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Abstract
Mechanical clinching is a process of joining various sheets using a punch and a die and has been widely applied in automobile 
manufacturing. A rotated clinching process using two rotated heads and a flat-bottomed fixed die was proposed in this study. 
An experimental device was developed and rotated clinching experiments were conducted on 1.5-mm-thick Al1060 sheets 
using this approach. Shear and pull-out tests of the joints with various vertical reductions of rotated heads were conducted 
to evaluate the static joining strength. The failure modes of joints and the geometric characterisation of the joint profile in 
terms of interlock and neck thickness were analysed. Preliminary test results show that the joint strength exhibited evident 
directionality, where the force applied in the transverse direction was the largest. The maximum strength was 40% that of 
the Al1060 sheet. Full tearing failure and partial tearing with unbuttoning failure were the main joint failure modes. With 
increasing vertical reduction of the rotated heads, the neck thickness changed less and the interlock increased, reaching 
33.3% of the lower sheet thickness.
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1  Introduction

In recent years, with the improvements in the economy and 
environmental protection requirements, lightweight technol-
ogy has developed rapidly. Various lightweight materials, 
particularly aluminium and its alloys, which have unique 
properties in terms of appearance, light weight, formabil-
ity, specific strength, and corrosion resistance [1], have 
been used in diverse applications. Resistance spot weld-
ing is not suitable for joining different materials owing to 
their dissimilar heat capacities and melting temperatures, 
which would cause intermetallic compounds, brittle phases, 
electrochemical corrosion, thermal deformation, and stress 
concentration around the interface between different met-
als [2], affecting the joint strength. Mechanical connection 
technology, such as self-piercing riveting and mechanical 
clinching, can effectively prevent these problems without 
introducing heat into the sheets to be joined. In self-piercing 

riveting, two or more sheets are joined by directly piercing 
the sheets with a rivet, which increases the product weight 
and introduces cost issues [3]. In mechanical clinching, two 
or more sheets are locally plastically deformed to produce 
an interlock using a punch and die. Mechanical clinch-
ing does not require the use of subsidiary elements such 
as rivets or screws, enabling significant cost reduction and 
eliminating any special preparation of the sheet surfaces [4]; 
thus, it can easily be automated and provide rapid joining. 
With these advantages, mechanical clinching has attracted 
increasing attention in many manufacturing processes 
involving joining of the same or dissimilar sheets such as 
steels and aluminium alloys, copper, magnesium, titanium 
alloys, and polymers.

In conventional mechanical clinching, the joint strength 
is mainly determined by the final joint geometry, including 
characteristics such as the neck thickness and interlock, 
which in turn depends on the tool geometry (i.e. that of 
the punch and die). In recent research, two main types of 
tools have commonly been used in mechanical clinching: 
round and rectangular tools. A round tool can only deform 
a material, whereas a square tool can deform and cut the 
material.

Round tools include fixed groove dies, split dies, and 
flat dies. Extensive research has been focused on the use 
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of round tools in mechanical clinching. In terms of stud-
ies on fixed groove dies, Hamel et  al. [5] investigated 
mechanical clinching forming for steel with respect to the 
process parameters using the finite element method. The 
results showed that an increase in die depth resulted in an 
increase in interlock. Paula et al. [6] studied the effects of 
different die geometries on both the neck thickness and 
interlocking of joints for Al1100 using the finite element 
method. Their results demonstrated that the die diameter 
and groove thickness, shape, and depth did not benefit 
the joint interlock and could cause neck thickness prob-
lems. Oudjene and Ben-Ayed [7] investigated the effects 
of tool geometry on the clinch joint strength of aluminium 
alloy Al5754 as well as on its shape (neck thickness and 
interlock) using the Taguchi method. Their experimental 
results showed that the clinch joint strength was highly 
dependent on the tool geometry, particularly the die diam-
eter parameters. Lee et al. [8] examined the effects of die 
radius, depth, and groove shape on the joint characteristics 
of advanced high strength steel DP780 and Al5052 alloy 
sheets using finite element analysis. They concluded that 
the interlock length and neck thickness could determine 
the joining strength. Mucha [9] investigated the effects of 
the geometrical parameters of the die on the joint interlock 
size of advanced high strength steel by performing finite 
element analysis and experimental tests and found that the 
die impression geometry, particularly that of the groove, 
considerably influenced the interlock and neck thickness. 
Kim et al. [10] evaluated the effects of the shape param-
eters of the tools on the joining strength and optimised 
clinching tools using the design experiments method and 
finite element analysis. The results showed that optimis-
ing the shape parameters improved the joining strength. 
Coppieters et al. [11] studied the process-induced bottom 
defects in joining two layers EN AW-6082 T6 sheets with 
limited ductility by performing a finite element simulation. 
Four ductile damage models are used to predict the occur-
rence of bottom cracks. The analysis results showed that 
the bottom cracks had no adverse effects on the static and 
fatigue strength of the joints [11]. Brzezin’ski et al. [12] 
investigated the effects of the die shape on the material 
flow in sheet combination, including an ultra-high strength 
steel sheet with limited ductility, by performing a finite 
element simulation and experimental tests. To increase 
the interlock between the ultra-high strength steel sheets, 
Abe et al. modified the bottom angle of the die groove, 
the die depth was decreased, and the groove in the die 
was eliminated to join high strength steel and aluminium 
alloy sheets [13]. In contrast to a fixed groove die, a hole 
clinching process using a fixed die with a flat bottom was 
developed [14]. This process can provide a larger interlock, 
although the lower sheet requires a prepunch. Neugebauer 
et al. [15] proposed a dieless clinching process with a 

punch and flat die (flat anvil). The results revealed that the 
larger the punch diameter, the larger the neck thickness. In 
this process, the movement and force of the punch must 
be controlled to control the flow of materials. A new flat 
clinching process was developed at Chemnitz University 
of Technology [16]. This process can effectively control 
material flow by employing a punch, special blank holder, 
and flat die. Atia and Jain [17] investigated material flow 
with various blank holder designs and the effects on inter-
locking. Wood and aluminium [18], two-layer aluminium 
alloy Al5052 sheets [19], and three-layer sheets (two-layer 
Al1060 sheets and one-layer steel sheet) using two inter-
locks to create a thin-walled structure [20] were joined via 
this flat clinching process. By optimising the blank holder 
design, the interlock was improved; however, a high blank 
holder and forming forces were required in this process. An 
increase in blank holder force induces a decrease in inter-
lock and an increase in neck thickness. Therefore, the die 
should be designed to produce a high interlock (between 
the sheets) without excessively reducing the neck thickness 
of the upper sheet. He and Huang [21] developed a split die 
composed of a cone die anvil and two divisible die parts. 
When the sheets are joined in this approach, the divisible 
die parts are closed to form an inverted conical die cavity 
that is similar to a fixed die. The sheet components can be 
removed from the open die after the process is completed. 
A reasonable cone angle and die depth can provide a larger 
interlock. Further, Lambiase and Di Ilio [22] first presented 
another split die, an extensible die, which is composed of 
a series of moveable segments, die with a flat anvil, fixed 
die, and rubber spring. Mechanical clinching in low carbon 
steel AISI 1005 sheets [23], aluminium alloy Al5754 [24], 
aluminium alloy Al5052 [25], and titanium sheet materi-
als [26] were studied experimentally using extensible dies 
with three moveable segments. The results showed that 
larger interlocks were produced when extensible dies were 
used than when fixed groove dies were used. Witkowski 
[27] studied the effects of using different extensible dies 
with two, three, and four moveable segments on the joint 

Fig. 1   Schematic of rotated clinching
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strength by experimental analysis. The results showed that 
the number of moveable segments did not significantly 
affect the joint strength and that the interlock shape was 
not axially symmetrical.

In terms of rectangular tools, Mucha [28] investigated 
rectangular clinched joint behaviour for various load 
directions by performing experimental analysis. Varis [29] 
compared fixed groove and extendible dies with round and 
rectangular punch clinching for high strength structural 
steel. If the thicker material was placed on the die side 
or the total thickness of the joined sheets was 4.0 mm, a 
square shaped joint could bear a higher shear load than 
a round one. Zhao et al. [30] studied the clinched joints 
of 5052 aluminium alloy sheets with extendible and rec-
tangular dies. The results showed that the minimum neck 
thickness of the rectangular joints was lower than that of 
the round joints and that the corresponding interlock was 
larger. The strength of the rectangular joints was 1.7 times 
that of the round ones. Lambiase [31] investigated the 
mechanical behaviour of polymer–metal hybrid clinched 
joints with fixed groove dies, split dies, flat dies, and rec-
tangular tools. The results showed that the joining forces 
were low and the peeling performance was high with rec-
tangular tools.

As previously stated, in a mechanical process using a 
fixed die, a fixed die with a groove is complicated, and as 

the displacement of the punch increases, the upper sheet 
becomes quite thin near the punch corner. In mechanical 
processes using split dies that can improve interlock, the 
die structure is more complicated. To address these short-
comings, this study proposes a rotated clinching process. In 
this approach, the punch is replaced with two rotated heads 
which are arc structures of the same shape and size, and the 
die is a fixed die with a square flat bottom. In contrast to 
the movement of the punch, which rotates vertically around 
the axis, in rotated clinching, the heads rotate horizontally 
around two contrariwise shafts and demould by reverse rota-
tion. The interlock can be increased by rotating these heads. 
The objective of this work was to verify experimentally the 
feasibility of the rotated clinching process for joining sheet 
metals. The schematic of proposed rotated clinching process 
is described in Sect. 2. An experimental device for rotated 
clinching was designed and developed by the authors, and 
preliminary experiments were conducted on 1.5-mm-thick 
Al1060 sheets by rotated clinching under different rotated 
vertical reductions, and shear and tensile strength tests 
were conducted on the joints to evaluate the static joining 
strength, and this is reported in Sect. 3. Subsequently, the 
static joining strength, failure modes, and geometric char-
acteristics of the cross-sectional profiles of joints in terms 
of interlock and neck thickness are analysed in Sect. 4. The 
conclusions and recommendations are presented in Sect. 5.

Table 1   Chemical composition 
of Al1060

Si (wt%) Fe (wt%) Cu (wt%) Mn (wt%) Zn (wt%) Al (wt%)

Al1060 0.43 0.33 0.16 0.038 0.01 99.032

Fig. 2   Process sequence of 
rotated clinching: a initial 
positions; b localised plastic 
deformation of the upper and 
lower sheets; c interlock forma-
tion and retraction; d the joint 
obtained by rotated clinching

3821The International Journal of Advanced Manufacturing Technology (2022) 119:3819–3831



1 3

2 � Rotated clinching process

The principle of the rotated clinching process is shown in 
Fig. 1. Two overlapped metal sheets are clamped against the 
fixed die with a square flat bottom by a blank holder. Two 
rotated heads rotate simultaneously downwards towards the 
fixed die around their centres of rotation (O1 and O2) at a pre-
set angular velocity w. The rotated heads are arc structures 
of radius r and R are mounted on contrariwise rotating shafts 

and exert pressing forces on the sheets to draw the materials 
into the die cavity to cause plastic deformation. The sheet 
materials spread out in the die cavity upon pressing due to the 
rotating movement of the heads. When the pre-set rotation 
angle α is reached, the rotated heads stop their downwards 
rotation and rotate upwards to retract. The result is a non-
axisymmetric mechanical joint created between the rotated 
heads and die side. Figure 2 illustrates the forming process.

3 � Experimental procedures

3.1 � Materials

Thin rolled sheets of Al1060 with nominal thickness 
t = 1.5 mm were used as the base materials for this study. 
Table 1 lists the elemental compositions. The mechanical 
properties of the Al1060 sheet were measured by uniaxial 
tensile testing (WDW-100GD testing machine). Accord-
ing to the test results, the elastic modulus of Al1060 is 
54.5 GPa, its Poisson’s ratio is 0.33, its tensile strength is 
112 MPa, and the average value of its maximum tensile 
force is 2690 N. The samples used for the rotated clinch-
ing experiments were cut into rectangular strips (length 
80 mm × width 20 mm) from a unique sheet.

3.2 � Experimental device

Figure  3 shows the rotated clinching device designed 
and developed by the authors. This device comprises two 
rotated heads, a fixed die with a square flat bottom, two 

Fig. 3   Rotated clinching experiment device

Fig. 4   Dimensions and photos 
of tools using for rotated clinch-
ing
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rotated shafts, a blank holder, base plate, bearing seats, 
positioning pins, and bolts. The rotated heads are mounted 
on the rotated shafts, and the rotated shafts are installed 
on the bearing seats through the bearings. The position-
ing pins are fixed on the base plate to locate and guide 
the blank holder and die. During the forming process, 
the structural parameters of the tools with the rotated 
heads and die are important factors that affect the joint 
formation. Figure 4 shows the dimensions of the rotated 
clinching tools. To obtain the defined design parameters 
of the rotated clinching tools, the finite element model of 
rotated clinching is developed, as shown in Fig. 5. The 
forming process using different parameters is simulated, 
and various joints are obtained. The main parameters of 
the tool with better joints are preliminarily determined in 

this study, that is, l = 10.5 mm, W = 9 mm, h = 2.3 mm, 
R = 18 mm, r = 15 mm, R′ = 1.5 mm and r′ = 0.3 mm.

3.3 � Rotated clinching experiments

The rotated clinching experiments were conducted using 
a microcomputer controlled electronic universal testing 
machine (WDW-100GD) with 100 kN full scale force at a 
constant pressure head speed of 30 mm/min, as shown in 
Fig. 6a.

As shown in Fig. 7, pressure P was applied to the rotated 
heads by the pressure head during the experiments to rotate 
them around the shafts. α directly affects the joint forma-
tion. When α reaches a specified value, the pressure heads 
stop moving down, vertical reduction of the rotated heads 

Fig. 5   The finite element 
simulation of rotated clinching: 
a finite element model; b the 
final joint obtained by rotated 
clinching through finite element 
simulation

Fig. 6   Experimental proce-
dures for rotated clinching and 
strength tests of joints: a rotated 
clinching experiment; b shear 
and pull-out test
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is H′, displacement of the pressure head is H, and distance 
between the centre of the rotated shaft (O2) and the position 
of minimum bottom thickness is L. H = H′ and L ≈ 1/2(R + r) 
were assumed during the experiment, and the relationship 
between these parameters can be expressed as follows:

where h is the die depth; t1 and t2 are the thicknesses of the 
upper and lower sheets, respectively; and Xmin is the mini-
mum bottom thickness. In the present study, t1 = t2 = 1.5 mm. 
During the clinching forming process, it is necessary to 
ensure that the sheet material can form an interlock and can-
not be crushed. According to the theoretical calculation and 
simulation analysis results based on the tool dimensions, 
the range of α that could produce interlock was obtained. 
Further, H was derived from Eq. (1) and was determined to 
range from 4 to 4.6 mm. To study the effects of various H' 
of the rotated heads on the joints, H was set to 4.1, 4.2, 4.3, 
4.4, 4.5, and 4.6 mm to control α. Figure 8 shows the partial 
joints with different reductions of the rotated heads produced 
by the rotated clinching experiment.

(1)H = H = 1∕2(R + r) ⋅ sin � = t
1
+ t

2
+ h − X

min

3.4 � Shear test

Single lap shear tests with different rotated head reduc-
tions were conducted to obtain the connection capacity in 
the horizontal direction of the clinched joints produced 
by rotated clinching. Considering the joint shape, there 
were two forces applied in the single lap shear test; in 
particular, the force was applied in the transverse or lon-
gitudinal direction. As shown in Fig. 7, the transverse 
and longitudinal directions (Y and X directions) are the 
length and width directions of the joint, respectively. Fig-
ure 9a and b show the specimens used in the single lap 
shear test. Two spacers with lengths of 20 mm × 20 mm 
were employed to concentrate the load for all configura-
tions during the single lap shear test. The spacer thick-
ness was 1.5 mm.

The single lap shear tests were conducted using a 
microcomputer controlled electronic universal testing 
machine (WDW-100GD) with 100 kN full scale loads at 
a constant crosshead speed of 2 mm/min until complete 

Fig. 7   Main geometric param-
eters of the joint produced by 
rotated clinching

Fig. 8   Surfaces on the a rotated 
head side and b die side of par-
tial joints produced by rotated 
clinching
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separation of the sheets, as shown in Fig. 6b. For each 
processing condition, three specimens were tested, and 
the maximum of the force–displacement curve was ana-
lysed in each test.

3.5 � Pull‑out test

Pull-out tests with different vertical reductions of the 
rotated heads were conducted to evaluate the joint resist-
ance to pull-out loading vertically in the thickness direc-
tion (Z direction shown in Fig. 7) of the clinched joints 
produced by rotated clinching. The joined sheets were 
fully separated by loading in the thickness direction. An 
H type specimen was used in the pull-out tests, and Fig. 10 
shows the configuration and boundary conditions of the 
specimen. The test process was the same as that in the 
single lap shear test.

4 � Results and discussion

4.1 � Joining strength

The static joining strength of rotated clinching is repre-
sented by the shear and pull-out strengths. Shear strength 

Fig. 9   Configuration and boundary conditions when the force was applied to the specimen in the a transverse and b longitudinal directions in the 
single lap shear test

Fig. 10   Specimen used in the tensile test: a dimensions and b photo-
graph

Table 2   Average maximum forces loaded on joints with various ver-
tical reductions of the rotated heads in the strength tests in different 
directions and maximum forming force in rotated clinching for Al1060 
sheets

H (mm) FTS (N) FLS (N) FP (N) F (kN)

4.1 739 310 330 18.7
4.2 753 326 383 19.9
4.3 764 328 401 21.7
4.4 917 324 430 23.2
4.5 997 343 437 25.4
4.6 941 311 503 27.2
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refers to the maximum force measured during shear test-
ing, including the maximum shear forces in the transverse 
direction (i.e. transverse force FTS) and in the longitudinal 
direction (i.e. longitudinal force FLS). Pull-out strength 
refers to the maximum pull-out force measured in the 
thickness direction (i.e. pull-out force FP). Because the 
joining strength of the joint is expressed by force in New-
tons, whereas the tensile strength of the base material 
Al1060 is in Megapascals, for the convenience of compari-
son, both strengths are used in Newtons. In this study, the 
strength of the base material Al1060 refers to the average 
value of the maximum tensile force in the uniaxial tensile 
test, and its value is 2690 N.

To analyse the static joining strengths of the joints with 
different vertical reductions of the rotated heads for Al1060 
sheets, Table 2 summarises the average maximum FTS, 
average maximum FLS, and average maximum Fp for the 
three test specimens for each processing condition in the 
strength test as well as the maximum forming force F on the 
joints during rotated clinching. FTS is the largest, at 2.3–3 
times FLS and 1.9–2.3 times Fp. In addition, the maximum 
F increases as the vertical reduction of the rotated heads 
increases, reaching 27.3 kN when H = 4.6 mm.

The force and displacement curves show the maximum 
shear and pull-out force, and Fig. 11 presents the maximum 
values of the three test specimens for each vertical reduction 
of the rotated heads. In the shear test in transverse direction, 
when H = 4.5 mm, the maximum FTS of the joint reaches 
1090 N, as shown in Fig. 11a, which is approximately 40% 
that of the base material Al1060. Meanwhile, in the shear 
test in longitudinal direction, when H = 4.3 mm, the maxi-
mum FLS of the joint reaches 388 N, as shown in Fig. 11b, 
which is approximately 14.4% that of Al1060. In the pull-
out strength in the thickness direction, when H = 4.6 mm, 
the maximum FP of the joint reaches 623 N, as shown in 
Fig. 11c, which is approximately 23% that of Al1060.

As demonstrated above, the joining strength of the joints 
created by rotated clinching exhibits clear directionality. 
This property should be properly considered when joining 
metal sheets. Figure 11 also shows that in the strength tests, 
when the force on the joint is maximum, its displacement is 
not maximum. These properties may be related to the failure 
mode and geometrical shape of the joint.

4.2 � Failure modes

As can be seen from Fig. 11, the force–displacement curves 
under different conditions vary in the strength tests, and the 
failure modes of the specimens may be different. Among all 
specimens with different reductions of the rotated heads used 
in the single lap shear and pull-out tests, there were four 
failure modes: full tearing, partial tearing with unbutton-
ing, partial shearing with unbuttoning, and full unbuttoning. 

Figures 12, 13, and 14 depict the failure modes of the speci-
mens. As can be observed from Fig. 12, in the single lap 
shear tests in transverse direction, there are three failure 

Fig. 11   Force and displacement curves of joints with different reduc-
tions of the rotated heads in various strength tests: a shear test in 
transverse direction; b shear test in longitudinal direction; c tensile 
test in the thickness direction
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modes: full tearing, partial tearing with unbuttoning, and 
full unbuttoning. Here, the full tearing failure mode is preva-
lent, constituting approximately 76.5% of the failures. In the 
single lap shear tests in longitudinal direction, there are two 
failure modes: partial tearing with unbuttoning and partial 
shearing with unbuttoning, as shown in Fig. 13, where the 
unbuttoning with tearing failure mode is prevalent, cor-
responding to approximately 61.1% of the failures. In the 
pull-out tests in the thickness direction, there are two failure 
modes: full unbuttoning and partial tearing with unbutton-
ing, as shown in Fig. 14, where unbuttoning with tearing is 
the main failure mode, accounting for approximately 81.3% 
of the failures.

Twin tearing, single tearing, single shearing, and twin 
buttoning failures are referred to as full tearing, partial tear-
ing with unbuttoning, partial shearing with unbuttoning, 

and full unbuttoning failures, respectively (as shown in 
Figs. 12a, b, c and 13a, b, respectively). In full tearing, 
partial shearing with unbuttoning, and partial tearing with 
unbuttoning failures, when the force on the specimen 
increases to reach the yield strength of the Al1060 sheet, 
cracks begin to appear at the connection interface. Then, the 
material of the upper sheet is torn or sheared under further 
action of the force, and some part of the upper sheet remains 
in the lower sheet. Meanwhile, in full unbuttoning failure, 
the upper sheet material is completely separated from the 
lower sheet.

Table 3 summarises the main failure modes for all speci-
mens with various vertical reductions of the rotated heads 
subjected to forces in different directions. The occurrence of 
one of these failure modes depends on the geometrical charac-
teristics of the joint profile and local strength of the material.

Fig. 12   Failure modes of speci-
mens in the single lap shear 
tests in transverse direction: a 
partial tearing with unbuttoning, 
b full tearing, and c full unbut-
toning failure modes

Fig. 13   Failure modes of speci-
mens in the single lap shear 
tests in longitudinal direction: 
a partial tearing with unbutton-
ing and b partial shearing with 
unbuttoning failure modes

3827The International Journal of Advanced Manufacturing Technology (2022) 119:3819–3831
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To analyse further the mechanical properties of the 
specimens with various vertical reductions of the rotated 
heads, Fig. 11a–c show the force–displacement curves of 
the specimens in the strength tests. The characteristics of 
the force as it increases to the peak for the specimens pro-
duced with various vertical reductions are almost the same, 
and the force increases gently before the peak, although 
there are differences between the force–displacement 
curves. A decrease in the force occurs after the force peak. 
However, different behaviours are observed in the joined 
samples because of the different failure modes in the shear 
and pull-out tests.

As shown in Fig.  11a, when the maximum force is 
reached, the joint fails by necking that results from early 
neck thinning. During neck thinning, a crack develops and 
propagates from the side of the joint near the applied force, 
causing the joint to be torn and thereby inducing a gradual 
decrease in the force. In this type of specimen, after the peak 
force is reached, the displacement increases as the cracks 
spread. Simultaneously, the interlock is gradually reduced 
until complete separation of the sheet occurs by tearing or 
shearing. Because of the different speeds of crack propa-
gation, the length of displacement and the change in force 
vary in different reductions when subjected to transverse 
shear force.

For the specimens in the shear test in longitudinal direc-
tion, joint failure occurred after the peak force was reached 
due to partial necking that resulted from early neck thinning, 
as shown in Fig. 11b, and then the joint separated via unbut-
toning with tearing. During neck thinning, a crack develops 
and propagates from the side of the joint near the applied 
force, causing the force to decrease gradually. Meanwhile, 
on the side of the joint away from the applied force, the 
mechanical interlock is reduced to almost zero, causing sud-
den separation of the sheet by unbuttoning, and then the 
force decreases immediately.

The specimens in the pull-out test in the thickness direc-
tion failed via tearing with unbuttoning. Therefore, after 
the peak, the pull-out force decreased almost immediately 
because of the sudden separation of the sheet, as shown in 
Fig. 11c. At H = 4.1 mm, the samples failed by full unbutton-
ing, which is different from the other force curves.

With the same vertical reduction of the rotated heads, 
the mechanical properties of the specimens undergoing full 
tearing failure in the shear test in the transverse direction are 
better than those of the other specimens.

4.3 � Cross‑sectional profiles

To analyse the different mechanical properties of joints pro-
duced with various vertical reductions of the rotated heads, 
the joints produced by rotated clinching were sectioned in 
the longitudinal direction, and the cross-sectional profiles of 
the clinched joints were measured using an optical micro-
scope (model PAIRSEN 1000 M). The main geometrical 
parameters, such as neck thickness ∆t, interlock ∆s, and 
minimum bottom thickness Xmin of the clinched joints, were 
measured using a Vernier calliper.

Figure 15 presents the cross-sectional profiles of clinched 
joints with different vertical reductions of the rotated heads, 
as well as the main characteristic parameters. Asymmetries 
can be observed in the cross-sectional profiles of the actual 
joints. The maximum and minimum ∆t and ∆s as well as 

Fig. 14   Failure modes of 
specimens in the tensile tests 
in the thickness direction: a 
full unbuttoning and b partial 
tearing with unbuttoning failure 
modes

Table 3   Main failure modes of joints with different force directions 
and various vertical reductions of the rotated heads

A full tearing, B partial tearing with unbuttoning, C partial shearing 
with unbuttoning, D full unbuttoning

Vertical 
reduction H 
(mm)

Main failure 
mode in 
transverse 
direction

Main failure mode 
in longitudinal 
direction

Main failure mode 
in thickness  
direction

4.1 A B D
4.2 A B B
4.3 A B B
4.4 A C B
4.5 A C B
4.6 A C B
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Xmin were measured, and Fig. 16 shows the values of these 
parameters.

As can be seen from Figs. 15 and 16, with increasing H 
(i.e. increasing α) of the rotated heads, the interlock between 
the sheets becomes more significant. The maximum ∆s is 
0.5 mm when H = 4.6 mm and Xmin is low, whereas the maxi-
mum and minimum ∆t values are relatively stable, and the 
mean ∆t value is almost constant. In addition, the filling of 
the material improves with increasing H, as indicated by 
the blue arrows in Fig. 15, whereas the die groove is not 
completely filled when H is small. When H = 4.4 mm, the 
symmetry of joint and filling uniformity of the material are 
better. However, the bottom thinning of the upper sheet close 
to the external chamfer R′ of the rotating head is evident (as 
indicated by the yellow arrows in Fig. 15), which is also the 
reason for the different failure modes of the joints.

5 � Conclusions

An innovative sheet metal joining process called rotated 
clinching was developed in this study. Rotated clinching 
involves two rotated heads with the same structure and 
size and a fixed die with a square flat bottom. The join-
ing of metallic sheets can be realised through this method 
by rotating the rotated heads. Preliminary tests were 
conducted on 1.5-mm-thick Al1060 sheets to verify the 
feasibility of this process. Joints with different vertical 
reductions of the rotated heads were analysed by perform-
ing different mechanical tests, including lap shear tests in 
transverse and longitudinal directions, pull-out tests in the 
thickness direction, and joint failure modes. In addition, 
the geometrical parameters of the joint profile, such as ∆t, 
∆s, and Xmin, were measured under various vertical reduc-
tions. The main results are as follows:

(1)	 The maximum shear strength in the transverse direc-
tion was 1090 N, the maximum shear strength in the 
longitudinal direction was 388 N, and the maximum 
pull-out strength in the thickness direction was 623 N, 
which are 40%, 14.4%, and 23%, respectively, of the 
corresponding values for Al1060. The mechanical test 
results of the joints in different directions showed that 
the shear strength in the transverse direction was the 
largest, at 2.3–3 times the shear strength in the longitu-
dinal direction and 1.9–2.3 times the pull-out strength 
in the thickness direction.

(2)	 The rotated clinching process yielded high interlock 
by rotating a pair of rotated heads. With increasing 
reduction of the rotated heads, the interlock increased, 
bottom thickness decreased, and neck thickness of the 

Fig. 15   Cross sections and 
main characteristic parameters 
of joints with different vertical 
reductions H: X, longitudinal 
direction; Y, transverse direc-
tion; Z, thickness direction; ∆t, 
thickness; ∆s, interlock; Xmin, 
minimum bottom thickness

Fig. 16   ∆t, ∆s, and Xmin for joints with different vertical reductions
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joint remained almost constant. When H = 4.6 mm, the 
maximum interlock was 0.5 mm.

(3)	 The failure modes of the joints were considerably 
affected by the force direction. Four types of failure 
modes of the joints were observed: full tearing, full 
unbuttoning, partial unbuttoning with tearing, and par-
tial unbuttoning with shearing. Full tearing and partial 
unbuttoning with tearing were the main failure modes.

(4)	 The preliminary test results prove that two layers of 
1.5-mm-thick Al1060 sheets can be successfully joined by 
a rotated clinching process with a flat-bottomed fixed die.

Although the static joining strength of a single point joint 
created by rotated clinching may be lower than that of a 
traditional round joint, this work will enable more effective 
sheet multipoint joining in various manufacturing fields. In 
future research, the factors influencing the asymmetries and 
joining strength will be investigated, and the joining strength 
of the joints will be further improved by optimising the tool 
structures and process parameters.
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