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Abstract

In this study, the application of high velocity metal forming
process by means of electromagnetic field is proposed. Elec-
tromagnetic Sheet Metal Forming (ESMF) is a process of
forming sheet metal with very high speed (in milliseconds)
without mechanical contact using the energy density of a
pulsed magnetic field. In this process, deformation of the
workpiece is driven by a transient electric current that is in-
duced in a coil using a capacitor bank and discharge switch.
This study presents some experiments and their results by
examining the effects of different parameters in the pro-
posed ESMF setup. The analysis and modelling of Electro-
magnetic sheet metal forming (ESMF) process is presented,
as well. It has been seen that, it is possible to design a new
system using the outcomes of this study.

1. Introduction

In recent years, there has been high demand and increasing
interest for the high velocity forming techniques such as elec-
tromagnetic forming. Significant increases in strain to failure
in low ductility materials can be provided by high rate forming
processes [1,2]. Electromagnetic forming is a high speed pro-
cess and it needs only a few milliseconds to form metal parts
with using a pulsed magnetic field. In parallel with the config-
uration of the coil geometry, the method can be used for tube
compression and tube expansion as well as for the forming of
flat sheet metals. Sheet metal forming is one of the most valu-
able application areas of electromagnetic forming. Especially,
aluminum alloy sheet is a candidate material for use in heavy
vehicle, aviation and aerospace industries. Other sheet metal
forming processes like deep drawing, punching, blanking and
bending require complex and custom designed expensive de-
vices [3].

Analysis of the Electromagnetic sheet metal forming
(ESMF) is a very complex process and several recent studies
propose numerical procedure explain working principles of this
process. In order to investigate ESMF, Finite Element Method,
Finite Difference Method or a model based on the law of Biot-
Savart are employed [4-8].

In this study, the working principles of the electromagnetic
forming system are studied in detail. The analysis and mod-
elling of ESMF process is presented, as well. In order to de-
sign more advanced ESMF systems, theoretical and numerical
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modelling of the electromagnetic forming process is determined
in this paper. Also, some experiments are made and the re-
sults are compared. The system in this study consists of a DC
voltage source, a pulse capacitor bank, an actuator coil and a
switch mechanism. The workpiece is held between two insu-
lated blankholders and bulged with the application of the elec-
tromagnetic waves.

2. Electromagnetic Forming Process

ESMF is a process to form the sheet metal in very high
strain rates (the whole ESMF action completes in milliseconds)
without mechanical contact using the energy density of a pulsed
magnetic field [9]. Deformation of the workpiece is driven by
the interaction of a current generated in the workpiece with a
magnetic field generated by a coil adjacent to the workpiece [9].

The ESMF system consists of an R-L-C circuit (Figure-1)
and the process starts when a capacitor bank is suddenly dis-
charged through an actuator coil. The transient electric cur-
rent that is flowing through the actuator coil generates a time-
varying magnetic field and this magnetic field induces elec-
tric currents in nearby conductor. These induced currents are
called as eddy currents and are created on the workpiece sur-
face. These eddy currents have different flow directions in con-
trast to the ones in the coil. Therefore, a repulsive force is gener-
ated between the coil and the workpiece. If this force is enough
to form the metal then it is formed according to the die. The
first studies in the field of electromagnetic forming started with
Harwey and Brower [9]. Brower later gives several application
examples with important details [10].
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Figure 1. Schematic drawing of the electromagnetic sheet
metal forming process [11]

In applying the electromagnetic forming to sheet metals,
flat coils are used. In literature workpieces with thicknesses less
than Smm are successfully formed. Since the charged energy is



based on the area to be formed, to form workpieces with larger
areas, it is necessary to charge more energy in capacitors.

Considering other sheet metal forming processes, the ef-
fectiveness and efficiency in ESMF is relatively high. This is
mainly due to the production rates supplied by the high form-
ing velocities. The forming takes very little time, the limit in
production rate is due to the feeding and handling of the sheet
metal to the forming medium. If sufficiently fast equipment
is provided, the output production rate is reported to be 3600
parts/piece [3].

Besides all these advantages, there are some disadvantages
of the ESMF stated in related literature: Firstly, the effective-
ness of the method depends on the electrical conductivity of the
workpiece (the more the electrical conductivity, the more EM
formability). Most suitable material is reported to be aluminum
or annealed copper [1].

Also, the reported life for the coil is too short, that results
in shorter times for tool replacement requirements. Also, due to
the nature of the electromagnetic waves, not all of the produced
energy is used in forming the material & the method is therefore
energy-ineffective [1].

2.1. Circuit equations of ESMF

A high energy system that can discharge in a short time (a
few microseconds) is needed for electromagnetic forming pro-
cess. This system is represented by a serial circuit consisting
of a high voltage capacitor bank , an inductance and a resistor
should be selected to operate in the over damped condition. Ba-
sically, ESMF circuit can be analysed as a RLC circuit. The
current flowing through the coil can be given by

i(t) = Ve e ®

t .
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where V¢ is the initial voltage of the capacitor bank, wq and «
are the neper frequency (or attenuation) and the modified fre-
quency respectively:
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The energy stored in the capacitor bank is suddenly dis-
charged by closing the high current switch between the charged
capacitor and the inductor. The resulting current (Eq.1) which is
a highly damped sinusoidal oscillation, is generated by the high
energy system. According to the Faradayas Law, this current
generates an electromagnetic field by means of coil that creates
eddy current which depend upon the material properties (con-
ductive and permeability) and flow in the opposite direction in
the workpiece. Electromagnetic equations can be derived from
Maxwell’s equations as:

VxH=J A3)
where J is the current density and H is the magnetic field. Ac-
cording to the electromagnetic equations, a current is induced
on the workpiece due to the electromagnetic field caused by the

high frequency current on the coil. The magnetic flux density
can be given as

B=VxA €]
where B = pﬁ is the magnetic flux density and Ais the mag-

netic vector potential. The induced current due to the flux den-
sity flows in reverse direction to the coil current according to

Figure 2. An example spiral coil used in this study

Figure 3. An example spiral coil used in this study embedded
in refractory material

Lenz’s law. The induced current generates Lorentz force on the
workpiece which may be expressed as:

F=JxB Q)
where F is the generated force that performs the forming action.

2.2. Design of Coils

The design of a proper coil is one of the most important is-
sues in electromagnetic sheet metal forming system. Since the
coil is the main element in the system that would provide the
desired magnetic field (leading to the magnetic pressure [1]), in
designing the coil, the strength as well as the capacity to trans-
mit high current is important. Also, depending on the capaci-
tance of the system, the inductance value is important together
with its internal resistance, noting that a spiral coil with more
turns (which would increase its inductance) would have a longer
wire, which, in turn, increases the electrical resistance of the
coil.

Besides electrical characteristics of the coil, the designs
of geometrical properties are also important. Generally heli-
cal coils are preferred in compression and expansion processes,
but in electromagnetic sheet metal forming process flat coils are
used.

In this study, a planar spiral coil is employed to perform
the forming operation. Due to limitations of the assembled
structural forming area, the diameter of the forming area is se-



Table 1. Properties of the two coils that are used in this study

| Parameter | Coil #1 | Coil #2 |
Inner diameter (mm,) 23.10 22.44
Number of turns 7 6

Wire width (mm) 3.00 3.00

Turn spacing (mm) 3.00 3.93

Outer diameter (mm,) 107.1 105.6
Calculated length of the wire (m) 1.432 1.206
Calculated inductance (uH) 2.829 2.035

lected to be 100 mm. The spiral coil of square cross-section
(Imm x 3mm) is cut from a copper sheet using a water-jet
cutting machine (Fig-2). This spiral coil is then inserted in a
polyamide casing and secured using a refractory material (Fig-
3). This material both acts as an insulator between the coil and
the sheet and prevents coil being deformed in process. The coil
parameters are listed in Table-1.

In the setup, the capacitor bank consists of five capacitors
(6251 F' each) connected in parallel (total capacitance being
3125 F’) is charged to 2000V. The measured total resistance
of the circuit is 0.05€2. Using Eqg-1, the current in the system
can be plotted with time as in Fig-4 for both coils. Note that,
the second coil has a higher frequency: In view of Eq.2, for the
first coil wo = 10 x 10® rad/s which results in a frequency
of fo & 67 kH z, whereas for the second coil, these values are
wo =40 x 10° rad/s and fo =249 kHz.
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Figure 4. The time dependence of the current (calculated)

Note further that, the skin depth is evaluated through

1
Vrfou

from which, it can be concluded that, the first coil (with lower
frequency) would penetrate deeper in the given material, creat-
ing a higher magnetic pressure (if sheet thickness is larger than
the skin depth). In actual figures, with aluminum, the electri-
cal inductance is o = 3.5 x 107 S/m which results in a skin
depth of § = 0.33 mm for the first coil and § = 0.17 mm for
the second coil. The experiments are performed on 1 mm and
1.5 mm sheets, therefore, the first coil is expected to perform
better.

o=
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Since the analysis of a spiral coil is not an easy task, as
in most of the studies in literature, the coil will be assumed as
concentric circular wires (Fig-5). Each circular wire is referred
to a cylindrical coordinate system as in Fig-6.
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Figure 5. An idealized sketch of 7-turn coil

P

Figure 6. The definitions for a circular wire in cylindrical coor-
dinate system [12]

The magnetic flux density in p and z directions can be given
by [12] :

1 z a? +p? 422

=4 ) - (o)
py/(a+p)? 422 La—p) +z

@)

and

1 1 a?—p?— 27

B, = [ B + )
T Jlatp) 42 La—p)+2

®



In these equations, K(k) and E(k) are complete eliptic in-
tegrals of the first and second kind, and p, « and z are dimen-
sions related to the circular wire (see Fig-6), p is the dielectric
permeability constant which is given as p = 47w x 1077 for
free space, I represents the value of the current (in A), k is a
geometry-related parameter given as

4ap
BP=—t 9
(a+p)?+22 ©

Adding up the contributions coming from each of seven
coils, the plot of B, and B. can be obtained as in Fig-7 and
8 for z—values of 2.5, 4.5 and 6.5 mm (noting that the coil has
3 mm thickness, half of which is 1.5 mm and taking three dif-
ferent distances from the top center of the coil: 1.0 mm, 3.0 mm
and 5.0 mm).
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The electromagnetic force generated by each circular con-
ductor depends on Br and the current (Fig 4) in the system [4].

3. Experimental studies

The circuit diagram of the setup used in the experiments is
presented in Fig-9. As stated before, in the setup, the capacitor
bank consists of five pulse-capacitors (625 F' each) connected
in parallel (total capacitance being 3125 F"). The capacitor
bank is charged to 1000V and 2000V in two experiments. Two
coils with same cross section but different number of turns are

used: Coil 1 has 7 turns, Coil 2 has 6 turns. Best results are ob-
tained with the Coil 1, for which the properties are presented in
Table-1. The results of the experiments are presented in Table-
2.
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Figure 9. Circuit diagram of the setup used in the experiments

In the experiments, Aluminum 75XX series sheets of 1 mm
and 1.5 mm are used. Selection of Aluminum sheets is due
to good electrical conductivity and lower yield strength (when
compared to steel sheets).

In the experiments, it has been seen that, although being
thicker, 1.5 mm sheets are formed comparable to the 1mm thick
sheets. Using conventional forming methods, it is harder to
form (requires larger forces) thicker material.

4. Conclusion and Discussion

In this study a setup for forming sheet metal parts using
electromagnetic field is presented. The forming setup presented
is capable of bulging Aluminum sheets, yet it is possible to ex-



Table 2. Experiment results

Charging Metal Cavity
No | Voltage | Thickness | Coil# | Depth
%) (mm) (mm)
1 1000 1 2 6.5
2 1000 1.5 2 7
3 2000 1.5 2 7.5
4 2000 1 1 13
5 2000 1.5 1 13.5

Figure 10. An example of electromagnetically bulged sheets

tend the capability of the setup with different dies and die setups
(this issue is considered as a further study).

The setup consists of an R-L-C circuit where an highly
damped sinusoidal oscillation of the current is obtained with
tuned selection of the circuit parameters. In the setup, pulse-
capacitors are used to achieve highest amplitude level of the
current.

In the presented analyses, and examining the outcome of
the experiments, several conclusions can be made:

e Coil design is an important issue in optimisation of the
forming setup. In this study, only two different coils (6-
turn and 7-turn) are employed - yet it is possible to de-
sign a different coil using the knowledge on the magnetic
field density. Further analysis requires extensive numer-
ical study, which can be considered as a later topic for
this presented study.

e Since the expected pulse current is very high (approx. 25
kA - see Fig-4), it is necessary to use pulse capacitors,
since other type of capacitors cannot achieve that peak,
and for this reason, even if the same setup is constructed,
the forming operation cannot be performed.

e To obtain such a pulse given in Fig-4, it is necessary to
obtain an over-damped system, e.g., ¢ should be smaller
than unity. Although, this can be achieved by a good se-
lection of L and C values, the dominant figure would be
the total resistance of the setup. Therefore, precautions
should be taken to minimise the total resistance.

e In the experiments, as stated before, it has been seen
that thicker sheets can be formed comparable to thin-
ner sheets. This is an important issue in ESMF, since in
other forming methods, it is harder to form thicker sheet
- larger forces and more expensive equipment should be
employed.

To conclude, in this study, it has been seen that ESMF

presents a good alternative to other forming methods.
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