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Abstract

Recent years have witnessed the rapid development of electromagnetic flanging of tubes, which uses coils to generate electro-
magnetic forces to achieve the deformation with high speed but without contact. However, the electromagnetic force decays
dramatically with the increase of distance, resulting in strict requirements of geometrical matching between the coils and the
tubes. Usually, new coils should be fabricated for tubes with new sizes, which is inconvenient and uneconomical. Therefore, a
more flexible and economical method is proposed in this paper, which introduces a solenoid field shaper into the existing
electromagnetic flanging system. By adjusting the structure and the position of the field shaper, the distribution of electromag-
netic forces can be reshaped to form tubes with various sizes, without changing the coil, whose cost is much higher than a field
shaper. The principle of this method is introduced in detail. Then, an electromagnetic-structure coupled finite element simulation
model is established to calculate the forming process. The results show that when forming an A6063-T83 aluminum alloy tube
with an inner diameter of 110mm, the discharge voltage can be tuned down from 5.3kV, without field shaper, to 4.6kV, with field
shaper. That means the energy consumption of the system can be saved by 25%, and the manufacturing process of the field shaper
is simpler than that of the forming coil. What’s more, when forming tubes with different sizes, the new method shows higher
effectiveness, greater flexibility, and lower cost than the traditional way.
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1 Introduction

The flanging of metal tubes is a common processing technol-
ogy in the industry, and the parts have usually been used in
manufacturing fields such as automobiles, acrospace, and in-
struments. When flanging metal tubes with traditional tech-
nology, the process is very cumbersome and requires multiple
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working procedures. However, electromagnetic flanging is a
more effective method to achieve the flanging of aluminum
alloy tubes. Electromagnetic flanging is a technology that uses
non-contact pulsed electromagnetic force to drive metal tubes
to deform. It has a series of advantages such as faster forming
speed, higher forming limit, and less spring back [1].
Moreover, some specific workpieces can only be completed
by electromagnetic flanging, so many scholars have been car-
rying out unremitting research on electromagnetic flanging
[2]. Yu et al. used the magnetic pulse forming process to
flange the AA 3003-O aluminum alloy tube to improve the
flanging formability limit. The results showed that there are
critical discharge energy values for the flanging dies with
varied slope angle [3]. Xiong et al. proposed the electromag-
netic flanging of the tube which is based on the attractive
electromagnetic force generated by the improved double coils
[4]. However, the new coils should be fabricated for tubes
with new sizes, in all the above methods, which is neither
convenient nor economical.

The reason for the above problem is that, in the process of
flanging the tube, the electromagnetic force decays rapidly as
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the distance increases, resulting in strict requirements of geo-
metrical matching between the coils and the tubes. For tubes
with larger inner diameters, larger-shaped coils need to be
selected. On the one hand, new coils should be fabricated
for tubes with new sizes. For different tube sizes, different
coils need to be replaced, which is inconvenient. On the other
hand, the winding process of the coil is very complicated, and
frequent replacement of the coil will increase the cost.

In order to solve these problems, a flanging forming meth-
od of the tube with a field shaper is proposed in this article. A
solenoid field shaper is introduced into the existing electro-
magnetic flanging system. By adjusting the structure and the
position of the field shaper, the distribution of electromagnetic
forces can be reshaped to form tubes of various sizes, without
changing the coil, whose cost is much higher than that of the
field shaper. The field shaper is a kind of commonly used low-
cost auxiliary accessories, which can change the distribution
of magnetic fields and strengthen the magnetic field in the
local area by adjusting its structure, and is widely used in the
processing technology of the workpiece. Gharghabi et al. an-
alyzed the influence of tube thickness and geometry of field
shaper on the whole discharge system [5]. Rajak et al. studied
different types of field shapers and analyzed the working ef-
ficiency of these types of field shapers. Their research
methods are also applicable to the design and research of
bulging field shapers [6]. Zhang et al. proposed a novel field
shaper with a slow-varying central hole, and the experimental
results show that the field shaper can effectively improve the
size of the welding region [7]. To verify this method, an
electromagnetic-structure coupling finite element simulation
model is established. A series of simulations have been carried
out with this model and their results are shown below.

2 Principle and design
2.1 Traditional electromagnetic flanging

The traditional electromagnetic flanging system of the tube
mainly includes a charging system, a capacitor power supply,
an air switch, a coil, a tube, and a fly-wheel circuit. Its princi-
ple is shown in Fig. 1a. First, the charging system charges the
capacitor banks. After the charging is completed, the stored
energy is released to the coil through the air switch, thereby
generating an instantaneous pulse current. The current gener-
ates a strong pulsed magnetic field, which in turn excites an
induced eddy current in the tube. The interaction between the
induced eddy current and the magnetic field generates a strong
repulsive force, which drives the tube to deform, and can be
expressed as [8]

F=J,xB (1)
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Fig. 1 Schematic diagram of electromagnetic flanging system: (a)
without field shaper; (b) with field shaper

where B and J, are magnetic flux density and eddy currents
density of tube. Electromagnetic force can be decomposed
into axial and radial components in the analysis of an electro-
magnetic flanging process [9], which are called radial Lorentz
force and axial Lorentz force, and they are determined by [10]:

F,=J,xB, (2)
F,=-J,xB, (3)

where B, and B, are the radial component and the axial com-
ponent of the magnetic flux density respectively.

2.2 Electromagnetic flanging with a field shaper

The field shaper is a commonly used auxiliary accessory to
strengthen the magnetic field in a specific area during the
electromagnetic forming. It mainly uses the skin effect and
the unique structure to cooperate with each other to transmit
the induced eddy current of the coil, so as to change the posi-
tion and shape of the magnetic field generated by the forming
coil. As a matter of fact, the structure of the field shaper is a
rotating conductor, which is generally composed of high-
conductivity metal materials, such as copper and aluminum.
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Fig. 2 Structure diagram of solenoid field shaper

As shown in Fig. 2, this article uses a solenoid field shaper,
made of the same material as the molded coil. The solenoid
field shaper has two surfaces in the structure. The height of the
inner surface is much larger than that of the outer surface, and
there is an air gap in its longitudinal direction. According to
the literature, the influence of the air gap can be ignored, so the
three-dimensional model is simplified to a two-dimensional
axisymmetric model in this paper [11].

When introduced into the tube flanging forming system,
the field shaper is located between the coil and the tube, as
shown in Fig. 1b. Due to the skin effect and Lenz’s law, this
induced eddy current flows to the outer surface of the field
shaper from the axial slot [12]. Therefore, the current direction
is the same as which in the coil. Accordingly, the energy of the
forming coil is transferred from the forming coil to the work-
piece, equivalent to shorten the distance. The skin depth is
determined by

1
A=
p— (4)

where p is the permeability and ¢ and f are the conductivity

and frequency of the current. The design principle of field
shaper in electromagnetic flanging is similar to it. The induc-
tion vortex of the forming coil in the metal workpiece is main-
ly concentrated on the surface area of the workpiece.
Therefore, the design idea of a field shaper comes from this.

The simplified diagram of the existing electromagnetic
flanging process is shown in Fig. 3a. If a larger tube (Tube2)
is to be formed, a larger forming coil (Coil2) needs to be
replaced as shown in Fig. 3b, which is undoubtedly more
complicated. Based on this, this article adds a field shaper to
the system as shown in Fig. 3c. Without changing the coil, the
magnetic field configuration generated by the forming coil is
changed by the field shaper, so that the magnetic field lines are
concentrated on the area to be flanged, and the flanging effect
of the tube is optimized.

3 Simulations

The main purpose of this paper is to analyze and compare the
flanging effects of tubes with different sizes. Thereby, three
tubes with different inner diameters are selected for numerical
simulation. Numerical simulation is one of the indispensable
methods in the study of the electromagnetic forming process.
In this paper, based on COMSOL, the electromagnetic-
structure coupled FEM simulation model of the tube is
established, as shown in Fig. 4, to simulate the plastic defor-
mation process of aluminum alloy tubes in a time-varying
electromagnetic field.

3.1 Circuits

The discharge circuit is the “engine” of electromagnetic flang-
ing technology, which provides the transient change of dis-
charge current for the forming coil. At present, the most

Fig. 3 Schematic diagram of | Coill | Coil2 | Coill
electromagnetic flanging: (a)
initial coil; (b) coil change; (c) l l . l Field
coil unchange i l i i ! I [ % ! [ shaper
| | { Tube2 | - Tube2
Irl 1L Tubel I 2 Tube I rl ube
| | |
> S — >
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Fig. 4 The geometry of numerical simulation

common RLC discharge circuit is based on a capacitor. The
equivalent circuit is shown in Fig. 5.

The discharge circuit equation with freewheeling loop is as
follows:

dlcoi
Ue= (Ri+Re) Loy + L —22
dt
dL.1,,; dMI,
5
(L) ®
Icoil +Ic'Id =0 (6)
1
U.=U, +Ejglc dt (7)

The conditions that the current in the freewheeling loop
meets:

I,=0 (UC>0)

I — g—; (U. < 0) (8)

where I, is the discharge current loaded by the forming coil,
I, is the induced current in the tube, Uy is the initial voltage of
the capacitor, and M is the mutual inductance between the
forming coil and the tube.

It is worth mentioning that M is closely related to the cou-
pling coefficient in the electromagnetic flanging system. In
electromagnetic flanging, since the tube is in a transient

Ri Li
Discharge circuit

Fig. 5 Equivalent schematic diagram without field shaper
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continuous change process, the mutual inductance of the sys-
tem also follows its transient change, that is, M is a continu-
ously changing quantity.

Based on the above circuit, a field shaper is introduced in
this paper, which is located between the forming coil and the
tube as shown in Fig. 6. For this reason, the physical param-
eters in the electromagnetic flanging system will change. The
relevant parameters are consistent except the discharge volt-
age, and the detailed parameters are shown in Table 1.

It can be concluded that the coupling equivalent inductance
has changed after the introduction of the field shaper. In the
original electromagnetic flanging system, the coupling equiv-
alent inductance between the tube and the forming coil is M,
which is changed to M.+ M. In addition, the coupling
equivalent inductance between the tube and the field shaper
is My.,,. From the point of view of the circuit, it is not difficult
to see that the function of the field shaper is to transfer the
induced current generated by the forming coil. After introduc-
ing the field shaper into the electromagnetic flanging system,
the discharge circuit equation is as follows:

dlcoi
Ue = (R + R)M oy + L —2~
dt
dLclwq dMesly dM.,I,
9
( dt TERRT, ®)

where 1., is the discharge current loaded by the forming coil
and I, is the induced current in the tube.

3.2 Material

The electromagnetic force at each point of the tube calculated
by Eq. (1) is used as the load in the structure field to cause the
tube to flange, and the deformation at each point of the tube is
solved by the following equilibrium equation [13]:

&u
V. F=p— 10
o+ p6t2 ( )

where p and u are the density and the displacement vector and
o and F are the stress tensor and the electromagnetic force

Me-w

1

Switch

................

Coil

Discharge circuit

Field shaper
Fig. 6 Equivalent schematic diagram with field shaper



IntJ Adv Manuf Technol (2021) 116:1169-1177 1173
Table 1 Circuit parameters Table2  The parameters of tube
Discharge parameters Symbol Value Parameters Value
Capacitance C 160uF The length of tube 30mm
Line resistance R. 8m¢) The thickness of tube Imm
Line inductance Lex 10uF The material of tube 6063'T833
Crowb st Ry 10mS2 Densi 2.7g/cm
rowbar resistance ensity 3.03x107S/m
Electrical conductivity 1
Relative permittivity 1 o
density. Relative permeability 82; 107"Pa
In the calculation of the structural field, the choice of the Young’s modulus 2'3”08}) a

constitutive equation of material is very important. The con-
stitutive equation mainly describes the relationship between
stress and strain during material deformation and reflects the
characteristics of material deformation behavior. For different
deformation behaviors, the selection of the constitutive equa-
tion directly affects the accuracy of numerical simulation re-
sults. On the basis of the engineering material characteristics
database (https://www.makeitfrom.com/material-properties/
6063-T83-Aluminum), this paper did a tensile experiment
on A6063-T83 aluminum alloy, and obtained the real param-
eters of the tube.The thickness and length of the tubes are
Imm and 30mm, and the material parameters are shown in
Table 2.

With the continuous deepening of materials science re-
search, various constitutive equations that can accurately de-
scribe the deformation behavior of materials have been devel-
oped. In this paper, only electromagnetic flanging at room
temperature is considered, and temperature change is not con-
sidered. Therefore, the Cowper-Symonds constitutive model
considering only high strain is adopted. The constitutive equa-
tion is as follows [14, 15]:

1+ <%> ] (11)

where o, and ¢ are the yield stress and the plastic strain rate
and C and m are constant.

0 =0y

4 Results and discussions
4.1 The effectiveness

The flanging angle in Fig. 7 is defined as 6 to measure the
flanging effect of the tube, which can be calculated as follows:

D
6 = arctan [ |Dz] < 6.2
10-|DZ‘ (12)
0 =90° |Dz| = 6.2
0 > 90° |Dz| > 6.2

where D, and D, are the radial displacement and axial dis-
placement of point A, and point B is the constraint point of

Poisson’s ratio

Initial yield tensile strength

the tube. When 6 is 90°(|D_|=6.2mm), the tube reaches the
optimal flanging effect.

Figure 8 shows the flanging effect of tubes under the same
forming coil. The inner diameters of the tubes are 100mm and
110mm respectively in Fig. 8a and b. With the same discharge
voltage (3kV), it can be seen that the tube in Fig. 8a has a
significant flanging degree, and the tube in Fig. 8b is not
deformed. In reality, € is reduced from 13 to 0° in Fig. 8a
and b. The electromagnetic force decays rapidly with the in-
crease of distance, resulting in strict requirements of geomet-
rical matching between the coils and the tubes. Comparing the
two models, it can be concluded that § decreases rapidly with
the increase of the inner diameter of the tube.

After introducing a field shaper into the model, it can be
seen that the tube has reached the desired degree of flanging
(#3=90°) as shown in Fig. 8c. The length of the inner surface
and outer surface of the field shaper is 12.6mm and 5.2mm,
respectively, and the thickness is 4mm. At this time, the
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: } N : Po(1_1_1_t A |
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\<I "'l :
— Tube | gt |
| ,’l |
: —-Q |
| Point B<# :
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Fig. 7 Calculation of flanging angle (defined as 6)
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Fig. 9 Waveforms of discharge currents

discharge voltage increases to 4.6k V. This means that the field
shaper can effectively improve the flanging effect of tubes.

With the same discharge energy (1.69kJ), the current wave-
form is shown in Fig. 9. From the diagram, it can be seen that
after the field shaper is added to the entire system, the time at
which the discharge current reaches the peak value is ad-
vanced by 0.01ms. The main reason is that after introducing
the field shaper, M in Eq. (5) becomes the superposition of
M..,, and M. ,in Eq. (9), and the equivalent inductance of the
formed coil increases, resulting in the decrease in the pulse
width of the discharge current.

Figure 10 shows the distribution of the Lorentz force vector
during the electromagnetic flanging process. It can be seen
that at different moments, the degree of tube rotation is greater
relative to the system without field shaper. This is mainly due
to the field shaper that strengthens the magnetic field in the
flanged area of the tube, thus making the electromagnetic
force more concentrated.

In this paper, the radial displacements of tubes under
different models are calculated as shown in Fig. 11. It
can be concluded that under the same discharge energy,
the radial displacement of the tube in the system with
field shaper is larger. The radial maximum values of
point A are 8.433mm and 2.833mm respectively. By
comparison, the flanging degree of the tube in the sys-
tem with the field shaper is greater, and the final defor-
mation of the tube is shown in Fig. 12.

4.2 The energy consumption

In the electromagnetic flanging process, the energy stor-
age capacitor discharges into the tube through the driv-
ing coil and makes it flanged under the action of elec-
tromagnetic force. The electrical energy of the system is
finally converted into deformation energy required for
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Fig. 11 Calculated radial displacements at point A

tube flanging. The discharge energy is an important pa-
rameter in electromagnetic flanging, which is directly
related to processing calculation and the quality of the
tube. Figures 8c and 13 show the flanging effect of tubes
with the same inner diameter (110mm). By comparing
the two models, it can be concluded that the degree of
tube flanging is the same (03=04=90°). When other con-
ditions are the same, the discharge voltage of the system
with and without the field shaper is 4.6kV and 5.3kV,
respectively. The discharge energy of the system can be
expressed as:

1
WZECW (13)

where W is the discharge energy and C and U are the
capacitor capacitance and the discharge voltage.
According to the above equation, the discharge energy
of the system with and without the field shaper can be
calculated as 1.69kJ and 2.25kJ, respectively. Obviously,
it can be found that adding a field shaper can save 25%
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in the system without a field shaper, the tube is difficult to
achieve the previous effect due to the limitation of distance.
Therefore, a larger coil needs to be replaced in the system.
With the same discharge energy (2.09kJ), the inner diameter
of the forming coil is increased from the original 84 to
94.8mm as shown in Fig. 14a. At this time, the thickness of
the field shaper is 9mm. It can be seen that the tube has
achieved the ideal flanging effect (05=90°). Although the
flanging of different tubes can be realized by changing the
coil, it will raise the cost of the whole system and the com-
plexity of the process. The manufacturing process of the
forming coil is as follows: First, the corresponding size of
the coil bobbin needs to be processed according to the de-
signed scheme, and then the corresponding copper wire is
selected for winding on the winding machine. After the coil
is wound, it is reinforced with glass fiber and then reinforced
with epoxy resin. At the same time, a special “copper nose”
must be made, whose function is to connect the incoming and
outgoing wires of the coil with the external circuit. It can be
seen that the manufacturing process of the forming coil is very
complicated. In addition, the raw materials such as reinforcing
fiber and epoxy resin used in the winding process are very
expensive, and the cost caused by frequent replacement of
coils is also very high.
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Fig. 14 Schematic diagram of 120mm tube flanging: (a) without field
shaper; (b) with field shaper

Consequently, a filed shaper can be introduced into the
existing electromagnetic flanging device without replacing
the coil, as shown in Fig. 14b. Workers only need to cut the
copper block into the required shape on the machine tool to
complete the processing of the field shaper, which is very
simple. In this article, the field shaper is made of the same
material as the forming coil. The materials needed to make the
field shaper are also cheaper than those for the forming coil.
Hence, the method of adding the field shaper brings great
flexibility and cost reduction to the existing electromagnetic
flanging system.

5 Conclusions

To overcome the shortcomings of the traditional electromag-
netic flanging process, a field shaper is introduced to optimize
the process. Our results show that (1) the flanging angle of the
tube (defined as #) can be increased from 13° in model 1 and
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0° in model 2 to 90° in model 3 where a field shaper is intro-
duced into the system. (2) When forming a tube with an inner
diameter of 110mm, the discharge voltage can be tuned down
from 5.3kV, without the field shaper, to 4.6kV, with the field
shaper. That means the energy consumption of the system can
be saved by 25%. (3) The manufacturing process of the field
shaper is simpler than that of the forming coil, and the cost of
the field shaper is lower. In summary, the introduction of a
field shaper brings great flexibility to the tube flanging process
and improves the economy of the system.
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