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Abstract

This research work used a preheated clinching process for joining aluminum alloy 5052-H32 (Al) and carbon fiber-reinforced
thermoplastic (CFRTP) sheets. The preheated and softened CFRTP sheets successfully undergo the excessive compression and
bending in the process. Al and CFRTP sheets with a thickness of 1.6 mm thick were used to make AI/CFRTP clinch joints in lap-
shear (LS) specimens. Effects of joining force, punch design, and die design on mechanical properties of AI/CFRTP clinch joints
were investigated by quasi-static tensile tests and metallographic micrographs. An appropriate setup for the A/CFRTP clinching
process was obtained. Then, a complete fatigue test for AI/CFRTP dissimilar clinching joints was conducted to investigate the
fatigue properties of AI/CFRTP clinch joints. The fatigue data were recorded, and the failure modes were analyzed and discussed.

Keywords Clinching - Aluminum alloy 5052-H32 - Carbon fiber-reinforced thermoplastic - Fatigue

1 Introduction

Balancing the requirements between fuel efficiency, exhaust
emission, vehicle performance, and manufacturing cost are
always critical to the automotive industry. Therefore, the con-
cept of car body design gradually shifts from the light-weight
design to right-weight design, which optimizes the strength,
mass, and cost of car body. According to this advanced design
concept, many hybrid car body designs, which are made of
steels (Fe), aluminums (Al), and even carbon fiber-reinforced
plastic (CFRP), have been proposed in the industry [1, 2].

In production lines, a critical point for manufacturing hy-
brid car bodies is the joining technology for dissimilar mate-
rials, such as aluminum-to-steel (Al/Fe), aluminum-to-CFRP
(Al/CFRP), and aluminum-to-glass fiber-reinforced plastic
(Al/GFRP). For Al/Fe dissimilar joining, currently, many au-
tomotive production lines prefer self-piercing riveting (SPR),
friction stir spot welding (FSSW), clinching, and resistance
spot welding (RSW) due to their short processing time and
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reliable mechanical performance [3—10]. On the other hand,
the requirements for AI/CFRP dissimilar joining are not much
in the past but increasing rapidly in the recent days due to strict
emission standards. For example, BMW AG recently uses
SPR, flow drill screwing (FDS), and adhesive bonding in the
production lines of i-series and 7-series sedans to make joints
between aluminum and CFRP components [11-13].
However, the disadvantages of these joining processes are
quite significant. For example, the additional weight and cost
of SPR and FDS can be quite high when their number
achieves more than hundreds. The adhesive bonding usually
degrades fast when it is exposed under ultraviolet light. In
addition, the reliability of adhesive bonding is questionable
under service conditions.

In order to overcome the above problems for AI/CFRP
dissimilar joining, many alternate joining processes, such as
clinching [14-24], laser joining [25, 26], friction spot joining
(FSpJ) [27-29], and ultrasonic spot welding (USW) [30-32],
are proposed as reviewed by Pramanik et al. [33]. Among
these joining processes, the clinching process is considered
as a promising candidate for AI/CFRP dissimilar joining since
it provides good mechanical performance, short processing
time, and low operation cost. For example, Huang et al. [14]
proposed a hybrid joining process, a combination of clinching
and adhesive bonding, to join carbon fiber-reinforced
thermosetplastic (CFRTsP) and aluminum sheets. The pro-
cessing temperature was increased to 100 "C for 10 s to
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improve the ductility of CFRTsP sheets. However, they found
that the preheating process cannot soften the CFRTsP sheet.
Therefore, the small plastic deformation (mechanical inter-
lock) provides relatively low contributions on the joint
strength compared to the adhesive bonding. On the other
hand, Lee et al. [15—17] proposed a modified clinching pro-
cess, called hole-clinching, to make Al/Fe, AI/CFRP, and Fe/
CFRP joints to avoid the ductility problem of CFRTsP sheets.
Unlike the tradition clinching process, the hole-clinching pro-
cess needs to drill a hole in the lower sheet before clinching.
The interlock of the hole-clinching joint is formed by the
undercut of the upper sheet and the hole of the lower sheet.
In their research works, a design procedure for the punch,
hole, and die, the critical dimensions of the hole-clinching
process, was proposed. A finite element model of the hole-
clinching process was developed to predict the interlock
shape, joining force, and defect location of joints. The effects
of'the punch shape on the mechanical properties of hole-clinch
joints were investigated through tensile shear tests and exper-
imental observations. They indicated that the alignment be-
tween hole, punch, and die is very critical to the quality of the
joint. Note that although the mechanical performance of hole-
clinching joints is quite good, the requirements of predrilled
holes and precise alignment for this process may not be avail-
able for the mass production line.

On the other hand, Lambiase and Ilio [18] and Lambiase
[19, 20] used another modified clinching process to join ther-
moplastic polymer and aluminum sheets. The polymer sheets
were heated by an air flow of 400 "C for more than 5 s before
clinching. They reported that the heated and softened polymer
sheet can successfully undergo the clinching process. Also,
the joining force has significant effects on the mechanical
interlock inside the joint.

Lambiase and Ko [21] and Lambiase et al. [22] further
studied the suitability of the traditional clinching process to
make AI/CFRTsP and AI/GFRP dissimilar joints, respectively.
Several commonly used punch and die designs were consid-
ered. They reported that the joints made by the round split die
and large punch diameter can provide relatively large mechan-
ical interlock and good mechanical performance compared to
the other punches and dies. However, the CFRTsP or GFRP
sheet at the bottom of the joint is severely damaged or pene-
trated due to excessive bending in the clinching process. Note
that these defects or holes may significantly degrade the fa-
tigue performance of clinch joints.

In order to further improve the performance of clinch
joints, Lambiase and Ko [23] proposed a modified clinching
process, called two-step clinching, to reshape the undercut of
Al/CFRTsP clinch joints. They found that the second
clinching step can largely increase the undercut size and the
joint strength. Lambiase and Paoletti [24] proposed a friction-
assisted clinching process to improve the ductility of alumi-
num sheets and reduce the joining force. The effects of

@ Springer

processing parameters on the quality and strength of clinch
joints were studied. Although the strength of clinch joints
was improved by the two clinching processes, similar defects
or holes were still found at the bottom of clinch joints.

In the previous research works, the low ductility of
CFRTsP sheets is the main reason for the defects of Al/
CFRTsP clinch joints. In order to overcome this problem,
the carbon fiber-reinforced thermoplastic (CFRTP) sheets
and the preheating process are considered in this study based
on the concept reported in Lambiase [20]. Then, the effects of
the joining force, die design, and punch diameter on the me-
chanical properties of clinch joints between aluminum alloy
5052-H32 (Al) and CFRTP sheets are investigated. Three
punches and five dies are taken to make clinch joints in lap-
shear (LS) specimens. Quasi-static tensile tests and metallo-
graphic micrograph observations are conducted. An appropri-
ate process setup for the AI/CFRTP clinching process is then
obtained to conduct a complete fatigue test. The fatigue data
and failure modes of AI/CFRTP clinch joints are then recorded
and discussed.

2 Experiments

In this study, aluminum alloy 5052-H32 (Al) and CFRTP
sheets with a thickness of 1.6 mm were used to make joints.
Note that the aluminum alloy 5052 and CFRTP sheets consid-
ered here since they are commonly used in the automotive
industry. Unlike commonly used CFRTsP sheets, CFRTP
sheets can be softened by heating. Also, recycling CFRTP
sheets is relatively easy and cheap. This fact is important for
satisfying the increasingly strict environmental laws. The cor-
responding thicknesses of Al and CFRTP sheets were deter-
mined according to one of the specifications for body panels.
The CFRTP sheets composed of 16 prepreg layers with cross
lay-up [07/90°/90°/07/0°/90°/90°/0°/0°/90°/90°/0°/07/907/90°/0"]
were supplied by TOPKEY Inc., as shown in Fig. 1. Each
prepreg layer has an average thickness of 0.1 mm, and the
carbon fiber has a diameter of 22 um. The mechanical prop-
erties of Al and CFRTP sheets are listed in Table 1.

Three circular punches, P1 to P3, and five circular dies, D1
to D5, were used. The important dimensions of the punch and
die are defined in Fig. 2. In Fig. 2a, the probe diameter and
probe length are denoted as D, and L, respectively. The
shoulder diameter is denoted as D;. In Fig. 2b, the die diameter
and die depth are denoted as D, and d,, respectively. The
groove radius, groove width, and groove depth are denoted
as 7, Wg, and d,, respectively. The dimensions of the punches
and dies are listed in Table 2. The punch and die were installed
inside a pneumatic and hydraulic press machine, ARC-10T,
from APMATIC Corp., as shown in Fig. 3.

In order to evaluate the mechanical performance of Al/
CFRTP clinch joints, LS specimens made by using two
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Fig. 1 A cross-sectional
micrograph of a CFRTP sheet

25.4 mm by 101.6 mm sheets with a 25.4 mm by 25.4 mm
overlap area were used. The LS specimen is designed based
on the standard of AWS C1.1M/C1.1:2000, as shown in
Fig. 4. Two doublers were adopted in the tests for LS speci-
mens to align the applied load at the initial realignment stage.
Note that the Al and CFRTP sheets were taken as the upper
and lower sheets, respectively.

In quasi-static tensile tests, LS specimens were tested by a
universal testing machine at a monotonic displacement rate of
5.0 mm/min. The failure loads were recorded. The average
failure load obtained from three to five tested specimens was
then used as a reference to determine the load ranges of fatigue
tests. In fatigue tests, the specimens were tested at a load ratio
R of 0.1 and a frequency of 10 Hz. The experimental plane
and corresponding processing parameters used in the follow-
ing are listed in Table 3.

3 Al/CFRTP clinching process

Conventionally, the clinching process is conducted at room
temperature. Thus, the sheet metals should have sufficient
ductility to undergo the extremely large plastic deformation
during the process. Otherwise, the clinch joint may be frac-
tured or cracked. In this study, AA5052-H32 (Al) and CFRTP
sheets were used to make AI/CFRTP dissimilar clinch joints.
The ductility of Al sheets is sufficient but that of CFRTP
sheets is quite poor at the room temperature, as listed in
Table 1. In order to overcome this critical problem, an addi-
tional preheating process for CFRTP sheets was taken to im-
prove their ductility and formability, as suggested in Lambiase
[20]. Note that the CFRTP sheet used here becomes soft and
ductile when the temperature is above 85 C. Figure 5 sche-
matically shows the modified clinching process for AI/CFRTP
dissimilar clinch joints. First, a CFRTP sheet was heated to

100 °C by a CORNING PC-420D hot plate and then stacked
on an Al sheet inside a fixture immediately, as shown in Fig.
5a. Second, the two sheets were clamped tightly by a holder
and then pressed into a die by a punch, as shown in Fig. 5b.
The two sheets were deformed plastically as two button struc-
tures. Third, the two button structures were continuously
squeezed into the groove and a strong mechanical interlock
was made between them, as shown in Fig. 5c. Finally, the
punch was drawn out and then an AI/CFRTP dissimilar clinch
joint was made, as shown in Fig. 5d. Note that the whole
process including the installation and clinching should be
done within 10 s. If the punch, die, and sheets are warmed
up before clinching by induction heating, the preheating pro-
cess can be removed and the whole processing time can be
even shorter.

4 Results and discussion

As listed in Table 3, a preliminary study of the clinching pro-
cess for Al and CFRTP sheets is first conducted to understand
the typical joining conditions of clinch joints. Next, the con-
tributions of the joining force, groove size, die depth, and
punch diameter on the failure loads and joint geometries of
Al/CFRTP dissimilar clinch joints in LS specimens are stud-
ied. Once an appropriate process setup for the clinching pro-
cess is obtained, a complete fatigue test for AI/CFRTP clinch
joints is conducted.

4.1 Preliminary study

Figure 6 shows cross-sectional micrographs of AI/CFRTP dis-
similar clinch joints with various joining conditions. Figure 6a
shows a clinch joint having good interlock between the inner
(Al) and outer (CFRTP) buttons. The clinch joint is made by P1

Table 1 Mechanical properties of
aluminum alloy 5052-H32 and

CFRTP sheets

Elastic modulus (GPa) Tensile strength (MPa) Elongation (%) Density (g/cm3)
Al15052-H32 70.3 193 12 2.68
CFRTP 250 4680 1.9 1.81
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a Dp T.able 2 Detailed dimensions of circular punches, P1 to P3, and circular
< » dies, D1 to D5
P1 P2 P3
D, 7.0 6.5 6.0
L, 625
L » D, 16.0
Unit: mm
D1 D2 D3 D4 D5
Dy 10.0
Ds dy 1.1 1.1 1.1 0.7 0.4
Ty 0.5
Wg 1.0 2.0 1.0 1.0 1.0
dg 0.5 0.5 0.75 0.5 0.5
Unit: mm
noted that the preheating process can soften the matrix of the
CFRTP sheet, but not the carbon fibers inside. Therefore, when
the softened CFRTP sheet is bent or compressed severely, the
carbon fibers inside may be fractured or debonded. The effects
of defects on the mechanical performance of AI/CFRTP dis-
similar clinch joints will be discussed later.
b Figure 6b shows a clinch joint having poor interlock be-

Fig. 2 Schematics of a a circular punch and b a circular die with a groove

(D, : 7.0 mm) punch and D1 (d;: 1.1/w, : 1.0/d, : 0.5 mm) die
under a joining force of 44 kN. Note that the critical dimensions
of the punch and die are listed here, while their remaining
dimensions can be found in Table 2. The neck of the inner
button and the undercut of the outer button can be seen clearly.
Two notches, marked by arrows, between the upper and lower
sheets can be seen near the circumference of the inner and outer
buttons. Note that in the inner button, no crack or defect can be
found. However, in the outer button, several types of defects
can be seen at the corner and bottom, such as delamination,
crack, and debonding. These defects are probably caused by
excessive bending or compression during the clinching pro-
cess. Similar problems can be seen in Fig. 6b, c. It should be
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tween the inner and outer buttons. The clinch joint is made by
P1 (D, :7.0 mm) punch and D1 (dy: 1.1/wg : 1.0/dg : 0.5 mm)

;(‘

Fig. 3 Pneumatic and hydraulic press machine, ARC-10T, from
APMATIC Corp.
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Fig. 4 Schematics of a LS 177.8
specimen with an AI/CFRTP joint 1016
ClinchiJoint i
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) I
i |
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l3 ‘2 l 1 '6
| ——— | 1
T t ““
Unit: mm

die under a joining force of 30 kN. Compared to the joint in
Fig. 6a, the poor interlock may be caused by the relatively low
joining force. In Fig. 6b, the neck of the inner button and the
undercut of the outer button cannot be seen clearly. In general,
a clinch joint with poor interlock usually has relatively poor
mechanical performance. Figure 6¢ shows a clinch joint hav-
ing neck fracture in the inner button. The clinch joint is made
by P1 (D, :7.0 mm) punch and D2 (d;: 1.1/w,:2.0/d,:
0.5 mm) die under a joining force of 61 kN. Compared to
the joint in Fig. 6a, the cracks in the necks may be caused
by the relatively high joining force and improper die design.
In general, when a clinch joint has fracture or large crack at the
neck or nearby region in the inner button, it is taken as a failed
joint since it may not have any strength and is not available in
the industry. The corresponding processing setup, including
joining force, tool design, and die design, will not be consid-
ered in the following. Figure 6d, e shows top and back views
of an AI/CFRTP dissimilar clinch joint with good interlock,
respectively. As shown in the top view, a circular hole is lo-
cated at the center of the overlap area. In the back view, a
circular cylinder surrounded by a ring can be seen at the center
of the overlap area. Several superficial cracks, marked by
arrows, can be seen on the surface. These defects correspond
to those shown in Fig. 6a.

4.2 Joining force effects

In contrast to other joining machines, the press machine in
Fig. 3 for clinching process is relatively simple. The most

important operation parameter of the machine is the joining
force. Figure 7 shows the failure load vs. joining force for Al/
CFRTP dissimilar clinch joints in LS specimens made by P1
(D, :7.0 mm) punch and D1 (d;: 1.1/wg:1.0/d,: 0.5 mm)
die. In Fig. 7, when the joining force increases from 34 to
50 kN, the failure load increases gradually and then achieves
the maximum. When the joining force continuously increases,
the failure load slightly decreases and then drops to zero. As
discussed earlier, whenever a clinch joint has crack or fracture
in the inner button (Al), the joint quality is not available in the
industry and therefore, the failure load is given as zero here.
Figure 8 shows cross-sectional micrographs of AI/CFRTP
clinch joints made by P1 (D,,: 7.0 mm) punch and D1 (d;:
1.1/wg:1.0/d, : 0.5 mm) die under joining forces of 34, 44,
and 61 kN, respectively. As shown in Fig. 8, the effects of the
joining force on the interlock structure of clinch joints are
quite significant. When the joining force is small, the neck
of'the inner button is thick and the undercut of the outer button
is very small, as shown in Fig. 8a and as listed in Table 4. This
joint has a poor interlock with a low failure load, as shown in
Fig. 7, and a button separation failure mode. When the joining
force increases, the neck becomes thinner and the undercut
becomes larger, as shown in Fig. 8b and as listed in Table 4.
This joint has a good interlock with a higher failure load, as
shown in Fig. 7, and a button separation failure mode.
However, when the joining force continuously increases to
61 kN, the neck becomes very thin and the undercut becomes
very large, as listed in Table 4. At the same time, many large
cracks and fractures can be seen in the outer button, as shown

Table 3  Experimental plan and corresponding processing parameters

Preliminary study Joining force Groove size Die depth Punch diameter Fatigue test
Joining force 34-65 kN 34-65 kN 34-65 kN 34-65 kN 34-65 kN 61 kN
Punch P1 P1 P1 P1 P1, P2, P3 P1
Die D1, D2 D1 D1, D2, D3 D1, D4, D5 D4 D4
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Fig. 5 Schematics of the AI/CFRTP clinching process. a Clamping. b
Punching. ¢ Interlocking. d Drawing out

in Fig. 8c. Although this joint still has a good interlock, its
failure load slightly decreases and its failure mode transfers to
neck fracture.

As shown in Figs. 7 and 8, when the joining force is low,
the interlock structure of clinch joints is poor and the corre-
sponding failure load is poor as well. On the other hand, when
the joining force is too large, the button neck is cracked or
fractured and the failure load may be zero. Finally, the clinch
joint with a joining force of 50 kN has a good interlock and a
good failure load.

4.3 Groove size effects

In this section, the relationships between the groove size, a
critical feature of the die, and the mechanical performance of
Al/CFRTP dissimilar clinch joints were studied. Three dies,
D1, D2, and D3, with different groove designs were used.
Note that when the punch squeezes a clinch joint, the groove
provides an additional space for the materials at the joint bot-
tom, guides the material flow to appropriate locations, and
finally forms a good interlock for the joint. As listed in
Table 2, D1 die has the original dimensions, D2 die has a
larger groove width w,, and D3 die has a larger groove depth
d,. The groove width of D2 and the groove depth of D3 in fact
provide similar volume increase for the grooves of the two
dies. With the help of larger groove volumes, more materials
can flow into the groove and probably provides a better inter-
lock for joints.
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Figure 9 shows the failure load vs. the joining force for Al/
CFRTP dissimilar clinch joints in LS specimens made by D1,
D2, and D3 dies and P1 punch. For joints made by D1 die
(original), the failure loads are identical to those in Fig. 7. For
joints made by D2 die (wider groove), when the joining force
increases from 34 to 44 kN, the failure loads are all equal to
zero since these joints are neck fractured during the process.
When the joining force continuously increases, the failure
load gradually increases. For joints made by D3 die (deeper
groove), when the joining force increases from 34 to 50 kN,
the failure load increases and then slightly decreases. When
the joining force continuously increases, the failure load grad-
ually increases again. As shown in Fig. 9, D1 die still has the
maximum failure load among three dies and is therefore se-
lected as the reference die for the following process.

Figure 10 shows cross-sectional micrographs of AI/CFRTP
clinch joints made by D1, D2, and D3 dies with P1 punch
under a joining force of 44 kN, respectively. In Fig. 10a, the
joint made by D1 die has a good interlock structure and a good
failure load, as shown in Fig. 9. In Fig. 10b, the joint made by
D2 die has fractured necks during the process. Therefore, its
failure load is given as zero in Fig. 9. Note that when the

— Corner

—Neck

Fig. 6 Cross-sectional micrographs of AI/CFRTP clinch joints with a
good interlock, b poor interlock, and ¢ neck fracture. d Top view and e
back view of an AI/CFRTP clinch joint
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Fig. 6 (continued)

punch presses the sheets into D2 die, the wider groove pro-
vides a larger space for the materials of the inner and outer
buttons to flow downwards and outwards. A large undercut
can be seen at the bottom of the joint. However, the total
amount of materials pressed by the same punch is nearly the
same. Thus, the neck of the inner button is fractured probably
because too much material flows into the groove and joint
bottom. In Fig. 10c, the joint is made by D3 die and has a
deep undercut in the outer button. Note that when the punch
presses the sheets into D3 die, the deeper groove provides a
larger space as well. However, the amount of material flows
downwards into the groove is not as much as that in Fig. 10b

3000

2500

2000

1500

Failure Load (N)

1000

500 —— PI punch

& D1 die

o m—— | ENEEE SRR VENANANE EANENEE SR SN WA
30 35 40 45 50 55 60 65 70
Joining Force (kN)

Fig.7 Failure load vs. joining force for AI/CFRTP dissimilar clinch joints
in LS specimens made by P1 punch (D,,: 7.0 mm) and D1 die (d;: 1.1/
Wg 1 1.0/d, : 0.5 mm)

Fraclurc

Fig. 8 Cross-sectional micrographs of AI/CFRTP clinch joints made by
P1 punch (D, : 7.0 mm) and D1 die (d;: 1.1/w,: 1.0/d,: 0.5 mm) under
joining forces of a 34, b 44, and ¢ 61 kN
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Table 4 Neck and undercut

dimensions of the clinching joints Joining force (kN)  Right neck (mm)  Left neck (mm)  Right undercut (mm)  Left undercut (mm)
in Fig. 8

34 0.59 0.54 0 0

44 0.52 0.52 0.27 035

61 0.48 0.45 0.62 0.42

probably because the groove width is smaller than that of D2
die. Therefore, the neck of the inner button just becomes lon-
ger and thinner, which results in a median failure load as
shown in Fig. 9.

It should be noted that when the joining force continuously
increases to 50 kN or more, the joints made by D2 and D3 dies
both provide higher failure loads, as shown in Fig. 9. The
possible reason is that when the joining force increases, the
space between the punch and die becomes smaller and the
material flowing downwards becomes less. This fact results
in an interlock structure with thicker button necks, which pro-
vide larger failure loads.

4.4 Die depth effects

In this section, the relationships between the die depth, the
other critical feature of the die, and the mechanical perfor-
mance of AI/CFRTP dissimilar joints were studied. Note that
when the punch presses the sheets into the die, the die depth
determines the amount of materials flowing into the die, the
length of the button wall, and the thickness of the button neck.
In general, a smaller die depth provides shorter button walls
and thicker button necks, which may further improve the joint

3000

2500 |-

2000 |-

z |

o |

< |

Q

— 1500 |-

o |

_“5' |

= [

=9 n

1000 [~
L = DI dic
[ —a— D2die

500 - —@— D3die
| (P1 punch)
IS TIPS INAANIY & AVENANENE AVRATANEN NANANAE AVAANANE SN

30 35 40 45 50 55 60 65 70
Joining Force (kN)
Fig.9 Failure load vs. joining force for AI/CFRTP dissimilar clinch joints
in LS specimens made by D1 (d;: 1.1/wg: 1.0/d, : 0.5 mm), D2 (d;: 1.1/
Wg:2.0/d,: 0.5 mm), and D3 (d;: 1.1/wy : 1.0/d, : 0.75 mm) dies with P1
punch (D,,: 7.0 mm)
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strength. Here, three dies, D1, D4, and D5, with different die
depths were used. As listed in Table 2, D1 die has the original
dimensions, D4 die has a die depth d,; of 0.7 mm, and D5 die
has a die depth d; of 0.4 mm. The die depths of D4 and D5
dies are smaller than D1 die.

Figure 11 shows the failure load vs. the joining force for Al/
CFRTP dissimilar clinch joints in LS specimens made by P1
punch and D1, D4, and D5 dies. For joints made by D1 die
(original), the failure loads are obtained from those in Fig. 7.
For joints made by D4 die, when the joining force increases
from 34 to 61 kN, the failure load increases rapidly at the
beginning, and then gradually achieves the maximum. When
the joining force continuously increases, the failure load

‘ /— Fracture ﬁ‘ 4

o b,

Fig. 10 Cross-sectional micrographs of AlI/CFRTP clinch joints made by
a Dl (dg:1.1/wg:1.0/dy: 0.5 mm), b D2 (dy: 1.1/wg:2.0/d,: 0.5 mm),
and ¢ D3 (d;:1.1/wy:1.0/d,:0.75 mm) dies with P1 punch (D, :
7.0 mm) under a joining force of 44 kN
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Fig. 11 Failure load vs. joining force for AI/CFRTP dissimilar clinch
joints in LS specimens made by D1 (d;: 1.1/wg:1.0/d,: 0.5 mm), D4
(dq:0.7/wg: 1.0/dy : 0.5 mm), and D5 (dy;: 0.4/w,:1.0/dg: 0.5 mm) dies
with P1 punch (D), : 7.0 mm)

slightly decreases. For joints made by D5 die, the general
trend is similar to that made by D4 die. As shown in Fig. 11,
D4 die has the maximum failure load among three dies and is
selected as the reference die for the following process.

Figure 12 shows cross-sectional micrographs of AI/CFRTP
clinch joints made by D1, D4, and DS dies with P1 punch
under a joining force of 61 kN, respectively. In Fig. 12a, the
joint made by D1 die is taken as a reference. Note that several
defects of crack and fracture can be seen at the bottom of the
outer button. In Fig. 12b, the joint made by D4 die has thicker
button necks, shorter button walls, and similar undercuts than
that made by D1 die. Note that two large defects of delamina-
tion can be seen at the shoulder of the outer button. Several
defects of crack and debonding can be seen at the bottom of
the outer button. Although the more defects can be found in
the outer button, the failure load of the joint is still higher than
that made by D1 die. A possible reason is that the joint is failed
in the inner button not the outer one. The other reason is that
thicker button necks with similar undercuts improve the joint
strength significantly. In Fig. 12c, the joint made by D5 die
has even thicker button necks, shorter button walls than those
made by D1 and D4 dies. However, the undercut of the joint
becomes quite small probably due to a limited constraint from
the shallow die. Without sufficient undercut, the joints made
by D5 die have relatively low joint strength, as shown in
Fig. 11.

4.5 Punch diameter effects

In this section, the relationships between the punch diameter,
the critical feature of the punch, and the mechanical

performance of AI/CFRTP dissimilar joints were studied.
Note that when the punch presses the sheets into the die, the
punch diameter determines the diameter of the inner button
and the total thickness of the joint wall, including the inner and
outer buttons. In general, a smaller punch diameter gives a
smaller inner button, thicker joint walls, a thinner joint bot-
tom, and larger undercuts. The reason is that for given applied
load, the average pressure applied to the joint increases when
the punch diameter decreases. Thus, due to larger pressure
applied to the joint bottom, the joint bottom becomes thinner
and the materials there flow outwards to the grooves and then
enlarge the undercuts. Here, three punches, P1, P2, and P3,
with D4 die were used. As listed in Table 2, P1 punch has the
original dimensions, P2 punch has a diameter D,, of 6.5 mm,
and P3 punch has a diameter D,, of 6.0 mm. The diameters of
P2 and P3 punches are smaller than P1 punch.

Figure 13 shows the failure load vs. the joining force for
AI/CFRTP dissimilar clinch joints in LS specimens made by
P1, P2, and P3 punches with D4 die. For joints made by P1
punch with D4 die, the failure loads are obtained from those in
Fig. 11. For joints made by P2 punch, when the joining force
increases from 34 to 61 kN, the failure load decreases at the

Delamination

Notch Notch

A ot EEH
Fig. 12 Cross-sectional micrographs of AlI/CFRTP clinch joints made by
a D1 (dg:1.1/wg:1.0/dy: 0.5 mm), b D4 (d;:0.7/wg: 1.0/d, : 0.5 mm),
and ¢ D5 (d;: 0.4/wg: 1.0/d, : 0.5 mm) dies with P1 punch (D,, : 7.0 mm)
under a joining force of 61 kN
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Fig. 13 Failure load vs. joining force for AI/CFRTP dissimilar clinch
joints in LS specimens made by P1 (D, : 7.0 mm), P2 (D, :6.5 mm),
and P3 (D, : 6.0 mm) punches with D4 (d;: 0.4/wg: 1.0/d, : 0.5 mm) die

beginning and then gradually increases to the maximum.
When the joining force continuously increases, the failure
load slightly decreases. For joints made by P3 punch, the
general trend is quite different to those for joints made by P1
and P2 punches. When the joining force increases from 34 to
44 kN, the failure load gradually increases to the maximum
and then drops to zero due to button separation. Note that
when the joining force exceeds 44 kN, the bottom of the outer
button is fully fractured, the mechanical interlock between the
inner and outer buttons is released, and then the inner and
outer buttons are separated easily. In Fig. 13, the joints made
by P1 punch provide the maximum failure load among three
punches and is selected as the reference punch for the follow-
ing fatigue tests.

Based on the results shown in Fig. 13, the processing pa-
rameters of P1 (D, : 7.0 mm) punch, D4 (d;: 0.4/w,: 1.0/d,:
0.5 mm) die, and 61-kN joining force are taken as the refer-
ence parameters for the following fatigue tests. Figure 14
shows three force-displacement curves of AI/CFRTP clinch
joints made by the above processing parameters. The average
failure load of 2587 N and the elongation of 2.1 mm are
comparable with the results reported in Lambiase and Ko [23].

Figure 15 shows cross-sectional micrographs of AI/CFRTP
clinch joints made by P1, P2, and P3 punches with D4 die
under a joining force of 44 kN, respectively. Note that the
joining force of 44 kN is selected here since this is the max-
imum applied force for the joint made by P3 punch. In
Fig. 15a, the joint made by P1 punch is taken as a reference.
No significant defect can be seen in the outer button except
two large gaps or notches between the upper and lower sheets
located at the shoulder of the joint. In Fig. 15b, the joint made
by P2 punch has a small inner button with similar shape

@ Springer
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Fig. 14 Force-displacement curves of AI/CFRTP clinch joints made by
P1 (D,:7.0 mm) and D4 (d;: 0.4/w,:1.0/d,:0.5 mm) die under a
joining force of 61 kN

compared to that made by P1 punch. A fracture defect can
be found at the bottom of the outer button. This fact can
explain that the failure load of this joint is slightly lower than
that of the joint made by P1 punch, as shown in Fig. 13. In

Fig. 15 Cross-sectional micrographs of AlI/CFRTP clinch joints made by
aP1(D,:7.0 mm), b P2 (D, :6.5 mm), and ¢ P3 (D, : 6.0 mm) punches
with D4 (d;: 0.4/w, : 1.0/d, : 0.5 mm) die under a joining force of 44 kN
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Fig. 15c¢, the joint made by P3 punch has a smaller inner
button, thinner button necks, and larger undercuts than those
made by P1 and P2 punches. A significant fracture defect can
be seen at the bottom of the outer button. In Fig. 13, this joint
provides similar failure load as that made by P2 punch prob-
ably because it has better interlock structure but smaller inner
button. Note that once the bottom of the outer button is totally
fractured and separated due to overload, the mechanical inter-
lock between the inner and outer buttons will be fully released.

4.6 Fatigue test results

Figure 16 shows the fatigue data of AI/CFRTP clinch joints
made by P1 punch and D4 die under joining force of 61 kN in
LS specimens. The cyclic loads have maximum values vary
from 80 to 30% of the average failure load, 2587 N. As shown
in Fig. 16, two failure modes can be seen, including button
separation and neck fracture. It is interesting that the joints
failed in the button separation failure mode are subjected to
higher load ranges with lower fatigue lives. On the other hand,
the joints failed in neck fracture are subjected to lower load
ranges with higher fatigue lives. Therefore, in this study, the
former and latter regions are denoted as the low-cycle and
high-cycle conditions, respectively, based on their failure
modes. Next, the micrographs and pictures of the failed spec-
imens will be studied and discussed.

Figure 17a shows a cross-sectional micrograph of a failed
Al/CFRTP clinch joint in a LS specimen under low-cycle
conditions. The applied load range is 1863 N, and the fatigue
life is 1782 cycles. The thick arrows indicate the directions of
applied loads. As shown in Fig. 17a, the right notch first

3000 F
2500 F Punch: P1
- i Die: D4
2000 F AA kow-cyole ! Force: 61 kN
- AAa
Z B i .
g i i1 A AN High-cycle
on 1
5 1000 i ) A AA
9 |
g
= - LB~
500
A Button separation
/\ Neck fracture
200 Ll Lol Ll Ll
10° 104 10° 10° 107
Life (cycles)

Fig. 16 Load range vs. fatigue life for AI/CFRTP clinch joints in LS
specimens made by P1 (D, : 7.0 mm) punch with D4 (d;: 0.4/w,: 1.0/
d,: 0.5 mm) die under joining force of 61 kN

Debonding

LegZ\.‘

Fig. 17 a A cross-sectional micrograph of a failed AlI/CFRTP clinch joint
in LS specimens under low-cycle conditions. The applied load range is
1863 N, and the fatigue life is 1728 cycles. b The back view of the inner
button and ¢ the top view of the outer button of another failed A/CFRTP
clinch joint

advances towards the left hand side along the interface be-
tween the inner and outer buttons and becomes a debonding
failure. A fatigue crack, crack 1, then initiates from the surface
of the left undercut in the outer button (CFRTP) and then
propagates into the corner towards the upper surface. Once

Debonding

Leg2 -

Crack 1

Fig. 18 a A cross-sectional micrograph of a failed AV/CFRTP clinch joint
in a LS specimen under high-cycle conditions. The applied load range is
1397 N, and the fatigue life is 54,830 cycles. b The back view of the
upper sheet and ¢ the top view of the lower sheet of another failed Al/
CFRTP clinch joint
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the corner of the outer button is fractured, the interlock be-
tween the inner and outer buttons is totally released. The but-
ton separation failure mode can be seen. Note that since crack
1 grows through the left corner of the outer button, the crack or
delamination at this region, as shown in Fig. 12b, may deteri-
orate the fatigue lives of joints failed in the button separation.
Figure 17b shows the back view of the inner button of a failed
Al/CFRTP clinch joint. No crack or damage can be seen on
the inner button. Figure 17c shows the top view of the outer
button of a failed AI/CFRTP clinch joint. The fracture surface
on the left side of the outer button corresponds to fatigue crack
1 in Fig. 17a.

Figure 18a shows a cross-sectional micrograph of a failed
Al/CFRTP clinch joint in a LS specimen under high-cycle
conditions. The applied load range is 1397 N, and the fatigue
life is 54,830 cycles. As shown in Fig. 18a, the right notch first
advances towards the left hand side along the interface be-
tween the inner and outer buttons and becomes a debonding
failure, which stops growing near the right undercut. A fatigue
crack, crack 1, then initiates from the surface of the left neck in
the inner button (Al). Crack 1 then propagates through the
button neck and transforms to a circumferential crack.
Finally, the neck of the inner button is fractured and the upper
and lower sheets are separated. The neck fracture failure mode
can be seen. Note that since crack 1 grows through the neck of
the inner button, the cracks or defects in the outer button, as
shown in Fig. 12, have no effects on the fatigue lives of joints
failed in the neck fracture. Figure 18b shows the back view of
a failed AI/CFRP clinch joint in the upper sheet. The annular
fracture surface corresponds to the fatigue crack 1 and circum-
ferential crack in Fig. 18a. Figure 18c shows the top view of a
failed AI/CFRP clinch joint in the lower sheet. The annular
fracture surface corresponds to fatigue crack 1 and circumfer-
ential crack in Fig. 18a as well.

5 Conclusions

This work used a preheated clinching process for joining alu-
minum alloy 5052-H32 and CFRTP sheets. Aluminum and
CFRTP sheets with a thickness of 1.6 mm was used to make
joints in LS specimens. A parametric study on the punch di-
ameter, die geometry, and joining force was conducted. Three
punches and five dies were used. The process was then ana-
lyzed through quasi-static tensile tests, optical micrographs,
and fatigue testing. The following major conclusions were
obtained:

1. The heated and softened CFRTP sheets are feasible for the
Al/CFRTP clinching process since they have sufficient
ductility to undergo the severe compression and bending
in the process.

@ Springer

2. In the AI/CFRTP clinching process, when the joining
force increases, the button neck thickness gradually de-
creases while the undercut size increases.

3. The groove width and groove depth of the die have sig-
nificant effects on the undercut shape and size of Al/
CFRTP clinch joints.

4. When the die depth decreases, the button neck thickness
gradually increases while the undercut remains similar
size and then shrinks to a very small size and a weird
shape.

5. When the punch diameter decreases, the joint diameter,
button neck thickness, and the corresponding failure load
of clinch joints decreases.

6. With the help of the failure loads and micrographs of Al/
CFRTP clinch joints made under various conditions, an
appropriate processing setup, including P1 punch and D4
die with a joining force of 61 kN, was obtained.

7. A complete fatigue test for AI/CFRTP clinch joints in LS
specimens was conducted. The fatigue data were record-
ed. Two failure modes, button separation and neck frac-
ture, were found in the failed clinch joints under low-cycle
and high-cycle conditions, respectively.
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