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Abstract: The ‘formability’ of sheet metal is a major keyword referring to process design in the sheet
metal forming industry. Higher formability could reflect lower production costs and time. Many
studies have been carried out to improve formability in various ways, by using the finite element
method and experimental approaches. In the present research, a new zoning lubricant technique
is proposed. The stainless steel SUS304 square deep drawn box is used as an investigative model.
Based on the material flow analysis, we found that zoning lubricant die application could reduce the
difference in material flow velocity between wall and corner zones. This material flow characteristic
resulted in decreased nonconcurrent plastic deformation during the deep drawing process, as well
as decreased stretching in the cup wall and the delaying of the fracture. In the present research, the
design of the zoning lubricant die was strictly concerned with achieving functionality related to the
friction coefficient, area of zoning, and blank-holder pressure. A smaller friction coefficient positioned
in the corner zone and larger friction coefficient positioned in the wall zone are recommended. It
was revealed that, by appropriate zoning lubricant die application, formability could be increased in
terms of box height by approximately 7 mm or 10%.

Keywords: deep drawing; box shape; formability; finite element method; friction coefficient; oleo-
phobic; lubricant

1. Introduction

The ‘formability’ of sheet metal is a major keyword used to describe how much plastic
deformation a sheet metal can withstand before being damaged. It is an important index
for forming process designs to determine the tool shape and the number of forming sta-
tions. The increases in formability can support the forming process design by reducing
the number of forming stations and increasing the production rate. Many studies have
been carried out to increase formability in both simple shape parts, i.e., cylindrical and box
shaped parts, and complicated shape parts, i.e., automotive parts. Many studies have been
carried out using a heating technique to increase formability [1–11]. Warm deep drawing
has been investigated by experimental studies for several kinds of sheet materials, e.g.,
AZ31B magnesium alloy sheets [4] and HC420LA steel sheets [6]. The new design tool has
also been utilized to increase formability [12–29]. A new deep drawing process through
conical dies based on finite element modeling and experimental studies is proposed to
fabricate the brass elliptic cups [14]. The ‘punch with microridges’ technique could be
applied to shorten the multistage deep drawing process [18]. Based on this literature and
forming theory [30–32], the formability of sheet metal is usually explained via forming
mechanisms, i.e., material flow and stress distribution analyses. In addition, the forma-
bility of sheet metal is dependent on the forming process parameters, i.e., blank-holder
pressure, lubricants, and draw radius, as well as the types of shape parts, i.e., cylindrical
or box shapes. Setting different forming process parameters results in different forming
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mechanisms and formability. Setting too-large and too-small blank-holder pressures results
in decreased formability [30]. The different shape parts also result in differences in the
forming mechanism and formability. To form axisymmetric shape parts, axisymmetric
forming mechanisms are generated; conversely, to form nonaxisymmetric shape parts,
nonaxisymmetric forming mechanisms are generated. As per the forming theory [30],
higher formability can be obtained in the case of axisymmetric shape parts due to the
axisymmetric forming mechanisms that are generated. In the past, although many studies
were carried out to increase formability, most of them were done without considering
different forming mechanisms on each deformation zone during the deep drawing process.
Specifically, the forming process parameters were set with the same condition on each
different deformation zone. In recent years, research has been focused on setting different
process parameters related to the forming mechanism on each deformation zone during
the deep drawing process. However, there were a few studies in the past [31–34] that were
performed by setting different draw radii related to the forming mechanism in the cylindri-
cal deep drawing process to increase the limiting drawing ratio (LDR) [32] and to prevent
earing defects [31]. Other studies were performed by segmenting blank-holders with
pressure control to obtain better formability of deep drawn parts [33,34]. Specifically, lower
pressure is applied at the corners; then, on the side wall, control of the process is improved.
As per the literature [35–41], being a major forming process parameter, the lubricant also
has a great effect on the forming mechanism and formability. Many techniques of lubricant
use in sheet metal fabrication have been developed and applied in a wide range of techno-
logically demanding operations. A selective lubricant using air spray is already employed
in sheet metal fabrication; however, this technique is mainly focused on the advantages of
controlling the pattern, location, and volume of the lubricant use. Based on this technique
and its advantages regarding the different forming mechanisms caused by friction, a new
technique for lubricant use was proposed. Based on the different contact surfaces and the
lubricant applied, different friction coefficients could be obtained. This technique involves
setting a suitable friction coefficient on different die and blank-holder locations related to
the forming mechanism, and it is named zoning lubricant die application. Compared with
other methods—for example, the aforementioned ‘segment blank-holders with pressure
control’ method—the proposed zoning lubricant die application has advantages including
simple tool design and manufacture, no need for additional equipment, and a low tool cost.

By using this technique on a square box shape, in the present research, formability
in terms of box height could be increased by approximately 10%. Based on this obtained
knowledge, this technique could be applied in industrial settings to increase the formability
of complicated shape parts, e.g., automotive and aerospace parts.

2. Proposed Zoning Lubricant Deep Drawn Die Application and Its Principles

As per the deep drawing theory [30], lubricant use commonly affects formability in
the deep drawing process. Via the friction coefficient, frictional shear stress is generated
during the deep drawing process with respect to various kinds of lubricant uses. This
frictional shear stress directly affects the deep drawing mechanism based on the material
flow and stress distribution, as shown in Figure 1. The material moving into the die
occurs earlier in the wall zone and later in the corner zone. In the wall zone (section
B–B), as shown in Figure 1d, as the displacement in the radial direction is very small, the
deformation becomes almost plane strain elongated. On the other hand, in the corner zone
(section A–A), as shown in Figure 1c, material at the flange portion flows inwards and
must shrink in a circular direction. Therefore, in this region, indirect compression in the
circular direction is dominant. By tension in the radial direction, material is indirectly
compressed in the circular direction. Over the die radius, the deformation of material
varies drastically from near-pure-shear to near-plane-strain elongation by bending with
shrinking flange deformation. Thus, based on this compressive stress generated in the
circular direction, the frictional shear stress generated in the corner zone is higher than
that generated in the wall zone. Nonconcurrent plastic deformation was also generated
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and caused the restriction of material flown into the die. Based on these material flow
characteristics, the cup wall stretching and fracture could be more easily formed. This deep
drawing mechanism is a major barrier for increases in formability. In the present research,
to decrease the nonconcurrent plastic deformation during the deep drawing process, the
zoning lubricant die application is proposed. This was performed by using a lower friction
coefficient lubricant in the corner zone to decrease the frictional shear stress generated on
this zone, while the lubricant with a higher friction coefficient was applied to the wall zone,
as shown in Figure 1a. By using this technique, the frictional shear stress generated at the
corner zone is decreased and the nonconcurrent plastic deformation, being a restriction of
formability, is decreased as well. These result in the increases in formability.

Figure 1. Material flow characteristics and stress distribution analysis during the deep drawing process.



Metals 2021, 11, 1015 4 of 14

In the present research, as the first step to investigate the zoning lubricant die ap-
plication based on the abovementioned principle, an oleophobic coat was applied as an
oil-repellent coating to obtain the lower friction coefficient. The laboratory tool was de-
signed by segmenting the four wall zones and four corner zones on the blank-holder and
die, as shown in Figure 2. Next, the oleophobic coat was applied only on the four corner
zones. By applying a form of lubricant during deep drawing, the friction coefficient was
made to differ between the wall and corner zones; a lower friction coefficient at the corner
zone and higher friction coefficient at the wall zone could be obtained.

Figure 2. Proposed zoning lubricant die application.

3. FEM Simulation and Experimental Procedures

In the present research, the FEM simulation was used as a tool to clarify the square
deep drawing mechanism of zoning lubricant die application based on the material flow
and strain distribution analyses. The nonlinear FEM commercial code HyperForm 14.0
with RADIOSS script (Altair Engineering, Inc., Troy, MI, USA) as the solver was used for
FEM simulation of the deep drawing process. The investigated model of zoning lubri-
cant die application is shown in Figure 3b. In addition, in order to understand the deep
drawing mechanism of zoning lubricant die application, the deep drawing mechanism of
conventional die application was also investigated based on the model shown in Figure 3a.
These 3-D square deep drawing models were created by Cimatron 3 (3D Systems, Inc.,
Givat Shmuel, Israel), then imported as an IGES file into HyperForm. The HyperMesh
preprocessor was used to create the mesh. The details of the FEM simulation and experi-
ments are listed in Table 1. The initial blank was set as elastoplastic and meshed into finite
elements of the “shell”-type. The 4-node quadrilateral shape elements of approximately
3500 elements were generated. The adaptive remeshing was also set. After remeshing,
to produce smooth meshes, a combination of 4-node quadrilateral shape elements and
triangular shape elements was generated. The tools, including punch, die, and blank-
holder, were meshed with the rigid mesh type to prevent their deformation during the
deep drawing process. Blank-holder forces of 3 kN and 70 kN were applied. In the present
research, the forming limit diagram (FLD) was used to clarify the forming characteristics
and to predict the fracture zone on square deep drawn parts. The workpiece used in this
present research was stainless steel grade SUS304 (JIS standard) with a thickness of 0.5 mm.
The material properties of the flow curve equation and plastic strain ratio (R-value) were
prepared as input parameters for FEM simulation. The workpiece material was described
with an elastoplastic, power exponent, isotropic-plasticity model of the Hollomon power
law hardening model, with the constitutive equation determined from the stress–strain
curve using the tensile test data. The specimens were prepared according to the Specimen
No. JIS 13B as specified in JIS Z 2201:1998 standard and the tensile tests were performed
following the JIS Z 2241:2011 standard. The obtained engineering stress–strain relation-
ship is shown in Figure 4a and the true stress-strain curve are calculated and shown in
Figure 4b. As listed in Table 1, the strength coefficient and strain hardening exponent were
1209.4 MPa and 0.38, respectively. The other necessary material properties, such as the
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Young’s modulus, Poisson’s ratio, and ultimate tensile strength, are also given in Table 1. In
the present research, based on the deep drawing process with lubricant, the contact surface
model was defined by a Coulomb friction law, and friction coefficients (µ) of 0.03 and 0.10
were applied. Next, a clearance of 0.5 mm was set. The tool radius for the conventional die
was set following the deep drawing theory [27], namely, a punch radius of 8.0 mm and die
radius of 8.0 mm were set. The initial blank size of 100 mm in a square shape was used.

Figure 3. FEM simulation models, (a) Conventional die (Nonzoning lubricant) and (b) Zoning
lubricant die.

Table 1. FEM simulation and experimental conditions.

Tool Geometry Punch: Punch 40.0 mm × 40.0 mm, Punch radius 8.0 mm
Die: Die 42.0 mm × 42.0 mm, Die radius 8.0 mm

Clearance 0.5 mm
Punch speed 30 mm/min

Blank-holder force 3 and 70 kN
Blank size 100 mm × 100 mm

Thickness (t) 0.5 mm

Sheet material:
Stainless steel (SUS304)

Tensile strength 627.1 MPa
Yield strength 283.8 MPa

Elongation 47.2%
Young’s modulus 190 GPa

Poisson ratio 0.3
Constitutive equation σ = 1209.4ε0.38

Plastic strain ratio
0◦:0.985

45◦:1.209
90◦:1.055

Lubricant
Conventional Lubricant (Ilofom, TDN81): µ = 0.10

Oleophobic coat (Ultra-Ever Dry): µ = 0.03

To characterize and find out the friction coefficients between rigid friction pairs, in the
present research, the commonly used ball-on-disc tribology tests were applied. The ball
was positioned perpendicular to the disc fixed on a rotating plate. The friction coefficient
between the ball and the disc could thus be determined. The stainless-steel sheet grade
SUS304 (JIS) was applied as a disc, and the ball material was of tool steel grade SKD11
(JIS). The stainless steel SUS304 disc of 20 mm in diameter and tool steel SKD11 ball 6
mm in diameter were applied. A ball-on-disc tribometer (Anton paar Co., Ltd., Buchs,
Switzerland) was used. In the present research, ball-on-disc tribology tests were carried out
under the two conditions of conventional lubricant and oleophobic coat. The conventional
lubricant used was Iloform TDN81 (Castrol Limited, Berkshire, UK) and the oleophobic
coat used was Ultra-Ever Dry (Ultra-Ever dry-store.eu., Liberec, Czech Republic). The
chemical compositions of the oleophobic coating (Ultra-Ever Dry) are listed in Table 2. In
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the case of conventional lubricant use, Iloform TDN 81 was continuously fed as the ball
slid on the disc. In the case of oleo-phobic coating use, first, the oleophobic coated blank
sheet was prepared and used as the disc. It was prepared by coating two layers of the
bottom and top coats with an overall thickness of approximately 30 µm. Again, as the ball
slid on this disc, the Ilo-form TDN 81 was continuously fed. The normal forces of 5 N were
examined. The examined sliding distance of approximately 50 m was implemented. The
other details of testing conditions are listed in Table 3.

Figure 4. Engineering stress–strain and true stress-strain curve curves of SUS304.

Table 2. Chemical compositions of oleophobic coating (Ultra-Ever Dry).

Bottom Coat (wt%) Top Coat (wt%)

Xylenes 36 Acetone 96–98
t-Butyl Acetate 36 Silica 2–4

Acetone 11 Proprietary Additive 1
Proprietary Polymer 16 - -

Proprietary Additives 1 - -

Table 3. Tribology test conditions.

Test Condition

Disc dimension 20 mm (dia)

Linear Speed 21 cm/s

Acquisition rate 50.0 Hz

Normal load 5.00 N

Laboratory experiments were performed to validate the FEM simulation results.
Figure 5 shows the press machine, which includes a universal sheet metal testing ma-
chine (Model SAS-350D, JT Toshi Inc., Minato-ku, Japan) and the sets of deep drawing die
applications. The blank anisotropy affects the fracture location; this is controlled in the
experiments. The orientation of the blank is not altered for different tests to change the
direction of anisotropy. The obtained deep drawn parts were sectioned by a wire electrical
discharge machine for cup wall thickness examination. Five samples from each deep
drawing condition were used to inspect the obtained deep drawn parts. The thicknesses in
the wall and corner zones were calculated based on these obtained deep drawn parts. The
measurement results in the wall zone and corner zone refer to the average of the four wall
zones and four corner zones, respectively. These average thickness values in the wall and
corner zones were reported and compared with those analyzed by the FEM simulation.
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Figure 5. Testing machine and die set for experiment.

4. Results and Discussion
4.1. Friction Coefficient Examinations

Figure 6 shows the comparison of the obtained friction coefficients in the cases of a
conventional lubricant (Iloform TDN81) and oleophobic coat with Iloform TDN81 lubricant.
A higher friction coefficient was obtained in the case of conventional lubricant use. The
results show that the friction coefficient was approximately 0.10, as shown in Figure 6a. In
the case of the oleophobic coat shown in Figure 6b, on the basis of an oil repellent coating,
the friction coefficient was lower; it was approximately 0.03 in the first sliding distance of
30 m and increased to approximately 0.10 after another slide with a distance of 30 m. This
could be explained by the limited adhesive ability of the oleophobic coat. It is noteworthy
that the friction coefficient could be very small when the oleophobic coating is applied.
These results would be useful for applications in sheet-metal forming processes in which
the friction coefficient has great effects on formability.

Figure 6. Illustration of friction coefficients with respect to lubricant and coating use.

4.2. Validation of FEM Simulation Use

The accuracy of the FEM simulation results should be validated before starting the
discussion section of the FEM simulation results. Based on the conventional die and
lubrication conditions, as the validation of the FEM simulation results shown in Figure 7 by
comparison with the laboratory experiments, the deep drawn parts correspond well with
the experiments. The FEM simulation result corresponds well with the experiments in both
cases of blank-holder force 3 kN and 70 kN. Based on the FLD, the fracture was generated
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in the bottom corner zone and a circumferential character was formed, which agreed well
with the fracture generated on the deep drawn part obtained by the experiment. In terms
of formability based on box height limitation, the box heights in the cases of blank-holder
forces of 3 kN and 70 kN were limited to approximately 35 mm and 20 mm, respectively.
These results also agreed well with the theory behind the deep drawing process, in which
the formability decreased as the too-large blank-holder pressure was applied. The wall
thickness was also examined. The comparisons of wall thickness distribution between
FEM simulation and experimental results are illustrated in Figure 7. The FEM simulation
results showed that the predicted wall thickness distributions correspond well with the
experiments, in which the errors in the analyzed wall thickness were approximately 3%
compared with the experimental results.

4.3. Comparison of Material Flow Analysis between Conventional and Zoning Lubricant Deep
Drawing Die Applications

The aforementioned principle of zoning lubricant die application was characterized
based on the material flow obtained by the FEM simulation. The comparison of material
flow analysis between conventional and zoning lubricant die applications is illustrated
in Figure 8. The same manner of material flow analysis was illustrated at the beginning
of the deep drawing process. At the deep drawing stroke of approximately 15 mm,
shown in Figure 8a, higher material flow velocity formed at the wall zone while lower
material flow velocity formed at the corner zone in both cases of conventional and zoning
lubricant die applications. These results correspond well with the theory behind the deep
drawing process [27]. It was also observed that the material flow velocity generated
at the wall and corner zones in the case of conventional die application were the same
level as those generated in the case of zoning lubricant die application. Material flow
velocities of approximately 7 mm/s and 2 mm/s were generated at the wall and corner
zones, respectively. As the deep drawing stroke increased, this difference in material
flow characteristic between conventional and zoning lubricant die applications became
more evident, as shown in Figure 8b. Furthermore, the FEM simulation also showed the
difference in material flow velocity at the wall and corner zones in the case of conventional
die application, as shown in Figure 8(b1). A material flow velocity of approximately
20 mm/s was generated at the wall zone, whereas a material flow velocity of approximately
14 mm/s was generated at the corner zone. This material flow characteristic resulted in
nonconcurrent plastic deformation and easily formed fractures. By contrast, in the case
of zoning lubricant die ap-plication shown in Figure 8(b2), the FEM simulation results
showed a material flow velocity of approximately 20 mm/s generated at the wall zone. This
velocity is similar to that generated in the case of conventional die application. However,
the FEM simulation results also showed that by comparison with the case of conventional
die application, the material flow velocity at the corner zone, which was approximately
17 mm/s, could be increased. This could be explained by the fact that due to the applied
oleophobic coat at the corner zone, a low friction coefficient was generated, and the
frictional shear stress generated at this zone was lower than that generated in the case
of conventional die application; thus, the material flow velocity at the corner zone could
be increased. Based on these material flow characteristics, the nonconcurrent plastic
deformation could be reduced by using zoning lubricant die application and the fracture
could be delayed. Next, as the deep drawing stroke increased, as shown in Figure 8c,
the FEM simulation results showed that formability based on box height in the case of
conventional die application was limited to approximately 35 mm, as shown in Figure 8(c1).
Conversely, owing to the aforementioned decreases in nonconcurrent plastic deformation,
a higher box height could be achieved. The FEM simulation results showed that the box
height was limited to approximately 40 mm in the case of zoning lubricant die applications,
as shown in Figure 8(c2). These FEM simulation results revealed that, with zoning lubricant
die application, the various friction coefficients applied by the zoning lubricant die had
great effects on the material flow characteristic. The smaller friction coefficient could
generate increases in material flow velocity during the deep drawing process, and then
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the nonconcurrent plastic deformation could be reduced. Based on these material flow
characteristics, the fracture could be delayed and formability could be increased.

Figure 7. Comparisons of box shapes and thickness distributions obtained by FEM simulation and experimental results.
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Figure 8. Comparisons of material flow analysis between conventional die and zoning lubricant die applications (blank-
holder force, 3 kN).

4.4. Confirmation of Zoning Lubricant Die Application

To confirm the use of zoning lubricant die application and validate the accuracy of the
FEM simulation use, the FEM simulation results were compared with those obtained by
experimental results, as shown in Figure 9. The FEM simulation results showed that the
predicted deep drawn parts corresponded well with the experiments. In addition, the FEM
simulation results also showed the fracture, which corresponded well with the experimental
results. On the basis of FLD, the fracture was again generated at the corner zone and a
circumferential character was formed that agreed well with the fracture generated on
the deep drawn part obtained by the experiment. In terms of wall thickness, the FEM
simulation results showed that the predicted cup wall thickness corresponded well with
the experiments as well, in which the errors in the analyzed cup wall thickness were
approximately 3% compared to the experimental results. Again, in terms of formability
based on box height limitation, the box heights in the cases of blank-holder forces of 3 kN
and 70 kN were limited to approximately 40 mm and 26 mm, respectively, by zoning
lubricant die application. By comparison with the results obtained by conventional die
application shown in Figure 7, these results indicate that an increase in the formability of
box height limitation of approximately 10% could be achieved. Next, it was observed that
the same cup wall thickness distribution as conventional lubricant use was obtained, as
shown Figures 7b and 9b. This could be explained by the fact that these cup wall thickness
distributions were reported based on the different box heights at fracture. Based on the
principle of zoning lubricant die application being able to reduce the friction resistance of
the corner zone and increase the material flow rate, at the same box height, the cup wall
thinning should be decreased compared with that obtained from conventional lubricant



Metals 2021, 11, 1015 11 of 14

use. However, by comparing them at the fracture stage, the same cup wall thickness
distribution was obtained due to it thinning with the increases in box height.

Figure 9. Confirmation of the use of zoning lubricant die applications.
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5. Conclusions

To increase formability during the square deep drawing process, zoning lubricant die
application was proposed in the present research. First, based on the material flow analysis,
the conceptual design of zoning lubricant die application was proposed, and its principle
was also elucidated by FEM simulations. The absolute validation of FEM simulation use
was also performed. By using zoning lubricant die application, it was revealed that the
material flow velocity at wall and corner zones could obtain more balance and concurrent
plastic deformation could be achieved. Specifically, during the deep drawing process,
zoning lubricant die application could reduce the frictional shear stress at the corner zone,
and the material flow velocity at this zone could be effectively increased, meaning a more
concurrent plastic deformation could be obtained. Therefore, cup wall stretching could
be reduced and the fracture could be delayed. Based on this material flow characteristic,
formability could be increased. The results of the present research revealed that formability
in terms of box height could be increased by approximately 10% using zoning lubricant die
application. However, proper zoning lubricant die design related to the friction coefficient,
area of zoning, and blank-holder pressure should be strictly considered. A smaller friction
coefficient positioned at the corner zone and larger friction coefficient positioned at the
wall zone are recommended.
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