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Abstract

Using electromagnetic forming process to flanging small-size tubes has been a challenge of modern forming technology. With
existing electromagnetic forming system in practical aspects, it is relatively difficult and complex process for designing and
winding smaller but stronger driving coil, because of the high structural strength requirement for sustaining strong Lorentz force
and the low geometrical permissibility bottlenecked by the size of tubes. To approach the mentioned complication, a practical
dual-coil electromagnetic forming method had been presented thoroughly in the following article. For illustrating the basic
structure of the method, the two independent driving coils were located at the end of the tube instead of inside the tube.
Afterward, the two coils were respectively discharged by two power supplies. They generated entirely different Lorentz force
distribution with precise and analogous time controlling. To determine the effectiveness of this method, a theoretical analysis of
the forming force of the electromagnetic flanging had been approached thoroughly. Then, a full coupling model of
electromagnet-structure was developed to simulate the deformation of the tube. The results showed that an obvious flanging
with the maximum radial displacement of 5.08 mm could be achieved on an AA1060 aluminum tube with a thickness of 1 mm
and a radius of 10 mm, on the condition of 5.8 kVand 6 kV. At the closure, the influence of the pulse width of discharge currents
was discussed. All these theoretical analysis and simulation results are of great potential for designing electromagnetic forming
systems and widening their applications in tube flanging.
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1 Introduction

Electromagnetic forming (EMF) is a high-speed and noncon-
tact forming technology using pulsed Lorentz force to control
the deformation of the workpiece. Electromagnetic flanging is
one of the most effective approaches to flange the aluminum
alloys. It has a series of advantages such as higher forming
speed, higher forming limit, and less spring back, when com-
pared to the traditional stamping flanging forming [1].
Currently, most researches which focused on electromag-
netic forming use repulsive forces between the driving coil
and the workpiece [2-5], and the principle could be shown
in Fig. la. In the repulsive electromagnetic forming, a pulse
current was generated in the driving coil while the switch was

< Li Qiu
465863669 @qq.com

College of Electrical Engineering & New Energy, China Three
Gorges University, Yichang 443002, Hubei, China

closed. At the same time, a pulse magnetic field was generated
and an eddy current was induced in the tube by the driving
coil. Then, a huge repulsive force could be obtained by the
cooperation of the magnetic field and the eddy current, which
could form the tube. Li et al. [6] adopted repulsive forces to
study the deformation of electromagnetic tube bulging. And
Li et al. [7] proposed a new gradient electromagnetic forming
approach based on the repulsive forces to meet the force-field
requirements concerning the forming process of the variable-
diameter tubes. This method can achieve the tube forming
effectively, but the means of loading electromagnetic forces
is relatively simple and cannot meet all the processing needs.
When it comes to small-size tube, the size and the shape of the
coil are limited by the structure of the tube and become a
severe challenge. In the process, a smaller coil should be
winded to put inside the smaller tube. And that would cause
an excessive curvature of the coil that also led to a stronger
stress in the wire, which would not only shorten the work life
of the coil but also pose structural risks to the whole system.
Therefore, this method was mainly applied to large-size tubes.
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Fig. 1 Schematic diagram of
electromagnetic flanging a
repulsive force; b attractive force

(2)

Recently, this challenge could be tackled by an attractive elec-
tromagnetic forming system, in which the coil was placed outside
the tube, as shown in Fig. 1b. The system consisted of two power
supplies, in which a long pulse current and a short pulse current
were loaded to one coil with precise time control. Two currents
could be seen as a combination current with a slow-rise and a
rapid-decline stage, and it would generate an attractive force
strong enough to form a tube when it comes to its rapid-decline
stage. Cao et al. [8] designed the EMF system can be applied to
the attractive forming of a 1-mm-thick AA1060 sheet based on
simulation and experiment. Xiong et al. [8] proposed a novel
method that uses electromagnetic attraction for tube bulging,
and the influence of the discharge parameters has been discussed
to improve the forming efficiency. Although the method could
ecase the difficulty to form a small-size tube, there was still a
bottleneck in this method. The tube would collide to the inside
layer of the coil and lead to an unsatisfactory forming result. To
avoid a potential collision, the inner diameter of the coil should
be enlarged. And this would contribute to an undesired
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Fig. 2 Schematic of electromagnetic flanging system
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attenuation of the attractive force, since the distance between
the coil and the tube was increased. So there was a dilemma in
this method.

Based on the two methods above, this paper presented an
improved dual-coil electromagnetic forming system, in which a
dual-coil was placed at the end of the tube instead of outside or
inside the tube. This system consisted of two power supplies and
a dual coil, and the discharge currents were precisely controlled
to generate a Lorentz force to form the tube. To verify the effec-
tiveness of this method, firstly, the forming principle of the elec-
tromagnetic flanging was analyzed theoretically. Secondly, an
electromagnet-structure full coupling model was developed to
simulate the deformation of the tube and a convictive result
was obtained. Finally, the influence of the pulse widths of dis-
charge currents was discussed.

2 Basic principles of radial electromagnetic
force

In the electromagnetic forming process, when the pulse cur-
rent flowed through into the driving coil, a pulsed magnetic
field is generated and an eddy current is induced in the tube.
As a result, a huge radial Lorentz force is generated, and its
density can be expressed as [1]
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Fig. 3 Schematic diagram of a dual-coil current
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Fig. 4 Flowchart of the
implemented algorithm [10]
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f:JeXB (1)

where J, and B are eddy currents density in the circle direction
and magnetic flux density respectively.

Lorentz force can be decomposed into the axial and radial
component in the analysis of an electromagnetic forming pro-
cess, which are called as radial Lorentz force and axial Lorentz
force, and their densities are determined by [8]

fr:JeXBz
f‘zzi‘]eXBr

(2)
(3)

where B, and B, are the axial component and the radial com-
ponent of the magnetic flux density respectively.
Electromagnetic flanging requires a radial outward force at
the end of the tube. When an eddy current density in the
clockwise direction interacts with an axial downward magnet-
ic field, a radial Lorentz force would be generated according to
Eq. (2). The schematic drawing of electromagnetic flanging

system used in this work is presented in Fig. 2. And the dis-
charge current is shown in Fig. 3, which is a compound of a
long pulse width current and a short pulse width current.
What’s more, the directions of the two currents are opposite,
and they are loaded into the outer coil and the inner coil re-
spectively. So radial Lorentz force density in Eq. (2) can be

replaced by
_(Jefshon_-]eflong) X (_Bz*long + Bz*shon) (t > tl)

{
(4)

where J,_ghort a0d J,jong are eddy current densities respectively
induced by the short pulse current and the long pulse current.
B_ iong and B, g0y are axial magnetic fields generated by the
long pulse and the short pulse discharge current respectively.

According to Fig. 3, the following inferences can be drawn

(5)

Je—long X (_Bz—long) < tl)

fr

>4 _t23Jefsh0rt>>Je*10ng
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Table 1 Circuit parameter
Description Short pulse width Long pulse width

system system

Symbol  Value Symbol  Value
Initial discharge voltage U, 5.8 kV U, 6 kV
Capacitance Cy 80 uF G 3.2 mF
Line inductance Ly 8.9 uH L 0.33 mH
Line resistance Ry 88 m R, 0.1Q
Crowbar resistance Ry 10 mQ2 Ry 02 Q
Coil inductance L 1.1 uF Ly 70 uH
Coil resistance R 12m) Ry 15 mQ)
Ilong*max >1 short—max

=B, 1one>B,- 6
Nlongz Nshort } z—long z—short ( )

where #; and ¢, are the time when the long pulse and the short
pulse current come to their peak, respectively. fiong-max and
Lshort-max are peak values of the currents. Nyyne and Ngyor are
the numbers of turns of the outer coil and the inner coil

respectively.
Therefore, f,. can be expressed by

frzi-]e*short X (7Bz*long) (7)
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Fig. 7 Waveforms of discharge currents in different branches

That means the outer coil is used to generate a background
magnetic field in the axial direction, and inner coil is used to
induce eddy current. And the interaction between them can
generate the Lorentz force needed for deformation.

3 Simulations

In this section, a numerical simulation model was developed
by COMSOL Multiphysics. It was a 2D axisymmetric full-
coupled model, taking into account the influence of the sheet
displacement and the velocity, the flowchart of the implement-
ed algorithm is illustrated in Fig. 4 [10, 11].

3.1 Circuits

According to the principle described above, the discharge cur-
rent in this method was similar to [9], and its specific circuit
model was shown in Fig. 5. The system consists of two sets of
power supply, which drove the inner and the outer coil with
precise time-control to generate a required Lorentz force. And
their parameters were shown in Table 1.

3.2 Coils

Electromagnetic field model consisted of three parts—the in-
ner coil, the outer coil, and the tube. Its spatial distribution was
given in Fig. 6. The distance between inner coil and tube was
2 mm, and the distance between the inner coil and the outer
coil was 5 mm. The wire was a 2 mm * 4 mm copper wire, and
the layer spacing and the turns’ spacing were 0.5 mm. The
specific parameters are represented in Fig. 5.
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Fig. 8 Distribution of Lorentz force vector at the end of the tube

3.3 Material

In the experiment, an AA1060 tube with a radial of 10 mm
and a thickness of 1 mm was adopted. Its elastic modulus was
69 GPa, the Poisson ratio was 0.33 and the initial yield tensile
strength was 98 MPa. The stress-strain relationship of this
material was derived from [9].

Since the strain rate in electromagnetic forming was very
high and it had a great influence on the final forming effect, a
Cowper-Symonds constitutive model was adopted to analyze
the deformation of the tube. The model was as follows [12].

r-efos ()]

where 0, and ¢ are yield stress (MPa) and the plastic strain rate
(s ") respectively. For aluminum alloy, C=6500 s ', m =

0.25.
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Fig. 9 Calculated magnetic flux density and eddy current density at point
A

4 Result and discussion

To verify the effectiveness of this method, a series of simula-
tions were carried out, and the results were presented in the
following sections.

4.1 Deformation

Figure 7 shows the discharge currents waveforms of the inner
and the outer coils in simulation. It could be seen that they
were similar to Fig. 3 in the principal part. The long pulse
current reached to its peak at 1.750 ms, and it was the exact
time when the short pulse current with a pulse width of 92 s
was loaded in to the inner coil.

Figure 8 shows the distribution of Lorentz force vector in
the process of electromagnetic flanging. It could be seen that
(1) the Lorentz force reversed when the short pulse width
current was discharged into the inner coil (1.76 ms). (2) The
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Fig. 10 Calculated magnetic force density at point A
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Fig. 11 Calculated radial Lorentz force and radial displacement

Lorentz force at the upper end of the tube was larger than
which at the lower end of the tube. Therefore, in this simula-
tion, the Lorentz force we designed matched the forming force
required for the electromagnetic flanging.

According to Eq. (7) and the simulation, it could be seen
that a required radial Lorentz force should be induced by a
circumferential negative (set clockwise as positive) eddy cur-
rent interacting with an axial downward (negative) magnetic
flux density. To prove this assumption, the variation of
Lorentz force density at point A in Fig. 8 was analyzed in
detail. Figure 9 shows magnetic flux density and eddy current
density at point A. It could be seen that the axial background
magnetic field generated by the outer coil reaches its maxi-
mum at 1.750 ms, which was the exact time when the short
pulse width current was discharged into the inner coil and
induced a circumferential eddy current. As a result, a huge
radial Lorentz force was generated at the upper end of the tube
since 1.750 ms, as shown in Fig. 10. In addition, as we can
see, the radial component of magnetic flux density reversed
when inner coil was discharged. Then, this radial component
of magnetic flux density generated an axial component of
Lorentz force. This was beneficial for flanging, which would
be discussed in detail later on.

Figure 11 shows the calculated results of radial displace-
ment at point A and the radial Lorentz force acted on the tube

Fig. 12 3D simulation deformation diagram
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Fig. 13 The relationship between the short pulse width and the radial
displacement at point A

in the forming process. It could be witnessed that the radial
electromagnetic force acted on the tube was negative when ¢ <
1.750 ms, but it was not sufficient to deform the tube. When
t>1.750 ms, the direction of the radial Lorentz force on the
tube reversed to positive and its value increased rapidly, which
made the deformation of the tube possible. Furthermore, the
final radial displacement was 5.08 mm at point A, and the final
deformation of the tube is shown in Fig. 12.

From what we had discussed above, we could draw the
conclusion that by placing a dual-coil at the end of the tube
could the electromagnetic flanging deformation of small size
tube be realized.

4.2 The influence of short pulse width

The analysis above showed that the long pulse width current
was mainly to generate background magnetic field and the
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short pulse width was mainly to induce eddy current. As
shown in Fig. 7, when ¢, » t, — #1, the long pulse current had
little effect on electromagnetic flanging. But the short pulse
current had great influence on the final deformation.
Therefore, the influence of the pulse width of the short pulse
current was analyzed in detail. A series of simulations under
different pulse width of the short pulse current were carried
out, while the peak value of the current and the total energy
(1.345 kJ) were fixed to certain values.

Figure 13 shows the relationship between the pulse width
of the short pulse current (defined as W) and the radial dis-
placement. It could be seen that there was a negative correla-
tion between the radial displacement and the pulse width W,
And the displacement came to nearly 0 when W,>256 us,
although the background magnetic field remained unchanged.
That means it was hard to deform the tube if the short pulse
current was not “so short” (in our simulation, it means W, >
256 us). The reason was that the eddy current in this situation
was too weak to generate enough Lorentz force for forming
the tube. However, if the short pulse was “over short” (when
W, <80 us), the radial displacement was nearly unchanged.
The main reason was that the reduction of the width of current
would lead to a decline of the duration of the force, then
accounted for a saturation in Fig. 12 (when W, < 80 us).

Besides the radial displacement, there would be an axial
displacement in electromagnetic flanging because there was
an axial Lorentz force. To discuss it, two types of simulations
were carried out. One was the “normal model” just like the
model used above, the other was the “control model,” in
which the axial Lorentz force was manually set to 0. The
results are shown in Figs. 14 and 15. It could be seen clearly
that the axial displacement was larger than which in “control
model.” That means the axial Lorentz force generated in this
method was helpful for electromagnetic flanging. The main
reason was that a huge axial Lorentz force was generated by

the cooperation of the radial magnetic field and the eddy cur-
rent when the magnetic field reached a peak in forming
process.

However, the axial Lorentz force could be harmful in some
cases. There would be an undesired over-deformation when
W, <92 ps, as shown in Fig. 13. The main reason was that the
axial Lorentz force continued to drive the axial deformation of
the tube even when the radial deformation was close to satu-
rated. And as we could infer from Eq. (3), there was a negative
relationship between the amplitude of this axial Lorentz force
and the pulse width of the short pulse current. So there was a
dilemma whether the pulse width should be designed to a
small value. And in our simulations, the best pulse width for
the tube to achieve as large as possible radial displacement
without undesired over-deformation was 92 us.

5 Conclusions

To achieve the electromagnetic flanging of the small-size tube,
a dual-coil electromagnetic forming method was presented.
Both theoretical analysis and simulation results showed that
an appropriate Lorentz force could be obtained by positioning
the two coils at the end of the tube and discharging them with
special and precise match in timing, thus contributing to an
effective deformation. What’s more, the negative correlation
between the pulse width of discharge current and the radial
displacement at the end of the tube was found and discussed
through a set of comparative simulations. Besides, the satura-
tion in this negative correlation was discovered and regarded
as a result of distinguishing effects of Lorentz force and action
time. All these results could significantly facilitate the verifi-
cation of electromagnetic flanging of small-size tubes. And be
conductive to the expansion of electromagnetic forming
technology.
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