionally, the forming tool
is modeled using rigid surface elements R3D4 with sizes of
1 mm. The surface-to-surface contact model was used to
describe the interaction between the tool and bimetal sheet.
The friction behavior between the sheet blank and the forming
tool is modeled using the Coulomb friction law with a suitable
friction coefficient that will be determined by groove tests.
4. Results and discussion

To investigate the effects of process parameters, including
different geometries, step-down size, feed rate, tool diameter
and sheet layer arrangements on forming feasibility of Cu-Al
composite sheets, series of experiments have been carried out
to evaluate the process formability, surface roughness,
thickness variation and forming forces. Detailed experimental
design is given in Table 2.

4.1. Formability results

In this section, GR and TCG tests were performed to evaluate
the influence of layer arrangements, step-down sizes, feed
rates and tool diameters on process formability.

4.1.1. Effects of layer arrangements and step-down sizes on
formability
For GR tests, the maximum formable depth increases with the
increase of step-down sizes from 0.5 mm to 1.5 mm as shown



Table 2 – Experimental design in this study.

Test [21_TD$DIFF]no. Geometry Step-down size [22_TD$DIFF](mm) Feed rate (mm/min) Tool diameter (mm) Layer arrangement [23_TD$DIFF](up/down)

1-a GR 0.5 3000 20 Cu/Al(0.15/0.85)
1-b [24_TD$DIFF]Al/Cu(0.85/0.15)
2-a GR 1.0 3000 20 Cu/Al(0.15/0.85)
2-b [24_TD$DIFF]Al/Cu(0.85/0.15)
3-a GR 1.5 3000 20 Cu/Al(0.15/0.85)
3-b [24_TD$DIFF]Al/Cu(0.85/0.15)
4-a TCG 0.2 3000 12 Cu/Al(0.15/0.85)
4-b [24_TD$DIFF]Al/Cu(0.85/0.15)
5-a TCG 0.4 3000 12 Cu/Al(0.15/0.85)
5-b [24_TD$DIFF]Al/Cu(0.85/0.15)
6-a TCG 0.6 3000 12 Cu/Al(0.15/0.85)
6-b [24_TD$DIFF]Al/Cu(0.85/0.15)
7-a TCG 0.8 3000 12 Cu/Al(0.15/0.85)
7-b [24_TD$DIFF]Al/Cu(0.85/0.15)
8-a TCG 0.4 1000 12 Cu/Al(0.15/0.85)
8-b [24_TD$DIFF]Al/Cu(0.85/0.15)
9-a TCG 0.4 2000 12 Cu/Al(0.15/0.85)
9-b [24_TD$DIFF]Al/Cu(0.85/0.15)
10-a TCG 0.4 3000 12 Cu/Al(0.15/0.85)
10-b [24_TD$DIFF]Al/Cu(0.85/0.15)
11-a TCG 0.4 4000 12 Cu/Al(0.15/0.85)
11-b [24_TD$DIFF]Al/Cu(0.85/0.15)
12-a TCG 0.4 3000 7 Cu/Al(0.15/0.85)
12-b [24_TD$DIFF]Al/Cu(0.85/0.15)
13-a TCG 0.4 3000 15 Cu/Al(0.15/0.85)
13-b [24_TD$DIFF]Al/Cu(0.85/0.15)
14-a TCG 0.4 3000 20 Cu/Al(0.15/0.85)
14-b [25_TD$DIFF]Al/Cu(0.85/0.15)
15-a TP [26_TD$DIFF](408) 0.2 3000 12 Cu/Al(0.15/0.85)
15-b [24_TD$DIFF]Al/Cu(0.85/0.15)
16-a TP (408) 0.4 3000 12 Cu/Al(0.15/0.85)
16-b [24_TD$DIFF]Al/Cu(0.85/0.15)
17-a TP (408) 0.6 3000 12 Cu/Al(0.15/0.85)
17-b [24_TD$DIFF]Al/Cu(0.85/0.15)
18-a TP (408) 0.8 3000 12 Cu/Al(0.15/0.85)
18-b [24_TD$DIFF]Al/Cu(0.85/0.15)
19-a TP (308) 0.4 3000 12 Cu/Al(0.15/0.85)
19-b [24_TD$DIFF]Al/Cu(0.85/0.15)
20-a TP (508) 0.4 3000 12 Cu/Al(0.15/0.85)
20-b [24_TD$DIFF]Al/Cu(0.85/0.15)
21-a TP (608) 0.4 3000 12 Cu/Al(0.15/0.85)
21-b [24_TD$DIFF]Al/Cu(0.85/0.15)
22-a TP (408) 0.4 3000 7 Cu/Al(0.15/0.85)
22-b [24_TD$DIFF]Al/Cu(0.85/0.15)
23-a TP (408) 0.4 3000 15 Cu/Al(0.15/0.85)
23-b [24_TD$DIFF]Al/Cu(0.85/0.15)
24-a TP (408) 0.4 3000 20 Cu/Al(0.15/0.85)
24-b [24_TD$DIFF]Al/Cu(0.85/0.15)
25 TP (408) 0.5 3000 10 Al/Cu(0.85/0.15)
26 TP (458) 0.6 3000 10 Al/Cu(0.85/0.15)
27 TP (458) 0.5 3000 12 Al/Cu(0.85/0.15)
28 TP (508) 0.6 3000 12 Al/Cu(0.85/0.15)
29-a GR 1.0 3000 20 Cu/Al(0.10/0.90)
29-b [25_TD$DIFF]Al/Cu(0.90/0.10)
30-a GR 1.0 3000 20 Cu(1.0)
30-b [24_TD$DIFF]Al(1.0)
31 TP (508) 0.4 3000 12 Al/Cu(0.90/0.10)

[27_TD$DIFF]Note: GR, TCG, and TC refer to groove, truncated cone with variable generatrix, truncated pyramid with constant drawing angle. Cu/Al means
that Cu layer is in contact with forming tool and vice versa.
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Fig. 6 – The effects of layer arrangements and step-down
sizes on maximum formable depth for GR tests.

[(Fig._8)TD$FIG]

Fig. 8 – The effects of layer arrangements and layer
thicknesses on maximum formable depth for GR tests.
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in Fig. 6. For the same step-down size, the Al/Cu layer
arrangement demonstrates a little bit higher formability than
that in the Cu/Al layer arrangement. This phenomenon is
further confirmed in TCG tests as presented in Fig. 7. However,
in Fig. 7, a decreasing trend for the maximum deformable
angle is observed when the step-down sizes increase from
0.2 mm to 0.8 mm. Interestingly, the variation trend of
formability between GR and TCG tests is quite opposite. The
difference illustrates that formability is actually determinedby
the interaction of process parameters. For GR tests, a larger
tool diameter and step-down size cause the deformation
mechanism to include more bending deformation. More
materials are stored between two adjacent tool paths to
endure further stretching deformation, thus improving the
formability. Similar results can be found in Liu et al. [11].
While, for TCG tests, a smaller tool diameter and a larger step-
down size cause more stretching deformation leading to the
occurrence of fracture. Similar results are also reported in
Durante et al. [21] and Shanmuganatan et al. [22].
[(Fig._7)TD$FIG]

Fig. 7 – The effects of layer arrangements and step-down
sizes on maximum formable angle in TCG tests.
4.1.2. Effects of layer arrangements and layer thicknesses on
formability
Fig. 8 shows the effects of layer arrangements and different
combinations of layer thicknesses on formability for GR tests.
For both bimetal sheets, Al/Cu layer arrangement has higher
formability compared with Cu/Al layer arrangement. The
thicker Cu layer in bimetal sheets can help enhance the
formability. Additionally, the formability of single-layer Al
sheet is slightly higher than that of single-layer Cu sheet.
Besides, their formability is close to that of bimetal sheet with
Cu layer thickness of 0.15 mm.

4.1.3. Effects of layer arrangements and feed rates on
formability
In Fig. 9, it is observed that the maximum formable angle
decreases as the increase of feed rates ranging from 1000 mm/
min to 4000 mm/min in TCG tests. The conclusion is
consistent with the previous results demonstrated in Hussain
et al. [23,24] and Ham et al. [25]. For the same feed rate setting,
the formability in Al/Cu layer arrangement is still higher than
that in Cu/Al layer arrangement.
[(Fig._9)TD$FIG]

Fig. 9 – The effects of layer arrangements and feed rates on
maximum formable angle in TCG tests.



[(Fig._10)TD$FIG]

Fig. 10 – The effects of layer arrangements and tool
diameters on maximum formable angle in TCG tests.
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4.1.4. Effects of layer arrangements and tool diameters on
formability
As the tool diameter increases from 7mm to 20 mm, the
corresponding maximum formable angle reaches to the
highest value of 69.98 in the situation of Al/Cu layer
arrangement, as depicted in Fig. 10. Similar to the previous
results, the formability in Al/Cu layer arrangement is slightly
higher than that in Cu/Al layer arrangement.

4.1.5. Discussions
It should be mentioned that, the modes of possible failure in
two-layermetal composite sheets processed by SPIF that differ
from single-layer sheets could be characterized as follows:
(i) O
nly one-layer fracture;

(ii) B
oth two-layers fracture;

(iii) D
elamination between two layers.
From the experimental results in this study, the first two
modes (i) and (ii) are identified as shown in Fig. 11. In Fig. 11[(Fig._11)TD$FIG]
Fig. 11 – Crack morphology in
(a), both Cu and Al layers are cracked while only Cu layer is
fractured in Fig. 11(b). It is noted that the above formability
results from Sections 4.1.1–4.1.3 were measured when the
fracture of both two layers occurred. In the Al/Cu layer
arrangement, the crack of Cu layer is always first observed,
followed by the crack of Al layer. As asymmetric thicknesses
of bimetal composite sheets with different mechanical
properties are used, the deformation on the tool-sheet non-
contact surface is likely to play a dominant role on the
failure mode (i) in the case of Al/Cu layer arrangement with
thinner but stronger Cu layer, which possibly further delays
the failure mode (ii) with the fracture of thicker but weaker
Al layer. However, in the Cu/Al layer arrangement, the crack
of thicker but weaker Al layer possibly leads to the crack of
thinner but stronger Cu layer simultaneously as the strong
bonding strength between two layers. This could explain
why the formability of Al/Cu layer arrangement is always
higher than that of Cu/Al layer arrangement in this
research.

Additionally, interface morphology in Fig. 12 shows that
delamination was not be found in the successfully formed
parts no matter in Al/Cu layer arrangement or in Cu/Al layer
arrangement.

4.2. Surface roughness results

In this section, the analysis of surface roughness was
performed by comparing the analytical results calculated by
Eq. (6) with experimental measured results with different
process parameters.

4.2.1. Effects of layer arrangements and step-down sizes on
surface roughness
The values of surface roughness, RZ, are reported in Fig. 13.
It is shown that the predicted and measured values both
increase with the increase of step-down sizes. In addition,
the predicted results, except the case with step-down size
of 0.2 mm that is close to the measured value, are
overestimated compared to the experimental ones. This
is possibly because, in the actual forming process, the peak
area in the predicted scallop height is usually truncated
between adjacent toolpaths, leading to the overprediction.
Al/Cu layer arrangement.



[(Fig._13)TD$FIG]

Fig. 13 – Surface roughness RZ of tool-sheet contact surface
with different step-down sizes.

[(Fig._14)TD$FIG]

Fig. 14 – Surface roughness RZ of tool-sheet contact surface
with different drawing angles.

[(Fig._15)TD$FIG]

Fig. 15 – Surface roughness RZ of tool-sheet contact surface
with different tool diameters.

[(Fig._12)TD$FIG]

Fig. 12 – Interface morphology: (a) material as received, (b) Al/Cu layer arrangement, and (c) Cu/Al layer arrangement.
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For the same step-down size, the surface roughness RZ

between the tool-sheet contact surfaces, Al contact layer
and Cu contact layer, has no obvious difference, which
demonstrates the surface roughness of tool-sheet contact
side is mainly affected by the step-down sizes in this case
regardless of the type of materials.

4.2.2. Effects of layer arrangements and drawing angles on
surface roughness
In Fig. 14, it can be noted that there is a decreasing trend in
surface roughness RZ of tool-sheet contact surface when the
drawing angle changes from 308 to 608. The predicted results
overestimate the experimental results to someextent.With the
increase of drawing angles, the intervals between two adjacent
toolpaths are decreased, leading to smaller surface roughness
RZ. Moreover, layer arrangements in different drawing angles
have little influence on the surface roughness RZ.



[(Fig._16)TD$FIG]

Fig. 16 – Thickness variation of truncated pyramids (TP)
with different drawing angles.

[(Fig._17)TD$FIG]

Fig. 17 – Comparison of thickness variation between
experimental and FE simulation results in the case of TP
(408).

[(Fig._18)TD$FIG]

Fig. 18 – Experimental measurements for layer thickness
variation of two bimetal materials in the case of TP (508)
and Al/Cu layer arrangement.

[(Fig._19)TD$FIG]

Fig. 19 – Thickness of Cu layer of truncated pyramids (TP)
with different drawing angles and layer arrangements.
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4.2.3. Effects of layer arrangements and tool diameters on
surface roughness
In Fig. 15, in the cases of smaller tool diameters (7 mm and
12 mm), the predicted values are higher than the actual
measured ones, while the situation is reverse with larger tool
diameters. This is because,with the increase of tool diameters,
the tool-sheet contact area is also enlarged so that the
deformed sheet surface is repeatedly in contact with the
forming tool in the subsequent tool paths that easily cause the
wear of sheet surface, thereby increasing the surface rough-
ness RZ.

4.3. Thickness variation results

Fig. 16 represents the thickness variation of formed truncated
pyramids with drawing angles ranging from 308 to 608. Two
typical regions are divided to analyze the thickness variation.

Region I: Due to the bending effect, the measured thickness
is usually larger than the predicted results.

Region II: The measured results are smaller than the
predicted ones. This is because the sine law formula is
developed based on the shearing deformation only, while in
the actual ISF process, the deformation is a combination of
shearing, bending and stretching, thereby leading to the
overprediction of the actual deformed thickness.

Fig. 17 represents the comparison of thickness variation
between experimental and FE simulation results in the case of
TP (408). The FE results are in agreementwith the experimental
ones. In addition, experimental measurements for layer
thickness variation of two bimetal materials with different
combinations of layer thicknesses are provided in Fig. 18. It is
worth noting that the thicknesses of Cu layer and Al layer in
both bimetal sheets vary uniformly along the part wall.

Fig. 19 shows the thickness of Cu layer of truncated
pyramids under different drawing angles and layer arrange-
ments. For the same formed geometry, the thickness of Cu
layer in Cu/Al layer arrangement is obviously smaller than that
in Al/Cu layer arrangement. The phenomenon illustrates that
the stronger metal layer (Cu) arranged in the tool-sheet non-
contact surface, though it is thinner compared to Al layer in
this case, could still have the ability to enduremore stretching
deformation than that in the contact surface. Furthermore, the



[(Fig._20)TD$FIG]

Fig. 20 – The effects of layer arrangements on forming forces
for GR tests with different step-down sizes.

Table 3 – Friction coefficients obtained from GR tests.

Tool-sheet
contact surface

Step-down size [28_TD$DIFF](mm) Average value

0.5 1.0 1.5

[29_TD$DIFF]Cu layer up: mf 0.24 0.22 0.23 0.23
Al layer up: [30_TD$DIFF]mf 0.22 0.21 0.27 0.23

[(Fig._21)TD$FIG]

Fig. 21 – Comparison of forming forces between
experimental and FE simulation results for GR tests with
Al/Cu layer arrangement and step-down size 1.5 mm.
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thicker Cu layer can help improve the formability. The above
analysis further confirms the previous analysis of formability
results. The Al/Cu layer arrangement is likely to delay the
crack of both layers.
4.4. Forming force results

4.4.1. Effects of layer arrangements and layer thicknesses on
forming force
Fig. 20 shows the effects of sheet layer arrangements on
forming forces for GR tests with different step-down sizes.
From the results, it can be noticed that there is no big
difference for the force variation between Cu/Al layer
arrangement and Al/Cu layer arrangement under the same
step-down size. The stable and peak value of vertical force (FZ)
in Al/Cu layer arrangement is slightly higher than the situation
in Cu/Al layer arrangement. A complete crack could be
identified from the force results in all three cases (a–c), which
is consistent with the formability results presented in Fig. 6.
The force results further illustrate that deformation mode of
layer-up sheet in SPIF of bimetal composite sheets is likely to
tend to a compression state and that of layer-down sheet
tends to a stretching state. This leads to higher formability and
larger forming force in Al/Cu layer arrangement compared to
Cu/Al layer arrangement, as the exterior thinning but stronger
Cu layer could endure more stretching force.

On the other side, the coulomb friction coefficient mf

between the tool and sheet can be obtained by GR tests using
the measured forces FX and FZ, which is a widely used method
as presented in Ref. [26].

mf ¼
FXj j
FZj j (15)

The calculated results for friction coefficients are provided
in Table 3, which could be applied to the FE simulation. The



[(Fig._22)TD$FIG]

Fig. 22 – Comparison of forming forces in terms of sheets
with different layer thicknesses and layer arrangements.

[(Fig._24)TD$FIG]

Fig. 24 – The effects of step-down sizes on forming force.
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friction coefficients lie between 0.21 and 0.27 in all cases. The
average value is very close to each other for both Cu and Al
contact layers. Furthermore, FE simulation was carried out to
predict the forces of GR tests. Fig. 21 compares the forming
forces between experimental and FE simulation results for GR
tests with Al/Cu layer arrangement and step-down size of
1.5 mm, which shows that the FE simulation could predict the
experimental forces accurately. In Fig. 22, forming forces are
compared in terms of sheets with different layer thicknesses
and layer arrangements. It is clear that vertical force of bimetal
sheets lies between that of single-layer Cu and single-layer Al
sheets. As thickness of Cu layer in bimetal sheets increases,
the vertical force is getting larger. Besides, for bimetal sheet
with Cu layer thickness of 0.1 mm, the stable and peak value of
vertical force in Al/Cu layer arrangement is still observed
higher than the situation in Cu/Al layer arrangement, which

[(Fig._23)TD$FIG]

Fig. 23 – Illustration of typical f
confirms the previous analysis for the case with Cu layer
thickness of 0.15 mm.

4.4.2. Effects of step-down sizes on forming force
Typical forming forces for TP tests are illustrated in Fig. 23. The
vertical (Z) force can be represented by two values: Fzp and Fzs,
in which Fzp is the peak vertical force at the step-down point
and Fzs is the steady vertical force when the tool travels along
the z-level tool path. TheX(Y) force can be represented by three
values: Ft, Frs, and Frp. Here, Ft denotes the tangential force
created by friction force that is opposite to tool travel direction.
Frp is the steady radial force when the tool travels along the z-
level tool path. Frp is the peak radial force at the step-down
point. As TP is a symmetric geometry, X force is equal to Y
force.
orming forces for TP tests.



Table 4 – Comparison of FE, empirical and experimental Fzs forces under different step-down sizes.

Test no. Experimental [31_TD$DIFF]force Fzs (N) FE simulation Empirical formula

[32_TD$DIFF]Predicted force (N) Error (%) Predicted force (N) Error (%)

15-b 466.5 441.6 [33_TD$DIFF]�5.3 325.0 �30.3
16-b 508.2 495.6 [34_TD$DIFF]�2.5 368.2 �27.5
17-b 544.9 551.3 1.2 396.1 [35_TD$DIFF]�27.3
18-b 578.8 583.8 0.9 417.2 [36_TD$DIFF]�27.9

Table 5 – Comparison of FE, empirical and experimental Fzs forces under different drawing angles.

Test no. Experimental [31_TD$DIFF]force Fzs (N) FE simulation Empirical formula

[32_TD$DIFF]Predicted force (N) Error (%) Predicted force (N) Error (%)

19-b 413.2 420.6 1.6 326.7 [37_TD$DIFF]�20.9
16-b 508.2 523.7 3.0 368.2 [38_TD$DIFF]�27.5
20-b 553.8 550.3 [39_TD$DIFF]�0.6 374.2 �32.4
21-b 524.3 494.8 [40_TD$DIFF]�5.6 341.7 �34.8

[(Fig._25)TD$FIG]

Fig. 25 – The effects of drawing angles on forming force.

[(Fig._26)TD$FIG]

Fig. 26 – The effects of tool diameters on forming force.
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In the previous section, force results have shown that there
is little difference on the force variation between different
metal layer arrangements. In the following research, only Al/
Cu layer arrangement was adopted to analyze the forming
forces. Results in Fig. 24 shows the effects of different step-
down sizes on X and Z forces. The five components of X and Z
forces are increased as the step-down size increases. However,
it is noted that the tangential force (provided by friction force)
is the smallest among these five components. Therefore, in
most situations, this force component could be neglected in
the force modeling. In order to enhance the force predictabili-
ty, different models (FE and empirical methods) were devel-
oped in this study. The corresponding results from these
methods are provided in Table 4. The established FE model
could predict the steady vertical force accurately with a
maximum error of 5.3%. However, the predictive values from
empirical model shows a little larger difference compared to
the experimental results.
4.4.3. Effects of drawing angles on forming force
Fig. 25 shows the effects of different drawing angles on
forming force. As presented, the tangential force (Ft) is
almost not affected by the drawing angles. While, the
radial force (Frs and Frp) obviously increases with the
growing of drawing angles. The same situation could be
found in the variation of peak vertical force Fzp. It should
be noted that the steady vertical force Fzs reaches to a
peak value at the drawing angle of 508 and then decreases.
The comparison of FE, empirical and experimental Fzs
forces under different drawing angles is made as pre-
sented in Table 5. The FE results show a good agreement
with experimental ones. The predictive errors between the
empirical and experimental results are 20.9%, 27.5%, 32.4%
and 34.8% corresponding to the drawing angles 308, 408,
508 and 608. Although the predictive errors seem a little
large, the empirical values can still reflect the variation
trend of Fzs.



Table 6 – Comparison of FE, empirical and experimental Fzs forces under different tool diameters.

Test no. Experimental [31_TD$DIFF]force Fzs (N) FE simulation Empirical formula

[41_TD$DIFF]Predicted force (N) Error (%) Predicted force (N) Error (%)

22-b 468.0 447.6 [42_TD$DIFF]�4.4 309.9 �33.8
16-b 508.2 521.4 2.6 368.2 [38_TD$DIFF]�27.5
23-b 537.8 540.6 0.5 395.5 [43_TD$DIFF]�26.5
24-b 575.1 567.9 [44_TD$DIFF]�1.3 433.6 �24.6

[(Fig._27)TD$FIG]

Fig. 27 – Experimental vertical forces for Cu-Al composite sheets in function of (a) tool diameter (log plot, data from tests 16-b,
22-b, 23-b, 24-b) and (b) scallop height (log plot, data from tests 15-b, 16-b, 17-b, 18-b).

Table 7 – Comparison of predicted force derived from modified empirical formula vs. original empirical formula.

Test no. Experimental [31_TD$DIFF]force Fzs (N) Modified empirical formula Original empirical formula

[41_TD$DIFF]Predicted force (N) Error (%) Predicted force (N) Error (%)

25 503.5 526.6 4.6 361.6 [45_TD$DIFF]�28.2
26 523.4 554.1 5.9 381.4 [46_TD$DIFF]�27.1
27 576.7 564.9 [47_TD$DIFF]�1.9 402.5 �30.2
28 545.1 550.6 1.0 391.3 [45_TD$DIFF]�28.2
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4.4.4. Effects of tool diameters on forming force
The effects of tool diameters on forming force in TP tests are
given in Fig. 26. As shown, except for the tangential force (Ft)
that is not sensitive to the variation of tool diameters, the other
four force components Frs, Frp, Fzs and Fzp follow an increasing
trend with the increase of tool diameters. The comparison of
FE, empirical and experimental Fzs forces under different tool
diameters is carried out in Table 6 and conclusions similar to
those presented in previous sections could be obtained.

4.4.5. Discussions
According to the experimental data in all above cases, the
vertical peak force Fzp is approximately 25–50%higher than the
vertical steady force Fzs. Additionally, the radial peak force Frp
is about 50%-150% larger than the radial steady force Frs, which
is greatly influenced by the process parameters.

From the above discussions, the original empirical model
for vertical steady force prediction cannot give a satisfactory
result. This is because the introduction of Cu-Al composite
materials needs new fitting of the model coefficients. The
fitting data are shown in Fig. 27. After calculation, themodified
empirical model was obtained as

Fzs ¼ 15:12d0:1951 Dh0:07665
a cosa (16)

In order to verify themodified empiricalmodel, a new set of
experiments have been performed. The predicted Fzs derived
from modified empirical formula is compared with the ones
from the original model as shown in Table 7. It is noticed that
the predicted error using the modified model could be
significantly reduced to below 5.9% in all cases.

4.5. Multi-pass forming versus single-pass forming of Cu-
Al composite sheets

In order to further understand the incremental forming
mechanics of Cu/Al composite sheets, twomulti-pass forming



Table 8 – Design of multi-pass forming strategies.

Target drawing
angle

Strategy I Strategy II

[48_TD$DIFF]First-pass
drawing angle

Second-pass
drawing angle

First-pass
drawing angle

Second-pass
drawing angle

508 308 208 408 108
608 308 308 508 108
708 308 408 608 108

[(Fig._28)TD$FIG]

Fig. 28 – Thickness variation of FE simulation: multi-pass forming vs. single-pass forming of TP with drawing angles of 508,
608 and 708.
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strategies I and II are proposed to manufacture the truncated
pyramids with drawing angles of 508, 608 and 708. The details
are given in Table 8.

The FE results for the thickness variation of formed
truncated pyramids with multi-pass forming and single-pass
forming are presented in Fig. 28. It is concluded that more
uniform thickness variation usingmulti-pass forming strategy
II could be obtained compared tomulti-pass forming strategy I
and single-pass forming only. However, for the cases with
drawing angles of 508 and 608, thickness variation using single-
pass forming is slightly better than that using multi-pass
forming strategy I. This illustrates that in the design of multi-
pass forming, the interval angle between two adjacent passes
should be set to a proper value. Otherwise, the design cannot
optimize the thickness variation as well as formability, which
may accelerate the forming failure of parts.

The variations of vertical force from FE simulation are
shown in Fig. 29. In multi-pass forming strategy I, the steady
value of vertical force in pass two is close to that in pass one.
However, the force peak value is obviously larger than the
value in pass one. In multi-pass forming strategy II, an
increasing trend of the steady value of vertical force in pass
two could be witnessed, but it is smaller than that in pass one.
The peak value follows the same trend as well. When the
forming angle between two passes is relative large, the steady
value of vertical force in pass two reaches to a peak at the early
stage and thendecreases to achieve a steady state, as shown in
strategy I of Fig. 29(b) and (c). Before the peak value of vertical
force, bending deformation could play a dominant role. After
the peak value, shearing and stretching are likely to dominate
the deformation modes, leading to the reduction of sheet
thickness (see strategy I of Fig. 28(a)–(c)) and steady value of
vertical force. Finally, when wall thickness reduction induced
by shearing and stretching and working hardening during
forming achieve a balance, the vertical force stabilizes to a
steady level. While, in strategy II, the forming angle between



[(Fig._29)TD$FIG]

Fig. 29 – Evolution of vertical (Z) force from FE simulation under different drawing angles: (a) 508, (b) 608 and (c) 708.
[(Fig._30)TD$FIG]

Fig. 30 – Evolution of tangential X(Y) force from FE simulation under different drawing angles: (a) 508, (b) 608 and (c) 708.
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two passes is relative small, the material of undeformed area
in pass onewill influence the deformation in pass two, thereby
increasing the vertical force of pass two, as presented in
strategy II of Fig. 28(a)–(c).

The evolution of tangential X(Y) force from FE simulation
under different drawing angles are illustrated in Fig. 30. In
strategy I, the X(Y) force, nomatter steady value or peak value,
is far larger than that in pass one. On the contrary, in strategy
II, the steady and peak values of tangential force is slightly
smaller than that in pass one. Additionally, the variation trend
of tangential force is quite similar in terms of different drawing
angles in the same strategy.



Table 9 – FE results of maximum resultant forming force under different forming strategies.

Forming strategies Maximum resultant forming force [49_TD$DIFF](N)

Drawing angle (508) Drawing angle (608) Drawing angle (708)

Single-pass forming 870 1050 n.a [50_TD$DIFF].
Multi-pass forming [51_TD$DIFF](Strategy I) 835 965 1128
Multi-pass forming [51_TD$DIFF](Strategy II) 777 870 1050
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In order to quantify the FE results, the maximum resultant
forming force under different forming strategies was calculat-
ed and listed in Table 9. From the data, it is noted that
compared to the single-pass forming, the multi-pass forming
can reduce the resultant forming force to some extent. In
addition, the resultant forming force in strategy II is obviously
smaller than that in strategy I. It proves that a proper design of
multi-pass forming (say, strategy II in this study) can not only
facilitate the material flow to improve the thickness variation,
but also reduce the forming force.

5. Conclusions
The study in this paper has revealed the deformation
behaviors of Cu-Al composite sheets deformed by SPIF
regarding the influences of key process parameters. The
formability, surface roughness, thickness variation and form-
ing force have been comprehensively investigated by using
predictive modeling, FE simulation and experimental analysis
to increase the knowledge of processing such kind of bimetal
compositematerial, which reveals that the overall variation of
these aspects is quite similar to that of the single-layer
material in SPIF. However, different deformation behaviors
have been witnessed as well owing to sheet layer arrange-
ments and the corresponding difference of mechanical
properties of each layer.

In this context, the researchwork further clarifies the likely
reasons that may lead to the increase of formability and
forming force related to the different metal layer arrange-
ments. It is concluded that deformation mode of upper layer
sheet tends to a compression state, while that of lower layer
sheet tends to a stretching state. The thinner but stronger Cu
layer arranged in the exterior side could endure much more
stretching force than that arranged in the interior side, thereby
delaying the occurrence of fracture. In this sense, main
contributions are highlighted from the results presented
throughout the paper:
(i) T
he formability in the Al/Cu layer arrangement in GR and
TCG tests is obviously higher than that in the Cu/Al layer
arrangement regardless of influences of process param-
eters, such as step-down sizes, feed rates and tool
diameters.
(ii) T
here is little difference on the surface roughness RZ of
tool-sheet contact surface between two kinds of layer
arrangements in TP tests.
(iii) T
he thickness of residual Cu layer in the Al/Cu layer
arrangement is larger than that in the Cu/Al layer
arrangement in terms of different formable angles in TP
tests.
(iv) H
igher forming force in the Al/Cu layer arrangement is
observed in GR tests in all cases with different step-down
sizes, compared to that of Cu/Al layer arrangement.
Moreover, taking Al/Cu layer arrangement for instance,
more uniform thickness variation could be achieved in TP
tests using proper multi-pass forming strategy compared
to single-pass forming only. Also, the overall maximum
resultant forming force could be reduced to someextent as
well.
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