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Abstract In this research, the possibility of applying
forming limit diagrams to the formability and fracture
prediction of clad metal sheets is examined. The forming
limits of clad metal sheets with different thickness
combinations (e.g., A1050 1.0, 1.5, 2.0 mm/C1100
1.0 mm) are investigated via forming limits test (punch
stretching tests). The true stress–strain curves of Al/Cu
clad metal sheets are obtained through tensile tests. Using
the experimental forming limit diagrams and the stress–
strain curves, the fracture prediction of clad metal sheets
are simulated by finite element analysis. Moreover, deep
drawing tests are carried out to compare the experimental
with the numerical results. These results can verify the
accuracy of finite element model. Finally, significant
differences in formability are found, and comparisons of
the fracture prediction of clad metals with different initial
thickness ratios are analyzed both numerically and
experimentally.
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1 Introduction

In this research, the clad metals are considered multilayer
sheets that possess various properties. Generally, with
different material combinations, clad metals can have
advantageous characteristics such as good thermal conduc-
tivity, anti-corrosion properties, wear resistance, surface
quality, and so forth. Therefore, they can be used in many
applications, for instance, in electronics, the maritime
industry, and the automobile industry. Clad metals not only
preserve the original properties of the base metals but also
give additional characteristics during the product develop-
ment. In recent years, clad metals have become a good
solution for products with multi-functional requirements
[1]. For good surface quality of the product, Ti/Al or SUS/
Al clad metals have been adopted to form 3C product
housing [2]. SUS/steel/SUS clad metals can be used in
knife products where the SUS layer exhibits good corrosion
resistance and the steel core layer provides good strength
and toughness (http://www.mirdc.org.tw/FileDownLoad/
EpaperFile/2/61/MPNEWS9804_2_61/mirdc.htm). The Al/
Cu clad metal studied in this research can be applied to
thermal conductivity products, such as a heat exchanger
plate or a temperature switch.

In general, clad metals can be made by several processes,
for instance, explosive bonding, adhesive bonding, or cold/
hot roll bonding. In the cold roll-bonding process, clad
metals are bonded together by interface diffusion, while the
thickness is reduced. The cold roll-bonding process has
many advantages, especially accurate dimension control and
straight bonding layers. However, because the clad metals
are produced at room temperature, the residual stress
generated in the rolling process cannot be released by the
conventional annealing process because the melting temper-
atures of the individual layer sheets are often different from
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each other. Therefore, the effect of residual stress on the
secondary formability of the clad metal sheet is significant.

Today, some studies estimate the bonding performance
of clad metals with a long holding time, high diffusion
temperature, and complicated equipment. Mahendran [3]
developed diffusion bonding windows for the effective
joining of AZ318B magnesium and commercial grade
copper alloys. Nowicke et al. [4] considered that the
unwanted strain localization of clad metal sheets can be
delayed significantly with the use of a small roll radius.

There have been some studies on the performance of
diffusion bonding, the evolution of textures, and the effect
of rolling process parameters concerning the production of
clad metal sheets at high temperature [5–8], but there have
been few studies done on the formability and diffusing
performance of clad metals produced at room temperature
[9–12]. In general, most of the research on deep drawing
tests has analyzed the formability of a single material
during the forming process [13], but there have been few
studies done on the formability of clad metal sheets made
by cold roll-bonding process.

During the forming process, sheet metals can deform
only to a certain level, which is dependent mainly on the
combination of the ratio of the major and minor strains
before necking occurs. Keeler [14] first introduced the
forming limit diagram (FLD). The FLD is widely applied
for predicting the fracture of sheet metals during the
deformation process [15, 16]. In this research, in order to
understand the formability of clad metals with different
thickness combinations, the punch stretching test (forming
limit test), the deep drawing test, and associated finite
element analysis were carried out. The specimens of Al/Cu
clad metal sheets were obtained through a cold roll-bonding
process. Second, the mechanical properties of clad metal
sheets with different initial thicknesses were measured by
tensile tests. Then, the punch stretching test was carried out
to determine the forming limit data of Al/Cu clad metal
sheets with different initial thickness ratios. After that, deep

drawing tests of clad metal sheets using a square punch
were carried out. The deep drawing tests were also
simulated with ABAQUS to validate the possibility and
accuracy of using finite element (FE) models. During this
verification process, fracture initiations during the deep
drawing of the clad metal sheets were carefully inspected.

2 Cold rolling process and mechanical property test

2.1 Experimental procedure for roll bonding

Specimens of Al/Cu clad metal sheets were prepared in the
following manner. The base materials were aluminum
sheets with thicknesses of 2.0, 1.5, and 1.0 mm and copper
sheets 1.0 mm thick. The two-ply clad metal sheets were
arranged as illustrated in Fig. 1a. Before the roll-bonding
process, all contact surfaces of the base materials were
cleaned to remove impurities such as oxides, grease, and
vapor in order to enhance the bonding performance of the
Al/Cu clad metal sheets. The rolls were set to a small roll-
gap opening, resulting in a nominal deformation. However,
the final thickness of the clad metal sheet was always larger
than the initial roll-gap opening, which is attributed to
elastic recovery of the blank. Table 1 shows the list of
thickness combinations of the clad metal sheets. All Al/Cu

Fig. 1 a Schematic
representation of the roll
bonding of two-ply clad metal
sheet; b rolling mill

Table 1 Different thickness combinations of clad metal sheets

Sample Initial
thickness
(mm) A1050

Initial
thickness
(mm) C1100

Final bonded
thickness
(mm)

Stages of
rolling

1 2.0 1.0 1.3 1

2 1.5 1.0 1.3 1

3 1.0 1.0 1.3 1

4 2.0 1.0 0.97 2

5 1.5 1.0 0.97 2
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clad metal sheets were made by the cold rolling process
through diffusion bonding, as shown in Fig.1b.

2.2 Tensile test of clad metal sheets

In order to measure the mechanical properties of the Al/
Cu clad metal sheets, tensile tests were carried out on a
MTS-810 tensile machine. In this research, all specimens

of Al/Cu clad metal sheets were produced at room
temperature, and thus, the residual stress of two base
materials cannot be released by conventional annealing
process. After the roll-bonding process, the specimens were
very thin, and it was difficult to obtain the flow rule of each
of the two materials. Based on the iso-strain deformation
behaviors of Al/Cu clad metal sheets, these sheets were
considered to be equivalent to a single material in the FE
simulation. Therefore, the fracture of Al/Cu clad metal
sheets was predicted according to the forming limit data of
the equivalent single material.

Figure 2 shows the true stress–strain curves obtained
for the Al/Cu clad metal sheets with three different initial
thickness combinations (Al 2.0 mm/Cu 1.0 mm, Al
1.5 mm/Cu 1.0 mm, and Al 1.0 mm/Cu 1.0 mm) and
two different bonded thicknesses (0.97 and 1.3 mm).

Fig. 2 True stress–strain curves of the clad metal sheets
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Fig. 3 a Tooling dimension; b 50-ton universal material test machine
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These tensile properties were used in the following FE
simulations.

2.3 Punch stretching test (forming limit test)

The punch stretching tests were carried out to evaluate the
forming limit of the Al/Cu clad metal sheets. In the forming
limit diagram, the major and minor strains at a critical site
are plotted at the onset of visible, localized necking in a
deformed sheet, and the locus of the strain combinations
that will produce failures in an actual forming operation
can be drawn. The major axes of the ellipses are parallel to
the direction of the greater elongation. If the area of the
original circle before deformation is less than the area of
the ellipse after deformation, the thickness of the sheet has
changed at the point because the volume remains constant
during deformation. Experimental methods were used to
construct the diagram. First, the clad metal sheets were
clamped at their edges and stretched by a 50-mm diameter
hemispherical punch, as shown in Fig. 3. Specimens
100 mm long and of various widths from 10 to 100 mm
were prepared to cover various stretch modes. Talcum
powder was used for lubrication; the blank holding force
was set to 160 KN. The aluminum side of the Al/Cu clad
metal sheets was in contact with the punch. Before these
tests, the surfaces of the copper side of the Al/Cu clad metal
sheets were etched with circular meshes so that the major
and minor strains could be measured after the stretching
test.

2.4 FLD results

2.4.1 Different initial thickness combinations (Al 2.0, 1.5,
and 1.0 mm/Cu 1.0 mm)

The fractured conditions of the Al 1.5 mm/Cu 1.0 mm clad
metal after the punch stretching test are shown in Fig. 4a.
The FLDs of different thickness ratios are shown in Fig. 4b.
The trend of the forming limit curve of Al 2.0 mm/Cu
1.0 mm is obviously higher than those in other cases and
thus indicates better formability during the forming test. On
the other hand, the clad metal sheet of Al 1.0 mm/Cu
1.0 mm has a lower ductility limit. According to this result,
the initial thickness ratio (related to the reduction ratio
because the final thickness is the same) influences the trend
of the FLDs of the clad metal sheets; this is due to the
work-hardening effects during the roll-bonding process.
Therefore, the higher reduction ratio of the material is a
significant factor for raising the forming limit of the clad
metal sheets in the secondary forming process.

2.4.2 Single metal sheet (Al 1.5 mm and Cu 1.0 mm)

The comparison of the formability between the clad metal
sheets and single metal sheets (Al 1.5 mm and Cu 1.0 mm)
is shown in Fig. 5. The fracture points of the single metal
sheets are mostly located above the forming limit curves of
the clad metal sheets, revealing the better formability of the
single metal sheets than the clad metal sheets.

Fig. 6 Tooling and blank
geometry of the deep
drawing test

Combination material (bonded thickness) Specimen diameter

70mm 80mm 90mm
Holding force (result)

Al 2.0 mm/Cu 1.0 mm (0.97 mm) 5 KN(OK) 50 KN(FT) 5 KN(FT)

Al 1.5 mm/Cu 1.0 mm (0.97 mm) 50 KN(FT) 15 KN(FS)

20 KN(FT) 5 KN(FT)

Al 1.0 mm/Cu 1.0 mm (1.3 mm) 15 KN(OK) 15 KN(FT) 10 KN(FT)

Table 2 Type of facture
conditions of clad metal sheets
with different thickness
combinations of holding force
and specimen diameter (OK,
FT—fracture on top,
FS—fracture on side)
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3 Deep drawing tests

Deep drawing tests were carried out on the Al/Cu clad metal
sheets with a 50-ton universal material test machine to
evaluate the drawing depth and fracture conditions directly.
A square punch with an associated die set was used for the
deep drawing test, as shown in Fig. 6. By changing the blank
holding force and the blank dimensions, the drawing depth
of the blank can be measured. In order to compare the
forming variation for different bonded thicknesses, the clad
metal sheets were rolled to 0.97 and 1.3 mm in thickness.
Circular specimens with various diameters (70, 80, and
90 mm) were used. To reduce the effect of friction of the
punch, talcum powder was also used between the punch
and the blank. The blank holding force was set to 5, 10, 15,
20, and 50 kN, respectively. The same as the above punch
stretching tests, the aluminum side of clad metal was
considered to be the contact surface. Table 2 lists the
fracture conditions for the different combinations. Compar-
ing the experimental results of 80-mm specimen with those
of the 90-mm specimen, the fracture mostly occurs near the
punch corners at the early stage of deep drawing. The
experimental result for Al 1.0/Cu 1.0 mm (bonded
thickness 1.3 mm) points out that reducing the blank
dimensions is helpful for forming with a low ductility limit
when the holding force is fixed. In the next section, the
fracture prediction of these experimental results is validated
using previous forming limit data in FE simulations.

4 Numerical simulation of deep drawing test

4.1 Finite element model

In this section, the fracture prediction of Al/Cu clad metal
sheets using finite element simulations will be analyzed and
verified with deep drawing tests. The deep drawing test was
modeled using ABAQUS/CAE. For the numerical simula-
tion of the deep drawing test, ABAQUS/Explicit was used

to simulate large deformation behavior of the clad metal
sheet. In this case, a 1/4 symmetric model was used; the Al/
Cu clad metal sheet was considered as an equivalent
isotropic single layer material, with material properties
previously determined from tensile tests and used to simulate
the actual flow rule of the Al/Cu clad metal sheet with the
residual stress effect considered. The blank was meshed with
quadrilateral shell elements, while the die, punch, and holder
plate were considered to be discrete rigid bodies. A finite
element model was constructed as shown in Fig. 7.

For boundary conditions, the punch was specified to
move in the z direction, and a holding force was applied on
the blank through the holder. Three contact pairs (punch–
blank, holder–blank, and blank–die) were defined in this
study. The Coulomb coefficient of friction was set to 0.1 for
all of contact surfaces.

4.2 Damage initiation criterion

For fracture prediction, the damage initiation option was used
in the deep drawing forming simulation. The damage initiation
criterion associated with the FLD is given by the condition
ωFLD=1, where the variable is a function of the current
deformation state and is defined as the ratio of the current
major principal strain, εmajor, to the major limit strain on the

Front view

Front

Fig. 7 The finite element model
(1/4 symmetry)

Major strain

B

A

Minor strain

FLC

Fig. 8 Forming limit diagram in ABAQUS
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FLD evaluated at the current values of the minor principal
strain, εminor. For the deformation state given by point A in
Fig. 8, the damage initiation criterion is evaluated as follows:

wFLD ¼ "Amajor
"Bmajor

The parameters for the forming limit of the clad metal
sheets were determined from the forming limit tests as
discussed above.

5 Results and discussion

The deformation conditions and sheet fracture are shown in
Fig. 9a. For the clad metal sheet with Al 1.5 mm/Cu

Al2.0mm/Cu1.0mm 0.97mm 

Al1.5mm/Cu1.0mm 0.97mma

 

Al1.5mm/Cu1.0mm 0.97mm F=15KN,D=80mm 23.5mm 
b

Fig. 9 a Deformation conditions of blank with different initial
thickness. b Maximum drawing depth of 23.5 mm (Al 1.5 mm/Cu
1.0 mm)

Al1.0mm/Cu1.0mm 1.3mm D=90mm10KN
Fracture 

Fig. 10 Experimental verification of deep drawing (d=90 mm)

Al1.0mm/Cu1.0mm 1.3mm D=80mm15KN 

F

Fracture 

Fig. 11 Experimental verification of deep drawing (d=80 mm)

Al1.0mm/Cu1.0mm 1.3mm D=70mm15KN 

Fig. 12 Experimental verification of deep drawing (d=70 mm)
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1.0 mm (blank dimension=80 mm), Fig. 9b reveals that the
maximum drawing depth was 23.5 mm when the holding
force was set to 15 kN. It was observed that the fracture
occurs on the side wall of the blank. When the holding
force was increased, the metal flow of the clad metal sheet
was constrained by larger frictional forces, with the result
that the blocked metal flow caused fracture at the top corner
of the blank for other fracture cases.

In this study, the applicability of FLDs on the fracture of
clad metal sheets was verified. Al 1.0 mm/Cu 1.0 mm
blanks with a thickness of 1.3 mm and three diameters (70,
80, and 90 mm) were used in the finite element analysis,
and the simulation results were compared to those of the
experiments. From the results shown in Figs. 10, 11, and
12, we can examine the fracture of clad metal sheets. When
the blank dimension was 90 mm, the simulation of deep
drawing indicated that the possible fracture site is at the
corner of the blank where the higher holding area effect
causes too much resistance for drawing. This fracture is
caused by the near biaxial tensile mode. In FLD, the strain
distribution is located on a minor strain of positive value.
The experimental results verified this prediction.

When the blank dimension was 80 mm, the experimental
fracture was at the corner. This fracture was caused by the
biaxial tensile mode. The strain distribution was located on
a positive minor strain in the FLD. In the simulation result,
the strain distribution at the corner and side wall of the
blank approached the high fracture criterion value. There-
fore, the predicted fracture site of the blank was similar to
the experimental result.

When the blank dimension was 70 mm and the holding
force was set to 15 kN, the blank was drawn without
fracture. From the simulation result, the forming limit factor
is 0.573, and the strain distribution is located on a safe
zone.

6 Conclusion

In this research, the secondary formability and fracture
prediction of Al/Cu clad metal sheets with different initial
thickness ratios were analyzed. From the results of punch
stretching tests, the formability of single materials was
shown to be better than that of clad metal sheets. It is
expected that the formability of clad metal sheets is affected
by the residual stress during the cold rolling process. Given
the different ductility of two base materials, higher plastic
deformation occurred in the aluminum during the roll-
bonding process. Therefore, in this research, reduction ratio
of the material was a significant factor for the formability of
the clad metal sheets when the bonded thickness was the
same. As for the fracture predictions in Al/Cu clad metal
sheets, the use of forming limit diagrams with finite

element model has been verified by this research. The
thickness distribution, the fracture prediction, and the
deformation behavior of Al/Cu clad metal sheets were
accurately predicted using the FLD criterion option in
ABAQUS.

Finally, the formability of clad metal sheets can be
manipulated by changing the process parameters such as
the holding force and the blank diameter in deep drawing
tests. In these tests, the maximum drawing depth of
23.5 mm for clad metal sheets (Al 1.5 mm/Cu 1.0 mm)
was obtained when the blank diameter was 80 mm and the
holding force was 15 kN.
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