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Abstract
Laser shock hole-clinching is a high–strain rate mechanical joining process in which the metal foils are joined together based on
plastic deformation generated by a laser-induced shock wave. In the process, fracture is a typical defect and seriously influences
the clinching quality and production efficiency of joints. However, the classification and variation of fracture modes in laser
shock hole-clinching are of less concern. In this study, the fracture mode of Cu-Fe joints in laser shock hole-clinching was
experimentally investigated. Both optical microscopy and scanning electron microscopy were adopted to analyze the fracture
surface morphology of clinched joints. The influence of laser power density, laser spot diameter, the initial grain size and
thickness of metal foil, and spacer height on the fracture mode of joints was evaluated. It is revealed that the temperature increase
caused by high–strain rate plastic deformation has no impact on the fracture behavior of the joining partners. Fracture always
occurs on joining partner I, and it can be divided into four modes, including bottom surface fracture, bottom corner fracture, neck
fracture, and mixed fracture. It is found that fracture on the bottom surface is seldom seen but mixed fracture accounts for most of
the cracked specimens. Neck tensile fracture rarely appears alone, and it usually exists accompanied by fracture on the bottom
corner. The fracture mode varies from a tensile fracture mode on the bottom corner to a mixed fracture mode and then to a shear
fracture mode on the neck with the enhancement of laser power density. In addition, the initial grain size of joining partner I has a
significant impact on the fracture mode of clinched joints. The fracture mode varies from bottom corner fracture to mixed fracture
in relation to the change of mechanical properties of metal foil with an enlarged grain size. However, the mixed fracture mode
always appears with the enlargement of both laser spot diameter and spacer height.
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1 Introduction

Laser shock hole-clinching is one of mechanical joining pro-
cesses in which at least one metal foil is plastically deformed
to form an interlock structure. The process originates from
laser shock forming of metal foils and holds the technological

advantages of laser shock forming and clinching. Since the
joint is obtained based on plastic deformation, laser shock
hole-clinching is especially suitable for the joining of dissim-
ilar materials with significant differences in physical proper-
ties, such as melting point, thermal conductivity, plasticity,
and yield strength.

The mechanism of laser shock hole-clinching is illustrated
in Fig. 1a. A laser beam with a nanosecond pulse duration and
a laser power density of up to 1012W/m2 level is employed as
a punch.While the laser beam arrives on the top surface of the
absorbent coating, the coating material absorbs the incident
laser energy and then immediately forms a plasma with high
pressure and temperature [1]. Due to the confinement of the
confining layer, the generated plasma cannot escape freely
and will rapidly expand towards the joining partners, leading
to the formation of a shock wave. The shock wave subse-
quently propagates into joining partner I and further causes
plastic deformation when the amplitude of the shock wave
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pressure is beyond the yield strength of the material [2].
Because of the effect of the shock wave, joining partner I
flows into the pre-pierced hole on joining partner II, and fi-
nally, the partners are joined together at high strain rates.
Usually tens to hundreds of pulses are needed to accomplish
the process depending on the material properties and pulsed
laser parameters. It is noted that the laser-induced shock wave
is responsible for the joining of metal foils in the laser shock
hole-clinching process, which exhibits significant differences
in the fundamental mechanism in comparison to the laser
welding process. The other compositions of the experimental
apparatus and their roles in the laser shock hole-clinching
process are similar to those in laser shock forming [3].
Unlike a rigid punch used in the conventional hole-clinching,
the laser-induced shock wave is adopted to act as a flexible
punch, as illustrated in Fig. 1. In this case, the spot diameter
can be easily adjusted according to the different dimensions of
the pre-pierced hole on joining partner II. The energy level of
the laser beam is able to be precisely controlled by using a
laser system based on the joining requirement of partners with
various mechanical properties. Therefore, the process pos-
sesses the technological superiority of non-contact, flexibility,
controllability, and high precision.

The clinching feasibility of metal foils by a laser-
induced shock wave and the influence of process param-
eters on interlock formation have attracted much more
attention. The combinations of aluminum/stainless steel
[4, 5], aluminum/copper [5, 6], and copper/stainless steel
[7] are successfully joined together under a shock wave.
It is found that the application of a pulsed laser beam is
appropriate for the joining requirements of metallic ma-
terials with a thickness in the micron range [8].
Moreover, the effects of the number of pulses [4, 7, 8],
laser energy [5–7], thickness of the absorbent coating
[6], spacer height [7], and shock wave pressure [9] on
the mechanical joining behavior of metal foils have been
explored through experimental and numerical ap-
proaches. The investigations show that the evolution of
the interlock structure and the strength of the clinched
joint are sensitive to process parameters, indicating that
the reasonable choice of parameters is important to

obtain a joint with high quality during laser shock
hole-clinching. The recent advance in laser shock hole-
clinching includes the realization of three joining part-
ners [10], the achievement of a line interlock structure
[11], and the development of the micro-shear clinching
process [12].

Fracture is one of main defects in laser shock forming due
to the low stiffness and small thickness of metal foils, the
complex stress state during deformation, and the ultrahigh
shock wave pressure, especially because of the unreasonable
arrangement of process parameters. Thus, the fracture behav-
ior and modes are necessary to identify firstly to further elim-
inate this defect. Li et al. [13] employed the Johnson-Cook
failure model to numerically simulate the fracture behavior of
materials in laser shock forming. It is found that the thickness
reduction of the foil near the fracture region can be up to 80%
owing to the effect of tensile stress. Wielage and Vollertsen
[14] analyzed the fracture behavior of metal foils during draw-
ing by multiple laser pulses. It is concluded that fracture may
occur on the bottom surface, the bottom corner, or the entrance
corner depending on the number of laser pulses. Liu et al. [15]
carried out morphological analysis of a fracture surface in a
multiple-pulse laser shock bulging process. The examinations
show that there are four fracture modes based on the various
fracture mechanisms, that is, tensile fracture, shear fracture,
mixed fracture, and spallation. Wang et al. [16] observed that
fracture is inclined to appear on the bottom surface caused by
serious local thinning in the laser shock hydraulic bulging
process, especially at a very high laser power density. Both
the large tensile stress and relatively free flowing of bottom
material lead to the fracture on the bottom. Zhang et al. [17]
presented a comparative study on the fracture behavior of
AZ31 magnesium alloy and molybdenum in multiple-pulse
laser shock forming. Based upon examinations, it is noted that
both AZ31 and molybdenum exhibit significant thickness
thinning on fracture sites, whereas spallation is also observed
for molybdenum. Jiang et al. [18] revealed that there are three
fracture mechanisms for aluminum alloy in laser shock
forming, including spallation, excessive thinning, and mixed
mechanism. The abovementioned researches give a construc-
tive understanding of fracture defect in the laser shock

Fig. 1 Schematic diagram of laser shock hole-clinching process (a) and conventional hole-clinching process (b)
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forming process, which is beneficial for further controlling
and improving the forming quality of parts.

Furthermore, the change of fracture modes in relation to
deformation conditions has been investigated to make a deep
exploration of the fracture behavior in laser shock forming.
Zheng et al. [19] evaluated the response of metal foils under
different ratios of the laser beam diameter to die hole diameter
in the laser shock punching process. It is certain that the fracture
mode varies from shear to mixed mode and then to tensile as
the ratio decreases. Shen et al. [20] established a finite element
model to simulate the fracture behavior of metal foils in laser
shock forming with the aid of a rubber sheet. The numerical
results show that while the laser energy is enhanced from 1380
to 1690mJ, the fracture mode is changed from tensile tearing to
shear rupture. In their further work, morphological analysis of
the fracture surface by scanning electron microscopy under
different laser energies was conducted [21]. It is found that
while the laser energy is increased to 1900 mJ, the filament
fracture mode appears, indicating that the superplastic flowing
of metal foil occurs prior to fracture. Li et al. [22] discussed the
effect of shock wave pressure on fracture behavior in the laser
shock punching process. It is observed that although the metal
foil is always separated by shear mode, the edge of the punched
hole is smoother and the plug height is lower with the enhance-
ment of the induced shock wave pressure.

However, fewer attempts are made towards the classifica-
tion of fracture modes in laser shock hole-clinching and the
examination of fracture surface morphology to deeply explore
the fracture mechanism on the micron scale. It is obvious that
both the material plastic flowing and stress state are more
complex in clinching due to the specific geometry of joints,
implying that the fracture behavior may exhibit different char-
acteristics in comparison to laser shock forming. Moreover,
the influence of critical process parameters, such as laser pow-
er density, laser spot diameter, initial grain size and thickness
of metal foil, and spacer height, on the fracture mode of joints
in laser shock hole-clinching is also of less concern. In this

sense, it is full of the importance to reveal the classification
and variation of fracture modes in laser shock hole-clinching
through a detailed investigation.

In this study, the fracture mode of dissimilar material joints
by laser shock hole-clinching was investigated. T2 pure copper
and 304 stainless steel foils were joined together under a laser-
induced shock wave. Both optical microscopy (OM) and scan-
ning electron microscopy (SEM) were adopted to analyze the
fracture surface morphology of joints. The temperature increase
during clinching was assessed considering the plastic deforma-
tion at high strain rates. The influence of critical process param-
eters on the fracture mode of joints was evaluated in detail.

2 Experiments

2.1 Experimental setup

A Nd:YAG laser system (Nimma-900, Beamtech Optronics
Co., Ltd.) was employed to conduct the laser shock hole-
clinching experiments. The diameter of the laser beam converg-
ing on the metal surface can be changed by adjusting the dis-
tance between the lens and the metal foil. The output laser
energy was measured using a digital energy meter
(FieldMaxII-TOP, Coherent). The pulse frequency was set to
1 Hz. Optical quartz glass with a thickness of 3 mmwas chosen
to serve as the confining layer, and ink was used as the absor-
bent coating, which contains carbon powders, organic pro-
moters, and solvent. The ink was carefully pre-coated on the
glass surface facing the metal foil, and the average thickness
was 80 μm. While every five laser pulses were applied, the
position of the quartz glass was adjusted by a small displace-
ment to ensure the protection of the ink. The location of every
component refers to Fig. 1. Table 1 summarizes the detailed
process parameters in experiments. The laser power density I
depends on the pulsed laser energyE, the laser spot diameter dS,
and the pulse duration τ, expressed as I ¼ 4E=πd2Sτ .

Table 1 Detailed process
parameters in experiments Parameter Unit Value

Laser wavelength ( f ) nm 1064

Pulse duration (τ) ns 7.5

Laser energy per pulse (E) mJ 100, 110, 120, 130, 150

Laser power density (I) × 1012 W/m2 4.25, 4.67, 5.10, 5.52, 6.37 (at dS = 2.0 mm)

Laser spot diameter (dS) mm 1.8, 2.0, 2.2

Pre-pierced hole diameter (dP) mm 2.0

Ratio of dS to dP (M) / 0.9, 1.0, 1.1

Thickness of T2 pure copper foil (tU) μm 30, 50

Thickness of 304 stainless steel foil (tL) μm 100

Spacer height (H) μm 100, 150, 200

Initial grain size of pure copper (dG) μm 13, 17, 27 (at tU = 30 μm)
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2.2 Specimen preparation

T2 pure copper foil with a thickness of 30 and 50 μm was
chosen as joining partner I, while 304 stainless steel with a
thickness of 100 μm was used to act as joining partner II.
Before the laser shock hole-clinching process, laser drilling
with a fiber laser cutting machine (SF3015, Senfeng Laser
Technology Co., Ltd.) was adopted to fabricate a round hole
2.0 mm in diameter on 304 steel foil. In the previous experi-
ments, it is concluded that there was no obvious evidence of
plastic deformation for joining partner II during the process
[7]. Therefore, only joining partner I needs a series of heat
treatments in order to obtain various initial grain sizes to verify
their effect on fracture modes. The as-received pure copper
foil of 30 μm in thickness was annealed in a vacuum furnace
at temperatures of 450, 600, and 750 °C for 1 h, and then the
average grain sizes in the thickness direction were measured
using an optical microscope (GX51, Olympus) by the mean
linear intercept method according to the ASTM E112 stan-
dard. Figure 2 presents microstructures of pure copper foil
after different heat treatments. The initial grain size was 13,
17, and 27 μm on average.

After the laser shock hole-clinching process, the macro-
morphology of the fracture surface was observed using an
ultra-depth digital microscope with data processing software
(DX-200, Shanghai Yongao Precision Instrument Co., Ltd.).
A scanning electron microscope (JSM-7800F, JEOL) with an
energy-dispersive spectrometer system (X-Max 80, Oxford)
was adopted to characterize the micro-morphology of the frac-
ture surface.

3 Methodology

3.1 Evaluation of temperature increase during laser
shock

While the materials are impacted by shock loading, the distance
of heat transfer originating from plastic deformation is generally
limited, and then the adiabatic shear phenomenon may occur,
which plays an important role in the fracture behavior of mate-
rials [23, 24]. Therefore, it is necessary to evaluate the temper-
ature increase during the laser shock hole-clinching process and
discuss its effect on the fracture mode of metal foils.

The temperature increase ΔT induced by plastic deforma-
tion under laser-induced shock wave loading can be expressed
as [25]

ΔT ¼ β
ρCP

∫ε0σdε ð1Þ

where β is the coefficient of plastic work converting into heat,
ρ is the material density, andCp is the isobaric specific heat. In

laser shock processes, the Johnson-Cook constitutive model is
generally used to describe the relationship of stress σ and
plastic strain ε [26]:

σ ¼ Aþ Bεnð Þ 1þ Cln
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where A, B, and C are material constants; n is the strain hard-

ening index; ε̇ is the strain rate; ε̇0 is the reference strain rate;
Tr is the room temperature; Tm is the melting point of the
material; and m is the thermal softening index. Thus, ΔT
can be calculated by
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3.2 Estimation of laser-induced shock wave pressure

In the confining condition, the laser-induced shock wave pres-
sure can be estimated by [27]

Pmax ¼ 10−9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a

2aþ 3

� �
� Z � I

s
ð4Þ

where Pmax is the peak value of the shock wave pressure;
a is the energy conversion coefficient, generally regarded
as 0.1; I is the laser power density; and Z is the shock
impedance related to the interaction between the metal
foil Z1 and the confining overlay Z2, expressed as 2/Z =
1/Z1 + 1/Z2.

Fig. 2 Microstructures of pure copper foil with a thickness of 30 μm after
various heat treatments. a 450 °C, 1 h. b 600 °C, 1 h. c 750 °C, 1 h
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4 Results and discussion

4.1 Morphology of clinched joint

After all of arranged laser pulses have been exerted, the resid-
ual ink splashed on the joint surface during material-laser
interaction was removed by a heated ultrasonic cleaner, and
then anhydrous alcohol was used to clean the joint surface.
The typical morphology of the qualified clinched joint is
shown in Fig. 3. The corresponding clinching conditions are
as follows: I = 5.52 × 1012W/m2, dG = 17 μm, tU = 30 μm, dS
= 2.0 mm, and H = 100 μm. A total of 30 pulses were applied
during clinching. It is clearly seen that a round joint with good
geometry has been achieved, as shown in Fig. 3 a and c. For
the sake of careful examination of the surface morphology, an
amplified observation of the joint surface facing laser beam
was implemented by SEM, and a further element analysis of
point M near the center of the joint was conducted using an
energy-dispersive spectrometer (EDS). According to Fig. 3b,
obviously there is no evidence of laser ablation on the joint
surface, such as voids, cracks, or melted droplets. Moreover,
the EDS result shows that the surface is composed of Cu,
suggesting that the laser shock hole-clinching process is a
mechanical joining technology and the formation of dissimilar
material joints is accomplished with the action of a laser-
induced shock wave. The transverse morphology of the joint
is shown in Fig. 3d. It can be seen that an interlock structure is
obtained through the plastic deformation of joining partner I.

4.2 Evaluation of temperature increase in laser shock
hole-clinching

The temperature change of metal foil during plastic deforma-
tion in laser shock hole-clinching can be assessed through Eq.
(2). For pure copper, β = 0.9, ρ = 8.9 × 103 kg/m3, Cp = 383
J/(kg K), A = 90 MPa, B = 292 MPa, n = 0.31, C = 0.025,

ε̇0 ¼ 1:0=s, m = 1.09, Tm = 1356 K, and Tr = 298 K [28].
The strain rate of metal foil in pulsed laser shock loading can
be regarded as 103/s based on an experimental detection [29].
According to the calculation conducted by Veenaas and
Vollertsen, the first laser pulse can lead to an average strain
of 0.03, which is the largest strain per pulse among the applied
laser pulses [4]. Thus, the temperature increase arising from
plastic deformation is about 2.1 K. This result is close to the
value of the temperature increase due to plastic deformation in
the laser shock process evaluated by Ye et al. [30], indicating
that there is no obvious influence of temperature increase on
the fracture behavior of the joining partners.

4.3 Classification of fracture modes

Based upon the careful examination of defective clinched
joints, it is found that fracture always occurs on joining partner
I and may appear on the bottom surface, bottom corner, and
neck of the joint. Moreover, in some cases mixed fracture may
appear combining bottom corner fracture and neck fracture.

Fig. 3 Morphology of the
qualified joint. a Top view of the
joint. b Amplification of the
center of joining partner I (the
inset is EDS result of point M). c
Side view of the joint. d
Transverse morphology of the
joint
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The surface morphology of each fracture mode was observed,
and the corresponding fracture mechanism was analyzed.

4.3.1 Fracture on bottom surface

Figure 4 presents the fracture morphology on bottom surface of
the joint. The corresponding clinching conditions are as fol-
lows: I = 4.25 × 1012 W/m2, dG = 13 μm, tU = 30 μm, dS =
2.0 mm, andH = 100 μm. The total number of laser pulses was
80. It can be apparently seen that there are lots of voids scattered
on the bottom surface as well as cracks, seen in Fig. 4a. This
phenomenon is different from the typical fracture morphology
in the laser shock forming process in which only cracks appear
[14, 16, 18]. Figure 4b presents the amplification of region 1 in
Fig. 4a. It can be seen that the dimension of voids is in the range
of 10–40 μm with irregular geometry. Figure 4c and d further
examine the morphology of regions 2 and 3 in Fig. 4a, respec-
tively. Note that the neighboring region of cracks is quite rough,
implying that the material undergoes large plastic deformation
during the process. In addition, it is found that fracture on the
bottom surface is seldom seen among the fractured joints, since
in this case a relatively low laser power density and quite a lot of
pulses are usually needed.

In order to understand the reason for the formation of
voids on the bottom surface, the morphology of the joint

before and after removal of residual absorbent coating on
the bottom surface is observed, as shown in Fig. 5. The
applied laser power density was 4.25 × 1012 W/m2 with a
total of 40 pulses. It can be seen that after the interaction
between the pulsed laser beam and coating material, there
are plenty of granular residual substances on the bottom
surface facing laser irradiation; refer to Fig. 5a. The EDS
result of point N shows that these substances are com-
posed of Si, C, and O elements besides Cu. While the
residual substances were removed, many dents have been
left with a size in the micron range, as seen in Fig. 5b.
This phenomenon suggests that the granular substances
are related to the emergence of dents and subsequent for-
mation of voids while more laser pulses are applied.

Figure 6 illustrates the formation process of voids on the
bottom surface of the joint in laser shock hole-clinching.
Before laser irradiation, ink was pre-coated on the glass
surface facing the metal foil, which contains carbon pow-
ders, organic promoters, and solvent. While a laser beam
irradiates the ink, part of the ink immediately absorbs the
laser energy and forms a plasma, as seen in Fig. 6(a). This
interaction mainly relies on the applied laser power density
and the absorbing capacity of the coating material.
Obviously, less ink will be consumed with a relatively
low laser power density. The rapid expansion of the plasma

Fig. 4 Morphology of fracture on
bottom surface. aGeneral view of
the bottom. b Amplification of
region 1 in a. c Amplification of
region 2 in a. d Amplification of
region 3 in a
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generates a shock wave and then leads to metal foil defor-
mation. Meanwhile, some particles consisting of carbide
and silicide which do not react with the incident laser will
fly along the propagation direction of the shock wave and
then impact the bottom surface at a high velocity; refer to
Fig. 6(b). Some positions on the bottom surface will be-
come thinner through the continuous collision of particles,
as shown in Fig. 6(c). Finally, voids appear in excessive
thinning positions under the effect of further impact, as
seen in Fig. 6(d).

4.3.2 Fracture on bottom corner

Figure 7 presents the fracture morphology on the bottom cor-
ner of the joint. The corresponding clinching conditions are as
follows: I = 4.67 × 1012 W/m2, dG = 17 μm, tU = 30 μm, dS =
2.0 mm, and H = 100 μm. The total number of laser pulses
was 60. Figure 7 b–d give an amplifying examination of re-
gion 1 in Fig. 7 a and show different characteristics on the
fracture surface. As shown in Fig. 7b and c, two interesting
phenomena can be seen on fracture surface, that is, slip traces
and serrated fracture boundaries, which are also noted in laser

shock forming of metal foil [21]. In the experiment, it is found
that after 35 pulses have been applied with a laser power
density of 4.67 × 1012 W/m2, an interlock structure starts
forming and its value becomes larger with the increase of laser
pulses. In this case, a considerable plastic deformation takes
place prior to fracture, leading to the occurrence of slip traces
on the fracture surface. In addition, the fracture surface in Fig.
7d exhibits significant thinning, indicating that tensile stress
plays an important role in this fracture mode [18]. Figure 8
illustrates the force acting on the bottom corner in laser shock
hole-clinching. It can be seen that in the interlock formation
stage, joining partner I expands along the r direction due to the
confinement of the bottom plate along the z direction. In such
a condition, the material in the bottom corner suffers from
bilateral tensile stresses and its plastic deformation continues
through the reduction in thickness, which is similar to
those in the conventional mechanical clinching process
[31]. As the laser pulses increase, the contact area of join-
ing partner I and the bottom plate becomes larger, resulting
in the difficulty of material flow. Therefore, the further
radial expansion leads to fracture in this location because
of excessive thinning at the corner.

Fig. 5 Morphology of the joint
before (a) and after (b) removal of
residual absorbent coating
material on the bottom surface.
The inset in a is the EDS result of
point N

Fig. 6 Formation illustration of voids on the bottom surface of joint: (a) generation of plasma; (b) impact between particles from ink and bottom surface;
(c) local thinning on the bottom surface; (d) final formation of voids
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4.3.3 Fracture on neck

Figure 9 presents the fracture morphology on the neck of
the joint. The corresponding clinching conditions are as
follows: I = 5.10 × 1012 W/m2; dG = 17 μm; tU = 30 μm;
dS = 2.0 mm; H = 100 μm; and number of laser pulses, 50.
Note that joining partner II has been carefully removed to
better observe the fracture surface on joining partner I.

From Fig. 9a, it can be seen that the crack occurs near
the upper corner of joining partner II. As seen in Fig. 9b,
it is manifest that there is serious thinning within the frac-
ture region, indicating that a considerable amount of plastic
deformation takes place before fracture and the deformed
metal foil is too thin to sustain the effect of tensile stress.
This fracture mode is also observed in the conventional
mechanical clinching process of metallic plates based on

Fig. 7 Morphology of fracture on
bottom corner. a General view of
the joint bottom. b Slip traces on
fracture surface. c Serrated
fracture boundaries. d The end of
a crack

Fig. 8 Force acting on bottom
corner in laser shock hole-
clinching
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the same micro-fracture mechanism [32]. However, in the
experiments, it is found that the neck fracture rarely ap-
pears alone. In fact, it usually exists accompanied by frac-
ture on the bottom corner.

Figure 10 illustrates the force acting on the region in con-
tact with the upper corner of joining partner II. Before the laser
shock hole-clinching process, both joining partners I and II are
compressed tightly by the blank holder, and thus, the material
of partner I outside the pre-pierced hole will keep its position
during laser shock. In this case, there is no material flowing
into the pre-pierced hole and plastic deformation of joining
partner I develops, resulting from the thickness reduction of
the material within the pre-pierced hole. It is noted that the
material near the upper corner of joining partner II undergoes
complex deformation, that is, bending followed by stretching
forming. Thus, local thinning is inclined to appear in this
region. In addition, the pre-pierced hole on joining partner II
is manufactured by the laser drilling process, and the small
radius of the upper corner of joining partner II may also cause
an adverse impact on the local load-bearing capacity.

4.3.4 Mixed fracture

Figure 11 presents the fracture morphology on both the
bottom corner and neck of one joint, named mixed frac-
ture. The corresponding clinching conditions are as fol-
lows: I = 4.67 × 1012 W/m2; dG = 27 μm; tU = 30 μm; dS
= 2.0 mm; H = 100 μm; and number of laser pulses, 45.
Before SEM examination, joining partner II has also been
carefully removed to better observe the fracture site. As
seen in Fig. 11a, regions 1 and 2 represent fracture on the
neck, while region 3 is located at the bottom corner. From
Fig. 11b–d, it is evident that there is severe thinning on
the fracture surface, suggesting that significant plastic de-
formation occurs prior to fracture. Due to the confinement
of the blank holder, the formation of the joint is realized
by bulging forming of pure copper foil under the effect of
tensile stresses, and thus, the metal foil becomes thinner
with the increase of laser pulses until fracture appears. In
the present experiments, it is noted that the mixed fracture
mode accounts for the majority of fractured specimens.

Fig. 9 Morphology of fracture on
neck. a General view of the
fracture region. b Amplification
of fracture surface

Fig. 10 Force acting on the
region in contact with the upper
corner of joining partner II
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4.4 Effect of laser power density on fracture modes

The laser power density determines the interaction of the
pulsed laser beam and the absorbent coating and thus
directly involves the amplitude of the induced shock wave
pressure. Therefore, it is one of essential process parame-
ters for joint formation in the laser shock hole-clinching
process and is necessary to understand its influence on
fracture modes. In the experiments, three laser power den-
sities of 5.10 × 1012, 5.52 × 1012, and 6.37 × 1012 W/m2

corresponding to the pulsed laser energy of 120, 130, and
150 mJ were applied. The other clinching conditions are
as follows: dG = 13 μm, tU = 30 μm, dS = 2.0 mm, and H
= 100 μm. Figure 12 shows the typical morphology of the
fracture surface under various laser power densities. As
seen in Fig. 12a, the crack appears on the bottom corner
at 5.10 × 1012 W/m2, and its SEM observation confirms
that the fracture site becomes thinner under the action of
tensile stress; refer to Fig. 12b. While the laser power
density is increased to 5.52 × 1012 W/m2, it is noted that
the fracture of the joint is more serious and occurs on both
the bottom corner and neck region, as shown in Fig. 12c.
The amplified examination also exhibits the thinning phe-
nomenon in this case from Fig. 12d. Furthermore, when a
laser power density of 6.37 × 1012 W/m2 has been ap-
plied, it is found that fracture occurs with few laser

pulses. Although the crack also appears on the neck
shown in Fig. 12e, the SEM result presents a different
morphology compared with those in Fig. 12b and d.
From Fig. 12f, it is clearly seen that the fracture surface
seems smooth and is obviously formed by shear stress,
indicating that the development of crack is on the base
of shear fracture mechanism. According to the fracture
surface analysis, it is concluded that the fracture mode
varies from a tensile fracture mode on the bottom corner
to a mixed tensile fracture mode and then to a shear frac-
ture mode on the neck with the enhancement of the laser
power density, as summarized in Table 2.

The amplitude of the shock wave pressure under the
given laser power densities can be estimated according
to Eq. (4). In the present research, the shock impedance
of quartz glass and pure copper is 1.31 × 107 kg/m2 s
and 4.18 × 107 kg/m2 s, respectively [33]. Thus, the
calculated shock wave pressure is increased from 1.78
to 2.01 GPa while the laser power density is enhanced
from 5.10 × 1012 to 6.37 × 1012 W/m2. Considering the
stress state in Fig. 10, the strengthened shock wave pres-
sure provides a high stress gradient within the material
near the upper corner of joining partner II [20, 22]. In
this case, the corresponding material tends to fracture in
shear fracture mode under the effect of high-amplitude
shock wave pressure.

Fig. 11 Morphology of mixed
fracture. a General view of the
fracture region. b Amplification
of region 1 in a. c Amplification
of region 2 in a. d Amplification
of region 3 in a
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4.5 Effect of initial grain size of joining partner I on
fracture modes

Pure copper foils with three initial grain sizes of 13, 17, and
27 μm were prepared in advance aiming to identify the grain
size effect on the fracture mode of joints. The other clinching

conditions are as follows: I = 5.52 × 1012 W/m2, tU = 30 μm,
dS = 2.0 mm, and H = 100 μm. Figure 13 shows the typical
morphology of the fracture surface with various initial grain
sizes. In the case of 13 μm, the fracture site is located at the
bottom corner, whereas the cracks appear on both the bottom
corner and neck of the joint with 17 μm, as shown in Fig. 13a

Fig. 12 Morphology of fracture
surface under various laser power
densities with pure copper foil of
30 μm in thickness. a I = 5.10 ×
1012 W/m2. b Amplification of
region 1 in a. c I = 5.52 × 1012

W/m2. d Amplification of region
2 in c. e I = 6.37 × 1012 W/m2. f
Amplification of region 3 in e

Table 2 Variation of fracture
modes related to laser power
density

Laser power density (× 1012 W/m2) Fracture mode Fracture mechanism

5.10 Bottom corner fracture Tensile

5.52 Mixed fracture Tensile

6.37 Neck fracture Shear
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and c. The SEM examination confirms that the metal foil loses
its integrity due to the excessive thinning, and significant plas-
tic deformation occurs prior to fracture with the evidences of
slip traces; refer to Fig. 13b and d. Moreover, while the grain
size enlarges from 17 to 27 μm, it is noted that the fracture site
also lies in the bottom corner and neck of the joint but the size
of fracture region becomes large, as seen in Fig. 13e.
According to the empirical Hall-Petch relationship, the flow
stress of materials decreases with the increase in grain size,
implying that larger plastic deformation can be achieved with
coarse grains, and, thus the final fracture seems more serious
[34]. The further observation shows that the metal foil of
27 μm in initial grain size is separated also due to excessive
thinning from Fig. 13f. Table 3 summarizes the variation of

fracture modes related to the initial grain size of joining part-
ner I.

4.6 Effect of thickness of joining partner I on fracture
modes

Due to the fact that fracture always occurs on joining partner I,
the effect of the thickness of joining partner I on fracture
modes is of concern. Figure 14 presents the typical morphol-
ogy of a fracture surface under various laser power densities
with pure copper foil of 50 μm in thickness. Before laser
shock experiments, the 50 μm pure copper foil was also
annealed in a vacuum furnace at a temperature of 450 °C for
1 h, and the average grain size in the thickness direction was

Fig. 13 Morphology of fracture
surface with various initial grain
sizes of joining partner I. a dG =
13 μm. b Amplification of region
1 in a. c dG = 17 μm. d
Amplification of region 2 in c. e
dG = 27 μm. f Amplification of
region 3 in e
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about 14 μm. The applied laser spot diameter was 2.0 mm,
and the spacer height was 100 μm. From Fig. 14a–c, it can be
seen that the fracture mode varies from a tensile fracture mode
on the bottom corner to a mixed tensile fracture mode while
the laser power density is enhanced from 5.10 × 1012 to 6.37 ×
1012W/m2. It is found that the shear fracture on the neck of the
joint finally appears at I = 8.49 × 1012 W/m2 (E = 200 mJ), as
shown in Fig. 14d. Thus, the pure copper foil of 50 μm in
thickness exhibits the same variation trend compared with the
corresponding change for pure copper foil with a thickness of
30 μm. This phenomenon further confirms that laser power
density has an important impact on the deformation and frac-
ture behavior of joining partner I in the laser shock hole-
clinching process.

4.7 Effect of laser spot diameter on fracture modes

Figure 15 presents the typical morphology of the fracture sur-
face at various laser spot diameters. The other clinching

conditions are as follows: I = 5.52 × 1012 W/m2, dG = 13
μm, tU = 30μm, andH = 100 μm. Themorphology of fracture
surface at dS = 2.0 mm (M = 1) refers to Fig. 12c and d. It is
noted that although the matching relationship between the
laser spot diameter and pre-pierced hole diameter changes,
the fracture site always lies in both the bottom corner and
the neck of the clinched joint. Therefore, the occurrence of
mixed fracture under three cases ofM values suggests that the
material of joining partner I undergoes severe material
flowing, leading to the serious reduction in the thickness in
these regions. The determination of the M value needs to be
concerned with both the joint forming quality and the opera-
tion convenience.

4.8 Effect of spacer height on fracture modes

Figure 16 shows the typical morphology of the fracture sur-
face with various spacer heights. The other clinching condi-
tions are as follows: I = 5.52 × 1012 W/m2, dG = 13 μm, tU =

Fig. 14 Morphology of fracture
surface under various laser power
densities with pure copper foil of
50 μm in thickness. a I = 5.10 ×
1012 W/m2. b I = 5.52 × 1012

W/m2. c I = 6.37 × 1012 W/m2. d
Amplification of fracture surface
at I = 8.49 × 1012 W/m2

Table 3 Variation of fracture
modes related to the initial grain
size of joining partner I

Initial grain size of pure copper (μm) Fracture mode Fracture mechanism

13 Bottom corner fracture Tensile

17 Mixed fracture Tensile

27 Mixed fracture Tensile
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Fig. 15 Morphology of fracture
surface at various laser spot
diameters. a dS = 1.8 mm (M < 1).
bAmplification of region 1 in a. c
dS = 2.2 mm (M > 1). d
Amplification of region 2 in c

Fig. 16 Morphology of fracture
surface with various spacer
heights. (a H = 150 μm. b
Amplification of region 1 in a. c
H = 200 μm. d Amplification of
region 2 in c
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30 μm, and dS = 2.0 mm. The morphology of the fracture
surface at H = 100 μm refers to Fig. 12c and d. Based upon
the experimental observation, the mixed fracture mode always
appears as the spacer height enlarges from 100 to 200 μm. As
shown in Fig. 1a, an increasing spacer height indicates that the
height of the interlock structure becomes larger, implying that
more materials are needed to form a form-fit joint. Due to the
confinement of the blank holder, it is difficult for the pure
copper foil outside the pre-pierced hole to flow into the cavity,
resulting in a major reduction in thickness and final fracture on
both the bottom corner and neck of the joint.

5 Conclusions

In this paper, the fracture mode of Cu-Fe joints by laser shock
hole-clinching was experimentally investigated. The charac-
teristics of the fracture surface morphology of joints under
critical process parameters were examined based on OM and
SEMobservations. The following conclusions are drawn from
this research:

1. The temperature increase caused by high–strain rate plas-
tic deformation during the laser shock hole-clinching pro-
cess can be ignored, and thus, it has no impact on the
fracture behavior of the joining partners.

2. Fracture always occurs on joining partner I, and it can be
divided into four modes, that is, bottom surface fracture,
bottom corner fracture, neck fracture, and mixed fracture.
Among these modes, fracture on the bottom surface is
seldom seen but mixed fracture accounts for most of
cracked specimens. Neck tensile fracture rarely appears
alone, and it usually exists accompanied by fracture on
the bottom corner.

3. For the concerned laser power densities, the fracturemode
varies from a tensile fracture mode on the bottom corner
to a mixed fracture mode and then to a shear fracture
mode on the neck with the enhancement of laser power
density. The laser-induced shock wave pressure is respon-
sible for the variation of fracture modes under different
laser power densities.

4. The initial grain size of joining partner I has a significant
impact on the fracture mode of clinched joints. The frac-
ture mode varies from bottom corner fracture to mixed
fracture in relation to the change of mechanical properties
of metal foil with an enlarged grain size.

5. The same varying trend of fracture modes is observed for
the pure copper foil of 30 and 50 μm in thickness. In addi-
tion, the mixed fracture mode always appears with the en-
largement of both laser spot diameter and spacer height.

Additionally, the present research focuses on the classifi-
cation of fracture modes of Cu-Fe joints in laser shock hole-

clinching. Although the effect of critical process parameters
on fracture modes has been studied, a design of experiment is
needed to thoroughly understand the variation of fracture
modes with the changing of laser shock hole-clinching condi-
tions.Moreover, it is noticeable that the thickness of absorbent
coating plays an essential role in laser material processes, and
thus, the effect of the thickness of absorbent coating on frac-
ture modes should be given a systematic investigation. In ad-
dition, it is necessary to carry out finite element analysis to
capture the evolution characteristic of cracks aiming to deeply
understand the fracture behavior of metal foils in the laser
shock hole-clinching process.
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