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Abstract: To extend the service life of the clinched joint, a reconditioning process conducted with an additional tubular
rivet was proposed in this work. Different reconditioning forces were employed to produce dissimilar reconditioned
joints by experimental method. The experimental results indicated that the neck fracture was the common failure mode
of both original clinched and reconditioned joints. Compared with the original clinched joint, the shearing strength of
the reconditioned joint produced by a reconditioning force of 40 kN increased from 1810.5 to 1986.47 N, and the
energy absorption increased from 2.34 to 3.46 J. The range of effective reconditioning force was from 35 to 40 kN and
40 kN was the best choice for reconditioning the AA5052 failed joints. The mechanical properties of the reconditioned
joints are obviously better than those of the original clinched joints, which fully demonstrates that the reconditioning

method proposed in this work has a broad prospect of industrial application.
Key words: mechanical reconditioning; clinched joining; tubular rivet; failure mode

1 Introduction

Lightweight is an inevitable trend on the
development of manufacturing technology in the
automobile and aerospace industries. The joining
technology that is compatible with it is the key
technical support for the sustainable development
of the above-mentioned industries [1]. The
conventional joining technologies mainly include
spot-welding, adhesive bonding [2], mechanical
clinching [3] and friction stir welding [4].
Compared with the spot-welding technology
and adhesive bonding process, the mechanical
clinching process has many advantages such
as no preparation requirements, environmentally, no
smoke, simple operation and easy to automate [5,6].
Further, the mechanical clinching technology can be

used as a solution for joining dissimilar materials,
materials with oxide layers, multilayer materials
and materials with different thicknesses [7-9]. The
mechanical joining process is carried out by plastic
deformation of the sheet material to form a
mechanical interlock structure between the joined
sheets [10]. The undercut generated by material
flow hooks the joined sheets together to achieve the
purpose of mechanical clinching. Therefore, the
joint strength is an important criterion for
measuring the mechanical properties of a clinched
joint.

Process parameters and tooling parameters
also have a direct impact on joint strength. ZHANG
et al [11] prepared the clinched joints of four
aluminum alloys with different die assemblies and
evaluated the forming and mechanical properties of
the produced joints. The die combination with the
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optimum quality was determined. MUCHA [12]
explored the effect of clinching process parameters
on the forming process and the mechanical
properties of the clinched joint and investigated the
stress distribution in the plastic deformation area
from a microscopic perspective. HAN et al [13,14]
optimized the parameters of clinching tools in the
clinching process and the flat-clinching process by
numerical and experimental methods. Furthermore,
LAMBIASE and Di ILIO [15] performed an
optimization of the clinching tools to improve the
joint strength by means of integrated artificial
intelligence and FE modelling and demonstrated the
effectiveness of the proposed approach.

In fact, the static strength of the spot-welding
and SPR joints is higher than that of the
conventional clinched joints. In order to promote
the application of the clinched joint, some new
clinching techniques have been derived from
the conventional clinching process recently.
MUCHA [16] and RAN et al [17] used rectangle
punch to achieve reliable joining of aluminum alloy
sheets and explored the effectiveness of process
parameters on the mechanical properties of clinched
joints. ATIA and JAIN [18] proposed a novel
die-less clinching approach by heating the clinching
region for joining AA7075-T6 aluminum sheets.
The application of heat softened the joined sheets
and reduced the corresponding forming force as
well as improved the material flow of the joined
sheet. Most importantly, the shearing strength of the
improved joint was increased up to 41%. To
decrease the protrusion height and improve the
static strength of the clinched joint, CHEN
et al [19,20] investigated the mechanical properties
of the reshaped joints with and without rivets by
means of experiment and simulation methods. It
was shown that the reshaping method could
effectively improve the structural parameters of the
mechanical interlock and thus enhance the
mechanical properties of the joint.

Some scholars have tried to improve the
mechanical performance of the joint by means of
heat transfer and application of energy field.
GRASER et al [21] applied the tailor heat treated
blank (THTB) technology for the clinching process
to join ductile high-strength steels (HCT780X) and
aluminum alloys (AA7075). In addition, the THTB
technology was demonstrated to adjust the material
flow of the shear-clinching process by local and

short-term heat treatment. YARCU et al [22]
improved the clinching ability of an aluminum die
casting alloy with a sheet metal by local annealing
in order to clinch them in a process-safe manner.
KACZYNSKI and SHWARSKI [23] concerned a
novel method for increasing the joint strength by
heating sheets from the side of the die prior to the
joining process. It was proved that the innovative
method increased the shearing and tensile
strengths of the clinched joints by 17% and 54%,
respectively. KUMAR et al [24] improved the
ductility by heat-treating the base sheet in a furnace
over different times and temperatures for
investigating the effect of ductility on the strength
of clinched joints. The results indicated that
compared to the untreated material, the heat-
treatment of base sheets increases the strength of
clinched joints by more than 50%.

The problem of joining dissimilar materials
has been an obstacle to the implementation of
lightweight sheet joining in the
manufacturing industry. Thus, many types of
studies focused on investigating the joining
process of the dissimilar materials. MUCHA
et al [25] realized the effective joining between AW
6082 in T6 state condition and AW 5754 in three
different state conditions: HI11, H22 and H24.
KASCAK et al [26—28] investigated the mechanical
clinching between dual-phase steel sheets and
high-strength steel sheets by means of experiments
and simulations. A solution is provided for the
joining between metals with high hardness and low
ductility. ABE et al [29] joined the high-strength
steel and ultra-high-strength steel sheets by
mechanical clinching method and compared the
strength of the static and fatigue joints with the
resistance spot welded sheets. LUDER et al [30]
described the effects of moisture content on the
flat-clinch joint of aluminum alloy and wood
materials, which provided the possibility of
joining wood and metal. JIANG et al [31,32]
realized the joining of Al/steel structures and
CFRP/Al structures by riveted—adhesive hybrid
joining technique and electromagnetic riveting.

Besides the above-mentioned processes, many
hybrid clinching technologies were emerged. These
technologies make up for the shortcomings of
conventional mechanical clinching to a certain
extent and expand the applications of mechanical

automotive
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clinching technology. ZHANG et al [33] combined
the resistance spot welding with mechanical
clinching technologies for joining drawing-
quality special-killed (DQSK) steel sheet and
AAS5754 aluminum alloy sheet, namely hybrid spot
clinching—welding process. WANG et al [34,35]
presented the laser shock clinching (LSC) for
joining perforated stainless steel sheet and copper
foil by experimental and numerical methods. LIN
et al [36] joined alclad AA2024-T3 sheet by friction
stir clinching (FSC) process, which is a simple
combination of mechanical clinching with friction
stir spot welding (FSSW) accurately. All of these
emerging hybrid joining processes mentioned above
can realize the reliable connection between the
joined sheets.

In industrial applications, the joining reliability
of the joint is a significant factor in evaluating
the safety performance of the joint. Mechanical
clinched joints will fail or crack when they are
subjected to irregular loads over a long period
of time. However, it is impossible to replace or
re-clinch the connected components due to the
limitation of working conditions. Thus, the
recondition technology of the failed joints is
particularly important. In this work, a re-conditioning
process implemented by the custom-built tubular
rivets was proposed and investigated. The
mechanical properties of the reconditioned joints
were compared with those of the joints made by the
conventional clinching process. The superiority of
the mechanical properties of the reconditioned joint
was demonstrated.

2 Linking process
2.1 Mechanism of clinched joining

The mechanical clinching process is
essentially a cold extrusion deformation of the
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connected material under the action of the punch
and die. A mechanical interlock structure is formed
to achieve the purpose of joining the sheet materials
together. The clinching process conducted by the
fixed grooved die is presented in Fig. 1.

Before the clinching process, the joined sheets
are located between the fixed grooved die and the
blank holder. Then, the punch exerts preload on the
upper sheet under the action of the press. With the
downward movement of the punch, the sheets are
partially deformed, and the material in the deformed
area is pushed into the groove of the fixed die.
When the lower sheet touches the groove surface of
the fixed die, the material axial flow of the joined
sheets is blocked. As the punch moves downward,
the bottom thickness of the joint decreases and most
of the materials flow axially and fill the fixed
grooved die slowly. When the loading force
reaches the preset value, the punch stops pressing
down and returns to the initial position. Finally,
the mechanical clinching process is finished.
Significantly, the absence of cracks in the joined
sheets is a necessary condition for mechanical
clinching [37]. Figure 2 shows the main geometric
parameters of the mechanical interlock, including
neck thickness (#,), undercut (z), bottom thickness
(X) and protrusion height (H). The specific roles of
the main geometric parameters influence the
mechanical properties of the joint directly. The
protrusion height affects the application field and
aesthetics of the joints in the industrial scenarios,
while the relationship between the neck thickness
and the undercut affects the failure mode and static
strength of the joint in the static strength test
directly. As for the bottom thickness, it is a key
reference for judging the mechanical forming
condition without damaging the joint and indirectly
reflects the relationship between the neck thickness
and the undercut.

{1

4
T

2

Start Drawing

2

(=

|
S

2

Compression Interlocking

Fig. 1 Principle of mechanical clinching with fixed grooved die
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Mechanical interlock structure

Fig. 2 Geometric parameters of clinched joint

2.2 Mechanism of joint failure

It is possible that many failure modes appeared
during the joint service period such as static load
failure, stiffness failure and fatigue failure. In this
work, the joint failure process in the static
single-lap tensile shear test is illustrated. The main
failure modes and joint failure process are shown in
Fig. 3. It is noticed that all the failure modes of the
joints produced by the fixed grooved die in this
study are neck fracture.

2.3 Mechanism of mechanical reconditioning
Stable implementation of the reconditioning
process is particularly important when a clinched
joint fails or fractures. The reconditioned joint is
required to have a similar strength to that before
failure in order to meet the requirements for
continued service. As depicted in Fig. 4, a pair of
flat dies and a custom-built tubular rivet are used in
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the reconditioning process. Firstly, the tubular rivet
is placed in the round hole of the upper sheet (the
inner diameter of the hole is equal to the diameter
of the custom-built tubular rivet). The joined sheets
with the failed joint are placed between the top and
bottom flat dies while on the premise of ensuring
that the fracture area of the upper sheet is perfectly
aligned with that of the bottom sheet. Then, the
bottom flat die is fixed and the other flat die on top
moves downward to compress the tubular rivet and
exterior protrusion of the joint. With continuous
loading, the tubular rivet is upset and plastically
deformed. The upset rivet has an interference fit
with the hole of the upper sheet. With the material
flow of the tubular rivet, a new interlock structure is
generated between the lower part of the tubular
rivet and the lower sheet. Finally, the interlock
structure reconnects the two layers of sheets
together by the deformed rivet for the purpose of
failed joints recondition.

3 Experimental

3.1 Material characterization

Recently, the AA5052 aluminum alloy has
been wildly used in the automobile industry
because of its excellent mechanical properties and
significant specific strength [38]. In order to
meet the industrial background of lightweight, the
material used in this study is 2 mm-thick AA5052

Neck fracture

(b)

%

Button separation

Hybrid button separation

(d)
| W

Fig. 3 Mechanism of joint failure: (a) Clinched joint under load; (b) Neck fracture; (c) Button separation; (d) Hybrid

button separation
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Fig. 4 Mechanism of mechanical reconditioning

sheets. To ensure consistency of sheet material for
all experimental specimens, the AAS5052 samples
used for this experiment were cut into 25 mm X
80 mm (width X length) strips from a unique sheet.
The AA6111 aluminum alloy was used for the
custom-built tubular rivet material in this
experiment. The mechanical properties of the
experimental specimens and the custom-built
tubular rivet were tested on MTS 322 physical
property testing system. According to the tested
results, the mechanical properties of AAS052 and
AAG6111 materials are depicted in Table 1. The
custom-built tubular rivet and cross-sectional
geometries of the rivet employed in the
reconditioning process are shown in Fig. 5.

Table 1 Mechanical properties of AA5S052 and AA6111
materials

Elastic Yield Tensile

Material modulus/  strength/  strength/ Elong/atlon/
GPa MPa MPa ’

AA5052 627 189.7 235.2 18

AA6111  68.9 288 325 10.1

3.2 Experimental procedure
3.2.1 Mechanical clinching process

In the process of clinching AAS5052 sheets, a
5.4 mm diameter punch and a fixed grooved die
were used to carry out the mechanical clinching
experiment, of which the geometries are depicted in
Fig. 6. The special experimental device is installed
on a Sust CMT—-5105GJ testing machine for the
clinching process. The load and displacement
changes in the whole operation process are
monitored and recorded at any time. In the
clinching process, the punch made of SKD-11
material moved downward with a precise speed of
4 mm/min to compress the joined sheets. During the
experiment, the control mode of the testing machine
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Fig. 5 Custom-built tubular rivets (a) and cross-sectional

geometries (b) used in reconditioning process (unit: mm)
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Fig. 6 Geometries of punch and fixed grooved die used
in clinching process (unit: mm)
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is force control mode to ensure that the forming
load applied on all clinched joints is 40 kN. When
the forming force reached 40 kN, the loading
process was stopped, and the punch returned to the
initial position with a preset velocity of 10 mm/min.
3.2.2 Failure process of clinched joint

In order to obtain the failed joint required for
the reconditioning process, the clinched joint made
in the previous section was destroyed to make it
lose efficacy. This failure process imitated the
common shearing load to perform shear failure
on the clinched joint. The shearing process was
also carried out on a Sust CMT-5105GJ testing
machine, and the displacement and force changes
during the failure process were recorded. The
maximum load implemented on the joint before it
failed was regarded as the shearing strength of the
clinched joint [39]. The failure process was carried
out at a constant speed of 2 mm/min until the upper
and lower sheets were completely separated. As
illustrated in Fig. 7, the fracture position of the joint
is the neck of the mechanical interlock, while the
bottom is slightly pulled out.

(b)

Lower sheet

Upper sheet

Fig. 7 Failure position of clinched joint: (a) Failed joint;
(b) Failure part of sheets

3.2.3 Reconditioning process of failed joint

When the clinched joint failed and new
components cannot be replaced in time, the failed
joint must be effectively reconditioned. Since the

neck of the original mechanical interlock structure
has been broken, a custom-built tubular rivet was
employed to recondition the failed joint. The
upsetting tubular rivet underwent the plastic
deformation and a new interlock structure was
generated to hook the upper and lower sheets
together to achieve the purpose of reconditioning.
A comparison photograph of the custom-built rivet
shapes before and after reconditioning process is
presented in Fig. 8.

Before After
reconditioning process  reconditioning process

N 4

L J

Fig. 8 Tubular rivet shapes before and after

reconditioning process

The reconditioning process was carried out
on a Sust CMT-5105GJ testing machine with a
constant speed of 2 mm/min. In order to investigate
the effect of reconditioning force on the
mechanical properties of reconditioned joints, the
reconditioning forces of 25, 30, 35, 40, 45
and 50 kN were selected to reconditioning the
failed joints in this work. Figure 9 shows
the reconditioning evolution process with different

50 F

) w IS
=3 = =)
T T T

Reconditioning force, F/kN

—
S
T

0 05 10 15 20 25 30
Displacement/mm

Fig. 9 Reconditioning evolution process with different
forces
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forces in this study. The displacement of the
reconditioning process shows an overall positive
correlation with the reconditioning force. In the
initial stage of reconditioning, the displacement
increment is larger, which is the process of tubular
rivets being embedded in the pits of the bottom
sheet. Subsequently, the force wvalue increases
sharply. At this time, the tubular rivet is severely
deformed under the action of the reconditioning
forces, and the exterior protrusion height is
decreased. The interaction between the sheets and
the rivet causes the material to flow radially,
forming a new interlock structure.
3.2.4 Static strength test for reconditioned joint

To evaluate the reconditioning process of the
failed joints with various reconditioning forces, the
static single-lap tensile shear test was conducted on
dissimilar reconditioned joints, which was similar
to the failure process of the clinched joint. The test
speed was 2 mm/min. The highest load applied to
the reconditioned joint during the test was the static
strength of the reconditioned joint. In order to
ensure the reliability of the experimental data, five
groups of single-lap tensile shear tests were
implemented for each type of reconditioned joints,
and the average value of the five groups of strength
data was taken as the final joint strength. Energy
absorption determines how much energy the joints
can withstand before failure [40,41]. Therefore, the

energy absorption ability of reconditioned joints is a
significant evaluation factor for the mechanical
properties of the reconditioned joints.

4 Results and discussion

4.1 Material flow

To facilitate observation of the failed and
reconditioned joints, Fig. 10 demonstrates the
cross-sectional profiles of dissimilar reconditioned
joints and failed joints. The left side of each image
is the failed joint, and the right side of each image
is the reconditioned joints produced by different
reconditioning forces, respectively.

The increase in reconditioning force from 25
to 50 kN can be regarded as the plastic deformation
of the tubular rivets and generated new mechanical
interlock structures in the reconditioning process.
The use of tubular rivets restores the severely
deformed upper sheet material embedded in the
neck of the clinching point to the origin position
before failure, which provides a prerequisite for
severe deformation of the tubular rivet and
formation of a new interlock structure. It can be
seen from Fig. 10 that the deformation of the
tubular rivet is very small at the reconditioning
forces of 25 and 30 kN. The deformation of tubular
rivet increases from 35 kN reconditioning force
rapidly and reaches the maximum deformation at a

P
Reconditioned joint

(F=25kN)

Failed joint

econditioned joint

( econditioned joirﬁ
(F=35kN)

(F=30 kN) Failed joint

(2)

.. W)
econditioned join
(F=40 kN)

Reconditioned joinf
(F=50 kN)

(d)

Fig. 10 Cross-sectional shapes and dimensions of dissimilar failed and reconditioned joints (unit: mm)
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reconditioning force of about 40 kN. The inner wall
of the tubular rivet presents a “C”-shape at the
reconditioning forces of 45 and 50 kN, which is not
conducive to the wrapping of the sheet material
around the deformed rivet. This corresponds exactly
to the relationship of reconditioned joint strength
under different reconditioning forces.

As the reconditioning force increases, the
exterior protrusion decreases significantly. The
material in the protrusion position is subjected to
radial flow by the combined action of the bottom
flat die and the tubular rivet, which causes the
diameter of the protrusion to increase with the
decrease in height. In the reconditioning process,
the tubular rivet is wupset first, and as the
reconditioning force increases, the tubular rivet is
embedded in the bottom position of the upper sheet.
Subsequently, the rivet material at the lower part of
the tubular rivet flows in the radial direction. The
surrounding sheet material also flows radially
around until the deformed rivet forms a new
interlock structure to tightly hook the two layers of
sheets together.

The deformation of the tubular rivet plays a
vital role in the formation of the new mechanical
interlock structure in the reconditioning process.
The clinched joint fractured in the neck area during
the failure process, which made the neck of the
reconditioned joint completely inoperative when
subjected to external forces. The tubular rivet was
upset and plastically deformed during the
reconditioning process. The upset rivet had an
interference fit with the hole of the upper sheet that
can be used to clasp the upper sheet. With the
material flow of the tubular rivet, a new interlock
structure was produced between the lower part of
the rivet and the lower sheet. Then, the interlock
structure reconnected the two layers of sheets
together by the deformed rivet for the purpose of
failed joints recondition.

4.2 Energy consumption

process

The energy consumption represents the power
dissipation of the reconditioning equipment during
the reconditioning process, that is, the energy
required during the reconditioning process. In order
to explore the relationship between the energy
consumption and optimal reconditioning force
during the reconditioning process, the energy

in reconditioning

consumption in the reconditioning process was
investigated. Figure 11 shows energy consumption
of the failed joints reconditioned by different forces
in the reconditioning process. As can be seen
from Fig. 11, the energy consumption during the
reconditioning process is positively correlated with
the reconditioning force.

70

60 -

50

40t

30

Energy consumption/J

25 30 35 40 45 50
Reconditioning force, F/kN

Fig. 11 Energy consumption during reconditioning
process

According to the experimental results, the
energy consumption of the clinched joint produced
by a fixed grooved die was 94.05 J in the forming
process, which was much higher than the energy
consumption of the reconditioning process. In terms
of energy consumption, reconditioning a damaged
joint was more energy-efficient than making a new
clinched joint under the premise of ensuring the
mechanical properties of the joint.

4.3 Failure mode

For the clinched joints produced by the fixed
grooved die, neck fracture failure mode and button
separation mode are two main failure modes in the
failure process [42]. If the bottom of the upper sheet
is pulled out from the joint undercut on the lower
sheet during the service stage, the failure mode is
the button separation mode. If the thinnest area of
the neck on the upper sheet is broken when
overload or fatigue occurs, the failure mode is
called the neck fracture failure mode [43]. In this
study, the failure mode of all the clinched joints
produced by the fixed grooved die is neck fracture.
Figure 12 demonstrates the fractured neck location
of the failed joint in macro and micro views.

Figure 12(a) shows the macroscopic profile
of the fractured neck on the upper sheet. As can be
seen, the macroscopic appearance of the fracture is
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Profile of fracture surface|| Micro morphology

in Area A

Micro morphology H Micro morphology

in Area B

in Area C

(b)

not neat, and Area 4 is elongated. From the micro
morphology in Area A (Fig. 12(b)), the material
presents a fibrous and radial distribution, and a
small number of microspores appear on the
surface of this area. Further, a number of elongated
dimples appear along the same direction; these
characteristics indicate that this is a typical ductile
fracture area. As can be seen in Fig. 12(c), a large
number of short and curved tearing ridges and
microspores, as well as river-shaped cracks
radiating from the center of the point-shaped crack
source to the surroundings, are observed in the
microscopic image of Area B. Therefore, the
fracture form of the material in Area B is the
quasi-cleavage fracture. There are a large number of
cleavage steps, elongated dimples and large
microspores that are unevenly distributed in Area C
(Fig. 12(d)). The cleavage steps and the tearing
ridges deformed by local plastic deformation
constitute the river pattern which can absorb more
energy before fracture. Thus, cleavage fracture is
the main fracture form in Area C. In summary, the
failure process of the clinched joint starts from the
microspores in Area A, extends to Area B and
develops into a micro-crack, and finally breaks
completely in Area C.

As for the failure mode of the reconditioned
joint, all the tubular rivets are pulled out from the
bottom sheet along with the upper sheet shown in
Fig 13. Figure 14 illustrates the fractured location
of the reconditioned joint in the single-lap tensile
shear test. Areas D, E and F of the reconditioned
joint after the shear strength test in Fig. 14(a)
correspond to Areas 4, B and C of the failed
clinched joint in Fig. 12(a). As can be seen in
Figs. 14(b), (c) and (d), instead of elongating
the dimples in all three areas, the raised tear ridges
were flattened. The fibrous and radial distribution

(©) (d)

Fig. 12 Macro (a) and micro (b—d) morphologies of fracture position on failed clinched joint

Fig. 13 Failure mode of reconditioned joint

s ~\

Micro morphology

Profile of fracture surface in Area D

(b)

Micro morphology Micro morphology
in Area £ in Area F’

¢ l"

(c) (d)

Fig. 14 Macro and micro morphologies of fracture
position on failed reconditioned joint
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material disappears in Areas D, E, and F.
Furthermore, the microspores and the elongated
dimples become relatively flat. This is caused by
the relative extrusion of the upper and lower sheets
during the reconditioning process. The failure mode
of the reconditioned joint indicates that the
fractured neck of the reconditioned joint loses its
function completely in the process of shear strength
test. The reconditioning of the joint wholly depends
on the insertion of the tubular rivet.

The above analysis shows that the failure
mechanisms of conventional clinched joints and
reconditioned joints are completely different. When
a conventional joint is subjected to shearing load, a
micro-crack appears at the weakest position of the
interlock neck first. As the cracks continue to
expand, the neck material is torn. And as the load is
applied, the interlock neck of the joint fractures.
When the reconditioned joint withstands the
shearing load, the outer surface of the tubular rivet
and the inner wall material of the joint are extruded.
With the increase of the shearing load, the rivet
material and the joint material are deformed, and
the rivet and upper sheet gradually slide relative to
the lower plate until failure. The reconditioning
process cannot change the failure mode of the joint.
The failure of both clinched and
reconditioned joints are neck fracture.

modes

4.4 Single-lap tensile shear properties

For the reconditioning of failed joints, the
most critical evaluation criterion is the comparison
of the mechanical properties of the reconditioned
joint with those of the clinched joint before failure.
The reconditioning process has engineering
significance only if the joint strength after
reconditioning is greater than or equal to the
strength before failure. Figure 15 shows the
shearing strength—displacement curves registered in
the single-lap tensile shear test on reconditioned
joints with various reconditioning forces of 25, 30,
35, 40, 45 and 50 kN, respectively. All the single-
lap shear force curves of the reconditioned joints
produced by different reconditioning forces have
the same tendency in the single-lap tensile shear
test. The shearing strength of clinched joint before
failure is 1810.5 N. Figure 16 depicts the average
shearing strength of the reconditioned joints
produced by different reconditioning forces in the
single-lap tensile shear test.

2000
1500
Z
=
on
5
£ 1000 F
z — F=25kN
g — F=30kN
Z 500F /7 — F=35kN
/ —— F=40 kN
—— F=45kN
F=50 kN
0 1 2 3

Displacement/mm
Fig. 15 Shearing strength—displacement curves of
reconditioned joints in single-lap tensile shear test at
different reconditioning forces
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%ﬂ 1500 F
2
£ 1000
5
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(]
2 500+
5
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0 | |

25 30 35 40 45 50

(Clinched joint)
Reconditioning force, F/kN

Fig. 16 Shearing strengths of clinched and reconditioned
joints in single-lap tensile shear test

As can be seen from Figs. 15 and 16, the
displacement of the reconditioned joint during
failure did not increase significantly in the single-
lap tensile shear test. The shearing strength of the
reconditioned joint was much lower than that of the
clinched joint when the reconditioning force was
insufficient (25 and 30 kN). However, with the
increase of reconditioning force, the shearing
strength of the reconditioning joint was improved
significantly, reaching the maximum strength of
1986.47 N at a reconditioning force of 40 kN,
which was 9.74% higher than that of the original
clinched joint. When the reconditioning force
increased again, the shearing strength of the
reconditioned joint decreased slowly and showed a
sharp decline at the reconditioning force of 50 kN.

It is worth noting that the reconditioned joint
strength could not meet the requirement for
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industrial use when the reconditioning force was
insufficient (20 and 30 kN), and its strength only
reached 84.25% and 94.43% of the clinched joint
strength before failure, respectively. When the
reconditioning force was more than 35 kN, the
shearing strength of the reconditioned joint was
higher than that of the clinched joint before failure.
Excessive reconditioning power not only increased
energy consumption but also was not conducive to
the improvement of the strength of reconditioned
joints. When the reconditioning force was greater
than 40 kN, the strength of the reconditioned
joint began to decrease with the increase of the
reconditioning force. Therefore, the selection range
of reconditioning force was 35—40 kN, and the
reconditioning force of 40 kN was the best choice
when using this type of custom-built tubular rivet to
recondition the failed joint made by a fixed grooved
die.

4.5 Energy absorption

Energy absorption is another critical feature in
the analysis of the mechanical properties of joint.
According to the ISO 12996: 2013 standard, the
energy absorption can be determined by calculating
the area between the force—displacement curve and
the x-axis. As shown in Fig. 17, the energy
absorption is exactly described as the integral of the
force—displacement curve along the direction of the
failure displacement.

A .
Force—displacement curve

Force

Energy absorption

»

Displacement

Fig. 17 Energy absorption diagram for single-lap tensile
shear test

To examine the rationality of the energy
absorption of the reconditioned joints, each type of
five reconditioned joint failure tests were performed
in this study. The energy absorption of the clinched

and reconditioned joints in the single-lap tensile
shear test is presented in Fig. 18.

—_ =
o

Energy absorption/J

o
W

0
25 30 35 40 45 50

(Clinched joint)
Reconditioning force, F/kN

Fig. 18 Energy absorption of clinched and reconditioned
joints in single-lap tensile shear test

As can be seen in Fig. 18, the energy
absorption capacity of the reconditioning joint is
significantly improved after the reconditioning
process compared with clinched joint. The energy
absorption of the original clinched joint is 2.34 J.
The energy absorption of reconditioned joint
produced at 25 kN is the lowest, which is 2.65 J,
while the reconditioned joint produced at 40 kN has
the highest energy absorption value, which is 3.46 J.
When the reconditioning force is less than 40 kN,
the energy absorption of the reconditioned joint is
positively correlated with the reconditioning force.
When the reconditioning force is greater than 40 kN,
the increase in reconditioning force is not
conducive to the increase in energy absorption, that
is, the reconditioning process consumes more
energy, but absorbs less energy when the
reconditioned joint fails, which is obviously not
conducive to energy-saving strategy.

Overall, all of the reconditioned joints had
higher energy absorption than the clinched joint
before failure. Compared with the clinched joints
before failure, the energy absorptions of the
reconditioned joints formed by the reconditioning
forces of 25, 30, 35, 40, 45 and 50 kN were
increased by 12.93%, 29.24%, 30.94%, 47.76%,
2791% and 41.02%, respectively. The energy
absorption of reconditioned joints under a
reconditioning force of 40 kN was the highest,
which was 3.46J. The energy absorption of
reconditioned joints under a reconditioning force of
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25 kN was the lowest, which was 2.65J. The
experimental results prove that the reconditioned
joints have more excellent mechanical properties
than the initial clinched joints before failure.

This work verifies the feasibility of failed joint
recondition. Although it can extend the service life
of the failed joint to a certain extent, it cannot
completely replace the role of the clinched joint
before failure. The reconditioning process proposed
in this work is suitable for temporary recondition
after joint failure to ensure normal operation of the
equipment and can effectively ensure production
efficiency. It serves as an emergency response when
the failed part cannot be replaced within a short
period of time, and buys time to replace the failed
part without affecting the normal use of the
equipment. Regarding the
reconditioning process of failed joints, the next
work should be focused on the investigation of the
reconditioning process of failed joints of dissimilar
materials and multilayer sheets. Furthermore, the
investigation of the recondition mechanism is also
particularly necessary.

research on the

5 Conclusions

(1) The reconditioning process can effectively
repair failed joints and increase the mechanical
properties of the joints to achieve the purpose of
prolonging the service life of the joints. Compared
with the clinched joint before failure, the
reconditioned joint strength was increased by
9.74%, and the energy absorption was increased by
47.76% at a reconditioning force of 40 kN. The
effective selection range of reconditioning force
was 35 to 40 kN, and the reconditioning force of
40 kN was the best choice.

(2) The deformation of the tubular rivet plays a
vital role in the formation of the new mechanical
interlock structure in the reconditioning process.
The upsetting rivet had an interference fit with the
hole of the upper sheet to clasp the upper sheet. The
material flow of the tubular rivet produced a new
interlock structure between the lower part of the
tubular rivet and the lower sheet. Eventually, the
two layers of sheets were tightly rejoined together.

(3) The reconditioning process cannot change
the failure mode of the joint. The failure modes of
both clinched joints and reconditioned joints were
neck fracture. For the failure process of the

reconditioned joint, the tubular rivet was pulled out
from the bottom sheet along with the upper sheet

(4) All of the single-lap shear force curves
of the reconditioned joints generated by various
reconditioning forces had the same tendency in the
static strength test. In the reconditioning process,
the exterior protrusion height of the clinched joint
decreased significantly, which caused the increase
of the diameter of the exterior protrusion.
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