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Abstract: Due to their low inertia, vibrations are stimulated during electromagnetic forming of
thin sheets, whereby the excitation might involve the impact on the die and the oscillation of the
electromagnetic forces. Depending on the configuration of the pulsed power generator and the
resulting tool coil current, forced and free workpiece vibrations could be observed in experiments.
The results indicate an influence of the vibrations on the springback behavior after thin sheet metal
forming. Due to the workpiece vibration, the forming behavior changed. The results emphasize the
need of designing pulsed power generators that adapt to the desired process.

Keywords: vibration; in-process measurement; free forming; deformation; aluminum

1. Introduction

Electromagnetic forming enables the application of body forces for high speed forming.
Based on this character, advantages can be achieved such as reduced springback [1] and
reduced winkling [2], improved formability [3], or increased process flexibility [4]. These
advantages have been considered mainly for the forming of thick sheet metal with a sheet
thickness ≥ 1 mm [5]. Thus, process advantages from electromagnetic forming can be
transferred to electromagnetic cutting [6] and joining [7].

The challenges of forming thin sheet metal or forming micro features [8] can be faced by
electromagnetic forming. However, the amount of induced energy depends amongst others
on the sheet thickness and the penetration depth of the electromagnetic field. Thibaudeau
et al. identified an optimum ratio of workpiece thickness to penetration depth (skin depth)
of the electromagnetic field of ≥0.66 [9]. If this ratio is decreased, the interaction of the
electromagnetic field with the environment increases [10]. Accordingly, a subdivision of
electromagnetic forming can be made into thick sheet metals with a thickness greater than
the penetration depth and thin sheet metals with a thickness less than the penetration
depth. In addition, force fluctuations by inhomogeneous tool coil [11] can appear. Further,
process errors may occur such as the rebound effect [12] which is a result of the high speed
impact of the workpiece on the die. In general, the distribution of the electromagnetic force
and the workpiece speed influences the final geometry of the workpiece [13]. Therefore,
not only the macro geometry is influenced, but also the micro geometry is changed by, e.g.,
multiple embossing [14].

In addition to the geometry, the ductility and fracture behavior are also changed by
process-specific conditions during forming [15]. These conditions describe all states such
as current flow during electromagnetic field induction or acceleration that the workpiece
experiences during forming. Direct consequences for the process can be derived from
these states. For example, current flow in the workpiece can lead to a locale workpiece
evaporation [16]. Until now, workpiece vibrations could not be attributed to the process
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conditions. However, high-speed vibration can reduce springback [17], whereby the
reduction is related to the amplitude of the workpiece vibration, which depends on the
charge energy [18]. In this context, Yang et al. [19] determined for electromagnetic forming
of thick-walled tubes that workpiece vibration is only based on elastic strain recovery. In
general, vibration during forming changes the plastic properties and the material flow. A
classification is made between the volume effect and the surface effect [20]. The surface
effect primarily describes the change in friction conditions between the workpiece and the
die. The volume effect describes the change in the plastic material properties. This effect
is also known as Blaha-effect, which was firstly described in experiments with ultrasonic
vibration by Blaha et al. [21]. According to Hu et al. [22], the volume effect can be described
by three mechanisms: stress superposition, acoustic softening, and dynamic impact. These
mechanisms are influenced substantially by the grain size [23]. In addition, the surface
effects become more prominent with decreasing thickness of the workpiece by the higher
surface to volume ration [20]. Thus, exciting workpiece vibration during forming could be
a method for forming thin sheets, which are difficult to form due to low sheet thickness and
low number of grains in the sheet thickness. In contrast to the usual method of vibrating
the punch during forming, this work examines whether the electromagnetic force can be
used for excitation. Therefore, the first step was to determine what kind of vibrations were
present during electromagnetic forming. To identify the workpiece vibrations, the response
to different excitations was determined using a photoelectric distance sensor. A variation
of the excitation was done by adjusting the pulse power generator.

2. Methods

A sketch of the setup is shown in Figure 1a. A photoelectric sensor (LK-H157, Keyence,
Osaka, Japan) was used to determine the forming height h of the workpiece. The measure-
ment was performed in the center of the die cutout on the workpiece surface. The photoelec-
tric sensor was operated in reflective mode and allowed the distance to be sampled every
2.55 µs. The Al99.5 workpiece (sheet thickness s0 = 100 µm, dimension of 50 × 50 mm2)
were electromagnetically formed into a die (90MnCrV8) according to Figure 1b. A 60 mm
long single-conductor tool coil made of copper with a cross-section of 5 × 5 mm2 was
used. The insulation between coil and workpiece was provided by means of 195 µm thick
polymer foil. The workpiece and die were electrically connected. All experiments were
repeated 3 times.
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Figure 1. Experimental setup: (a) sketch of the setup (b) drawing of the die.

The experiments were carried out with a modular pulsed power generator, which
consisted of 4 identical capacitors of Ci = 50 µF each (Series E62, ELECTRONICON Kon-
densatoren GmbH, Gera, Germany) (see Figure 2). The capacity C of the system could be
adjusted by adding or separating the individual capacities Ci. This also caused a change
in the inductance L of the entire system according to the individual inductances Li. The
combination of inductance L and capacitance C results in the oscillation frequency f 0 of
the series resonant circuit in the pulse generator (see Equation (1)). Thus, the oscillation
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frequency f 0 changed with the number of capacitors. The original configuration of 50 µF
capacitance can be extended by a maximum of 3 additional capacitors with the disconnec-
tors. The configurations 50 µF, 100 µF, and 200 µF were used. According to Equation 2, in
addition to the change in the oscillation frequency f 0, there is also a change in the charge
energy Ec at a constant charge voltage U0. The experiments were performed with 1.5 kV,
2 kV, and 3 kV charge voltage U0.

f0 =
1

2× π ×
√

L× C
(1)

EC =
1
2
× C×U0

2 (2)
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Figure 2. Pulsed power generator: (a) oscillator configuration, (b) crowbar configuration.

Further, two different pulse generator configurations were used. In addition to oscilla-
tor configuration (Figure 2a), where the current freely oscillated, it was possible to prevent
the tool coil current from oscillation during discharge by a diode (crowbar configuration,
Figure 2b). The remaining energy was dissipated via resistor (RD). The tool coil current
for both configurations was switched by an ignitron (NL8900, National Electronics, LaFox,
Il, USA). The tool coil current was measured with a Rogowski coil (CWT300, Power Elec-
tronics Measurement Ltd., Nottingham, UK). All measurements were carried out with the
same sampling frequency (fs = 392 kHz).

The time series of forming height h were analyzed in the frequency domain by fast
Fourier transform-algorithm. The signal was processed after the main displacement of
the workpiece (see Figure 3). The total length of the processed mean free signal was 1 ms,
which resulted in a frequency resolution of 1 kHz. For comparability, the amplitudes Ah of
the spectra were normalized to the individual maximum height amplitude Amax,h to receive
the normalized height amplitude AN,h (see Equation (3)).

AN,h =
Ah

Amax,h
(3)
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Figure 3. Definition of the processed interval of the forming height h signal and the measured tool
coil current Itc.

To identify the tool coil current oscillation, the signal was analyzed by the fast Fourier
transform-algorithm. Therefore, the full length of the signal of 2 ms was used, which
resulted in a frequency resolution of 0.5 kHz. Again, the current amplitudes AI of the
spectrum were normalized to the individual maximum current amplitude Amax, to receive
the normalized current amplitude AN,I (see Equation (4)).

AN,I =
AI

Amax,I
(4)

To delimit a vibration of the workpiece from vibrations of the entire setup (rigid body
motion), the frequency response of the setup shown in Figure 1 was determined. To acquire
the system response, a DeltraTron® 4518 accelerometer (Hottinger Brüel and Kjaer GmbH,
Darmstadt, Germany) was used. The sensor was placed on the photoelectric sensor so that
the acceleration in forming direction (y-axis, see Figure 1) was detected. The system was
excited by an impact hammer type 8206 (Hottinger Brüel and Kjaer GmbH, Darmstadt,
Germany) with aluminum calotte. A Nexus conditioning amplifier type 2693 (Hottinger
Brüel and Kjaer GmbH, Darmstadt, Germany) was used with a build in band pass filter of
1 Hz to 100 kHz. Excitation and system response were recorded with 100 kHz, whereby the
signal length was 100 ms. Excitation with the impact hammer was performed in forming
direction (y-axis, see Figure 1) and repeated 3 times. The signal of excitation and system
response were transformed into the frequency domain by fast Fourier transform-algorithm.
To compare the system response amplitude AS and the excitation amplitude AE both signals
were normalized in the range of 0 kHz to 10 kHz to the maximum individual amplitude
Amax,S/Amax,E to obtain the normalized system response AS,N and normalized excitation
amplitude AE,N (see Equations (5) and (6)).

AS,N =
AS

Amax,S
(5)

AE,N =
AE

Amax,E
(6)

3. Results

When the tool coil current was freely oscillating (oscillator configuration, see Figure 2a),
the normalized height amplitude AN,h was high at about 1 kHz and at 21 kHz. The current
oscillation featured a frequency of 10.5 kHz. As the resulting force is proportional to
the tool coil current, the forming height oscillates at twice the frequency of the tool coil
current. In this configuration, the free oscillation of the coil current results in a forced
vibration of the workpiece. In crowbar configuration, where the tool coil current was
actively suppressed (see Figure 4b), no significant vibration frequency of the workpiece
could be determined. If the charge energy was reduced with crowbar configuration (see
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Figure 4c), a frequency of around 15–20 kHz arose, which may be considered to be the
natural frequency of the workpiece. Comparable natural frequencies for the first mode
were determined by simulation, whereby the influences of the formed geometry were
not considered.
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Figure 4. Forming height and tool coil current oscillations: (a) oscillator configuration (EC = 450 J),
(b) crowbar configuration (EC = 450 J), (c) crowbar configuration (EC = 112.5 J), (d) tool coil current in
time domain.

The comparison of the oscillator and crowbar configurations with same charge energy
EC showed that the main forming section was similar and similar forming heights h were
reached after the first rise (see Figure 5a,b). The subsequent vibration in the oscillator
configuration vibrated around the remaining forming height h. In the case of the crowbar
configuration, there was a shift directed towards the tool coil, which was superimposed
by the workpiece vibration. This vibration may be influenced by the current, which was
not completely suppressed by the configuration (see Figure 5b). However, the remaining
forming height h was significantly reduced by around 0.2 mm. Therefore, the oscillations
of the tool coil current contributed to the electromagnetic forming of thin sheets. Therefore,
the forming height exceeded the remaining forming height h several times, so that an
alternating strain occurred. As a result, the elastic-plastic behavior was changed by the
tool coil current oscillation and springback was reduced with a remaining forming height h
equal to the forming height h after the first rise.
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Figure 5. Forming height h in time domain for different configurations and different charge energy
values: (a) oscillator configuration (EC = 450 J), (b) crowbar configuration (EC = 450 J), (c) crowbar
configuration (EC = 225 J).

When comparing the crowbar configuration (Figure 5b) with the crowbar configuration
with reduced charging voltage U0 and thus reduced charging energy Ec (Figure 5c), the
tool coil current Itc was completely suppressed. The reduction of the charge energy Ec
lowered the forming height h, although the forming behavior remained comparable. Thus,
after reaching the maximum forming height h, a workpiece vibration could be determined,
vibrating with a frequency around 15 kHz. Similar vibration frequency of around 15–20 kHz
had already been identified in Figure 4c. Thus, this frequency range may be considered
as a range of natural frequencies, which was modified by the different forming height h
of the workpiece. Accordingly, free workpiece vibration was the result with the crowbar
configurations.

Excitation of the setup by impact hammer showed that a frequency excitation up to
approximately 6.5 kHz was achieved (see Figure 6). The main amplitudes are in the range
of about 1 kHz which fits to Figure 4a. Thus, the frequency of about 1 kHz determined
in Figure 4 can be interpreted as the response of the entire experimental setup, hence a
displacement between sensor and workpiece and not a vibration of the workpiece itself.
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Figure 6. System response of the setup based on the excitation with an impact hammer.

Using oscillator configuration with different capacity C led to different tool coil current
oscillation frequency of 15 kHz, 10 kHz, and 7 kHz (see Figure 7). The vibration of the
workpiece followed this change, whereby vibration frequencies of the workpiece of 31 kHz,
21 kHz, and 15 kHz could be determined. Again, the workpiece vibration fit to the
electromagnetic force vibration.
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As well as the 31 kHz vibration, a frequency of 16 kHz occurred when the experiments
were conducted with a low capacity of 50 µF (see Figure 7a). The use of the 50 µF capacity
configuration showed a reduced tool coil current amplitude and tool coil current flow
duration in contrast to the larger capacities C (see Figure 7d). Due to this shortening of
the forced vibration in combination with the lower amplitude, the elastic stress could not
completely be relieved, so that a free vibration was enabled.

4. Discussion

Forced and free vibrations of the workpiece were identified in dependency of the
oscillator configuration during the electromagnetic forming of thin sheets. Previous results
for the electromagnetic forming of tubes showed only the existence of free vibrations [19],
whereby these free vibrations in electromagnetic thin sheet metal forming required a
crowbar configuration. The presence of forced vibrations can be attributed to the low
inertia of the workpiece and the small displacements in the case of electromagnetic forming
of thin sheets. These vibrations led to a changed elastic-plastic behavior and a reduction
in springback of the aluminum workpieces. However, a further consequence from the
occurrence of the different kinds of vibration cannot be estimated so far. As such, the
dependence of the vibration on the electrical circuit and properties of the pulsed power
generator offers the possibility to excite a desired vibration. Here, it must be noted that
the positive influence on the material properties in previous work is based on a different
ratio of process duration to vibration frequency. Furthermore, a further application of force
must take place in the time range of the workpiece vibration. In addition, the impact of
vibration in terms of process behavior and possible process defects must be clear before this
opportunity can be used. Here, moreover, a consideration of the die-bound operations is
to be made. Thus, a correlation between the multiple embossing process defects observed
by Heidhoff et al. [14] and the forced workpiece vibration is to be expected. The crowbar
configuration offers a process improvement as a possibility of the pulsed power technology,
so that only a free vibration of the workpiece occurs. However, a reduction in forming
height and greater springback must be taken into account. In addition to the crowbar
configuration, it is worth testing whether sufficiently high tool coil current oscillation
frequencies can be achieved by power generators that can generate multiple pulses within
the effective processing time to manipulate and control the workpiece vibration.

5. Conclusions

In this work, the vibration behavior of the workpiece during electromagnetic forming
was investigated and measured in physical experiments. Based on an oscillating tool coil
current, a forced workpiece vibration was observed. This vibration was dependent on the
characteristics of the pulsed power generator. By adjusting the pulsed power generator
capacity, changing the workpiece vibration was possible. It has been shown that the tool coil
oscillation changed the elastic-plastic behavior and therefore contributed to the remaining
forming height and reduced the springback in electromagnetic forming. Furthermore, the
forced oscillation was suppressed by adjusting the pulsed power generator. Hence, only a
free oscillation of the workpiece remained.
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