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Abstract - The deep drawing process is a major sheet metal process used in various industrial fields, such as automobile,
aerospace, computer and electronics, household utensils, and medical equipment industries. The earring defect is the main
barrier to decreasing the formability, production cost, and time requirements. In this research, the so-called vertex bar tool
(VBT), comprising a vertex bar (VB) die and vertex bar blankholder (VB blankholder), was proposed to decrease earring defects.
The finite element method (FEM) was used to predict material flow direction within the designed tool to illustrate the principle
of VB. The results demonstrate that the VB die and VB blankholder could reduce the flat top die's hon-axisymmetric material
flow characteristic and asymmetry during the deep drawing process. Furthermore, the workpiece thickness measured during the
deep drawing process using the VB die and VB blankholder in a direction along the plane at 0°,45°, and 90° to the rolling
direction were more uniform than those obtained by conventional die application implemented at the same angles in a direction
along the plane. The VB die, and VB blankholder design proposed in this study fulfilled the hypothesized purpose. Therefore,

using proper VB die and VB blankholder application, the earring defect could be decreased to 1.6 mm, denoting a decrease of

approximately 55.55%.

Keywords - Anisotropy, Cylindrical component, Deep drawing process, Finite element method, Vertex bar.

1. Introduction

Sheet-forming processes, such as bending, deep drawing,
and cutting processes, are commonly used in the automobile
and aerospace industries [1]. During such processes, the finite
element method (FEM) is used to improve the increase in
formability and quality. Moreover, FEM contributes to
eliminating major defects, such as fracture, earring, and

wrinkle deformations [2-8]. In this study, FEM was used to
reduce the distortion of the earrings that happens during the
deep drawing process. This process is commonly used in
industrial applications, such as automobile, aerospace, and
household utensils manufacturing. The final steps ensuring
good quality on a more complex profile are low cost compared
to the rest of the process [9-11]. A deep drawing process for
square cups is optimized based on the process parameters of
AA5182 [9] and lightweight materials for the automobile
industry [10]. Developing a drawing bead design that is
properly optimized based on the deep drawing depth, diameter
die, and initial part has been proposed in the literature [11].
The thinning is the most commonly occurring defect in the
deep drawing process, causing crack deformations. A hybrid
composite material manufactured using steel with fiber-
reinforced plastics was investigated in [13]. A technique
developed for micro deep-drawn parts was applied to general
deep-drawn parts in the literature [15-18]; for example, a
multi-layered process was conducted using an ultra-thin
copper foil to obtain a conical part [15].

Cylindrical cup shapes are widely used in sheet metal
forming processes in many industries. Therefore, this process
has been continuously developed via experimental and FEM
simulation studies. Major defects, such as fractures, earrings,
and wrinkle deformations, must be prevented. The limit
drawing ratio (LDR) defines the increase in the multi-draw
radius design and zoning lubricant die application, which has
been validated in several previous studies. The flange winkle
technique model on total deformation has been used together
with a macro-texture blankholder [19-22].

A couple of studies have reported the results of the
buckling behavior [23, 24]. The friction coefficient is the most
important parameter characterizing deformation behavior. A
high friction coefficient causes fracture deformation, while an
unbalanced friction coefficient results in earring deformation.
Many techniques using lubricants are proposed to decrease
friction [25]; for example, liquate, solid, and air lubricants, for
instance, are applied over the surface where the workpiece and
die make contact [30, 31]. Moreover, numerous techniques
use newly designed dies and blank holders, such as the multi-
draw radius design, macro-structure and micro-structure tools
for vertex bar tools, etc. [26-29]. However, in existing studies,
the decreases in earring defects are still mainly limited. In
addition, the method to decrease the earring defect is usually
complex, involving the application of the Vertex Bar Tool
(VBT) technique.

®. EYETTRThis is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Wiriyakorn Phanitwong / IJETT, 72(2), 178-189, 2024

Fig. 1 Cylindrical model of the deep drawing process: (i) earring defect

@)

In the present research, therefore, a new approach is
proposed to decrease the earring defect based on plastic strain
ratio(R-value), which is the basic mechanical property
affecting the material flow on the flange. However, in the
proposed design of the VB die and VB blank holder, it is
recommended that the VB die and VB blank holder be
positioned at 45° to the rolling direction and flat die and flat
blank holder at 90° to the rolling direction. The results
obtained after applying the VB die, and blank holder were
compared with those obtained with the conventional die,
illustrating that the earring defect could be decreased.
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(b)
Fig. 2 Principle of VB die and VB blankholder based on the material flow characteristic: (a) Conventional die (b) Vertex bar tool.

2. Defects on the Deep Drawing Process
2.1. Earring Defect in Deep Drawing Process

The rolling direction greatly affects the material
deformation characteristics. The rolling direction causes
defects in the workpiece. An important flaw commonly
occurring on deep drawing workpieces is the ear-shaped
defect. Therefore, the shape of the workpiece after deep
drawing deformation will have earring defects. Positions with
greater height are the 0°and 90°angles with respect to the
rolling direction, while the position with less height is
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45°angle with respect to the rolling direction, as shown in
Figure 1. Figure 2 compares the material flow characteristics
between the conventional die and the Vertex Bar Tool (VBT).
A different material flow causes the material flow to be
unequal, as shown in Figure 2a. The anisotropy property is
included in the basic deformation theory, which is the cause
of the earring defect occurring on the final part. The present
research proposes the Vertex Bar Tool (VBT) to improve the
die design. VB decreases the anisotropy by controlling the
friction on the initial part around the contract area based on
the pressure between the die with the initial part and the blank
holder with the initial blank. Therefore, the material flow
fluctuations are decreased, effectively decreasing the earring
defects, as shown in Figure 2b. The height values at positions
0°, 45°, and 90° to the rolling direction are approximately the
same.

3. Materials and Methods
3.1. Die Components

Figure 3a shows the mold components used in the deep
drawing process, comprising a punch, die, and blank holder.
As the first step, the blank holder moves down to press the
workpiece against the die. After that, the punch will move
down to press the initial blank, modifying the initial blank
shape. The die shape is symmetrical around the axis and that
of the initial blank. However, the initial blank is not
symmetrical because the plastic strain ratio (R-value) at angles
0°, 45°, and 90° are unequal. This is due to the deformations
that occur as the workpiece is rolled into sheet metal, which is
a forming process required as a preliminary step in the
previous process. The objective of the rolling process is to
obtain a workpiece with a desired thickness. The rolling
direction is observable on the workpiece.

The simulation is conducted considering the JIS standard
medium carbon steel (SPCC) with a thickness of 0.5 mm in
this study. Important basic mechanical material properties are
the constitutive equation, Poisson’s ratio, %elongation,
Young’s modulus, and ultimate tensile strength, the values for
which are reported in Table 1. Plastic strain ratio (R-value) at
angles of 0°, 45°, and 90° must be known for the deep drawing
process for conducting an accurate finite element simulation.
In this research, the AutoForm R10 (C. Meicher & Co.
(Thailand) Ltd.) software is used for the Finite element
method (FEM)simulating the deep drawing process. The
simulation must have a model with the IGES extension, which
can be obtained using the program cimatron3 (3D Systems
INC., Givat Shmuel, Israel). When designing the vertex bar
tool, it is crucial to consider the flow behavior of the material.
Accordingly, the values of the variables height (h), radius (R),
wide slot (Ws), and wide (w) used in this research are shown
in Figure 3. Using lubricants is standard; thus, the friction
force value during the normal molding process is 0.1. The
experimental workpiece (initial blank) is defined as elastic-
plastic, while the mold parts (punch, die, press plate) are
defined as rigid. The shape of the element is triangular with 3
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nodes. The number of elements used in the FEM analysis is
approximately 3700.

a

Fig. 3 Approach used to create the vertex bar tool for a deep drawing
process: (a) Deep drawing model with (i) Punch, (ii) Blank holder, (iii)
Workpiece, and (iv) Die. (b) Conventional die. (c) Vertex bar tool, (i)
Groove Height, (ii) Material thickness, (iii) Radius, (iv) Wide slot, (v)
Wide.
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Table 1. FEM simulation and experimental conditions.
Object type

Sheet material elastic-plastic

Tool (punch, die, blankholder) rigid
Sheet material
Medium carbon steel SPCC, JIS
Thickness (t) 0.5 mm
Ultimate tensile strength 317 MPa
Young’s modulus 208 GPa
% elongation 51
Poisson’s ratio 0.33
Constitutive equation g = 554.438%23 4+ 208
Blank holder force Gap type

Plastic strain ratio (R-value)

0 2.1

45° 1.9

90° 2.6
Blank diameter 90 mm

Tool geometry
Punch radius 8 mm
Punch diameter 40 mm
die radius 8 mm
Detail structure tool

Groove Height (h) 3 mm
Radius (R) 0.2 mm
Wide slot (Ws) 5 mm
Wide (w) 0.5 mm

Friction coefficient (W) 0.1

4. Results and Discussion
4.1. Comparison of Material Flow Analysis Results between
Conventional Die, VB Die, and Blankholder Application
The material flow can be illustrated using a FEM
simulation in both the conventional die case and VB and VB
blank holder case. The comparison of material flow between
the conventional die and VB die, as well as blank holder
applications is shown in Figure 4. The material flow varied
during the deep drawing process, with a die stroke of
approximately 5 mm, as shown in Figures 4-al and 4-a2. In
the case of a conventional die, a fast flow value is observed.

On the contrary, a slow value is observed in the VB die
and blank holder case. These simulation results are coherent
with the deep drawing theory [1]. The non-axisymmetric
material flow exhibited more variations with a die stroke of
approximately 15 mm, as shown in Figures 4-b1 and 4-b2. In
the case of a conventional die, an unsmooth flow value is
observed around the flat top die, having the appearance of a
wave. On the contrary, a smooth flow value is observed
around the flat top die in the case of the VB die and blank
holder. With a die stroke of approximately 25 mm, as shown
in Figures 4-c1 and 4-c2, the effects of the material anisotropy
property on material flow exhibited more variations. They
affected the initial blank shape on the top. In the case of a
conventional die, an obvious unsmooth flow is observed
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around the connection point between the die surface and
circumference, having a more pronounced wave appearance.
Due to the uneven flow, the shape of the workpiece sheet
changed from a circle to a square. On the contrary, in the case
of the VB die and VB blank holder, a smooth flow value is
observed around the connection point between the die surface
and circumference. Due to the uniform flow, accordingly, the
workpiece shape does not change from a circle to a trapezoid.

With a die stroke of approximately 35 mm, as shown in
Figures 4-d1 and 4-d2. In the case of a conventional die, the
material anisotropy property affected material flow more
significantly, denoting a greater difference between the results
obtained with 0° and 90° with respect to the rolling direction
and those obtained with 45° with respect to the rolling
direction. Accordingly, the initial blank shape changed
significantly from a circle to a trapezoid.On the contrary, a
continuous smooth flow value is obtained in the case of the
VB die and blank hoined, and the workpiece shape remains
circular.

Moreover, the material flow characteristics remain the
same until the material flows through the die radius with a die
stroke of approximately 45 mm, as shown in Figures 4-e1 and
4-e2. In contrast, in the case of the VB die and blankholder
application, the effects of the anisotropy property of the
material to flow unsmooth material were continuously
compensated by the VB die and blankholder. These results
demonstrated that by using VB die and blankholder
application, the effects of the material anisotropy property on
the flow causing unsmooth material surfaces could be
compensated during step-by-step during the deep drawing
process, which resulted from the non-axisymmetric
characteristic of material flow on the flat top die.
Subsequently, cup wall stretching can be prevented, and
earring defects can be decreased.

4.2. Comparison of Material Flow Analysis Obtained with
the VB Die and Blankholder between Excessive and
Inadequate Case Applications

As mentioned in the previous section, the anisotropy
property, related to the VB parameter, affects material flow.
Therefore, the designed VB die and blankholder are
influenced by the anisotropy property of the material flow;
accordingly, the position of the designed VB with a fast
velocity is at 45° to the rolling direction.

The different variable is the groove height (H). Figure 5-
1 depicts higher groove examples, while Figure 5-2 depicts
shorter groove examples. The material flow values remained
close during the deep drawing process, with a dying stroke of
approximately 5 mm, as shown in Figures 5-al and 5-a2.

With a die stroke of approximately 15 mm, as shown in
Figures 5-b1 and 5-b2, the non-axisymmetric material flow
showed more difference. In the case of a higher groove, a more
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unsmooth flow value is observed compared to that observed
with a shorter groove around the flat top die, having the
appearance of a square.

With a die stroke of approximately 25 mm, as shown in
Figures 5-c1 and 5-c2, the effects of the material groove height
on material flow showed more difference, which was
prominent on the initial blank shape at the top. When using a
flat-top die, the material struggles significantly to flow in the
die. The velocity profile assumes the appearance of a starburst,
affecting the fracture deformation around the punch radius.

On the contrary, in the VB die and blank holder case, an
unsmooth flow value is observed around the connection point
between the die surface and circumference. Here, the velocity
profile assumes the appearance of a starburst again, with a
smaller magnitude than that observed under the higher groove
condition. With a die stroke of approximately 35 mm, as
shown in Figures 5-d1 and 5-d2, in the case of a higher groove,
the groove height significantly hindered the material flow at
45° with respect to the rolling direction.

However, it partially allowed material flow at 0° and 90°
with respect to the rolling direction. Subsequently, the
workpiece fractured. On the contrary, in the case of the VB
die and blank holder, a continuous unsmooth flow value is
observed.

Moreover, different flow is observed at 45° to the rolling
direction, with the material flow characteristics remaining the
same until the entire material flows through the die radius with
a die stroke of approximately 45 mm.

This is shown in Figure 5-e2. Contrarily, in the cases of
higher and shorter groove applications, the effects of the
material anisotropy property on flow characteristics causing
an unsmooth material surface were continuously compensated
by the higher groove. According to the explanation above, a
contract pressure relationship occurs between the die and the
material. As demonstrated in Figures 6-al, 6-b1, 6-c1, and 6-
d1, with a die stroke of roughly 25 mm, there is a noticeable
variation in the impact of material groove height on contact
pressure. The original composition makes this very evident.
The suitable contract pressure value is shown by the initial
blank form at the top, which is at a 45-degree angle and has
the appropriate VBT value. Conversely, a VBT A VBT
Shorter groove that is too narrow causes an uneven material
flow, while a higher groove produces excessive contract
pressure that prevents the material flow.

A smooth top die will make it extremely difficult for the
material to flow into the die. As a result, as seen in Figures 6-
a2, 6-b2, 6-c2, and 6-d2, the blank form at the top created in
a die stroke of 35 mm clearly exhibits varied workpiece
shapes.
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The results depicted that the final deep drawn parts could
be formed by conventional die, VB die, and blank holder,
which were applied in both cases. All die designs are depicted
in Figures 7a, 7b, 7c, and 7d. However, the VB die, and
blankholder applications with grooves showed greater earring
defects than those observed with VB die and blankholder type
appropriate applications.

Accordingly, the erring defect position changed from 0°
and 90° in the rolling direction to 45° in the rolling direction
of the conventional die. Therefore, the anisotropy property is
confirmed to be affected by the rolling direction.

Groove height on the die and blankholder is an important
parameter to control material flow on a flat top die. Therefore,
choosing the appropriate variable values can reduce the
earring defect problem. These results demonstrate that deep-
drawn parts could be achieved using VB die and blankholder
application.

FLD is the basic deep drawing theory [1], which clearly
demonstrates the fracture characteristics along the workpiece
circumference by FEM simulation results, as shown in Figures
7a-2 and 7a-3. The result agreed well with deep drawing
theory [1].

On the contrary, when using the VB die and blankholder
application, we observed that the deep drawn part could be
obtained using the VB die and blankholder type appropriate
application, as shown in Figures 7b-2 and 7b-3. However,
using the VB die and blankholder type higher groove, the final
deep drawn part could not be achieved owing to fracture defect
occurring around the punch radius. The characterized fracture
was the basis of FLD, as shown in Figures 7c¢-2 and 7¢-3.

Moreover, using the VB die and blankholder type shorter
groove, the final deep-drawn part could not be achieved owing
to the earring defect. The detected two earring defects were
the basis of FLD, as shown in Figures 7d-2 and 7d-3. Owing
to the material anisotropy property, the VB die and blank
holder is differently designed at 0° and 90° to the rolling
direction compared to the design implemented at 45° to the
rolling direction.

Figures 4cl and 5c2 show that the conventional die, VB
die, and blankholder-type shorter grooves resulted in earring
defects because of non-axisymmetric material flow.

The material flow analyses show the non-axisymmetric
on the flat top blank, which causes cup wall stretching and
fracture deformation. On the other hand, after selecting the
appropriate variables, the flow material characteristic can be
controlled throughout the workpiece, reducing the earring
defect, as shown in Figure 4c2. However, the flow material
characteristic is too complex, which will cause the workpiece
to fracture, as shown in Figure 5c1.
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Stroke

(mm) (1) Conventional die (2) VBT appropriate

()5

(b)15

()25

(d)35

(e)45

0 0.2 0.4 0.6 0.8 10 11
Material flow velocity (mm/s)

Fig. 4 Comparison of the deep drawing mechanisms between conventional and vertex bar tool-appropriate applications
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S(;z?ll:)e VBT Unsuccessful (VB die and VB blank holder)
(1) Higher groove (2) Shorter groove
(@)5
(b)15
()25
(d)35
(e)45
i
0 0.2 0.4 0.6 0.8 10 11
Material flow velocity (mm/s)

Fig. 5 Comparison of the deep drawing mechanisms between higher groove and shorter groove vertex bar tool applications
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Stroke (mm) (1) 25 (2) 35

(a)conventional

(b)VBT
appropriate

(c)VBT
Unsuccessful
Higher groove

(d) VBT
Unsuccessful
Shorter groove

0 10 20 30 40

Maximum contact pressure
Fig. 6 Comparison of the deep drawing mechanisms maximum contact pressure between conventional, vertex bar tool appropriate, higher groove,
and shorter groove vertex bar tool applications
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Final part (1) Finishing deep drawing part (2) FLD (3) FLD on part
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0° 45° 90° to rolling direction
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(b)

—4— conventional 45°

= /BT Appropriate 45°

VBT Shorter groove 45°

0 2 4 6 g 10 12 14

Position for measurement

©

S L l"

— T T ' F

—4— conventional 90°
—— VBT Appropriate 90°
VBT Shorter groove 90°

0 2 4 6 g§ 10 12 14

Position for measurement
(d)

Fig. 8 Cup wall thickness distribution between conventional die, VB

Appropriate, and VB Shorter groove at (a) 0° to the rolling direction,

(b) 45° to the rolling direction, and (c) 90° to the rolling direction.

187

Conventional die

25000
15000
5000

-5000

50 100

15000 —

Force [N)

—— punch

-25000
—@— blankholder

-35000
die

-45000
Die stroke {mm]

(@)

BVT appropriate groove

25000
15000
5000

-5000

50 100

Force [N}

-15000
—e— punch
-25000

—m— blankholder

-35000

die

-45000
Die stroke {mm]

(b)
BVT shoter groove

25000
15000
5000
-5000
15000 —

50 100
—— punch

Force [N}

-25000
-35000 -

—m— blankholder

die

-45000

Die stroke (mm])

(c)

Fig. 9 Comparison of deep drawing force between punch, die, and
blankholder with (a) Conventional die, (b) VBT appropriate, and (c)
VBT shorter groove.

4.3. Comparison of the Final Part
4.3.1. Thickness Distribution

To validate the accuracy obtained with the conventional
die and VB die. VB blank holder applications based on FEM
simulations, Figure 8 compares the thickness measurement
results taken under three conditions. These conditions are
conventional die, VB dies, VB blankholder type appropriate
groove, and VB die and VB blankholder type shorter groove.
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Based on the three conditions, namely, 0°, 45°, and 90° to
the rolling direction, the FEM simulation results show the cup
wall thickness of the deep drawing parts. These values are
compared in Figures 8a, 8b, and 8c, respectively. The
thickness values of the workpieces differed by 2% and 10%
between the cases of conventional die and VB die.
Blankholder type appropriate groove and conventional die and
VB die and blankholder type shorter groove, respectively. The
thickness results are satisfactory in the case of VB die and
blankholder type appropriate groove.

4.3.2. Deep Drawing Force

Finally, the deep drawing force analyzed by FEM
simulation was compared between the three conditions,
namely, conventional die, VB die, and blankholder type
appropriate groove, and VB die and blankholder type shorter
groove, as shown in Figure 9.

5. Conclusion

This research proposed the VB die and VB blankholder
method to decrease the earring defect. The design concept is
to control the material flow, which is clearly achieved by the
VB die and VB blankholder method. FEM simulations were
also conducted in this research. The non-axisymmetric
material flow characteristic and the flat-top die asymmetry are
important factors to consider during the design process. The
simulation result obtained using the designed VB die and VB
blankholder application demonstrated that the proposed
approach effectively controlled the anisotropy property on
material flow characteristics at 0°,45°, and 90° rolling
direction.
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