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Abstract: As the regulations on exhaust gas strengthened, the research and development of devices to reduce air pollutants emitted
from vehicles have continued. Lightweight design that influences the fuel efficiency of vehicles has become an essential consideration
due to the use of exhaust gas reduction systems. The early lightweight design started as a concept of replacing steel materials with
aluminum or ultrahigh tensile steel. However, bi-metals with high strength and light weight are now being designed and developed
instead of single materials. For bonding of bi-metal sheets, the self-piercing riveting method is being generally applied to double sheets
with an upper high-tensile steel plate and a lower aluminum alloy plate. However, there is insufficient research to solve the problem of
the costs of power consumption and consumable parts and low bonding strength of the joint due to the potential corrosion of parts that
occur in the rivet joint. This study proposed a new self-piercing riveting method after punching (SPRP) method that can prevent the
reduction of bonding force of the rivet joint and minimize the stress and forming load required for bonding. Furthermore, the possibility
of rivet bonding with corrosion resistance and bonding force was proved through experiment and analysis.

Keywords: Bi-metal sheets, Corrosion resistance, Finite element method simulation, Shear strength, Self-piercing riveting method
after punching (SPRP), Weight lightening design

1. Introduction

The reduction of exhaust gas and the achievement of fuel
efficiency through the realization of lightweight parts are still the
key elements of development in the automotive industry. In
particular, the research about lightweight car body using bi-
metals is essential to satisfy environmental regulations. The
achievement of excellent mechanical properties and the
verification of bonding between materials in the manufacture of
bi-metal parts are becoming important with the adoption of
aluminum as a material for lightweight. The resistance spot
welding (RSW) may not be suitable for automotive parts using
bi-metals according to the difference in the material properties in
terms of thermal deformation, and the bonding method using
rivets is generally applied [1]. The self-piercing riveting (SPR)
method known as a representative mechanical bonding method
uses an upper sheet that is deformed by punch and rivet and lower
sheet deformed by a bottom die and rivet. The SPR process is
conducted in six steps: positioning, holding, piercing,
stamping, forming, and setting [2]. In the process after holding
among these steps, the forming load and friction heat that occur
when penetration of the upper and lower sheets occurs due to

the pressing force of the punch are involved in the shape of the

plastically deformed rivet and affect the bonding force of bi-
metal parts. As the SPR process is being used more frequently,
the fracture mechanism at the joint of bi-metal needs to be
analyzed in depth. Most preliminary studies mainly discuss the
comparison of mechanical properties of the joint according to the
application of SPR and RSW [3]. Kenichiro Mori et al. analyzed
the reduction of the yield strength of materials in the RSW
process in contrast to the increase in the yield strength of bonding
materials due to the work hardening effect when the SPR process
was applied and proved that the SPR method has the better
fatigue properties than the RSW method [4]. Marc Reinstettel
analyzed the decrease in the fatigue strength of material and the
increase in the slope of the S-N curve when the RSW method was
applied and verified that the durability was relatively low when
the SPR method was applied [5]. The SPR process should be
designed by considering changes in physical properties such as
the yield point of the part material of the joint and rivet and the
strain hardening phenomenon during forming. However, the rivet
should be designed with a material having high strength in order
to penetrate a high-strength bi-metal through piercing. Because
rivets are used as consumables in SPR, the individual

manufacture of rivets suitable for various types of bonding
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materials lower economic efficiency and production efficiency.
This study proposes SPRP as a new method considering the
forming load and lightweight according to the mechanical
properties of bi-metal. Furthermore, an attempt was made to
achieve the versatility of rivet made of the same material by
analyzing the effects of the shape change of rivet manufactured

by punching method using Al2024 on the joint.

2. Reliability Evaluation on the SPRP

2.1 Methods
2.1.1 Theoretical explanation

A design that can minimize rollover and burr may occur in
the top and bottom of the shear surface during shearing with
a punch die on a GPa-grade high-strength plate is required
before riveting [6]. Hong-Seok Choi et al. demonstrated
through experiments that when the size of the inclination
angle of a plate is -20° or less, the properties of the shear
fracture surface including the reduction of burr for additional
processing are improved [7]. Sutasn Thipprakmas et al.
analyzed the effect of the taper shape of punch on the rollover
and burr length and proved that the taper shape can be
selected by the design variables of punch that can control the
shear surface shape [8]. Nobuhiko Takeuchi et al. researched
on the effect of the clearance size between the tool and
material on the rollover and burnish length on the shear
surface of mild steel and demonstrated that the effect of
clearance on the shear surface may vary by the selected
material [9]. The present study selected sheet angle, taper
shape, clearance, and round edge as the design variables of
the punching process, and analyzed the shape of the shear
fracture surface when a hole was formed on bi-metal sheets
at the punch velocity of 5 mm/s. FEM simulation was
performed about the punching process in advance and the
shapes of the shear fracture surface were compared by
conducting punching experiments to derive the conditions for
obtaining the most suitable shape of the shear fracture surface

shown in Figure 1 when the riveting process was applied.

2.1.2 Materials
The forming analysis and actual experiments were

performed to examine the differences in the internal shear
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Figure 1: Flow chart of procedures for SPRP

fracture surface of the hole according to the shape of the
punch die and processing conditions before performing
riveting on a bi-metal sheet composed of a 1.2 mm-thick SK5
upper sheet and a 2 mm-thick Al6061-T6 lower sheet. Atool
made of H13 material with excellent wear resistance to
hardness at high temperature was used. Regarding the outer

sheet material for strength, SK5, which is mainly used in the
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automotive industry, was selected. Although the martensite
phase is formed and weldability decreases as the carbon
content in the steel increases, but it is suitable for the SPRP
process because of high hardness and strength [10]. For the
material of the inner sheet, AI6061-T6, a representative car
body material that is advantageous for strength and
lightweight, was used. For the rivet, Al2024-T3, an aluminum

alloy with a high tensile strength, was selected [11].

2.2 Forming simulation of SPRP
2.2.1 Model and boundary conditions

The finite element modeling for the riveting process and
punching process was performed as shown in Figure 2(a, b),
respectively. And forming simulation was performed in order
to examine the dimensional trend of shear surface according
to design parameters of SPRP process and to identify the load
and deformed shape that occur in the riveting work required
for bi-metal bonding. The material properties used in the
analysis are listed in Table 1. The shape variables of the
punch in the punching process were selected as shown in
Table 2. The existing self-piercing riveting process has to
create gaps in sheets without holes by riveting, so the strength
design of the rivet was limited by the mechanical properties
of the sheets, but there is no limit to the selection of materials
for the rivet on the SPRP Process suggested in this study. The
design variables of the riveting process were analyzed
regarding the combinability with bi-metal sheet materials
when the punch entry angle was applied from 0° to 10° at 2.5°
intervals. Angle in Table 2 refers to the angle formed by the
center and edge when a taper was given toward the inside of
the bottom shape of the punch. Round edge refers to the
rounding value that rounds the bottom edge of the punch to
avoid contact between the tool and the burr on the shear
surface that was generated on the material when the tool was
removed after punching. The DEFORM V12 and ANSYS
v.20 R2 Static Structural Module were used regarding the
finite element analysis programs in order to secure data on
each process.

Finite element models were designed with the number of
nodes of 4924, 4137, and 1104 and the number of elements of
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Figure 2: Schematic illustration of the SPRP process

(a: Self-piercing riveting process, b: Punching process)

Table 1: Mechanical properties of materials on SPRP

Mechanical Materials
Properties SK5 Al6061 | AI2024 | Units
Yield Stress 978 260 384 MPa
Ultimate
Tensile Stress 1349 313 524 MPa
Modulus of
Elasticity 210 68 73 MPa
Strength Coefficient| 934 379 859 MPa
Strain Hardening 017 0.05 0.2041 i
Exponent
Table 2: Process parameters of punching process
Case Angle Clearance Round Edge
1 165° 0.25mm Omm
2 165° 0.25mm 0.25mm
166
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3 165° 0.5mm Omm
4 165° 0.5mm 0.25mm
5 180° 0.25mm Omm
6 180° 0.25mm 0.25mm
7 180° 0.5mm Omm
8 180° 0.5mm 0.25mm

4712, 3971, and 1000 in the order of upper sheet, lower sheet,
and rivet, which were specified as strong plastic materials.
The pressurization speed of the punch was 5 mm/s and the shear
friction coefficient of 0.12 was assigned, which is mainly used in
cold forming related to the friction condition between the tool
and base metal. The diameter of the hole generated by punching
process was 8 mm. The force by which the support and lower die
fixed the bi-metal sheets when riveting was set to 10kN.

2.3 Experimental evaluation on the SPRP
2.3.1 Experimental procedure

In this experiment, the SPRP process was actually conducted
to verify the reliability of the result data of the forming
simulation as shown in Figures 3 and 4. The processing
characteristics of the shear surface according to the shape
variable and process conditions of the punch were identified and
compared with the analysis result. Then the optimal process
conditions were selected by considering the stress distribution

and load values during forming.

Figure 3: Experiments of punching process

,‘

Figure 4: Experiments of self-piercing riveting process

3. Experimental and Calculated Results

3.1 Results of punching process

The shape of the shear surface inside the hole of a bi-metal sheet
processed by punching according to eight cases of forming
condition settings according to the shape variable design is

shown in Figure 5 and 6.
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The overall rollover length showed a tendency to be minimized
when the angle was 165°, the clearance was 0.25 mm, and the
round edge was 0 mm called Casel shown in Figure 5 and when
compared with Case 5, the rollover length in Case 1 decreased
more by 0.0259mm than Case 5 if only the die angle is considered
as a variable. In every case of design in this study, the rollover
length increased in proportion to the clearance and round edge
size. Regarding the shape of the punch, fracture occurred when
the penetration depth of the punch with no rounding into a
material was 1.1 mm on average. In the 0.25mm rounding
condition, the shear fracture surface was mainly formed at the
outer diameter of the punch at the average punch penetration
depth of 1.4 mm. The case of processing a hole with a tool
without round condition showed a result of decreasing the
rollover length on the shear surface. Therefore, in terms of shape,
the punch shapes of Cases 1 and 5 for which the clearance and
round edge values were designed to be the lowest were
determined to be suitable conditions for minimizing rollover.
However, an analysis of the stress distribution during punching
is indispensable because the objective of this study is to minimize
power consumption for processing by controlling the forming
load in the SPRP process and create economic efficiency by
preventing tool wear due to local stress. In this regard, the
principal stress value according to the forming times at the center
and edge of the punch when the punch comes in contact with the
bi-metal is shown in Figure 7. With respect to the tool, a higher
tensile principal stress acted on the edge of the tool in the shapes
of Cases 1 to 4 than Cases 5 to 8. This was caused by the
difference in the punch shape resulting from the different angle
conditions. When the sheet is pressurized, a tensile stress mainly
acts at the center of the punch due to the rotational moment. The
tensile stress at the center was measured higher in Cases 1 to 4
due to the geometric characteristics resulting from the differences
in the designed punch angle. Furthermore, a higher tensile
principal stress occurred when the round edge was 0 mm in the
same angle condition, and the compressive principal stress
increased in proportion to the value of the round edge. The
maximum principal stress value calculated in every case using
finite element method is lower than the yield strength of H13, the
tool material, it would not significantly affect the use and lifespan
of the tool except for wear caused by repeated loading of the tool.
Depending on the angle condition, the tensile principal stress at
the center of the punch was higher by up to 370 MPa when the
angle was 165° than when it was 180°. The compressive principal
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Figure 7: Principal stress distribution of tools on punching process
(a, c: Stress distribution of edge, b, d: Stress distribution of center)
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stress did not show any specific trend according to the angle. The
clearance value set in relation to the positioning of the bi-metal
used in this study did not show a significant principal stress
increased in proportion to the value of the round edge. The
maximum principal stress value in every case is lower than the
yield strength of H13, the tool material, it would not significantly
affect the use and lifespan of the tool except for wear caused by
repeated loading of the tool. Depending on the angle condition,
the tensile principal stress at the center of the punch was higher
by up to 370 MPa when the angle was 165° than when it was
180°. The compressive principal stress did not show any specific
trend according to the angle. The clearance value set in relation
to the positioning of the bi-metal used in this study did not show
a significant effect on the compressive principal stress load while
the tensile principal stress was inversely proportional to the
clearance. The effective stress generated at the edge of the tool
which was 0.25mm rounded during the punching process was
calculated lower by approximately 300 MPa than that of the tool
that was not rounded and the load was measured lower by
approximately 0.2 ton. The maximum compressive principal
stress at the edge of the punch showed the largest difference
between Cases 2 and 3. Case 4, of which the clearance was larger
by 0.25 mm than Case 2, showed a little lower compressive
principal stress. The maximum forming load in the punching
process was measured as 2.3-2.6 tons and it was found that the
hole process was completed faster when there was no rounding
condition. Consequently, the shape of Case 5, which showed a
lower maximum tensile principal stress in the tool than Case 1,
was selected as the optimal punching process condition for hole
processing and the riveting process was performed based on Case

5 and the results were analyzed.

3.2 Results of self-piercing riveting process

The hole processing was performed by applying the conditions
of Case 5 with an angle of 180°, a clearance of 0.25mm, and a
round edge of Omm selected considering the punching process
according to the shape variable design of the tool. This is to make
flexible strength design criteria of the rivet due to the differences
in the mechanical properties between sheets and rivet during
piercing using rivet for bi-metal sheets in the conventional self-
piercing riveting process. The process design should be performed
in such a way that the hole shape would not be deformed in order
to remove the rivet of the joint for the replacement and repair of
the car body in the event of an actual vehicle accident and to

comply with the method proposed in this study.
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Figure 8: Effective strain of rivets according to entry angle on

self-piercing riveting method after punching process

Furthermore, even if a hole of specific diameter is processed in a
bi-metal sheet, the entry angle of the tool cannot be always the
same according to the processing technique of the field worker.
Therefore, the deformed shape and bonding force according to
the yield strength of the rivet need to be analyzed when riveting
process is performed after processing the hole according to the
entry angle [12]. Therefore, the process parameter of the entry
angle was set to 0°, 3°, 5°, 7°, and 9°. The rivet deformed shapes
when the bi-metal sheets were combined by applying the riveting
process to the hole formed by each forming condition are shown
in Figure 8. The larger the entry angle size, the larger effective
strain occurred on the rivet. This is thought to be because the size
of the internal space that needs to be filled for combination varies
astherivet is plastically deformed according to the piercing angle
of the processed hole. That is, it means that the effective strain
rate is determined according to the size of the inner space where
the deformation of the rivet can occur. Furthermore, as the entry
angle increased, the lower curved part of the head part of the rivet

where a deformation occurs during riveting came in contact with
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the edge part of the upper sheet, which caused a difference in the
initial forming point of the rivet. As a result, the material volume
for rivet filling in the lower die increased, resulting in a higher
value of the effective strain. The size of the cavity between the
side wall of the rivet and the inside of the hole of the sheets
according to the entry angle was the largest when the entry angle
was 3° and the smallest when it was 0°. Such a result of forming
can prevent the decline of the bonding strength due to the unfilled
part through a modification of the new rivet’s shape to be used in
the proposed SPRP process. This means that the design should be
changed according to the mechanical properties of the rivet
material and bi-metal sheet [13]. Consequently, by referring to
the results of experiments conducted in this study, bonding was
performed by applying the SPRIP process using rivets made of
Al2024 on sheets composed of SK5 for the outer sheet and
AIl6061 for the inner sheet. The experiment results are shown in
Figure 9. The reliability for the application of the SPRP process
to bi-metals sheets was verified.

Figure 9: Experimental results of SPRP process

4. Discussion

In relation to the bonding strength of riveting, it is thought that
additional research is needed to understand the difference in
bonding strength and the applicable range through the SPR
Process and SPRP Process, which were mainly used in the past.
In this study, considering the dimensions of the designed rivet,
the hole with a diameter of 1mm larger than that was processed
with a punch, but riveting experiments are required for rivets of
different dimensions of the same materials. Considering that the
cavity of the rivet tends to increase as the strength of the upper
plate base material increases, it is necessary to select an
appropriate material for the lower plate and rivet that can reduce
the cavity [14]. There are various types of rivets depending on
the head shape, and the optimal punch design criteria for the
SPRP process will also vary depending on the structural

difference of the rivet in contact with the punch [15]. If it is

judged that the design of the tool to prevent the hole from being
poorly processed by punching is unproductive, the design range
for the punch can be reduced by using a reamer on the inner
surface of the hole to improve the overlapping precision. And if
it is necessary to improve the joint strength, it is also possible to
consider whether to drill through a hand reamer to use a rivet of
a different size. It is necessary to review the safety design in
consideration of the decrease in strength occurring in the joint
due to the punching process, and this can be supplemented by
riveting technology. Even if the rivet joint is treated, it is not
permanent and has the advantage of being able to remove the
rivet and generating less noise. When processing rivet joints, the
efficiency should be calculated after considering the tensile and

shear strengths of bi-metal sheets and rivets.

5. Conclusion

In this study, the optimal tool shape for the punching process
was selected by analyzing the shear surface inside the hole and
formability during the hole processing of the bi-metal sheet for
the designed punch shape. In addition, the factors that influence
the bonding strength of the rivetted bi-metal sheets according to
the size of the entry angle were analyzed. Furthermore, forming
load and the stress on the tool, which are affected by mechanical
properties, were minimized by applying self-piercing riveting
process after punching, a new method proposed in this study, and
the possibility of riveting with a large bonding strength was
proved. Regarding the riveting task performed after the pre-
reviewed punching process, the rollover length at the edge of the
upper sheet that comes in direct contact with the bottom of the
rivet’s head was investigated. It was found that the occurrence of
rollover was influenced by the shape, clearance and round edge
length according to the angle design of the tool. The rollover
length increased in proportion to the length of the given clearance
and round edge length. A larger tensile principal stress acted on
the edge of the tool when the angle condition assigned to the tool
was 165° than when it was 180°. Furthermore, a larger tensile
stress acted at the center of the tool due to the rotational moment
when the sheet was pressurized. The clearance value did not have
a significant effect on the compressive principal stress related to
the forming load. However, the measured maximum tensile
principal stress was inversely proportional to the clearance. The
effective stress at the edge of the tool, which was 0.25mm
rounded during the punching process, was lower than that of the

tool with no rounding, and the forming load was also measured

Journal of Advanced Marine Engineering and Technology, Vol. 46, No. 4, 2022. 08 170



Hyeonggeun Park

lower by approximately 0.2 ton. The maximum forming load in
the punching process was measured at 2.6 ton. It was confirmed
that the processing speed increased when the rounding condition
was not applied. The possibility of applying the riveting process
with a large bonding strength using a rivet on the processed hole
according to the entry angle of the punch was verified through
experiments and analysis. In conclusion, the appropriateness of

the SPRP process for bonding of bi-metal sheets was verified.
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