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a b s t r a c t

In this paper, the effects of several parameters on the deep drawing process of laminated sheets are com-
prehensively studied. The main reason to carry out such a process is taking the advantages of different
materials, such as high strength, low density and corrosion resistibility, at the same time and in a single
component. With this regard, it is possible to take the benefits of the forming processes, such as low
waste of material and high directional strength of the components. This research work is concerned with
the experimental and finite element studies of the deep drawing process of steel/brass laminated sheets.
Several tests were conducted to investigate the influences of some variables, such as the stacking
sequence of the layers, lubrication, blank-holder force and the diameter of the composite blank on the
load–displacement curve and the final shape of the produced components. Investigation of stress and
strain distributions in the deep drawn cup were also done and the FE results showed that the numerical
method can predict the same place of tearing for bimetal cup as occurred in experimental tests. The main
issues studied in this work are the material flow (occurrence of defects such as wrinkling and fracture) of
the layers of the specimen and the required drawing force.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The deep drawing process, as one of the most applicable sheet
metal forming process, is widely used in many industries. In this
metalworking operation, a blank is drawn into a die using a special
punch to produce a cup shape product. Similar to other sheet metal
forming processes, the dominant strain in this process is usually
tensile. Therefore, deep considerations are needed to prohibit any
failure in the deep drawn parts [1,2].

Drawing ratio through this procedure depends on the blank-
holder force, radial clearance and interfacial conditions between
the blank and die and blank-holder. Blank-holder force and friction
at these surfaces limit slip at the interfaces and cause an increase
in the tension of the blank. Therefore, for having a perfect deep
drawing operation, control of slip between the blank and die and
blank-holder is necessary [3]. The most defects occurred in this
process are rupture, wrinkling and earring which can be eliminated
by setting the associated parameters such as blank-holder force,
clearance and interfacial conditions correctly [4].

Despite traditional metal forming processes, there are not so
many investigations carried out regarding the application of these
operations for composite specimens. In recent years, some research
works have been conducted to study the behavior of composite
materials during forming processes. Gow-Yi and Ming-Nan [5]
ll rights reserved.
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analytically studied cold rolling of unbounded double-layers sheet
considering a hybrid friction. They showed that their proposed ana-
lytical model can be used to derive the rolling pressure distribution,
the rolling force, and the rolling torque. Danesh Manesh and Karimi
Taheri [6] performed an investigation on cold rolling of tri-layer
strips. Their experiments on sandwich strip rolling were conducted
by employing aluminum, mild steel, and copper as the layers of the
sandwich strips. They found that all of theoretical predictions are in
good agreement with the experimental measurements.

Islam et al. [7] studied hydroforming of multi-layer tube exper-
imentally and numerically. Lang et al. [8] also conducted multi-
sheet hydroforming with a very thin middle layer. They discussed
the effect of some parameters on the forming process and the ways
to improve the sheet formability using both the experiment and
simulation. Takiguchi and Yoshida [9] proposed a new technique
of plastic bending of adhesive-bonded sheet metals. The effect of
forming speed on the deformation characteristics of adhesively
bonded aluminium sheets was investigated by performing
V-bending experiments and conducting numerical simulations
with various punch speeds at the room temperature. Wang et al.
[10] proposed a modified method for hydrodynamic deep drawing
assisted by a radial pressure with inward flowing liquid. They also
investigated the method using both the experimental and
numerical techniques.

Deep drawing process has also been the subject of many re-
searches, which few of them focused on composite sheets. Kapiński
[11] studied the drawability and springback for deep drawing
process of bimetal sheets. He considered the inertial effects and
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Fig. 1. True and engineering stress–strain curves of the brass.
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Fig. 2. True and engineering stress–strain curves of the stainless steel.
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strainhardening in his research and presented some experimental
results. Fereshteh-Saniee et al. [12] investigated experimentally
the influences of some parameters, namely friction conditions
and the layer contact conditions, on the deep drawing process of
bimetal sheets. They also used stress and strain distributions to
predict the most probable area for fracture. Parsa et al. [13], also,
conducted redrawing of components made of stainless steel and
aluminum by means of finite-element simulations and practical
experiments and finally demonstrated that the setting condition
has an important effect on the behavior during the deep drawing
and redrawing processes.

The laminated deep drawn metal sheets can be used in manu-
facturing of parts with different inner and outer conditions such
as corrosion, wear resistance, and thermal and electrical conduc-
tivities. With this regard, such products have been increasingly
used in various fields such as the automotive, aerospace, medical
instruments, vessels, and electrical industries [14]. Since these
laminated sheets have different properties in their various layers
(yield limit, tensile strength, wear resistibility, density and surface
finish), more studies for such processes are inevitable. Composite
laminated sheet metals have different deformation behaviors,
compared with a single-layer sheet. These behaviors depend
mainly on the combination of materials and their assembly condi-
tions. One parameter that plays an important role in the deep
drawing process of laminated sheets is the blank stacking se-
quence. By changing the sequence of the layers, different final
properties can be achieved. In this research work, numerical and
experimental studies on the influences of some process variables
such as stacking sequence, blank diameter, blank-holder force
(BHF) and the lubrication on the required forming load and mate-
rial flow were carried out and the FE results were validated using
experimental data. In order to predict the probable area for being
ruptured, stress and strain distributions in a deep drawn laminated
sheet were determined. Eventually, based on the numerical and
experimental observations made, some beneficial conclusions
were drawn, which are explained at the end of this article.
Fig. 3. A schematic of the friction test apparatus.
2. Experimental works

2.1. Preliminary tests

Brass possesses wide decorative applications and its thermal
and electrical conductivities are much better and its specific heat
is considerably lower, compared with those of the stainless steel.
However, strainhardening, tarnish resistibility, strength/density
ratio and surface quality of the stainless steel are higher than brass.
Therefore, by making a component made of brass and stainless
steel, one can take different advantages of these metals at the same
time.

In order to conduct practical experiments, it is firstly necessary
to determine mechanical properties of the selected materials as
well as the Coulomb friction coefficients between the sheet and
the dies. These data are also required for performing the FE simu-
lations of the process. For this reason, the tensile tests, based on
ASTM (E8M-98) standard, were used to specify the stress–strain
curves of the brass and stainless steel under consideration. This
type of test is usually adopted for sheet metal forming processes,
because of the stress state involved. For more precise evaluation
of strain, all the tensile tests were conducted using an extensome-
ter. The thicknesses of the steel and brass sheets were 0.39 and
0.62 mm, respectively to meet enough clearance between the
punch and die [4]. Figs. 1 and 2 depict the true and engineering
stress–strain curves of these alloys.

To determine Coulomb friction coefficients under various condi-
tions, the friction tests were employed. Fig. 3 represents schemat-
ically the fixture used for evaluation of the friction coefficients. For
each frictional condition, a specified normal force (N) was applied
to the sheet by the press and, then, the horizontal force (F) needed
for initiation of motion of the sheet between the die faces was
measured. Afterwards, using the Coulomb friction formula, the
friction coefficient was calculated. Three different frictional
conditions were tried for both the steel and brass sheets. Table 1
contains Coulomb friction coefficients earned from the friction
tests. Moreover, Table 2 contains the chemical compositions of
the materials, obtained from an analyzing machine (quantometer).

2.2. Deep drawing tests

The process variables selected for investigation were the layer
stacking sequence, blank diameter, blank-holder force and



Table 1
Friction coefficients obtained for various interfacial conditions.

Lubricant Dry Nylon Grease

Brass 0.31 0.22 0.22
Steel 0.29 0.28 0.23

Table 2
Chemical compositions of the stainless steel and brass in percent.

Steel Fe Cr Ni Mn Si Cu V

70.55 19.97 7.00 1.38 0.44 0.14 0.12

Brass Cu Zn Nb Fe Ca

70.71 20.28 8.86 991 ppm 469 ppm

Fig. 5. The Instron testing machine with the deep drawing die set mounted.
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lubrication. Therefore, blanks with three diameters 7.5, 8.5 and
10 cm from stainless steel and brass sheets were punched to make
composite sheets. Lubrication with nylon film and dry state were
also two different contact conditions maintained between lami-
nated sheet and punch, die and blank-holder. The blank holder
force was adopted with three levels, namely 0.71, 2.14 and
3.56 KN. These values were selected considering the guidelines
suggested by Johnson and Mellor [4]. The blank holder force was
exerted by means of eight B-16/76 standard springs. This force
was kept constant during each drawing experiment. It is helpful
to note that recommended blank-holder force to have defect-less
products must obey Eqs. (1) and (2) obtained by Siebel and Beissw-
anger [2]:

PBH ¼ 103c ðb� 1Þ3 þ 0:005d0

S0

� �
Su ð1Þ

b ¼ lnðLDRÞ ¼ ln
d0

d1

� �
ð2Þ

where Su, S0, d0 and d1 are the tensile strength, initial sheet thick-
ness, initial blank diameter and final blank diameter, respectively.
c is a coefficient varying from 2 to 3.

Dry condition and nylon sheet as a lubricant were considered
for tool–workpiece interface. The stacking sequence involved two
Table 3
Dimensions of various parts of the deep drawing die set.

Parameter Value (mm)

Punch diameter 46
Punch profile radius 10
Die diameter 48.5
Die profile radius 8
Blank-holder outer diameter 100
Blank-holder inner diameter 49.5
Clearance between punch and die 1.25

Fig. 4. Different parts of the deep drawing die set.
cases, namely BS and SB. In BS case, the stainless steel layer was
in contact with the punch and the brass sheet was positioned
underneath. In SB state, there was a reverse situation, i.e. the brass
layer of the composite blank was in contact with the punch. Table 3
lists the dimensions of the major parts of the die set. Additionally,
Fig. 4, schematically, represents these parts of the die set. After
adjusting all the process conditions, the main tests were conducted
at the room temperature by means of a 600 kN Instron testing ma-
chine with 0.5 mm/s displacement rate (Fig. 5).
3. Finite element simulations

The numerical simulation is a powerful tool for analysis of the
forming processes, including the deep drawing. An implicit finite
element code was used for simulation of the deep drawing of the
laminated sheets to observe the forming process virtually. Due to
axial symmetric conditions, half of a 2D model was simulated in
ANSYS. Two layers of the composite sheet were meshed using 2D
element VISCO106 which can tolerate high strain and nonlinear
behavior. Iterative solution procedures must be used with this ele-
ment because it is used to represent highly nonlinear behavior.

For each frictional condition, the average value of the friction
coefficients obtained for brass and steel (see Table 1) were used
as the friction coefficient between the steel and brass layers. All
parts of the die set were modeled rigid to reduce calculation time.
Fig. 6 illustrates the deformed finite element model in ANSYS.
Fig. 6. 2D finite-element modeling of the deep drawing of composite sheets.
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The material behaviors were also considered as isotropic hard-
ening, rate independent Mises plasticity and defined for software
according to Figs. 1 and 2. It must be remembered that the punch
travel rate was 0.5 mm/s and assuming rate independent behavior
did not make considerable discrepancies. Contacts between blank
and die and punch, between blank and blank-holder and between
two layers of blank were established with contact pair command.
All contact surfaces were modeled with 2D elements TARGE169
for target surfaces and 2D elements CONTA171 for contact ele-
ments. To obtain the optimum number of elements for meshing
the composite blank, preliminary studies were performed and it
was found to be 200 elements in the radial direction and 2 ele-
ments in the thickness direction.
4. Results and discussion

The effects of all the variables on the load–displacement curve
are presented and discussed in this section. Fig. 7 typically com-
pares the load–displacement curves obtained from two different
solutions. The process conditions for these results are a blank
diameter of 7.5 cm, the dry condition, SB stacking sequence, and
a blank-holder force of 3.56 KN. This figure illustrates that FE re-
sults usually predict a greater forming load for doing the operation.
This overestimation of the FE solution is about 10% and more or
less is observed in other comparisons between the experimental
and finite element results. Therefore, selection of the forming ma-
chine capacity based on the FE results includes a safety factor for
having a successful operation.

Fig. 8 implies that the nylon sheet does not affect the early part
of the curve, because at this stage of the process, the contact pres-
sure is not sufficient. Generally, the influence of the friction can
more apparently be observed at large deformations [15]. Using
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Fig. 7. A typical comparison of experimental and finite element load–displacement
curves.
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Fig. 8. The effect of friction condition at the tool–workpiece interface. The diameter
of the blanks is 7.5 cm with a BHF of 3.56 kN.
nylon sheet as lubricant decreases the actual maximum load re-
quired by about 13.5%. Moreover, the composite cups produced
with nylon lubricant have higher surface quality, compared with
the dry condition. The experiments have represented that the fric-
tional condition is almost an independent variable which is not
considerably affected by other parameters, including the layer
arrangement. While in FE results, a relation between stacking se-
quence and lubricant type was observed, in which with BS stacking
sequence, nylon sheet reduces the maximum required load about
10%, compared with dry condition. This reduction is about 3% for
the SB arrange.

The effect of layer stacking sequence is of particular interest in
the present study. Therefore, some experiments with different
layer arrangements were performed. The composite sheet behavior
in a forming process differs from single-layer sheets and depends
on the layer sequence and thicknesses. Despite the effect of fric-
tion, the early part of the curve is also changed, as can be seen in
Fig. 9. It was also observed that the friction condition can change
the influence of the stacking sequence. As an example, for dry con-
dition, when the steel layer was in contact with the punch (BS), the
maximum load was about 7% greater than the similar situation
with SB case. But when nylon sheet was employed as lubricant,
the SB condition needed nearly 14% greater force, compared with
the BS case under similar conditions. These observations are al-
most confirmed by the FE findings. Under the dry condition, when
the steel layer was in contact with the punch (BS), FE results
showed that a greater force, about 1.5%, was needed compared
with the other arrangements. However, with nylon lubricant,
8.5% greater force was required for the SB stacking sequence.

For deep drawing of composite blanks, the selection of appro-
priate blank holder force is also critical. It is evident from Fig. 10
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Fig. 9. Effect of layer stacking sequence on the load–displacement curve for dry
condition, a BHF of 3.56 KN, a blank diameter of 8.5 cm and grease between two
layers.

Fig. 10. The effect of decreasing the blank holder force (from left to right) on
occurrence of wrinkling at the edges of composite blanks with 8.5 cm diameter.



A. Atrian, F. Fereshteh-Saniee / Composites: Part B 47 (2013) 75–81 79
that how wrinkling occurs when the blank holder force is insuffi-
cient. On the other hand, when this force is too large, tearing of
the layers may take place (Fig. 11). Higher blank holder forces pro-
vide more constraints for circumferential shrinkage of the blank
edge and this prevents wrinkling.

In order to quantitatively study the effect of blank diameter on
the forming load, several experiments were conducted. When the
diameter of the composite blank increased, since the blank holder
force was kept constant, the contact pressure at the edge of the
blank was reduced, and a tendency for wrinkling was observed
at this region of the component. Looking at Fig. 12, one can find
out that, assuming a linear relation between the maximum draw-
ing force and the initial blank diameter is quite reasonable and
does not involve significant errors. It is also clear from this figure
that, when the diameter of the bimetal blanks increases from
7.5 cm to 10 cm, the maximum drawing force increases about
100% and this result is also observed in the FE solutions. According
to Sieble and Beisswanger [2], in single layer deep drawing, the
maximum punch force occurs when the outer diameter of the
drawn component reaches 0.77 of the initial blank diameter
ðdF;max � 0:77d0Þ Going through the experimental results obtained
in the present research work, it was found that there was a quite
similar behavior in the deep drawing of composite blanks.

Investigation of material flow in metal forming processes, to
avoid any defect or failure in the products, is necessary. Among
these processes, sheet metal forming operations, in which the gov-
erning stress state is usually tensile, need more attentions [2]. Be-
cause of necking caused by a tensile stress state, some regions of
the deformed component may be in danger of tearing and fracture
[16]. Hence, the study of stress and strain distributions in the
drawn component could be very helpful for preventing the occur-
rence of possible fracture and defects. With this regard, by calcula-
tion of circumferential stress and thickness strain of the drawn cup
Fig. 11. Tearing took place at the punch profile radius region. In this case, the brass
layer is fractured.
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Fig. 12. Linear relation between the blank diameter and the required drawing load.
in the radial direction, one can assess the possibility of fracture
[14,17,18].

As depicted in Fig. 13, circumferential stress in the region of
punch profile radius vanishes and this area is subjected to a uniax-
ial tensile stress. This stress state might cause the cup to neck and
rupture in this region. It is also apparent from Fig. 14 that the cir-
cumferential stress distribution becomes zero for both the layers in
a radial distance of about 25 mm, where coincides completely to
the punch profile radius area of the deformed component (It must
be remembered that punch radius is 23 mm.). Hence, this region
can be named as the most dangerous area for occurrence of the
fracture.

Thickness strain variations of both the layers were also calcu-
lated. With this regard, the drawn component was sectioned
diametrically by means of a wire-cut machine (Fig. 15). By measur-
ing the thickness of each layer at various positions from the center-
line of the component, the variation of thickness strain of each
layer was specified in the radial direction (Fig. 16). As can be seen
in Figs. 17 and 18, FE results are nearly verified by experimental
data, especially for distances greater than 28 mm from the center-
line. In both the methods, the minimum thickness strain is taken
place in a radial distance of about 20 mm which is almost in the re-
gion of punch profile radius. Therefore, considering the circumfer-
ential stresses, it is recognized that the area in which the stress
state is uniaxial and tensile, has got the least thickness strain. It
means that necking occurs in such an area of a drawn cup and this
place is a high risk region for fracturing (Fig. 11). The differences
between the experimental and numerical evaluations of the thick-
ness strain are mainly due to inaccuracy of the measuring devices.
Fig. 13. Circumferential stress contours for a typical deep drawn composite up.
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Fig. 15. The drawn bimetal component sectioned diametrically using a wire-cut
machine for evaluation of thickness strain.
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Fig. 16. The total and individual distributions of the thickness strain obtained
experimentally for a typical composite drawn component.
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Fig. 17. The total and individual distributions of the thickness strain for a simulated
composite drawing test.
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bimetal drawn cup with BS arrangement.
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It must be added that these differences reduce at the outer region
of the drawn cup (Figs. 16–18).

To study the effect of the blank stacking sequence on the thick-
ness strain distribution, two different simulations were performed.
It was found that for the underneath layer, a more sever necking
occurs which, in turn, results in a lower thickness strain. That is
why this region of the underneath layer is at a higher risk to failure
(Fig. 11). At the end, it can be claimed that the main reason for
increasing the thickness of the cup in the flange area is circumfer-
ential shrinkage of the blank layers which are constrained by the
blank-holder pressure. Moreover, the negative thickness strain at
the cup bottom is caused by the biaxial tensile stress state at this
area. To describe why the most negative thickness strain occurs
in the region of the punch radius, it can be stated that the blank
layers in this region are subjected to the lower work hardening
in the previous stages of the process [19,20].
5. Conclusions

Based on the finite element simulations and the deep drawing
tests of composite blanks carried out in the present research work
and the results obtained, the conclusions can be summarized as
follow:

(1) Fairly good agreement of the experimental and finite ele-
ment results showed that the FEM can be used in parameter
studies of any industrial procedure. In the present investiga-
tion, the required drawing force was overestimated about
10% by the FE simulations.

(2) A linear relation was obtained between the initial blank
diameter and the maximum necessary force. This was dem-
onstrated by both the experimental and numerical tech-
niques. It was also shown that increasing the initial blank
diameter from 7.5 cm to 10 cm, resulted in about 100%
increase in the required maximum drawing load.

(3) It was found that similar to single-layer deep drawing, the
maximum punch force during the deep drawing of the com-
posite blanks takes place when the outer diameter of the
drawn component reaches about 0.77 of the initial blank
diameter.

(4) Layer stacking sequence played a significant role in this pro-
cess. By changing the layer sequence, one can obtain differ-
ent properties for the product. With this regard, it was found
that despite the experiments, FE analyses presented a rela-
tion between the stacking sequence and the frictional
condition.

(5) Distributions of the circumferential stress and thickness
strain in the drawn cup indicated that the most dangerous
area to fracture is the punch profile radius region. This pre-
diction was also verified by some defects observed after
deep drawing operations of several double-layer specimens.
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