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Abstract
To solve the problems of low strength and unsatisfactory connection quality of single joining technology, a method of clinch-
adhesive hybrid joining of steel/aluminum sheets with partially glued and inclined wall die was proposed. Al5052 aluminum
alloy and Q235 steel were used as sample materials, finite element simulation combined with actual experiments was adopted,
the effect of the gluing process on the strength of clinch-adhesive hybrid joints on the inclined wall die was explored, and the
failure forms and failure mechanisms of the joints in shear and peel experiments were studied. The results showed that the
partial gluing process is more effective than complete gluing. The interlock of the partially glued hybrid joints was increased
by 144% compared to the fully glued joints, but the neck thickness value was reduced by only 10.6%. The shear strength
and peel strength of partially glued hybrid joints were higher than those of fully glued hybrid joints and clinch joints. The
failure mode of the hybrid joints under shear and peel loads was a mixed failure comprising interface failure and upper sheet
separation failure.
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1 Introduction

With the development of the automobile industry and
the strong demand for energy conservation and emission
reduction, lightweight automobiles are in great demand, as
reported by [7, 8, 13, 17]. The clinching process provides a
newmethod for joining steel-aluminumheterogeneous plates
by plastic deformation without rivets and heating. Gluing is
a simple process and is not limited by the type of material, as
reported by [1]. Therefore, it iswidely used in connecting het-
erogeneous plates in car frames. However, the low strength
of clinching and the vulnerability of the gluing connection
at high temperatures have hindered the wide application of
both processes.
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Therefore, at present, many scholars combine clinch
and glue processes by taking advantage of their respective
benefits and avoiding their disadvantages. Etemadi et al.
[10] found that the presence of an adhesive in the clinch-
adhesive hybrid joint reduces the interlock, with the help
of finite element analysis and experiments. To demonstrate
the feasibility of the practical application of clinch-adhesive
hybrid connections, [15] developed a cohesion model of
gluing-clinching hybrid connections for aluminum alloys.
Balawender et al. [2] used numerical simulations and exper-
iments to investigate the effect of clinching time on the
strength of clinch-adhesive hybrid joints. The results indi-
cated that riveting before curing the adhesive was more
effective in improving the stability of the joint. Hahn et al.
[11] reduced bonding agent spillage during forming by opti-
mizing the shape of the rivet and die in clinch-adhesive hybrid
joints. Calabrese et al. [3] investigated the service life of steel
and aluminum clinch-adhesive hybrid joints in a salt spray
environment and found that adding an adhesive layer signif-
icantly improved the service life of the joint.

In addition to process innovation, some studies have
focused on optimizing the design of the clinch die structure
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following the technique by [4, 12]. Among them, the inclined
wall die structure is the most effective and striking. An
inclined wall die structure can guide the material to flow
into the die groove unlike a straight wall die, as reported
by [21]. In addition, [9] investigated the effect of vari-
ous die parameters on steel and aluminum heterogeneous
sheet clinching based on LS-DYNA software and found that
the most significant parameters were the fillister height of
the die, die diameter, punch diameter, punch corner radius,
and the gap between the punch and blank holder. Further-
more, when the bottom of the joint had an inclined wall,
the interlock of the joint showed a noticeable improvement.
Lambiase and Di Ilio [14] used fixed and retractable dies
to form joints with different forming forces and found that
the retractable dies have more fabulous interlock and higher
strength, which developed some joints with a pronounced
inclined wall structure. Recently, [21] explored the influence
of different inclined wall angles in the clinching process and
comprehensively analyzed the inclined wall die mechanism
by combining elastic–plastic finite element numerical simu-
lations and experiments.

In summary, related research has mainly improved the
connection strength in two ways: mold optimization and
process innovation, and has several achievements. However,
there are only few studies on the influence of the glu-
ing process on clinch-adhesive hybrid joints. Therefore, the
clinch-adhesive hybrid connection between an AL5052 alu-
minum plate and a Q235 steel plate is the focus of this study.
First, an inclined wall die structure was designed. Second,
the influence of the gluing process on the clinch-adhesive

hybrid joints was investigated by combining finite element
simulation and experiments. Finally, the failure forms and
mechanisms of each joint in the shear and peel experiments
were analyzed, and the joint strength and failure forms of
clinch-adhesive hybrid joints of steel/aluminumdouble-layer
plates with different gluing processes were obtained.

2 Methods

2.1 Clinch-adhesive hybrid joining process

As shown in Fig. 1(a), the plates to be joined are first glued
and then placed on the inclined wall die after the adhesive
has been cured. The punch impacts the upper plate, and the
upper plate transfers the force to the adhesive layer and lower
plate. Subsequently, the plates are gradually deformed to
form mechanical interlocks, while the inclined wall die can
better guide the flow of the lower plate to the groove of the
die, which can create a well-formed joint; the joint shape is
shown in Fig. 1(b). The clinch-adhesive hybrid connection
process on an inclined wall has several advantages over the
traditional adhesive and clinch connection processes, includ-
ing the following:

1. The advantages of gluing and clinching joining processes
are integrated, and the shortcomings of a single joining
technology in complex load-bearing environments are
circumvented.

Fig. 1 Diagram of
gluing-clinching hybrid
connection on the inclined wall
die (a) Actual process flow
diagram; (b) the joint shape and
evaluation index of joints; and
(c) Straight wall mold versus
inclined wall mold
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Fig. 2 Diagram of the inclined
wall die

2. As shown in Fig. 1(c), the mechanical interlocking value
of the joint is greatly increased by guiding and facilitat-
ing the material flow to a specific location through the
inclined wall structure.

2.2 Experimental equipment andmolds

The equipment used for the experiment was a WDW-100
material-forming performance testing machine. The inclined
wall die was designed as a two-flap structure to more easily
remove the hybrid joint after forming. ◦. In a previous study,
as shown in [21], the best joint performance was obtained

when the inclination angle of the inclined wall of the die was
100◦. Therefore, the inclination angle of the inclined wall of
the die was chosen to be 100◦. The final designed inclined-
wall die is shown in Fig. 2(a), and the processed die is shown
in Fig. 2(b).

2.3 Plates selection and connection scheme

The Al5052 aluminum alloy and Q235 steel have excellent
formability and are widely used in vehicle frames. For the
clinching connection of heterogeneous plates, the principle
of lower yield strength of the upper plate is required to obtain

Fig. 3 Process flow of the clinch-adhesive hybrid joining connection of (a) fully glued and (b) partially glued joints
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Fig. 4 Tensile and peel tests of joints and sample sizes were used. (a) The size of the sheer sample. (b) The size of the peel sample. (c) Schematic
diagram of the tensile test. (d) Schematic diagram of peel test

a better joint, as shown in [20]. Therefore, a 1.5 mm Al5052
aluminum alloy plate was chosen as the upper layer, and
a 1mm Q235 steel plate was selected as the lower layer.
The adhesive used was Araldite�2015, a commonly used
epoxy resin adhesive for steel and aluminum body plates,
with a thickness of 0.15 mm. To control the thickness of the
adhesive, a 0.15mmwirewas used to apply adhesive between
the plates. In addition, according to the relevant standards and
the principle of constant volume, the diameter of the punch
was finally determined to be 6.8 mm, and the inner diameter
of the die was 10mm.

The glue-clinch hybrid connection process is relatively
complex, and the design affects the final connection. There-
fore, a cured adhesive followed by clinching was used,
following the technique used by [5]. Full and partial glue
were designed to study the impact of the gluing process on
the joint, as shown in Fig. 3.

2.4 Joint shear and peel test

The strength of joints is oftenmeasured by the tensile strength
and peel strength. To test the strength of hybrid joints with
different gluing processes and investigate the failure form
and mechanism of hybrid joints, shear and peel experiments
were conducted on the joints, and tensile and peeling tests
of the joint with no gluing, full gluing, and partial gluing,
including three groups of experiments and six samples, were

conducted. The dimensions of the shear and peel samples are
shown in Fig. 4(a) and (b). The prepared samplewas clamped
onto the tensile fixture, and the clamping length at both ends
of the sample was 20mm; as shown in Fig. 4(c) and (d) the
tensile speed was maintained at 1 mm/min during the test.

Fig. 5 Finite Element Geometric Model of the clinch-adhesive hybrid
joint on the inclined wall die
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Fig. 6 Finite Element Geometric Model of rivetless-glued composite joint for inclined wall mold

2.5 Finite element simulation

Circular joints were used in this study, and the geometric
and mechanical boundary conditions of this model were
axisymmetric; therefore, the model can be simplified to a
two-dimensional axisymmetric model. The finite element
geometric model of the clinch-adhesive hybrid connection
on the inclined wall die established using the finite element
software ABAQUS is shown in Fig. 5. The punch, blank
holder, and inclined wall die are resolved rigid bodies, the
plate is an isotropic elastoplastic body, and the adhesive uses
a commonly used cohesive unit. The material properties of
the Al5052 aluminum alloy and Q235 steel are shown in
Fig. 6, which was reported by [6, 16, 22]. The material prop-
erties of Araldite�2015 are presented in Table 1, whichwere
reported by [19].

The mesh quality significantly influences the calculation
efficiency and accuracy of the results. Hence, the main defor-
mation area of the plate and adhesive layer was used with
the submesh technique, as shown in [18], and the adaptive
mesh technique was used, as shown in Fig. 7. In addition, the
parts were in face-to-face contact. The contact conditions are
defined as normal hard contact and tangential friction, where
the tangential friction effect can be described by Eq.1 with
a coefficient of friction μ of 0.15, between the plate and the
mold and a coefficient of friction μ of 0.2 between the Q235
plate and the Al5052 plate.

τc = μ · p (1)

where τc denotes the critical tangential stress, μ denotes the
friction coefficient, and p denotes the normal contact pres-
sure.

3 Results and discussion

3.1 Forming law of gluing-clinching for inclined wall
die

According to the theory of clinching connection, the forming
law of the clinch-adhesive hybrid joining of the inclined wall
die can also be divided into four stages, as shown in Fig. 8:

Stage I, pressing stage: During this phase, the blank holder
applies a specific load to the plate to prevent its movement
or warping.

Stage II, the initial phase of forming.During this phase, the
punch is pressed downgradually, the upper plate is plastically
deformed under the action of the punch, while the upper
plate transfers the compressive stress to the adhesive layer
and the lower plate. During this phase, the adhesive layer
in the main deformation area begins to thin slightly under
compressive stress and drawing, and the lower plate starts
to bend towards the die. However, the deformation of the
plate is small, and the lower plate does not contact the die;
therefore, the clinching load increases slowly, and the lower
plate is not in contact with the die.

Stage III, the middle phase of forming. During this phase,
the punch continues to press down, the lower plate gradually

Table 1 Araldite�2015 material properties

Elastic modulus
E(GPa)

shear modulus
G(GPa)

tensile strength
t0n (MPa)

shear strength
t0s (MPa)

Type I energy release
rate (N/m)

Type II energy release
rate (N/m)

1.85 0.56 21.6 18.0 593.1 931.2
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Fig. 7 Finite element geometric model of clinch-adhesive hybrid connection on the inclined wall die of (a)full gluing,(b)partial gluing processes

contacts the die, the reaction force of the die on the lower plate
gradually increases, and the plate deformation also gradually
increases, so the main deformation area of the upper plate is
deepened and thinned. Simultaneously, the adhesive layer in
the center of the joint is gradually extruded along the radial
direction and further thinned. In addition, the mechanical
interlock begins to form at this stage, and the riveting load
increases rapidly.

Stage IV: end phase of forming, or inclined wall guidance
phase. During this phase, the lower plate in the compres-
sive stress and inclined wall structure, under the guidance of
the groove, gradually flow to the groove, further forming a
mechanical interlock. Owing to the direction of the inclined
wall structure, the lower metal flowed more easily into the
track to increase the mechanical interlock, while the upper
plate deepening thinning trend slowed down and gradually
formed out of the joint neck area. Both the upper and lower
plates undergo sizeable plastic deformation at this stage, and
the clinching load increases further until the end of the form.

3.2 Comparison of fully glued and partially glued
hybrid joints

A comparison of the fully and partially glued hybrid joints
is shown in Fig. 9. The equivalent force development rule
during the forming process is similar for the fully and par-
tially glued hybrid joints. In the early and middle phases of
formation, an adhesive layer exists in the fully glued hybrid

joint area. The mechanical properties of the adhesive layer
after curing were much lower than those of the aluminum
and steel plates. Under the same punch stroke, the upper
and lower plates of the fully glued hybrid joint exhibited
less deformation and the maximum equivalent stress of the
joint is lower than that of the partially glued hybrid joint. At
the end phase of the formation, the presence of the adhesive
layer makes it more challenging to form an interlock, and the

Fig. 8 Forming curve of clinch-adhesive hybrid joint on inclined wall
die
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Fig. 9 Comparison of hybrid joints forming of the (I)full gluing and (II)partial gluing processes

maximum equivalent force of the fully glued hybrid joints is
higher than that of the partially glued hybrid joints.

As shown in Fig. 9(a) and (b), in the early phase of form-
ing, both hybrid joints have the same two large stress areas.
One was the contact between the corner of the punch and
the upper plate, and the other was the contact between the
lower plate and the corner of the die. However, the equiva-
lent force at the contact between the upper plate and corner
of the punch in the fully glued hybrid joint is higher than
that in the partially glued hybrid joint because the adhesive
layer increases the deformation resistance of the sheet during
plastic deformation, making the material flow more difficult.

As shown in Fig. 9(c),(d), in the middle phase of form-
ing, the punch continues to press down, and the lower plate
contacts the die while being extruded by the punch, the mate-

rial of the lower plate starts to flow radially. Currently, the
equivalent stress in the contact area between the lower plate
and the core of the die is the largest, while the upper plate
has a considerable equivalent stress in the neck thickness
owing to drawing. Furthermore, the adhesive layer in the neck
of the entire gluing hybrid joint is under tension and shear,
and its thickness decreases. The adhesive layer in the central
core was thinned via extrusion. However, the thickness of the
adhesive layer outside the joint area remains constant. The
excess adhesive layer mainly accumulated in areas 1 and 2,
as shown in Fig. 9.

Figure9(e) and (f) shows the end of forming. In the fully
glued hybrid joint, the adhesive layer accumulated in areas
1 and 2, as shown in Fig. 9. Owing to the deformation of the
adhesive layer, the thickness of the adhesive layer in the neck
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and core of the hybrid joint became thinner, with the thinnest
point being only 0.004 mm. For the partially glued compos-
ite joint, the interlocking amount Tu reached 0.286 mm, and
the neck thickness Tn was still 0.627 mm because there was
no obstruction of the adhesive layer in the clinching area.
Compared with the fully glued hybrid joint, the neck thick-
ness Tn only decreased by approximately 10.6%,whereas the
interlocking amount Tu increased by approximately 144%.
From the simulation results, the hybrid joint obtained using
the partial gluing process was better.

The experimental results are in good agreement with the
simulation results, as shown in Fig. 10. The errors of the
neck thickness value and interlock value of the entire gluing
hybrid joint are only 3.1 and 2.5%, respectively.Moreover, as
shown in Fig. 10, the error of the neck thickness and interlock
values of the partial gluing hybrid joint were only 1.1 and

2.1%, respectively, which proves the accuracy of the finite
element model.

3.3 Composite joint shear and peel test

The failure form of the joint during the shear experiment is
shown in Fig. 11. Owing to the small interlock of the joint,
the joint failed when the upper plate was detached before
it reached neck fracture during shear loading, as shown in
Fig. 11. It can also be inferred from Fig. 11 that the failure
modes of partial and full gluing hybrid joints are mixed fail-
ures consisting of interface failure and upper plate stripping.
The failure of the partial-gluing hybrid joints may also be
caused by cohesive force failure. When subjected to a shear
load, the hybrid joints first experienced interfacial damage
at the adhesive interface between the layers. The plates were

Fig. 10 Comparison of simulation and experimental results of hybrid joints of the (a)full gluing and (b)partial gluing processes
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Fig. 11 The shear failure mode of the clinch-adhesive hybrid joint on the inclined wall die: (a) The sheer failure of the only clinched joint, (b) the
sheer failure of the fully glued hybrid joint, and (c) the sheer failure of the partially glued joint
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Fig. 12 The peel failure form of the clinch-adhesive hybrid joint on the inclined wall die: (a) The peel failure of the only-clinched joint, (b) the
peel failure of the fully glued hybrid joint, and (c) the peel failure of the partially glued joint

accompanied by partial cohesive damage until the overall
failure of the bond. Next, the mechanical interlock of the
hybrid joint is also deformed after the adhesive injury, caus-
ing the upper plate to dislodge, resulting in the final failure
of the joints. The failure modes of the hybrid joints under
peeling are shown in Fig. 12. As shown in 12, the failure of
the clinching joint in the peel test is in the form of upper
plate dislodgement failure. The full and partial gluing hybrid
joints exhibit mixed failures of interface damage and upper
plate release.

The shear load–displacement curve of the joint is shown in
Fig. 13. From the load–displacement curve, the shear failure
of the only-clinched joint can be divided into four stages.
Stage I is the initial phase of loading, in which the gap
between the fixture and the sample shrinks; thus, there is
no apparent change in the load. Stage II is the elastic defor-
mation phase; the load curve at this phase is nearly a diagonal
line, and the load increases to approximately 700 N. Stage
III represents the plastic deformation phase. As the shearing

progresses, the aluminum plate undergoes obvious plastic
deformation, and the joint begins to emerge. When the load
reaches the peak Fmax1, the joint partially emerges, and then
the load decreases. Stage IV is the joint failure stage, in
which the upper plate is still partially uncoupled. As shear-
ing proceeds, plastic deformation occurs in this part, and the
joint exhibits failure. When the upper plate is completely
dislodged, the load decreases to zero.

In addition, it canbe concluded fromFig. 13 that the hybrid
joint shear failure deformation can be roughly divided into
five stages. The I and II stages are the same as in the only-
clinch joint, as previously mentioned, including the initial
phase of the loading and elastic deformation phases. The III
phase is the plastic deformation and bonding failure phase, in
which the aluminum plate starts to undergo extensive plastic
deformation and reaches the peak load Fmax2, and then the
bonding suddenly fails. The main reason for bonding fail-
ure is that after the joint is subjected to tangential stress,
the bonding interface between the adhesive layer and the
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Fig. 13 Shear load displacement curve of the clinch-adhesive hybrid
joint on the inclined wall die

metal plate is damaged, and at simultaneously, the cohesive
force of the adhesive layer is destroyed. Stage IV represents
the secondary plastic-deformation stage. At this stage, the
bonding fails; however, the mechanical interlocking of the
hybrid joint is not yet destroyed, and the load remained stable
within a small range. Stage V is the interlock failure phase,
at which point the joint continues to undergo large plastic
deformation until the mechanical interlocking of the joint
disappears owing to the disengagement of the upper plate,
resulting in the complete failure of the joint. Moreover, the
shear strengths of the fully and partially glued hybrid joints
increased by 47.6 and 62.7%, respectively, compared with
the only-clinched joints. In addition, the adhesive layer in
the clinching area of the fully glued hybrid joint changed the
friction environment and exhibited a specific hindering effect
when the plate was deformed. Hence, the full gluing forming
effect was slightly worse than that of the partial gluing. For
hybrid joints, failure is manifested by a sudden failure of the
bonding interface, followed by the dislodgement of the upper
plate. The combination of gluing and clinching compensates
for this shortcoming of premature bonding failure, thereby
avoiding sudden damage in practical applications.

The peeling load–displacement curve of the joint is shown
in Fig. 14. From the load–displacement curve, the peeling
failure process is different from the shear failure in that its
elastic deformation stage is very short and can be ignored.
The peeling failure process of the hybrid joint can be divided
into three stages: The first stage is the elastic deformation
stage, the curve is almost a diagonal line, and the load rapidly
rises to approximately 70–100 N. The second stage is the
plastic deformation and gluing failure stage. When the load
reaches the first peak value, the bonding interface between
the plate and adhesive layer is destroyed, resulting in sudden
bonding failure. The load decreased rapidly to approximately

Fig. 14 Pear load displacement curve of the clinch-adhesive hybrid
joint with the inclined wall mold

50 N. The third stage was the secondary plastic deformation
stage. Under mechanical interlocking, plastic deformation
continued until the second peak value. The mechanical inter-
lock causes the entire joint to fail owing to the deformation
and plate disengagement. In the peel test, the peak load of
the joint was smaller; however, the failure displacement of
the entire joint was higher than that in the shear test. The
peel strength of the partially glued hybrid joints is higher
than that of the fully glued hybrid joints, which further indi-
cates that the partially coated process is more suitable for
clinch-adhesive hybrid connections.

4 Conclusion

In this study, Al5052 aluminum alloy and Q235 steel were
used as research objects. A combination of finite element
simulation and experiment was employed. Moreover, the
effect of the gluing process on the strength of clinch-adhesive
hybrid joining in an inclined wall die was explored. Finally,
the failure forms and mechanisms of the joints under shear
and peel loads were investigated in depth. The main conclu-
sions are as follows.

1. The forming law of the clinch-adhesive hybrid connec-
tion on the inclined wall die is explored and summarized
by the finite element method. It can be found that the
clinch-adhesive hybrid connection can be divided into
four stages: pressing stage, forming initial stage, form-
ing middle stage, and forming final stage (inclined wall
guide phase).

2. The differences in the characteristics of fully and partially
glued hybrid joints were discussed using finite elements
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and experiments for the clinch-adhesive hybrid connec-
tion on the inclined wall die. The results show that the
partial gluing process is more effective compared with
the full gluing process, the interlock of the partial gluing
joint increased by 144%, and the neck thickness value
reduced by only 10.6%. The errors of the experimental
results compared with the simulation results are less than
4%, showinggood agreement,which proves that thefinite
element model has high credibility.

3. Finally, shear and peel experiments were used to investi-
gate the failure forms and mechanisms of the joints. The
results showed that the shear and peel strengths of hybrid
joints are higher than those of only-clinched joints, and
the best performance was obtained for partially glued
hybrid joints. The main failure form of hybrid joints is
a mixture of interface damage and upper plate dislodge-
ment.
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