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Abstract

In this work, the process of clinching was studied through practical experiments and also by computer simulation using finite
element method (FEM). The influence of different joint geometries and process parameters on the strength of joints joined
by clinching was studied. Subsequently, a practical study with the aim of comparing its results with FEM results was carried
out. It was possible to observe that the geometry of the clinching tool and the choice of process parameters influence the
interlocking strength. FEM simulations showed similar results to the practical experiments and also avoided the manufacture
of different tools and the accomplishment of several experiments.
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1 Introduction

The automotive industry tends to increase the use of alu-
minum sheets in vehicles with the aim of reducing weight
and consequently reducing fuel consumption. The union of
aluminum sheets is a challenge because traditional union
processes such as welding show some difficulty because of
the high thermal conductivity, low melting point and natural
aluminum surface oxide layer.

Plastic joining processes without melting are attractive
for joining dissimilar sheet metals or difficult welding.
Groche et al. [1] reviewed some techniques and presented
10 variations. The most common is known as joining by
clinching. According to Varis [2], it emerged in the 1980s
in an automotive industry in the assembly of chassis. The
technique consists of cold joining of sheets by the action
of a punch that plastically deforms the sheets against a die.
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The deformation produces an interlocking region that joins
the sheets similar spot welding. Figure 1 shows the sec-
tion of two sheets joined by clinching and the main process
variables.

Mori et al. [3] reported the main advantages of this tech-
nique: (1) wide range of materials, including dissimilar ones
(metallic/nonmetallic); (2) less distortion, embrittlement and
tensile residual stress; (3) high process reliability and simple
quality control and (4) environment safety.

However, as in the various forming processes, the effi-
ciency of the union by clinching is dependent on a well-
designed tool and the adequate definition of the process
parameters. In his review article, He [4] reported the char-
acteristics of clinched joints can be influenced by changing
the process parameters. These must be selected, therefore,
so that resulting joints are fit for purpose. Crucial in this
respect is the formation of the neck and undercut which is
influenced by many factors with multi-factorial interactions.
Experimental and numerical researches have been carried
out with the aim of quantifying these factors and optimiz-
ing the parameters influencing the clinching process. He [4]
still reported that FEM simulation has the great advantage
that the mechanical properties of almost any shaped clinch
joint can be determined under various load conditions. These
computerized methods have been used to determine the most
appropriate tools for particular combinations of materials
and to design alternative tools. The results of simulations
have also been used to improve the robustness of clinching
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Fig. 1 Section of two sheets joined by clinching

processes and process monitoring as part of quality assur-
ance measures.

In order to optimize and reduce time and cost in experi-
mental tests, computational simulation using finite element
methods (FEM) has been increasingly used. De Paula et al.
[5] utilized finite element analysis (FEA) to investigate the
influence of some geometric parameters on the clinching
tool. They found that taper changes and punch diameter,
channel thickness and die diameter, shape and depth may
impair the interlocking thickness and the neck thickness of
the clinched joint. Lajarin and Tenorio [6] used computa-
tional simulation to study the influence of the clinching tool
geometry and process parameters on the joint resistance.
The authors concluded that the die shape and the correct
choice of the punch-to-die clearance, die depth and the bot-
tom thickness greatly influence the interlocking between
the sheets, and it affects their pull-out strength. Lambiase
and Dillio [7] conducted an experimental investigation on
mechanically clinched joints with fixed and extensible dies.
The results showed a similar strength in single-lap shear
tests, but in peeling test the type of die used varied the
strength of the joint by more than 40%.

Recent studies have investigated the clinching process
focusing on fatigue behavior of the clinched joints and the
new clinching methods. Mori et al. [8] studied the fatigue
strength of clinched joints in Al alloy sheets, and their results
showed that the fatigue behavior of the clinched joints was in
the middle of range. Kim [9] investigated the static strength
and fatigue property of cold-rolled mild steel sheets using
experimental work and FEM analysis. The investigation
demonstrated that the fatigue limit was nearly half of the
maximum tensile strength. The FEM analysis indicated
that the cold working during clinch joining could signifi-
cantly improve the tensile strength of the clinched joint. Su
et al. [10] reported the fatigue behaviors of clinched joints
in Al 6111-T4 alloy sheets with different thicknesses. The
structural stress solutions at the crack initiation locations
and the stress-life data of Al 6111-T4 alloy were analyzed
to estimate the fatigue lives. The results showed that the
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fatigue life estimations agreed with the experimental results.
Zhang et al. [11] characterized the mechanical properties of
aluminum alloys clinched joints by tensile—shear tests and
fatigue tests. In their study, the experimental results showed
that the fracture regions were concentrated in the indenta-
tions of the lower sheets. The failed surfaces were examined
and two types of fretting wear modes were observed: the
neck fretting wear mode and indentation—surrounding fret-
ting wear mode. The results also showed that the propor-
tions of these two fretting wear modes could be impacted
by the applied load levels. Chen et al. [12—17] investigated
a new clinching reshaping method by using a pair of flat and
bumped die to reduce the button height. Their work showed
that a flat surface can be created by the improved clinching
process to increase the joint strength of clinching.

Besides recent clinching, studies have been conducted,
the available literature on joining by clinching is still lim-
ited, and there are few papers on material behavior and joint
geometry. According to Eshtayeh et al. [18], there is no clear
methodical way to compare numerical and experimental
results in the available literature. And despite the develop-
ment of new riveting technologies in recent years, there
seems to be a big gap between scientific studies, research
and the industrial application of this process. Increasing the
knowledge about the union process by clinching is impor-
tant to broaden its use in the industry. This work analyzes
the influence of tool geometry, process parameters and the
combination of materials (aluminum and steel) on clinching.

2 Materials and methods
2.1 Materials

In this study, three different materials were used, see
Table 1. The first is a high-strength low alloy steel (HSLA
420/490), widely used in the automotive industry, espe-
cially in structural components, often joined together in a
tailored blank with other materials. The second material is
a low-carbon steel with ferritic matrix and lower mechanical
strength (ARCOS - EN10130). ARCOS is a material designed
for stretching and deep drawing applications, but has wide
application in the white line, roofing and other industries.
The third material is aluminum alloy (AL 5052), widely
used in industry and commercially available.

2.2 Tool geometry

Six geometries of different clinching tools were tested with
the objective of analyzing the influence of these geometries
on the pull-out resistance of the metal sheets after union by
clinching. The first five geometries presented in Fig. 2 were
defined from previous relevant works of the literature, and
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Table 1 Mechanical properties and thicknesses

Material Thickness YS (MPa) UTS (MPa) Elong. (%) Total Elong. (%) Modulus of elas-  Poisson
(mm) ticity (GPa)
HSLA 420/490 1.5 415 542 12.3 17.5 208 0.3
ARCOS5 (EN 10130) 1.5 176 280 24.2 39.3 206 0.3
AL 5052 1.5 90 151 8.2 94 72 0.32
YS yield strength, UTS ultimate tensile strength
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Fig. 2 Six clinching tool geometries analyzed
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the sixth geometry was a common commercial geometry.
Geometry (A) was based on Wang et al. [19] and presents a
die with a narrower and deeper circumferential channel, with
a slope of 70°. The geometry (B), based on Mucha [20], has
a die with a circumferential channel and a radius at the bot-
tom with a sloping face at 47°. The geometry (C), based on
Abe et al. [21], has a die with a fully bowed circumferential
channel. The geometry (D) was based on the work of Lee
et al. [22], and it has a die with a bottom channel and shows
as a differential a sloping wall 40°. The geometry (E) shows
the bottom of the die slightly conical. Geometry (E) was
based on Paula et al. [5] and Oudjene and Ben-Ayed [23],
having a circumferential channel die, with square profile.
Geometry (F) is a commercial geometry quite common in
clinching tools showing a circumferential channel with plane
bottom, inclined side and plane bottom of the die. The die
geometries were adapted to a diameter of 10 mm, and the
punch geometry was defined with a 3° slope in the cylindri-
cal wall and in the tapered top.

2.3 Tool and process parameters definition

According to Lee et al. [22], the tool and process parameters
that most influence the strength of a union by clinching are
the die depth, punch-to-die gap and bottom thickness, Fig. 1.
Six geometries with parameters defined in three levels, 6
geometries X 3 parameter levels, totaling 18 computational
tests for each material studied, were analyzed. In this first
stage of computational experiments, studies were carried
out only with HSLA 420/490 and ARCOS steels, so there
were 18 tests X 2 materials. The complete arrangement with
27 combinations of geometries X parameters was studied in
posterior work by Caron et al. [24].

Table 2 shows the control factors and the levels defined
for the 18 experimental trials. The levels were defined from
preliminary tests. The bottom thickness, for example, was
set at 0.54 mm at the first level, corresponding to 18% of
the thickness of the sheets to be joined (3 mm), the second
level 0.75 mm (25%) and third in 0.90 mm (30%) and so on.

Table 2 Control factors and

Control factors Level 1 Level 2 Level 3
parameter levels
(mm) * % (mm) * % (mm) * %
W—Bottom thickness 0.54 18 0.75 25 0.90 30
Y—Die punch clearance per side 1.30 43 1.65 55 1.95 65
Z—Depth of die 1.65 55 1.95 65 2.25 75
Geometries
A
W-Y-Z X
W-Y-Z X
W-Y-Z X
B
W-Y-Z X
W-Y-Z X
W-Y-Z X
C
W-Y-Z X
W-Y-Z X
W-Y-Z X
D
W-Y-Z X
W-Y-Z X
W-Y-Z X
E
W-Y-Z X
W-Y-Z X
W-Y-Z X
F
W-Y-Z X
W-Y-Z X
W-Y-Z X

*Percentage of the sheet thickness to be joined
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The computational model was performed in the com-
mercial application ABAQUS software, with explicit
dynamic approach. Due to the tool being cylindrical in
shape, an axisymmetric model was used to reduce com-
putational time. The punch, the die and the blank holder
were considered rigid components, and the deformable
sheets were described with solid four quadrilateral ele-
ments and reduced integration (CAX4R) [25]. In order to
maintain good mesh quality over large deformation in the
clinching region, an adaptive mesh technique was used
that combines Lagrangian and Eulerian analysis. Along
the thickness, 10 finite elements were defined, Fig. 3. In
the region of greatest plastic deformation, elements were
defined with 0.08 mm in the horizontal direction; how-
ever, outside the deformation region, the elements were
gradually increased until reaching 1 mm at the end of the
sheet that undergoes deformation.

The materials were defined in the simulation appli-
cation by means of their density and elastoplastic char-
acteristics. The elastic regime was characterized by the
modulus of elasticity (E) and the Poisson coefficient (v).
The behavior in plastic regime was defined by the power
law. The contact interactions in the model were defined in
pairs and used the penalty contact method with a friction
coefficient of 0.1, a value commonly found in stamping
with low lubrication. Simulations were performed in three
steps as shown in Fig. 4 [1]. The punch moves pushing the
sheets against the die, producing clinching between them
[2], the solid tools are removed; [3] the sheets are drawn
by the ends in opposite directions simulating a pull-out
by traction. As an output result, the resulting maximum
force was recorded.

2.4 Practical versus computational experiments

In order to compare the results obtained through the com-
putational simulation by FEM, practical experiments were
conducted. The two die geometries that provided the best
results in the previous stage of computational simulation
were manufactured. The tools (two dies and one punch) were
machined in VC131 tool steel, heat-treated by quenching and
tempering, resulting in an average hardness of 60 HRC. The
die and the punch were mounted on an adapted tool holder
in a uniaxial testing machine.

Due to the limited strength of the machine, it was not
possible to make use of the HSLA 420/490 high-strength
steel, and therefore ARCO5 steel and AL5052 were used in
this step. In addition, the machine was not able to test with
these other two materials using all the parameters found in
the simulation. For example, the 0.50 mm bottom thickness
which provided the highest pull-out strength in the simula-
tion was not achieved in the practical preliminary test, as
the machine had no stiffness and not enough force to do so.
Therefore, the bottom thickness was changed to 1.40 mm,
minimum value achieved using the machine test. The depth
of the die was maintained at 1.65 mm (best value found
in the first stage), and the gap between punch and die was
maintained at 1.30 mm (best value found in the first stage).

Test specimens were cut from 1.5-mm-thick sheets with
the format and dimensions shown in Fig. 5b. They were
positioned in cross-coupled on the die for union by clinch-
ing on the center.

The computational clinching test and the pull-out simula-
tion were performed as described in the Sect. 2.3 with the
1.40 mm bottom thickness, as defined on the experimental
test.

1
Clearance |
PUNCH i
BLANK HOLDER |
——UPPER SHEET.
= BOTTOM SHEET
DIE
Die depth

Bottom thickness

Fig. 3 Computational model for the clinching process
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2.4.1 Pull-out test

The practical pull-out test was also performed on a uniaxial
test machine. The cross-linked sheets were assembled in the
device as shown in Fig. 5a. The pull-out velocity was kept
constant at 0.2 mm/s. The tensile testing machine software
application records the displacement and force required for
pull-out of the joint. The values were compared with those
obtained by MEF simulation. The tensile strength evaluation
was performed only in the tensile test because the determi-
nation of shear pull-out force requires a three-dimensional
model.

3 Results
3.1 Tool and process parameters influence

The computational results of the union by clinching with
the HSLA 420/490 and ARCOS steels are presented in this
section. In Fig. 6, is shown the result of the maximum force
recorded in the pull-out test for six different geometries in
three levels of process parameters and two different materi-
als. The geometries (A), (E) and (F), in this order, provided
the greatest pull-out resistance. It has been observed that
the smaller width of the circumferential channel is desir-
able to increase the interlocking strength of the joint as it
directs the flow of the material into the channel, generating
a larger interlocking thickness. In addition, slight variations
in channel geometry such as radius and inclined walls are
also essential to produce a pull-out resistant joint.

The geometry (A) has the narrowest channel between the
geometries tested; the channel is deep and has the inner wall

5000 T T T T T T

4500 - —m— |1 HSLA420/490 -- O-- L1 ARCO5 i

—®— 2 HSLA420/490 -- O-- L2 ARCO5

4000 |- —A— |3 HSLA420/490 -- A-- L3 ARCOS

3500 -

3000

2500

2000

Maximum load (N)

1500

1000

500 |-

>
@

C D E F
Geometries

Fig. 6 Maximum pull-out force for six different geometries consider-
ing three process parameter levels

slightly inclined. This combination presented the best result
between the six geometries for the three parameter levels.
This behavior was observed for the two steels tested. The
result obtained with the geometry (E) was very close to that
of the geometry (A), because the narrow channel with square
profile also helped to direct the flow of the material into
the channel in order to produce a great interlocking region
between the sheets. The geometry (D) provided the worst
result. This was motivated by the conicity at the bottom of
the die that directs part of the flow of the material to the
center of the die and not into the circumferential channel,
generating a smaller interlocking thickness. The difference
in the result between the six geometries was quite significant
for the more resistant HSLA 420/490 steel, varying more
than 2000 N between the geometries (A) and (D), for level
2 (Fig. 7). On the other hand, the ARCO05, more ductile steel
with less strength, was less influenced by the geometry of
the tool, with a maximum variation of 1100 N between the
geometries (A) and (B) for level 2.

Figures 8 and 9 show the relationship between the pull-
out strength for the six different geometries and the inter-
locking thickness. There is a relationship between the
interlocking thickness and the strength of the joint, i.e., the
greater the interlocking thickness, the greater the strength
obtained on the joint. It can be observed that the clinching
results are greatly influenced by the process parameters.

The tests using level 1, i.e., the smaller gap between
punch and die, the lower die depth and the lower bottom
thickness produced the best results for both HSLA and
ARCOS steel. Geometry (A), with level 1, and steel HSLA
achieved pull-out strength of 4050 N, while at level 3 the
resistance was just 2650 N. In resume, it is not enough just to
choose the right geometry of the tool, but it is also necessary
to choose properly the process parameters.

3.2 Experimental versus simulation results

In this stage, the objective was to compare the results of
practical experiments with the results obtained through
computational simulation by MEF and to analyze the fea-
sibility of the use of computational tools in the design of
the clinching tool. Two distinct materials (ARCO5 and
AL5052) were tested. Three tests were made for each die
and after were submitted to pull-out tests in order to check
the strength of the joint. Figure 10 shows the results of the
ARCO05 and AL5052 steel joined by clinching using dies
(A) and (E). It was observed that the profile of the section
of the joint simulated computationally was compatible with
that verified in the practical experiment. The interlocking
between the ARCOS5 steel sheets in the die (A) was 0.07 mm
and 0.05 mm for the practical experiments and simulation,
respectively. The interlocking of the AL5052 sheets in die
(A) was 0.14 mm and 0.13 mm for the practical experiments
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Fig.8 Maximum pull-out strength and interlocking thickness for
HSLA 420/490 steel clinched by six different geometries considering
the three process parameter levels

and simulation, respectively. This measurement was per-
formed in a CAD software on a high-resolution image of
the joint section.

Figure 11 shows the force variation obtained during the
clinching test with ARCO5 steel and AL5052 alloy. The
punch pushes the sheets, and by about 2 mm of displacement
the sheets touch the bottom of the die, causing the force to
increase further as the material is forced into the die chan-
nel. It can be observed that the practical and computational
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Fig.9 Maximum pull-out strength and interlocking thickness for
ARCOS steel clinched by six different geometries and considering
three parameter levels

results were very close. For the ARCOS steel, die (A), the
maximum force in the simulation reached 56,000 N and for
the practical experiment 53000 N.

After the clinching, the specimens were submitted to the
uniaxial pull-out test. Figure 12 shows the results of the
maximum force during the pull-out step of the ARCOS steel
and the AL5052 alloy. For the ARCOS5 steel samples joined
using the die (A), a maximum force of 868 N and 920 N was
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Fig. 10 Comparison of joint
profiles between experimental
clinching and FEM simulation
for steel ARCOS5 and AL5052,
in a with die A and b with die E
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Fig. 12 Results of the maximum force in the practical pull-out test
versus simulation data with ARCO5 steel and AL5025

obtained between the practical experiment and the simula-
tion, respectively. For the samples joined using the die (E),
maximum strength of 751 N and 738 N was obtained for the
practical experiment and the simulation, respectively. The
results with the AL5052 material were less accurate than
with the ARCOS, and the result obtained by simulation was
12% and 15% smaller for the dies A and E, respectively. This
can be explained by the difficulty in describing the behavior
of the material in the simulation software.
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The results of maximum pull-out force with ARCO05
showed that the computational model was able to simulate
the practical results, with differences of 6% and 1.7% for dies
(A) and (E), respectively. It can still be observed that the
pull-out strength with the die (A) was greater than with the
die (E), i.e., at around 16%. Due to the process parameters
being the same, this result was influenced exclusively by the
geometry of the die, reinforcing that the choice of a suitable
geometry for the die can significantly affect the strength of
the joint.

4 Discussion

The proper choices of tool geometry and process parameters
are decisive factors in increasing the strength of a clinching
joint. In the computational experiments the pull-out resist-
ance with the HSLA 420/490 steel between the six geom-
etries analyzed varied around 2000 N, and with the ARCO05
steel the variation was of 1100 N.

It was observed that the geometry of the dies with nar-
rower circumferential channel provided better results. The
narrow channel directs part of the flow of the material into
the channel producing a greater interlocking between the
sheets. The thickness of the interlocking is directly related to
the strength of the joint. Among the six geometries studied,
(A), (E) and (F), in that order, produced better results. The
worst result was obtained with the geometry (D) due to the
conicity at the bottom of the die.

In addition to the influence of geometry, the process
parameters significantly influenced the results. The tests
using level 1, that is, the smaller gap between punch and die,
the lower die depth and the lower bottom thickness produced
the best results for both ARCO5 steel and AL5052 alloy.
The finite element method and the ABAQUS commercial
software can be used to simulate the clinching process using
an axisymmetric model. The properties of the tool and the
process can be established computationally reducing costs
and time with practical tests.

In the computational versus practical experiments, the
following results were observed:

e The profile of the simulated joint was compatible with
that obtained in the practical experiments;

e The force recorded during the punch displacement was
very close to both the aluminum alloy and the ARCO0S5
steel;

e The maximum pull-out force with ARCO5 presented very
close results, with differences of 6% and 1.7% for dies
(A) and (E), respectively. With the aluminum alloy, the
difference was higher, 12% using the die (A) and 15%
using the die (E).
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The force required in the union by clinching on the two
materials tested was close to the punch displacement of
2 mm. From this depth, the sheets reach the bottom of the
die and start to flow into the channel, so the required force
increases proportionally to the mechanical strength of each
material.

5 Conclusion

The simulation described quite accurately the practical
experiments as showed by the results of the punch force
during clinching and the maximum force during the pullout.
The study of the union process by clinching by means of
finite element methods and experimental tests showed that
the tool geometry and the process parameters considerably
influence the resistance of joints made with sheets of materi-
als with different mechanical strengths.
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