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Abstract

Lightweight performance and the strength of clinched joints became the key to the development of rivet-reinforced joints. In
the present study, the clinching joints of AA5052 aluminum alloy were reinforced by a solid rivet and tubular rivets with wall
thicknesses of 1 mm, 1.5 mm and 2 mm, to evaluate the effect of the wall thickness on the performance of the rivet-reinforced
joints. The rivet-reinforcing method using tubular rivets proved to be pronounced for increasing the energy absorption and
improving the strength of the clinched joint. In the experiment, compared with the conventional mechanical clinched joint,
the average shearing strength of the rivet-reinforced joint with the tubular rivet of 1.5 mm wall thickness was increased from
1608.13 to 3514.5 N, and the energy absorption of the rivet-reinforced joint with the tubular rivet of 1 mm wall thickness
was increased from 0.699 to 3.894 J. In terms of lightweight evaluation performance, the rivet-reinforced joint with a 1 mm
wall thickness tubular rivet offered excellent results in automobile light weighting compared with the other types of rivet-

reinforced joints, and the lightweight evaluation values were R, , = 10.494kN/g and W, , = 2.159J/g.

Keywords Mechanical rivet-reinforcing process - Tubular rivet - Failure mode - Strength test - Energy absorption

1 Introduction

With the emergence of energy shortage and environmental
pollution, energy conservation and emission reduction are
imminent. In industrial manufacturing, lightweight construc-
tion strategy is one of the effective methods to solve the
concerns of energy shortage [1, 2]. Lightweight sheet mate-
rials and advanced joining technologies are integral parts
of lightweight structure manufacturing [3]. Before select-
ing the joined material sheets, a comprehensive assessment
of appreciate joining technique and its relative advantages
should be carried out [4, 5]. In recent years, lightweight
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materials and structures are approved among a wide range
of industries, such as the aviation, aerospace, transport and
automotive industries [6-9]. Therefore, advanced joining
technologies also have been rapidly developed.
Lightweight sheet materials are extensively adopted for
the automotive body manufacturing to reduce the body
weight of cars and save fuel [10-12]. It is still a tough issue
to weld aluminum alloy material by the resistance spot weld-
ing. In addition, because of the oxide film on joined surface
and the different fusing points of the joined materials, it is
still a knotty technical issue to join the steel sheet and the
aluminum alloy sheet together [13—15]. There are several
alternative joining technologies which can be employed for
joining aluminum alloy material and other lightweight mate-
rials, such as friction stir welding, bolt joining, self-pierce
riveting, adhesive joining and mechanical clinching [16—19].
Compared to other joining methods, the mechanical clinch-
ing technology has obvious superiorities include less prepa-
ration, no sparks, no smoke, no heat, environment friendly,
and no damage on the joined surface of the aluminum alloy
sheets, particularly the excellent mechanical properties
and fatigue property [20]. As a result, the advantages of
mechanical clinching method have significantly increased
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the application of clinching technology in mechanical com-
ponents and structures recently [21].

The demand of metal connection in industrial production
drives the study on mechanical clinching technology. Han
et al. [22] presented the effectiveness of specimen configu-
ration on the mechanical joining process of self-piercing
riveted and produced the multilayer joint on aluminum alloy
material sheets. The results indicated that the shear strength,
energy absorption and the failure mechanism of multilayer
joints were conspicuous affected by the specimen configura-
tion. Lee et al. [23, 24] proposed a novel method of clinch-
ing tools design that can meet the practical required joint
mechanical performance, which based on predicting the
strength of the mechanical clinched joint of the analytical
model. The H-type tensile-shearing test and top-hat impact
test for mechanical clinched joint were performed to evaluate
the tensile-shear strength and the feasibility of clinched joint
for automotive component assembly, respectively. Lambiase
[25-27] investigated the effect of clinching tools design on
joining sheet materials during the clinching process with
extensible dies. The experimental and numerical methods
were used for examined the material flow during the clinch-
ing process.

In addition, numerical simulation methods have been used
to simulate the mechanical clinching process. Mucha [28]
clarified the mechanism of the clinching process theoreti-
cally based on the material flow analysis and stress distribu-
tion using the finite element analysis. In addition, the effect
of die geometrical parameters on the realized mechanical
joint interlock size and maximum forming force had been
determined. The most important parameters also had been
investigated, which were affecting the energy consumption
and material flow in the joining process. He et al. [5, 21,
29] researched the clinching process with the extensible die
by finite element method. The strength and energy absorp-
tion of the clinching-bonded hybrid joints and the exten-
sible die clinched joints were also compared. Song et al.
[30] comprehensively studied the mechanical properties
and static failure behavior of steel-aluminum mechanical
clinched joints under multiple test conditions by numerical
and experimental study. Furthermore, the failure mode of
clinched joint and its mechanical properties with the Gur-
son-tvergaard Needleman model were accurately predicted.

Mechanical clinching technology has derived many new
technologies, such as reshaping method, renovating method
and joining multiple-layer sheets technology. For the purpose
of reducing the exterior protrusion height on the joined sheets
and increasing the tensile-shearing strength of the reshaped
joints, Chen et al. [31-34] investigated and compared two new
reshaping technologies by compressing the exterior protru-
sion with/without a rivet. Lambiase et al. [35] used different
reshaping tools and various reshaping forces to study the effect
of two-steps clinching method for carbon fiber-reinforced
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polymer (CFRP) and joining aluminum. The morphology
and geometry of the reshaped joints were analyzed to com-
prehend how the reshaping process affects the main quality
criteria of the clinched joints and the damage produced on the
CFRP sheet. Chen et al. [36-38] proposed and investigated
a renovating process for the deformed and damaged joint.
The energy absorption and shear strength of all the joints are
increased after the renovating process. Abe et al. [39] inves-
tigated the influence of the die profile on metal flow process
in an ultrahigh-strength steel sheet combination through the
experiment method and the finite element simulation method.
Furthermore, it also compared the static and fatigue strengths
of welded joints with those of mechanical clinched joints. It
was found that the mechanically clinched joints had superior
fatigue strength than other welded joints. Chen et al. [14]
investigated the flat clinching process for joining the three-
layer sheets experimentally and analyzed the effectiveness of
the aluminum alloy sheet configurations on the mechanical
properties of the clinched joint.

However, the previous researches mainly focused either
on lightweight structure design or increasing the strength
of the clinched joints while ignoring the weight, and few
scholars weighed the two aspects. The present study com-
prehensively focuses on both aspects mentioned above. The
rivet-reinforced technology would improve the lightweight
clinching process and that different wall thicknesses also
introduce more or less weight to the final assembly. As
there are few studies on the rivet-reinforcing process with
a tubular rivet, the conventional mechanical clinched joint
was compressed after the clinching process in this work.
The solid rivets and tubular rivets with the 1 mm, 1.5 mm
and 2 mm wall thickness were employed in the rivet-rein-
forcing process for increasing the joint strength of AA5052
aluminum alloy sheets. It has been proved that the height
of joint protrusion was reduced obviously. After rivet-
reinforcing process, the single-lap-shear test of the joints
was also carried out. The static shearing strength, energy
absorption and failure mode of the all the clinched joints
and rivet-reinforced joints were investigated by experimental
method. Finally, the lightweight performance of the tubular
rivet was evaluated, and the type of tubular rivet which is
the most conducive to lightweight was obtained. The rivet-
reinforcing method using a tubular rivet can be used in the
field which requires lower protrusion height, lightweight and
higher strength.

2 Material and experimental procedure
2.1 Materials

Nowadays, because of the excellent advantages such as impact
resistance, excellent formability, and high specific stiffness,
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AAS5052 aluminum alloy has been extensively applied in the
automotive manufacturing industry. Therefore, the mechanical
clinching and rivet-reinforcing experiments were performed
for the sheets made of AA5052 aluminum alloy with 2 mm
nominal thickness in this study. All the AA5052 aluminum
alloy specimens used in the present study were cut along the
initial rolling direction from a unique sheet. The AA5052
aluminum alloy specimens used for the experiment were cut
into rectangular strips with 8025 mm (length X width), and
its chemical composition, which is presented in Table 1, was
retrieved by means of an X-ray fluorescence spectrometer.

The mechanical clinching and rivet-reinforcing experi-
ments consisted of two phases: the first phase was performed
using extensible dies for the conventional mechanical clinch-
ing process; then on the basis of the first phase, in order to
maximize the mechanical interlock profile and limit the mate-
rial flowing in radial as well as in axial direction of the joint,
the rivet-reinforcing process with a tubular rivet or a solid rivet
was performed. Four types of rivets are used in this paper,
including tubular rivets with the wall thickness of 1.0 mm
(tubular rivet-1.0), tubular rivets with the wall thickness of
1.5 mm (tubular rivet-1.5), tubular rivets with the wall thick-
ness of 2.0 mm (tubular rivet-2.0) and solid rivets. Figure 1
shows the cross-sectional geometries of all the rivets used in
rivet-reinforcing process. In order to insert the rivets in the pit
which was generated by the punch, the rivets were made into
cylindrical shape with the same diameter as the punch.

The material of the tubular rivets was the AA6111 alu-
minum alloy. The basic mechanical properties of AA5052
aluminum alloy specimens were measured and recorded on
MTS 322 physical property testing system. According to the
results, the Poisson’s ratio of the AA5052 material is 0.33, the
tensile strength and yield strength are 235.2 and 189.7 MPa,
respectively, and the elastic modulus is 62.7 GPa. The AA5052
aluminum alloy specimen has excellent formability, and its
elongation is 18%, which is an essential condition for the
mechanical clinching. In order to better compare the mechani-
cal properties of the joined sheet and rivet materials, the both
stress—strain curves of AA5052 and AA6111 materials are
shown in Fig. 2.

To facilitate the description of the rivet-reinforced joints
with solid rivet and tubular rivets with different wall thick-
nesses, CR, RS, RT-1.0, RT-1.5 and RT-2.0 are used to
describe the various types of joints. All terminologies which
used in this paper are presented in Table 2.

2.2 Forming mechanism of mechanical joining
process

The rivet-reinforcing process is an improvement of mechani-
cal clinching. It includes two steps, conventional mechanical
clinching and upsetting with a rivet. The schematic of the rivet-
reinforcing process is shown in Fig. 3

In the first phase, the Sust CMT-5105G]J testing machine
was employed to perform the mechanical clinching process.
The clinching system is presented in Fig. 4 and consisted of
three sliding sectors, a blank holder, a fixed die, a rubber ring
and a punch with a diameter of 5.5 mm. The punch with a
precisely controlled velocity of 2 mm/min moved downward
compress the sheet against the fixed die. The function of the
rubber ring was to return the sliding sectors to the initial posi-
tion at the end of the clinching process. The sliding sectors
were used to make the material flow well-distributed along the
radial direction, while the fixed die limited the material flow
in the axial direction and determined the protrusion height.
When the forming force reached to 30 kN, the testing machine
was stop pressing downward and returned to the initial posi-
tion with a reset speed. Then, the AAS5S052 sheets were joined
together with a mechanical interlock in the joining point. The
average bottom thickness of the clinched joints is 1.3 mm. It
was requisite that the joined sheets do not fracture, which was
an important condition for evaluating the joinability of the
joint [40]. The strength of the extensible die clinched joint
determined by the mechanical interlock profile, especially by
the neck thickness and the magnitude of the produced mechan-
ical interlock [5].

In order to reduce the exterior protrusion height and
improve the mechanical properties of the joints, a rivet-
reinforcing process with reinforcing rivets is implemented
after the mechanical clinching process. The rivet-reinforc-
ing process is used to increase the energy absorption and
tensile-shear strength of the joint. The rivet-reinforcing
tools and the customized rivets are shown in Fig. 5. A
pair of flat dies was applied for the top and bottom dies in
the rivet-reinforcing process. Firstly, the rivet-reinforcing
joint on AA5052 aluminum alloy sheets was placed on
the bottom die. The reinforcing rivet was embedded in the
pit of the clinched joint, which was placed on the bottom
flat die. The exterior protrusion was placed toward the top
die. Then, the top die moved downward with a speed of
2 mm/min to compress the exterior protrusion and the stop
command on the top die set a maximum load of 35 kN.
As the top die moved down, the exterior protrusion of the
rivet-reinforced joint was depressed to a specified height.

Table 1 Composition of

. Composition
AAS5052 aluminum alloy

Fe Cu Mg Mn Cr Zn Al

Content (w %) 0.11

0.19 0.04 2.41 0.03 0.21 0.05 96.96
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Fig. 1 Cross-sectional geometries of all the rivets used in rivet-reinforcing process: a tubular rivet-1.0, b tubular rivet-1.5, ¢ tubular rivet-2.0 and
d solid rivet. (The unmarked dimensions in the schematics are expressed in millimeters)

In the rivet-reinforcing process, the reduction height of
the exterior protrusion reinforced with the dissimilar wall
thickness tubular rivets was slightly different. When the
forming force reached the preset peak load, the top die
stopped moving downward and returned to the initial posi-
tion at a preset speed.

After the rivet-reinforcing process, the rivet-reinforced
joint was not damaged. By producing the rivet-reinforced
joint, the joined AA5052 aluminum alloy sheets were
more reliably connected together by the mechanical inter-
lock structure. Similar to the metal forming process, the

@ Springer

rivet-reinforcing process is also a mechanical joining pro-
cess, which has the advantage of no chemical reaction or
thermal reaction [41].

3 Results and discussion

3.1 Geometrical parameter

The geometrical parameters of the rivet-reinforced joint
have a significant effect on the loading conditions and
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Fig.2 Stress—strain curves of AA5052 and AA6111 materials

mechanical properties of the joint. In the mechanical
clinching process, a mechanical interlock is produced
by the material flow of the two sheets. The upper sheet
became thinner significantly near the punch corner radius
during the clinching process. The deformation of the
AAS5052 sheets occurred chiefly in the cavity volume sur-
rounded by the sliding sectors. After the rivet-reinforcing
process, the rivet-reinforced joint has a lower exterior pro-
trusion compared with the mechanical clinched joint. The
comparison of the different types of rivet-reinforced joints
is presented in Fig. 6.

The failure mode of the rivet-reinforced joint is deter-
mined by the relationship between the interlock value (z,)
and neck thickness (¢,). Thus, the geometrical parameters
especially the interlock value and the neck thickness of
the mechanical interlock have a significant effect on the
quality of the rivet-reinforced joint. The positions of neck
thickness and interlock are shown in Fig. 7.

As presented in Fig. 8, in order to facilitate the com-
parison of dissimilar mechanical interlock parameters of
the joints, the rivet-reinforced joints with different types
of rivets are compared side-by-side with the conventional
mechanical clinched joints, respectively. According to
the photograph of the cross section, the main geometri-
cal shape and profile of the rivet-reinforced joints can be

measured. The interlock value (#,) and neck thickness (z,)
of different rivet-reinforced joints are compared in Fig. 8.

As can be seen in Fig. 8, the RT-1.0, RT-1.5, RT-2.0 and
RS joints have a perfect appearance of exterior protrusion
on sheet surface and a prominent mechanical interlock pro-
file compared with the CR joints. The rivet-reinforced joints
have lower exterior protrusion height, which is conducive to
improving the flatness and esthetics of the joint appearance.

As shown in Fig. 9, the interlock value of all differ-
ent rivet-reinforced joints is higher than their neck thick-
ness, which generates the neck fracture mode in the failure
process. The neck thickness of RT-1.5 joint is the largest,
which the value is ¢, = 0.43mm. However, the neck thick-
ness of RT-1.0 and RT-2.0 is the smallest in the same value
(t, = 0.32mm) among the dissimilar rivet-reinforced joints.
The tubular rivet of wall thickness has a significant effect
on the interlock value and the neck thickness of the rivet-
reinforced joint.

3.2 Mechanical properties

The mechanical performance of the rivet-reinforced joints
was always evaluated by the single-lap-shear strength test.
In order to show the effect of the tubular rivets with different
wall thickness on the joint strength, in this study, the solid
rivets and the tubular rivets with 1 mm, 1.5 mm, 2 mm wall
thickness were employed in the mechanical rivet-reinforcing
process for enhancing the joints of AA5052 aluminum alloy
sheets. The single-lap-shear strength tests were implemented
on Sust CMT-5105G] testing machine with a full-scale load
of 100 kN. The load force, displacement and punch velocity
driven by the testing machine can be controlled precisely by
the computer command. The load—displacement curve and
maximum loading force can be monitored and recorded by
the testing system, and the maximum load recorded in the
single-lap-shear strength test was regarded as the shearing
strength of the rivet-reinforced joints. During the lap-shear
strength test process, the upper sheet was pulled upwards
with the preload force of 100 N, while the lower sheet was
fixed. The single-lap-shear strength test was set to a constant
speed of 2 mm/min. The specimen used for single-lap-shear
strength test is shown in Fig. 10.

The shearing strength is used as a vital evaluation cri-
terion in the automotive body manufacturing industry. In

Table 2 Specifications of all

. . L Terminologies
terminologies used in this paper

Description

CR
RS
RT-1.0
RT-1.5
RT-2.0

Conventional mechanical clinched joint
Rivet-reinforced joint with a solid rivet
Rivet-reinforced joint with a 1.0 mm wall thickness tubular rivet
Rivet-reinforced joint with a 1.5 mm wall thickness tubular rivet

Rivet-reinforced joint with a 2.0 mm wall thickness tubular rivet

@ Springer



333 Page60f13

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:333

Y

Punch

Blank holder

Upper sheet

Bottom sheet

==

Extensible die

(a)

3

Upper die

Tubular rivet >
\fz Bottom sheet
NN

Upper sheet

Bottom die

(©)

@ Punch
Blank holder

Upper sheet

Bottom sheet

Extensible die
|
|
(b)
Upper die
Tubular rivet )
T~ ( Bottom sheet
~
Upper sheet
Bottom die
\
|
(d)

Fig.3 The schematic of the rivet-reinforcing process: a start of clinching process b finish of clinching process ¢ start of rivet-reinforcing process

d finish of rivet-reinforcing process

order to ensure the accuracy of the experimental results,
three sets of single-lap-shear strength tests were carried out
to get the accurate average strength for each configuration
of the rivet-reinforced joint. As can be seen in Fig. 11, the
shearing strength of rivet-reinforced joint is observed sig-
nificantly higher than that of the CR joints. Compared with
CR joint, the average shearing strength of RT-1.0, RT-1.5,
RT-2.0 and RS joints is increased by 96.58%, 118.55%,
100.10% and 107.63%, respectively, which fully means that
the shearing strength of the joint between two sheets can be
improved by the rivet-reinforcing method. The average rivet-
reinforced joint strength with the tubular rivet of 1.5 mm

@ Springer

wall thickness is 3514.5 N, which has the highest shear-
ing strength among the RT-1.0, RT-2.0 and RS joints in the
single-lap-shear strength test. This is because the embedded
rivets improve the stiffness of the rivet-reinforced joints and
change the geometric parameters of mechanical interlock
structure at the same time, so as to improve the strength of
the clinched joint. The rivet-reinforced joint with the tubu-
lar rivet with 1.5 mm wall thickness can produce a larger
neck thickness than other types of rivet-reinforced joints. In
other words, under the same rivet-reinforcing process condi-
tions, the joint with a larger neck thickness can get a larger
shearing strength.



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:333

Page70f13 333

Fig.4 The punch and extensible
dies

Fig.5 Rivet-reinforcing tools
and rivets: a rivet-reinforcing
tools, b solid rivet and ¢ tubular
rivet

(a)

The typical shearing load—displacement curves of the
mechanical clinched joints and dissimilar rivet -reinforced
joints in this study are presented in Fig. 12. For all the joints
measured in the single-lap-shear test, the load—displacement
curves have the analogous development trend. In compari-
son with CR joint, the shearing load—displacement curves
of RT-1.0, RT-1.5, RT-2.0 and RS joints undergo longer dis-
placement and greater shearing load. It seems obvious that
the rivet-reinforced joints would withstand higher shearing
loads due to the need of shearing the additional material of

Punch

Blank holder |

Upper sheet

Bottom sheet

J Rubber ring

Sliding
sector

Fixed die

(©)

the rivet. The RT-1.5 joint can withstand the greatest shear-
ing load before the failure occurred, while RS joint has the
longest displacement. Therefore, it shows that the rivet-
reinforcing process with a rivet can significantly enhance
the shearing strength and increase displacement compared
with the CR joint.

From the load—displacement curves in Fig. 12, it can be
seen that the loading force of CR joint rises rapidly to the
peak and then drops abruptly, so that the displacement in the
failure process is the least. Because the shearing strength
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Fig.6 Comparison of the rivet-reinforced joints with different rivets

Mechanical interlock

t )

B =

Fig. 7 The cross section of the clinched joint

=

of CR joint is relatively low and the displacement is the
least, its energy absorption is also the lowest. For the fail-
ure processes of the RT-1.0, RT-1.5, RT-2.0 and RS joints,
the shearing load rises to the peak for a relatively long dis-
placement, then the shearing load also drops sharply, but
after that, it appears a period of slope reduction stage, and
finally drops to the value zero. It is attributed to that the rivet
increases the shearing strength of the rivet-reinforced joint
during the failure process. The reason for the decrease of
force slope is that the rivet is pulled off from pit of the rivet-
reinforced joint after the process of neck fracture.

Energy absorption (EA) and lap-joint strength in the
failure process are two vital evaluation criterions in struc-
tural analysis of clinched joints and rivet-reinforced joints.
In the vehicle collision, the high energy absorption capac-
ity is conducive to improving the safety performance of the

@ Springer

car. The area between the x-coordinate and the load—dis-
placement curve was gauged, which showed the energy
absorptions of the clinched joints and the rivet-reinforced
joints in the process of failure. The energy absorptions of
the clinched joints and rivet-reinforced joints with dis-
similar types of rivets in the present study are presented
in Fig. 13.

As can be seen in Fig. 13, in the failure process of the
rivet-reinforced joints, the RT-1.0 joint has the highest
energy absorption in single-lap-shear test, which energy
absorption value E is 3.894 J. And the RT-2.0 joint has the
lowest energy absorption (E = 3.586J). As can be noted,
almost identical values of energy absorption arise regard-
less of the tubular rivets with dissimilar wall thickness.
Compared with the mechanical clinched joints, the energy
absorption capacity of rivet-reinforced joints with the tubu-
lar rivet and the solid rivet is significantly stronger. The aver-
age energy absorption of the RT-1.0, RT-1.5, RT-2.0 and RS
joints is separately increased by 457.37%, 419.24%, 413.27%
and 425.76% compared with the CR joints.

Button separation mode, neck fracture mode and hybrid
failure mode are the three representative failure modes for
the rivet-reinforced joints in the single-lap-shear strength
test [23, 37, 42]. When the strength of interlock is higher
than neck strength, the thinnest region of upper sheet neck
tears progressively under the axial loading before the inter-
lock structure, namely small neck thickness causes the neck
to break. Under a shear force acting on the upper sheet,
the loading force on the thinnest neck of the upper sheet
would be progressively increased. In the end, when the neck
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becomes thinner, a ring fracture is produced when the shear
loading force reaches the strength of the thinnest neck [6].

On the contrary, if the interlock strength is lower than
neck strength, the button separation mode occurs which
resulted by small interlock between two sheets. The interlock
structure loses the efficiency first under the axial or radial
loading force before the upper sheet neck failed. In the fail-
ure of button separation mode, the upper and lower sheets
are complete separated, which differs from the neck fracture
mode. This is because the mechanical clinched joint has an
insufficient interlock material and its interlock strength is
lower than the tensile-shear loading force.

When the interlock strength approximately equals to
the neck strength, the hybrid failure mode appears. However,
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Fig. 13 Energy absorption of dissimilar joints in single-lap-shear test

in previous studies, there are few reports on the experimen-
tal results of the hybrid failure mode. The hybrid failure
mode is consisted of the hybrid button separation mode and
the hybrid neck fracture mode. If the interlock strength is
slightly greater than the strength of the clinched neck, the
joint failure mode is similar to the neck failure mode partly,
it was termed hybrid neck fracture mode. On the contrary,
the failure mode is partly similar to the button separation
mode in the failure process [6]. In this study, neck fracture
mode was observed during all the single-lap-shear strength
tests. Figure 14 shows the failure modes of the four different
types of rivet-reinforced joints. As depicted in Fig. 14, all
the rivet-reinforced joints are broken at the neck position of
the mechanical interlock, and the rivets are separated from
the lower sheet with the upper sheet.

3.3 Lightweight evaluation of increased
performance

In the above-mentioned reinforcing method, the increase
in the joining strength of sheets is at the cost of increasing
the weight of the rivet, which is not conducive to the
lightweight concept in the automobile manufacturing pro-
cess. In order to balance the contradiction between vehi-
cle lightweight and the joining strength performance, a
lightweight strength evaluation of increased strength per-
formance criterion was proposed in this work, which can

1 — TRT _TCR —_ ERT _ECR
be described as R; = Wi = =—=. Tcg and Ty are

rivet

the clinched joints strength and rivet-reinforced joints
strength, respectively. M, indicates the weight of the
solid rivet and tubular rivet in this study. E-; and Eyy are
the energy absorption of the clinched joints and

rivet
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Fig. 14 Failure modes of different joints

rivet-reinforced joints produced with a rivet, and i repre-
sents the wall thickness of the tubular rivets.

Figure 15 depicts the lightweight evaluation values
of different rivet-reinforced joints in the single-lap-
shear strength test. In terms of strength performance,
as the tubular rivet of wall thickness increases, the
strength performance value decreases instead in the
failure process. The RT-1.0 joint has the most excel-
lent strength performance, which lightweight evalua-
tion value is R, = 10.494kN/g. And the RS joint has
the worst strength performance, which the lightweight
evaluation value is R,y = 6.458kN/g. As can be seen,
similar to the trend of strength performance as men-
tioned above, the RT-1.0 joint has the most outstanding
energy absorption performance in the aspect of energy
absorption performance, which lightweight evaluation
is W, =2.159]J/g. The RS joint has the worst energy
absorption performance, which lightweight evaluation
value is W;;4 = 1.110J/g.

It can be observed from the results that the RT-1.0 joint
has the best performance in lightweight strength evalua-
tion no matter in strength performance or energy absorp-
tion performance, however, the RT-1.5 joint has excellent
loadbearing capacity. To sum up, considering the both
factors of vehicle lightweight and the joint strength per-
formance, the tubular rivet with 1.0 mm wall thickness is
the best choice for automobile lightweight.

- |1 Strength performance (Ri)
I:| Energy absorption performance (Wi)

Ri value (kN/g)
n
Wi value (J/g)

RT-1.0 RT-1.5

Type of rivet-reinforced joints

RT-2.0 RS

Fig. 15 The lightweight evaluation values of different rivet-reinforced
joints

4 Conclusions

A mechanical rivet-reinforcing process for joining the
AAS5052 sheets with different tubular rivets of wall thick-
ness and solid rivets was investigated in the present study.
Main geometrical parameters, energy absorption and
failure mode of rivet-reinforced joints were investigated
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by experimental methods. The shearing strength of the
clinched joints increased with the introduction of rivets
and the rivet-reinforcing technology. The main conclu-
sions of this paper can be summarized as follows:

1. Compared with the conventional mechanical clinched
joints, the average shearing strength of rivet-reinforced
joints with the tubular rivets of 1.0 mm, 1.5 mm, 2.0 mm
wall thickness and solid rivets are separately increased
by 96.58%, 118.55%, 100.10% and 107.63%. The main
failure mode of all the rivet-reinforced joints in the sin-
gle-lap-shear strength test is neck fracture mode.

2. The average energy absorption of the rivet-reinforced
joints with the tubular rivets of 1.0 mm, 1.5 mm, 2.0 mm
wall thickness and the solid rivets are respectively
increased by 457.37%, 419.24%, 413.27% and 425.76%
compared with the conventional mechanical clinched
joints.

3. In terms of the rivet-reinforced joint maximum load
and energy absorption, the rivet-reinforced joints with
rivets have stronger energy absorption capability than
the mechanical clinched joints in the single-lap-shear
failure process. Compared with other rivet-reinforced
joints, the rivet-reinforced joint with a tubular rivet of
1.5 mm wall thickness has excellent loadbearing capac-
ity (F = 3514.5N). On the other hand, the rivet-rein-
forced joint with a tubular rivet of 1 mm wall thickness
has stronger energy absorption capability than other
types of rivet-reinforced joints (E = 3.894J).

4. As for joining the AA5052 sheets with rivet-reinforcing
technology, the tubular rivet with 1 mm wall thickness
is the most conductive to the automobile light weight-
ing compared with other types of the rivets, and its
lightweight evaluation values are R, = 10.494 kN/g
and W, , =2.159J/g. On the other hand, the solid
rivet has the worst lightweight effect, which the light-
weight evaluation values are R, ;; = 6.458 kN/g and
Weoiia = 1.110J/g, respectively.
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