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Abstract: As one of the advanced and efficient means of joining, the clinching process is capable of joining sheets with
different materials or different sheet thicknesses. In this article, a novel modified clinching process, i.e., the dieless
clinching process, was executed to join AA6061 aluminum alloy with sheet thicknesses of 1.5, 2.0, 2.5 and 3.0 mm
according to different sheet stack-ups. The geometrical characteristics, microhardness distribution, failure behavior, static
strength, absorbed energy and instantaneous stiffness of the novel dieless joint were gotten and investigated. The results
indicated that the sheet thickness ratio has a notable effect on the failure behavior and mechanical properties of the novel
dieless clinched joint, and a relatively large sheet thickness ratio can improve the joint performance when joining sheets
with different sheet thicknesses.
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automotive industry [3—6]. Nevertheless, there are
1 Introduction some problems associated with these lightweight

materials regarding how to join them. For example,
Due to the increased challenge of

environmental pollution and energy shortages, it is
an urgent task for automobile manufacturers to
produce cars with better fuel efficiency and fewer
pollutant emissions by developing lightweight
technologies [1-2]. To this end, some lightweight

it is considerably difficult to achieve a reliable
connection between aluminum alloy sheets by some
established methods, e. g., resistance spot welding,
due to their high thermal conductivity, low melting
point as well as dense superficial oxide layer [7-8].

materials represented by aluminum alloy, which has ~ Hence, —developing ~some alternative  joining

the superiorities of high specific strength, superior ~ techniques that are suitable for connecting
anti-corrosion resistance and excellent formability, — aluminum alloys is desirable.
are gaining increasingly extensive application in the Recently, some relatively new mechanical
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joining processes, e.g., mechanical clinching (MC)
and self-pierce riveting (SPR) show increasing
potential for joining lightweight materials [9-10]. In
the MC process, double or multiple layers of sheets
can be controlled to deform plastically and generate
interlock structure within them. In the SPR process,
an additional rivet is driven to pierce through the
top sheet (when joining double layers of sheets) or
the top and middle sheets (when joining three layers
of sheets) and to hook the bottom sheet [11]. Hence,
no heat input is required in the two processes, which
makes them more energy-efficient and environment-
friendly than those thermal joining methods [12].
Furthermore, neither pre-treatment (e.g. preliminary
drilling of the sheet in conventional riveting) nor
post-processing (e. g. curing of glue in adhesive
joining) procedures are necessary for MC or SPR
processes, which ensures their production efficiency
in industrial applications [13]. During the SPR
process, a semi-tubular rivet (sometimes a solid
rivet [14]) is indispensable for the connection of
sheets. On the one hand, the existence of the
auxiliary rivet can enhance the joint strength by
bearing load; but on the other hand, it also adds
weight to structures or products. In this regard, the
clinching process that connects sheets by sole
deformation of sheet material shows greater
potential for lightweight design of vehicle structure.
Limited by the comparatively low joint
strength, the clinching process has only been used in
some vehicle structures where the high load-bearing
capacity of joints is not required till now [14-15].
Therefore, considerable effort has been exerted to
increase joint strength over the past years. In
general terms, joint strength is closely related to the
interlock structure. ABE et al [16] proposed an
ingenious method to enhance the joint strength
when joining ultra-high-strength steel sheets. Before
the clinching procedure, pre-forming the lower
sheet was operated, which can weaken the pressure
of the upper sheet suffered in the clinching process
and enlarge the interlock of the final joint. In
another research conducted by ABE et al [17], a
modified lower die with a bottom angle was
presented to improve the sheet material flow in the
clinching process. By with this method, clinched
joint with a larger interlock and thus higher strength
can be obtained. The mainstream way to increase
the load-bearing capacity of the clinched joints is

optimizing the tool parameters [18 —20]. WANG et
al [21] proposed an automatic optimization
procedure of the tools in clinching. In their study,
the Bezier curve was utilized to characterize the
outline of the clinching tools, which contributes to
finding some potential tool shapes. After tool shape
optimization, both the axial and shear strengths of
the clinched joint were increased by 43% and 30%,
respectively,. SCHWARZ et al [22] adopted
principal component analysis (PCA) to build the
meta-modeling between tool geometry parameters
and joint geometric characteristic parameters and
utilized the generic algorithm to optimize the
clinching tools. Recently, some new joining
techniques originated from the conventional
clinching technology were presented to enhance
joint strength. PENG et al [23] introduced a type of
modified clinching process, i. e. the two-strokes
flattening clinching, in which, an additional
flattening operation is exerted on the protrusion of
the initial clinched joint to enlarge the interlocking.
MUCHA et al [24 —25] proposed a clinch-riveting
process that employed a deformable rivet to
indirectly generate the interlock structure between
sheets. This process is somewhat similar to the self-
piercing riveting process except that no sheet is
pierced. Furthermore, some hybrid joining methods
that could combine the clinching process with
other joining techniques (e. g. electromagnetically
assisted clinching [26], friction stir clinching [27],
hot stamping clinching [28], and resistance spot
clinching [29]) were also proposed and studied by
scholars.

The high bulge on the joint bottom sheet is one
of the major disadvantages of clinching, which
hinders the extensive use of this process. For
instance, it can not be used in structures where
aesthetic or functional surfaces are required. For this
issue, much research is focused on how to reduce
the bulge height of clinched joints [30 — 32].
Recently, the authors put forward a novel dieless
clinching process that can produce joints with
smaller bulge height [33]. Figure 1(a) shows the
schematic illustration of the novel dieless clinching
process. As can be seen, there are only two parts in
the tools of this joining process, i.e. the planar anvil
and the shouldered punch, which simplifies the tools
of the clinching process to the greatest extent.
Furthermore, the utilization of the planar anvil
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Figure 1 Schematic illustration of the novel dieless

clinching process (a) and geometric variables in novel
dieless clinched joint (b)

instead of the groove die in the conventional
clinching makes it easy for alignment between
punch and die, which is essential for the formation
of sound joints. There exist mainly four geometric
variables (see Figure 1(b)) that can be used to assess
the quality of the novel dieless clinched joint, i.e.
the neck thickness ¢, the interlock width ¢, the
residual sheet thickness X, and the bulge height H.
The neck thickness and interlock width are directly
related to the joint strength. The residual sheet
thickness that reflects the forming degree of sheets
in the clinching process can be used for quick
detection of joint quality. The residual sheet
thickness should not be too small for ensuring the
corrosion resistance and water-proof ability of the
joint. Besides, the bulge height should be reduced as
low as possible in practical application.

One of the main superiorities of the clinching
technology is the capacity of joining sheets with
different materials or thicknesses [12]. In the last
decade, a good deal of research has been performed
to study clinching process for joining dissimilar
materials, such as steel/aluminium [34], copper/
aluminium [35], aluminium/wood [36], aluminium/
plastic [37], and aluminum/composite material [38].
However, only a few studies have focused on the
clinching technology for joining material with
different sheet thicknesses [39 —40]. And in-depth

research should be carried out to reveal the effect of
sheet thickness ratio on the clinching process. To
this end, the effect of the sheet thickness ratio
(defined as the ratio of top sheet thickness to bottom
sheet thickness) on the failure behavior and
mechanical properties of the novel dieless clinched
joint was experimentally investigated in this study.

2 Experimental procedures

2.1 Experimental materials

AA6061 aluminum alloy, commonly used to
manufacture automobile structural parts where
bearing load and absorbing energy are required, was
utilized as the sheet material for producing the
clinched joints in this research [41]. Four types of
sheets with diverse thicknesses, i.e 1.5, 2.0, 2.5 and
3.0 mm, were used. All the aluminum plates were
cut into strips of 80 mmx>20 mm along the rolling
direction. Table 1 shows the main mechanical
characterization of the AA6061 sheet, which was

obtained by the uniaxial tensile tests.

Table 1 Main mechanical characterization of AA6061
sheet

Elastic Yield Tensile . .
Elongation/ Poisson
modulus/  strength/ strength/ o i
GPa MPa MPa 0 rato
67.1 302.2 327 9.2% 0.33

2.2 Clinching details

The essential dimension parameters of the
dieless clinching tool are shown in Figure 2. This
article focuses on the effect of sheet thickness ratio

on the novel dieless clinching process. Therefore, a
(65 kN) and

uniform forming force speed

Figure 2 Essential dimension parameters of the dieless
clinching tool (unit: mm)
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(2 mm/min) were set for all specimens.

The arrangements regarding the sheets with
different thicknesses in the clinching process are
shown in Table 2. The sheets with the thickness of
1.5, 2.0, 2.5 and 3.0 mm were paired up into four
types of sheet stack-ups. For all sheet stack-ups, the
total thickness of the sheets stays the same, i.e.
4.5 mm.

Table 2 Paramters of the sheets with different thicknesses
in the clinching process

Specimen Top sheet BQttom sheet . Sheet .
thickness/mm  thickness/mm thickness ratio
1.5-3 1.5 3.0 0.5
2-2.5 2.0 2.5 0.8
2.5-2 2.5 2.0 1.25
3-1.5 3.0 1.5 2

2.3 Measurement of geometric parameters and

microhardness

The joint geometric parameters (shown in
Figure 1(b)) are strongly associated with the failure
modes and mechanical properties of the clinched
joints produced. Hence, the geometric analysis was
conducted to reveal the correlation between the joint
geometric parameters and joint performance. The
joint geometric parameters can be obtained by
observing and measuring the joint cross-section.
The clinched joints produced were sectioned along
their center lines by using a diamond wire cutting
machine. Then, a general microscope was utilized to
observe the joint cross-section and measure the joint
geometric parameters.

In plastic forming processing, the hardness
parameters can reflect the degree of material plastic

\

b

@

deformation. To make certain the plastic
deformation of sheet material in different regions of
clinched joint and deeply understand the material
flow behavior in the novel dieless clinching process,
the microhardness analysis was carried out. After
measuring the joint geometric parameters, the cross-
sections of joints were mounted in polymeric resin
and polished. Then a Buehler 5104 Vickers hardness
tester with a 0.05 kg load was used to measure the
microhardness distribution within the joint sections.

2.4 Load-bearing capacity tests

To characterize the mechanical properties of
the novel dieless clinched joints of various sheet
thickness ratios, two load-bearing capacity tests, i.e.
tensile-shear test and cross-tension test,
performed by wusing the aforementioned CMT-
5105GJ testing machine. Figure 3 shows the
configurations of the clinched joints in the two load-
bearing capacity tests. In the tensile-shear test, the
specimens were directly fixed on the clamp of the
testing machine while in the cross-tension test, a
self-designed fixture for the cross joint was used.
Spacers were used for the tensile-shear test to
ensure that the applied load was along with the joint
interface. For each type of joint, three repeated tests
were carried out at a consistent test speed of
2 mm/min.

During the load-bearing capacity tests, the
testing machine system can automatically record the
instantaneous displacement and instantaneous load
and plot the load —displacement curves of clinched
joints. Figure 4 depicts the schematic illustration of
the joint load — displacement curve in load-bearing
capacity tests. As can be seen, some important

Wwere

Fixture for
cross joint

Figure 3 Configurations of the clinched joints in tensile-shear test (a) and cross-tension test (b) (unit: mm)
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Figure 4 Schematic illustration of the joint load force -
displacement curve in load-bearing capacity tests

mechanical characteristics, e. g. the strength F,

instantaneous stiffness K, and absorbed energy E,
can be reflected by the load—displacement curve.

3 Results and discussion

3.1 Geometric and microhardness analysis

Figure 5 shows the cross-sections of various
clinched joints. It can be noted that a defect-free
clinched joint, which means that the joint is
characterized by sufficient interlocking and no neck
cracks, can be successfully produced within each
type of sheet stack-up. Furthermore, at least one gap
can be observed in the joint area between the top
sheet and bottom sheet, which is different from the
case when the top and bottom sheets have the same
sheet thickness as that shown in Ref. [33]. The gap

may be generated due to the poorly coordinated
deformation capacity of sheet material in the novel
dieless clinching process when the two sheets to be
joined have diverse sheet thicknesses.

To better reveal the effect of sheet thickness
ratio on the neck thickness and interlock width of
the novel dieless clinched joints, a qualitative and
quantitive analysis regarding the neck thickness and
interlock width of various clinched joints was
carried out.

Figure 6 demonstrates the effect of sheet
thickness ratio on the neck thickness of the novel
dieless clinched joints. As can be noted, with the
sheet thickness ratio increasing, the joint neck
thickness exhibits a trend of continuous growth. In
the case of the minimum sheet thickness ratio of 0.5
(1.5-3 joint), the joints neck thickness is 0.15 mm.
However, in the case of the maximum sheet
thickness ratio of 2.0 (3-1.5 joint), the joint neck
thickness is 0.59 mm, which is almost 3 times larger
than the joint neck thickness with the minimum
sheet thickness ratio.

Figure 7 demonstrates the effect of sheet
thickness ratio on the interlock width of the novel
dieless clinched joint. Different from the case of
neck thickness, the joint interlock width tends to
increase first and then decline with the sheet
thickness ratio growing. Among these joints, the
joint with the thickness ratio of 0.8 (2-2.5 joint) has
the maximum interlock width (0.35 mm), while the
joint with the thickness ratio of 2.0 (3-1.5 joint) has
the minimum interlock width (0.12 mm).

Figure 5 Cross-sections of various clinched joints: (a) 1.5-3 joint; (b) 2-2.5 joint; (c) 2.5-2 joint; and (d) 3-1.5 joint
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Figure 6 Effect of sheet thickness ratio on the neck
thickness of the novel dieless clinched joint
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Figure 7 Effect of sheet thickness ratio on the interlock
width of the novel dieless clinched joint

3.2 Microhardness analysis

Due to the heterogeneity of the sheet metal
plastic deformation behavior during the clinching
of the
clinched sheets varies depending on the region of
clinched joint [42]. The hardness distribution of
joint cross-sections can reflect the work-hardening

process, the work-hardening behavior

Microhardness of base material

and thus the plastic deformation is suffered by the
sheets to some extent. Hence, in order to have an
in-depth understanding of the sheet
in the
process, the microhardness distributions of joints
with  different
contrastively analyzed. Figure 8 illustrates the

microhardness distribution of 1.5-3 joint and 3-1.5

plastic

deformation behavior dieless clinching

sheet thickness ratios were

joint. The microhardness of the base material is
approximately HV 90. As can be noted, regardless
of the sheet stacking sequence (small or large sheet
ratio),
occurred in the neck area of the top sheet. The
microhardness of the top sheet material adjacent to

thickness the maximum microhardness

the corner and bottom of the punch is approximately
close and ranks only second to that of the top sheet
neck. Furthermore, the top sheet microhardness is
significantly —greater than the bottom sheet
microhardness, which means that the top sheet
material underwent a severer plastic deformation
than the bottom sheet in the novel dieless clinching
process.

By comparing the microhardness distribution
of 1.5-3 joint and 3-1.5 joint, it is shown that the top
sheet microhardness of 1.5-3 joint is much greater
than that of 3-1.5 joint, which indicates that a
relatively thin top sheet may suffer greater plastic

deformation in the novel dieless clinching process.

3.3 Failure behavior

To study the failure behavior of the novel
dieless clinched joints with various sheet thickness
ratios, both the load—displacement curves and joint
cross-sections after failure were analyzed.

Figure 9 shows the typical tensile-shear load -
displacement curves and joint cross-sections after
failure. As can be noted, the tensile-shear load —
displacement curves of various joints exhibit a

Figure 8 The HV ,; microhardness distribution of 1.5-3 joint (left) and 3-1.5 joint (right)
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Figure 9 Typical tensile-shear load-displacement curves
(a) and joint cross-sections after failure (b)

similar trend. Among these curves, the 3-1.5 joint
curve has the maximal load and displacement, while
the 1.5-3 joint curve has the minimal load and
displacement.

From the joint cross-sections after failure
shown in Figure 9(b), it can be noted that all joints
failed due to neck fracturing. However, some
difference can be found regarding the fractured line
(red dashed line in Figure 9(b)) between the 1.5-3
joint and the other three joints. From the cross-
sectional perspective, the fractured line of the 1.5-3
joint is almost straight while the fractured lines of
2-2.5, 2.5-2 and 3-1.5 joints are broken lines with
steps. By comparing the joint cross-sections before
(shown in Figure 5) and after failure, it can be
inferred that during the tensile-shear test, the 2-2.5,
2.5-2 and 3-1.5 joints underwent significant plastic
deformation before failure while hardly any plastic
deformation signal can be found in 1.5-3 joint.

Figure 10 shows the typical cross-tension load-
displacement curves and joint cross-sections after
failure. It can be seen from Figure 10(a) that the
cross-tension load — displacement curves of 1.5-3,
2-2.5 and 2.5-2 joints are different from that of
3-1.5 joint. A very slow and persistent growing

Figure 10 Typical cross-tension load — displacement
curves (a) and joint cross-sections after failure (b)

stage can be found in the 3-1.5 joint curve, resulting
in its large displacement.

Furthermore, two different failure modes can
be found in these joints. The 1.5-3, 2-2.5 and 2.5-2
joints exhibit a failure mode of neck fracture while
the 3-1.5 joint exhibits a failure mode of button
separation. Besides, due to the severe bending
deformation occurring in the bottom sheet of the
3-1.5 joint, the axial force suffered by the joint may
become asymmetrical, which sped up the button
separation process.

3.4 Mechanical properties
3.4.1 Strength

Figure 11 shows the effect of sheet thickness
ratio on the tensile-shear strength of the novel
dieless clinched joint. As can be noted, with the
sheet thickness ratio increasing, the tensile-shear
strength tends to increase continuously. When the
sheet thickness ratio is 2.0 (3-1.5 joint), the tensile-
shear strength reaches its maximum, i.e. 3996.2 N,
which is nearly 140% higher than the case when the
sheet thickness ratio is 0.5 (1.5-3 joint). In addition,
it can be found that the tensile-shear strengths of
2-2.5 joint (sheet thickness ratio of 0.8) and 2.5-2
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Figure 11 Effect of sheet thickness ratio on the tensile-
shear strength of the novel dieless clinched joint

(sheet thickness ratio of 1.25) joint are very close,
which indicates that the sheet stacking sequence has
a limited effect on the joint shear strength when the
sheet thickness is close.

During the tensile-shear test, the thinnest
region of the top sheet, i.e. the joint neck, is easy to
be fractured under shear load. Hence, the tensile-
shear strength of clinched joint highly depends on
the neck thickness. As can be noted from Figure 6,
with the sheet thickness ratio increasing, the joint
neck thickness grows continually, which leads to the
continuously growing trend of joint tensile-shear
strength.

Figure 12 shows the effect of sheet thickness
ratio on the cross-tension strength of the novel
dieless clinched joint. With the sheet thickness ratio
increasing, the cross-tension strength of the novel
dieless clinched joint exhibits a tendency to increase
and then decrease. When the sheet thickness ratio is

2000

—_
(o)
(]
S

1200

800

Cross-tension strength/N

400

0.50 0.80 1.25 2.00
Sheet thickness ratio

Figure 12 Effect of sheet thickness ratio on the cross-
tension strength of the novel dieless clinched joint

1.25 (2.5-2 joint), the cross-tension strength reaches
its maximum of 1902 N. Furthermore, when the
thicknesses of the sheets to be connected are
1.5 mm and 3 mm, the cross-tension strength of
1.5-3 joint (sheet thickness ratio of 0.5) is 1130 N,
while the cross-tension strength of 3-1.5 joint (sheet
thickness ratio of 2.0) is 1742 N. The cross-tension
strength of 3-1.5 joint is 54% higher than that of
1.5-3 joint, which indicates that the sheet stacking
sequence has a crucial effect on the cross-tension
strength of the novel dieless clinched joint,
especially when significant sheet thickness
difference exists between both sheets.

During the cross-tension test, both the interlock
and neck of clinched joint suffered plastic
deformation under axial load. The clinched joint
failed when the inlaid top sheet material was
completely removed from the interlocking structure
(i.e. failure by button separation), or when the neck
was thinned and even fractured (i.e. failure by neck
fracture). Therefore, the cross-tension strength of
the clinched joint is determined by both the
interlock width and neck thickness. And when the
joint failed due to neck fracture, the cross-tension
strength mainly depended on neck thickness. When
the joint failed due to button separation, the cross-
tension strength mainly depended on interlock
width. Hence, the initial growth of the joint cross-
tension strength is caused by the increasing neck
thickness (see Figure 6) while the late decline of the
joint cross-tension strength can be attributed to the
weakened interlock width (see Figure 7).

3.4.2 Absorbed energy

In the case of collision, the vehicle structure
with higher impact resistance and energy absorption
ability can ensure the safety of passengers more
effectively. To this end, the effect of sheet thickness
ratio on the absorbed energy of the novel dieless
clinched joint in the tensile-shear test is
investigated. As can be noted from Figure 13,
energy absorbed by the joint is characterized by an
overall trend of growth with the sheet thickness
ratio increasing. In the case of a sheet thickness
ratio of 0.5, the joint energy absorption is 1.1 J,
while in the case of a sheet thickness ratio of 2.0,
the joint energy absorption is up to 4.6 J (about 3.2
times more than the case of sheet thickness ratio of
0.5). Furthermore, the absorbed energy of 2.5-2
joint (sheet thickness ratio of 1.25) is slightly less
than that of 2-2.5 joint (sheet thickness ratio of 0.8),



J. Cent. South Univ. (2022) 29: 3077-3087

3085

Absorbed energy/J

0.50 0.80 1.25 2.00
Sheet thickness ratio

Figure 13 Effect of sheet thickness ratio on the absorbed
energy of the novel dieless clinched joint

which can be attributed to the relatively smal
displacement of 2.5-2 joint in tensile-shear test (see
Figure 9).
3.4.3 Instantaneous stiffness

The instantaneous stiffness of the clinched
joint, which can be calculated by the ratio of
strength to displacement, was also investigated in
this study. Figure 14 shows the instantaneous
stiffness — displacement curves of various joints in
the tensile-shear test. As can be noted, for all joints,
the instantaneous stiffness decreased gradually with
the increase of displacement. Furthermore, the
instantaneous stiffness — displacement curve can be
divided into three stages according to the slope. In
the first stage and third stage, the joint stiffness
decreases rapidly while in the second stage, a
relatively gradual change

regarding the joint

stiffness can be observed. There exists a visible

7000 — 1.5-3 joint
——2-2.5 joint
6000 ——2.5-2joint
—— 3-1.5 joint
5000 Initial stiffness

Stiffness/(N-mm™")

0.2 0.6 1.0 1.4 1.8
Displacement/mm

Figure 14 Instantaneous stiffness—displacement curves of
various joints in tensile-shear test

difference regarding the stiffness—displacement
curves of joints with various sheet thickness ratios.
Among these joints, the 2.5-2 joint exhibits the
highest initial stiffness while the 1.5-3 joint and
2-2.5 joint exhibit comparatively lower initial
stiffness, which indicate that the 2.5-2 joint has the

highest non-deformability under shear load.
4 Conclusions

In this research, the novel dieless clinching
process was implemented to join AA6061 sheets
with thicknesses of 1.5, 2.0, 2.5 and 3.0 mm
according to four different sheet stack-ups. The
effects of the sheet thickness ratio on the joint
failure behavior and mechanical properties were
revealed experimentally. From the results, the main
conclusions can be drawn:

1) The AA6061 sheets with thicknesses of
1.5 mm, 2.0 mm, 2.5 mm and 3.0 mm can be
successfully joined by the novel dieless clinching
process whatever the sheet stack-up is.

2) The joints with different sheet thickness
ratios exhibit different failure behavior. In the
tensile-shear test, the 2-2.5, 2.5-2 and 3-1.5 joints
suffered significant plastic deformation before neck
fracture while the 1.5-3 joint suffered inappreciable
plastic deformation before neck fracture. In the
cross-tension test, the 1.5-3, 2-2.5 and 2.5-2 joints
failed due to neck fracture while 3-1.5 joint failed
due to button separation.

3) Sheet
mechanical properties of the joint. With the increase

thickness ratio influences the
of sheet thickness ratio, the tensile-shear strength is
enhanced, the cross-tension strength is enhanced
firstly and then reduced and the absorbed energy
exhibits an overall trend of growth.

4) In general, it is more appropriate to employ
a relatively thick sheet for the top sheet (i.e. large
sheet thickness ratio) in the novel dieless clinching
process to ensure better joint performance.
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