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Abstract: This study examines the Deep Drawing Process (DDP) of
square aluminum sheets, emphasizing its applications across various
industries, including medical devices. The process is simulated using
ABAQUS finite element software, analyzing the effects of parameters
like punch speed and friction on the final results. One of the important
aspects of this study is the use of the Forming Limit Diagram (FLD)
criterion to determine the rupture point of the sheet during the DDP. This
criterion allows us to assess the deformation of the sheet and examine
the possibility of predicting and preventing rupture at different stages of
the deep drawing. The results obtained from the simulations show that
reducing the punch speed in the DDP of aluminum leads to a greater
thickness of the final part at the same depth produced. In other words,
decreasing the punch speed results in an increased duration of the DDP,
which aids in producing parts with greater depth. This finding is
particularly important in the manufacture of components featuring
intricate shapes that demand high precision. Moreover, the research
results indicate that by reducing the frictional interaction between the
holder and sheet, as well as increasing the frictional interaction between
the sheet and die, it is possible to produce parts with greater depth and
less wrinkling and tearing. This outcome suggests that optimizing
lubrication conditions and appropriately designing various parts of the
die can significantly enhance the final quality of the produced
components and the efficiency of the DDP.
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production, and has been the subject of research and
investigation by many researchers for a long time.
Several different approximate numerical and
analytical methods exist for analyzing metal forming
processes. In recent years, the Finite Element Method

Introduction

The deep drawing process is an essential technique
used in various industries, including medical applications,
for manufacturing a diverse range of metal components.

In this process, by applying tensile forces, plastic changes
are created in the metal to shape the desired piece.

This process is carried out based on experience and
experimentation, but for improvement and better control
of the process, scientific analyses are needed. Generally,
simple assumptions and equations are used to prevent
complexities in this process. This process is considered
one of the most critical steps in the industry and medical,
holds a special place in medical and industrial device
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(FEM) has become increasingly popular among both
industrial practitioners and researchers, particularly in the
field of metal-forming processes such as DDP.
Hessenberg (1954) was the first person to study and
analyze the DDP using theoretical methods.

(Chung and Swift, 1951) Simulated DDP of a square
cup using a flat blank, calculating the initial blank
dimensions to achieve the final cup. They were among the
first to use the FEM to simulate DDP of parts.
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Individuals like (Jensen et al., 1998) conducted various
studies on wrinkling in the DDP techniques to various
models without the inclusion of a drawbead, with the
following results:

e At the end and bottom of the drawing area, as no cold
work is done, the draw is nearly zero and generally zero

e Circular flow lines remain circular at the end region
and the elements on the initial surface move with the
same radius of curvature until reaching the die edge,
becoming parallel to the die edge radius first and then
parallel to the die body when reaching the die body

e Flow lines in a shell indicate that metal movement
is uniform

Hu et al. (2002) used the FEM to analyze the DDP of
circular, box-shaped, and various automotive body parts.
In this method, the entire process of sheet metal forming
in the die is divided into a large number of stages. After
various analyses, it was concluded that achieving the
desired forming results is possible only when the
following conditions are met:

e Local stresses that could lead to sheet damage
exceed a certain threshold

e Punch movement reaches a defined value

e The contour of the sheet intersects a point on the
die radius

Yang and Kim (1986) investigated the three-
dimensional relationship of a solid-wax-mixed
heterogeneous sheet metal following Hill's law. The aim
of this analysis was to examine the necking location in
the DDP process and the initiation of cracks in the
circular diaphragm, with the results of this analysis
closely matching the experimental result. Sowerby et al.,
(1986) proposed a method for calculating surface strains
in flange parts subjected to the DDP with a round cross-
section. They in this method registered the positions of
nodes, the entire surface of the flange, and the initial
sheet relative to a reference coordinate axis. Their results
showed that the change in the relationship of the flange
assuming a round cross-section of the sheet was uniform
and wrinkling in it compared to assuming a non-round
cross-section was very minimal. Hosford and Caddell
(2011) used a method attributed to Whitley to analyze
the tensile stress of cup-shaped components with flat
bottoms. In this method, two regions are considered for
the deformation relationship; the flange region where the
most significant deformation occurs, and the wall region
which must withstand sufficient force to induce
deformation in the flange. Two independent coordinate
systems are defined for these two regions. Using
simplifications and modifications, this method extracted
precise analytical relationships for maximum tensile
stresses in elements under tension.

40

Sheng et al. (2008) conducted research on multi-stage
DDP dies using the FEM and designed symmetrical die
performances in this process. Under and his colleagues
(Onder and Tekkaya, 2008) studied the influence of tool
cross-sectional area in three processes of conventional
DDP, hydro-mechanical DDP and high-pressure DDP
using experimental and FEM. Their results showed that
optimal parameters had a strong dependence on tool
geometry and these optimal parameters should be
determined for each cross-sectional area in each process.

A mini also studied the hydro-mechanical DDP using
experimental and FEM (Amini et al., 2024). They used an
innovative variable dependent on the yield limit curve in
their research. With this variable, the output information
from the FEM predicted the occurrence of defects or the
accuracy of the process with higher precision.

Singh and Gupta (2010) used a novel data analysis
method called Support Vector Regression to predict the
thickness of the shell in the hydro-mechanical DDP. The
experimental test results confirmed the FEM and a neural
network was used to predict the thickness of the shell
under test. According to the results obtained, the Support
Vector Regression method had higher accuracy.

Kim (2010) used a combination of experimental
method sand FEM to determine optimal process
parameters in the thermal gradient shape forming of
aluminum alloy sheets. His results showed that higher
temperature for the mold and lower temperature for the
blank are desirable for achieving greater formability.

Zhang et al. (2000) used the FEM to investigate
defects such as thinning, cracking, and wrinkling in the
DDP hydro-mechanical process on a square-shaped cup.
According to his results, thinning occurred in the first
third of the punch movement during forming, while
wrinkling occurred in the second half. Overall, there has
been very little scientific activity and research in this area
and many designers avoid designing square parts and
prefer to use bending and edge bonding methods, often
resorting to trial and error, resulting in significant waste
and costs. Considering the importance of this issue, this
article discusses and investigates the effect of punch speed
on the DDP of square steel cups.

Materials and Methods

Although the study of the DDP continues to rely
primarily on empirical findings, important parameters of
this process such as the relationship and size of the initial
sheet, die clearance, tensile force, friction, and punch
speed are generally obtained through experience and trial
and error by designers. In the meantime, friction and the
punch speed are very important parameters in the DDP, as
friction and speeds can be decisive, and using appropriate
lubrication and viscosity can have a significant impact on
friction and pulling speed. During DDP, softer materials
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tend to crack and tear at high friction and drawing speeds.
Therefore, in DDP, soft metals such as aluminum and
heat-resistant alloys, the punch speed and friction become
more important. In order to save time and costs, using
numerical simulation methods, which are also capable of
providing acceptable accuracy, is very suitable for
studying the desired process. In this study, the Abaqus
6.14 software has been used to analyze and simulate the
DDP of aluminum. The dimensions of the die, matrix,
holder, punch, and sheet metal are mentioned in Figs. (1-2)
are given. In the current study, the material of the die,
mold, and holder is steel 304 L and the material of the
sheet metal is aluminum, and their mechanical properties
are listed in Table (1) (Cser, 1991). The thickness of the
sheet is Imm. To investigate the location of sheet metal
fracture in the DDP, the Forming Limit Diagram (FLD)
damage initiation criterion is used, as shown in Fig. (3)
(Cser, 1991).
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Fig. 2: The two-dimensional view of the sheet metal

The FLD is essential for predicting necking in sheet metal
forming. Limit strains indicate the maximum strains sheet
metals can withstand before necking occurs (Safdarian et al.,
2015). The FLD graphs these limit strains against principal
strains. In this context, 'major' and 'minor limit strains' refer
to the maximum and minimum in-plane principal limit
strains, respectively. The major limit strain is typically on the
vertical axis, while the minor limit strain is on the
horizontal axis (Kolahdooz et al., 2017), as shown in
Fig. (4) (Paul et al., 2013). Damage initiation on the FLD
is defined by the ratio of the current major principal strain
(¢_major) to the major limit strain (Abaqus, 2017), assessed
against the current minor principal strain (¢ minor)
(Safdarian et al., 2015). For example, for the deformation
state at point A in Fig. (4), the damage initiation criterion is
assessed as follows.

Table 1: Mechanical properties for mold and sheet metal

Mechanical properties Steel 304L Aluminum
ous, MPa 564 520
oy, MPa 210 477
&, % 58 17
E, GPa 200 717
Charpy Impact, J 216 800
Density, (kg/m3), # 7800 2810
Poisson ratio, 9 0.29 0.33
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Fig. 3: FLD model parameters for aluminum
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Fig. 4: Schematic representation of FLD (Paul et al., 2013)
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Problem Modeling and Boundary Condition of the
Numerical Model

Due to Divergence issues, an explicit method has been
used instead of an implicit method for analysis and
modeling, and given that the DDP is quasi-static, in the
STEP module of Abaqus software, explicit dynamic
analysis has been used. Considering the material of the
work piece, a time interval of 0.06 sec for the DDP has
been considered in the aluminum sheet. In order to reduce
computational costs, a quarter of the model has been
designed .Given the comparative nature of the current
research, the friction in the DDP in the Abaqus software
module has been considered to be zero. Also, the type of
contact effect between the part, blank holder, punch, and
die in this process is assumed to be general. The boundary
conditions and loading are shown in Fig. (5). To calculate
the speed range of the punch in the DDP for all materials,
the Taylor equation can be used, which is presented
analytically as Eq. (1) (Abaqus, 2017):

0 < Vpunch < 0.001 x \E @

where, v,ynen, E, and p are punch speed, is Young's
modulus of the workpiece material (Giriin and Karaagag,
2015) and the density of the material respectively.
Therefore, this problem is investigated in 4 different
model cases and the results of changing the friction and
punch speed parameters for aluminum sheets are examined.

Fig. 5: Boundary condition of the numerical model

Solution Convergence in on Mesh Size

The model is three-dimensional and the type of
element used in the die, mold, and holder is R3D4, while
in the sheet metal, it is S4R. Considering that the material
of the die, mold, and holder are steel 304, are considered
solid in the modeling. The mesh should be evaluated not
only for its shape but also for its size. To achieve this,
convergence of solutions must be examined, which is
crucial for ensuring the accuracy of the results. When
examining the convergence of the solution, which
increases the accuracy of the solution by changing the
elements, it should be noted that only the shell elements
are changed. Since displacement quantities converge
quickly (Independent of element size), this quantity is not
suitable for checking the convergence of the solution and
for this purpose, the Von Mises stress quantity is used.
The default size of the mesh and element in the die, mold,
and holder are considered by Abaqus software, and the
mesh size for the sheet metal workpiece convergence
process is performed and the values obtained are shown in
Table (2). To analyze the solution convergence in the
model, mesh size sheet metal was varied according to Table
(2), and the percentage of error obtained is shown in Fig.
(6). According to Table (2) and Fig. (6), it is seen that, for
element sizes of 8 and 4, mm, the solutions converged. As
such, based on the above results and the percentage of error
obtained, the optimum element size in sheet metal is

considered to be 4mm.

Table 2: The solution convergence in on mesh size

Maximum
Mesh size value of Convergence E
. . rror
(mm) von Mises | and divergence
stress
37 157.7 divergence |~
17 193 g %22
8 221.6 convergence %15
4 2377 g %7
—0—Error —o—Stress
25% 2916 193 250
© 20% 237, 22% 900 <
& 15% 150
& 10% 157.7 100 £
ad % L
W 5% 50 |D_:
0% 0 ©»

0 5 10 15 20

0 10 20 30 40
ELEMENT SIZE

Fig. 6: Solution convergence in on mesh size
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Investigation of the Results of Simulation of the Deep
Drawing and Rupture of Aluminum Sheet

To achieve the optimal speed for producing a
component with suitable and beneficial depth, three
different time intervals were considered for the punch
movement speed. In order to observe the optimal speed and
analyze the DDP of aluminum sheets at the moment when
tearing occurs due to stress and pressure in the critical area
of the sheet, the modeling process was conducted at three-
time intervals of 0.2, 0.7 and 1 m/s. The results are
presented in Table (3) and Figs. (7-10).

Table 3: Depth of the specimen at the moment of rupture in
aluminum sheets
Depth of the specimen at the
moment of rupture (cm)
6 1
6.30 0.70
7.22 0.20

Punch speed (m/s)

8, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.892e+02
+3.639e+02
+3.386e+02
+3.133e+02
+2.880e+02
+2.627e+02
+2.374e+02
+2.121e+02
+1.868e+02
+1.615e+02
+1.362e+02
+1.109e+02
+8.559e+01

Y

X
t. 7 Step: load

Increment

61775: Step Time = 1.8000E-02

Fig. 7: The moment of rupture initiation in the sheet at a punch
speed of 1 m/s

§; Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.882e+02
+3.637e+02
+3.391e+02
+3.145e+02
+2.900e+02
+2.654e+02
+2.409e+02
+2.163e+02
+1.918e+02
+1.672e+02
+1.426e+02
+1.181e+02
+9.353e+01

£

Step: load
Z Increment

82424 Step Time =  2,4000E-02

Fig. 8: The moment of rupture initiation in the sheet at a punch
speed of 0.7 m/s

43

s, Mises

SNEG, (fraction = -1.0)

(Avg: 759%)
+3.828e+02

<

X
L Step: load
ZIncrement 206318: Step Time =  6.0000E-02
Primary Var: S, Mises

Fig. 9: The moment of rupture initiation in the sheet at a punch
speed of 0.2 m/s
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Fig. 10: Sheet thickness reduction at different Punch speeds

Based on Figure (10) and considering the appropriate
thickness reduction in the above analysis, it was
determined that reducing the punch speed allows for the
creation of a deeper specimen. Additionally, taking into
account time constraints and economic feasibility, it can
be concluded that the optimal speed for producing a
specimen from this type of sheet, according to Table (3)
and the graph, is 0.20 meters per second. This speed has
been adopted as the optimal speed in this study and all
other calculations are based on this speed. The modeling
process was designed and executed in three different
punch speed scenarios and the moment of rupture in the
sheet at various speeds was observed as follows.
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=fli—Stress  ==#=heneficial depth

speed punch(m/s)

Fig. 11: The comparison of the depth of the sheet and the
maximum stress contour at different punch speeds
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Fig. 12: The time for the rupture process and the maximum
stress contour at different punch speeds

The Fig. (11) illustrates that with an increase in
punch speed, there is not only a reduction in stress
tolerance of the aluminum sheet but also a decrease in
the forming depth.

The Fig. (12) shows that as the punch speed
increases, the stress tolerance in the aluminum sheet
decreases, which leads to a reduction in the DDP time.
Based on the observations drawn from the aforementioned
graphs and figures, it can be noted that increasing the punch
speed during the DDP of the aluminum sheet leads to
rupture and the formation of wrinkles.

Results and Discussion

To evaluate the impact of friction on the reduction of
piece thickness, it is necessary to analyze the influence of
friction between three areas, which are as follows:

1. Frictional interaction between the Punch and the
Aluminum sheet

2. Frictional interaction between the Holder and
Aluminum sheet

3. Frictional interaction between the Aluminum sheet
and the Die

It should be mentioned that, according to the research
conducted in this area, changes in the level of friction
interaction between the punch and the Aluminum sheet
have no significant effect on the results obtained from
the analysis. Therefore, the friction condition between
the Punch and the Aluminum sheet is considered to be
ideal (0.1).

The Effect of Frictional Interaction between the
Sheet and the Holder on the Thickness of the
Aluminum Sheet

To investigate the effect of frictional interaction
between and holder and the aluminum sheet, four
different friction values (0.08, 0.16, 0.25 and 0.45)
were considered and analyzed, with the results shown
in Figs. (13-14) as follows.

As indicated by the results obtained, to create a part

with a specified depth, the friction parameter between the
holder and the aluminum sheet has little effect on the
thickness of the produced sheet part. By reducing the
friction between the holder and the aluminum sheet, it is
possible to produce a part with a thicker sheet. Therefore,
the optimal friction in these four cases is equal to 0.08.

The Effect of Frictional Interaction between the Die
and Aluminum Sheet on the Reduction of Thickness

To investigate the effect of friction interaction
between the die and aluminum sheet, friction was
considered in four values (0.05, 0.1, 0.3 and 0.5) and
results shown in Fig. (15) as follows.

1 B
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Fig. 13: The trend of thickness reduction of the workpiece sheet
at different Friction
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Fig. 15: The trend of thickness reduction of the workpiece sheet
at different friction
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As indicated by the obtained results, to create a part
with a specified depth, the friction parameter between the
die and aluminum Sheet has a significant impact on the
thickness of the produced sheet part. Increasing the
friction between the die and aluminum She et al. lows for
the production of a part with a thicker sheet. It can also be
concluded that the increase in friction between the sheet
and the die has a greater effect on producing a part with
more depth and thickness compared to the friction
between the holder and the aluminum sheet. Therefore,
the optimal friction in these four cases is 0.5.

Conclusion
Results Related to Punch Speed in Aluminum Sheet

By examining and analyzing the effects of speed
parameters in the DDP of aluminum sheet to determine
the optimal speed for producing parts with useful depth,
it was concluded that increasing the punch speed leads
to a smaller useful depth in the DDP. Conversely, with a
decrease in the punch speed across the three examined
ranges, it was established that lowering the speed yields
a greater useful depth in the DDP, ultimately producing
parts with greater depth. It is worth noting that,
according to the definition of the failure criterion in the
modeling of the DDP, the useful depth of the work piece
is considered at the moment just before tearing.
However, it is essential to consider time constraints and
economic efficiency in this process to achieve the most
optimal production conditions, as excessively reducing
the speed does not practically provide ideal production
conditions. Additionally, this study revealed that by
reducing the punch speed, a thicker part can be produced
at a specific depth, and for producing a part of a specified
depth (1 Millimeter), the lower the punch speed, the
greater the thickness of the sheet will be. It should be
clarified that, according to the definition of the failure
criterion in the modeling of the DDP, the reduction in
thickness of the work piece sheet is calculated up to the
moment of sheet tearing.

Results Related to Friction Interaction between the
Holder and Aluminum Sheet

Based on the investigation conducted in this research,
four specific friction ranges were considered to achieve a
beneficial depth just before tearing. After analysis using
the Abaqus software, it was determined that by reducing
the friction interaction between the Holder and the
aluminum sheet in the DDP, a part with greater useful
depth and less wrinkling and tearing could be produced. It
is important to note that, in this study, "beneficial depth"
refers to the depth achieved in the part just before tearing.

45

Therefore, it can be concluded that to produce a part with
greater depth and less wrinkling, the friction between the
Holder and the aluminum sheet should be minimized.

Results Related to Friction Interaction between the
Die and the Aluminum Sheet

In relation to the friction interaction between the die
and the aluminum sheet, four friction ranges were also
investigated in this study. The results obtained from the
analysis and the graphs produced in the Abaqus
software indicated that the maximum effect of friction
in the cases examined occurred when a friction level of
0.5 was considered. Following the analysis, it was
found that by increasing the friction between the die
and the aluminum sheet in the DDP, a part with greater
useful depth could be created without showing any
wrinkling or tearing.
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