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Abstract: In recent decades, the use of aluminium alloys is developed in the automotive
industry with regard to the need for lightweight and anti-corrosion components, one of
which is AA7075 Al alloy. In this study, the multi-step deep drawing process of AA7075
aluminium sheets under various blank holder forces is investigated through a numerical
simulation and is then validated with experimental results. Simulations were conducted by
ABAQUS finite element software, and the influences of the blank holder force on the
wrinkling height, rupture occurrence and thickness distribution of the sheet were studied.
The optimum amount of blank holder force at each drawing step is determined so that the
height of wrinkling, and the thinning percentage do not exceed the permissible value. Based
on the results, the blank holder force magnitude should be considered descending during
the four successive steps to achieve more uniform thickness distribution, and also the
wrinkling height could be reduced by increasing the blank holder force in the analysed force
range. The optimum amount of blank holder force in the four drawing steps was 28000,
2500, 1500 and 600 N, respectively. In general, the minimum thickness was created in the
corner of the punch. The results also showed that an excessive increase in the blank holder
force in order to eliminate the wrinkling caused the thinning percentage to increase. Finally,
a good accordance between the experimental and numerical results was observed.
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1 INTRODUCTION

The Deep Drawing (DD) process is applied for mass
production of various components for many applications
such as automotive industry. Deep drawing is a process
in which a sheet, usually controlled by a compression
plate (i.e. blank holder), is drawn by a punch into the die
and forms a final shape (i.e. the product), whose
thickness is about the initial sheet thickness [1].
Determining the appropriate blank holder force during
the process is one of the most important parameters of
DD, which low enough forces could cause wrinkling and
excessive high forces causes rupture in the sample [2].
High strength aluminum and magnesium alloys, with a
good strength-to-weight ratio and corrosion resistance,
are good substitutes for steel alloys in the automotive
industry. The main disadvantage of these alloys is their
low formability at the room temperature and the high
cost of these materials [3]. In order to solve the low
formability problem, a number of steps could be
considered (that is, dividing a whole desired forming
magnitude into several steps) in which the sheet is
annealed after each forming step, and then to continue
the next drawing step. This strategy results in better
formability. However, another way to improve the
formability of these alloys is to conduct the
hydroforming process on them at elevated temperatures
[4]. Numerous research has been performed on single-
step “conventional” deep drawing processes, however
limited research is present on the multi-step DD process:
Choi et al. [5] have developed an intelligent software to
design and simulate the drawing steps of axially
symmetric parts.

This software could model the final shape of the sample,
and then with the determination of the sheet material
parameters and selection of the production method
would specify the different drawing steps pre-forms;
these steps includes the first step of the initial sheet
dimension calculation to the final shape of the product.
The pre-form modification was also considered in their
model. Sheng et al. [6] have studied the drawing process
of a particular product in a multi-step process and
predicted the possible defects of the design by using
finite element simulation. Then, the final design of the
various drawing steps is carried out by modifying the
initial design. The accuracy of their design method has
been validated with the corresponding experimental
results. Li et al. [7] studied the influences of some
process parameters, including pre-forming and pressure
path, in multi-pass hydrodynamic DD process of
aluminum alloys. This study specified the optimum
process conditions as well as the identification of the
wrinkling and tearing pattern during the process.
Sivasankaran et al. [8] modelled the wrinkling
phenomena in a deep drawing process using neural
networks. They examined different types of annealed
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aluminum sheets when drawn through a conical die. In
general, given the consistency of numerical modeling
and experimental results, this model could be utilized to
analyze and predict the onset of wrinkling. Tikhovskiy
et al. [9] investigated the earing of AA5754 aluminum
alloy sheets with TCCS-FEM approach during the DD
process. This study consisted an experimental validation
for the performed simulations, as well. Liu et al. [10]
implemented an anisotropic model in a FEM software in
order to recognize the behavior of AA3104-H19 sheets
through the high-speed deep drawing process. Also,
using the non-round blanks to minimize the ears height
in the cup products are proposed. Qayyum et al. [11]
have focused on the anisotropy of the material and its
influences on the multi-step DD process of AISI SS304
L with intermediate annealing treatments. Proubet and
Baudelet [12] published the rupture criteria of aluminum
alloys during the deep drawing process. Using process
simulation and analytical methods they found the effects
of mesh density and coefficient of friction on the
accuracy of the simulation results. Furthermore, Zhang
et al. [13] developed a computer-aided process planning
for designing the pre-forms in non-asymmetric multi-
step deep drawing process. Abdelmaguid et al. [14] used
a dynamic approach to reduce the number of drawing
steps as well as the number of annealing treatment. This
also has led to obtain the optimum thickness distribution
in the product. Pacheco et al. [15] carried out a numerical
simulation to investigate the deformation behavior of the
sheet in the three-step DD process.

As it is obvious in the literature review, no research has
been conducted to investigate the effect of the blank
holder force at different steps of a multi-step deep
drawing on the thickness distribution and wrinkling of
the products. In this paper, the four-step DD process of
AA7075 aluminum sheet is simulated in which
annealing of the formed sample is performed after the
first and third steps. The optimum blank holder force is
specified by varying the force at each step. Based on the
numerical simulation results, the amount of blank holder
force is determined in order to obtain the lowest
wrinkling height in the wall section of the product as
well as the best thickness distribution. In order to reduce
costs, the annealing process is performed only after the
first and third drawing steps. Finally, the numerical
results are validated with the experimental results, which
show a very good accordance in this regard.

2 NUMERICAL SIMULATION OF THE MULTI-STEP
DD PROCESS

The final sample, as a stepped product, and its
dimensions are shown in “Fig. 1”. The process
components are modelled in ABAQUS/CAE software
and the simulation is  conducted  using
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ABAQUS\Explicit analysis. The geometry of the punch,
die and blank holder used in the four-step DD process is
considered as reported in [16]. Initial sheet thickness and
its diameter were 1.5 mm and 145 mm, respectively.
Aluminum sheets are modelled as a deformable part,
whereas the die components are modelled as a rigid one.
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Fig.1  Final product and its dimensions.

The partitioning of the sheets is performed, illustrated in
“Fig. 2 (a)”, in order to achieve a more uniform mesh
distribution. As well, S4AR element types are used in the
meshing process (“Fig. 2 (b)”). The mesh study was
performed to specify the optimum number of the
elements required for each sheet: the coarse mesh was
first considered and then the mesh sizes were reduced,
and the accuracy of the results was compared. As a
result, the mesh size of 2 mm was selected. The time
period of each step of the process was selected equal to
0.05 sec, based on the consideration of force and energy
history.
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Fig.2  (a): Sheet partitioning; and (b): sheet meshing.

The coefficient of friction at the contact surfaces of the
sheet with die and blank holder is 0.05, and at the contact
surface of the sheet with the punch is 0.1. In this study,
AA7075-0 aluminum alloy sheets are considered to be
homogeneous and isotropic. The sheet different
properties are listed in “Table 1”.

Table 1 Geometrical, physical and mechanical properties of

the sheet

Property Unit Magnitude
Thickness [mm] 15
Density [g/cm3] 2.8
Poisson’s ratio - 0.3
Yield stress [MPa] 138
Ultimate tensile stress [MPa] 250
Young’s modulus [GPa] 71.7

The drawing steps are simulated as a multi-step
progressive process, which after pre-forming at the first
die, the sheet is then placed in the second and so on. It is
worth mentioning that the annealing treatment is
performed after the first and third steps and thus, the
sheet properties are recovered. The die model of the
four-step deep drawing process is shown in “Fig. 3”.

Fig.3  Four-step deep drawing simulated model.

The criteria of wrinkling, and tearing are specified based
on the reference [17]. Accordingly, when the wall
wrinkle height is less than 20% of the initial thickness,
the product is assumed to be standard and acceptable,
and when the maximum thinning in the sheet exceeds
25% of its initial thickness, the sheet is considered as a
torn product. Therefore, whenever the wrinkling height
in this study reaches 0.3 mm or less, the sheet has no
defect and is accepted. As well, due to the initial
thickness of the sheet, the maximum accepted thinning
is 0.375 mm.
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3 RESULTS AND DISCUSSION

In order to investigate the effect of the blank holder force
on the wrinkling height during the first step of the
process, at first a simulation without applying the blank
holder force and then, by applying the different forces of
4000, 10000, 16000, 24000, 28000, 30000 and 32,000 N
were performed. It is worth mentioning that only the
blank holder forces were changed and all other
parameters were kept constant through the simulations.
After the simulation is conducted, the wrinkling height
of the formed piece was calculated. According to the
results, when the blank holder force is not applied, the
highest wrinkling height is observed which decreases
with increasing the force. However, excessive blank
holder force prevents the sheet from flowing into the die,
which leads to local thinning and as a result, tear
phenomena happens. Figure 4(a) shows the sheet
wrinkling when no blank holder force is applied. Up to
the forces of 14000 N because of the excessive wrinkling
at the end of the drawn wall of the sample, an excessive
thinning is observed, which results in tearing. Figure
4(b) shows an example of above-mentioned defected
samples. When the force reaches 16000 N, the wrinkling
height is reduced and this defect disappears at the force
of 18000 N as the wrinkling height reaches the standard
limit.

tearing

() (b)

Fig.4  (a): Wrinkling observed in the first step of the
process without applying the blank holder force;
and (b): tearing of the sheet.

Figure 5 depicts the variations of maximum wrinkling
height as the die force changes. It is obvious that at a
blank holder force of 18000 N, a significant decrease in
the wrinkling height happens, where reaches the
magnitude of 0.25 mm; this is an acceptable magnitude
according to the wrinkling criterion.

According to “Fig. 5, the highest wrinkling height is
when no blank holder force is applied. At forces of less
than 10000 N, the sheet overcomes the blank holder
force when drawn into the die and pulls the blank holder
aside, which causes the sheet to wrinkle. As the blank
holder force increases, it squeezes the sheet into the die
surface (i.e. as a normal pressure force) and the
wrinkling height gradually decreases. Finally, at a blank
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holder force of 18000 N, the wrinkle height is 0.25 mm,
which is in the acceptable limit according to the
wrinkling criterion.
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Fig.5  Wrinkling height vs. blank holder force at the first

step of the process.

Subsequently, the blank holder force is increased to
obtain the best thickness distribution with the
consideration of this fact that the wrinkling is maintained
in the acceptable limit. Since the shape of the sample is
symmetrical, a path is selected from the centre to the
edge of the sheet, where at the end of the first step of the
process, the thickness distribution over this path is
compared as the different forces are applied. The
mentioned path is shown in “Fig. 6”.

Fig.6  The selected path to measure the thickness
distribution.

The thickness distribution of the first step under different
blank holder forces is illustrated in “Fig. 7”. According
to the diagram, the thickness at the bottom of the sample
is almost constant due to the friction between the sheet
and the punch and is increasing in the area near the edge
of the sample. The most significant decrease in the sheet
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thickness happens at the contact area between the
beginning and end of the punch profile with sheet, where
there are points on the bottom and wall of the sample.
These are shown in the diagram at 80 and 110 mm from
the center point, respectively. According to “Fig. 77,
when the blank holder force is 18000 N, the highest
thinning value is observed at the two above-mentioned
points, especially the point on the wall. As the force
increases the thinning decreases gradually. This
decrease in thinning continues until the force reaches
28000 N. As the force excesses 28000 N, the blank
holder prevents the sheet from flowing into the die and
the sheets start to experience the thinning phenomenon
again. If blank holder force increases significantly, the
sheet could be torn. Sheet wrinkling height at the blank
holder force of 28000 N is equal to 0.25 mm, which is
less than 20% of the initial sheet thickness (wrinkling
criterion). Also, the minimum thickness value in this
force is equal to 1.4 mm, which is acceptable according
to the tear criterion. Thus, the sheet behaves the best at
28000 N with the consideration of both wrinkling and
tear criteria. As a result, this force is considered as the
optimum force at the first step.
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Fig. 7 Thickness distribution of the sheet as a function of
different blank holder forces at the first step of the process.
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Fig.8  The sheet thickness distribution after performing
the second drawing step.

In the second step of drawing and after annealing the
sheet, the changes of the wrinkling height with applying
different blank holder forces were investigated. The
results show that at the force of 2500 N, the wrinkling
height reaches 0.22 mm, which is less than 25% of the
initial thickness. Increasing the blank holder force with
the magnitude of more than 2500 N at this step causes
further thinning and the sheet rupture. As a result, this
force value is considered as the optimum value of the
blank holder force during the second step. The thickness
distribution of the product is shown in “Fig. 8”.

In the third step, the blank holder force of 500 N reduces
the wrinkling height by 0.3 mm. Also, the thickness
distribution of the product after experiencing the third
drawing step at the forces greater than 500 N is shown
in “Fig. 9”.
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Fig. 9  The thickness distribution of the sheet at the end of
third drawing step.

The areas of the sheet with the most thinned zones are
located at the points 45 to 80 mm from the centre point.
The maximum thinning at this zone (especially the end
point of this range) is when the force is equal to 500 N.
At the forces of 1000 and 1500 N, the amount of thinning
decreases and the final sheet thickness is almost the
same as the initial sheet thickness. From a force of 1500
N or more, the increase in force causes a reverse result.
In fact, an increase in blank holder force results in a
further thinning of the mentioned area by preventing the
sheet from flowing into the die. As in the previous steps,
the thickness at the bottom of the piece is constant and
increasing at the edges at all forces (“Fig. 9”). Also,
because the diameter change from the second to the third
step is small, the thinning of the sheet in the corner of
the punch is almost the same at all forces and the main
difference is observed at the endpoints of the corner of
the punch. Therefore, the sheet has the best thickness
distribution at a force of 1500 N. The minimum sheet
thickness at this force is 1.36 mm which is still
acceptable according to the tearing criterion.
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In the fourth forming step, the 600 N blank holder force
eliminates the wrinkling. As shown in “Fig. 107, an
increase in the force more than 600 N causes an increase
in the thinning of the sheet at the edge of the punch. The
final product formed by the 600 N blank holder force in
the fourth step is shown in “Fig. 11”.

Thickness (mm)

0 20 %0 60 80 100 120 140 160 180 200
Distance from center (mm)

Fig. 10 The thickness distribution of the sheet at the end of
fourth drawing step.

STH
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z X

Fig. 11 Final product after completing the four-step
process.

Fig. 12 The corresponding four-step process on the actual
sheet.

In accordance with the appropriate blank holder force to
eliminate wrinkling and reduce the thinning, which was
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determined through the numerical analysis, a series of
experiment was conducted. The used initial blanks to
perform the progressive four-step deep drawing process
are shown in “Fig. 12”.

As it is obvious, by using the previously specified
optimum blank holder forces no rupture was observed in
the sheet and the desired shape was obtained.
Furthermore, a comparison between the simulation and
experimental results are performed (“Fig. 13”) in order
to verify the accuracy of the numerical results of the final
product thickness distribution.
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Fig. 13 Comparison between numerical and experimental
results.

The comparison shows an appropriate accordance
between the results. If the force is less than the optimum
value in the fourth step, the wrinkling will not disappear.
This defect, i.e. in the wall of the product, is illustrated
in “Fig. 14”, both in the simulation and the experimental
case.

Simulation result

Experimental result

Fig. 14 The sheet wall wrinkling as a result of low amount
of blank holder force.
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4 CONCLUSIONS

In this study, the four-step deep drawing process of high
strength aluminum sheet (AA7075-0) and the effect of
blank holder force on the wrinkling and tearing defects
were investigated. Thus, the numerical simulation of the
process was carried out using ABAQUS/CAE software.
According to the results, the optimum blank holder force
is reduced to prevent wrinkling and tearing during the
forming steps, so the optimum force is 28000 N and 600
N in the first and the fourth step, respectively. The blank
holder forces obtained from the simulation were then
used in the experimentations, and the desired final shape
was achieved. It was observed that in the second, third
and fourth steps, the wrinkling height is lower than in the
first step. Also, due to the annealing of the sample
between the forming steps, and the continuous reduction
of the blank holder force in the progressive steps, the
thinning amount decreases.
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