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Abstract
Laser shock clinching is a novel joining method derived from laser shock forming in which the metal foil is plastically deformed
under the pulsed laser induced shock wave, and then two or more metal foils can be joined together based on plastic deformation.
However, the present researches are less concerned with the mechanical joining behavior of metal foils during incremental
impacts of multiple laser pulses. In the present study, the mechanical joining behavior of pure copper foil and pre-pierced
stainless steel sheet in laser shock clinching was investigated. A finite element model was established to analyze the material
flowing and clinching behavior of metal foils under multiple laser pulses. Based on the validated model, the deformation stages,
thickness change, and shock wave propagation features were studied. The temperature rise during clinching was assessed
considering both the compression by shock wave and plastic deformation at high strain rates. It is revealed that the laser shock
clinching process can be divided into three deformation stages, that is, free bulging forming, radial expansion, and formation of
interlock. Both experimental and numerical results prove that the formation of clinched joints relies on the plastic deformation of
the joining partner I. The thinnest region of the joint locates at the material of the joining partner I in contact with the upper corner
of the joining partner II. In addition, there is no obvious influence of temperature increase on the mechanical properties of joining
partners. Moreover, the shock wave propagation characteristics along axial direction and the influence of laser power density on
interlock value and thickness distribution were also discussed.
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1 Introduction

The effective joining of dissimilar materials, such as various
metallic materials or metallic and nonmetallic materials, pro-
vides the possibility to form multi-material hybrid structure
widely demanded in a broad range of industries. This specific
connection can optimize the design of component materials of
products, and weight reduction can be realized as well as the

improvement of service performance [1]. Thus, the joining of
dissimilar materials is a key concern in many fields across the
macro, meso, and micro levels.

Laser welding is regarded as one of effective and efficient
joining techniques, especially in the field of micro-joining. Due
to the high power density provided by the focused laser beam,
the local area of dissimilar materials is heated and cooled rap-
idly, resulting in a quite small heat affective zone. It is beneficial
for the joining of thin metal sheets generally required in me-
chanical, electronic, and energy components. Compared with
other joining methods, laser welding holds advantages of non-
contact, flexibility, and high precision, and is suitable for most
materials [2]. Shi et al. [3] carried out experiments on micro-
laser welding of copper wire to aluminum pin of electronic
components. The copper wire is melted due to the irradiation
of pulsed laser and then the molten copper coats the aluminum
pin, leading to the fusion of aluminum and formation of Cu–Al
compound. Zimmer et al. [4] proposed laser micro-riveting
technique for the joining of dissimilar thin films. It is found that
a hollow rivet of copper is achieved under the pulsed laser
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irradiation, which connects the copper film with the overlaying
molybdenum film by geometrical interlock. Lerra et al. [5]
evaluated the influence of laser pulse shape and separation dis-
tance on the metallurgical, mechanical, electrical, and thermal
properties of Al–Cu lap joints in pulsed laser welding. The
experimental results show that the pulse shape with an increas-
ing step can obtain high maximum tensile load compared with
that with a decreasing step. Nevertheless, the difference in ma-
terial properties brings about the low weldability between dis-
similar thin metal sheets, resulting in many challenges using
laser welding technique. According to the investigation con-
ducted by Shi et al. [6], the formation of weld defects such as
hot cracks and blowholes in the Cu–Al joint by micro-laser
welding cannot easily be mitigated due to the differences of
physical properties and lattice constants between copper and
aluminum. Chen et al. [7] analyzed the weld cracks that ap-
peared in micro-laser welding of NiTiNb shape memory alloy
and Ti6Al4V alloy. Their observations identify that different
kinds of cracks can be found in the joints, which is mainly
attributed to the formation of brittle intermetallic compounds.
As a consequence, much more concerns are needed to suppress
the weld defects and improve the service performance of joints
for laser welding of dissimilar materials.

It is well known that as the laser power density enhances, the
interaction between laser and material becomes stronger. While
the laser power density of a beam is up to GW/cm2 level, a
plasma will be formed followed by a shock wave with high
amplitude pressure, resulting in the deformation or fracture of
the incident target [8]. Based on the aforementioned physical
principle, laser shock welding has been proposed which is a
solid-state impact welding technique similar to explosive
welding and magnetic pulse welding. In laser shock welding
process, a flyer and a target are metallurgically joined by a
plasma-based pressure at high strain rates, and no liquid pool
appears which generally exists in laser welding [9]. It has been
detected that the flyer velocity can reach up to 1000 m/s within
0.2μs [10]. Therefore, laser shockwelding provides an approach
to join both similar and dissimilar materials. Wang et al. [11]
evaluated the feasibility of joining aluminum/aluminum and
aluminum/copper thin sheets through laser shock welding. The
examination on the interface of joints shows that the interface of
dissimilar metals is flatter than that of similar materials. In order
to better control the laser shock welding process, a suitable laser
system with diagnostics is established, and a CNC-based three-
axis welding apparatus is built from the perspective of high pro-
duction efficiency [12]. Besides the effective connection of thin
metal sheets, a fine wire can be welded to a metal sheet by laser
shock welding, exhibiting its advantages for broad industry ap-
plication [13]. However, the laser beam with very high energy is
needed to accelerate the flyer to impact the target and destroy the
oxidation film on the metal surface. In this case, spallation may
occur due to the generated ultrahigh shock wave pressure,
resulting in the strength degradation of welded joint [14].

It is noted that the materials couples are welded based on
metallurgical joining for both laser welding and laser shock
welding techniques. Since there are big gaps between dissim-
ilar materials in terms of melting point, thermal conductivity,
and electrical resistivity, in some cases it is quite difficult to
realize the high-quality connection through welding approach
[15]. In recent years, joining processes based on plastic defor-
mation of one or two joining partners have attracted much
more attention, such as clinching, riveting, hemming, and
hydroforming [16]. Each process holds its specific technolog-
ical superiority in the joining field, especially in the joining of
dissimilar materials. In comparison with the welded joints
originated from the metallurgical joining of partners, the me-
chanical joints are formed according to the plastic joining
principle and then the form- and force-closed joints can be
achieved.

Laser shock clinching, a novel joining method derived from
laser shock forming, is firstly proposed by Ji et al. [17]. In this
process, the metal foil is plastically deformed under the pulsed
laser induced shock wave, and then two or three metal foils can
be joined together based on plastic deformation. Laser shock
clinching possesses the characteristics of laser shock processing,
clinching, and high-velocity joining, and thus is suitable for the
joining of dissimilar materials, especially in micro range [18].
Veenaas et al. [19] experimentally investigated the clinching of
aluminum foil to the pre-pierced stainless steel foil by laser
shock. Based on the observation of the cross-section of joints,
it is explored that the formation of the joint is because of the
mechanical interlock of the upper aluminum foil to the lower
steel foil. Further experiments found that the first 10 laser pulses
can introduce relatively large plastic strains compared with those
under subsequent pulses [20].Wang et al. [21] proposed amicro-
clinching process compounded with cutting by laser shock
forming in which a creative joining device was designed.
Under the effect of laser-induced shock wave, the lower metal
foil is firstly cut off and then the upper one plastically deforms to
form an interlock with the remaining lower foil. The influence of
absorbent coating, soft punch, die depth, and pulsed laser energy
on neck thickness and interlock value was discussed by a series
of experiments [22]. It is found that the reasonable organization
of basic processing parameters is critical to make the dissimilar
materials joinable. Ji et al. [23] established a finite element model
to analyze the effect of laser energy and die depth on the forma-
tion of interlock between pure copper foil and pre-pierced stain-
less steel sheet. The results show that the moderate laser energy
and die depth are crucial in the acquirement of high-quality
joints. Moreover, the attempt to join three partners by laser shock
clinching was conducted using two pure copper foils and a pre-
pierced stainless steel sheet [24]. Recently, the shear clinching
[25] and line clinching [26] by laser shock have been achieved to
expand the application range of laser shock clinching technique.

Due to the ultrashort interaction time between laser and
material, the plastic deformation of metal foils and the
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formation of interlock structure are accomplished within sev-
eral microseconds. Thus, it is difficult to entirely capture the
material flowing and deformation characteristics of dissimilar
materials in laser shock clinching by using experimental de-
tection. On the other side, the present numerical simulation
researches are less concerned with the mechanical joining be-
havior of metal foils during incremental impacts of multiple
laser pulses. In addition, the temperature increase and shock
wave propagation in laser shock clinching have not been well
understood, which may affect the clinching process of metal
foils. In this sense, it is full of the importance to reveal the
mechanical joining behavior of dissimilar metal foils in laser
shock clinching through a detailed investigation.

In the present study, the mechanical joining behavior of
pure copper foil and pre-pierced stainless steel sheet in laser
shock clinching was investigated. A finite element model was
established to analyze the material flowing and clinching be-
havior of metal foils under multiple laser pulses. Based on the
validated model, the deformation stages, thickness change,
and shock wave propagation features were studied. The tem-
perature rise during clinching was assessed considering both
the compression by shock wave and plastic deformation at
high strain rates. Moreover, the influence of laser power den-
sity on interlock value, thickness distribution, and the maxi-
mum thinning rate was also evaluated.

2 Experiments

2.1 Mechanism of laser shock clinching with pre-
pierced hole

Figure 1 presents the schematic diagram of laser shock
clinching process. A Nd:YAG laser is employed to produce
a beam with the laser power density higher than 1012 W/m2.
While the high-energy laser beam irradiates the target, a

plasma will be generated with high pressure and temperature.
Then the rapid expansion of the plasma induces a shock wave,
which subsequently propagates into the target and further
causes plastic deformation if the amplitude of shock wave
pressure is beyond the dynamic yield strength of the target.
In order to prevent the target from laser ablation, an absorbent
coating is generally adopted, such as black paint, ink, graphite,
and aluminum foil, to interact with the incident laser beam
instead of the target. For the sake of amplification of shock
wave pressure, a confining layer is usually used to restrain the
free expansion of the plasma. Water or glass is often chosen to
act as the confining layer.

The laser shock clinching process concerned in this study is
one of joining partners pre-pierced before clinching. In such
circumstance, two materials with significant difference in
plasticity and strength are able to clinch together. The piercing
process is generally applied to the joining material with lower
plasticity or higher strength. As seen in Fig. 1, the pre-pierced
joining partner II locates beneath the joining partner I. Under
the incremental effect of laser pulses, the joining partner I is
deformed plastically and flows into the cavity composed of
joining partner II, spacer, and base. The joint is finally formed
until the appropriate interlock value has been achieved.

2.2 Experimental setup

The experiments were implemented by a Nd:YAG laser with
the wavelength of 1064 nm and the pulse duration of 7.3 ns.
The laser beam with Gaussian spatial distribution is transmit-
ted by a reflector and then converged using a focusing lens.
Quartz glass with the thickness of 3 mm was employed to
serve as the confining layer, and ink was used as the absorbent
coating of about 80 μm in thickness, which was pre-coated on
the glass surface facing metal foil. The choice of ink is be-
cause of its high efficiency of laser energy absorption and easy
removal after the clinching process. The spot diameter on the

Fig. 1 Schematic diagram of laser
shock clinching process
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ink surface was about 2 mm to ensure that the laser power
density is high enough to cause plastic deformation. The pulse
frequency was 1 Hz and the spacer height was 150 μm. It is
noted that part of the ink will be consumed owing to laser
ablation while each laser pulse has been imposed. Thus, after
five laser pulses are applied, the position of the quartz glass
will be adjusted to guarantee the protection of ink.

2.3 Specimen preparation

T2 pure copper foil with the thickness of 30μmwas chosen as
the joining partner I. The as-received pure copper foil was
annealed in a vacuum furnace at the temperature of 450 °C
for 1 h to eliminate the rolling direction effect, and then an
average grain size of 12 μm in the thickness direction was
gained. 304 stainless steel with the thickness of 100 μm was
used to act as the joining partner II. Before laser shock
clinching process, a hole with a specific diameter needs to
be fabricated on the stainless steel sheet. Figure 2 compares
the wall morphology of pierced holes by drilling and laser
drilling, respectively. It can be seen that the burr distinctly
appears on the hole wall obtained by drilling, which may
hinder the metal flowing of the joining partner I and further
result in the premature fracture, shown in Fig. 2a. However,
the hole wall exhibits good forming quality while laser drilling
with a fiber laser cutting machine is performed, as seen in Fig.
2b. The diameter of the pre-pierced hole is 2 mm in the
experiments.

After laser shock clinching process, the joint was cut apart
along the meridian plane, and then both the cross-section mor-
phology and the interlock value were examined using a DX-
200 digital microscope.

3 Numerical modeling

3.1 Analysis scheme

The ABAQUS software was adopted to implement the numer-
ical simulation of laser shock clinching and to attempt to ex-
plore the mechanical clinching behavior of the material in the
process.

Figure 3 shows the finite element analysis scheme of laser
shock clinching. The finite element model was established
considering the necessary pre-treatment, such as materials
properties description, shock wave loading, boundary condi-
tion setting, and so on. Due to the ultrashort acting time of
shock wave pressure, the materials are deformed at relatively
high velocity. Thus, ABAQUS/Explicit module was adopted
to analyze this transient plastic deformation under a series of
laser pulses. After all of the preset pulses have been applied,
the springback analysis was then conducted through
ABAQUS/Standard module to obtain a stable deformation
status.

3.2 Finite element modeling

In the confining regime, the shock wave pressure induced by a
high-energy pulsed laser can be assessed by the equation [27]

Pmax ¼ 10−9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a

2aþ 3

� �
� Z � I0

s
ð1Þ

where Pmax is the peak value of shock wave pressure and a is the
energy conversion coefficient usually regarded as 0.1; I0 is the
applied laser power density per pulse; and Z is the shock imped-
ance related to the interaction between the metal foil Z1 and the
confining overlay Z2, expressed as 2/Z = 1/Z1 + 1/Z2. In the cur-
rent research, the shock impedance of quartz glass and pure
copper is 1.31 × 107 and 4.18×107 kg/m2s, respectively [28].

The temporal evolution of laser-induced shock wave pres-
sure can be simplified to a triangular shape, as shown in Fig.
4a. The spatial distribution of the pressure is generally consid-
ered to obey Gaussian spatial distribution similar to that of
laser beam. Thus, the shock wave pressure at the moment t
and the position r can be written as P r;tð Þ ¼ P tð Þexp −r2=2r20

� �
,

in which r is the distance from the center of laser spot and r0 is
the radius of spot. Figure 4b presents the calculated spatial
distribution shape of the pressure. The subroutine VDLOAD
was used to accomplish the multiple loading of laser pulses.

Johnson–Cook constitutive model was adopted to describe
the stress–strain relationship of pure copper and stainless steel.
This model is generally used in laser shock processing, given
by [29]

Fig. 2 Wall morphology of pre-
pierced hole by drilling (a) and
laser drilling (b)
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σ ¼ Aþ Bεnð Þ 1þ Cln
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where σ is the dynamic yield strength of the material; ε is the

plastic strain; ε̇ is the strain rate; ε̇0 is the reference strain rate
(generally 1/s); and T, Tr, and Tm is the environment temper-
ature during the process, room temperature, and the melting
point of the material, respectively. Since the absorbent coating
prevents the metal foil from being ablated by pulsed laser
beam, the temperature softening effect can be ignored. For

pure copper, A = 90 MPa, B = 292 MPa, C = 0.025, and n =
0.31; for stainless steel, A = 350 MPa, B = 275 MPa, C =
0.022, and n = 0.36 [29].

Figure 5 presents the established finite element model of
laser shock clinching. Due to the fact that the shapes of both
laser spot and clinched joint are circular, an axisymmetric
simplification was adopted. The joining partner I is pure cop-
per foil with the thickness of 30 μm, while 304 stainless steel
of 100 μm in thickness is chosen as the joining partner II. The
diameters of both laser beam and pre-pierced hole on the join-
ing partner II are 2 mm. The height of the spacer is 150 μm,

Fig. 4 Characteristics of shock
wave pressure. a Temporal
evolution; b spatial distribution

Fig. 3 Finite element analysis
strategy of laser shock clinching
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and a flat bottom plate is used to limit the deformation along z-
axis. The blank holder force was set to 5 kN to compress the
materials below the blank holder. Element CAX4R was
adopted to mesh the joining partners. In order to fully capture
the high-strain-rate plastic deformation during laser shock
clinching, part of the region slightly larger than the diameter
of laser beam on the joining partner I has been refined using
smaller element sizes.

3.3 Determination of explicit analysis time

The determination of explicit analysis time is one of notewor-
thy concerns while the finite element calculation is imple-
mented. Obviously, the dynamic deformation characteristics
of the joining partners cannot be fully captured while the anal-
ysis time is not enough. On the other side, there is a waste of
time if the analysis time is set too long. Thus, the reasonable
explicit analysis time for each laser pulse in the simulation
needs to be ascertained.

In the present model, the laser power density is 6.76 × 1012

W/m2, and the explicit analysis time for a single laser pulse
was initially set to 35 μs. The balance of internal energy for
the whole numerical simulation model and the variation of
each energy component were adopted to evaluate the explicit
analysis time. The internal energy EI can be expressed as

EI ¼ EA þ EP þ EE ð3Þ
where EA is the artificial strain energy, EP is the energy dissi-
pated by plasticity, and EE is the applied elastic strain energy.

Figure 6 shows the evolution of the internal energy com-
ponents under a single laser pulse. It can be seen that the
values of EI and EP are almost the same while EA and EE are
nearly equal to zero, suggesting that almost all of the internal
energy have converted into the energy consumed by the

plastic deformation of materials. Furthermore, it is noted that
after 3 μs, there are no significant changes for EP and its value
keeps constant within the following time, indicating that no
further plastic deformation takes place. Considering the fact
that multiple laser pulses are imposed during the process and
the collision between the material and the bottom plate may
have an effect on the plastic deformation behavior, the calcu-
lation time in explicit dynamic analysis for each laser pulse is
finally set to 6 μs in the simulation.

4 Results and discussion

4.1 Simulation model validation

After laser shock clinching process, the residual ink spread on
the joint surface was removed using an ultrasonic cleaner, and
then anhydrous alcohol was adopted to clean the joint surface.
The general view of the joint is shown in Fig. 7a, in which 25
pulses with the laser power density of 6.76 × 1012 W/m2 have
been applied. In order to examine the surface quality of the
clinched joint, amplification of the center of the surface facing
laser beam was carried out by scanning electron microscope,
as shown in Fig. 7b. It is manifest that there is no obvious
evidence of laser ablation on the joint surface, suggesting that
the formation of the joint is mechanical through the effect of
laser-induced shock wave. This is attributed to the protection
from the absorbent coating and the application of relatively
low laser power density.

In order to better analyze the mechanical joining behavior
of the materials during laser shock clinching, some zones
within the joining partner I are specially concerned, as illus-
trated in Fig. 8. Zone A and zone B are related to the material
of the joining partner I in contact with the upper and lower

Fig. 5 Finite element model of
laser shock clinching
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corner of the joining partner II, respectively. Zone C correlates
to the material on the boundary touching the bottom plate. In
addition, tu is defined as the interlock value to represent the
clinching degree of the joints.

Figure 9 presents the comparison of numerical simulation
and experimental measurements in terms of tu with various
laser pulses. It can be seen that across the whole process, the
numerical results exhibit a good agreement with those of ex-
periments, suggesting that the established finite element mod-
el is reliable and can be employed to carry out further inves-
tigations. Moreover, it is noted that the joining partner II keeps
its original state even after 25 laser pulses in both numerical
simulation and experiments. It implies that no obvious plastic
deformation occurs for the stainless steel under the given pro-
cessing parameters due to its high strength in comparison with
that of pure copper foil. Therefore, the formation of clinched
joints relies on the plastic deformation of the joining partner I,
which will be paid special attention in the following sections.

It is noticeable that there are some differences between the
numerical simulation and experimental measurements, as
shown in Fig. 9. It may be attributed to (1) the deviation of
the calculated shock wave pressure compared with the actual
value and (2) the difference in the mechanical property of pure
copper foil between the fitting constitutive model and reality.

The development of interlock value is closely associated
with the formation of the clinched joint, and obviously the
interlock value has important ties with the applied pulsed laser
parameters, such as laser power density and number of pulses.
Thus, it is of great significance in analyzing the evolution of
the interlock value during the process. Figure 10 presents the
changes of interlock values with the number of laser pulses
through both numerical and experimental approaches. Five
specimens have been checked in the experiments, and both
the average and deviation have been given in Fig. 10.

It can be seen that while the number of laser pulses is less
than 15, there is no significant indication on the formation of
interlock. After 15 pulses have been applied, the interlock
starts forming and its value increases with the action of more
pulses. Both the numerical simulation and experimental re-
sults present the same trend, which gives a further verification
of the established finite element analysis model. Furthermore,
it is clearly seen that while 25 pulses have been applied, a joint
with a moderate interlock value has been obtained. The devi-
ation between the predicted and practical interlock values is
less than 10%.

4.2 Deformation stages

According to the plastic deformation behavior of the joining
partner I, the laser shock clinching process can be divided into
three deformation stages, as shown in Fig. 11. The first stage
relates to the free bulging forming, while radial expansion
occurs in the second stage. As the joining partner I entirely

Fig. 7 Morphology of the
clinched joint. a General view of
the joint; b amplification of the
center of the surface

Fig. 6 Evolution of the internal energy components
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contacts with the hole wall of the joining partner II, the inter-
lock begins to form and this stage continues until all of ar-
ranged laser pulses have been imposed.

As seen in Fig. 11a, the joining partner I is bulged into the
cavity under laser shock. The plastic deformation mainly oc-
curs along z direction in keeping with the laser incident direc-
tion. Thus, free bulging forming happens until the partner I
meets the bottom plate, as shown in Fig. 11b. The length of the
first stage chiefly depends on the applied laser power density,
the thickness of the partner II, and the spacer height.

Figure 11c and d exhibits the metal flowing of the joining
partner I in the second stage. Since the bottom plate limits the
further deformation along z direction, the partner I will expand
along r direction, and the region of the partner I touching the
bottom plate becomes larger. In this stage, the plastic defor-
mation focuses on the material between zone A and zone C.
The material in zone A undergoes bending and stretching
forming along the upper corner of the joining partner II, and
gets thinner because of the constraint of blank holder.
Meanwhile, zone C gradually moves along r direction with

Fig. 9 Comparison of numerical
simulation and experimental
measurements with various laser
pulses. a 5; b 10; c 15; d 20; e 25

Fig. 8 Definition of three feature
zones and the interlock value
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the increase of laser pulses. This stage lasts for several pulses
until the partner I entirely contacts with the hole wall of the
joining partner II, as seen in Fig. 11d.

At the end of the second stage, the two partners reach a
critical state of interlock forming. As the laser pulse continu-
ously increases, the material between zone B and zone C will
expand along r direction, indicating that the interlock begins
to form. In this stage, the material in zone B is stretched into
the cavity along the lower corner of the joining partner II and
zone C remains moving along r direction, resulting in the
enlargement of interlock value. After all of the planned laser
pulses have been applied, the joint with a moderate interlock
value is successfully formed, as seen in Fig. 11e.

4.3 Thickness distribution of the joint

In order to examine the characteristics of thickness distribu-
tion of the clinched joint, 20 points were selected in the cross-
section of the joining partner I, as seen in Fig. 12. Based on the
result of the deformation stages analysis, additional points are
chosen in zones A, B, and C to better capture the thickness
changes.

Figure 13 presents the thickness distribution of the joining
partner I of the clinched joint after 25 laser pulses. In order to
better explore the thickness changes in laser shock clinching,
the thinning rate η is adopted, expressed by

η ¼ H1−H
H1

� 100% ð4Þ

where H1 and H are the thickness of the joining partner I
before and after clinching, respectively. The calculated thin-
ning rates are also given in Fig. 13. It can be clear to see that
the location of the thinnest position is in zone A, indicating
that the material of the corresponding region undergoes exten-
sive plastic deformation during laser shock clinching. Since

the material beneath the blank holder is difficult to flow into
the cavity due to the confinement, the plastic deformation of
the joining partner I is realized by means of thickness reduc-
tion. It is noted that the material in zone A suffers from the
pressures from both laser shock wave and the small radius of
the upper corner of the joining partner II. Thus, severe plastic
deformation occurs in zone A, resulting in the maximum thin-
ning rate of the whole formed joint.

As shown in Fig. 13, the thinning rate of the material in
zone B is also quite large. In reference to Fig. 11d and e, as the
interlock starts to form, the material in zone B is stretched into
the cavity along the lower corner of the joining partner II.

Fig. 11 Deformation stages of laser shock clinching. a Within the first
stage; b the end of the first stage; c within the second stage; d the end of
the second stage; e the end of the third stage and achievement of the joint

Fig. 10 Evolution of interlock value with the number of laser pulses
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However, the material in the hole wall of the joining partner II
is hard to flow due to the radial compression effect of the
shock wave pressure, leading to the fact that great thinning
is also inclined to appear in this region. The thinning in zone C
is believed to be attributed to the axial compression effect of
the shock wave pressure and the friction from the bottom
plate.

4.4 Temperature rise

The temperature changes subjected to laser shock loading
generally result from both the compression accompanied with
the propagation of shock wave and the plastic deformation at
high strain rates.

As the laser-induced shock wave compresses the metal
target, it can lead to temperature rise within the target while
the amplitude of shock wave pressure is large enough. The
temperature rise due to shock wave compression ΔT1 can be
expressed as [30]

ΔT 1 ¼ T 0γεV ð5Þ

where T0 is the initial temperature of the material, γ is the
Grüneisen constant, and εV is the volumetric strain during
compression defined as

εV ¼ V0−V
V0

¼ 1−
V
V0

¼ 1−ρ0V ð6Þ

where ρ0 and V0 is the density and specific volume at normal
atmospheric pressure, respectively; V is the specific volume at
shock wave pressure, given by [31]

V ¼ C2
0

2S2P

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4SV0

C2
0

P

s
þ 2S S−1ð ÞV0

C2
0

P−1

" #
ð7Þ

where C0 is the sound velocity in the material at normal atmo-
spheric pressure; S ≈ (γ + 1)/2. For pure copper, C0 = 3.94 × 103

m/s, ρ0 = 8.93 g/cm
3,V0 = 0.11198 cm

3/g, γ= 2.005, and S= 1.49
[32]. According to Eq. (1), the amplitude of laser-induced shock
wave pressure is 2.03 GPa with the laser power density of 6.76 ×
1012 W/m2. Thus, it is calculated that ΔT1 = 0.76 K, indicating
that the effect of temperature rise due to shock wave propagation
is very limited on the plastic deformation of the joining partner I.

Fig. 13 Thickness and thinning
rate distribution of the joining
partner I

Fig. 12 Illustration of measured
points for thickness.
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The deformation-induced temperature rise ΔT2 can be
evaluated by the following relation [32]:

ΔT 2 ¼ β
ρ0CP

∫ε0σdε ð8Þ

where β is the Taylor coefficient andCp is the isobaric specific
heat. The Johnson–Cook model is used to describe the rela-
tionship of σ and ε; refer to Eq. (2). Thus, ΔT2 can be calcu-
lated by

ΔT2 ¼ 1−exp −

β 1þ Cln
ε̇

ε̇0

 !

ρCP Tm−Trð Þ � Aεþ Bεnþ1

nþ 1

� �
2
66664

3
77775

8>>>><
>>>>:

9>>>>=
>>>>;

� Tm−Trð Þ ð9Þ

For pure copper, β = 0.9, A = 90 MPa, B = 292 MPa, n =

0.31,C = 0.025,m = 1.09, ε̇0 =1.0/s, Tm = 1356 K, Tr = 298 K,
and Cp = 0.383 J/(gK) [33]. The induced plastic strains under
each laser pulse can be easily obtained from numerical simu-
lation results. Thus, the temperature rise per laser pulse that
arose from plastic deformation is shown in Fig. 14. It is evi-
dent that the maximum ofΔT2 is 25.4 K, which appears in the
first laser pulse. In the subsequent laser pulses, ΔT2 is lower
than 10 K, implying that there is no obvious influence of
temperature increase due to high-strain-rate plastic deforma-
tion on the mechanical properties of the joining partners.

4.5 Shock wave propagation along axial direction

In laser shock processing, the shock wave propagation along
axial direction, that is, the laser incident direction, is generally
concerned [34]. Figure 15 presents the shock wave propagation
characteristics of the first laser pulse along axial direction. In
order to better explore the shock wave propagation behavior in
the different positions of the joining partner I, six points are
chosen along the axis of symmetry, denoted as a, b, c, d, e, and f.

As shown in Fig. 15, it can be seen that the shock wave
propagation of the first laser pulse can be divided into three
stages. The first stage is in the range of 0–600 ns. In this case,
the stress wave exhibits a rapid increase and then attenuates to
zero, which is in relation to the effect of laser-induced shock
wave. The shock wave propagation of the first laser pulse in
the early 50 ns is shown in Fig. 16. As the laser-induced shock
wave arrives in the surface of the joining partner I, point a
firstly reaches the peak value of 2.01 GPa which is close to
that of the generated shock wave pressure, that is, 2.03 GPa.
After that, points b–f reach the peak in order, but the peak
values diminish gradually, implying that the occurrence of
plastic deformation consumes part of energy. While the shock
wave reaches the other surface of the joining partner I, both
reflection and transmission occur, resulting in the emergence
of tensile stresses. The shock wave then attenuates in a vibra-
tion mode and finally turns into zero.

The second stage is within 600–2900 ns with a manifest
feature that the stress values of six points equal to zero, as seen
in Fig. 15. It is noted that the deformation of the joining part-
ner I in this stage involves with the free bulging forming; refer
to Fig. 11a. Though the stresses are zero, the plastic deforma-
tion continues due to the inertial effect [35]. At about 2900 ns,
the pure copper foil contacts with the bottom plate.

The third stage lasts from 2900 to 5000 ns, as seen in Fig.
15. At the end of the second stage, the pure copper foil touches
the bottom plate at high velocity, and then the crash introduces
a new stress wave which propagates into the pure copper foil
again. The new stress wave spreads from point f to a, and
while it arrives in the other foil surface, both reflection and
transmission also occur. Then the values of the generated
stress wave decline gradually accompanied by further plastic
deformation.

Figure 17 presents the shock wave propagation character-
istics of the second laser pulse along axial direction. Due to the
fact that the pure copper foil has contacted with the bottom

Fig. 15 Shock wave propagation characteristics of the first laser pulse
along axial direction

Fig. 14 Temperature rise per laser pulse due to plastic deformation
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plate after the first laser pulse, there are two types of stress
wave propagation within the second laser shock. One is the
shock wave induced by the second laser pulse which propa-
gates from point a to f, and the other is the response of the
bottom plate to the induced shock wave followed by a reverse
stress wave which propagates from point f to a. The two types
of stress wave mutually interfere within the pure copper foil
accompanied with reflection and transmission, and gradually
turn into zero. It is noted that the shock wave propagation of
the subsequent laser pulses along axial direction exhibits the
same trend to that of the second pulse.

4.6 Effect of laser power density

It is well known that laser power density is one of
essential parameters to determine the formation and per-
formance of the part in laser shock processing. Thus,

the effect of laser power density on the interlock value
and thickness distribution is concerned based on the
numerical simulation. A range of 4.80 × 1012 to 1.09
× 1013 W/m2 is adopted. According to the previous
experimental researches, the obtained interlock value
can equal to or even exceed the original thickness of
the joining partner I without fracture [18, 19, 24]. As a
consequence, the calculation of the aforementioned laser
power densities lasts until the interlock value reaches or
slightly surpasses 30 μm, relying on the effect of the
last applied pulse.

Figure 18 presents the evolution of interlock value
under various laser power densities. It can be apparently
seen that the threshold of laser pulse beginning to form
interlock decreases with the enhancement of laser power
density. While the interlock starts to develop, the incre-
ment of per laser pulse becomes larger as the laser
power density is strengthened, implying that fewer
pulses are needed to accomplish the same interlock val-
ue. According to Eq. (1), obviously the amplitude of the
shock wave pressure can be amplified while a higher
laser power density is applied, leading to the increase
of the plastic deformation degree of the joining partner I
and thus the earlier formation of the interlock.

Figure 19 shows the thickness distribution under various
laser power densities while the interlock value is about 30 μm.
The measured positions are in accordance with those in Fig.
12. It can be seen that the thickness distribution presents a
similar trend among the given laser power densities. The thin-
nest region locates in zone A, implying that crack may appear
in this region if too high laser power density is applied.

The relationship of the maximum thinning rate and laser
power density is shown in Fig. 20. It can be seen that while the
laser power density is in the range of 4.80 × 1012 to 8.72 ×
1012 W/m2, the maximum thinning rate is between 46.8 and

Fig. 17 Shock wave propagation characteristics of the second laser pulse
along axial direction Fig. 18 Evolution of interlock value under various laser power densities

Fig. 16 Shock wave propagation of the first laser pulse in the early 50 ns
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48.1%. However, when the laser power density is strength-
ened to 1.09 × 1013 W/m2, the maximum thinning rate rises to
51.3%. Obviously, the excessive reduction in thickness has an
adverse effect on the performance of the clinched joint and
even leads to the occurrence of fracture. Thus, the reasonable
arrangement of laser power density should be considered in
order to obtain a clinched joint with a moderate interlock value
and high joining efficiency.

5 Conclusions

In the present paper, the mechanical joining behavior of pure
copper foil and pre-pierced stainless steel sheet in laser shock
clinching was investigated through numerical simulation ap-
proach. The characteristics of the deformation stages, thick-
ness change, temperature increase, shock wave propagation as

well as the effect of laser power density were examined. The
following conclusions are drawn from this research:

1. Laser shock clinching process can be divided into three
deformation stages, that is, free bulging forming, radial
expansion, and formation of interlock. Both experimental
and numerical results prove that the formation of clinched
joints relies on the plastic deformation of the joining part-
ner I.

2. The thinnest region of the joint locates at the material of
the joining partner I in contact with the upper corner of the
joining partner II, which is related to the confinement of
blank holder and the pressures from both laser shock
wave and the small radius of the upper corner of the part-
ner II.

3. The temperature increases that arose from the compres-
sion by shock wave and plastic deformation at high strain
rates are quite small. Thus, there is no obvious influence
of temperature increase on the mechanical properties of
the joining partners.

4. The shock wave propagation along axial direction of the
first laser pulse can be divided into three stages, while
there are two types of stress wave propagation for the
second and subsequent laser shock. The attenuation, re-
flection, transmission, and interaction of stress waves ex-
ist within the metal foil accompanied with plastic
deformation.

5. Laser power density plays a significant role in the
threshold of laser pulse beginning to form interlock
and the necessary number of pulses to accomplish
the expected interlock value. However, there are no
obvious changes in the thickness distribution and
the thinnest region of joints under the given laser
power densities.

In addition, the present research focuses on the nu-
merical simulation investigation in the mechanical join-
ing behavior of two metallic dissimilar materials. In the
further work, the problem in the development of absor-
bent coating materials with high efficiency and easy
operation will be studied. Moreover, the effect of other
laser parameters and properties of joining partners on
the clinching defects, joint performance as well as fail-
ure modes of the clinched joint will be discussed.
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