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Abstract The ability to generate an attractive force for elec-
tromagnetic forming is an interesting and challenging issue,
compared with conventional electromagnetic repulsion pro-
cesses. This work presents a discharge system with two sets
of power supplies and a timing control system for the produc-
tion of a dual-frequency discharge current in a single coil. The
discharge current can be employed to generate an attractive
force between the coil and the workpiece in the forming pro-
cess. The effectiveness of the system was verified both by
numerical simulations and by a series of experiments of sheet
metal forming. Our results show that an AA 1060 aluminum
alloy sheet with a thickness of 1 mm, at a distance of 9 mm
from the coil bottom, can be attracted towards the coil with a
maximum deformation of about 4.7 mm. We also demonstrate
that there is an optimum value for deformation depth, which is
related to the initial discharge voltage of the fast discharge
system. The presented method and results can be helpful in
designing electromagnetic forming systems and widening
their applications.
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1 Introduction

Electromagnetic forming (EMF) is a high-speed and non-
contact forming technology, which employs a pulsed electro-
magnetic force to reshape metallic workpieces with several
advantages in comparison to the conventional forming pro-
cesses, including improved formability and high integrity of
the workpiece surface [1]. Research on this topic has been
active since the 1960s, with a number of studies related to tube
expansion or compression as well as sheet metal forming.
However, most research efforts focus on the development of
EMF with repulsive forces between the EMF coil and the
conductive workpiece [2-5].

In addition to conventional repulsive forces, the EMF process
can be realized by use of attractive forces, which can widen its
application range to other processes such as external dent repair
and disassembly of press-fit joints. Nevertheless, the generation
of efficient attractive magnetic forces between the coil and the
workpiece is a challenging task, which results in relatively little
information on the attractive process that has been published so
far. To the best of our knowledge, there are currently three main
types of methods to achieve an attraction EMF process: (1) use
of discharging current with a low frequency to generate an at-
tractive force between the coil and a ferromagnetic sheet. This
method is only effective for workpieces made of magnetic ma-
terials, since high-gradient magnetic forces are needed to com-
pete with conventional Lorentz forces [6]; (2) use of an addition-
al attracting screen made of conductive materials to generate an
attractive force between the screen and the workpiece [7]. The
basic principle of this method is that the induced currents
flowing in the screen and in the sheet have the same direction.
A main drawback of the method is that the EMF system must
have enough space to accommodate the coil, and thus, the dis-
tance between the screen and the workpiece can reach prohibi-
tively large values in the applications, resulting in a poor
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efficiency; and (3) sequential use of slow and fast frequencies of
discharge current to generate an attractive force between the coil
and the conductive workpiece. This method has been attracting
significant attention, resulting in several patents, which were
recently reviewed by Batygin et al. [6]. Among these patents,
Zieve proposed a power supply system for the generation of a
continuous discharge current in the coil containing both slow
and fast frequencies without interrupting the discharge forcibly
[8]. Based on the continuous discharge current, the attractive
EMF process can be realized by just one coil, and the configu-
ration of coil and workpiece is much similar to that in conven-
tional repulsive EMF processes. Therefore, this EMF system
could be more practical, compared with other attractive forming
processes. The ability of a similar current for generating attrac-
tive force between coil and workpiece was numerically con-
firmed by Deng et al. [9]. However, relatively little published
information is available for the practical design and the imple-
mentation of such a special current at present, and the deforma-
tion behavior of the workpiece under the action of this type of
current should be further investigated.

The objective of this work is mainly to discuss the design and
implementation of an electromagnetic forming system based on
an attractive process. Starting with the analysis of the electro-
magnetic forces acting on the sheet metal, the basic principle and
design of an electromagnetic system for producing an attractive
force in the forming process are presented. Both numerical sim-
ulations and experimental results on the forming of an AA1060
sheet are presented to support our design.

2 Principle and design

For the purpose of the following analysis, the schematic drawing
of the electromagnetic sheet forming system used in this work is
presented in Fig. 1, where the coil is coaxial and concentric with
the sheet and only half view of the system could be modeled in
the simulation due to the axial symmetry. The following

Fig. 1 Schematic geometry of
the electromagnetic sheet metal
forming system

numerical analysis is solved by use of the COMSOL
Multiphysics package (V4.3b), and more details on the simula-
tion method can be found in our previous work [10].

2.1 Basic principle of electromagnetic forming
with attractive force

When a time-varying current flows through into a coil in an
EMF system, a pulsed magnetic field is generated, and an
eddy current will be induced in the workpiece. As a result, a
strong repulsive electromagnetic force for the rapid deforma-

tion of the workpiece could be created, and its density f—,,: can

be expressed as:

— — —

S m = Je X B, (1)
i - . . .

where J, and B respectively indicate the eddy current den-

sity and magnetic flux density in the workpiece. In the axi-

symmetric case, the eddy current density TJ only has a cir-

cumferential component fph:, and thus, f_m) can be further
decomposed into a radial component f;,,. and an axial compo-
nent f;,,, which can be written according to the following
equations:

fmr = Jephi X Bz (2)
Smz = ~Jephi X By, (3)

where B, and B, are the two components of B. The axial
component of the electromagnetic force in Eq. (3) is the
main cause of deformation in Fig. 1, and the negative value
predominates in the deformation process which tends to
push the workpiece away from the coil independent of
the initial current direction. We point out that it is a chal-
lenging issue to alternate the force direction by changing
the relative directions of the eddy current and radial mag-
netic field based on Eq. (3), due to the coupling between
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Fig.2 Schematic diagram of the design principle of discharge current for
producing attractive forces. a Expected coil current and magnetic field; b
expected eddy current in the workpiece

the two variables in conventional EMF systems. A possible
solution to this problem, through decoupling control of the
magnetic field and eddy current in the workpiece, is pro-
posed in this work with the aid of a dual-frequency dis-
charge current in Fig. 2a. When the slow and fast dis-
charges work together, f;,, in Eq. (3) can be replaced by

fmz = 7(Jcphi_slow + Jcphi_fast)
X (Br_slow + Br_fast)y (4)

Fig. 3 Schematic diagram of the
electrical circuit of the EMF
system for attractive forming
process. The dotted box depicts

where Jephi siow ad Jephi fast denote the densities of eddy currents
induced by the time-varying currents in the slow and fast dis-
charge system, and B; g, and B; g indicate the flux densities of
the radial magnetic fields generated by the two discharge sys-
tems, respectively. In order to change the direction of the elec-
tromagnetic force acting on the workpiece, the directions of the
slow and fast discharge currents should be opposite, and the
following requirements related to the characteristics of the dual-
frequency discharge current need to be satisfied.

(1) As shown in Fig. 2a, the amplitude of the fast discharge
current /ey s (fast case) should be smaller than that of
the slow discharge current L. gow (Slow case) in order
to leave the direction of generated magnetic field
unchanged.

(2) As shown in Fig. 2b, conversely, the density of the eddy
current Jephi fase induced by the fast discharge current (fast
case) should be larger than that induced by the slow dis-
charge current Jeppi giow (Slow case) to change the direction
of the eddy current in the workpiece. Since the induced
eddy current is proportional to the change rate of discharge
current according to Faraday’s law, this requirement can be
met even though I.ui giow 18 larger than L g through
decreasing the rising edge time of the discharge current
Leoii_ast fOr greatly increasing its change rate.

(3) The fast discharge current should be introduced close to
the peak time of magnetic field generated by the slow
discharge current in order to obtain a relatively large
electromagnetic force.

2.2 Design and implementation
In the previous section, we demonstrated that it is possible to

generate an attractive force for sheet deformation by using the
discharge current in Fig. 2. However, such a current cannot be
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Table 1  Circuit parameters for designed EMF system in Fig. 1
Symbol Description Value
Slow discharge system
C, Capacitance 2880 uF
U Initial discharge voltage 8 kV
Ry Line resistance ~0.35 Q2
L Line inductance ~1.7 mH
Ry Crowbar resistance ~0.2 Q
Fast discharge system
Cr Capacitance 160 pF
Up Initial discharge voltage 0~6kV
Ry Line resistance ~8 mf2
Ly Line inductance =10 pH
Ry Crowbar resistance =10 mS2
Coil_workpiece
Rc Resistance 25 m§2
Lew Equivalent inductance ~45 uH

achieved through the conventional discharge circuit configu-
ration used in the EMF system. In fact, the dual-frequency
discharge current, which consists of a slow-rise and a rapid-
decline stage, can be seen as a combination of two different
currents. This means that the desired current can be obtained
by using two sets of discharge systems. On this basis, a new
discharge circuit configuration is proposed, and its detailed
information is described as follows:

(1) Two sets of discharge systems with different electrical
parameters including capacitances and inductances for
generating slowly and fastly varying currents, as shown
in the left and right parts of Fig. 3, corresponding to the

slow and fast discharge systems. The line inductance and
resistance in the slow discharge system are much larger
than that in the fast discharge system.

(2) Each discharge system has an additional crowbar circuit
consisting of a diode and a resistor, which is connected in
parallel to the capacitor to regulate the current waveform
flowing in the coil.

(3) The two capacitor banks in the discharge systems are
electrically connected to a single tool coil with opposite
electrical charges.

(4) Light-activated thyristors are used as controllable
switches to trigger the time of the two discharge systems
with the aid of a timing control system.

Compared with the power supply system reported by
Zieve [8], the most remarkable advantage of the pro-
posed discharge system is that the power supply circuit
is much simpler and easier to implement. The detailed
electrical parameters are listed in Table 1. In the EMF
process, the light-activated thyristor 7y is first triggered at
the beginning of the process, and the slow discharge
system works until the end, while the fast discharge sys-
tem only starts to work when the current in the coil
reaches a maximum through triggering the light-
activated thyristor 7 at that time. The current waveforms
with the circuit configuration in the case of
Usp = 8000 V and Uy = 3200 V are shown in Fig. 4,
according to the MATLAB/simulink results obtained as-
suming that the electrical parameters of the coil-
workpiece system are kept constant in the forming pro-
cess. When there is no fast discharge system, the coil
current o, 1 is equal to the current of Igo, ; flowing

Fig. 4 Waveforms of discharge 8
currents in different branches. B > Lo >
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- &
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S [ \4
En 0 I coil 2
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6 |
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Fig. 5 Photos of the main setup
components used in the
experiment. a Power supply for
slow discharge system with
parameters of 1 MJ/25 kV/3.2
mF; b power supply for fast
discharge system with electrical
parameters of 1 MJ/25 kV/3.2
mF; ¢ forming coil

in the slow discharge system with a relatively long rise
time of about 3.1 ms. When the fast discharge system is
triggered at the time of 3.15 ms in line with the exper-
imental conditions, the subsequent attenuation of coil
current /o, > is much faster compared to the case with-
out the fast discharge system, which is due to the fact
that a negative current Ip , with a short rise time of
0.15 ms is generated by the fast discharge system for
lowering the coil current. Furthermore, it can be seen
that the fast discharge system has little effect on the
current flowing in the slow discharge system according
to the curves of 0w 1 and fow 2. This point is in ac-
cordance with the design since the majority of the cur-
rent generated by the fast discharge system is expected to
flow in the coil-workpiece system.

To generate the required discharge current flowing in
a single coil, two existing capacitor-type pulse power
supplies in the authors’ laboratory have been used for
the experiments. The 1-MJ capacitor bank shown in
Fig. 5a with a total capacitance of 3.2 mF and maximum
discharge voltage of 25 kV was used for the slow dis-
charge system, and the 200-kJ capacitor bank shown in
Fig. 5b with a total capacitance of 640 uF and maximum
discharge voltage of 25 kV was selected for the fast
discharge system. It should be noted that both the capac-
itance and the initial discharge voltage of the two capac-
itor banks are adjustable according to the experimental
requirements, and the selected values of these parameters
in the experiments are listed in Table 1. A coil constitut-
ed by 40 total turns, as depicted in Fig. 1, was fabricated
by copper conductors with rectangular cross-section of
1 x 4 mm? and was reinforced by Zylon fibers, which
have an inner diameter of 23 mm, an outer diameter of
70 mm, and a height of 17.5 mm for the space filling
with copper conductors. The spaces between conductors
along the r-axis and the z-axis in Fig. 1 are 1.5 and
0.5 mm, respectively. The coil was assembled together
with epoxy resin as a forming coil unit, as shown in
Fig. 5Sc.

3 Results and discussion

To validate the effectiveness of the proposed system for attrac-
tive forming, the investigation of deformation behavior of an
AA1060 sheet was carried out both by simulation and exper-
imental studies, whose results are presented in the following
sections.

3.1 Simulated results

The physical parameters of AA1060-H28 including density
2.71 g/cm3 ), electrical conductivity (62 % IACS), Young’s
modulus (69 GPa), and initial yield tensile strength (98 MPa)
were used in the simulations, which were obtained from a da-
tabase of engineering material properties (www.makeitfrom.
com/material-properties/1060-H28-Aluminum/). The testing
stress-strain curve (o, —¢,) in Fig. 6 was derived from the engi-
neering stress-strain curve (o,—¢,) based on the following
equations: 0; = ol + e,)ande, = In(l + ¢.). Theda-
taof (o, —¢,.) were directly obtained from the quasi-static test. It
should be noted that the above two equations are valid only for
the homogeneous deformation. Therefore, an additional stress-
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Fig. 6 Testing and fitting quasi-static stress-strain curves of the sheet
material (AA1060) used in the experiments
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strain curve in Fig. 6 was fitted using the stress-strain data ofthe
testing curve before inhomogeneous deformation, which was
taken to approximately reflect the true stress-strain of materials
in the simulations. The expression of the fitting stress-strain
curve can be given by

Ee Ogs < Ogs0
O.qs - A B > I ( 5 )
Ogs0 + Agp Ogs = Ogs0

where E represents Young’s modulus, o, is the initial yield
stress, €, is the plastic strain which can be expressed as 5—%,
and A and B are two constants whose value is 50.87 and

0.0983 MPa, respectively. To consider the effect of plastic

strain rate on the deformation behavior in the EMF process,
the Cowper-Symonds constitutive model is adopted to ap-
proximately reflect the high-strain-rate effect [11]

o= ol + (2)7], (6)

where oy is the quai-static stress in Eq. (5), €, is the plastic
strain rate, P and m are 6500 s ' and 0.25 for aluminum,
respectively.

Figure 7 shows the calculated axial displacement at the
sheet center and the axial electromagnetic force acting on
the sheet in the forming process by using the given coil current
Lol 2 in Fig. 4. It can be seen that the final displacement at the
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Fig. 9 Photos of the deformed
sheet with front and back faces. a
The face towards the coil; b the
reverse side

center is ~4.94 mm along the positive z-axis direction, which
means the sheet has been deformed and attracted towards the
coil. This point can be explained qualitatively according to the
characteristics of the pulsed electromagnetic force in Fig. 7. It
can be seen that a much larger attractive force with a positive
value can be produced in the rapid-decline stage when the fast
discharge system is applied at the time of 3.15 ms, compared
with the lower repulsive force in the low-rise stage.
Meanwhile, considering the influence of the current frequency
on the deformation behavior, the pulsed magnetic field with a
long rise time of about 3.15 ms in the low-rise stage produces
a thicker skin depth which leads to significant magnetic field
permeation through the 1-mm-thick sheet, resulting in a re-
markable loss of the magnetic energy, eventually enabling the
deformation under the action of attractive forces in the rapid-
decline stage.

3.2 Experimental results

The workpiece used in this study was an AA 1060 sheet
with a thickness of 1 mm. A nonmetal material of glass-
fiber reinforced nylon was chosen for the die in order to
avoid unnecessary eddy currents. In the experiments, the
coil was first energized only by the slow discharge system
with a 2880-uF capacitor, and the fast discharge stage

S+
,E Simulated result
£ 0o
- H
4T .
L .
£ H
15
Q
=
23t
= Experimental result
= L
#
< 2k
1 1 i 1 i 1 i 1 " 1

1 2 3 4 5
Initial voltage of fast discharge system (kV)

Fig. 10 Axial displacements of sheet center under different initial
voltages of the fast discharge system

was applied around the peak time of the slow discharge
current (3.15 ms) via a 160-uF capacitor. The initial dis-
charge voltages of the two systems are given in Table 1,
in which the initial voltage of the fast discharge system
Up varies within a certain range (0 ~ 6 kV) in order to
analyze its impact on the sheet deformation. Figure 8 pre-
sents the measured discharge currents flowing through the
coil in the two cases, i.e., Uy = 3200 V and Uy = 0 V.
The calculated result in the case Uy = 3200 V is also
displayed for comparison. It can be seen that the mea-
sured current curves are consistent with the design predic-
tion and show reasonable agreement with the simulation
result. The shapes of the deformed sheet with both front
and back faces are shown in Fig. 9, in which the sheet
metal was deformed towards the coil surface with a max-
imum displacement of 4.7 mm at the central point.
Furthermore, a series of experiments were carried out with
different initial capacitor voltages of the fast discharge
system, and the maximum displacements of the deformed
sheets are shown in Fig. 10. It can be seen that there is an
optimum voltage for the largest deformation around the
value of Uy = 3200 V and the experimental trend is al-
most the same as that obtained in the simulation. The
main reason for this phenomenon is that the total magnet-
ic flux density in Eq. (4) decreases with increasing Up;
however, the total eddy current in the sheet increases with
Up. These competing trends can yield an optimum value
of Uy for the generation of attractive electromagnetic
forces in the deformation process.

4 Conclusion

To generate a sufficiently intense pulsed electromagnetic force
for attractive forming process with a single coil, an EMF system
with two sets of power supply was designed, implemented, and
tested. Both numerical and experimental results demonstrate that
the designed EMF system can be applied to the attractive
forming of a I-mm-thick AA1060 sheet. Future work will focus
on the optimization of the EMF system in order to achieve higher
forming efficiency and ability through systematical and theoret-
ical analysis as well as verification tests.
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