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Abstract

This paper proposes an improved laser shock flat hole clinching process for joining ductile and brittle materials to obtain
single-sided flat joints in microscale. A copper foil is clinched with a perforated sheet and a mechanical joining is achieved
by this process. Experiments and numerical simulations are conducted for three thickness combinations of 50 pm/50 pm,
30 pm/50 pm and 20 pm/100 pm to investigate the joinability of this process. The results show that a step-by-step laser
shock process with a low-energy pre-shock and a high-energy secondary shock can effectively join the copper foil and the
perforated sheet. The three thickness combinations of the upper and lower sheets result in three clinching structures, namely
stacked, intermediate and thinning joints. And the joint strength mainly depends on the thinner sheet in a successful joining

even for the single joint or the double-joint.
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1 Introduction

In order to expand the applications of the clinching technol-
ogy, the external protrusions on the clinched joints should
be avoided as much as possible. Borsellino [1] introduced a
new joining technique called flat clinching to make mechani-
cal joints without anvil-sided protrusions and compared the
joint strength among various joining processes. Neugebauer
[2] found that the die-less clinching technology can produce
a single-sided flat joining, which could be used in visible
or functional areas. Gerstmann [3] adopted the finite ele-
ment method (FEM) to simulate a flat clinching process and
quantified the related technical parameters. Han [4] used
an orthogonal experimental method to optimize the tool
parameters of flat clinching. Chen [5] used a reshaping rivet
to reduce the protrusion height and to increase the strength
of clinched joints, they also examined the effects of sheet
arrangements on the flat clinching processes. Wen [6, 7]
developed a flat hole-clinching technique to achieve a flat
joining between two layers of materials, in which a punch
was used to force the upper sheet flowing into the hole of
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the lower sheet, and an interlock between the hole and the
sheet was deformed, and the two sheets were finally joined
together. Although the flat clinching so far can be used to
join similar or dissimilar sheet materials, it is a bit difficult
to join ultrathin sheets in microscale due to the limitations
of tooling accuracy.

Laser shock forming (LSF) was developed on the basis
of laser shock hardening. It utilized shock waves induced
by pulsed laser as a driving force to promote plastic defor-
mation. Laser shock clinching (LSC) combined LSF and
mechanical joining technology, which can break through the
limitations of conventional clinching in the field of micro-
scale joining. The basic concepts and principles of LSC were
first proposed by Ji [8]. Veenaas [9, 10] used the TEA-CO2
laser to realize a microscopic joining of aluminum foil and
stainless steel. Wang [11, 12] explored the LSC of similar or
dissimilar materials and successfully clinched non-ferrous
metal foils with perforated sheets. You [13] presented a tech-
nique called incremental laser shock forming, in which the
pulsed laser was used to plastically deform a linear undercut
structure. Zheng [14, 15] investigated the joining behavior
and the effect of process parameters for laser shock hole-
clinching of a single thickness of Cu-Fe. However, in pre-
vious studies, different material thickness combinations
corresponding to different forming mechanisms received
less attention. Moreover, the resulting mechanical joints
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had geometric protrusions, which were limited in terms of
microscale visibility and usability.

This paper proposes a microscale improved laser shock
flat hole clinching (LSFHC) process for joining two metal
sheets, especially for ductile and brittle materials. A copper
foil and a perforated stainless steel sheet were joined by this
process to obtain single-sided flat joints, which eliminates
the geometric protrusions. The joinability of this process for
three thickness combinations was investigated by experi-
ments and numerical simulations, and the joint strength was
verified by single-lap shear tests.

2 Experimental Setup

The LSFHC process is a clinching method for joining two
layers of metal sheets, especially for joining ductile and brit-
tle materials, as shown in Fig. 1. In this process, the Nd:
YAG laser system was used to produce the laser beams, and
its specific parameters were shown in Table 1. When the
high-energy laser beams passed through the confinement
layer (usually a quartz glass) and reached the upper sur-
face of the ablative layer (usually a black paint), the abla-
tive layer instantly absorbed the laser energy and ionized
and decomposed, transforming into the laser induced shock
waves. A lower sheet with a prefabricated conical through-
hole is made of a brittle material (e.g., stainless steel sheet)
on the top of which an upper sheet made of a ductile mate-
rial (e.g., copper foil) is placed. Under the action of laser
induced shock waves, the upper sheet flows into the cavity
of the prefabricated hole in the lower sheet to form a geo-
metric interlock.

The 20 mm square T2 pure copper foils were used as
the upper sheet, which was cleaned in an ultrasonic alcohol
bath and then annealed in a vacuum furnace to eliminate the
effect of the rolling direction. 20 mm square 304 stainless
steel sheets with prefabricated conical through-holes were
used as the brittle material for the lower sheet. The specific
parameters of the perforated sheets were listed in Table 2.

The thicknesses of the upper and lower sheets are 7,
and 7,, respectively. Three 7;,/t, combinations, namely

Laser

Confinement layer Ablative layer

Shock waves
— 7%&_

= Upper sheet

o Lower sheet

Fig.1 The LSFHC process

@ Springer KE;E

Table 1 Specific parameters of the laser system

Requirement Parameter

Output wavelength 1064 +1 nm

Output energy 0.8-61J

Repetition frequency 1 Hz

Pulse width ~12ns

Spot diameter ~6 mm

Light spot space profile Almost flat
top distri-
bution

50 pm/50 pm, 30 pm/50 pm and 20 pm/100 pm were
designed in this study. After the LSFHC process, the cross-
sectional views of joints were observed under a 4XC-PC
microscope to confirm the joining results.

3 Simulation Preparation

A three-dimensional numerical model was established in the
finite element simulation software ABAQUS. In this paper,
the Johnson—Cook constitutive model, which is commonly
used to describe the deformation process of high strain rate
metallic materials, is used to simulate the flow and defor-
mation behavior of the copper foil. The yield stress of von-
Mises can be expressed as [16]:

o,=(A+B&")(1+Clng")(1—(T")") 1

where o, is the equivalent stress, € is the equivalent plastic
strain, A, B, C, m, and n are all material constants, " is the
strain rate, T* = (T - TO)/(Tm - TO), T, is the room tem-
perature, T, is the melting point of the material. Specific
parameters can be referred to the literature [11].

The Fabbro model is usually used to simulate the propa-
gation of the laser shock waves in a constrained mode [17].
The model assumes that the laser energy is uniformly dis-
tributed and the material surface is uniformly heated within
the range of the light spot. Both the constrained layer and the
target are isotropic homogeneous materials with a constant
thermophysical property. The plasma is an ideal gas that
expands only in the axial direction. The peak shock wave
pressure can be evaluated by the formula:

Table 2 The specific parameters of the perforated sheets

Parameter Value
The upper diameter of the conical hole (&/mm) 0.8
The taper angle (a/°) 10
The diameter-depth ratio (r) 8,16
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where P is the peak pressure of the shock wave, f is the
transformation coefficient, here § = 0.1. Z is the combined
acoustic impedance of the target and the constraint layer,
where Z = 2 x 10® gecm=2 571, I, is the laser power density,
expressed as: I, = 4E/nd?t. E is the laser energy, d is the
laser spot diameter, 7 is the laser pulse width, here 7 = 12 ns.
The specific peak pressures are listed in Table 3.

The shock wave has a short action time, so the curve of
the laser shock wave pressure with time can be simplified to
a triangular pulse. Generally speaking, the duration of the
shock wave in the constrained model is about 2—3 times the
laser pulse width. In this paper, the duration of the shock
wave is 36 ns, and the peak pressure is reached at 12 ns. In
addition, the shock wave pressure presents a Gaussian dis-
tribution in space with the following: P(a, 1) = P(f)e24"/%,
where a is the radial distance from any position to the center
of the spot.

4 Joinability of LSFHC Process

After the preview experiments, it was found that due to the
limitation of the laser energy, a single shock did not form a
better clinching structure, so a step-by-step forming method
with a low-energy pre-shock and a high-energy secondary
shock was developed. Figure 2 illustrated the process win-
dows with cross-sectional views of the successfully clinched
specimens, where the laser energies for the pre-shock and

Table 3 Specific peak pressures used in the simulation

Thickness combination Value

50 pm/50 pm 2.85 GPa+3.32 GPa
30 pm/50 pm 2.63 GPa+3.21 GPa
20 pm/100 pm 1.72 GPa+2.35 GPa
(a) (b)

6.4

EQ
IS

the secondary shock were expressed by the horizontal and
vertical axes, respectively. The minimum laser energy
required for successful clinching was marked in red.

As can be observed in Fig. 2, each combination of
50 pm/50 pm and 30 pm/50 pm presented two joining
results: successful clinching and incomplete forming. In
the energy range used in this experiment, no material fail-
ure occurred. The combination of 20 pm/100 pm presented
four joining results: successful clinching, incomplete form-
ing, the copper foil damaged after pre-shock, and damaged
after secondary shock. Figure 3 displayed some of the above
specimens.

A numerical model was developed and compared with
the experimental clinching structures, which was presented
in Fig. 4. In general, the experimental and simulation results
are in good consistency with a dimensional error of 2.32%.
However, it is still noted that there are some differences
between them. This may be due to the deviation of the mate-
rial parameters and the inaccuracy of the relevant calcula-
tion equations. Figure 5 illustrated the specific deformation
process. Combining the experimental and simulated results,
it was found that the deformation of the copper foil all went

Fig.3 Specimens in the LSFHC process. a Surface profiles of
joints; b—d incomplete forming in 50 pm/50 pm, 30 pm/50 pm and
20 pm/100 pm; e—f material failures in 20 pm/100 pm
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Fig.2 The clinching process windows. a 50 pm/50 pm; b 30 pm/50 pm; ¢ 20 pm/100 pm
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Fig.4 Comparison of clinching structures in experimental and simu-
lation results. a 50 pm/50 pm; b 30 pm/50 pm; ¢ 20 pm/100 pm

through the following three stages: free bulging, reverse
plastic deformation after the center of the platform hit the
bottom support, and radial deformation until the joint was
formed.

However, by observing the cross-sectional views of the
joints and comparing the deformation process, different
forming mechanisms were detected, which correspond to
three clinching structures. For 50 pm/50 pm, the clinching
structure showed a stacked joint as shown in Figs. 4a and 5a.
The copper foil was thick enough that it was extruded into
the conical hole to form an interlock. For 20 pm/100 pm,
the clinching structure appeared as a thinning joint as dis-
played in Figs. 4c and 5c. The copper foil engaged in the
forming was relatively thin and flowed severely, so the joint
was formed by thinning and bulging. Meanwhile, it was
observed that the geometric interlock was very poor. For
30 pm/50 pm, the clinching structure appeared as an inter-
mediate joint as shown in Figs. 4b and 5b. The above two
situations coexisted in the intermediate joint, but stacking
was dominant.

5 Strength of LSFHC Joints

To evaluate the strength of joints, single-lap shear tests were
performed on the formed parts. Five load—displacement
curves with similar shapes and values were selected as the
final results. Figure 6a exhibited the specific dimensions of
the single-joint specimen. Figure 7 showed the single-joint
curves for different combinations. In microscale forming,
the strength of a single joint is lower because of the smaller
joint size and smaller load-bearing area. In practice, mul-
tiple joints are mostly employed to ensure joint strength.
Therefore, in addition to the single joint, the vertical and
horizontal double-joint specimens were also considered, as
presented in Fig. 6b, ¢, and the corresponding load—displace-
ment curves were displayed in Figs. 8 and 9.

The load—displacement curves had two main shapes: one
was an approximately linear shape. In the case of a single
joint and the 20 pm/100 pm, the curve increased rapidly to
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Fig.6 Specific dimensions of the specimens in single-lap shear tests.
a The single joint; b the vertical double-joint; ¢ the horizontal dou-
ble-joint
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Fig.5 Simulation of the LSFHC process. a 50 pm/50 pm; b 30 pm/50 pm; ¢ 20 pm/100 pm
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Fig.7 Load—displacement curves of the single joint. a 50 pm/50 pm; b 30 pm/50 pm; ¢ 20 pm/100 pm
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Fig. 8 Load—displacement curves of the vertical double-joint. a 50 pm/50 pm; b 30 pm/50 pm; ¢ 20 pm/100 pm
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Fig.9 Load—displacement curves of the horizontal double-joint. a 50 pm/50 pm; b 30 pm/50 pm; ¢ 20 pm/100 pm

the peak and then decreased quickly. This was because the
copper foil was in the linear elastic deformation stage under
the tensile load. When the load reached the strength limit of
the joint, the joint failed and the curve decayed immediately.
The other was that the curve first rose in an approximately
linear shape, and then the slope of the curve decreased until
it reached the peak load, and the curve decayed rapidly. It
was mainly seen in the double-joint of the 50 pm/50 pm and

the 30 pm/50 pm. The slope of the curve changes from large
to small, which means that plastic deformation occurs during
the deformation process.

Figure 10 showed the average values of the peak loads in
the above curves, reflecting the joint strength for different
combinations and joint alignments. It could be seen more
intuitively that the strength of the double-joint is greater,
about twice that of the single joint. And there was little
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Fig. 10 Average peak loads for different combinations

difference between the joint strength of the vertical double-
joint and the horizontal double-joint. It indicates that the
joint strength is mainly determined by the bearing area of
the joints, and the larger the bearing area, the greater the
joint strength. Moreover, the alignment of the double joints,
either vertically or horizontally, has no significant effect on
the joint strength. Besides, the highest joint strength was
found in 50 pm/50 pm, followed by 30 pm/50 pm and the
lowest in 20 pm/100 pm for both single and double joints.
It shows that in the LSFHC process, the strength of the suc-
cessfully interlocked joint depends on the thinner one of the
upper and lower sheets.

6 Conclusion and Outlook

In this paper, the LSFHC process is proposed to realize the
joining of ductile and brittle materials, which provides a
feasible solution for the existing microscale joining in visible
or functional areas. Taking the copper foil and stainless steel
sheets as examples, the joining results, forming mechanisms,
clinching structures and joint strength were investigated for
three combinations. The main conclusions are as follows:

1. The LSFHC process can join a copper foil to a perfo-
rated sheet and create a single-sided flat joint in micro-
scale. Effective clinching can be obtained for thick-
ness combinations of 50 pm/50 pm, 30 pm/50 pm, and
20 pm/100 pm.

2. The three thickness combinations of the upper and lower
sheets result in three forming mechanisms correspond-
ing to three types of clinching structures: stacked, inter-
mediate and thinning joints.

@ Springer KE;E

3. The joint strength is mainly determined by the bearing
area of the joints, the larger the bearing area, the greater
the joint strength. The alignment of double joints, either
vertically or horizontally, has no significant influence on
the joint strength. The strength of a successful interlock-
ing joint depends on the thinner one of the upper and
lower sheets.

4. Based on the research in this paper, the specific effects
of geometry parameters on the clinching structures and
the joint strength can be further explored in the case of
double joints, such as the diameter-depth ratio and the
distance between holes of the perforated sheet, and other
factors.
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