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In order to minimize trial-and-error costs and avoid any faults throughout the production
process, sheet metal forming is commonly used in the automotive industry to fabricate
body pieces. This study examines how several punch models affect thinning and wrinkling
during the deep drawing of aluminum 1050, a 2.50 mm thick material, under 150 KN of
pressure. The Forming Limit Diagram (FLD) was used in the simulations to study material
deformation and determine safe and essential places on the blank. According to the
findings, die pressure-induced material stretching caused the material to significantly rise
in major-minor strain, major-minor stress, thinning, and wrinkling by the fifth step.
Additionally, for punch 1 material, the safe area grew from 9.20% to 49.36%; punch 2
increased from 9.08% to 46.85%. The non-linear FLD graph analysis verified that both
materials stayed in the safe zone the entire time. These results demonstrate how well deep
drawing simulations work to improve punch design and aluminum component

performance in the automobile industry.

1. INTRODUCTION

Deep drawing is a crucial metal-forming process in the
automotive industry, enabling the fabrication of complex-
shaped components from sheet metal [1]. The right tooling
design prevents defects such as thinning, wrinkling and
springback during deep drawing. However, the process is
susceptible to defects such as thinning and wrinkling, which
can compromise the final product's (springback compensation)
structural integrity and aesthetic appeal [2].

Researchers investigated wrinkles on the sidewall during
deep drawing of the cylindrical cup in AA5042 aluminum
alloy using finite element simulation and experimental
measurements. A numerical model with accurate plastic
anisotropy captured the wrinkle shape and location well, in
agreement with experiments [2, 3].

Another study examined the effects of die and punch
geometry on the thinning and wrinkling behavior during deep
drawing of 2.5mm thick DP80O steel sheets. It was found that
the thinning and wrinkling were significantly influenced by
the die and punch radii, with smaller radii leading to more
severe thinning and wrinkling [4].

The anisotropic plastic material was modelled with a yield
criterion beyond the isotropic material behavior (von Mises).
Accurate modeling of the plastic anisotropy of the aluminum
alloy produced numerical results that were in good agreement
with the experiments, especially the shape and location of the
wrinkles [5]. The results showed that the wrinkle shape
predicted by the numerical model was strongly influenced by
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the finite elements used in blank discretization. Accurate
modeling of the plastic anisotropy of aluminum alloy
produced numerical results that were in good agreement with
the experiments, especially the shape and location of the
wrinkles [6].

The researchers studied the last blank holder gap that can be
used to avoid wrinkles and crack faults in T4 Tinplate CA
rectangular cups. The designed standard tool was the basis for
determining the punch-die dominance [7]. Analytical, finite
element (FE), and experimental methodologies were used as
the research methods. Every technique used in this research
has been contrasted with other techniques. The study
recommends a minimum blank holder gap of 120% to 130%
of the original material thickness (about 0.24 + 0.26 mm). The
gap value guarantees that the wrinkle height remains minimum
and the pulling force is maintained below the crucial threshold.
It can inhibit the formation of wrinkles and cracks in the
product [8, 9].

This study aims to investigate the impact of two distinct
punch designs on the occurrence of these defects during the
deep drawing of 2.5 mm thick aluminum sheets. Both finite
element simulation and experiments were conducted in this
research. The numerical simulations were performed using the
Autoform finite element software package, widely used in the
metal forming industry for simulating complex sheet metal
forming processes such as deep drawing.

The numerical simulations showed that the punch design
with a smaller radius led to more pronounced localized
thinning in the sidewall region of the drawn component,
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suggesting that the choice of punch geometry can significantly
impact the thickness distribution within the part [4]. On the
other hand, the use of a more considerable radius punch
resulted in a more uniform thickness profile, potentially
mitigating the risk of premature failure during subsequent
forming or in-service loading [10].

The investigation also revealed that the selection of punch
design influenced the onset and severity of wrinkling in the
drawn component. Panels drawn with the smaller radius punch
exhibited a greater tendency for wrinkling, particularly in the
flange region. As the more abrupt deformation was imposed,
the sharper tool geometry introduced increased compressive
stresses in the material. Conversely, the more significant
radius punch facilitated a more gradual deformation, reducing
wrinkling propensity [11].

2. RESEARCH METHODOLOGY

The CAD-generated files were imported into forming
simulation software for numerical analysis, as shown in Figure
1. Two punch models were proposed and investigated to
examine their effects on thinning and wrinkling. In contrast,
the original punch design featured a flat bottom zone in the
centre. The simulations evaluated the performance and
interactions of the components during deep drawing, offering
insights into material behavior and optimizing punch and die
design. The parameters used in the simulation are described in
Table 1.

Punch model 1 Punch model 2

o Dies

Stripper/Blank
“ holder

_ Blank
Lifter

——

__— Punch

Figure 1. Punch model design and die set for simulation

The material used in this study is a pure aluminum plate
with an aluminum composition of 99.50%, commonly called
Alloy 1050. The properties of 1050 aluminum include a
Young's Modulus of 71 GPa, yield stress of 110 MPa, tensile
strength of 139.4 MPa, and a Poisson's ratio of 0.3. The
thickness is 2.5 mm with a diameter of 246 mm and a force on
the dies of 150 kN.

Aluminum sheets with a thickness of 2.5 mm are widely
used in industries such as automotive, aerospace, and
consumer goods due to their balance of structural integrity and
lightweight properties, making them a practical choice for
testing [12]. This thickness allows the evaluation of wrinkling
behaviour during deep drawing under realistic conditions,
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avoiding extreme effects seen with thinner or thicker sheets.
Applying a 150 kN force ensures effective deep drawing by
balancing sufficient deformation, wrinkle suppression, and
minimal thinning, reflecting both experimental constraints and
industrial relevance, thereby producing robust and practically
significant results [13].

The Forming Limit Diagram (FLD) analysis was conducted
in five steps, each based on the distance between the dies and
the punch. In step 1, the distance to the bottom was -40 mm,
followed by -30 mm in step 2, -20 mm in step 3, and -10 mm
in step 4. Finally, in step 5, the distance to the bottom reached
0.00 mm, marking the completion of the drawing process.

Table 1. Parameters in the forming simulation

Parameters Value / Description
Dies
Support Type Force Controlled
Displacing Tool Binder
Cushion Stroke 0.00 mm
Tool Stiffness 50 MPa/mm
Force/Pressure Constant Force 150 kN
Stripper
Support Type Spring Controlled
Displacing Tool Punch
Cushion Stroke 650 mm
Tool Stiffness 50 MPa/mm
Force/Pressure Spring Stiffness 50 kN
Lifter
Support Type Force Controlled
Displacing Tool Die
Cushion Stroke 50 mm
Tool Stiffness 50 MPa/mm
Force/Pressure Constant Force 75 kN
Punch
Support Type Rigid

3. RESULTS AND DISCUSSIONS
3.1 Forming limit diagram analysis on punch model 1

This study analysed the material behavior during the deep
drawing process using punch model 1 through the Forming
Limit Diagram (FLD) at various stages. The FLD was
constructed based on experimental data obtained through
Nakajima mechanical tests, which are widely used to
determine the forming limits of sheet metal [14]. The FLD
highly depends on material-specific properties, including
thickness, anisotropy, and strain-hardening behaviour,
ensuring its relevance to practical applications [15].

The Nakajima test involves deforming sheet metal
specimens of varying widths using a hemispherical punch
while recording strain distributions until failure occurs [16].
Different strain paths ranging from uniaxial tension to biaxial
stretching are achieved by varying the specimen widths,
providing comprehensive data on material behaviour under
diverse loading conditions.

The construction of the FLD begins with data compilation,
where strain data from each specimen are plotted on a graph
with the major strain (1) on the y-axis and the minor strain (g2)
on the x-axis [17]. The failure points, corresponding to the
onset of localized necking or tearing, are then connected to
form the forming limit curve (FLC). This curve delineates safe
strain combinations below the FLC from failure zones situated
above the curve. The resulting FLD is a critical tool for



evaluating and optimizing forming processes [18].

The FLD curve in the first step of the process has a distance
of -40 mm from the final drawing position. The thickening
area showed a notable increase of 14.80%, indicating material
accumulation due to compression, while the compression area
reached 18.39%, reflecting localized stress concentrations. In
contrast, the insufficiency in stretching, where the material
does not extend adequately, was recorded at 57.61%. The
stretching represents a considerable portion of the material
undergoing insufficient stretching, which could lead to
potential issues in uniformity and formability in the later
stages of the process. The safe area, which represents the
regions free from defects and within acceptable deformation
limits, accounted for only 9.20%. This relatively small safe
zone highlights the importance of precise process control to
prevent defects [19]. These findings emphasize the importance
of closely monitoring the process to mitigate potential defects
as the forming operation progresses.

The second step of the process is positioned at -30 mm from
the final drawing position. The thickening area increased to
17.30%, reflecting additional material buildup, while the
compression area slightly decreased to 14.42%, potentially
due to a redistribution of stresses. The insufficient stretch area
dropped to 53.89%, indicating improved material elongation.
The safe area grew to 14.39%, a positive development,
although it still represented a relatively small portion of the
material. As in the previous step, no changes were noted in the
risk areas for splitting or thinning. The findings in this step
suggest a progressive improvement in material formability,
although continued attention to thickening and compression is
necessary to ensure material integrity [20].

The third step is at a distance of -20 mm from the final
drawing position. The thickening area was slightly reduced to
17.08%, indicating a stabilization in material buildup, while
the compression area decreased to 13.00%, suggesting a more
uniform distribution of stresses. The insufficient stretch area
remained virtually unchanged at 53.90%, highlighting the
need for continued process control to address formability
challenges. The safe area increased to 16.03%, showing a
gradual improvement in material behavior. Consistent with
earlier steps, no risk areas for splitting or thinning were
observed, indicating that the material remained within
acceptable limits [21].

In the fourth step, the material showed further
improvements at a distance of -10 mm from the final drawing
position. The thickening area decreased to 17.02%, and the
compression area reduced to 12.80%, reflecting a more
balanced distribution of forces. The insufficient stretching area
also saw a notable reduction to 46.74%, indicating better
material adaptation to the drawing forces. The safe area
increased significantly to 23.44%, representing a substantial
portion of the material within safe deformation limits. No
changes were observed in the risk areas for splitting or
thinning, suggesting that the material remained stable under
the applied forces. The data indicate a continued improvement
in material behavior as the process neared its final stages [22].

Figure 2 illustrates the FLD curve for the fifth and final step
of the deep drawing process, positioned at 0.00 mm from the
base of the die. At this stage, the thickening area decreased
slightly to 16.97%, indicating a stabilization of material
buildup. The compression area reduced to 12.06%, continuing
the more uniform force distribution trend. The insufficient
stretching area decreased significantly to 21.61%, indicating
that the material had effectively adapted to the drawing forces.

The safe area expanded considerably to 49.36%, nearly half of
the total material, highlighting the process’s success in
maintaining material integrity and minimizing defects.
Importantly, no changes were observed in the risk areas for
splitting, thinning, or other critical failures, indicating that the
material did not reach essential thresholds for failure.

Aluminium, Punch Model 1
Thickening
Compress
Insuff Stretch

fe
Risk of Splits
Excess Thinning
B spiits

Major True Strain

Mir‘1‘0r TrL;e Strain
Figure 2. FLD in the final step

The deep drawing process demonstrated a progressive
improvement in material behavior, with reductions in
thickening, compression, and insufficient stretching, and a
significant expansion in the safe area as the process progressed
from step 1 to step 5. The absence of splitting or excessive
thinning throughout the process underscores the success of the
forming operation in maintaining material integrity and
preventing defects. These findings highlight the importance of
balancing forces and controlling deformation throughout the
deep drawing process to ensure high-quality outcomes [23].

3.2 Forming limit diagram analysis on punch model 2

The analysis of material deformation using punch model 2
during the deep drawing process is detailed in Figure 3,
showing changes in thickening, compression, stretching, and
risk areas for splitting and thinning across different stages. In
the initial stage, at a distance of -40 mm, the thickening area
was 14.82%, and compression was 18.38%, with 57.72% of
the material under-stretched. The safe area remained small at
9.08%, indicating potential risks if adjustments were not made.
By the second stage of -30 mm, thickening increased to
17.30%, while compression slightly decreased to 14.46%. The
insufficiency stretch stayed high at 53.90%, though the safe
area improved to 14.33%, yet risks from compression and
under-stretching remained.

Aluminium, Punch Model 2

Insuff Stretch
Sofe
Risk of Splis

Excess Thirning
W spits

Major True Strain

| Minor True Strain
Figure 3. FLD in the final step for punch model 2

In the distance of -20 mm (third stage), thickening reduced
slightly to 17.08%, and compression decreased further to
13.07%, with the safe area expanding to 15.95%. However,
under-stretching remained significant at 53.91%. By the fourth



stage, thickening dropped to 16.97%, and compression
reduced to 12.84%, while the safe area increased significantly
to 28.67%, and the insufficient stretching area decreased to
41.52%. Despite these improvements, risks of thinning
persisted. In the final stage (Figure 3), the thickening area was
further reduced to 16.79%, and compression dropped to
11.95%. Insufficient stretch was decreased to 21.09%, and the
safe area expanded dramatically to 46.85%. However, excess
thinning increased by 3.32%, requiring close monitoring to
maintain structural integrity.

The deep drawing process using punch model 2
demonstrated a clear progression in material behavior, with
reductions in thickening, compression, and under-stretching as
the process advanced. However, thinning and splitting risks
persisted, highlighting the need for optimization in punch
velocity, lubrication, and die clearance to ensure a defect-free
final product.

Table 2 shows that there is no significant difference in the
thickening and compression areas from Step 1 to Step 5

because both punch models share similar characteristics in the
outer radius area. The highest thickening area was observed in
step 2 for both punch models, measuring 17.30%, followed by
a gradual decrease to 16.97% for punch model 1 and 16.79%
for punch model 2 by step 5, contributing to the material's
thinning.

The compression area consistently decreased from step 1 to
step 5, reducing from 18.39% to 12.06% for punch model 1
and 18.38% to 11.95% for punch model 2. This reduction in
the compression zone can lead to wrinkling in the aluminum
material, particularly as the compressive forces diminish
throughout the process.

As the forming process progressed, the insufficiency stress
area also decreased, but a notable difference emerged in step
5, with punch model 1 showing 21.61% and punch model 2
exhibiting 21.09%. This slight variation in insufficient
stretching indicates differences in how the material adapts to
the punch force in the final stages.

Table 2. Material behavior during the forming process

Step 1 Step 2 Step 3 Step 4 Step 5
Parameters 1 2 1 2 1 2 1 2 1 2
Thickening (%) 14.8 14.82 17.3 17.3 17.08 17.08 17.02 16.97 16.97 16.79
Compress (%) 18.39 18.38 14.42 14.46 13 13.07 12.8 12.84 12.06 11.95
Insuff Stress (%) 57.61 57.72 53.89 53.90 53.90 53.91 46.74 41.52 21.61 21.09
Safe (%) 9.2 9.08 14.39 14.33 16.03 15.95 23.44 28.67 49.36 46.85
Risk of Split (%) 0 0 0 0 0 0 0 0 0 3.32

The safe material area expanded significantly from step 1 to
step 5. For punch model 1, it increased from 9.20% to 49.36%,
while for punch model 2, it rose from 9.08% to 46.58%. This
substantial improvement in the safe area demonstrates that the
material could increasingly deform within acceptable limits,
reducing the risk of defects as the process advanced.

However, the risk of split area at step 5 for punch model 2
increased significantly to 3.32%. If not properly controlled,
this elevated risk could result in material cracking (tearing),
particularly in areas experiencing excessive thinning.

These observations highlight the importance of monitoring
material behavior, especially in terms of thickening,
compression, and the risk of splitting, to optimize the forming
process and prevent defects in the final product.

3.3 Minor and major strain analysis

Figure 4 shows the evolution of minor strain during the deep
drawing process from step 1 to step 5. The highest strain
values occur at step 5, with punch model 1 reaching 0.059 and
punch model 2 significantly higher at 0.179. This increase
from step 4 to step 5 indicates growing deformation, with
elevated strain areas posing a risk of cracking, particularly in
punch model 2, where strain-induced failure is more likely.
The difference between the two models highlights the
importance of punch design in controlling strain distribution
and stability, especially in the final stages of forming [24].

Figure 5 illustrates major strain behavior, showing no
significant change for punch model 1 between steps 4 and 5,
maintaining 0.139, while punch model 2 saw a sharp rise from
0.140 to 0.314. This increased strain in punch model 2
suggests intense deformation, with a higher risk of wrinkling
due to uneven stress distribution. Wrinkling typically occurs
in areas with excessive compressive forces, potentially
compromising part quality. The contrast in strain behavior
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between the models emphasizes the role of punch geometry in
influencing deformation and the need for careful punch design
to minimize defects like wrinkling [25].
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Figure 5. Major strain in every step

The higher risk of thinning and splitting observed in punch
model 2 compared to punch model 1 was attributed to several



factors: punch model 2 has a smaller radius, leading to more
pronounced localized thinning in the sidewall region of the
drawn component, introducing higher localized stresses
during the drawing process and resulting in more significant
material deformation and thinning. The sharper geometry of
punch model 2 imposes more abrupt deformation, introducing
increased compressive stresses in the material, leading to a
higher tendency for splitting, especially in areas experiencing
excessive thinning. Punch model 2's design affects the
material flow during the deep drawing process, causing
uneven stress distribution and higher localized thinning,
increasing the risk of splitting. The FLD analysis showed that
punch model 2 exhibited higher minor and major strain values
than punch model 1, indicating more significant deformation
and a higher risk of cracking.

3.4 Minor and major stress analysis

As shown in Figure 6(a), minor stress analysis across five
stages of the deep drawing process revealed a decrease in
stress at step 3, with values of 34.37 MPa for punch model 1
and 35.31 MPa for punch model 2. However, a significant
increase was observed from steps 4 to 5, peaking at 93.42 MPa
(punch model 1) and 123.3 MPa (punch model 2). This
increase suggests heightened internal forces due to increased
contact pressure and deformation. The higher stress in punch
model 2 indicates more significant deformation and a higher
risk of defects, highlighting the role of punch design in
managing stress distribution and minimizing material failure
risks. Monitoring minor stress, especially in later stages, is
crucial to maintaining material integrity [26].
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Figure 6. (a) Minor stress in every step, and (b) major stress
in every step

Similarly, as shown in Figure 6(b), major stress analysis
reduced from 91.62 MPa to 76.31 MPa (punch model 1) and
from 91.08 MPa to 80.96 MPa (punch model 2) between steps
3 and 4. In step 5, major stress increased significantly to 100.9
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MPa for punch model 1 and 140.2 MPa for punch model 2.
The more considerable rise in model 2 indicates more
concentrated forces, increasing the risk of wrinkling or tearing.
The force underscores the importance of managing stress
levels, particularly in the final stages, to avoid overstressing
the material and compromising product quality.

The significant increase in minor and major stresses during
the final stage of the deep drawing process for punch model 2
is primarily due to its smaller radius. This geometry results in
localized deformation, higher stress concentrations, and
greater resistance as the material is drawn into the die.
Additionally, the smaller radius disrupts material flow, leading
to uneven stress distribution. Increased friction at the punch-
material interface, potentially exacerbated by the smaller
radius, further amplifies stress levels. Factors like higher
drawing speeds and reduced die clearance associated with
punch model 2 also contribute to the observed stress
escalation.

3.5 Thinning and wrinkling analysis

Figure 7 presents the thinning analysis of 2.5 mm thick
aluminum material using two punch models, showing
progressive thinning as the deep drawing process advanced
from step 1 to step 5. In punch model 1, thinning was measured
at 0.156 mm, whereas punch model 2 exhibited significantly
greater thinning, reaching 0.353 mm. The more pronounced
thinning in punch model 2 indicates that it induces higher
localized stresses during the drawing process, resulting in
more significant material deformation.

The excessive thinning observed in punch model 2 raises
concerns about the potential reduction in structural integrity,
as thinner sections of the material become more vulnerable to
failure under mechanical load or stress. This finding
underscores the importance of selecting the appropriate punch
geometries and optimizing process parameters—such as
punch force, drawing speed, and lubrication conditions—to
minimize localized stresses and ensure the material maintains
its durability and strength throughout the forming process.

04 r

0.35 ====Punch Model 1

==@==Punch Model 2

e
s

025
02

Thinning (mm)
(=]

(=3
—_
T

0.05 F

1 2 3 4 5
Step

Figure 7. Result of thinning in every steps

Thinning beyond acceptable limits could compromise the
performance of the aluminum component in practical
applications, making it crucial to implement careful control
measures in the deep drawing process. Adjustments in punch
design, die clearance, and material flow management are
critical to preventing excessive thinning and ensuring a
consistent final product with sufficient thickness and strength
for long-term reliability [27].

Figure 8 illustrates the wrinkling observed during the deep
drawing process, with wrinkled areas highlighted in red. Both



punch models exhibited similar wrinkling behavior, with a
final wrinkling value of 0.041 mm and a peak wrinkling of
0.055 mm at step 4. This consistency in wrinkling suggests
that the geometry of the outer diameter of the punches plays a
significant role in the formation of wrinkles during the
drawing process. The influence of the punch geometry on
material flow and the distribution of compressive forces is
critical in determining the extent of wrinkling.
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Figure 8. Result of wrinkling in every steps

Although the wrinkling wvalues are relatively low,
controlling this defect is essential for ensuring the final
product's surface finish and dimensional accuracy. Wrinkling
can negatively affect the aesthetic and structural qualities of
the formed aluminum parts, potentially leading to surface
imperfections and geometric deviations that may impact the
part’s performance in practical applications. To minimize
wrinkling, optimising several factors, including punch design
carefully, die clearance, and overall process parameters such
as drawing speed, lubrication, and material handling is
essential.

The simulation considered two lubrication conditions:
lubricated and unlubricated, with coefficients of friction (CoF)
set at 0.05 and 0.15, respectively. Conversely, in the
experimental setup, the CoF for the aluminum-steel interface
ranged between 0.3 and 0.5. A higher CoF significantly
increases frictional resistance, restricts material flow, and
leads to localized thinning and a greater susceptibility to
failure through tearing. Moreover, in the context of wrinkling,
elevated CoF values promote material accumulation in the
flange region, inducing compressive stresses that form
wrinkles [28].

By fine-tuning these variables, the risk of wrinkling can be
significantly reduced, resulting in improved material flow and
a smoother surface finish. In doing so, manufacturers can
enhance the quality and precision of the formed aluminum
components, ensuring that they meet the required industrial-
use specifications. Moreover, reducing wrinkling improves
dimensional accuracy and contributes to process efficiency,
minimizing material waste and the need for post-processing
corrections [29].

The structural integrity and practical performance of
aluminum components were seriously compromised by
excessive thinning. Overly thin portions were more prone to
failure mechanisms including cracking, tearing, or, in extreme
situations, total structural collapse under operating conditions
because they were less able to bear mechanical loads and
stresses. Additionally, thinner areas were more susceptible to
fatigue, which shortened their lifespan and compromised their
dependability. Excessive thinning has led to catastrophic
failures in dynamic load applications, especially in the
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automotive and aerospace industries, posing significant safety
issues. In order to guarantee the longevity, mechanical
strength, and general dependability of aluminum components
in harsh operating situations, it was crucial to maintain an ideal
material thickness.

4. CONCLUSIONS

This study simulated the deep drawing of aluminum 1050
using two different punch models, revealing several key
findings. For punch model 1, the safe area increased
progressively from 9.20% in step 1 to 49.36% in step 5. Minor-
major strain rose steadily, while major strain stabilized at
0.139 by step 5. Minor stress decreased to 34.73 MPa in step
3 before rising to 93.42 MPa in step 5. Major stress followed
a similar trend, decreasing from 91.65 MPa to 76.31 MPa
between steps 3 and 4, then rising to 100.9 MPa in step 5,
posing a risk of cracking in the aluminum material. In punch
model 2, the safe area expanded from 9.08% to 46.85%.
Minor-major strain increased significantly as the process
progressed, with minor stress dropping to 35.31 MPa in step
3, then rising to 123.3 MPa by step 5. Major stress decreased
from 91.08 MPa to 80.96 MPa before increasing sharply to
140.2 MPa in step 5, indicating a higher potential for cracking
in risk areas. Additionally, thinning increased from 0.059 mm
to 0.156 mm for punch model 1 and from 0.058 mm to 0.353
mm for punch model 2, while both models showed wrinkling
0f 0.041 mm at the outer diameter by the end of the process.

The results demonstrate significant strain, stress, thinning,
and wrinkling differences between the punch models. These
findings emphasize the importance of optimizing punch
design and process parameters to minimize defects such as
thinning, wrinkling, and cracking, thereby improving the
quality and performance of aluminum components in
industrial applications.
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