
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00170-021-08284-9

CRITICAL REVIEW

Development of clinching process for various materials

Hao Peng1 · Chao Chen1,2 · Xiaoqiang Ren1,2 · Jinliang Wu1

Received: 7 May 2021 / Accepted: 23 October 2021 
© The Author(s), under exclusive licence to Springer-Verlag London Ltd., part of Springer Nature 2021

Abstract
Clinching technology can join thin sheets of various materials, including aluminum alloy, magnesium alloy, steel, titanium 
alloy, and polymers. Nowadays, with the popularization of the lightweight concept and the application of various sheet 
materials in manufacturing, clinching technology has highlighted the advantages of being able to adapt to the joining of dif-
ferent sheet materials. With its unique advantages, clinching technology gains wide development space in the field of metal  
sheet connection. The application of clinching technology in various sheet materials is summarized and analyzed. The 
clinching process of special materials is also discussed. In addition, some unaddressed issues in the clinching process of  
special materials are identified in this paper.
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1  Introduction

Various lightweight sheets, including aluminum alloy, mag-
nesium alloy, titanium alloy, and polymer, are increasingly 
used on thin-walled structures. Joining these lightweight 
sheets has become an important research topic. There 
are many methods for joining sheets, such as spot weld-
ing, self-piercing riveting, adhesive bonds, and clinching. 
Those joining methods have their characteristics in the 
joining sheets. Spot welding uses a high pulse current to 
join the sheets, melting the materials at the contact points 
between the two sheets to join together [1–4]. However, 
spot welding process is energy intensive, which may gen-
erate large amounts of carbon dioxide gas. Furthermore, 
spot welding is the thermal joining method, which is not 
suitable for joining the different sheet materials and poly-
mers. The joint created by self-piercing riveting technology 
has high strength but requires special rivets in the riveting 
process, which increases the cost of the connection [5–9]. 
Furthermore, it is not suitable for joining thin sheets with 

low ductility and high hardness since the self-piercing riv-
eting technology needs to penetrate the connected plates. 
A special adhesive is used to join the sheet materials in the 
adhesive bonding technology [10–14]. The adhesive bond-
ing technology can join various sheet materials. The joints 
are created by the adhesive bonding process and have good 
shock absorption. However, the performance of the joints 
is susceptible to temperature.

Clinching technology was proposed by a German Thies L 
in 1897 [15]. However, it was not widely used in manufac-
turing until the late nineteenth century [16]. It was first used 
to join the sheets of Audi car bodies in 1985 [17]. Clinch-
ing is a better solution for joining various sheet materials. 
In recent years, with the development of materials science, 
high-performance lightweight sheet materials are widely 
used. This has led to the rapid development of clinching 
technology that can be used to join a variety of lightweight 
materials. Compared with other joining processes, the 
clinching process is pollution-free, energy-saving, and low-
cost. Furthermore, improved clinching technology combines 
the advantages of other joining technology, which makes it 
can join some special sheet materials.

This paper summarized and analyzed the application of 
clinching technology in various sheet materials. Further-
more, the characteristics of the clinched joints formed by 
the different sheet materials were proposed. In addition, the 
clinching process of special materials was also discussed in 
this paper.
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2 � Mechanical clinching

Clinching technology is used to join thin sheets of dif-
ferent materials. The process of clinching is easy and 
quick. The conventional clinching tools include a die, 
a punch, and a blank holder. The punch is driven by a 
hydraulic machine. The thin sheets are placed between 
the die and the punch. The blank holder presses the 
upper sheets to fix the thin sheets in the clinching pro-
cess. Then, the punch compresses the sheets downward. 
The sheet materials are plastically deformed and grad-
ually fitted into the bottom dies. After the interlock 
of the sheets is formed, the punch goes down to its 
original position. The clinched joint is formed. The 
two conventional mechanical clinching processes are 
shown in Figs. 1 and  2 for fixed dies and extensible 
dies, respectively.

Compared to the other joining methods that connect 
the thin sheets, such as spot welding, self-piercing rivet-
ing, and adhesive bonding, the main characteristics of the 
clinching technology include the following:

(1)	 Many sheet materials can be joined.
(2)	 High fatigue properties.
(3)	 The process is quick and easy.
(4)	 Energy consumption and carbon dioxide emissions are 

lower.
(5)	 Equipment is cheaper.

However, mechanical clinching technology has some 
disadvantages:

(1)	 High force required
(2)	 Not suitable for joining sheets with higher hardness and 

lower ductility

The tools of the clinching technology are shown in Fig. 3. 
Both fixed dies and extensible dies clinching tools have cer-
tain diameter punches. Fixed dies clinching tools have a 
fixed size groove in bottom dies. In contrast, the extensible 
dies have a sector slider in bottom dies that can slide out-
wards under the deformation extrusion of the sheet materials 
in clinching process. Research has been done to improve 
these tools. The fixed dies clinching tools were optimized by 

Fig. 1   The process of the 
mechanical clinching with fix 
dies [18]

Fig. 2   The process of the 
mechanical clinching with 
extensible dies [19]

Fig. 3   Tools of clinching tech-
nology: a fixed die, b extensible 
die [19]
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Lee et al. [20]. These researchers inputted different param-
eters of tools into the analysis model and compared the fail-
ure modes of the clinched joint to obtain the desired joint 
strength. The authors found that the strength of clinched 
joint with this method had a similar crash resistance with the 
self-piercing rivet (SPR). The numerical model of clinched 
joint can predict the joint strength with an error within 7.5%. 
Furthermore, Han et al. [21, 22] investigated the influence 
factors of the parameters of the clinching tools on strength 
of joint. The dip depth and the groove depth have a greater 
effect on the joint strength than groove fillet radius, groove 
width, and draft angle.

The static strength of clinched joint is usually accessed 
by cross-tension test and tension-shearing test, which are 
widely used to evaluate the quality of clinched joint because 
of convenient operation. The dynamic performance evalu-
ation of clinched joints mainly includes impact tests and 

fatigue tests. However, these quality test methods are 
destructive to the joint. As shown in Fig. 4, Jiang et al. [23] 
proposed a non-destructive test using the electrical resist-
ance characteristics of clinched joints. The authors found 
that there is a good correlation between the strength and 
variation of electrical resistance of clinched joints.

The joint formed by clinching process is dependent on 
the plastic deformation of the thin sheet itself. As shown in 
Fig. 5, the main parameters of the clinched joint are the bot-
tom thickness, undercut (interlock), and neck thickness [24]; 
the mechanical properties of clinched joint mainly depend 
on these parameters.

As shown in Fig.  6, there are two failure modes of 
clinched joints, namely, neck fracture and button separa-
tion [25]. The interlock and thickness are the main fac-
tors that determine the failure mode of the clinched joint. 
If the interlock can bear a larger load than neck thickness 

Fig. 4   The non-destructive test 
of clinched joint [23]

Fig. 5   The main properties of 
the clinched joint [24]
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in cross-tension test, button separation failure mode of the 
clinched joint would occur. Otherwise, the neck failure mode 
would occur. Similarly, when the clinched joint is subjected 
to a longitudinal static load, and the capacity of the neck 
thickness is greater than that of interlock, the clinched joint 
fails at button separation mode. Conversely, the clinched 
joint fails at neck fracture mode.

Many researchers want to improve the geometries and 
parameters to get the best combination of clinching pro-
cess and clinching tools. Lee et al. [20] proposed a design 
method of clinching tools, which is based on the function 
of the magnitude of the undercut and the neck thickness. 
The strength of the clinched joint is iterated through differ-
ent thicknesses and undercut to find the optimal parameters. 
Mucha et al. [26, 27] improved the parameters of clinching 
process to increase the joint strength and investigated the 
influence of different materials and forming conditions on 
the strength of clinched joint using the experimental test. 
However, the clinching tools design and the experimental 
test in practice are time-consuming and costly. With the 

development of industrial engineering software, the numeri-
cal simulation of the design method and verification of the 
results through practical experimental tests are suitable 
methods often used in many studies. The industrial engineer-
ing software, including DEFORE®, ANSYS®, ADINA®, 
ABAQUS®, MARC®, and LS-DYNA-3D®, is often used 
to build the numerical simulation models of clinching pro-
cess. These numerical models are often based on static or 
dynamic explicit and implicit methods. The accuracy of the 
numerical models is verified by experimental data, and the 
numerical models are used to optimize the parameters of 
clinching process. Many researchers used numerical modes 
and experimental tests to optimize the variable parameters 
of clinching process. Varis et al. [28] simulated the clinching 
process using the MARC® software to build an axisymmet-
ric joint using a non-cutting, single stroke method. The finite 
element model (FEM) of clinching process with clinch- 
ing tools is shown in Fig. 7. Lambiase et al. [29] investigated 
the material flow of clinching process using the numerical 
model of extensible die clinching tools.

Fig. 6   The failure mode of 
clinched joint: a neck fracture 
mode, b button separation mode 
[25]

Fig. 7   The finite element model 
of clinching process [28]
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Compared with the experimental test, numerical simu-
lation is more convenient to obtain the stress, strain, and 
material flow of the material, which is of great significance 
in guiding practice [30].

3 � Clinching process for various sheet 
materials

More and more types of lightweight sheet materials are 
adopted in the automobile industry since the concept of 
body-in-white (BIW) development [31]. The sheet materials, 
such as aluminum alloy and magnesium alloy, can be joined 
by many clinching methods. Some improved clinching meth-
ods are more suitable for joining special sheet materials. For 
example, the thin sheet materials with low ductility and high 
hardness can be joined by dieless clinching method since 
the dieless clinching method can easily heat the sheets to 
increase the ductility of the materials [32, 33]. The polymer 
sheets are usually joined by the injection clinching method 
since the clinching method is conducive to extrusion, melt-
ing, and consolidation of the polymer [34, 35]. The various 
sheet materials clinching can be divided into three catego-
ries: clinching of the dissimilar metal sheets, clinching of 
the similar metal sheets, and clinching of metal to polymers 
or composites sheets. The three kinds of thin sheet materials 
have their suitable clinching methods.

3.1 � Clinching of the dissimilar metal sheets

The clinching technology is widely used to join the dissimi-
lar metal sheets due to its low cost, low pollution, low energy 
consumption, and high speed [36–39]. Clinching of dissimi-
lar metals in industrial manufacturing generally refers to the 
joining between steel, aluminum alloy, magnesium alloy, 
composites, copper alloy, and titanium alloy sheets. Many 
researchers have studied clinching processes of joining these 
dissimilar sheet materials.

3.1.1 � Clinching of steel and aluminum alloy

The application of steel is gradually increasing in the auto-
motive manufacturing industries [40]. The high-strength 
steel is often used in the car body, power trains, bumpers, 
chassis, and engine parts since it has high stiffness, high 
corrosion resistant, good formability, and joining capability. 
The aluminum alloy is often used in body panels, engine 
blocks, and power trains since it is lightweight and energy 
efficient [41]. Many researchers have proposed improved 
clinching process for joining different types of steel and 
aluminum alloy sheet materials. Hole clinching process, 
conventional clinching, and laser shock clinching process 
are often employed to join steel and aluminum alloy sheets. 
The schematic of hole clinching process and laser shock 
clinching process is shown in Fig. 8.

The joinability for the clinching of aluminum alloy sheets 
and steel sheets was investigated by Abe et al. [44]. The 
study found that the upper sheet is prone to fracture when the 
lower sheet is hard. Thicker steel sheets are prone to fracture 
when they are used as the upper sheets. The mechanical per-
formance of the upper aluminum sheet and the lower steel 
sheet is better than its reverse combination. The steel sheets 
as the lower sheet can be joined in the range of 1–2.5 mm 
when the diameter of the punch is 5 mm. Furthermore, Lee 
et al. [45] investigated the influence of process parameters 
on the quality of the advanced high-strength steel DP780 and 
Al5052 alloy clinched joint. As shown in Fig. 9, the results 
of their work showed that the quality of joints is mainly 
affected by die radius. The steel DP780 lower sheet is prone 
to cracks when the depth of the lower mold increases. The 
durability of joints under harsh environmental conditions 
has always been a research problem, especially joints formed 
of steel and aluminum sheet materials. Calabrese et al. [46] 
investigated the durability of conventional and bonded joints 
formed from steel and aluminum sheet materials in the salt 
spray environment. The authors found that the clinched 
joints with an adhesive layer have a better performance on 
the corrosion resistance.

Fig. 8   Schematic of a hole clinching process [42] and b laser shock clinching [43]
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The clinched joints of steel and aluminum alloy, which 
are created by conventional clinching process, are studied by 
Jiang et al. [23]. The authors proposed a non-destructive test 
method to evaluate the quality of the joint formed by galva-
nized SAE1004 steel and AA6111-T4 aluminum sheets. The 
authors used the electrical resistance change of the clinched 
joints to evaluate the quality of the clinched joint. The elec-
trical resistance change of the clinched joint has a good cor-
relation with the quality of clinched joint. Furthermore, the 
influence of pre-strain of sheets on the mechanical properties 
of clinched joint was studied [47]. The result of the works 
showed that the pre-strain reduces the ductility of the sheets 
and decreases the strength of the joint.

Réjane et al. [48] investigated the mechanical properties 
of the aluminum alloy and ultra-high-strength steel 22MnB5 
clinched joint. The clinched joint created by the hole clinch-
ing with the cylindrical and tapered pre-hole sheet is studied 
using the quasi-static and fatigue testing methods. Multi-
stage clinching with pre-hole and single-stage shear-clinching  
are used to create different clinched joints; compare the 
mechanical properties of these joints to obtain the best join-
ing method. The authors concluded that single-stage shear-
clinching has better performance than the clinching with the 
pre-hole. Lee et al. [45] investigated the influence of the pro-
cess parameters on the performance of the aluminum alloy 
and high-strength steel sheets clinched joint. The numerical 
model was created by DEFORM-2D®, and the experimental 

test was carried out to verify the result of the FE model. 
The authors found that the quality of the clinched joint was 
mainly affected by the die radius, die depth, and the die 
groove shape. The die radius of the clinching tools has the 
greatest effect of the clinched joint, and the interlock of joint 
is increased with the die radius. Furthermore, Lee et al. [42] 
proposed hole clinching process to join the high-strength 
and low-ductility materials. The hole clinched joints were 
created by the upper aluminum sheet and lower steel sheet 
material. The authors concluded that the hole clinching pro-
cess can ensure the joint strength, but the center of the tool 
must be aligned with the center of the pre-drilled hole in 
lower sheet [49].

Abe et al. [36] optimized the material flows of the high-
strength steel SPFC980 and aluminum alloy A5052-H34 
sheets in the clinching process. The material flows of the 
clinched joints are investigated with different clinching 
dies. As shown in Fig. 10, the concentration of the defor-
mation around the corner of the punch can be decreased by 
decreasing the depth of the die in the clinching of the upper 
high-strength steel sheets. The cracks of the sheets can be 
decreased by reducing the groove of the bottom dies in the 
clinching of lower high-strength steel sheets.

Zhang et al. [50] proposed a new method for joining alu-
minum alloy 5754 and DQSK steel, which is called clinch-
ing welding method. As shown in Fig. 11, the welding phase 
was conducted after the clinched joint formed. The authors 

Fig. 9   The cross section of the 
clinched joint by the experi-
ment under different conditions 
of die depth (H) and die radius 
( Rd ). a Rd = 8.0,H = 1.6 , 
b Rd = 9.0,H = 1.4 , c 
Rd = 10.0,H = 1.4 [45]
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found that the sheets were joined by a layer of Al–Fe inter-
metallic compounds which increased strength and toughness 
of the clinched joint.

Wang et al. [43] proposed clinching the aluminum alloy 
1060 foils and stainless steel 304 foils using the shock 
clinching method. This method allows for the joining of 
sheets with a thickness of 60 to 100 µm. The authors found 
that the quality of clinched joints formed with the upper 
layer of thicker aluminum foil was better. The main defect 

is the low ductility of steel, which is easy to cause the frac-
ture of the steel sheets and the damage of the aluminum 
sheet materials. Hole clinching can solve the disadvantages 
of the low ductility of steel sheets, but it has higher require-
ments for the neutrality of the pre-hole sheet and dies. The 
laser shock clinching is only suitable for joining sheets with 
a small thickness. The clinching process of steel and alu-
minum sheet materials needs further research to solve the 
above problems.

Fig. 10   Relationship between interlock and tensile strength of a lower high-strength steel obtained from experiment and b upper high-strength 
steel obtained from experiment [36]

Fig. 11   The schematic illustration of clinching–welding process [50]
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3.1.2 � Clinching of magnesium and aluminum alloy

Magnesium alloy has the characteristics of high strength, 
low density, and good heat dissipation. Magnesium and alu-
minum parts are growing rapidly in the automotive market 
[51]. In the past 5 years, the use of magnesium alloy has 
increased by 15% per year, and the use of aluminum alloy 
has increased by 13% per year [52, 53]. The plastic defor-
mation of magnesium alloy sheet materials can occur at the 
temperature above about 220 °C since anisotropic deforma-
tion of hexagonal crystal structure is at a temperature lower 
than 220 °C. Heating the magnesium alloy sheet materials to 
a temperature above 220 °C can improve the deformability 
and form a high-quality clinched joint. For example, a better 
clinched joint of AZ31 magnesium alloy can be formed at 
temperatures between 250 and 350 °C [54].

Clinching technology for joining the magnesium and 
aluminum alloy sheets is also constantly developing. Neu-
gebauer et al. [55] proposed a dieless clinching with heated 
anvil to join the magnesium and aluminum alloy. The heated 
anvil of dieless clinching tools can reach a temperature of 
270 ◦ C in 1 s or less, which is the temperature required for 
plastic deformation of magnesium alloy. The authors also 
investigated the effect of parameters of the clinching process 
on the quality of the joint using the finite elements method.  
The results of his work showed that the following require-
ments must be met to get a good clinched joint: the length 
of the punch should be slightly less than the total thickness 
of the sheet, the edge of the punch should be sharp, and 
the forming force should be high. Wen et al. [56] joined 
the Al6063 and AZ31 sheets using the flat hole clinching. 
As shown in Fig. 12, the authors studied the effect of the 
tool and hole geometries on the quality of the clinched joint 
using the experiment and numerical simulation method. The 
strain on the neck of the clinched joint is relatively high 
according to the numerical simulation results. Furthermore, 
researchers have conducted a further study on the forma-
tion of interlocks. The results of their work showed that the 
interlock formed relies on the thickness ration of the upper/
lower sheets. The lower sheets should be a material with 
high strength and lower ductility because the deformation 
of the lower sheets is small in flat hole clinching process.

The main factor that affects the connection of magnesium 
and aluminum alloy is temperature. The dieless clinching 
process is more suitable for joining the magnesium and alu-
minum alloy since the heat transfer rate of flat anvil is faster. 
Other methods of heating magnesium alloy sheet materials, 
such as laser heating, should be further studied.

3.1.3 � Clinching of titanium and aluminum alloy

Titanium alloy is also one of the widely used light metal 
materials [57–59]. Conventional welding is employed to 
join titanium alloy and aluminum sheet materials together, 
but this joining technology damages the micro-structure 
of the welded region, adversely affecting the properties of 
the clinched joint. Clinching technology has been accepted 
for joining the titanium and aluminum alloy sheet materi-
als because of the low costs and absence of exhaust gases. 
Lambiase et al. [60] investigated the effect of forming 
force and tools configurations on the clinching process 
with the titanium and aluminum alloy. The quality of 
the clinched joint was evaluated by the single lap shear 
test. The stress distribution of the clinching simulation 
process was illustrated in Fig. 13. As can be seen, the 
lower sheet is damaged in the initial stage due to the poor 
ductility of the AA7075 alloy sheet. The lower sheet is 
completely fractured before the interlock is formed.   As 
shown in Fig. 14, the material flow of the sheets after the 
crack development was studied. As can be seen, the upper 
sheet is compressed between the fracture lower sheet and 
the punch, which causes the sheet materials flow in the 
radial direction and enlarges the interlock. Furthermore, 
the mechanical performance of the clinched joint was also 
studied. The result of their work showed that the tension-
shear strength of the clinched joint with Ti and AA7075 
sheets can reach 3.6 kN, and the energy absorption of the 
joint can reach about 2.3 ± 3.0 J. He et al. [61–63] studied 
the joining ability, energy absorption, and load-bearing 
capacity of the joint created by the extensible dies. The 
results of their work found that the load-bearing capacity 
and the energy absorption of the joints are related to the 
position of titanium sheets (the clinched joint with tita-
nium as the upper sheet has better mechanical performance 

Fig. 12   Deformation of sheets 
during FHC process [56]
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than that of titanium as the lower sheet). Li et al. [64] 
used the scanning electron microscope (SEM) to investi-
gate the microstructure of the tensile fracture of clinched 
joint. The authors found that the fracture characteristics 
of the Al5052-TA1 clinched joint is big and deep dimple 
morphologies.

3.1.4 � Clinching of aluminum alloy and other metal 
materials

The other metal materials, such as Cu, 304 stainless steel foils, 
and H62, are used in some special applications. The clinching 
of these sheet materials has rarely been studied.

Fig. 13   Evolution of von Mises stress during clinching of Ti/AA7075 sheets (h = 0.8 mm) [60]

Fig. 14   Material flow during 
clinching of Ti/AA7075 sheets 
(h = 0.8 mm) after development 
of crack in AA7075 sheet [60]
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Wang et al. [43] studied the clinched joint for joining Al1060, 
Cu, and 304 stainless steel foils by the laser shock clinching 
method. The laser shock wave was adopted to impact the sheets. 
When the lower sheet deformed to a certain extent, it would be 
cut by the bottom mold. The material of the upper layer flows 
into the bottom mold to produce an interlock, which joins the 
upper and lower sheets together. The laser energy affects the 
interlock and the neck thickness of the clinched joint. The joint 
can be formed when the laser energy is less than 1200 mJ. The 
increased laser energy facilitates the formation of interlock but 
reduces the bottom thickness of the joint. Furthermore, the 
authors found that the tensile shearing strength of Al1060 pure 
aluminum foils and 304 stainless steel foils combination was 
three times as large as that of Al1060 pure aluminum foils and 
annealed copper foils combination. The surface of the mate-
rial is galvanized to improve its corrosion resistance. The effect 
of aging on the strength of galvanized SAE1004 steel and alu-
minum AA6111 clinched joints was studied by Gao et al. [65]. 
The aluminum sheet is first solution heat treated at 550 °C for 
30 min and then subjected to natural aging treatment for differ-
ent times. They found that the aged aluminum has an effect on 
the section parameters and strength of the clinched joint. Fur-
thermore, the reinforced aluminum sheets cause greater residual 
compressive stress during the clinching process.

3.2 � Clinching of the similar metal sheets

3.2.1 � Aluminum alloy

Different series of aluminum alloy sheet materials are widely 
used in automobile lightweight [66, 67]. Many researchers 
have studied the clinching process of aluminum alloy and 
the mechanical properties of the joints.

Chen et  al. [68] investigated the flat clinching pro-
cess with the single Al1060 sheet materials. The authors 
researched the influence of punch diameter and punch 
forming on clinched joint strength using experimental and 
numerical analysis methods. Their studies demonstrated that 
the punch diameter increasing can enhance the neck thick-
ness and interlock size, and the clinched joint strength can 
be improved by enhancing the punch force. The improved 
flat clinching process of Al1060 sheet materials was also 

investigated by Chen et al. [69]. In their study, a series 
of disc springs were adopted, which allowed for a linear 
increase in blank gripper force. They found that the clinched 
joint has good quality when the punch force is 90 kN. Fur-
thermore, the reshaping processes of clinched joints were 
studies by Chen et al. [70–75]. The strength of the clinched 
joints was further increased by the reshaping method with 
a bump die or a pair of flat anvil. The restoration of the 
clinched joint was also investigated by Shi et al. [76] and 
Chen et al. [77–79]. The results of their studies showed that 
the restored joints have better performance than the clinched 
joint.

Aluminum alloy AA5052 has low ductility and high 
strength. It is hard to be weld since there is an oxide film on 
the surface of the materials. These sheet materials can be 
joined well by resistance spot clinching method. The resist-
ance spot clinching process was proposed by Ye et al. [80]. 
As shown in Fig. 15, resistance spot clinching method uses 
the direct current to generate heat, which improves the duc-
tility of the materials and facilitates the plastic deformation 
of the materials. Then, the punch compresses the sheet to 
create the clinched joint.

The authors contrast the profile of the cross section 
of resistance spot welding and resistance spot clinching. 
There is a high melt area in the resistance spot welding 
joint. The clinched joint created by resistance spot clinch-
ing is mainly the plastic deformation of the material. The 
fusion zone of the clinched joint is larger than the resist-
ance spot welding joint. The scanning electron microscope 
(SEM) of the resistance spot welding and resistance spot 
clinching joint is shown in Fig. 16. The resistance spot 
welding joint has more shear deformation features, and the 
resistance spot clinched joint has more tensile/shear defor-
mation in the fracture surface. In a word, resistance spot 
clinched joint has excellent tensile properties compared to 
resistance spot welding joint at the microstructural level 
due to the tensile/shear mixed deformation.

Furthermore, Zhang et al. [81] studied the influence 
of the oxide film of AA5052 sheets on the resistance 
clinching process. The existence of the oxide layer at low 
melting currents results in a larger fusion zone because 
the increase in contact resistance improves the primary 

Fig. 15   The process of resist-
ance spot clinching method [80]
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formation of fusion area, but there was no marked discrep-
ancy in fully developed fusion zones.

Different types of aluminum alloy sheet materials have 
different characteristics, and the main problems are low 
ductility and low joint strength. Researchers improved 
the quality of the clinched joint by reshaping and heating 
methods. However, these methods increase joint costs and 
energy consumption.

3.2.2 � Magnesium alloy

Magnesium alloy is increasingly used in the automotive 
industry as a result of its high strength and good plasticity 
[82, 83]. The joining processes for magnesium thin sheets 
are also evolving [84]. However, with the low specific heat 
capacity and latent heat of fusion of magnesium, it is difficult 
to directly weld the magnesium alloy thin sheets. Further-
more, anisotropic deformation occurs at lower temperatures 
since magnesium alloy has a hexagonal crystal structure. 
Plastic deformation of magnesium and its alloy can only 
be achieved at temperatures around 220 °C. For getting a 
better joint of alloy, the temperature must be above 220 °C 
since heating the magnesium alloy sheets can increase its 
deformability and be conducive to form the clinched joint. 
Hahn et al. [85, 86] proposed a method of induction heating 
magnesium alloy sheets and join the magnesium alloy sheets 
by clinching.

AZ31 magnesium alloy has poor formability at room 
temperature because it is subject to sheets edge crack-
ing, inhomogenous recrystallized grain size, and par-
tial recrystallization during the rolling process [33, 87, 
88]. Han et al. [89] studied the heat transfer process of 

conventional clinching of magnesium alloy sheets using 
DFORM-3D®. They improved the dieless clinching of 
magnesium alloy sheets with the theory of TRIZ theory 
to reduce the preheating time [90]. The researchers found 
that the preheating time of clinching process with the 
new counter die can be reduced to 1 s, and the clinching 
process is efficient and reliable for joining the magne-
sium alloy sheets. Neugebauer et al. [33] used the die-
less clinching method to join the AZ31 magnesium alloy 
sheets because the flat die facilitates heating. The heating 
time can be decreased to 1 s or less by the dieless clinch-
ing. The authors also investigated the stress distribution 
of the joint using the DEFORM-2D software during the 
dieless clinching process and conventional clinching pro-
cess. As shown in Fig. 17, greater compressive stresses 
exist in the dieless clinching process compared to that in 
the conventional clinching process. Tensile stress occurs 
in conventional clinching process, which increases the 
risk of cracks forming in the joint.

3.2.3 � Titanium alloy

Titanium alloy has high strength and low density, which 
is employed to reduce fuel consumption and body weight. 
In particular, titanium alloy is widely used in aerospace 
and medical fields [91]. The joining processes of tita-
nium alloy are complex. Welding is commonly adopted 
to join the titanium alloy. However, the welding clinching 
method needs a lot of equipment costs and discharges 
greenhouse gases. In recent years, non-polluting and 
low-cost clinching technology is used to join titanium 

Fig. 16   SEM fractographs of 
the a resistance spot welding 
and b resistance spot clinched 
joints: c and d magnified view 
of regions shown in a and b, 
respectively [80]
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alloy sheets. Many researchers have studied the clinching 
method of titanium alloy sheets.

He et al. [61, 92] studied the mechanical performance 
of joints created by titanium alloy sheets. The tensile 
shear tests and normal hypothesis tests were carried out 
to evaluate the quality of the clinched joint. The authors 
found that the failure mode is mainly neck fracture. Zhang 
et al. [24] investigated the effect of heat treatment of tita-
nium alloy on the mechanical properties of the clinched 
joint. The tension-shearing test and fracture interface 
analysis were conducted to assess the quality of the 
clinched joint. The metallographic structure of the joints 
with different heat treatments is shown in Fig. 18. The 
authors proposed that the annealing treatment improved 
the plasticity of the titanium alloy sheets. The failure 
modes of the clinched joint are mainly the neck fractures 
in the tension-shearing test.

3.2.4 � Steel sheet

Steel sheet has high strength, low production cost, and 
mature production technology. Steel sheets are commonly 
used to produce simple components [93, 94]. Recently, the 
application of steel sheet in the accessory structures, such 
as truss and stud frames, has increased. The processes of 

joining the steel sheet are constantly evolving [95]. Clinch-
ing technology is a new joining process for joining steel 
sheets.

Flodr et al. [96], Berezhnoi et al. [97], and Jonas et al. 
[98] studied the mechanical properties of the clinched 
joint using the finite elements method. The authors found 
the functional relationship between forming force and 
geometry of clinched joint. The influence of the surface 
condition of the sheet on the quality of the clinched joint 
was investigated by Saberi et al. [99]. The authors found 
that the surface condition of the sheet has little effect on 
the geometric parameters of the clinched joint. Lennon 
et al. [100] investigated the tension-shear strengths of 
the clinched joint under the different sheet thicknesses 
and different loading orientations. The authors found 
that the rectangular clinched joint has the max strength 
when the shear direction is at 0 ◦ .  The  peak shear load 
is linearly related to the orientation angle, and the peak 
load of the joint increases with the the increase of  sheet 
thickness. Remo et al. [101–103] investigated the rela-
tionship between joint strength and shear load orientation. 
Rectangular clinching method was conducted to create 
the clinched joints. The quality of the clinched joint was 
evaluated by tension-shearing test with different loading 
orientations. The authors found that the failure modes of 

Fig. 18   The metallographic 
structure of a untreated and b 
annealing treatment clinched 
joint [24]

Fig. 17   Maximum principal 
stress in the parts: a dieless 
clinching and b conventional 
clinching [33]
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clinched joints rely on the angle of the shear loading. The 
maximum strength value is obtained when the angle of 
the shear loading is at 0 ◦ . The researchers proposed the 
theoretical equation to predict the joint strength for differ-
ent failure modes of joint.

Furthermore, Pawel et al. [104] investigated the influ-
ence of the die opening plane orientation on the main 
parameters of the clinched joint with the steel DP600 and 
TRIP sheet materials. The authors found that the interlock 
is lowest at the Sect. 90° since the resistance in this direc-
tion is the greatest.

3.3 � Clinching of metal to polymers or composites 
sheets

Polymers and composites are used in manufacturing due to 
the ease of the advancement of reinforcement technology 
[105]. The polymer and composites materials are always 
used as shells and are fixed on the metal sheets [106]. The 
clinching technology is a good method for joining the metal 
and the polymer/composites sheets, and there are many 
researchers who have proposed the improved clinching 
method for joining the metal-polymers/composites sheet 
materials. Lee et al. [107] optimized the hole clinching 
process to join the carbon fiber reinforced plastic (CFRP) 
and aluminum alloy sheet by the experiment and numerical 
simulation methods. The basic parameters of the numerical 
model are shown in Fig. 19.

The authors optimized the hole clinching tools based 
on the results of numerical simulations. The hole clinch-
ing tools were designed based on geometrical relationship 
between the hole clinching tools and the interlock size which 
was derived from the simulation and experimental result. 
The results of their study showed that the tension-shear 

strength of the joint can reach the required strength of 5 
kN by the optimized hole clinching tools. Furthermore, the 
authors found that hole clinching process can be divided into 
three stages, and the growth trend of the forming force of 
the punch in each stage is different. The failure mode of the 
hole clinching joints is related to the thickness of the sheets.

Abibe et al. [35] proposed a new injection clinching 
method for joining polymer and metal sheets. The polymeric 
sheet with a cylindrical bulge, the upper metal sheet with 
a pre-hole, and the heating ceramic rings are required in 
the injection clinching process. The authors investigated the 
microstructural features, local mechanical properties, and 
loading capacity of the injection clinched joint. The tem-
perature of the polymer sheets reached 275 ◦ C in 15 s under 
heating of the heated ceramic ring. The results showed that 
the injection clinching method can form clinched joint with 
good mechanical performance, but it takes a lot of time. 
Furthermore, Abibe et al. [108] investigated the mechani-
cal properties and failure model of injection clinched joints. 
They found that the failure mode of the joints is strongly 
related to the moisture content of the polymer PA66-GF, 
and the mechanical properties and the failure modes of the 
joint are related to the capacity of the formed rivet against 
the internal walls of the hole in the metallic partner.

Gude et al. [109] created a new clinching process to join 
the fiber-reinforced thermoplastic and metallic sheets. As 
shown in Fig. 20, the fiber-reinforced thermoplastic needs 
to be heated to a certain temperature before the pin com-
presses the upper sheet. Different temperature is adopted in 
the clinching process to find the most appropriate tempera-
ture. The results of the study show that the joints created 
at a processing temperature of 200 °C have good surface 
and forming quality. The joints display low surface quality 
and high appearance of pores at a processing temperature 
of 180 °C.

Fig. 19   FE model of hole 
clinching process [107]
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The mechanical behaviors of aluminum alloy and polymer 
clinched joint were studied by Lambiase et al. [110–113]. 
The joinability of the various polymers (polystyrene, poly-
carbonate, and methyl methacrylate) with aluminum alloy 
sheets by conventional clinching was investigated. The 
clinched joints are formed with different die geometry and 
preheating time. They found that the thermoplastic poly-
mers and aluminum sheets can be joined by the conventional 
clinching method. Furthermore, sheet materials with low 
thermoformability can be joined by modifying the preheat-
ing time and die geometry. Deep die and short preheating 
time are beneficial to improve the mechanical behavior 
of joints that failed by button separation. Furthermore,  
Lambiase et al. [114] investigated the hole clinching pro-
cess using the aluminum alloy sheet materials with a thick-
ness of 2.0 mm and the CFRP with a thickness of 1.4 mm. 
The results of their work showed that the friction-assisted 

clinching can produce good hybrid aluminum/CFRP joints 
and can delay or even avoid the development of the cracks in 
the metal sheet. The authors also concluded the advantages 
of the friction heating for the friction-assisted clinching, 
e.g., the friction-assisted clinching can also ensure safety 
for joining the highly reflective materials, the heating area is 
only in the joint position, and the process parameters of the 
heating are easily controlled and monitored. Furthermore, 
the process parameters influencing the quality and strength 
of the joints are also investigated. The authors found that the 
punch-hole clearance, die anvil depth, residual aluminum 
thickness, and the temperature distribution have complex 
effects on the joint strength [115, 116]. In addition, the 
clinching of aluminum alloy AA5053 and transparent poly-
styrene (PS) under different heating conditions was inves-
tigated by Lambiase et al. [115]. As shown in Fig. 21, the 
distance between the heater gun nozzle and the sheets is 

Fig. 20   Schematic illustration of the novel thermoclinching process: 
a positioning of the joining partners and heating up of the 0.55, 0, 
0 pre-cut joining zone, b permeating of the fiber-reinforced structure 

with the tapered pin, c forming of the undercut with the die, and d 
demolding of the thermoclinched joint [109]

Fig. 21   The layout of the 
experimental tools [115]

112 The International Journal of Advanced Manufacturing Technology (2022) 119:99–117



1 3

60 mm, and the sheets are heated first and then clinched. The 
optical and stereoscope microscope of the clinched joint was 
adopted to study the material flow. The results of their work 
concluded that crack is easily formed at metal-polymer joint 
due to the poor envelope of the polymer.

In addition, Stephan et al. [117] joined the wood materials 
and aluminum alloy sheet material to investigate the effect 
of the wood moisture content on clinched joints. As shown 
in Fig. 22, there is no interlock when the moisture content of 
wood is 0.2%. The interlock of the joints is the same when 
the wood moisture content is 8.7% or 14.7%. Nevertheless, 
the clinched joints have weak strength when the moisture 
content is 14.7% since the wood became porous. More types 
of wood should be employed to find the optimal parameters. 
The finite element models of polymers and metals in the 
clinching process need to be further studied to better under-
stand the formation mechanism of sheet materials.

4 � Problems and solutions

Titanium alloy, aluminum alloy, magnesium alloy, poly-
mers, as well as high-strength steels such as AZ31/AlMg0, 
DC04, and glass fiber-reinforced polymer (GFRP), simi-
lar and dissimilar, can be joined by clinching technology. 
However, the application of clinching technology mainly 
depends on the material properties since it relies on the 
plastic deformation of the sheet materials itself. Therefore, 
conventional clinching technology cannot connect some 
special sheets, such as low ductility and high strength 
steel. The improved clinching and hybrid clinching are to 
make up for this defect. There are two types to improve 
conventional clinching process: optimizing the process 
parameters and  combining other joining technologies 
[19]. Some clinching methods that improve the properties 

of the sheet make it more widely applicable. Flat clinch-
ing and dieless clinching process have better heat transfer, 
making it better connect sheets with lower ductility, such 
as magnesium alloy and titanium alloy. Resistance spot 
clinching, laser heating clinching, and friction clinch-
ing process improve the joining performance of the sheet 
materials by various heating methods.

However, the forming force of the conventional clinch-
ing technology is applied to the sheets by round or square 
punches, which is not suitable for the joining of micro-
sheets. The laser shock clinching and hydro-clinching 
join the micro-sheets by the liquid shock and laser shock. 
Furthermore, the evaluation method of the clinched joint 
is destructive. The clinched joints are destroyed by the 
tension-shearing and cross-tension tests in the testing 
process. Few researches have been published on non- 
destructive testing of joint quality to date. The non-
destructive test method using the electrical resistance 
characteristics of the clinched joint was proposed by Jiang 
et al. [23]. The future development of non-destructive 
testing is likely to rely on deep learning and image rec-
ognition technology, which makes the test result more 
convenient and accurate.

5 � Summary

The clinching technology can join various sheet materials. 
This is not only because clinching technology has many advan-
tages but because many researchers continue to innovate and 
improve clinching technology. The improved clinching pro-
cess further expands the application of clinching technology. 
However, some shortcomings of clinching technology, such 
as the depending on plastic deformation of the material, low 

Fig. 22   Interlocking depending on moisture content (hybrid flat-clinch connection of HB and Al 99.5) a moisture content w = 0.2%, b moisture 
content w = 8.7%, c moisture content w = 14.7% [117]
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connection strength, and weak impact resistance, make the 
clinching technology must rely on other technologies, such as 
heating and drilling technology, when joining special materials.

The application of clinching technology on more mate-
rials is necessary because it not only deepens the under-
standing of the clinching mechanism but also provides a 
new idea for connecting the sheets. This paper concluded 
the application of clinching technology on various materials. 
The advantages and disadvantages of the improved clinch-
ing process with various sheets are discussed. Furthermore, 
the future development trends of clinching technology for 
different materials are also discussed.
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