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Abstract

Based on fundamental technological investigations, alternative joining strategies using
electromagnetic forming (EMF) for the flexible production of lightweight frame structures
are developed in the collaborative research project SFB/TR10. The results of these
investigations will also be used to create general design principles for the joining process
itself as well as for the joining zone. The focus of this article will be on dominating form-fit
joints of aluminum frame structures and the parameters which have a significant influence
on the strength of those joints. For the development of design principles regarding the
Joining zone, the groove geometry of the connection elements was varied in terms of size
and shape, and the influence of those variations was analyzed. In terms of the joining
process itself the effect on the joint strength of different forming pressures for a given
groove geomelry was also investigated. In the first step these experiments were
performed on solid mandrels. In order to reduce the weight of the structure, experiments
were then performed with hollow connection elements and similar groove geometries to
analyze how the reduced stiffness of those elements affected the strength of the joints.
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1 Introduction

A current goal of the automotive industry is the reduction of the CO, emissions and
increase of the fuel efficiency. To achieve this goal, the focus is currently on the
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acknowledged as well.
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optimization of the powertrain as well as the reduction of a car body’s weight. A successful
approach to reduce the total weight of a car is the implementation of lightweight strategies
in the design process, such as by using light weight materials [1]. The economic
production of high strength joints is a major challenge for the manufacturing of a car’s
frame structure made from extruded aluminum profiles. An interesting alternative to
conventional welding and riveting processes is joining by electromagnetic forming since
the achievable joint strength is within the range of the strength of the weakest joining
partner [2].

2 Fundamentals of joining by electromagnetic compression
2.1 Fundamentals of electromagnetic forming

Electromagnetic forming (EMF) is a noncontact high velocity process using pulsed
magnetic fields to deform materials with high electrical conductivity, such as copper and
aluminum alloys [3]. Depending on the setup, the tool coil geometry and the work piece,
electromagnetic forming can be used for sheet metal forming operations or for the
compression as well as the expansion of hollow profiles [4]. The forming process is
typically finished after 100 microseconds. This means that a compression speed of
300 m/s can be achieved, which is equivalent to a strain rate of 10%s to 10%/s [5]. A typical
setup of work piece, tool coil and forming machine for the electromagnetic compression is
shown in Figure 1.
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Figure 1 a) Setup for the experimental investigations on solid mandrels and b) hollow
mandrels. c¢) The different groove shapes (triangle, rectangle, circle) with width w and
depth d used within this investigation.

In the equivalent circuit diagram of this resonance circuit the forming machine is
symbolized by the capacitance C, the inner resistance R; and the inner inductance L;. The
work piece and the coil can be seen as a consumer load. Due to a sudden discharge of
the electricity stored in the capacitor, a damped sinusoidal current /(t) runs through the coil
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(see Figure 1). The current, which typically ranges from 10 to 1000 kA, generates a
magnetic field H(t,r,z) around the tool coil. According to Lenz’s law, this magnetic field
induces eddy currents in the work piece. They are directed opposed to the coil current and
they shield the magnetic field from the inside of the work piece. The energy density of the
magnetic field represents a pressure p(t,r,z) which acts orthogonally on the work piece [4].
Once the stresses in the work piece due to this pressure reach the yield stress of the
material, plastic deformation of the tube starts. If the work piece movement is neglected,
the magnetic pressure can be calculated by the following equation [6, 7 and 8]:

2

per2) = zu (1D (2) (1)

lcoil

Within this equation u represents the permeability, n the number of turns of the coil
and /. the length of the coil. The factor ky(z) determines the axial distribution of the
magnetic field [9].

2.2 Joining by electromagnetic compression

Joining of tubular work pieces by electromagnetic compression is the most frequently
used EMF application. The manufacturing of those joints does not require additional
joining elements, such as screws, rivets, adhesives or auxiliary wire. According to the
most dominating mechanism against an external load, joints manufactured by
electromagnetic forming can be classified into interference-fit joints, form-fit joints and
welded joints. Interference-fits are manufactured by a plastic deformation of one and an
elastic deformation of the other joining partner so that interference stresses result [2]. For
a form-fit joint, the material of one joining partner is formed into an undercut (e.g. a
groove) of the other joining partner (see Figure 1). As a result, the joint is locked against
an external load. In the case of very high impact velocities of the electromagnetically
driven part it is possible to produce welded bonds between the joining partners. This
application is called magnetic pulse welding. Furthermore, the resistance against an
external load can be a result of a combination of each of those mechanisms. Typically, the
loads which can be transferred by a dominating form-fit or welded connection are higher
than those which can be transferred by an interference-fit joint. Compared to form- and
interference-fit joints, welded connections usually require a much higher energy to be
manufactured. Since similar joint strengths can be achieved by form-fit as with magnetic
pulse welded connections, this kind of joint shall be investigated in the following. The
factors which influence the strength of a connection formed by electromagnetic
compression shall be analyzed.

Very detailed studies on the influence of different groove parameters on the joint
strength of form-fit connections were done by Buhler [10 and 11], Golovashchenko [12]
and Park [13]. In their work Blhler and Golovashchenko investigate the influence of the
groove width w and depth d on the achievable joint strength for electromagnetically
compressed form-fit joints. For their investigation, they varied the acting magnetic
pressure in such a way that the tube wall just touched the groove base. They found that
an increase of the groove depth as well as a decrease of the groove width lead to higher
joint strengths. In contrast to Buhler and Golovashchenko, Park used a constant forming
pressure in his work. He also found an increase in the joint strength with an increase of
the groove depth. But he observed an increase of the joint strength with an increase of the
groove width. This can be explained by the constant forming pressure Park used in his
experiments. The pressure required to form a tube into a groove so that its wall just

139



4™ International Conference on High Speed Forming — 2010

touches the groove base decreases with increasing groove width. This is a result of the
lower stiffness of the tube wall covering the groove [11]. Therefore, a constant forming
pressure leads to an enlarged contact area at the groove base for wider grooves. As a
result of the compressive forming, residual hoop stresses are generated in the contact
area. Due to these stresses, an interference-fit is generated, and its effect on the overall
joint strength grows with an increase of the contact area and therefore with wider grooves
[13]. Park also investigated the influence of the groove edge radius on the joint strength.
He found that up to a certain point a smaller edge radius leads to higher joint strength. But
a decrease of the radius also causes an increase of shearing at the groove edge. As a
result of these opposing effects, an optimal groove edge radius exists for a given groove
depth [13]. All three research works also showed that the strength of a form-fit connection
can be increased significantly by using multiple grooves.

3 Motivation

The results of the previous studies introduced above were applied for the design of form-fit
joints for the lightweight frame structure shown in Figure 2 b). But the resulting joint
strengths were much lower than expected from those studies. For weight reduction
purposes, the inner joining partners were designed as hollow aluminum parts, which led to
a much lower stiffness than the mandrels used by Bihler, Golovashchenko and Park for
their experiments.
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Figure 2 a) BMW-C1E. b) Alternative frame structure for the BMW-C1E manufactured
within the collaborative research center SFB/TR10. ¢) and d) EMF form-fit joints

To determine the reason for the significant drop in joint strength and to develop
joining strategies for those lightweight frame components, an investigation was carried
out, the results of which are presented in the following. This development of joining
strategies includes a study regarding the influence of different groove shapes on the joint
strength. This parameter is especially important in terms of corrosion aspects. In case of a
rectangular groove design, cavities are generated at the groove edges. These cavities are
potential starting points of corrosion. By using circular grooves, these hollow spaces can
be avoided. But this groove shape might lead to a different joint strength than the
rectangular groove geometry.
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4 Experimental investigation of the joining zone characteristics
on the joint strength

Fundamental experiments were performed to indentify the parameters which affect the
strength of form-fit joints for lightweight frame structures. The basic setup of the
experiments carried out within this work is displayed in Figure 1 a) and b). For the
experiments, solid and hollow mandrels with an outer diameter of 36 mm were used. The
charging energy during the joining experiments was adjusted in order to apply the
minimum amount of magnetic pressure that was required to cause contact between the
tube and the bottom of the groove. This was defined as “filling” the groove, similar to the
approaches of Buhler and Golovashchenko [10, 11 and 12]. The drilled hole in the hollow
inner joining partners had a diameter of 24 mm. This diameter was chosen to ensure that,
for all groove depths, the smallest annulus area of the mandrel was bigger than the
annulus area of the tube. As a result, the tube was always the weaker joining partner. For
the investigation of the influence of the groove shape, rectangular, circular and triangular
grooves were machined into the mandrels (see Figure 1 c)). These grooves had three
different widths w (12, 16 and 20 mm) as well as three different depths d (1, 1.5 and 3
mm). This variation was done to obtain a complete understanding of the parameters
influencing the joint strength. To minimize an additional possible interference-fit between
the joining partners, the same material, namely EN AW-6060 (F22), was chosen for the
tubes and the mandrels [14]. For the same reason, there was no gap between the joining
partners. The outer diameter of the tubes was 40 mm and the wall thickness 2 mm. To
generate the magnetic pressure pulses, a Maxwell Magneform machine (Series 7000)
was used. The relevant machine parameters were a capacitance C of 362 pF, an
inductance L; of 78 pyH and an inner resistance R; of 5.4 mQ. As EMF actuator, a
compression coil with an inner diameter of 40 mm and 10 turns distributed over a coil
length of 60 mm was used.

4.1 Determination of the forming pressure

As mentioned above the forming pressure was selected in dependence on the groove
dimensions width and depth. To find the proper forming pressure an analytical-
experimental approach was used. In the first step the pressure pmi, required to initiate the
plastic deformation of the tube into the groove was determined. Therefore, the following
equation developed by Buhler was used [11]:

pin =0 [3-(5) +3] @

Within this equation o, represents the yield stress of the tube material, s the wall
thickness and R the outer radius of the tube. The groove width is represented by w. The
result of this analytical model provided an approximate starting point for the second step in
the approach (see Figure 3). To determine the exact pressure required to fill a groove of
any desired dimensions experimental data were used. The objective of these experiments
was to determine the correlation between magnetic pressure and the resulting depth of
forming into the channel. For these tests, two greased steel cylinders were inserted into
an aluminum tube. They were connected by a threaded rod to adjust their distance. The
cylinder gap width w was matched with the three groove widths for the mandrels: 12, 16,
and 20 mm. The tubes were then electromagnetically formed into the gap between the
steel cylinders using charging energies between 2.4 kJ and 6 kJ, at intervals of 1.2 kJ.
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The measured discharge currents varied between 55 kA for 2.4 kJ and 90 kA for 6 kd of
charging energy. The rise time of the discharge was approximately 22 ps. After the
removal of the cylinders, a ZEISS PRISMO VAST 5 HTG coordinate measurement
machine was used to determine the maximum forming depth d. Figure 3 shows the
resulting depth versus the respective magnetic forming pressures. The calculation of
these pressures was based on the applied discharge current, using Equation 1. Upon
plotting the magnetic pressures versus forming depths it could be seen that, for each gap
width w, the resulting forming depth d rises linearly with the applied magnetic pressure.
Figure 3 also shows that increased forming depths or decreased gap widths require a
higher forming pressure.
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Figure 3 Influence of the magnetic pressure on the achieved forming depth d for different
groove widths w.

By substituting a specific groove depth into the equation of the corresponding trend-
line, the required magnetic pressure to fill a groove can be determined with a high degree
of accuracy. The calculated pressure for each parameter set was multiplied by a safety
factor of 1.1 to ensure filling. This factor accounts for the differences between the steel
cylinders in the pre-tests and the aluminum mandrels used to create the joints. It also
accounts for any possible inhomogeneities in the tube material.

4.2 Influence of the groove dimensions and shape on the joint strength

In order to analyze if the determined magnetic pressures were accurate and the tube wall
touches the groove base, X-ray radioscopy and micro computer-tomography
measurements were performed after the joining process. Another reason for these studies
was to detect a possible shearing or thinning of the tube wall at the groove edges. A high-
performance computer tomography system equipped with two X-ray tubes (directional
microfocus and tube with transmission target) was used to carry out those measurements.
The machine is equipped with a 7-axis manipulator and a large-sized flat-panel detector
with an active area of 409.6 x 409.6 mm?, containing 2048 x 2048 square pixels (see
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Figure 4 a)). The X-rays which are emitted from the focal spot on the target of the
microfocus tube penetrate the specimen and are attenuated due to interaction processes
with matter. Since the X-rays diverge, the specimen is projected onto the detector plane
with a magnification given by the ratio between the focus-detector-distance and the focus-
object distance. Figure 4 shows the specific parameters which were used for the non-
destructive 2D inspection and tomography. The joint of the specimen was mapped with
maximum magnification onto the detector plane. This resulted in a reconstructed
tomogram containing roughly 2000 x 2000 x 1000 voxels with a voxel edge length of 22
pm. An algorithm developed by Feldkamp [15] was used for the reconstruction.
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Figure 4 a) Setup of the radioscopic and computer tomography (CT) measurements. b)
CT image of a form-fit joint with a rectangular groove of 20 mm width and 3 mm depth.

In Figure 4 c) a xy-slice of the joining zone is displayed. It can be seen that the tube
wall makes contact with the groove. The tube wall lies against the deepest point of the
groove (groove base) but cavities above and below the plane containing the groove base
can also be observed. To determine the quality of the generated joints, pull-out test were
performed afterwards. For these experiments a universal testing machine Zwick SMZ250
was used. A pull-out rate of 0.05 mm/s was chosen. Figure 5 a) shows a typical pull-out
curve which was obtained by these tests. The force F, was defined as failure criterion of
the connections. At this force, the first relative movement between the tube and the
mandrel occurred. Its value was indicated by a change in slope of the load-extension
curve (see Figure 5 a)). This criterion was chosen in accordance with the work of Blhler
[10]. In Figure 5 b) the two different failure modes which were observed during tensile
testing are displayed: pull-out of the tube from the groove and tearing of the tube at the
leading groove edge. Both failures occurred shortly after the connections reached their
ultimate pull-out force. The tearing of the tube was observed when higher forming
energies were applied to deeper and/or narrower grooves. This could be attributed to the
tube being partially sheared at the groove edges as it was formed into the grooves at
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higher magnetic pressures. For these joints the F, as well as the ultimate pull-out force
was higher than for those connections which failed by pull-out of the tube. Furthermore,
the joints failing by tearing of the tube failed more suddenly due to a lower plastic
deformation of the connection before the final separation of the joining partners.
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Figure 5 a) Typical pull-out curve of the joint specimens. b) The two failure modes
observed within this work: pull-out (left) and tearing (right) of the tube.

The forces at which the joints failed were plotted versus the groove depth for
different groove width and shapes (see Figure 6 a) and b)). The values of F, were
normalized with respect to the yield force of the tube itself, F;. Figure 6 a) shows that an
increase of the groove depth as well as a decrease of the groove width leads to an
increase in joint strength.
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Figure 6 a) Joint strength with respect to groove depth d and groove width w for solid
mandrels with a rectangular groove shape. b) Joint strength with respect to groove depth
d and different groove shapes for 12 mm wide grooves.

This could be attributed to the fact that the resulting angle a (see Figure 7 b))
decreases with deeper or narrower grooves, which increases the incremental degree of
deformation at the groove edge and thus requires a larger pull-out force. For all three
grooves, the distribution of the data points suggested a linear relationship between the
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depth of the groove and the pull-out. An upper limit of this linear relationship is expected
due to the partial shearing of the tube at the groove edge, as shown in Figure 7 b).
Eventually, the thinning of the tube due to shearing at the groove edge will weaken the
joint more than the strength increase observed when forming the tube into a
deeper/narrower groove, causing the overall joint strength to decrease. In the next step of
this study the influence of the groove shape on the connection strength was analyzed.
Figure 6 b) shows the normalized pull-out forces with respect to the depth of the groove
for a constant groove width of 12 mm. For each groove shape, the point distributions
again show a linear relationship between groove depth and pull-out force. Figure 6 b)
shows that, for each individual groove depth, the joints formed with rectangular grooves
always exhibit the highest joint strength, while the joints formed with triangular grooves are
always the weakest.

| Triangular groove | | Rectangular groove | ‘ Circular groove ‘

Figure 7 Measurement of the angle a at the groove edge in radioscopic pictures of 3 mm
deep and 12 mm wide grooves with different groove shapes.

This could be attributed to the fact that the resulting angle a of the tube wall at the
edge of the triangular geometry is greater than those of either the circular or rectangular
grooves (see Figure 7). Therefore, the degree of deformation at the edge of the groove is
lower and a smaller tensile force is required to initiate pull-out. Although Figure 7 displays
that the joints generated with circular grooves have a smaller resulting angle a than the
joints formed with rectangular grooves, the use of rectangular grooves results in a larger
pull-out force for each parameter set. This can be explained by the fact that the amount of
shearing at the groove edge is higher for the rectangular grooves than for the circular
ones (compare Figure 7 b) and c)). Due to the greater partial shearing, the rectangular
groove locks the tube in place more firmly than when formed into the circular groove, and
thus requires a greater pull-out force. This is further supported by the fact that, as Figure 6
b) shows, the use of mandrels with rectangular grooves causes failure by tearing at the
leading groove edge for groove depths of both 1.5 and 3 mm, whereas the failure of the
connections with circular grooves was caused by tearing of the tube only for the 3 mm
deep grooves. The fact that joints with rectangular grooves exhibit this failure mode at a
shallower groove depth suggests that the effects of shearing play a more prominent role in
the strength of this groove geometry, and it is possible that this accounts for the larger
required pull-out forces.

4.3 Effects on the strength of joints with hollow inner joining partners

As mentioned above, the reduction of weight is a very important goal for the automotive
industry, which means that the frame structure of a vehicle has to be as light as possible.
Therefore, the joining behavior and the achievable joint strength for connection including
hollow inner joining elements were also investigated. Figure 8 a) shows the achieved joint
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strength for different groove depths with respect to the width of the grooves. The results in
terms of the relationship between connection strength and groove depth/width are similar
to the experimental findings for the solid mandrels. But especially the grooves with a width
of 12 mm showed a significant drop in strength of up to 20% compared to joints which
were formed onto solid mandrels with equivalent groove geometry. This could be
attributed to a significant deformation of the mandrel, which is shown by the tomography
image in Figure 8 b). This deformation led to an increase of the angle a at the groove
edge. As described above, this decreases the incremental degree of deformation at the
groove edge and thus requires a lower pull-out force. Due to the deformation of the
mandrel the tube wall also did not touch the groove base. As a result, there was no
interference-fit generated in this area. Whereas, without a deformation of the mandrel, this
additional interference-fit would occur because, during forming, the plastic deformation in
the tube creates a small amount of elastic deformation in the mandrel.
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Figure 8 a) Joint strength with respect to groove depth d and groove width w for hollow
mandrels. b) Form-fit joint with a hollow mandrel as inner joining partner; upper left: 3D
representation of the tomogram of the joint; lower right: 2D CT image (yz-slice) of the joint.

When the forming process ends, the mandrel would be unable to release this
elastically stored energy due to the plastic deformation in the tube, which would result in
interference stresses at the contact surface between the tube and mandrel. This
interference stress would resist tube pull-out during tensile testing, thereby increasing joint
strength. Although there was no interference-fit generated at the bottom of the groove, an
interference-fit was produced at the areas next to the groove (see hatching in 2D CT
image Figure 8 b)). Since the same material was used for both joining partners, the
additional joint strength created by this interference-fit was too low to compensate the
losses due to the weaker form-fit joint [14]. The joints with a groove width of 16 or 20 mm
showed only a very small deformation of the mandrel. This explains why they had almost
the same joint strength as connections with equivalent groove geometry and solid
mandrels. The larger deformation of the mandrels with a groove width of 12 mm resulted
from the higher magnetic pressure used to generate these joints compared to those with
wider grooves and an equivalent depth (see Figure 3).

A strategy to avoid the deformation of the inner joining partner and the resulting drop
in joint strength is the usage of a support mandrel which is placed in the hole of the
mandrel during the joining process. Since this support tool shall be removed after the
joining process, an interference-fit between the mandrel and the support element has to
be avoided. Therefore, a material which has a lower elastic recovery than the mandrel has
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to be used for the support tool. This can be achieved by using a material with a higher
Young’s modulus or a lower yield stress than the mandrel material [14]. Within this study,
a steel support mandrel with a Young’s modulus three times higher than EN AW-6060 was
used. Figure 9 a) shows the achieved pull-out strength for the connections formed with a
support element compared to the strength of those which were joint without a support tool.
It was possible to increase the joint strength with this setup significantly. The achieved
increase was about 15% which means that the pull-out strength level of the joints with
solid mandrels was almost reached. Figure 9 b) shows that the deformation of the inner
joining partner was reduced significantly which led to the observed increase in joint
strength.
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Figure 9 a) Comparisons of the achieved pull-out strength between a joint generated with
and one without the usage of a support mandrel. b) Form-fit joint which was supported by
a stainless steel mandrel during the joining process; upper left: 3D representation of the
tomogram of the joint; lower right: 2D CT image (yz-slice) of the joint.

5 Conclusion

The results of this work have shown that the joining of extruded aluminum profiles by
electromagnetic compression is a feasible approach to create lightweight frame structures.
Due to a decrease of the angle a at the groove edge and the resulting increase of the
degree of deformation during pull-out at this edge, the joint strength increases with deeper
and narrower grooves. The results of the experimental investigations also showed a
significant influence of the groove shape on the achievable joint strength. The highest
connection strengths were observed for the rectangular grooves due to the presence of
partial tube shearing at the groove edges. This shearing locked the tubes into place,
requiring a larger pull-out force to cause failure. Although the partial shearing of the
groove edge increased the quasi-static strength of the joints, it can be assumed that it is
very problematic for connections which are exposed to cycling loads. Since the location of
the shearing is a starting point for the formation of a crack, it has to be avoided for joints
under cycling loads. It can be assumed that a rounded groove edge would reduce the
formation of such a crack. But further investigations are necessary to determine the
precise influence of the groove edge radius on the joint failure and the transferable loads.
The joining experiments with hollow inner joining partners have shown that the
applied forming pressure in relation to the stiffness of the mandrel has a significant
influence on the achievable joint strength. If the magnetic pressure required to “fill” the
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groove exceeds the stiffness of the inner joining partner, a deformation of this element
occurs. As a result the angle a at the groove edge is increased, which will lead to a
decrease in joint strength. Therefore, it is important to consider the mandrel’s stiffness
with respect to the applied pressure during the design process of the joining elements.
The deformation of the mandrel can also be avoided by using a support mandrel during
the joining process. By placing this additional tool in the hole of the inner joining partner it
was possible to achieve pull-out strengths similar to those achieved for connections with
solid mandrels.
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