
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00170-022-10123-4

ORIGINAL ARTICLE

The small‑size laser shock adhesive‑clinching of Al foils

Yiqun Wang1 · Guoxin Lu1 · Zhong Ji1 · Ren Liu1 · Chao Zheng1

Received: 24 February 2022 / Accepted: 6 September 2022 
© The Author(s), under exclusive licence to Springer-Verlag London Ltd., part of Springer Nature 2022

Abstract
The laser shock adhesive-clinching (LSAC) is an original material joining technique that combines the advantages of clinch-
bonded hybrid joining and laser shock clinching, in which two metal foils are bonded by adhesive and clinched by laser shock 
simultaneously. In this paper, the LSAC joints are manufactured by 1060 Al foils, Henkel EP 5055 adhesive, and perforated 
304 stainless steel sheets. Through experiments and FEM simulations, the LSAC process and the deformation of LSAC joints 
under shear loads are analyzed, and the effect of adhesive on LSAC joint manufacturing is investigated. The results show that 
bulging is the dominant deformation behavior during LASC, and the cured adhesive with thin thickness is beneficial to the 
subsequent clinching process. The shear strength of the LSAC joint is greatly enhanced compared to the pure clinched and 
pure bonded joints. The shear failure process of the LSAC joint is adhesive degumming first, then the interlock separating.

Keywords  Laser shock forming · Laser shock adhesive-clinching · FEM simulation · Joint strength, Failure analysis

1  Introduction

With the rapid development of modern industry, light-
weight design has attracted increasing attention [1]. Inno-
vative joining technologies for multi-material structures as 
effective ways of structural lightweight have great demands 
in automobile, aviation, high-speed rail, and electronics 
[2]. Chemical bonding [3] and mechanical clinching [4] 
are important joining methods and have been shown to be 
increasingly irreplaceable, due to their easy connection for 
dissimilar materials with different melting points and join-
ing properties.

However, the limitations of single joining techniques 
make them difficult to meet the complex requirements in 
many cases, such as the temperature sensitivity of adhe-
sive bonding and the limited joining strength and corrosion 
resistance of mechanical clinching. Therefore, more and 
more people are focusing on the hybrid joining technologies 
that combine two or more joining methods in recent years. 
Among them, the clinch-bonded hybrid (CBH) joining with 

both the advantages of bonding and clinching has become 
the most popular in the field of joining dissimilar materials 
[5, 6].

Early in 1989, Wines [7] used galvanized steel and pol-
yurethane adhesive to make clinched joints with adhesive 
between the sheets. The shear strength and peel strength 
of the hybrid joint are lower than the accumulation of that 
of clinched joint and adhesive bonded joint under the same 
conditions.

Over the years, scientific research on CBH joining kept 
developing. He [8] found that the failure modes of clinched 
joints in the shear test can be neck fracture or button separa-
tion, while that of CBH joints is only neck fracture since the 
metal sheets have been strongly bonded. The maximum load 
and energy absorption of the hybrid joint is higher than the 
clinched joint. The shear strength of the CBH joint is mainly 
provided by adhesive bonding, while the peel strength is 
provided by clinching [9]. The adhesive makes the failure 
process of hybrid joints into two stages as shown in Fig. 1: 
adhesive failure first then followed by the interlock failure 
[10, 11]. Such a multi-stage failure process is beneficial 
to increasing the deformation limit and energy absorption 
capacity of hybrid joints.

The types and characteristics of adhesive have important 
influences on the hybrid joining. Moroni [12] used a ther-
mosetting and tough epoxy adhesive Terokal 5077 in mak-
ing CBH joints. Unidirectional tensile test results showed 
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that the shear strength of the hybrid joint is mainly pro-
vided by adhesive, and its energy absorption capacity was 
higher than that of pure clinched and pure bonded joints. 
Balawender [13] selected Draogon®, also an epoxy adhe-
sive but with obvious brittleness after curing to make CBH 
joints, as shown in Fig. 2, and observed local failure of the 
adhesive near the interlock structure, which was induced 
by the slight damage of the cured adhesive during clinch-
ing process.

As a metal sheet joining technology, the strength of the 
CBH joint is also affected by many external factors, such as 
material aging, environmental corrosion, and metal fatigue. 
With the extension of working time, the aging of adhesive 
will adversely affect the joint strength. Pinger [14] con-
ducted a 2-year outdoor placement experiment of clinched, 
bonded, and CBH joints using galvanized steel sheet and 
found that the adhesive aging led to the reduction of shear 
strength in the hybrid joints and bonded joints, while the 
clinched joints have no significant change. Because the  
adhesive is coated between the two layers of materials to 
be connected, the contact between different sheets is fully 
isolated. When the different sheets are connected, the barrier 
effect of adhesive can significantly improve the corrosion 
resistance of the joint as shown in Fig. 3 [15].

In addition to the improvement of joint performance, the 
adhesive also has an important effect on the forming pro-
cess of the hybrid joint. Xing [16] and Liu [17] found that 
viscous adhesives have a certain lubrication effect, which 
can reduce the friction resistance between sheets. Friedrich 
[18, 19] found that applying adhesives under heating condi-
tions during the clinching process can increase the shear and 
peel strength of hybrid joints. Zhuang [20] investigated the 
influence of viscosity on the forming process, mechanical 
strength, and failure mode of hybrid joints with dissimilar 
materials by controlling the proportion of adhesive curing.

Due to the complex deformation and interaction 
between materials with different physical properties, using 
finite element method (FEM) to simulate the forming 
and failure process of hybrid joints can effectively obtain 
detailed mechanical information and help to understand 
the deformation mechanism of metal sheets and adhesives. 
Pirondi [21] simulated the tensile shear test of clinched and 
CBH joints by the arbitrary Lagrangian–Eulerian (ALE) 
algorithm. Gurson-Tvergaard-Needleman (GTN) model 
and Cohesive-Zone (CZ) model were used to simulate the 

Fig. 1   Experimental load–displacement curves (for clinched, adhe-
sive, and hybrid joints) of steel-copper joints [11]

Fig. 2   The cross-sections of the 
CBH joints [13]: a brass-copper 
joint, b steel-brass joint, c steel-
copper joint

Fig. 3   Comparison of failure surface of the St1.5/Al1 joints at aging 
5 weeks [15]: a without adhesive and b with adhesive
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metal and adhesive damage respectively. Balawender [22] 
attempted to define the damage of Pattex® epoxy adhesive 
by using a secondary stress criterion:

where t0n, t0s, and t0t are the peak values of nominal stresses 
when the three-directional deformation occurs along the 
adhesive section. FEM results showed that the adhesive in 
the clinching area will be damaged when performing the 
clinching process after the adhesive is cured. Sadowski [23] 
found that the strength of the hybrid joint was lower than 
the experimental result, which may be caused by the unde-
fined strengthening effect of adhesive on interlock struc-
ture. Fricke [24–26] used the ALE algorithm to simulate 
the forming process of the CBH joint and to explore the 
influence of adhesive viscosity. The segregation and redis-
tribution of the adhesive lead to the formation of “adhesive 
pockets,” which is a typical local converging behavior. The 
higher the viscosity of the adhesive, the larger the size of the 
adhesive pocket formed.

The idea of laser shock clinching (LSC) was originally 
presented by Ji [27]; the laser-induced shock wave was used 
as a flexible punch to form clinched joints of thin metal foils. 
Vollertsen [28–31] realized such technique using aluminum 
foils, perforated steel sheets, and a TEA-CO2 laser. Zheng 
[32] studied the deformation behavior and failure mode of 
copper-steel LSC joints. The thermal effect of laser beam 
is not obvious on the copper foils. The laser energy density 
affects the laser energy threshold and the number of pulses 
required for forming foil interlock structure. 

Wang [33–35] added a layer of polyurethane rubber mate-
rial in the LSC technique for better conduction of laser shock 
wave pressure and studied the influence of ablator layer, rub-
ber, die depth, and laser energy on aluminum-copper foil 
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LSC joints. Different laser energies need different thick-
nesses of ablator layer; the force of laser shock on metal 
foil increases first and then decreases with the increase of 
ablator layer thickness. An LSC joint with high quality and 
connection strength is supposed to ensure sufficient inter-
locking depth and joint neck thickness at the same time. 
Higher laser energy leads to deeper the interlocking depth, 
but will also cause thickness reduction of the foils at the joint 
neck and bottom.

In addition to the research above, Vollertsen applied 
LSC to make metal–glass and metal-plastic joints [36, 37], 
Ji [38–42] achieved round and rectangular double-layer LSC 
joints as shown in Fig. 4 and have all made significant con-
tributions to the development of LSC technologies.

However, there are still some problems to be solved with 
the two joining techniques. For the current clinch-bonded 
hybrid joining, metal sheets of mm-level thickness and 
above are the most common object, and the volume of adhe-
sive is far less than that of metal sheets, and its effect on 
CBH joint forming can be negligible in most cases. When 
it comes to metal foils of μm-thickness, the co-interaction 
between metal foils and adhesive remains to be explored. 
Besides, by laser shocking technique, the size of CBH joints 
can be made smaller, and with its advantages in sealing and 
corrosion resistance, this process can have great significance 
and prospects in electronic component manufacturing.

In this paper, an original technique named laser shock 
adhesive-clinching (LSAC) is put forward, in which two Al 
foils are bonded by adhesive and clinched together by laser 
shock. The forming and failure process of LSAC joints are 
investigated by experiment and FEM simulation. Shear tests 
are carried out to contrast the joint strengths of hybrid, pure 
clinched, and pure bonded joints. The effects of adhesive 
and its parameters on LSAC joint forming are discussed in 
detail. LSAC fits with the purpose of lightweight design, 
provides a new way for multi-material connection, realizes 

Fig. 4   LSC joints: a single-layer 
spot-clinching [38], b double-
layer spot-clinching [39], c 
double-layer line-clinching [42]
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the clinch-bonded hybrid joining of similar or dissimilar 
foils, and has great potentials in microscale manufacturing 
and electronic industries.

2 � Experiments

2.1 � Experimental mechanism

LSAC uses the shock wave induced by short-pulse laser to 
have the pre-gummed foil-adhesive-foil structure clinched. 
Its devices are as shown in Fig. 5, including laser beam, con-
fining layer, absorbent, blank holder, spacer, and base. The 
materials to be connected in this work include two layers 
of metal foil, an adhesive layer, and a perforated sheet. The 
appearance of the finished hybrid joint looks like a circular 
button. The purpose of introducing a confining layer is to 
restrict the propagation of explosive plasma and to create 
a high-amplitude pressure which forces the foils into the 
cavity.

After gumming, the two foils are clamped between the 
blank holder and the spacer, and the center of the gummed 
area is aligned with the center of the laser beam spot. As the 
laser shock number increases, the two foils and the adhe-
sive gradually bulge towards the base and flow into the cav-
ity through the hole on the perforated sheet, then radially 
deform into an undercut when the lower foil touches the 
base. Finally, mechanical clinching and adhesive bonding 
between two layers of foil are completed; meanwhile, there 
is also interlocking between the two foils and perforated 
sheet. In the actual processing, the perforated sheet can be 
removed according to demand.

2.2 � Specimen preparation

The laser generator used in this paper is Nd:YAG short-pulse 
laser, and the diameter of the laser spot is adjusted to 5 mm. 
A 3-mm-thick K9 glass sheet is applied as the confining 

layer for high strength, good light transmittance, and no 
obvious energy weakening when the laser passes through. 
The absorbent is carbon black extracted from prepared Chi-
nese ink, which is easily vaporizing and ionizing and does 
not react with the materials to be connected.

According to the application of LSAC, 1060 aluminum 
is chosen due to its good ductility and is widely used in 
electronic device manufacturing. To ensure that no obvi-
ous deformation occurs on the perforated sheet under laser 
shocking, 304 stainless steel is applied as the sheet material 
since its mechanical strength is far larger than 1060 alu-
minum. The Henkel EP 5055 epoxy structural adhesive is 
adopted, which has the advantages of high strength, high 
toughness, corrosion resistance, and wide applicability. Its 
initial curing condition is 4 h at 23 ℃, and the complete cur-
ing condition is 48 h at 23 ℃ or 0.5 h when heated to 100 ℃.

Lap specimens of LSAC joints are manufactured for the 
shear tests; each parameter combination has been made 5 
specimens for reducing error. Schematic and dimensions of 
the test joints are shown in Fig. 6 and Table 1, respectively. 
To cure adhesive and release residual stress completely, each 
specimen is tested or observed 48 h after manufacturing.

Fig. 5   Schematic of LSAC

Fig. 6   Schematic of lap joint for the shear test
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2.3 � Key techniques of FEM

2.3.1 � Finite element modeling

To acquire the mechanical information of the “foil-adhesive-
foil” structure and explore the interaction between foil and 
adhesive during laser shocking, and also the failure behav-
ior of LSAC joints in shear tests, FEM is used to simulate 
the LSAC joint forming and failure process. Since the char-
acteristic size of the LSAC joint is much larger than the 
thicknesses of materials, the LSAC joint is modeled by shell 
elements to reduce calculation time. The blank holder and 
base are defined as rigid bodies since they are not involved 
in deformation. The perforated stainless steel sheet is also 
considered as a rigid body because its mechanical strength 
is much larger than the Al foils, and hardly deforms during 
laser shocking according to the experiment results.

2.3.2 � Laser shock wave simplifying

The thermal effect of the laser on the connecting materials 
can be neglected because of the protection of the absorbent; 

thus, the laser shock process can be simplified to a pure  
pressure loading process, which is described by Fabbro’s 
pressure model [43]. Since the action time of a single laser 
pulse is extremely short, for reducing calculation, the shock 
pressure is simplified to a triangular wave, as shown in 
Fig. 7a, which reaches the peak at one laser pulse duration 
τ and declines to zero at 3τ, and this shock pressure obeys 
Gaussian spatial distribution [32], as Fig. 7b illustrates.

2.3.3 � Constitutive model of materials to be connected

In this work, the Johnson–Cook (J-C) [44] constitutive 
model, which is widely adopted in high-strain-rate process-
ing such as laser shock forming, is applied to describe the 
deformation behaviors of 1060 aluminum.

where σy is the effective yield strength of the material; ε  
is effective plastic strain, 𝜀̇ and 𝜀̇0 are effective strain rate 
and reference effective strain rate; T, Tr, and Tm are envi-
ronment temperature, room temperature, and the material 
melting temperature, respectively; A is the initial yield stress 
of the material, B is the hardening constant, C is the strain 
rate constant, N is the hardening index, and M is the thermal 
softening index. The constants of 1060 aluminum are shown 
in Table 2 [42].

The cured adhesive is an elastoplastic material; however, 
since its strength is much lower compared to the 1060 Al, 
its rate effect was neglected. The basic material properties 
of Henkel EP 5055 adhesive after curing are given in its 
operation manual [45], as shown in Table 3. Tensile tests 
are carried out using casted I-shaped cured adhesive speci-
mens according to the Chinese national standard GB/T 
10,402–2006, and the stress–strain curves obtained are 

(2)𝜎y = (A + B𝜀n)

(

1 + cln
𝜀̇

𝜀0

)

[1 −

(

T−Tr

Tm−Tr

)m

]

Table 1   Dimension of joint and mold system

Dimension Value/mm

Foil length a 50
Foil width b 15
Foil overlapping length a′ 20
Perforated hole diameter d1 2
Adhesive gumming diameter d2 5
Foil thickness h1 0.03
Adhesive gumming thickness h2 0.01
Perforated sheet thickness h3 0.1

Table 2   The constants of 1060 
Al in the J-C constitutive model 
[42]

A/MPa B/MPa c n m Tr Tm

148.4 345.5 0.001 0.183 0.895 293 916

Fig. 7   Simplified laser shock 
wave [32]: a temporal distribu-
tion, b spatial distribution
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shown in Fig. 8. Based on the data in Table 3 and Fig. 8, the 
constitutive model of adhesive is established.

3 � Results and discussion

3.1 � Manufacturing of LSAC joint

Figure 9 shows the section view and surface morphology 
of the aluminum-adhesive-aluminum-stainless steel (Al/Ad/
Al/Ss) LSAC joint. The thicknesses of the Al foil, adhesive, 
and perforated sheet are 30 μm, 10 μm, and 0.1 mm, respec-
tively. The hole diameter on the perforated sheet is 2 mm, 
the forming height H is 0.3 mm which is equal to the height 
of the spacer. The laser pulse duration τ is 8 ns, its energy 
E is 280 mJ with the spot diameter of 5 mm, and the laser 
shock number is 60.

As Fig. 9a shows, the two foils and the adhesive are suc-
cessfully clinched into the hole on the perforated sheet, 
and the foil thickness in the button has reduced obviously, 
especially at the button corner, which means that bulging is 
the dominant deformation behavior during LASC. Under 
laser shocking, the adhesive redistributes and forms adhe-
sive pockets. In this paper, the interlocking depth is defined 
as the horizontal distance between upper and lower foils, 
and between lower foil and perforated sheet, as shown in 
Fig. 9a. The former interlocking depth 36.1 μm is smaller 

than the latter 27.1 μm since an adhesive pocket has occu-
pied a certain space. The larger the adhesive pocket is, the 
more size difference between the two interlock structures 
will be. Figure 9b shows the morphology of the front surface 
of the joint, and the rolling texture inside the button area has 
disappeared due to the laser shock, while that outside the 
button is still clear. Figure 9c exhibits the exaggerated view 
of adhesive in the circle of (a). It can be observed that the 
adhesive has good wetting properties and close bonds to the 
surface of foils. No degumming occurs after laser shock. In 
addition, small fluctuations of the upper foil caused by so 
many times laser shock can be observed.

Figure 10 contrasts the section views of LSAC joint at 
different forming stages by experiment and FEM simulation; 
laser shock numbers from (a) to (f) are 10 to 60 respectively, 
and the other parameters are the same as above. With the 
increase of the laser shock number N, two foils and adhesive 
flow into the cavity first; after contacting the base, the whole 
structure bulges along the axial direction and finally forms 
the interlock structure between upper and lower foil, lower 
foil, and perforated sheet. Higher stresses mainly concentrate 
at the bottom and the button corner. The stress of adhesive 
is much lower than the two foils, and the stress of the lower 
foil is lower than that of the upper foil. Such a phenomenon 
indicates that the adhesive can have a cushion effect, which 
homogenizes the laser shock force as it passes through the 
upper foil and the adhesive.

3.2 � Effect of adhesive on LSAC

Henkel EP 5055 is a two-component epoxy adhesive; its 
viscosity-time relationship at 20 ℃ is shown in Fig. 11 [46]. 
To explore the effect of adhesive viscosity on LSAC, the cur-
ing times of the adhesive in LSAC joints are controlled. The 

Table 3   Mechanical properties of cured Henkel EP 5055 adhesive 
[45]

Density/g cm−3 Young’s  
modulus/MPa

Shear strength/
MPa

Peel test/N 
mm−1

1.05 1500  > 20  > 4

Fig. 8   True stress–strain curve of cured Henkel EP 5055 adhesive
Fig. 9   Al/Ad/Al/Ss hybrid joint: a cross-section view, b morphology 
of laser shock side, and c exaggerated view in the circle of a 
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thickness of Al foils, adhesive layer, and perforated sheet is 
30 μm, 10 μm, and 0.1 mm, respectively; the laser energy E 
is 280 mJ, spot diameter is 5 mm, and laser shock number 
N is 60; the forming height H is 0.2 mm. Section views 
of LSAC joints under different adhesive curing times T are 
shown in Fig. 12.

When processed immediately after mixing without cur-
ing, the adhesive is still in the viscous flow state and eas-
ily redistributes under laser shock force, resulting in the 
poor forming quality of LSAC joint and even foil fracture, 
as shown in Fig. 12a. As curing time T increases from (b) 
to (e), the forming quality of the LSAC joint is improved, 
the adhesive distribution between two foils is uniform, and 
no large adhesive pockets appear. It should be noted that 
although the adhesive curing time T is different from (b) to 
(e), the joint structures are almost the same, which proves 
that after reaching a certain degree, the adhesive viscosity 
has little effect on the forming of LSAC joint.

For exploring the effect of adhesive thickness on LSAC, 
joints with different adhesive thicknesses are manufactured 
and as shown in Fig. 13. The thickness of foils and perforated 
sheets is 30 μm and 0.1 mm; forming height H is 0.3 mm; 
laser energy E is 280 mJ, and the laser spot diameter is 5 mm. 
Laser shock is conducted after adhesive curing. As shown 

in Fig. 13a, when applying an adhesive in 5 μm thick, the 
whole joint is well manufactured, and no obvious adhesive 
pockets appear even at the undercut. When applying adhesive 
with a middle thickness (about 10 μm), adhesive redistributes 
and gathers to pockets at the bottom and the undercut, as 
shown in Fig. 13b. When the adhesive layer is thick (about 
20 μm), the joint cannot be formed successfully because of 
the excess adhesive. Plenty of adhesive gathers at bottom of 

Fig. 10   Experimental and 
simulated forming process of 
LSAC joint: a 10, b 20 c, 30 d, 
40, e 50 f 60

Fig. 11   Viscosity-time curve of Henkel EP 5055 adhesive at 20 ℃ 
[46]

Fig. 12   LSAC joints manufactured under different curing time T: a 
0 min, b 15 min, c 30 min, d 45 min, e 60 min

The International Journal of Advanced Manufacturing Technology (2022) 122:3837–3848 3843
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the joint and bursts the foils at the button corner, as shown in 
Fig. 13c. Besides, due to structural instability, the interlock 
structure of the joint in (c) is different from that in (a) and 
(b). The undercut in (c) locates close to the perforated sheet, 
while those of (a) and (b) are close to the button bottom. 
The reason is that the foil at the bottom is not easy to stretch 
with excessive adhesive, and the interlock structure is mainly 
deformed by stretching of the sidewall. The adhesive thick-
ness of LSAC joints should be as thin as possible, so that 
the deformation can be uniform, preventing serve thickness 
thinning and reducing the size of adhesive pockets.

3.3 � Strength of LSAC joint

To comprehensively contrast the superiority of LSAC over 
LSC and adhesive bonding, lap-joint specimens of LSAC, 
LSC, and bonded joints are made for the shear test. The 
thicknesses of foil, adhesive layer, and perforated sheet are 
30 μm, about 10 μm, and 0.1 mm, respectively; forming 
height H is 0.3 mm, laser energy E is 280 mJ, laser spot 
diameter is 5 mm, and laser shock number N is 60. The shear 
test speed is 1 mm/min. Test results are shown in Fig. 14, 
where (a) is the shear force–displacement curves of the 
three joints, and (b) is the maximum shear load and energy 
absorption. In Fig. 14(a), the peak value of the LSAC joint is 
a little higher than the bonded joint but significantly higher 
than the LSC joint. Meanwhile, the curve shape of the LSAC 
joint is closer to the bonded joint. These phenomena indicate 
that the shear strength of the LSAC joint is mostly provided 
by adhesive bonding. In addition, the maximum shear failure 
distance of the LSAC joint is also larger than the other two 
kinds of joints, and its curve declines slowly after reaching 
the peak value, indicating that the failure process is gradu-
ally completed, similar to the LSC joint, while the failure 
of the bonded joint is quite faster and almost instantane-
ous, which proves that the interlock structure is beneficial 
to enhance the deformation resistance of joints. Figure 14b 
contrasts the maximum shear force and energy absorption 
of the three kinds of joints. The maximum shear force of the 
LSAC joint is 13.6% higher than bonded joint and 122.0% 
higher than LSC joint, and the energy absorption is 28.7% 
and 275.2% higher than bonded and LSC joint, indicating 
the superiority of LSAC on joint shear strength. However, 
it is also worth noticing that the two indexes of the LSAC 
joint have a more serious standard deviation; this is because 
LSAC is a combination of the two connecting techniques 
and involves more influence factors, making it harder to  
control joint connection quality.

Fig. 13   Section views of hybrid joints with different adhesive layer 
thicknesses: a thin, b middle, c thick

Fig. 14   Shear strength of LSAC 
joints: a force–displacement 
curves; b maximum force and 
energy absorption
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1 3

3.4 � Failure analysis of LSAC joint

Figure 15 exhibits the morphology of a failed LSAC joint, 
the adhesive is degummed, the interlock structure is ruined, 
and the two foils are separated. Residual adhesive can be 
observed on the inside surfaces of upper and lower foils of a 
failed LSAC joint, as shown in Fig. 15a and b, but the thick-
ness and distribution of residual adhesive on the two foils are 
different, indicating that the cohesive failure and interface 
failure of adhesive occur simultaneously. A distorted inter-
lock structure on the upper foil can be observed in Fig. 15c, 
while the interlock structure on the lower foil in Fig. 15d is 
still in good condition; this may be caused by the protection 
of perforated sheets on the lower foil.

Figure 16 contrasts the simulated and experimental shear 
test results of the LSAC joint, the simulated result is consist-
ent with the experimental, which proves the reliability of the 
simulation. According to the curve, the shear force increases 
rapidly in the range of 0.00 to 0.26 mm displacement. After 
passing the feature point at 0.26 mm, it continues to increase 
in the range from 0.26 to 0.41 mm but with a slower growth 
rate. From the feature point at 0.41 mm, the shear force 
begins to decrease, two rapid declines of the curve appear at  
feature points 0.67 mm and 0.82 mm, and finally, the shear 
failure of the LSAC joint is finished.

Figure 17 shows the simulated structure and morphology 
of LSAC foil at four feature points during the shear test. The 
model of the perforated sheet is hidden, and the tensile direc-
tion is marked. When the displacement reaches 0.26 mm, 
some of the adhesives are cohesion-failed at the edge of 
the joint, and the elements are deleted. When displacement 
reaches 0.41 mm, the cohesion failure appears at the button 
corner. When displacement is 0.67 mm, the cohesion failure 

of adhesive continues to increase, and plenty of cohesion 
failures appear at the joint bottom. When displacement is 
0.82 mm, the adhesive layer is destroyed, part of the adhesive 
is separated from the lower foil and remains on the inside 
surface of the upper foil, and the other adhesive elements 
are deleted due to cohesion failure. From 0.26 to 0.41 mm, 
the interlock structure of the LSAC joint has no obvious 
change. When displacement reaches 0.67 mm, the interlock 
structure is first destroyed. When the displacement reaches 
0.82 mm, the interlock structure near the tensile direction is 
destroyed, and the whole interlock structure breaks out com-
pletely. During the shear process, the two foils are separated, 
the upper foil is distorted, and the adhesive is destroyed; the 
lower layer foil has no obvious deformation.

Fig. 15   Morphology observa-
tion of failed LSAC joint. a 
Upper foil inside, b lower foil 
inside, c upper foil interlock 
structure, d lower foil interlock 
structure

Fig. 16   Experimental and simulated shear test results of LSAC joint
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By combining the results in Figs. 16 and 17, it can be con-
cluded that the failure of the adhesive layer mainly occurs 
from 0.26 to 0.67 mm displacement, while the failure of the 
interlock structure occurs from 0.67 mm displacement to 
the end of the test. For the shear failure process of LSAC 
joints, the adhesive failure occurs first, including cohesion 
failure and interface failure. Cohesion failure occurs before 
interface failure, and interlock structure failure occurs after 
adhesive failure.

4 � Conclusion

In this paper, an original process named LSAC is put for-
ward and investigated based on the existing clinch-bonded 
hybrid joining and LSC techniques, using 1060 aluminum 
foil, 304 perforated stainless steel sheet, and Henkel EP  
5055 structural adhesive. The process of LSAC, the effect  
of adhesive on LSAC, the joint strength, and the joint  
failure are investigated through experiments and FEM  
simulations. The major conclusions are as follows:
1.	 During the process of LSAC, the most severe thickness 

reduction of Al foils appeared at the button corner, which 
suffers high stress concentration. The adhesive tends to 
redistribute and gathers into little adhesive pockets at the 
undercut, where the stress level is relatively low

2.	 The low viscosity adhesive is detrimental to LSAC joint 
forming when the curing time is less than 15 min. After 
reaching a certain degree, the adhesive viscosity has lit-
tle effect on the forming of LSAC joint. An adhesive 
layer with a thin thickness is beneficial for preventing 
foil fracture and minimizing adhesive pocket

3.	 The shear strength of the LSAC joint is mainly provided 
by adhesive bonding. The shear strength of the LSAC 
joint is 13.6% and 122.0% higher than pure bonded and 
pure LSC joints. The shear failure process of the LSAC 
joint is adhesive degumming first, then the interlock 
structure separating.
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