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Abstract

The present paper investigates the joinability of unidirectional carbon fibre reinforced polymers (CFRP) and aluminium alloys by
the method of hole clinching. The static properties and failure process of the single-lap joints were tested. The effects of the hole
diameter and the ply angle of CFRP on the static properties and failure processes of hole-clinched joints are discussed. The
obtained results demonstrated that the joints with different ply angles have similar maximum loads, while the ply angle affects the
failure mode of the joints. Increasing the hole diameter of the CFRP enhances the strength and energy absorption of the joints.
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1 Introduction

Owing to the pressure imposed by energy shortages and envi-
ronmental pollution, the structure lightweight has become the
main trend of industrial manufacturing [1-3]. Carbon fibre re-
inforced polymers (CFRP) have been widely applied in the
automotive and aerospace industries due to their remarkable
characteristics, such as a high strength-to-density ratio, superior
fatigue performance and excellent corrosion resistance [4—6].

The application of multi-material structures poses chal-
lenges to joining techniques [7]. Some emerging joining tech-
nologies that can solve the problems of the traditional joining
process have appeared, such as clinching [8—11], self-piercing
riveting [12—15], bonding [16], and friction stir welding
[17-19]. Each joining technology has unique advantages
and can be applied in appropriate conditions. Mechanical
clinching is a simple and cheap joining method that requires
no additional part, such as a rivet or bolt, during the
joining process, and the clinched joints have superior
fatigue performance [20].
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However, an inherent drawback of clinching appears in
joining low ductility materials, such as magnesium alloy and
fibre reinforced polymers. When joining the composite sheet,
damage induced in the joining process should be considered
comprehensively. Cracking is inevitable in the composite ma-
terials due to the large localized deformation that sheet mate-
rials undergo during the joining process. The forming damage
of composite sheet affects the appearance and mechanical
properties of the joint [15]. Lee et al. [21] proposed a clinching
method for pre-punching the lower composite sheet. The me-
tallic material with better ductility was used as the upper sheet,
and the punch expanded the upper sheet in the lower sheet
hole to form an interlock structure. Hole clinching is a me-
chanical cold-forming technique that has been considered an
economical and effective process to join composite sheets in
many industrial fields. The process of hole clinching is shown
in Fig. 1. Lee et al. [22] used numerical simulation and exper-
imental methods to identify the hole clinching process, and
discussed the effect of punch shape on the interlocking param-
eters and static strength of hole-clinched joints. It found that
using the punch with sharp corner resulted in the neck thick-
ness decreased and tended to cause neck fracture. Lee et al.
[23] optimized the forming quality of hole-clinched joint by
using a spring die, which improved the formability of the
aluminium alloy and reduced the damage to CFRP.
Lambiase et al. [24] invented friction-assisted clinching to
cope with the cracking problem in joining low ductility mate-
rials and reduce the joining force. Experiments showed that
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Fig. 1 The process of hole clinching [23]

the joint was obtained with good forming quality, even with
the use of sharp tools. The relationship between interlocking
parameters and failure modes of the hole-clinched joint under
pull-out loading conditions was analysed by Lee et al. [25]. As
reviewed above, previous studies published regarding hole
clinching of CFRP focused on the composite sheets with
braided tissue. Thus, almost no relevant researches have been
done for the comprehensive comparison between the hole-
clinched joints of CFRP with different ply angles and hole
diameters.

At present, single-lap hole-clinched joints in CFRP and
AAS5754 aluminium alloy were prepared. A comparative in-
vestigation focused on the failure modes, failure processes,
and static properties between the joints with different ply an-
gles and hole diameters were conducted.

2 Experimental details

2.1 Materials

The obtained joints were fabricated with the CFRP and
AAS5754 sheets. The CFRP were made of epoxy resin and

T300 unidirectional fibre fabrics. The AA5754 sheets were
sheared along the rolling direction to 95 mm x 35 mm X

Die cavity Undercut

1.5 mm. The mechanical properties of the used materials are
listed in Tables 1 and 2, respectively. The design of the hole
diameters and the sheet thicknesses of CFRP are based on the
reference [23]. The CFRP sheet was sized 95 mm x 35 mm X
1 mm, the hole diameters (D) in the CFRP were 8 mm,
8.2 mm, and 8.4 mm, and the lamination sequences of the
CFRP were [45°/—45°]3, [0°/90°]5, and [45°/90°/—45°/0°/
90°/45°], respectively.

2.2 Specimen preparation

The servo-hydraulic clinching machine produced by Wuhan
Jiarui Riveting Company in China was used to joining the
sheets. The overlapping area is 35 mm X 35 mm. The joining
process was controlled by the punch displacement to achieve a
bottom thickness of 0.4 mm in each joint, and the punch
velocity of 1 mm/s was applied. The geometries of the punch
and die are shown in Fig. 2. For simplicity, the different hole-
clinched joints are denoted in Table 3.

The forming quality was evaluated using the cross-section
visual inspection method based on the geometrical parameters
of the neck thickness (7y), undercut (77,), and bottom thick-
ness (X), as shown in Fig. 3. The typical cross-sections of
joints are presented in Fig. 4; each joint forms an effective
interlocking structure. Figure 5 depicts the changes of neck

Table 1 Material properties of the

CFRP Property Symbol Value
Density (kg/m?) p 1530
Longitudinal Young’s modulus (GPa) Ey 127
Transverse Young’s modulus (GPa) E> 8.41
Young’s modulus in the thickness direction (GPa) Ess 8.41
Shear modulus (GPa) Gz, Go3, Gi3 441
Poisson’s ratio Vi 0.31
Longitudinal tensile strength (MPa) X 2097
Longitudinal compressive strength (MPa) X 1258
Transverse tensile strength (MPa) Y; 42
Transverse compressive strength (MPa) Y, 175
Tensile strength in the thickness direction (MPa) Z 42
Compressive strength in the thickness direction (MPa) Z. 175
Shear strength (MPa) S12, 823, S13 90
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Table 2 Mechanical properties of

the AA5754 sheet Density (kg/m®)

Elastic modulus (GPa)

Tensile strength (MPa)  Yield strength (MPa)  Poisson’s ratio

2700 70

244.1 162.1 0.3

thickness and undercut with the hole diameter. The increase of
hole diameter results in the increase of neck thickness and the
decrease of undercut value. An increased punch-hole clear-
ance resulted in more material remaining in the neck, which
led to the decrease of material flow in the upsetting stage and
the smaller undercut in the joints.

2.3 Tensile-shear tests

Tensile-shear tests were carried out using a WDW3100 uni-
versal testing machine produced by Jilin Guanteng
Automation Technology Co., Ltd., China. Two spacers with
corresponding thicknesses were attached on the two ends of
the specimens to eliminate additional bending. A tensile speed
of 2 mm/min was adopted, and five specimens were repeated-
ly tested in each condition.

3 Results and discussion
3.1 Failure mode

As shown in Fig. 6, the failed joints reveal three types of
failure modes: neck fracture, hybrid neck fracture, and button
separation. The hybrid neck fracture is composed of interlock
failure and neck fracture because the strength of the interlock
is slightly larger than that of the joint neck. This failure mode
occurred in the B8.2 joint and the A8.4 joint, and the bottom
button in the B8.2 joint deformed severely. Delamination in
the bearing region around the hole, fibre fracture, and matrix

D13
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(a) Punch (b) Die

Fig. 2 Geometries of the punch and die (dimensions in mm). a Punch. b
Die

cracks along the fibre directions were presented in the failure
mode of the button separation. Delamination in the B8.4 joint
arose throughout the CFRP thickness, which was attributed to
the presence of more 0° layers in the [0°/90°]; CFRP, which
was liable for introducing matrix cracking parallel to the load-
ing direction. It could be concluded that button separation
usually occurred in the hole-clinched joint with a complex
ply angle; delamination only occurred between the layers in
the compression region of the CFRP, and the matrix damage in
the upper surface was the most severe.

3.2 Failure process

The joints with a hole diameter of 8.2 mm present three typical
failure modes, and the damage of the CFRP in the B8.4 joint is
different from that of the other joints. The above four joints
were selected to analyse the failure process. The charge-
coupled device (CCD) camera was used to record images in
the jointed regions during the tensile tests and the schematic
diagram is shown in Fig. 7.

The deformation of the jointed region during the tensile
process is shown in Fig. 8, where S represents the total dis-
placement. The failure mode of the A8.2 joint is neck fracture.
During the tensile process, the compressive region of the neck
was sheared by the wall of the CFRP hole, and the crack
propagated towards the non-loading direction. From Fig. 8a,
it can be inferred that when the displacement was greater than
0.6S, the upper area of the clinched button was slightly de-
formed due to the tensile force, and no damage was present on
the surface of the CFRP during the tensile process. The failure
mode of the B8.2 joint is a hybrid neck fracture. At a displace-
ment of 0.4S, the upper side of the clinched button was bent
and deformed, and the matrix cracks along the 0° fibre direc-
tion occurred under the circular hole due to the compression of

Table 3  Nomenclature of the different hole-clinched joints

Joint Dy (mm) Lamination sequence of CFRP
A8 8 [45°/—45°]3

B8 8 [0°/90°]5

C8 8 [45°/90°/— 45°/0°/90°/45°]
A8.2 8.2 [45°/—45°],

B8.2 8.2 [0°/90°]5

C8.2 8.2 [45°/90°/— 45°/0°/90°/45°]
A8.4 8.4 [45°/—45°],

B8.4 8.4 [0°/90°]5

C84 8.4 [45°/90°/— 45°/0°/90°/45°]
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Fig. 3 Quality assessment criteria
for the hole-clinched joint
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the clinched button; at the same time, the neck of the joint
fractured. As the displacement increased further, the crack in
the neck continued to propagate, and the upper side of the
clinched button bent along the loading direction. At the end
of the tensile process, the neck of the joint was completely
fractured, and partial interlock structure failure occurred. The
failure of the C8.2 joint was due to damage to the CFRP,
which resulted in the breakage of the interlock structure. At
a displacement of 0.4S, matrix cracking, fibre fracture, and
delamination occurred in the compression area around the
circular hole. From Fig. 8c, matrix cracks along the 45° fibre
direction are present on the surface of CFRP. With the increase
in displacement, the fibre breakage occurred near the hole,
resulting in an increase in the hole diameter, and the clinched
button gradually peeled off from the hole. The B8.4 joint
failed due to the clinched button separating from the CFRP
sheet, but the damage morphology of the CFRP was different
from that of the other joints. Similar to the B8.2 joint, matrix

(b) Dg= 8.2 mm

(c) Dp= 8.4 mm

Fig. 4 Cross-section profiles of the joints with different hole diameters
(dimensions in mm). a Dy =8 mm. b Dy =8.2 mm. ¢ Dj;=8.4 mm
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cracks appeared on the surface of the CFRP at a displacement
of 0.4S, while the damage degree in the B8.4 joint was more
severe. The neck thickness of the B8.4 joint was 14.6% larger
than that of the B8.2 joint, which resulted in a stronger shear
resistance of the neck in the B8.4 joint. As the displacement
increased to 0.6S, the compressed area of the CFRP on the
lower side of the clinched button was deformed along the axial
direction, resulting in an enlarged hole diameter. At the same
time, the CFRP layer in the jointed region warped, and severe
delamination occurred in the compression area. With increas-
ing displacement, the warping degree became larger, and the
hole diameter gradually expanded. At a displacement of 0.8,
the clinched button tended to peel away from the hole, and
finally, the interlock structure completely failed.

3.3 Static properties

Figure 9 compares the maximum load and energy absorption
of different joints. The maximum load of each joint was be-
tween 2000 N and 3000 N, and the C8.4 joint obtained the
highest peak load 02906 N. The B8 joint had the lowest peak
load of 2187 N, while the C8 joint showed the lowest energy
absorption at 2.3 J.

The typical load-displacement curves of the joints with
different ply angles are shown in Fig. 10. For the joints with
a hole diameter of 8 mm, the curves of the A8 and B8 joints
were similar, and the values decreased to approximately
1780 N at the peak loads and then decreased slowly
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2090+ 4028 _
T
3 =
Z 085 4026 3
2 -;.-)
= . E
-é =}

0.80 |- 40.24
Z

0.75 - X ~40.22

L
0.70 L 1 L 0.20
D=8 mm D;=8.2 mm D;=8.4 mm

Fig. 5 Variation in the neck thickness and undercut for different hole
diameters
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until the neck fractured. This was because the A8 and
B8 joints had the same failure mechanism, and the
crack initiated at a small part of the neck region and
expanded progressively along the circumference. The
peak load of the C8 joint decreased sharply due to the
clinched button that peeled away from the CFRP.

For the joints with a hole diameter of 8.2 mm, the
load of the AS8.2 joint decreased sharply from 2885 to
1038 N at point A. In the A8.2 joint, a large part of the
neck fractured at point A resulting in the load decreased
in a large degree, and the joint strength was maintained
by the remaining neck structure, and the joint failed
quickly. Before point B, the load-displacement curve
of the B8.2 joint was similar to that of the B8 joints,
while the B8.2 joint had the largest displacement among
all the joints. After point B, the load was absorbed by

o

Button separation

Hybrid neek™ A
fracture Button separation

-45° fibre

Delamination

A ()
\ -
Hybrid neck

fracture Button separation

Button separation|

0° fibre—.

45° fibre

Delamination Delamination

(c) Joints with a hole diameter of 8.4 mm

Fig. 6 Failure modes of the different joints. a Joints with a hole diameter

of 8 mm. b Joints with a hole diameter of 8.2 mm. ¢ Joints with a hole
diameter of 8.4 mm

the deformation of the clinched button and was then
almost maintained at a constant level. The overall trends
of the curves of the C8.2 joint and C8 joint were sim-
ilar because these joints had the same failure
mechanisms.

For joints with a hole diameter of 8.4 mm, the A8.4 joint
and C8.4 joint showed different failure modes, but the joints
presented the same trend in load-displacement curves. As the
load of the A8.4 joint increased to point C, one side of the
clinched button started to peel from the pilot hole in the CFRP
and the load decreased from 2890 to 2037 N. Subsequently,
the joint neck fractured smoothly, resulting in the hybrid neck
fracture occurring in the A8.4 joint. For the C8.4 joint, one
side of the interlock failed during the initial stretching, and the
A8.4 joint and C8.4 joint had almost the same maximum loads
due to the same undercut value in both joints. After this, the
interlock in the bearing region started to fail by breaking the
CFRP layers near the hole. The load-displacement curve of
the B8.4 joint was obviously different from those of the joints
with a button separation failure mode. After the peak load, the
load decreased slowly until the joints completely failed.
Before the interlock structure failed, severe damage occurred
in the bearing region of the CFRP, the CFRP layers bent, and
the hole diameter enlarged, resulting in a smooth decrease in
the load. When the CFRP layers deformed to a certain degree,
the clinched button gradually pulled out of the hole by break-
ing the fibres.

Fixed side

CFRP

Clinched button
Camera captured region

AA5754

Ve
Load'\“% sid

Fig. 7 Schematic diagram of the specimen in the tensile tests
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Fig. 8 The deformation of the
jointed region during the tensile
process. a A8.2 joint. b B8.2
joint. ¢ C8.2 joint. d B8.4 joint

3.4 Effect of the ply angle

When the CFRP had the same hole diameter, the joints
with different ply angles had a similar maximum load,
which was attributed to the strength of the joint being
influenced by the neck thickness and undercut. The
strength of the joints with [0°/90°]; CFRP was slightly
lower than that of the joints with other ply angles,
while the joints with [0°/90°]; CFRP could obtain the
largest displacement. Thus, the joints with [0°/90°]5
CFRP could achieve the optimal property of energy ab-
sorption. The ply angle of the CFRP affected the failure
mode of the joints; neck fracture was liable to occur in
the joints with [45°/—45°]; CFRP, while the joints with
[45°/90°/—45°/0°/90°/45°] CFRP failed due to button
separation.

3.5 Effect of the hole diameter

The typical load-displacement curves of the joints with differ-
ent hole diameters are shown in Fig. 11. With increasing hole
diameter of the CFRP, the maximum loads and energy absorp-
tion values of the joints increased, which indicated that the
mechanical properties of the joint were mainly affected by

@ Springer
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the neck thickness. When the ply angles of the lower CFRP
sheets were the same, the joints with hole diameters of 8.2 mm
and 8.4 mm had similar strengths. As the hole diameter de-
creased to 8 mm, the maximum load of the joints decreased
from 17.7 to 23.4%. The hole diameter influenced the failure
mode of the joint with [0°/90°]; CFRP; with increasing hole
diameter in the CFRP, the failure mode of the joint changed
from neck fracture to button separation.
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Fig. 9 Average maximum loads and energy absorptions for different
joints
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4 Conclusions

In this study, the static properties and failure processes of hole-
clinched joints with different hole diameters and ply angles
were investigated. The major conclusions can be drawn as 2.

follows:

3000

Displacement (mm)

(a) Joints with a hole diameter of 8 mm
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(b) Joints with a hole diameter of 8.2 mm
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(c) Joints with a hole diameter of 8.4 mm

1. Hole clinching can be applied to join unidirectional CFRP
with different ply angles with aluminium alloy sheets. The

interlocking structures are formed in the joints, and no
obvious damage to the CFRP can be observed.
When the CFRP sheets have the same hole diameter, the

joints with different ply angles have similar maximum

Fig. 11 Load-displacement
curves for the joints with different
hole diameters. a Joints with
[45°/—45°]; CERP. b Joints

with [0°/90°]; CFRP. ¢ Joints
with [45°/90°/—45°/0°/90°/45°]
CFRP
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(c) Joints with [45°/90°/-45°/0°/90°/45°] CFRP
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loads, while the ply angle affects the failure modes of the
joints.

3. Neck fracture is likely to occur in the joints with [45°/—
45°]3 CFRP, while the failure mode of the joints with
[45°/90°/—45°/0°/90°/45°] CFRP is button separation.

4. Increasing the hole diameter in the CFRP enhances the
strength and energy absorption of hole-clinched joints.
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