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Abstract Clad metals are becoming increasingly empha-
sized in sheet metal applications. In this research, sheet
hydroforming process (SHF) was adopted to improve the
formability of Ti/Al clad metal sheets and SUS 304 metal
sheets used in computer, communication, and consumer
product housings. Both finite element simulation and
experimental verification were carried out to investigate
the deformation of blanks. Several significant process
parameters, such as holding force, friction, counter pressure
history, and blank dimensions, were discussed for improv-
ing the formability of the two metal sheets. In SHF
simulation, a virtual film technique was proposed to
realistically approach the hydraulic loading condition
during SHF. Finally, the deformed shape and thickness
distribution of parts manufactured with SHF were com-
pared with the results of simulation. Good agreements were
obtained.

Keywords Clad metal . Sheet hydroforming . 3C product
housing . FE simulation

1 Introduction

Electronics industries have been working to improve the
surface quality of computer, communication, and consumer
(3C) products using excellent metals such as titanium or
stainless steel. However, since the formability of these
metals is not as good as that of general metals (e.g.,
aluminum A1050), various material modifications and new
forming techniques, including clad metal sheets and sheet
hydroforming (SHF), have been developed to overcome
this issue.

1.1 Clad metal

The clad metals considered in this study are multilayer
sheets that possess various properties that surpass those of
single metal sheets. Most clad metals not only preserve the
original characteristics of the individual layer metals but
also provide additional functional properties. In addition,
some combinations of clad metal can effectively reduce the
material cost in product applications.

Clad metal sheets are generally made from several
processes, such as explosive bonding, adhesive bonding,
hot roll bonding, and cold roll bonding. In this research, all
clad metal sheets were made using cold roll bonding by
MIRDC (Metal Industries Research & Development Center,
Taiwan). In the cold roll bonding process, layer sheets are
bonded together by interface diffusion while the thickness is
reduced. The process has many advantages, such as accurate
dimension control, fine surface quality, and straight bonding
layers. The making of a two-ply clad metal sheet is illustrated
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in Fig. 1. The clad metal sheets are normally produced at
room temperature, and the residual stresses generated in the
rolling process cannot be fully released by the following
annealing process because the melting temperatures of the
individual layer sheets are often quite different. Therefore,
the secondary formability of the clad metal sheets in the
forming process must be considered and analyzed. Today,
there have been some studies on the bonding performance of
clad metal sheets with high diffusing temperature and long
holding time [1–4], but there have been few studies done on
the formability and application of clad metals produced at
room temperature.

1.2 Sheet hydroforming

SHF is classified into SHF with a punch (SHF-P) and SHF
with a die (SHF-D) depending on whether a punch or a die
will be used to form the blank. Figure 2 shows a typical
SHF-P process in which metal sheets are formed by a deep
drawing punch with hydraulic counter pressure. The
counter pressure is controlled by a relief valve, and an
additional safety relief valve (not shown in Fig. 2) avoids
bursting of the counter pressure pot. Nowadays, SHF is
widely accepted for the industrial produced components
characterized by fine surface quality, accurate dimensions,
high drawing ratios, and complex shapes. Figure 3 shows
SHF apparatus.

Today, there have been some studies on the formability
of single material for different industries [5–9]. Some
researchers proposed a multi-stage SHF which increased
the formability of structural parts [10, 11]. A moveable
inferior plate was adopted to enhance the SHF [12, 13].
Thiruvarudchelvan and Tan [14] provided a technique that
uses a hydraulic pressure to apply a peripheral push on the

flange, which applies a counter pressure in the die cavity
that provides frictional support at the cup wall, and also
provides excellent lubrication at the radius of the die. A
modified hydromechanical deep drawing process was
proposed and the experimental results compared with those
obtained from the finite element method. Cylindrical cups
made from aluminum with this process were drawn
successfully with a drawing ratio as high as 3.0 [15].

Punch

Oil
chamber

Blank

Holder

Fig. 2 Schematic representation of SHF

Fig. 1 Schematic of the cold
roll bonding of a two-ply clad
metal sheet
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For decades, finite element analysis (FEA) has become a
well-established tool for predicting the formability of metal
products and has enabled a significant reduction in the cost
and time for design and also facilitated improvements in
product quality. Kleiner et al. [16] investigated the residual
stresses induced in high-fluid condition-formed workpieces
by numerical and experimental analyses. The results showed
that a higher fluid pressure leads to significantly lower residual
stresses in addition to improved dimensional accuracy.

In general, most of the researches on SHF have analyzed
the formability of a single material during the forming
process; only few studies had been done on the formability
of clad metal sheet product made by SHF. This research
combines the advantages of both clad metal sheets and SHF
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Fig. 4 The true stress/strain curves of the Ti/Al clad metal sheets

Fig. 3 SHF apparatus
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Fig. 5 True stress/strain curves of the SUS 304 sheets

Fig. 7 Die and punch for housing II

Fig. 6 CAD model of housing I and punch

r0 r45 r90

0.913 2.591 0.941

Table 1 Plastic strain ratios of
Ti/Al clad metal
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in the application to 3C products. The reason for choosing
Ti/Al clad metal sheets is that these clad sheets not only
preserve the good surface quality of titanium but also
reduce the cost of 3C housing products. Also, SHF is
expected to improve the formability of Ti/Al clad metal
sheets. In this research, several critical SHF process
parameters were analyzed by FEA. For experimental

verification, SUS 304 sheet was also deformed by SHF,
and its formability was compared to that of the Ti/Al clad
metal sheet by simulation and experiment.

2 Material property tests

Before material tests, all Ti/Al clad metal sheet specimens
were prepared in the following manner. The individual
layer materials were aluminum sheets 0.5 mm thick and
titanium sheets 0.3 mm thick. The roll-bonded thickness of
the clad metal sheet was 0.45 mm with a one-stage rolling
process. For improving bonding strength and annealing
residual stress, the clad metal sheet specimens were heated
evenly to 500°C and then air-cooled for 1 h. Because the
titanium part of the Ti/Al clad metal sheet was not fully
annealed, the clad metal sheet was assumed to be
anisotropic in FE simulations.

The plastic strain ratio, r, is considered a direct measure
of sheet metal’s drawability and is useful for evaluating
materials intended for forming shapes by deep drawing.
The r value is the ratio of the true strain in the width
direction to the true strain in the thickness direction when a
sheet material is pulled in uniaxial tension beyond its elastic
limit. The plastic strain ratio is calculated as shown in
Eq. 1:

r ¼ "w
"t

ð1Þ

where εw is the true width strain and εt the true thickness
strain.

To measure the mechanical properties of the Ti/Al clad
metal sheets and SUS 304 sheets, tensile tests were carried
out on a MTS-810 tensile machine. Figure 4 shows the true
stress–strain curves obtained from Ti/Al clad metal sheets

Housing II

Housing I

Fig. 8 The FE meshes of housing I and housing II

Holder Punch

Die

B
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A

Fig. 9 Schematic representation
of various pressurized areas of
the blank during SHF
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with three different directions (0°, 45°, and 90° with respect
to rolling direction). Each curve represents the average
result of three specimens. Table 1 shows the plastic strain
ratio of Ti/Al clad metal. For comparison, SUS 304 sheets
with a 0.45-mm thickness were also tensile tested. Figure 5
shows the true stress–strain curves of SUS 304. SUS 304
sheet was regarded as isotropic in FE simulations.

3 FE model

This section investigated SHF with Ti/Al clad metal sheets
using ABAQUS. Two sets of 3C housings were analyzed.
The CAD models are shown in Figs. 6 and 7. In housing I,
a 1/4 symmetric model was utilized because of its
symmetrical geometries. In housing II, a 1/2 symmetric
model was utilized. During FE simulation, the interface
condition of the clad metal sheet was assumed to be
perfectly bonded and the Ti/Al clad metal sheet was
regarded as an equivalent single material [17], with its
material properties determined from previous tensile tests.
The blank was meshed with quadrilateral shell elements,
while the die, punch, and holder were simplified as discrete

rigid bodies. The FE meshes for two housings are shown
in Fig. 8.

In SHF simulations, the following assumptions and
effects were applied for simplification and clarity:

▪ The clad metal is assumed to be an anisotropic,
homogenous material.

▪ The bonding layer of the clad metal is perfect; the clad
metal is assumed to be an equivalent single material.

▪ The deformation of the punch, holder, and die was
neglected.

▪ Leakage of fluid was neglected.
▪ The interface coefficient of friction was assumed to be

constant.

Blank 

Deformed virtual film 

Punch 

Fig. 10 Operation of the virtual
film with punch and blank
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Fig. 12 Blank dimensions for housing IFig. 11 Boundary condition of the FE model
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For boundary conditions, three contact pairs (punch–
blank, holder–blank, and blank–die) were defined in this
FE model. The Coulomb coefficient of friction was set to
0.05 and 0.1 for contact surfaces with and without
lubrication [10, 18].

The punch was specified to move only in the z direction,
and a holding force was applied to the blank through the
holder. In SHF, the pressurized area of the blank was varied
according to movements of the punch, as shown in Fig. 9.
Therefore, a concept of applying a virtual film was
proposed to realistically simulate the hydraulic loading of
the blank during SHF simulation. In FE model, authors
create a thin shell element (the thickness is 0.01 mm)
between the blank and die cavity. The Young’s module of
the thin shell element is smaller than the clad metal. The
coefficient of friction for the contact pair of blank–virtual
film was set to zero. During SHF, the hydraulic loading can
realistically translate to blank by a contact behavior of both
parts. Figure 10 shows the operation of the virtual film with
the die and punch. Figure 11 summarizes the boundary
conditions of the SHF FE model.

4 Analysis of the application of SHF on housing I

4.1 FE model verification

In this section, the model of housing I was analyzed. First,
the FE model was verified by comparing the thickness
distribution of product from experiment. Figure 12 shows
the blank dimension (1/4 symmetry), and Fig. 13 shows the
locations of the measured points on sheet. The preliminary
experiment parameters were a punch displacement of
13.5 mm, a holding force of 2 t, and the counter pressure
history was according to the measured values with a
pressure gauge, as shown in Fig. 14.

Figure 15 shows the good agreement of thickness
distribution between the experiment and the simulation. In
the next sections, some critical process parameters will be
analyzed by this validated FE model and a term called the

Fig. 14 Measured counter pressure history

Fig. 13 Locations of measured points on housing I

Fig. 16 Schematic representation of different contact pairs in SHF

Fig. 15 Comparison of thickness distributions of the experiment with
the simulation
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thinning ratio distribution of the blank will be used. The
thinning ratio is defined as:

Thinning ratio ¼ T0 � T1
T0

� 100% ð2Þ

where T1 is the final blank thickness and T0 is the initial
blank thickness.

4.2 Influence of the coefficient of friction

During SHF, the friction condition differed with and
without lubricant, and the contact materials of the clad
metal were also different for the holder and die (outside of
the seal); therefore, the influence of the coefficient of
friction is crucial.

In this research, various combinations of friction
conditions were assigned in simulation. Figure 16
shows the setting of different contact pairs in SHF, and
Table 2 shows the combinations of μ for different contact
pairs. The coefficient of friction μ was set to 0.05 in an oil
chamber. Other process parameters were a punch dis-
placement of 13.5 mm, holding force of 2 t, and a
maximum counter pressure of 10 MPa. The increase of
counter pressure was assumed to be linear during FE
simulation.

Figure 17 shows the thinning ratio distributions of the
blank under condition 1. Thinning of the blank occurs at
points C, D, and I when the coefficient of friction of the
blank–die contact pair increases. However, these thinning

results are close because the friction effect between the
blank and the die (contact pair B) is small.

As shown in Fig. 18, points C and D have opposite
thinning trends compared to the other points when the
coefficients of friction of contact pair A (blank–punch) are
increased. Compared to the results at point D, a higher
coefficient of friction condition (μ=0.2) with the counter
pressure effect has been helpful for drawing. In addition,
for SHF, sufficient friction force between punch and blank
has been helpful for drawing.

4.3 Influence of the holding force

In general deep drawing process, the holding force is a
positive parameter for product formability, but a large
holding force might create too much restraining force for
metal flow. For SHF, an insufficient holding force causes
wrinkling and creates additional leakage problems. In this
section, the effects of different holding forces were
simulated. The Coulomb coefficient of friction was set to
0.05 (blank–die) and 0.1 (punch–blank and holder–blank)

Fig. 17 Thinning ratio distributions under condition 1 (contact pair
A=0.1)

Table 2 Combinations of coefficients of friction for contact pairs A
and B

Contact pair A Contact pair B

Condition 1 0.1 0.05, 0.1, 0.2

Condition 2 0.05, 0.1, 0.2 0.1

Fig. 19 Thinning ratio distribution of the blank with different holding
forces

Fig. 18 Thinning ratio distribution under condition 2 (contact pair
B=0.1)
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Fig. 22 Thinning ratio distributions with different counter pressure
histories

Fig. 21 Different counter pressure histories

Fig. 20 The thickness distribu-
tion of the blank without wrin-
kling (holding force=0.25 t)

Fig. 24 Thinning ratio distributions with different counter pressure
histories (final pressure 10–15 MPa)

Fig. 23 Different counter pressure histories (final pressure 11–
14 MPa)
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for contact surfaces with and without lubrication. Other
process parameters are a punch displacement of 13.5 mm, a
maximum counter pressure of 10 MPa, and the counter
pressure history was assumed to be linear during FE
simulation. Figure 19 shows the thinning ratio distributions
with different holding forces.

Simulations show that the thinning trend of the blank
was affected by the holding force. Because there was no
wrinkling of the blank, a small holding force (0.25 t) was
favored in this application, as shown in Fig. 20.

4.4 Influence of counter pressure history

Compared to a conventional stamping process, SHF can
provide counter pressure to a blank, which can hold the
blank closer to the punch. Oil lubrication is also helpful in
reducing the friction between the die and blank.

In this section, different counter pressure histories were
analyzed to see how they improved the formability of the
clad metal. Figure 21 shows the different counter pressure
histories used in the analysis. The Coulomb coefficient of
friction was set to 0.05 (blank–die) and 0.1 (punch–blank
and holder–blank) for contact surfaces with and without
lubrication. Other process parameters were a punch

displacement of 13.5 mm and a holding force of 2 t.
Figure 22 shows the simulation results.

These results show that the thinning ratio of the blank
was reduced by an increase in counter pressure. Compared
to the cases of 5 MPa with 10 MPa and 15 MPa with
18 MPa, it shows that the thinning ratio distributions were
close to each other at high pressure cases. Four additional
different pressure histories (final counter pressures are 11,
12, 13, and 14 MPa, shown in Fig. 23) were simulated
again to verify the effect of counter pressure. Figure 24
shows the thinning ratio distribution of a blank with
different pressure histories. A large final pressure (in this
case 15 MPa) improves the formability of the blank most.

Table 3 Combinations of process parameters for housing II

Material SUS 304 Ti/Al

Holding force (tons) 0.7 1 2 0.7 1

Chamfer width
(blank dimension)

20 (114×
74)

21.21 (120×
80)

20 (114×74),
21.21(120×80),
23 (120×80)

20 (114×
74)

Length unit: mm. Measured counter pressure histories were used for
each case in simulation. Blank dimension (length×width)

Fig. 25 Locations of measured
points on housing II

Width of blank

Chamfer width
L

ength of blank

Fig. 26 Representation of the blank dimension
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Min. thickness = 0.3618mm

Boundary condition: Final counter pressure=18.2 MPa Holding force=2 tons

Fig. 27 The thickness distribu-
tion of the blank (chamfer
width=21.21 mm, SUS 304)
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Min. thickness = 0.3643 mm

Boundary condition: Final counter pressure=16.1 MPa Holding force=2 tons

Fig. 28 The thickness distribu-
tion of the blank (chamfer
width=23 mm, SUS 304)
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Min. thickness = 0.3773 mm

Boundary condition: Final counter pressure=16.6 MPa, Holding force= 2 tons

Fig. 29 The thickness distribu-
tion of the blank (chamfer
width=20 mm, SUS 304)
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5 Analysis of the application of SHF on housing II

In this section, housing II was deformed with SHF, and
significant process parameters, such as the blank dimension
(different chamfer widths, lengths, and widths of the blank)
and the holding force were again analyzed and verified by
experiment and FE simulation. In some cases, stainless
steel sheet (SUS 304) was also adopted as the working
material to be compared with Ti/Al clad metal. Table 3
shows the combinations of process parameters for housing
II. Figure 25 shows the locations of the measured points on
housing II. Figure 26 shows the representation of the blank
dimension.

5.1 Influence of blank dimensions (SUS 304)

In this section, three different blank dimensions were
simulated for housing II. In the simulation, the Coulomb
coefficient of friction was set to 0.05 (blank–die) and 0.1
(punch–blank and holder–blank) for contact surfaces with
and without lubrication. Figures 27, 28, and 29 show the
thickness distributions with different chamfer widths.
Figure 30 shows the numerical and experimental compar-
ison of thinning ratio distributions of the blank.

The simulation results shown in Figs. 27, 28, and 29 reveal
that the minimum final thickness for a chamfer of 20 mm was
higher than that for 23 and 21.21 mm, and an insignificant
wrinkling occurs on the side of the blanks. As shown in
Figs. 30, 31, the thinning distribution for a chamfer of 20 mm
(black line) was much stable from both simulation and
experiment results.

5.2 Comparisons of formability of SUS 304 and Ti/Al
clad metal

In this section, Ti/Al clad metal sheets and SUS 304 sheets
were simulated with different holding forces and their
formability were compared. In simulation, the Coulomb

coefficient of friction was set to 0.05 (blank–die) and 0.1
(punch–blank and holder–blank) for contact surfaces with
and without lubrication. Figures 32, 33, 34, and 35 show
the thickness distributions for different holding forces.
Figure 36 shows the thinning ratio distribution of the blank
with different parameter combinations.

These simulation results show that the formability of the
blank was best when the blank dimensions were: length,
114 mm; width, 74 mm; and chamfer width, 20 mm.

Comparison of the thinning ratios for Ti/Al clad metal
sheet with those of SUS 304 sheet in specific cases (holding
forces of 0.7 and 1 t and chamfer width of 20 mm) showed
that the thinning ratio of clad metal sheet was thinner
(−26%) than that of the SUS 304 sheet cases. Figure 37
shows that the failure of blank occurs at point a.

Overall, the tendency of the thickness distributions of the
Ti/Al clad metal and SUS 304 sheet was similar in FE
simulation. Figure 38 shows a product of Ti/Al clad metal
sheet without failure (holding force, 0.7 t; chamfer width,
20 mm), which proves that a Ti/Al clad metal sheet with
low formability can be successfully manufactured for 3C
product applications by choosing suitable process parameters
in SHF.

Figure 39 shows comparisons of the thinning ratio
distributions from experiments and FE simulation. The
tendencies of thinning ratios were in good agreement and
the only difference was at point e, where the thickness was
measured according to a single element in numerical post-
processing. If an average thickness was measured from
several elements, the result was close to that of the
experimental data.

The simulation results indicate that the holding force is a
significant parameter for metal flow. In housing I, the
holding force of 2–3 t provides better formability; in
housing II, the optimum holding force is 0.7 t. For counter
pressure history, a higher final pressure can be helpful for
drawing in the blank by supplying the blank with a more
normal force. Suitable blank dimensions can be helpful for
decreasing thinning. For the application of housing II, the
chamfer width of 20 mm (114×74 mm) should be used for

Fig. 31 Deformation of SUS 304 without fracture (holding force, 2 t;
chamfer width, 20 mm)

Fig. 30 Results of thinning ratio distributions by simulation and
experiment (different chamfer widths, SUS 304)
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Min. thickness = 0.365 mm

Boundary condition: Final counter pressure=12 MPa, Holding force = 1 ton

Fig. 32 The thickness distribu-
tion of the blank (chamfer
width=21.21 mm, SUS 304
sheet)
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Min. thickness = 0.3897 mm 

Boundary condition: Final counter pressure=10.4 MPa, Holding force = 0.7 tons

Fig. 33 The thickness distribu-
tion of the blank (chamfer
width=20 mm, SUS 304 sheet)
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Min. thickness = 0.33 mm

Boundary condition: Final counter pressure=10.4 MPa, Holding force = 1 tons

Fig. 34 The thickness distribu-
tion of the blank (chamfer
width=20 mm, Ti/Al clad metal)
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Min. thickness = 0.343 mm

Boundary condition: Final counter pressure=11.5 MPa, Holding force = 0.7 tons

Fig. 35 The thickness distribu-
tion of the blank (chamfer
width=20 mm, Ti/Al clad metal)
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the initial blank shape. Compared to SUS 304 sheet, the Ti/Al
clad metal sheet with low formability can achieve the same
product quality if suitable parameters are chosen in SHF.

6 Conclusions

This research has discussed several significant process
parameters for the formability of Ti/Al clad metal sheet
during SHF. Some tasks accomplished were: (a) the
material property of a Ti/Al clad metal sheet (0.45 mm
thick) was obtained; (b) the SHF FE model was validated;
and (c) the results of simulation and experiments for the
applications of Ti/Al clad metal sheets during SHF were
compared.

In SHF simulation, a virtual film technique was
proposed and successfully simulated the hydraulic loading
for clad metal sheets during SHF.

From the simulation results, sufficient friction force and
high final counter pressure has been found to be helpful for
drawing in the blank. Suitable blank dimensions (chamfer
width) can also be helpful for decreasing the thinning
effect. By choosing suitable parameters, the Ti/Al clad
metal sheet with low formability can achieve the same
product quality as that provided by SUS 304 sheet.
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