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Abstract
The current study is conducted to analyze the influence of thickness configurations on the mechanical properties of the flat-
clinching joint. Al1060-H12 sheets with four-type thickness configurations were employed in flat-clinching process. Pull-out and
single-lap shear tests were implemented to obtain the static strengths and absorbed energies of the clinching joints. Their main
geometrical parameters and failure modes were also discussed and studied. The clinching joint with a thick top sheet achieves
smaller undercut and greater neck thickness than the joint using a thick bottom sheet. Compared with the clinching joint using a
thick bottom sheet, the joint with a thick top sheet has larger absorbed energy and static strength in single-lap shear tests. In pull-
out tests, absorbed energy and static strength of the joint using a thick bottom sheet are larger than the joint with a thick top sheet.
Flat-clinching process can reliably join Al1060-H12 sheets with different thickness configurations.
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1 Introduction

With automotive and aerospace industries developing, consid-
erable attention has been paid to lightweight materials.
Aluminum alloy has become one of the most commonly ap-
plied lightweight materials because of good forming proper-
ties [1]. Nevertheless, it is very hard to join aluminum alloy
components by utilizing traditional spot welding due to the
low melting point, high thermal conductivity, and natural sur-
face oxide layer, etc. [2–5]. Some advanced processes have
been developed successfully to join lightweight materials like
aluminum alloys. Mechanical clinching, an advanced joining
process, has attracted increasing interest in recent years be-
cause it has many benefits, e.g., high economic viability, ab-
sence of cleaning requirements and temperature influences, as
well as non-pollution [6–9]. Mechanical clinching process has

more superiorities in the joining of dissimilar or coated light-
weight metal sheets [10–13] compared with traditional spot
welding. Special tools are employed to join two ormore sheets
together by local plastic deformation during this process.
Mechanical clinching has been extensively employed in the
manufacturing of thin-walled structures, specifically in auto-
motive structures.

However, one disadvantage of conventional clinching pro-
cess is that an exterior protrusion as shown in Fig. 1 is formed
on the die-sided sheet. The high protrusion can restrict the
employment of the conventional clinching process in func-
tional and visible surfaces. Much work has been done to re-
duce the protrusion height of the conventional clinching joint.

Reshaping clinching joint is one way of decreasing the
protrusion height. In this respect, two customized tools were
used by Wen et al. [14] to squeeze the clinching joint to 60%
of the original clinching joint height. Although the tensile and
shear strengths of the joint after reshaping are slightly im-
proved, the customized tools are very difficult to produce
because of complex geometry. Chen et al. [15] employed
two flat tools with simple shape instead of the customized
tools. The research showed a promising result that the shear
strength of the clinching joint is greatly improved. Reshaping
process using a rivet can significantly increase joint strength
compared with reshaping process without a rivet [16].
However, the weight and cost of the reshaped joint are

* Chao Chen
profchenchao@163.com

1 State Key Laboratory of High Performance ComplexManufacturing,
Light Alloy Research Institute, Central South University,
Changsha 410083, China

2 School of Mechanical and Electrical Engineering, Central South
University, Changsha 410083, China

https://doi.org/10.1007/s00170-021-06981-z

/ Published online: 6 April 2021

The International Journal of Advanced Manufacturing Technology (2021) 114:2075–2084

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-06981-z&domain=pdf
mailto:profchenchao@163.com


increased due to the additional rivet. Bumped and flat dies can
also be employed in reshaping process to reshape clinched
Al5052 sheets [17], carbon fiber reinforced polymer (CFRP)
and AA6024 sheets [18], as well as AA6082 sheets [19]. All
the above reshaping processes lead to increased production
time because of the additional steps using various tools.

Another way to decrease the protrusion height is to employ
a flat anvil instead of extensible dies or a fixed die in mechan-
ical clinching process, which is called die-less clinching pro-
cess [20–22]. If a blank holder force is insufficient, the pro-
trusion will still appear on the die-sided sheet. However, as the
blank holder force is enhanced, the height of the protrusion
gradually decreases, and even the occurrence of protrusion on
the bottom sheet is completely avoided. Such a joining that
does not develop the protrusion on the die-sided sheet is called
flat-clinching [7]. Flat-clinching process not only improves
the aesthetics of the joined parts but also addresses die align-
ment problems and decreases the joining time [22, 23].

Many factors, such as process parameters, toolset, and
workpieces, influence the forming of the flat-clinching joint,
and also interact with each other [24]. Neugebauer et al. [20]
pointed out some important influence factors of flat-clinching,
but did not explore in depth. Gerstmann and Awiszus [25]
carried out a systematic numerical analysis to quantify the
influencing factors by means of FEM. The optimization of
the clinched tools can improve the interlocking of flat-
clinching and the planarity of the anvil-sided surface. Han
et al. [26] conducted experiments and numerical studies
through orthogonal experimental design to determine the best
geometric parameters of the clinched tools. The results
showed that the blank holder radius and punch corner radius
have a significant influence on the flat-clinching joint com-
pared with other geometric parameters of the clinched tools.
Chen et al. [27], using a series of forming forces, studiedmany
aspects of the flat-clinching joint including shearing strength,
tensile strength, material flow, main geometrical parameters,
and failure mode. The flat-clinching joint obtained with a
forming force of 90 kN exhibits the highest static strength.

The thickness configuration has a considerable effect on
the joining strength in conventional clinching process. Varis
[28, 29] carried out comparative studies, using square and
round punches, for high-strength sheet metals with different
thicknesses. The greatest potential for a round joint shape

occurs when the thicker material is located on the punch side.
Mucha et al. [30] analyzed the influences of the die, sheet
type, and thickness configuration on the joint strength. The
clinching joints with various thickness configurations have
different failure modes. The clinching joint using a thin top
sheet could achieve a smaller neck thickness compared with
the joint using a thick top sheet in the conventional and
reshaping processes [17, 31]. Therefore, the arrangement of
sheet thickness can directly affect the load-carrying ability of
the final joint. Besides, the sheets with various thicknesses are
frequently employed to construct automobile bodies.
Therefore, flat-clinching process using various thickness alu-
minum alloy sheets should also be investigated.

In this paper, the effect of sheet thickness configuration on
flat-clinching process was investigated through an experimen-
tal method. Al1060-H12 sheets with 2.0-, 2.5-, and 1.5-mm
thicknesses were employed to carry out experiments. The
main geometrical parameters affecting the mechanical charac-
teristics of the clinching joint, such as bottom thickness, neck
thickness, and undercut, were measured. Single-lap shear and
pull-out tests were also implemented to analyze the influence
of thickness configuration on the mechanical properties of the
clinching joint. The failure modes of clinching joints were also
discussed and studied. Flat-clinching process can reliably join
Al1060-H12 sheets with different thickness configurations.

2 Materials and methods

2.1 Material characterization and sample
configuration

Al1060-H12 sheets with 2.0-, 2.5-, and 1.5-mm thicknesses
were prepared for producing the joint samples in flat-clinching
process. All sheets in the tests were cut into 80 × 25 mm
(length × width) rectangular strips. For each thickness of
Al1060-H12 sheets, three uniaxial tensile tests were per-
formed to obtain average mechanical properties. They showed
similar mechanical properties. Therefore, their mechanical
properties were averaged to obtain the final mechanical prop-
erties. The final mechanical properties are shown in Table 1.
Al1060-H12 sheets had excellent ductility, which was a pre-
condition to develop the flat-clinching joint.

Fig. 1 Conventional clinching
process
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2.2 Joining process mechanism

Flat-clinching, using a set of tools, is a joining process
by localized severe plastic deformation of sheets.
Mechanical properties of the clinching joint predomi-
nantly depend on the degree of plastic deformation to
produce geometric interlock, and the lower surface of
the bottom sheet remains flat. Flat-clinching process de-
scribed by four stages is depicted in Fig. 2: (a) primary
stage, (b) drawing stage, (c) stage of interlock forming,
and (d) release stage.

2.3 Flat-clinching tests

Flat-clinching process was carried out by using an Instron
5982 testing machine. The flat-clinching tools, employed
to produce joint samples, are depicted in Fig. 3. The im-
portant components of the clinching tools were disc
springs, a blank holder, a flat anvil, and a punch, respec-
tively. According to the thickness configurations of
sheets, the sheet samples were divided into four types,
which were FC 2-1.5, FC 1.5-2, FC 2-2.5, and FC 2.5-
2, respectively (FC A–B: A was the thickness of Al1060-
H12 sheet on the punch-sided, and B was the thickness of
Al1060-H12 sheet on the anvil-sided). The flat-clinching
tests were carried out eight times for each kind of sheet
samples. The punch moved down at the velocity of 30
mm/min until the load driving the punch reached 90 kN
during flat-clinching process.

2.4 Study of the geometrical parameters

Geometrical parameters of the clinching joint perform vital
roles in its static strength, energy absorption, and even failure
modes. As depicted in Fig. 2d, neck thickness (tn), bottom
thickness (X), and undercut (tu) are the most important geo-
metrical parameters of the joint. To investigate the mechanical
behaviors of joint samples produced using various processing
conditions, the joint samples were sectioned along the joint
centerline. The cross-section shapes of the joints were ob-
served with a metallurgical microscope. Their vital geometri-
cal parameters were determined and recorded. A parameter
analysis was also carried out.

2.5 Static strength tests

Pull-out and single-lap shear tests were conducted on the joint
samples for obtaining their static strength. The Instron 5982
testing machine can measure and record load-displacement
curves, and the maximum load was defined as the joint
strength. For each sheet thickness condition, three samples
were tested to calculate their mean strength. The schematics
of the joint samples employed in the pull-out and single-lap
shear tests are depicted in Fig. 4. The tests were implemented
using the testing machine with a full-scale load of 100 kN at
room temperature. Set the velocities of the pull-out and single-
lap shear tests to 2 mm/min until the joint failed.

Absorbed energy, a vital evaluation criterion of the joint
quality [6, 32], was calculated after static strength tests. The
area between the displacement abscissa and the load curve can

Table 1 Main mechanical
properties of Al1060-H12 sheets Materials Young’s modulus (GPa) Yield strength (MPa) Tensile strength (MPa) Elongation (%)

Al1060-H12 68.5 95.3 120 11

Fig. 2 Flat-clinching process. a
Primary stage. b Drawing stage. c
Stage of interlock forming. d
Release stage. (1) Punch. (2)
Blank holder. (3) Flat anvil. (4)
Spring. (5) Top blank. (6) Lower
blank
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show the absorbed energy. During an automobile impact, the
more energy absorbed by clinching joints installed on the car,
the better the overall safety of the car. It is necessary to study
the absorbed energy of the flat-clinching joint.

3 Results

3.1 Geometrical parameters

Without additional material inserts and temperature influences,
the clinching joint is created by severe plastic deformation of
sheets. Therefore, the static strength of the clinching joint is
determined principally by its geometrical parameters [33, 34].
A geometrical interlock was created to join the sheets for all the
clinching joints under the forming force of 90 kN. Figure 5
presents the cross-section shapes of clinching joints with vari-
ous thickness arrangements. Their main geometric parameters
are depicted in Fig. 6. The joints using thickness configurations
with same total thickness, e.g., the FC 1.5-2 joint and the FC 2-
1.5 joint, had little difference in the bottom thickness—0~0.03
mm—so the thickness configurations with the same total thick-
ness had a slight impact on the bottom thicknesses of clinching
joints. The joint with a thick bottom sheet demonstrated a larger

undercut and a smaller neck thickness compared with the joint
using a thick top sheet. Comparing the FC 2-1.5 joint and the
FC 2-2.5 joint, the joint undercut improved, and its neck thick-
ness reduced as the bottom sheet thickness increased.
Comparing the FC 1.5-2 joint and FC 2.5-2 joint, with the top
sheet thickness increasing, the joint undercut reduced, and its
neck thickness increased.When the top and bottom sheets were
raised by the same thickness, e.g., the FC 1.5-2 joint and the FC
2-2.5 joint, the neck thickness and undercut only made a small
increase. In addition, the FC 2-2.5 joint showed the largest
undercut (0.34mm). The mean neck thickness of the FC 2.5-2
joints was the largest (0.68mm).

3.2 Failure modes

The conventional clinching joint has three main failure modes
in pull-out and single-lap shear tests: unbuttoning, full shear,
and mixed failure [6, 35–37]. The structural strengths of the
undercut (Fu) and neck (Fn) determine the failure mode of the
clinching joint. When Fu > > Fn, the clinching joint loses ef-
ficiency in full shear mode. When Fn > > Fu, the clinching
joint loses efficiency in unbuttoning mode.When Fn ≈ Fu, that
is, when the two structural strengths are similar, the clinching
joint loses efficiency in mixed failure mode. Though the lower

Fig. 3 Flat-clinching tools. a
Photograph for the installation of
flat-clinching tools and b main
geometrical parameters of core
flat-clinching tools

Fig. 4 Schematics of joint samples. a Pull-out sample. b Single-lap shear sample (the unmarked dimensions in the schematic are in millimeter.)
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surface of the flat-clinching joint is plane, its failure modes are
similar to the conventional clinching joint.

In pull-out tests, the joint samples with a thick bottom sheet
(the FC 1.5-2 sample and FC 2-2.5 sample) failed in full shear
mode presented in Fig. 7a. The joint samples using a thick top
sheet (the FC 2-1.5 sample and FC 2.5-2 sample) lost efficien-
cy in unbuttoningmode depicted in Fig. 7b. In single-lap shear
tests, for all the joint samples, full shear mode presented in
Fig. 8 was only failure mode, where the neck portion of the top
sheet was fractured, and its lower portion was left in the bot-
tom sheet cavity.

3.3 Static strength and absorbed energy

Pull-out and single-lap shear strengths are two principal static
strengths for the clinching joint. The higher static strength of
the joining, the better the quality of the joint.

Figure 9 presents the pull-out strengths for the joint sam-
ples with various thickness configurations. Compared with the
joint sample using a thick top sheet, the joint sample with a
thick bottom sheet exhibited greater pull-out strength. The
pull-out strength of the FC 2-2.5 sample was improved by
47.6% compared with the FC 2-1.5 sample. The FC 1.5-2
sample showed 12% greater pull-out strength compared with
the FC 2.5-2 sample. When the top and bottom sheets were
thickened by 0.5 mm, e.g., the FC 1.5-2 sample and the FC 2-
2.5 sample, the pull-out strength of the sample increased.
Besides, the mean pull-out strength of the FC 2-2.5 samples
was the maximum (830 N), while the FC 2-1.5 sample had the
minimum value of average pull-out strength (562.2 N).

Figure 10 depicts the single-lap shear strengths for the joint
samples with various thickness configurations. The joint sam-
ple with a thin top sheet had a smaller single-lap shear strength
compared with the joint sample using a thick top sheet, e.g.,
the FC 1.5-2 sample and the FC 2-1.5 sample. The FC 2-2.5
sample demonstrated an average 17.9% lower single-lap shear
strength than the FC 2-1.5 sample. The single-lap shear
strength of the FC 1.5-2 sample was 41.7% lower than the
FC 2.5-2 sample. When the top and bottom sheets were thick-
ened by 0.5 mm, e.g., the FC 1.5-2 sample and the FC 2-2.5
sample, the single-lap shear strength of the joint sample im-
proved. The FC 2.5-2 sample exhibited the greatest mean
single-lap shear strength (1771.9 N), while the average
single-lap shear strength of the FC 1.5-2 samples was the
lowest (1032.5 N). In addition, the pull-out strength was lower
than the single-lap shear strength for all joint samples.

Figure 11 presents the typical pull-out load curves of the
joint samples with various thickness configurations. All the
pull-out load curves had a similar development trend. The
pull-out loads increased gradually to reach the maximum
loads respectively as the displacement improved. The pull-
out load curves suddenly descended after the maximum loads.
The FC 2-1.5 sample showed a shorter displacement

Fig. 5 Cross-section shapes of
clinching joints with different
thickness configurations. a FC
1.5-2. b FC 2-1.5. c FC 2-2.5. d
FC 2.5-2

Fig. 6 Main geometrical parameters for the clinching joints with various
thickness configurations
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compared with other joint samples before the load peak. As
depicted in Fig. 12, all the development trends of the single-
lap shear load curves were also similar. The single-lap shear
loads were raised rapidly to reach the maximum loads respec-
tively as the displacement increased, and then the single-lap
shear loads descended gradually. Compared with other joint
samples, the FC 2.5-2 sample exhibited a longer
displacement.

Absorbed energies of the joint samples with various thick-
ness arrangements during pull-out and single-lap shear tests
are shown in Fig. 13. In pull-out test, the joint sample with a
thick bottom sheet had a greater absorbed energy compared
with the joint sample using a thick top sheet. The joint sample
using a thick bottom sheet exhibited a smaller absorbed ener-
gy than the joint sample with a thick top sheet in single-lap
shear test due to the smaller neck thickness. In addition, the
FC 2-2.5 sample showed the largest absorbed energy (2.75 J)
in pull-out tests. The FC 2.5-2 sample demonstrated the larg-
est absorbed energy in single-lap shear tests (3.15 J).

4 Discussion

4.1 Comparison of conventional clinching process and
flat-clinching process

Flat-clinching process is very different from conventional
clinching process. An exterior protrusion is developed on the
bottom sheet during conventional clinching process. The high

protrusion restricts the employment of conventional clinching
process at functional and visible surfaces. Compared with this
process, the protrusion on the bottom sheet is completely
avoided during flat-clinching process. Though it appears cor-
respondingly on the top sheet, the flat-clinching joint can be
used at visible and functional surfaces because of a plane
lower surface. In addition, it also has the following advantages
[20]: no need of coaxial alignment between upper and lower
dies, lower costs and wear of clinched tools, and easy to paint
and clean surfaces. Although flat-clinching process is formi-
dable to join low-ductility metals at room temperature, it has
the potential: sheets can be heated up directly on the pre-
heated flat anvil, and then rapidly joined. This potential makes
it possible to join some metals with poor ductility and even
brittle metals such as magnesium [20]. Therefore, flat-
clinching process is more widely employed than conventional
clinching process.

4.2 Material flow

Schematic diagrams of material flow in flat-clinching pro-
cess are illustrated in Fig. 7. Red arrows are employed to
show material flow of sheets. The material near the punch
fillet is compressed to flow upwards and radially, and the
material cannot flow further radially under the action of
the high holder force during flat-clinching process. For
the joint with a thick top sheet, the top sheet has more
compressed material to flow upward into the neck portion.
The thick neck portion can push the bottom sheet material

Fig. 7 Failure modes in pull-out
tests. a Full shear for the joint
sample with a thick bottom sheet.
b Unbuttoning for the joint sam-
ple using a thick top sheet

Fig. 8 Full shear mode in single-
lap shear tests. a Joint sample
with a thick bottom sheet. b Joint
sample with a thick top sheet
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to flow radially so that the bottom sheet material is very
hard to flow into the interlock area (as depicted in Fig.
14a). Therefore, the joint with a thick top sheet exhibits a
smaller undercut and a greater neck thickness. For the
joint with a thick bottom sheet, its neck portion is
overstretched, and the little compressed material of the
top sheet flows into the neck portion, so the bottom sheet
material is easy to flow into the interlock area (as depicted
in Fig. 14b). Meanwhile, the bottom sheet has more com-
pressed material flowing into the interlock area.
Therefore, the clinching joint with a thick bottom sheet
has a larger undercut and a smaller neck thickness. When
the top and bottom sheets are raised by the same thick-
ness, the influence of thickness configuration on the un-
dercut and neck thickness is partly counteracted, so the
undercut and neck thickness only slight increase.

4.3 Analysis of failure modes

In pull-out tests, Fu is greater than Fn for the joint sample with
a thicker bottom sheet because of the thin neck portion. The
tensile load evenly exerts on the neck portion of the joint.
When the tensile load is raised to Fn, the joint sample fails.
However, Fu is smaller compared with Fn for the joint sample
with a thick top sheet due to the insufficient interlock. The
tensile load is evenly concentrated in the interlock area of the
joint, and then the joint sample will separate when the tensile
load is raised to Fu.

In single-lap shear tests, the top sheet protrusion tends to
rotate around a fulcrum to get out of the bottom sheet cavity.
Due to the smaller undercut, the joint sample with a thick top
sheet is easier to rotate around the fulcrum than the joint sam-
ple with a thick bottom sheet. Fu is larger compared with Fn

for all the joint samples. The side of the joint neck bears most

Fig. 9 Pull-out strengths for the joint samples with various thickness
configurations

Fig. 10 Single-lap shear strengths for the clinching joints with various
thickness configurations

Fig. 11 Typical pull-out load curves for the joint samples with various
thickness configurations

Fig. 12 Typical single-lap shear load curves for joint samples with var-
ious thickness configurations
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of the shear load. The neck portion is broken when the shear
load is equal to Fn.

4.4 The mechanical properties of the flat-clinching
joint

In pull-out test, the joint with a thick bottom sheet loses effi-
ciency in full shear mode. The pull-out strength depends on its
neck portion. The joint with a thick top sheet fails in
unbuttoning mode. Its pull-out strength relied on the undercut.
Fn of the joint with a thick bottom sheet is higher than Fu of
the joint using the thick top sheet. Therefore, the joint sample
with a thick bottom sheet shows the larger pull-out strength
compared with the joint sample using a thick top sheet. As the
top and bottom sheets increase in thickness, the neck thickness
and the undercut increase, so the pull-out strength of the joint
sample rises.

All the joint fails in full shear mode in single-lap shear tests.
The single-lap shear strength of the clinching joint depends on
the neck thickness. The neck thickness increases as the top
sheet thickness rises, so the joint strength is enhanced. The
neck thickness reduces as the bottom sheet thickness de-
creases. Therefore, the joint strength reduces.

The relative tendency of absorbed energy for the joint sam-
ples with various thickness configurations is similar to the
static strength regardless of the type of test. The FC 2-2.5 joint
exhibits the largest absorbed energy in pull-out tests because it
has the biggest pull-out strength and joint stiffness. The FC
2.5-2 joint has the largest absorbed energy in single-lap shear
tests because it demonstrates the greatest single-lap shear
strength and load displacement.

5 Conclusions

This paper has attempted to comprehensively understand the
influence of thickness configurations on the mechanical be-
havior of the flat-clinching joint. The clinching joints were
obtained by flat-clinching process. Material flow was investi-
gated to analyze the effect of thickness configurations on the
joint geometrical parameters. The static strength and absorbed
energy were employed to assess the joint quality. The failure
modes of the flat-clinching joints were analyzed and
discussed. Flat-clinching process can reliably join Al1060-
H12 sheets with different thickness configurations. The main
conclusions drawn by this study are as follows:

(1) The joint with a thick top sheet can achieve the greater
neck thickness and smaller undercut than the joint using
a thick bottom sheet because its top sheet has more com-
pressed material to flow upward into the neck of the
clinching joint, and the bottom sheet material is very
difficult to flow into the interlock area.

(2) All the clinching joint fails in the full shear mode in
single-lap shear tests because of the weak neck. The joint
with a thick top sheet shows greater absorbed energy and
static strength due to the larger neck thickness.

(3) In pull-out tests, the clinching joint using a thick bottom
sheet fails in full shear mode due to the small neck thick-
ness, and the clinching joint with a thick top sheet fails in
unbuttoning mode owing to the insufficient interlock.
The tensile structural strength of the neck of the joint
with a thick bottom sheet is higher than the undercut of
the joint using a thick top sheet. Therefore, its absorbed
energy and static strength are higher.

(4) In the present study, the FC 2-2.5 joint exhibits the larg-
est absorbed energy and static strength in pull-out tests
because of the sufficient interlock. The FC 2.5-2 joint has
the largest absorbed energy and static strength in single-
lap shear tests because of the largest neck thickness.

Fig. 13 Absorbed energies for the joint samples with various thickness
configurations during pull-out and single-lap shear tests

Fig. 14 Schematic diagrams of material flow for flat-clinching process. a
The joint with a thick top sheet. b The joint with a thick bottom sheets
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