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Abstract

The aim of the investigations described in this article is to improve the clinching of aluminum die casting. The focus is on
clinching an aluminum die casting alloy by local heat treatment and hence to join them in a process-safe manner. For this
purpose, a heating strategy is used to warm up the die casting alloys to reduce temporarily and reversibly the elongation and
the yield strength in the material. In preliminary investigations, three different heating strategies (heating plate, resistance
heating and inductive heating) have been investigated. Induction heating has been selected as the most suitable method due
to the short heating time and the production of crack-free clinch points. In this paper, two clinching tool systems (one with a
flexible die, one with a rigid die) were used. For these tools, two inductors with different diameter were manufactured. The
effects of each inductor and clinching tool on an aluminum die casting alloy, such as heating time and crack behavior, were
investigated. Surface images of the clinch points in regard to the heat treatment temperature were analyzed. Furthermore,
the characteristic parameters of the joints such as interlock, bottom thickness and neck thickness were examined. In addi-
tion, the strength of the joined parts was investigated by head tension tests. The results of the developed method showed that
it is possible to produce crack-free clinching joints below 6 s. Furthermore, the local heating led to an increasing interlock
resulting in a 26% increase of the head tensile strength.

Keywords Joint - Clinching - Die casting - Heated clinching - Tempered clinching

1 Introduction

In the automotive industry, the multi-material body (MMB)
is a trend among manufacturers. The reason for this is that
in this design, the choice of materials depends on the load
types [1]. In this way, materials with a lower density can be
used for less stressed zones in order to reduce the overall
weight of the vehicle. However, the aspects of lightweight
design, cost (quantities) and performance requirement (stiff-
ness) are contrary to each other when combining various
materials [2]. During the design process, mechanical prop-
erties and thermal expansion coefficients of the materials
must be considered, as these place high demands on joining
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techniques. In order to exploit the combined advantages
of all the materials used or the manufacturing processes
in large-scale production, new developments must support
economical lightweight body construction.

Figure 1 illustrates a mixed design with a high aluminium
content using the example of an Audi e-tron GT. With the
aid of a load-oriented material combination, a high weight
saving was achieved compared with a steel body.

Conventional joining methods reach their limits in the
case of the multi-material body. For example, spot weld-
ing, which is commonly used for body construction, is less
suitable for joining the material combination of aluminum
and steel, due to the different thermal properties. In this
case, other joining technologies, such as clinching, must be
considered. This process has been shown to be suitable in
advance.

Aluminum die casting alloys are very brittle in their natu-
rally hard state and hence are only suitable for clinching to
a limited extent. Previous studies have shown that cracking
occurs on the joining surface using a clinching process [4].

Zhao et al. [5] investigated self-pierce riveting for dif-
ferent aluminum die casting alloys (A380, W3, A6061)
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Fig.1 Aluminum-intensive mixed construction using the Audi e-tron
GT Coupé as an example [3]

and focusing on the cause of cracking in these alloys dur-
ing joining. His explanation for the cracking was the sil-
icon content of the alloy, which causes the elongation at
fracture to decrease. However, silicon is important for the
casting behavior of the aluminum alloy. The addition of
strontium or a heat treatment can improve the elongation at
fracture, as this prevents silicon from agglomerating in the
material. In the further progress of its study, the aluminum
die casting material W3 was heat-treated to temperatures
of 200-400 °C. The die casting alloy were joined with a
steel sheet material (DP800) and the joint were examined
for their crack behavior. The results showed that, although
the cracks decrease with increasing heat treatment tempera-
ture, the joint strengths also decrease [5]. In further inves-
tigations, Zhao [6] found that deeper dies generate larger
cracks because the die casting material is exposed to greater
deformation.

For example, the company Bollhoff [7] has developed a
ring groove die to join brittle materials with aluminum cast-
ings in the as-cast state by reducing the additional volume
inside the die.

Studies were conducted by Jackel et al. [8] in the area
of self-pierce riveting processes for aluminum die casting.
Although the crack formations could be avoided by an opti-
mized tool geometry, the interlocking was reduced [8].

Investigations in the context of friction stir riveting for
aluminum die casting was carried out by Hovanski et al. [9].
Since die casting has high brittleness, this is an obstacle for
joint quality. As a result, it tends to be more susceptible to
fracture and thus more sensitive to bending [9].

Ang [10] provided an overview of semi-hollow stamped
riveting with a focus on joint failure, corrosion issues and
optimization techniques. In his overview, he noted that there
is a high potential for cracking during joining, especially
in brittle materials such as magnesium and aluminum die
casting [10]. While it is already known from various studies
that the cracks in magnesium die casting can be avoided by
preheating [11], this approach has not yet been researched
for aluminum die casting.

In a previous study, three different heating methods
(heating plate, resistance and inductive heating) have been
examined in order to obtain crack-free clinch joints [12].
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To reduce the brittleness of the aluminum die casting alloy,
an annealing step was integrated into the clinching process.
The results showed, that the inductive heating method was
the most suitable to obtain crack free clinching points in a
fast manner. Therefore, this heating method was selected
for further investigations, which are presented in this paper.
In order to classify the influence of the heating methods on
the joinability by means of clinching, the heating time, the
surface area and the geometric dimensions of the clinch-
ing point as well as the bond strength of the joints were
examined.

2 Experimental setup and materials

The experiments were carried out on the clinching press
DFG-500/150 of the company Eckold and CEB 008 of the
company TOX. The tooling system used on the Eckold press
is a two-part die with a step punch from the company BTM.
The die consists of two blades, which are held together
in their initial position by a steel spring. Due to the blade
geometry, there is a gap between the blades, which ensures
that the blades are pressed apart during clinching. The die
was positioned so that its blades were vertical oriented to
the press. The step punch used has a diameter of 5.5 mm
and 6.4 mm. Its geometry ensures that sufficient material is
pressed into the clinch point and that the neck thickness does
not thin out. The tooling system on the TOX press is a rigid
die with a cone punch (Fig. 2).

The induction heating process proved to be the most suit-
able due to its short heating time. Therefore, this heating
method was improved for use in series production. In this
context, it is especially important to consider the criterion
of the heating time as a boundary condition. Furthermore,
the place for mounting must be chosen according to practical
dimensions. That means a miniaturization of the inductor is
necessary.

Based on the inductor used in [12], a miniaturized induc-
tor was developed that meets the requirements for series-
production operation. The ring thickness of the inductor was
halved. In addition, it was not possible to build one inductor
for both clinching presses, since each press has its own spe-
cial mounting possibilities. Thus, two separate ring inductors
were developed, which are adapted to the respective clinch-
ing presses and their tools. Figure 3 shows the production
drawing of the ring inductors for the Eckold and the TOX
press. The difference to the ring inductor for the TOX press
is the diameter of the respective ring. The ring inductor for
the Eckold press has an inner and outer diameter of 36 mm
and 46 mm, while the TOX press has smaller diameters of
23 mm and 33 mm. Furthermore, both inductors have a dif-
ferent curvature. This is directed to the right for the Eckold
variant and to the left for the TOX variant. Glass silk tape
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Fig.2 Clinching press of the company Eckold (down) and the company TOX (up); the used clinching tool system of the company BTM (down)
and the company TOX (up)
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Fig. 3 Production drawing of the miniaturized ring inductor for the Eckold clinching press (left) and for the TOX clinching press (right)

was wound into the leads for electrical insulation. As shown
in Fig. 3, the ferrite shielding extends 74 mm deep into the
leads to protect objects below from the magnetic radiation.

The inductors were mounted on the presses using ITEM
profiles. The existing drills were used for fastening to the
presses. Figure 4 shows the presses with successfully inte-
grated inductors. The areas of the inductor where no glass
silk tape could be used for insulation were encased accord-
ingly with a specially manufactured plastic insulation. The
water cooling is attached to the generator, which provides
the inductor cooling.

The miniaturized ring inductors were first used to experi-
mentally measure the time—temperature curves in the die
casting material in order to determine the suitable manipu-
lated variable (generator power) for further investigations.
The generator used is MFG 18 from the company Eldec. It
has a maximum power of 18 kW at a maximum frequency
of 40 kHz and an active water cooling. The generator power
set here is not to be equated with the real power consumption
and serves as a control value. The generator regulates the
inductor voltage, whereby a higher inductor voltage causes
a higher voltage in the workpiece, which in combination
with the induced current determines the converted power
in the workpiece. The higher the generator power, the more
power arrives at the joint. It should also be mentioned that
the induced power depends on other factors, such as the air
gap between the inductor and the material, as well as geo-
metric conditions with regard to the inductor.
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Here, the manipulated variable on the generator was
increased stepwise in 10% (4 kHz) increments starting at
50% (20 kHz). It is known from the previous induction heat-
ing tests that crack-free clinch points can be achieved in
die casting beginning with a temperature of 250 °C [12]. In
that case, a different inductor with a larger ring thickness
(10 mm), a wider inner diameter (40 mm) and a different
ferrite shield was used. Therefore, the results from the pre-
vious study cannot be applied to this research. Due to the
miniaturization of the inductors, which lead to a more con-
centrated magnetic field for workpiece and clinching tool,
lower temperature need to be considered. Because of this,
new prior examination was conducted in which the refer-
ence temperature was determined at 220 °C. A pyrometer
for regulating the temperature was not considered in these
tests, since the primary objective was to determine the
minimum time window required for temperature-controlled
clinching. Temperature regulation would result in a slower
warm-up time because it would throttle the generator’s
output before the actual reference temperature is reached.
Therefore, a time-regulated approach was applied, in which
the time at the desired temperature is determined by means
of time—temperature curves.

2.1 Investigated materials

The clinching of aluminum die casting is the focus of this
investigation. Therefore, an aluminum die casting alloy EN
AC-AISi9Mn (3 mm) in its as casted condition F is used
in the scope of this research. Because the clinching of

Fig.5 Casting part with the
sample positions (left) and
measured mechanical properties

Specimen
Positions

brittle aluminum die casting is associated with cracks on
the surface, this material is placed on the die side so that it
is heated directly by means of the inductor. As the punch
sided material, the aluminum sheet EN AW-5182 (1.5 mm)
was applied.

As part of the material characterization, the die-cast com-
ponents were analyzed. The strength values such as tensile
strength, yield strength and elongation were determined. The
tensile specimens correspond to specimen shape E from the
DIN 50125 standard, with removal from the casting close to
the ingate, center and venting as shown in Fig. 5 left.

In addition, the fracture surfaces were analyzed in isolated
cases and the porosity in the component was determined by
means of computer tomography. From the samples, mean
values and standard deviation are obtained for the alloy and
the sample position. The diagrams in Fig. 5 on the right
show the values averaged over the casting component for
tensile stress, yield strength (Fig. 5 top right) and elongation
at fracture (Fig. 5 bottom right). The determined strength
values, especially those for tensile strength and elongation
at break, show significantly lower values compared to those
from the literature, regardless of the specimen position. The
determined proof stresses are in line with the values from
the literature. The strong scatter among the specimens is
also noticeable. This behavior is caused by statistically dis-
tributed cold shut in the material. Such a cold shut can be
seen in the scanning electron micrograph in Fig. 6 on the
left. The tensile strength for this sample is 175 MPa and the
elongation at break is 1.9%. Both values are very low for this
alloy. The image shows a dark matte area in the center of the
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Fig.6 General view of the frac-
ture surface of the prematurely
cracked tensile specimen of

the alloy EN AC-AlSi9Mn, the
area with the cold shut is clearly
visible (left) and rendered 3D
model of the pore analysis of

a tensile specimen next to the
venting

~— Punch Side Layer

© = Die Side Layer
Ferrite Shield

Magentic
Flux Line

Inductor

Clinching Die

Fig. 7 Principle scheme of the shielding of the magnetic field lines

fracture surface and perpendicular to the load. This area is a
cold shut in the material. The difference between the light,
fissured and dark, smooth areas can be clearly seen. Figure 6
on the right shows a rendered 3D model of a tensile speci-
men from the side of the demonstrator component far from
the sprue. The pore size is in the range of 0.13—0.80 mm,
and the number is about 70 pores. In general, the porosity
is low, which supports the explanation of the low strength
values due to cold shut.

2.2 Inductive heating and process sequence

In induction heating, eddy currents are induced in a metal
workpiece by an alternating electromagnetic field and these
are converted into heat by the remagnetization losses. There-
fore, in induction heating, the heat is induced directly into
the workpiece without any external influence. Thus, this
process has a relatively high efficiency. In the scope of this
research, the inductive heating was used for the clinching die
and the joining materials (sheet metal and die casting). The
ferrite shield was installed all around the inductor, except for
the surface facing the joining components. In this way, the
magnetic field is concentrated exclusively in the parts to be
joined and a small proportion in the clinching die (Fig. 7). In
previous studies it could be shown, that this heating method
is the most suitable in comparison to heating plate and resist-
ance heating [12].

2.3 Dimensions of clinch elements

The dimensions of clinch elements, which contribute to the
form fit, are used to assess the joint strength and mechanical

@ Springer
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properties. According to DVS-3420-1, the parameters are
summarized in Fig. 8 [13]. The overlap between the com-
pressed material and the initial material is referred to as the
interlock f. With its clamping with the die-side sheet, this
ensures the necessary joint strength under peel and head
tensile stresses. If the interlock is pronounced, the form
fit of the joint is enhanced, which leads to an increase in
joint strength. The neck thickness t, is the thinnest section
at the transition from the punch-side sheet to the clinch
point. Since this parameter is mainly responsible for the
joint strength under shear stress, the joint strength can be
increased by increasing its thickness. For non-destructive
testing of the clinch point, the bottom thickness t, can be
taken as a measure [14].

3 Results

In the following chapters, the experimental results are
shown. The focus is on the time—temperature curve, the sur-
face analysis, the geometrical dimensions of the clinching
point and the bonding strength of the joint.

3.1 Time-Temperature curve

Figure 9 shows the time—temperature curve when using
a time-regulated approach. The curves shown are a mean
value, each consisting of five measurements. For this test, a
type K thermocouple was inserted into the die casting mate-
rial via a 0.6 mm wide and 11 mm deep hole. The compo-
nents to be joined were positioned at a distance of 3 mm
from the inductor and fixed by means of a fixing device. It
can be seen that the reference temperature is reached faster
with increasing manipulated variable (power value). For
example, the time for the inductor of the TOX clinching
press at 50% (20 kHz) power value is 11.5 s, while it is
5.5 s at 100% (40 kHz) power value. This is a time saving
of 48%. Comparable results are achieved with the induc-
tor for the Eckold clinching press. Here, the time to reach
the reference temperature at 20 kHz is 6.9 s and 4.5 s at
40 kHz. This results in a time saving of 35%. The different
warm-up times at the same control variable are mainly due
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Fig.8 Dimensions of clinch
elements of a rigid die (up) and
a flexible die (down) [13]

d

(1) Clinchpoint with rigid die
(2) Clinchpoint with flexible die

Time-temperature curve for the inductor of the
TOX Clinching Press
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Fig.9 Time-temperature curve for inductive heating with different manipulated variable (power value) for the inductor on the TOX clinching

press (left) and the inductor on the Eckold clinching press (right)

to the different ring diameters of the inductors. A larger ring
diameter leads to a larger magnetic field, which in turn can
release more power.

3.2 Surface analysis

When examining the die-side surface of the clinch points,
it was noticed that different heating temperatures are
required depending on the die geometry. The BTM die
system used in the Eckold clinching press was able to pro-
duce crack-free clinch points at temperatures of 260 °C in
the die casting with a slightly higher heating time (5.6 s),
while this was already reached at 220 °C with the TOX
die system. The TOX die is a rigid die in which the heat is

concentrated in the die body and this favors the clinching
process (Fig. 10). According to Zhao [6], the reason for
crack reduction is the dissolution of silicon agglomeration
within the microstructure. The heating of the material,
which increases the fracture elongation and causes the
material to deteriorate in ductility, induces this [6].
There are two challenges with the flexible BTM die.
One is the vulnerability of the springs to the high tempera-
tures and the other is the insulating effect of the blades.
The temperature causes the spring to lose a lot of elastic-
ity, which limits the closing of the lamellae. The bulge is
caused by the material becoming ductile and being dis-
charged through the anvil. Furthermore, the lamellae act
as an insulating shield for the core of the die, limiting the
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Fig. 10 Overview table of surface analysis of a moving BTM die (blue box) with a rigid die (green box) using a miniaturized inductor (colour

figure online)

Fig. 11 Close-up surface analy-
sis of a moving BTM die (blue
box) with a rigid die (green
box) using a miniaturized
inductor (colour figure online)
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heating of the die and thus requiring higher temperatures
(Fig. 11).

3.3 Clinch point analysis

With both tool systems, crack-free clinch points were pro-
duced in a time of less than 6 s. From the micrographs, it can
be seen that both tool systems result in similar effects on the
dimension of the clinch elements. Although cracks are pre-
sent on the surface of the die-cast components, they do not
affect the joint strength when the clinch point is subjected
to shear stress, since the cracks are only superficial and do
not extend through the material. The neck thickness remains
almost unchanged in both cases compared to the samples
treated at room temperature. This indicates that the shear
tensile strength remains the same, since it strongly depends
on the extent of the neck thickness. The tempering process
also produced more pronounced interlock f than at room
temperature with both tool systems. This can be explained
by the better material flow behavior of the aluminum die
casting, which results from the heating, see Table 1. The
results shown in Table 1 are mean values, each consisting
of five measurements.

3.4 Joint strength analysis

The results of the clinch point analysis (Table 1) showed
that neck thickness t, for both tool systems remains
unchanged with inductive heating. As mentioned before,
this indicates that the shear tensile load also remains
unchanged. Therefore, this article does not take into
account the shear tensile test. On the other hand, the inter-
lock f is subject to a significant increase with up to+47%.
Since the undercut is directly related to the head tensile
strength, the head tensile strength has to be examined. The
joint strength test was performed using a DYNA-MESS
tensile testing machine type S100/ZD. The test was per-
formed by means of the head tensile test in accordance
with DVS 3480. The test speed was 10 mm/min for all
specimens. The head tensile strength for both tooling sys-
tems were investigated and are shown in Fig. 12. Here,
the direct comparison to clinched specimens at room
temperature are presented. It can be noted that regardless
of the tooling system, there have been increases in head
tensile strengths. This amounts to an increase of 25% for
the TOX tool system and an increase of 26% for the BTM
tool system.

Table 1 Change of dimensions of the clinch elements from 20 to 220 °C of the specimen EN AW-5182 and EN AC-AISi9Mn

Tool system t, f tyy tho

[mm] [mm] [mm] (mm]

RT Inductive heating RT Inductive heating RT Inductive heating RT Inductive heating
TOX 0.38 0.35 (—=9%) 0.17 0.25 (+47%) 0.26 0.13 (= 50%) 0.94 0.42 (—55%)
BTM 0.25 0.25 (0%) 0.09 0.13 (+30%) 0.55 0.14 (—80%) 0.61 0.31 (—50%)

Fig. 12 Head tensile strength
of the clinching joints at room
temperature and at 220 °C for a

M Room Temperature

™ Heated Clinching Head tensile strength

rigid die (TOX) and a flexible n - ,
die (BTM) :
1.6 26 %
Z 1.4 {_ Punch side: EN AW 5182 (1.5 mm)
= 1.2 25 % ' Die side: EN AC-AISi9Mn (3 mm)
® 10 Sample Number: 6
E 0.8 Heating Time: 54s
£ 06 Power value: 100 % (40 kHz)
=]
704
0.2
0 L |
TOX BTM
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4 Summary and outlook

Two right-angled inductor concepts, each adapted for a
specific clinching press, were developed and manufactured
in order to produce crack-free clinching points when using
aluminum die casting. The inductors were attached to the
clinching presses using their existing drills. Clinching tests
were carried out with the aim of determining the minimum
time window required as a function of joining part thick-
ness considered. The different diameters of the ring induc-
tors result in the generation of different magnetic fields and
different time—temperature curves. This was demonstrated
by observing the time—temperature curves of the individual
inductors. The larger diameter of the inductor in the Eckold
clinching press can achieve higher heating rates. For exam-
ple, at a power value of 50%, the reference temperature of
220 °C was reached after 6.9 s, while the inductor for the
TOX clinching press needed 11.5 s to get to the reference
temperature. At a manipulated variable of 100%, the time
could be reduced to 4.5 s when using the inductor for the
Eckold press and to 5.5 s for the TOX press inductor.

When examining the die-side surface of the clinch points,
it was determined that different heating temperatures are
required depending on the die geometry. The BTM die sys-
tem was able to produce crack-free clinch points at tem-
peratures of 260 °C in die casting, while this was already
possible at 220 °C for the rigid die system (TOX). The TOX
die is a rigid die in which the heat is stored in concentrated
form in the die body, thus favoring the clinching process.
In the case of the flexible die, the blades lead to a strong
heat loss. Here, the blades act as an insulating shield for
the core of the die, which restricts heating and thus requires
higher temperatures. With both die systems, the generation
of crack-free clinch points was possible in a time of less
than 6 s. The micrographs showed that the neck thickness
in both die systems remained almost unchanged compared
to clinched specimens at room temperature. This indicates a
constant shear tensile strength, since this is strongly depend-
ent on the neck thickness. The tempering clinching process
produced a more pronounced interlock in both die systems
than at room temperature. This can be explained by the
better material flow behavior of the aluminum die casting
resulting from the heating. The investigation of the joint
strength showed an increase of up to 26% was measured for
the head tensile load (BTM-die), which can be attributed to
the more pronounced interlock.

In further investigations, real die casting components
from an automotive supplier will be examined by taking into
account the presented results.
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