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Abstract Conventionally, the mechanical strength of
clinched connections is determined by a single shear lap
test and/or a pull-out test. However, in most practical
applications a combination of shear and pull-out is
exerted on the clinched joint. This paper deals with
the development of an Arcan-like device which enables
to introduce various shear/tensile ratios in a clinched
assembly. An experimental survey of the multi-axial
behaviour of a non-cutting single-stroke round clinched
connection of two DC05 sheets, which is mild deep
drawing steel, is conducted with this modified Arcan
setup. These experimental results are used to check the
validity of numerical models that predict the strength
under multi-axial loading. Since the forming of a clinch
is a fairly complex sheet metal operation, a good knowl-
edge of the plastic material properties and the frictional
behaviour is of the utmost importance to perform a
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sufficiently accurate FEA simulation. The impact of
these factors on the multi-axial loading behaviour of the
DC05–DC05 connection is investigated.

Keywords Clinching · Sheet metal ·
Multi-axial loading · Modified Arcan setup

Introduction

Clinching of sheet metal is a mechanical joining tech-
nique which involves a localized cold deformation of
the sheets without the use of additional elements such
as bolts or rivets as traditional joining methods do. The
process is executed with the aid of relatively simple
tools such as a punch and a die. Although the types
of clinched joints are numerous [1], the clinch process
can be categorised into different groups depending on
the geometry of the clinching tools. New developments
such as dieless clinching [2] and clinch-adhesive joint
technology [3, 4] indicate that the clinch technology
is rapidly developing. In practice, however, the simple
round and rectangular tools are still the most applied
tool shapes. This paper deals with a clinched joint
produced by a closed round die. Such a joint has some
benefits compared to rectangular clinched joints. The
latter technique involves the creation of slits in the
sheet(s) which act as a stress raiser, and, as a conse-
quence, might lower the fatigue resistance. In addition,
the shear strength of a rectangular connection highly
depends on the loading direction. As such, the orien-
tation of a rectangular joint is a critical issue when the
loading direction is not known a priori. Nevertheless,
in some applications (e.g. materials with a limited duc-
tility) the rectangular joint can be more favourable. It
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must be noted that the presented Arcan-like device is
not limited to testing of axisymmetric clinched joints.
The cross section of a round axisymmetric joint is
shown in Fig. 1. The right panel shows a picture of an
encapsulated cross-section which is properly polished
to reveal the interface between the assembled sheets.
The left panel shows the contour of the joint measured
by an optical microscope. The mechanical behaviour of
these type of connections is solely dictated by the final
geometry. As such, the influence of the geometry of
the clinching tools with respect to the final geometry
has been investigated with the aid of finite element
techniques in the past [5–7]. The broader goal of such
studies on the metal flow during clinching is the opti-
mization of the joint (and tools), e.g. to maximize its
strength for a certain application. Oudjene and his co-
workers [8] have illustrated this idea by developing a
strategy to optimize a clinched joint with respect to
the axisymmetrical pull-out strength. Traditionally, the
assessment of the strength of clinched connections is
based on two basic loading cases: a single shear lap test
[9] and a pull-out test [10] and it is generally recognized
that the axial strength of clinched connections is much
lower compared to the shear strength. Although the
single shear lap test and the pull-out test allow the
assessment of the mechanical behaviour in a consistent
manner, in practice the joint is usually exposed to a
combination of shear and pull-out components. It is
clear that for a dedicated application the optimization
of a clinched joint requires a more complex test allow-
ing to exert random shear/tensile ratios on the joint.
In theory, this issue can be solved by using a virtual
platform such as the finite element method. However,
these results can only be useful if they are able to
reproduce the experimentally observed strengths. This
paper presents a destructive test method which enables

to exert quasi-static multi-axial loading conditions on
a clinched connection. In addition, the capability of
finite element techniques to reproduce these experi-
mental tests is investigated. Although the mechanisms
are completely different, many parallels can be drawn
between research on the mechanical behaviour of spot
welds, rivets and clinched connections. Langrand and
his co-workers have addressed the mechanical behav-
iour of spot welds [11] and rivets [12] under multi-axial
loading. Similar techniques can be developed for testing
clinched joints under multi-axial loading. This would
allow to investigate crack propagation and failure cri-
teria for clinched joints under multi-axial loading. In
addition, such a test would allow to develop simplified
joint models. Indeed, since a clinched joint is rather
complex in terms of geometry and material state after
forming, it would be unrealistic to model thousands
of clinched connections in a structure because of the
exuberant computational cost. Therefore, it is generally
accepted to replace the complex model by an equiva-
lent, computationally efficient model. The focus in this
paper is on the mechanical behaviour of a clinched
joint which connects two DC05 sheets. The next section
presents a modified Arcan setup which allows to ex-
perimentally investigate a clinched joint under varying
shear/tensile ratios. Section “Simulation of the clinch
forming process” embarks on the forming process of
this type of connection and presents a strategy to per-
form finite element simulations of this forming opera-
tion. In Section “Reproducing the multi-axial loading
strength using FEA” the numerical models to predict
the strength under multi-axial loading are validated
with the aid of the experimental results. Here it is
also shown that a comparison between numerical and
experimental results obtained by multi-axial loading
offers an excellent opportunity to assess the identified

Fig. 1 Single-stroke
non-cutting round clinched
joint (DC05–DC05).
Right panel: encapsulated
cross-section with interlock
F. Left panel: measurement
by an optical microscope
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material properties of the sheet metal used in this study.
We conclude in Section “Conclusion and future work”.

The modified Arcan setup

Several experimental procedures have been developed
to enable mixed-mode testing on a specimen. One of
these procedures is the so-called Arcan fixture which
was originally developed to characterize composite ma-
terials [13]. The valuable benefit of this test is that it can
be conducted on a standard tensile bench or any other
single-axis device. This test procedure has been used in
a variety of engineering domains of which the majority
of the applications can probably be found in fracture
mechanics [14]. Since the essence of this experimental
set up is to simultaneously apply and control tensile
and shear loads on a specimen, it has also drawn the
attention of researchers in the field of joint design. A
modification of the Arcan fixtures allows to investigate
for example the behaviour of spot welds [15] or riveted
joints [16, 17] under multi-axial loads. In this section a
modified Arcan fixture which enables the mixed-mode
loading of clinched connections is presented and details
of the specimen design are given. Many variations on
the Arcan fixture can be found in literature and the de-
sign of the modified Arcan setup depends on the design
of the specimen to be tested. In the case of destructive
joint testing, the fixtures of the Arcan test have to
be able to clamp an assembly with sufficient clamping
force. Figure 2 shows the basics of the experimental
set up. The device consists of two separate disk halves
which enable clamping of a specimen. Once the device
is provided with a specimen, the two disk halves are
connected via this assembled specimen. The next step
is then to mount it into a tensile machine: one of the
disk halves is connected to a moving cross-head while
the other is fixed. In general there are two methods to
do so [18]. The first method uses a connection which
allows the rotation of the disk halves during testing.
The second method prevents this rotation by using a
fixed connection. The design shown in Fig. 2 allows
both methods by using a multiple-pin clevis. If only pin
1 and pin 2 are inserted into the clevis, then rotation is
allowed and any side load on the load cell is avoided.
The “fixed” mounting can be achieved by adding pin
3 to the configuration of method 1. Unlike the first
method, the second can exert a potentially damaging
side load on the load cell, and, as consequence, ade-
quate precautions must be taken when applying this
method. Rotation of the complete system by replac-
ing the clevis position on the disk halves changes the
tensile/shear ratio. The current design shown in Fig. 2

Fig. 2 Basics of the modified Arcan set up for clinched con-
nections. Three loading directions are shown: pull-out (α = 0◦),
α = 45◦ and shear loading (α = 90◦)

allows for the following angular positions: (α = 0, 15,
30, 45, 60, 75, 90◦) of which pull-out (α = 0◦), α = 45◦
and shear loading (α = 90◦) are depicted in the figure.
Figure 3 shows a partly exploded view of the modified
Arcan test used in this study. The Arcan specimen is

Fig. 3 Partly exploded view of the modified Arcan setup. A The
Arcan specimen B back plates C tightening nut D Clevis
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Fig. 4 The Arcan specimen for clinched connections. A A folded
strip with a width of 50 mm B the assembled Arcan specimen

denoted A in this figure and more details concerning
its dimensions can be found in Fig. 4. The current
design requires two strips of 150 × 50 × t mm, with t
the sheet thickness, which need to be folded as shown
in the upper part of Fig. 4. The two folded strips must
be assembled as shown in the lower part of the same
figure. In order to be able to sufficiently clamp speci-
mens with varying sheet thicknesses t, the clamping unit
consists of serrated back plates (denoted B in Fig. 3)
which can be easily changed. The clamping is enforced
by tightening the nuts shown in Fig. 3. Figure 5 shows
the modified Arcan device mounted with an angular
position α = 15◦ into a regular tensile bench with a
capacity of 10 kN. The data readily available from such

Fig. 5 The modified Arcan set up mounted in a standard tensile
bench. 1 Cross-head 2 load cell 3 lamp 4 upper half disk 5
camera’s 6 speckle pattern 7 area of interest 8 subset 9 point at
50 mm from the centre

an experiment on a tensile bench is the load-elongation
curve. The force during separation can be measured by
the load cell, denoted 2 in Fig. 5, and the cross-head
(denoted 1) delivers the vertical displacement along the
axis of the actuator. However, if method 1 is adopted,
each disk halve can rotate in its clevis and this behav-
iour cannot be measured with a classical extensometer.
Therefore, the setup shown in Fig. 5 is augmented with
an optical-numerical measuring technique called Dig-
ital Image Correlation (DIC). The Charged-Coupled
Device (CCD) cameras (denoted 5, in Fig. 5) take syn-
chronized images of the Arcan fixtures in the reference
and operating state of the Arcan device. Next, these
images are computationally compared in our in-house
DIC platform MatchID (www.matchID.org). From this
the displacement fields at the surface of the Arcan
fixtures are retrieved for different loading steps. The
DIC algorithm used in this study is a so-called subset-
based method which correlates the movement of a
pixel and its neighbourhood from the initial image in
consecutive images. A prerequisite to enable the dis-
crimination between different groups of pixels, which is
called a subset, is to obtain an image with a distinctive
pattern. Therefore, as shown in Fig. 5, a random speckle
pattern is sprayed on the surface of the Arcan fixtures.
Since in many cases the ambient light is not enough to
obtain a bright image without using unacceptable large
exposures times or aperture settings, supplemental light
(denoted 3) is added.

Figure 6 shows the experimental data which can be
acquired during the modified arcan test. The results
shown here are from a clinched connection in the an-
gular position α = 0◦ and the frame in which the results
are presented is indicated in Fig. 3. The upper panel
shows the comparison between the displacement V in
the Y-direction measured by the cross-head and DIC.
As can be inferred, these measurements are in good
agreement. The middle panel shows the displacement
W in the Z -direction of a point lying 50 mm from the
centre of the joint, see Fig. 5. The lower panel shows
the average rotation φ of a disk half in the XY-plane,
see Fig. 3.

Both W and φ show a steep drop in the beginning of
the test. This is due to the mechanical tolerances in the
system and the joint. However, this can be overcome by
applying a preload of approximately 50 N. As indicated
by the black dotted line, from this point on, stable
results can be expected. It can be inferred that the
maximum displacement W from this point on is approx-
imately 0.05 mm. The maximum average rotation φ in
the test is about 0.002 rad which confirms that in this
case (method 1, α = 0◦) the setup behaves like a true
pull-out test.

http://www.matchID.org
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Fig. 6 Acquired data during a modified Arcan test. Results from
an angular position α = 0◦. Upper panel: Comparison between
cross-head measurement and DIC. Middle panel: Out-off plane
displacement in function of the force. Lower panel: Average (in-
plane) rotation in the AOI in function of the force

Simulation of the clinch forming process

Mechanics of the clinch forming process

Figure 7 shows an experimental process graph (force-
stroke curve) measured during clinch forming. The
process graph of such a process can be used to dis-
tinguish several stages during the forming. Up until
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Fig. 7 An experimental process graph of the clinch forming
process and the associated deformation modes

point I, the auxiliary tools (which can comprise a blank
holder and/or a punch stripper) are exerting a certain
force on the blanks. The sudden increase at point I
indicates the initial insertion of the sheet material into
the die. Between points I and II, the upper part of the
die is filled and the material touches the anvil of the die
which causes a steep increase of the force. From point
III up until the end of the process the material is forced
to fill the ring groove in the die while the interlock
is created. Figure 7 also shows different deformation
modes (cross section of the joint) of the joint during the
forming.

The latter mechanism—the creation of F—is the key
feature of the joining method. Typically the thickness
at the base of the joint undergoes a huge reduction
and also other regions of the joint are subjected to
severe plastic deformation. Since the order of these
strains is far beyond the maximum uniform strain of the
sheet, the post-necking hardening behaviour needs to
be identified in order to perform a finite element simu-
lation of the forming process. In addition, the frictional
conditions (sheet-sheet contact and tool-sheet contact)
in the forming simulation need to be identified. The
next section deals with these identification problems.

Identification of strain hardening and friction

Strain hardening

The clinching process described in the previous section
inherently involves severe plastic deformation of the
sheet metal. It is well known that in such a case a good
knowledge of the material behaviour is of utmost im-
portance to perform a sufficiently accurate simulation.
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Since most FE codes use phenomenological models to
describe the concept of a yield criterion and hardening
behaviour, the parameters in these models have to be
identified. Conventionally this is done by conducting
standard experiments such as a tensile test, a compres-
sion test, torsion test or a shear test. The tensile test is
probably the most widely adopted material test but has
serious limitations when the behaviour at large plastic
strains has to be identified. This is usually countered
by extrapolation of the pre-necking hardening behav-
iour using a predefined hardening law, in the remain-
der of this work referred to as Extrapolation method
(EM). Unfortunately, such a procedure may give very
different results depending on the hardening law fitted
to the experimental pre-necking data.

Clinching is often the last step in the production
process, and, as a result, it are often semi-finished
products which need to be clinched. The local material
properties of these semi-finished products are usually
not known. Since it has been shown in [7, 10] that ignor-
ing the material state leads to an unrealistic prediction,
there are only two options here. The first requires the
simulation of the preceding forming operations to take
the deformation history into account. Unfortunately,
the accuracy of this is usually hampered by the limited
information regarding the initial material properties
and process-specific conditions. The second method
is to identify the local material properties by experi-
mental testing. This can be done by locally removing
material which is then subjected to a material test. To
cope with the limitations of the tensile test two alter-
native material tests are used, namely a Multi-Layered
Upsetting Test (MLUT) and the Post-Necking Tensile
Experiment (PNTE). Compression of stacked sheets
has been investigated in [19, 20]. The identification of
strain hardening behaviour beyond necking in a tensile
has been targeted in [21, 22]. Details on the methods
used in this paper can be found in [23, 24].

Frictional behaviour

Most sheet metal forming applications deal with rela-
tively low interface pressures and large sliding lengths
between tools and sheet. For these situations sheet
metal friction tests are available [25]. In the case of
clinching, however, completely different friction con-
ditions prevail. The clinching tools typically exert very
high pressures on the sheets while sliding lengths gen-
erally remain small. Due to the small dimensions of
the clinching tools, the local deformation of the sheets
during clinch forming must be regarded as a bulk form-
ing problem. As such, one has to resort to other
friction identification methods. The most common

method used to determine friction for a forging process
is the ring compression test. Since this test uses a
ring with typical dimensions (outer diameter:inner
diameter:thickness)=(6:3:1), the dimensions of the ring
would become very small in the case of thin sheets.
Alternative methods are often based on the correlation
of accurate measurements with numerical responses.
Here, the friction condition is iteratively tuned by mini-
mizing the discrepancy between numerical and exper-
imental responses such as shapes or forming loads.
Provided that the elasto-plastic material behaviour is
known, the inverse procedure yields then a friction con-
dition for which the accuracy depends on the sensitivity
of the measured quantities with respect to the unknown
parameters. In this section, the strategy to identify the
friction conditions in clinch forming of similar materials
with equal thicknesses is presented. In this case two
friction conditions can be distinguished. There is the
tool-sheet contact (μt) and the sheet-sheet interface
contact (μi). For both friction conditions the Coulomb
friction model is adopted. In addition, because of the
high contact pressure between the sheets, the model for
the sheet-sheet interface is extended with a shear stress
limit τmax. In other words, subsurface shearing between
adjacent sheets occurs when τmax is exceeded. The shear
stress limit used in this model equals:

τmax = σy√
3

(1)

where σy is the initial von Mises yield stress of the sheet
metal.

As a result, the inverse problem under consideration
has only two unknowns: the tool-sheet contact (μt)
and the sheet-sheet interface (μi). These parameters
will be tuned by the minimization of a cost function
which expresses the discrepancy between computed
and measured responses. The available experimental
data are in this case the process graph (see Fig. 7) and
the final geometry of the joint (see Fig. 1). Apart from
the influences of μt and μi on the process graph, these
parameters will also influence the metal flow which
determines the interlock F. This parameter represents
the amount of material which “hooks” behind the lower
sheet. To gain more insight into the relation between
μt,μi and F, numerical simulations were performed in
[26] to investigate this. The results of this work are
shown in Fig. 8.

Figure 8a clearly shows that F is independent of
μt, regardless of the magnitude of μi. It can also
be inferred from the same panel that μi dictates the
amount of interlock. In the situation under considera-
tion, the interlock increases with an increasing μi. This
phenomenon is also observed by Jomaa [27] and it
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Fig. 8 a Normalized interlock FN as a function of μi and μt using
a MLUT and a swift law. b Normalized interlock FN as a function
of μi and μt = 0.2 using a MLUT and a Swift law

can probably be explained by the following. The ring
groove in the die allows the lower sheet material to
be expelled outwards. This causes the material flow
to accelerate towards the ring groove as shown by
Mucha [28]. A high interface friction allows the upper
sheet to follow the lower sheet resulting in a higher
interlock. Figure 8b illustrates this behaviour for one
particular case where μt = 0.2. This observation allows
the inverse identification of μt and μi to be dealt with
separately, though in a specific order:

① Determine the frictional condition between the
adjacent sheets by minimizing the cost function
C(μk

i ) (Eq. 2). The inverse procedure is “fed” by
the experimentally measured interlock F. Since it
is shown that μt has no significant influence on F,
this first inverse optimization is done by using an
arbitrary (but realistic) value for μt.

C(μk
i ) = |Fnum(μk

i ) − Fexp| (2)

where Fnum and Fexp are the numerically com-
puted and experimentally measured interlock, re-

spectively. μk
i is the Coulomb friction coefficient

between adjacent sheets and the index k refers to
the data set (see Table 2) used in the optimization.

② Determine the frictional condition between the
tools and the sheets by minimizing the cost function
C(μk

t ) (Eq. 3). The inverse procedure is “fed” by
the experimentally measured process graph. The
μk

i remains fixed in this step and is equal to the
optimized value from step 1.

C(μk
t ) = 1

2

N∑

i=0

[
Pexp

i − Pnum
i (μk

t )

]2

(3)

where Pexp
i and Pnum

i (μk
t ) are the experimentally

measured and numerically computed forces at
different positions i of the punch, respectively. μk

t
is the Coulomb friction coefficient between the
sheets and the tools, with index k referring to
the material set used. N represents the number of
measurements.

It must be noted that this method always requires
experimental data. This can be seen as a drawback if the
method is used to support the design of new clinching
tools. However, new applications can be usually joined
with existing tools. The problem is that this give not the
optimal solution in terms of mechanical behaviour or
joint defects such as cracks. These results obtained with
existing tools can be used to tune friction conditions
which are then used to optimize tools.

Results

Since a DC05–DC05 clinched connection is the subject
of this paper, the post-necking hardening behaviour of
this sheet metal is investigated by the EM, a MLUT
and a PNTE. Next, for each identified set of material
parameters, the friction conditions are inversely calcu-
lated by the strategy presented in Section “Frictional
behaviour”. This process is shown as a three-step
flowchart in Fig. 9 yielding a data set which consists of
material and frictional behaviour. The plastic material
behaviour is described by:

① a yield criterion. In this paper, for the EM and
the PNTE the yield surface is described by Hill’s
1948 yield criterion. In the case of plane stress
conditions, Hill’s criterion takes the following form
according to the principal axes of anisotropy 1
and 2:

Fσ 2
22 + Gσ 2

11 + H(σ11 − σ22)
2 + 2Nσ 2

12 − σ 2
eq = 0

(4)
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Fig. 9 Three-step identification flow chart. Step 1: Identification
of the post-necking hardening behaviour. Step 2: Identification
of the friction between the sheets. Step 3: Identification of the
friction between sheets and tools

where F, G, H and N are material constants char-
acterizing the state of anisotropic yield behaviour.
These parameters are determined in advance based
on the Lankford ratio’s measured along the rolling
direction, the transverse direction and the 45◦-
direction. Their values can be found in Table 1. For
the MLUT and also the EM the von Mises yield
criterion is adopted and in the principal stress space
it reads as:

σ 2
eq = 1

2

[
(σ1 − σ2)

2 + (σ1 − σ3)
2 + (σ2 − σ3)

2

]
(5)

② the associated flow rule which is used to express the
relationship between the stress state and the plastic
strain rate:

Dpl
ij = λ̇

∂ f (σij)

∂σij
(6)

with Dpl
ij the plastic part of the rate of deformation

tensor, λ̇ the plastic multiplier and f (σij) the yield
surface.

③ a hardening law which describes the evolution of
the initial yield surface due to plastic deformation.

Table 1 A priori determined parameters of Hill’s 1948 yield
criterion

F G H N

0.2748 0.3662 0.6338 1.523

The post-necking hardening behaviour has to be
parameterized, so as to obtain a finite set of un-
known parameters pi to be optimized:

σeq = f (ε pl
eq, pi) (7)

Two commonly used hardening laws are selected
in this study, namely a Swift (Eq. 8) and a Voce law
(Eq. 9):

σeq = K(ε0 + ε pl
eq)n (8)

σeq = C(1 − me−kε
pl
eq ) (9)

First the post-necking hardening behaviour is iden-
tified through the three material tests. The results are
shown in Fig. 10 and the identified parameters are
summarized in Table 2. The experimental interlock
Fexp is measured on a sectioned joint with an optical
microscope and an average value of Fexp = 0.068 mm
is found. This value is located in the plateau shown in
the right panel of Fig. 8. Step 2 in Fig. 9 resulted in
a value μk

i < 0.1 for k = (1, 2, 3, 4, 5, 6, 8). As a result,
step 2 of the three-step flowchart is performed with a
fixed friction condition between adjacent sheets, μk

i =
0.1. Figure 11 shows the results of the optimization
of μk

t on the basis of the process graph. Figure 11a
shows the force-displacement predictions before opti-
mization. Figure 11b clearly shows the convergence of
the curves after optimization. The optimized value μk

t
for each material data set can be found in Table 2.
It is clear that the identified friction values shown in
Table 2 compensate for the uncertainty regarding the
material behaviour at high plastic strains. Indeed, it
can be seen from Table 2 that the Voce laws, which
exhibit less strain hardening than the Swift laws, are
compensated by higher coefficients of friction. In this
regard, it must also be noted that the Coulomb friction
model is probably not sufficient to describe the com-
plicated friction regimes in clinch forming. In addition,
the presented strategy inherently delivers an averaged
constant friction value which probably varies during
actual forming. All these factors make it difficult to
have a physical basis for the assessment of the friction
values.

The data sets of Table 2 can in turn be used to
simulate the joint forming. A geometrical comparison
between the calculated and the experimentally mea-
sured final geometry was made in [26]. It was concluded
that the alternative identification methods are an im-
provement over the classical EM, at least in the sense
that the results from the alternative tests were more
consistent and less dependent on the chosen hardening
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Table 2 Identified material
parameter sets for DC05

Hardening law Method

Swift Parameter K (MPa) n ε0 Yield criterion μk
t

k = 1 EM 528 0.286 5.262E-03 von Mises 0.167
k = 3 EM 507 0.28 4.82E-03 Hill48 0.104
k = 5 MLUT 517 0.252 5.65E-04 von Mises 0.176
k = 7 PNTE 467 0.23 1.00E-06 Hill48 0.137

Voce Parameter C (MPa) m k Yield criterion μk
t

k = 2 EM 365 0.625 9.99 von Mises 0.809
k = 4 EM 347.69 0.628 10.75 Hill48 0.568
k = 6 MLUT 422 0.685 8.01 von Mises 0.328
k = 8 PNTE 387.60 0.616 6.63 Hill48 0.306

law. However, this statement was solely based on the
assessment of the final geometry. Further on in this
contribution we will simultaneously assess the quality
of the identified behaviour through the mechanical
behaviour under multi-axial loading.

Reproducing the multi-axial loading strength
using FEA

FE model

From here it is assumed that the results of the FE
simulation of the forming process are available. The
clinched joint (with the associated material state after
forming) is then assembled into an Arcan specimen to
simulate the mechanical behaviour under multi-axial
loading. Figure 12 shows how the numerical model of
the modified Arcan test is built. It is assumed that the
Arcan fixtures are infinitely rigid and in the model
they are replaced by kinematic couplings, denoted KC
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Fig. 10 Identified flow curves for DC05

in Fig. 12. The coupling connects the reference points
RP1 and RP2, which are located at the centre of PIN2
from Fig. 2, and the Arcan specimen. The upper Arcan
fixture (RP1) is constrained to a specified translation
with the magnitude U while rotation around the Z
axis is transmitted. The translational degrees of free-
dom of the lower Arcan fixture are constrained in all
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Fig. 11 a Process graph before optimization (τmax = 72 MPa,
μi = 0.1 and μt = 0.2). b process graph after optimization
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Fig. 12 Cross section along the plane of symmetry of the FE
model. KC kinematic coupling, RP1 reference point 1, RP2
reference point 2, U magnitude of the rigid body motion and CN
coupling nodes

directions while rotations can be transmitted around
the local X and Z axis. Due to the Z -symmetry only
half the Arcan specimen is modelled. All simulations in
this section are carried out using the commercial FEA
code Abaqus/Explicit. Models are meshed (15 elements
through the thickness of the sheet) using 8-node linear
bricks with reduced integration and hourglass control.
The principal material directions in the models which
take planar anisotropy into account are oriented with
respect to the local coordinate system of the sheets
shown in Fig. 12. The rolling direction (RD) in these
simulations corresponds with the Y-direction, and, as
a consequence, the transverse direction (TD) coincides
with the Z -direction.

Results and discussion

The modified Arcan device is mounted in a tensile ma-
chine from Zwick Roell with a load capacity of 10 kN.
All tests are conducted with a constant cross-head
speed of 1 mm/min. The joint shown in Fig. 1 is tested
under multi-axial loading conditions. For each angular
position α three Arcan specimens are tested, and, as a
result, a total of 21 tests are performed. Figure 13 shows
the results of the first run for all angular positions.

Fracture

Fig. 13 Force displacement curves for the various angular
positions

As expected, it can be inferred from this figure that
the shear/tensile ratio severely influences the maximum
strength and the ductility of the connection. In addi-
tion, the figure shows that the ratio has a significant
influence on the joint’s stiffness. If the contribution of
the pull-out component is large, the surrounding sheet
material is deformed rather than the joint itself. There
is evidence to suggest that when shear loading starts
to dominate, the plastic deformation is concentrated
in the vicinity of the joint resulting in a much stiffer
behaviour. Figure 14a and b show the dependency of
the maximum force and the ductility with respect to
the angular position α, respectively. It is clear that
increasing the shear component leads to a higher joint
strength. From the Fig. 14a it can be inferred that the
rate with which this occurs is much larger beyond the
angular position α = 45◦.

It can also be inferred that the α = 45◦ loading case
yields the lowest standard deviation. The same obser-
vation is reflected in the joint ductility, as can be seen
from Fig. 14b. For both the maximum strength and
the ductility, the α = 45◦ loading case yields the low-
est standard deviations followed by the loading cases
α = 0◦ and α = 90◦. For all other shear/tensile ratios
the standard deviations are significantly larger. From
Fig. 14b it can be derived that the ductility has two
levels with α = 45◦ being in the threshold zone.

The numerical model described in the previous sec-
tion is used to predict the joint strength under multi-
axial loading. The purpose of this paper is also to
investigate the quality of the identified material and
frictional behaviour. Therefore the numerical model is
“fed” with the data sets from Table 2. The identification
of the post-necking hardening behaviour is obtained
with three independent tests. The frictional behaviour,
however, is identified through inverse modelling by
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(a)
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Fig. 14 a Peak loads. Right panel b ductility of the joint

taking into account the interlock F and the process
curve. As a consequence, all data sets from Table 2
yield approximately the same joint in terms of geometry
and process graph.

Since for pull-out testing (α = 0◦) the frictional dissi-
pation is larger than the plastic deformation of the joint,
this particular loading case will allow the assessment of
the identified inter-sheet frictional behaviour (μk

i ) and
the interlock F. On the other hand, plastic dissipation
predominates in shear loading which in turn allows the
assessment of the identified material behaviour. Since
the alternative material tests, EM and PNTE, make
use of more experimental data to identify post-necking
hardening behaviour, it can be expected that these tests
yield more consistent results. In other words, the data
sets should be less dependent on the hardening laws
which are chosen a priori. Figures 15 and 16 show the
results of the numerical models along with the experi-
mental results for (α = 0, 15, 30◦) and (α = 45, 60, 75◦),
respectively. Figure 17 shows the results for (α = 90◦).

According to these figures, it appears that all opti-
mized data sets from Table 2 yield similar results for
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Fig. 15 Force-displacement graphs for the different angular po-
sitions (α = 0, 15, 30◦)

all multi-axial loading cases. The first two data sets
k = 1, 2 yield in pull-out testing (α = 0◦) different evo-
lutions of the process graph, however, similar maximum
strengths are predicted. Since the interface friction μi is
identical in both simulations, the difference is caused
by a slightly larger interlock owing to the use of the
Voce hardening law. Accordingly, this causes the model
to predict higher intermediate forces in pure pull-
out testing. This effect disappears with an increasing
shear/tensile ratio.
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Fig. 16 Force-displacement graphs for the different angular po-
sitions (45, 60, 75◦)

The discrepancy reappears when α = 75◦ and is
maximal for α = 90◦, however, the reason for this is
different. For α = 75◦, the Swift model starts to predict
a much higher maximum force than the Voce model.
Moreover, in shear loading, the Swift model predicts
forces which are closer to the experimental values.
Clearly, the material model starts to play a significant
role when the amount of plastic deformation increases
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Fig. 17 Force-displacement graphs for the different angular po-
sitions (45, 60, 75◦)

and in this case, α = 75◦ introduces enough shear load-
ing to reveal this behaviour.

Although identical trends apply for all identified
data sets, there is some dissimilarity regarding the
consistency of the results. As already stated, for (α =
0, 15, 30, 45, 60◦) the optimized data sets (k = 1–8)
yield very similar results. However, for the angular
position α = 75◦ and α = 90◦ the alternative material
data sets yield more consistent results in comparison
with the EM in the sense that the differences between
the adopted hardening law are smaller. Indeed, the
difference remains quite large for α = 90◦, but the
effort of identifying post-necking hardening behaviour
is still clearly visible.

It can be concluded that the Swift hardening mod-
els identified through the different material tests yield
the best results. This effect is more pronounced when
substantial shear loading is present. As such, it can be
stated that the prediction of the shear strength highly
depends on the accuracy of the material model. In
the case of pull-out loading all identified hardening
models yield satisfactory results which suggests that the
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accuracy of final geometry is predominant in this type
of simulation.

The orientation of the principal material directions
in the models which take planar anisotropy into account
are defined in Section “FE model”. The influence of
this orientation on the mechanical behaviour is inves-
tigated and Fig. 18 shows the results. These curves
are obtained by simulation of the angular position
α = 90◦ using data set k = 7, see Table 2. The curve
labelled as k = 7 Y = RD; Z = T D is obtained with
the principal material directions oriented as described
in Section “FE model”. A second model in which the
principal material directions are rotated by 90◦ is built.
The result from the latter model is labelled as k = 7
Y = T D; Z = RD in Fig. 18. It can be inferred from
this figure that the planar anisotropy has a marginal
effect on the mechanical behaviour.

Furthermore, there are also some artefacts to be
reported in the case of substantial shear loading. First,
from Figs. 16c and 17a it appears that for α = 75◦ and
α = 90◦ the stiffness of the joint is overestimated. It is
found that this caused by an inaccurate measurement of
the displacement V. Indeed, in shear loading the force
increases very rapidly in the beginning of the test. This
is accompanied with very small relative displacements
between the sheets. Since the measurement of V is
conducted on the rigid disks by DIC (or by the move-
ment of the cross head far away from the joint), these
small displacements cannot be accurately captured by
the current system. This can only could be remedied by
using an extensometer in the close vicinity of the joint.
However, this requires the Arcan device to be adapted.

A second artefact is the poor prediction of the rota-
tion of the disk half by the numerical models as shown
in Fig. 17b. Clearly, all numerical models overestimate
this rotation. This is a numerical error which originates
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Fig. 18 Influence of the orientation of the principal material
directions on the mechanical behaviour

from the “perfect” boundary definition of pin 2, see
Fig. 2. During the actual test, the rotation of a disk
half is hampered by friction between this pin and the
disk half. As discussed in Section “FE model”, this
pin is modelled by a reference point which allows the
disks to rotate in the plane of the disks. The problem
can be remedied by fixing the disk half as explained
in Section “The modified Arcan setup”. However, this
might cause a harmful side load in the load cell.

Finally, a third artefact is that the numerical models
(α = 0, 15, 30, 45, 60◦) often predict a wobbling curve.
At present, the reason for this is not fully understood
and should be investigated in more detail.

Figure 19 shows the failure modes for (α = 0,
15, 30, 45, 60, 75◦) and for all three replicas in each
angular position α the same mechanism is observed:
failure by deformation. For α = 90◦ two of the three
specimens failed by deformation, one specimen devel-
oped a crack which propagated through the neck of the
joint. The latter phenomenon is illustrated by Fig. 20.
The experimental results in Figs. 19 and 20 are accom-
panied by the numerical computed shapes just before
the connection fails. It can be inferred from Fig. 19 that
the shapes are fairly reproduced. The rotation of the die
side is gradually increasing from α = 75◦ to α = 90◦ and
there are no visible cracks. Also for α = 90◦ the overall
deformation mode is reproduced quite accurately. It is
worth noting that the die side does not rotate in the
latter loading case.

Since the FE model does not incorporate a damage
model, the fracture observed in the lower panel of
Fig. 20 could not be reproduced. However, this frac-
ture occurred in a very late stage of the shear test
as indicated by the black arrow in Fig. 13, and, as a
consequence, the model is still capable of predicting the
maximum force. Another consequence of the absence
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Fig. 19 Deformation modes for (α = 0, 15, 30, 45, 60, 75◦ )
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Fig. 20 Deformation modes of the joint under shear loading in
the Arcan set up (α = 90). a No fracture, b simulation, c ductile
fracture

of a damage model is the large discrepancy in the
prediction of the rotation of the disk halve shown in
Fig. 17b. Indeed, the propagation of a crack influences
the rotation of the Arcan fixtures. This is clearly illus-
trated in Fig. 17b: large deviations are observed beyond
the maximum strength (V ≈ 1 mm).

Conclusion and future work

This contribution presents results on the mechanical
behaviour of clinched connections under multi-axial
loading conditions. The first part is concerned with the
development of an experimental method which enables
to exert various shear/tensile ratio’s on clinched con-
nections. An Arcan-like setup is designed and equipped
with the digital image correlation technique to measure
all rigid body motions of the fixtures. The second part
embarks on the strategy to simulate the forming of a
clinched joint which involves the identification of post-
necking hardening behaviour of sheet metal and fric-
tional behaviour. The post-necking hardening behav-
iour of DC05, a mild deep drawing steel, is identified
through three methods. Since friction plays a vital role
in clinch forming, the unknown friction coefficients are
inversely identified based on the experimentally mea-
sured interlock and the process graph. In the third part,
the multi-axial experiments on a DC05–DC05 clinched

connection are used to validate FE models of the test
with varying shear/tensile ratios.

It is shown that the maximum strength of the con-
nection increases when the magnitude of the shear
component increases, between α = 45◦ and α = 90◦ the
strength increases more rapidly than between α = 0◦
and α = 45◦. The ductility of the joint appears to have
two levels which are separated by a transition zone
around α = 45◦. Increasing the magnitude of the pull-
out component leads to an increased joint ductility.
Each material data set together with the identified fric-
tional properties are used to simulate seven different
shear/tensile ratios. In general, the presented FE model
is able to reproduce the experimental observations such
as the force-displacement curve and the deformation
mode of the joint. Since the numerical model does not
incorporate a damage model, fracture in the neck could
not be reproduced. Unlike the conventional way to
identify post-necking hardening laws of sheet metal, it
is shown through the multi-axial tests on clinched joints
that the alternative material tests yield a hardening
behaviour which is less dependent on the hardening
law which needs to be chosen a priori. The significance
of this is illustrated when there is sufficient plastic
deformation of the joint, and, as a consequence, when
the shear component reaches a critical value.

Future work should embark on improving the mea-
surement accuracy of the relative displacement be-
tween the sheets. It should also be investigated why the
numerical models sometimes predict a wobbling curve.
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