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ABSTRACT In the conventional electromagnetic tube expansion, axial distribution of the electromagnetic
force is not uniform along the workpiece. This results in uneven axial deformation of the deformed tube
and restricts the full industrial implementation of this technology. In an attempt to overcome this issue,
this article proposes a new method based on dual-coil electromagnetic tube compression. In this regard,
an electromagnetic-structure finite element coupling model is developed to emulate the real electromagnetic
tube compression process. Influence of the proposed dual-coil structure parameters on the electromagnetic
force distribution is analyzed. Results show that the proposed dual-coil electromagnetic tube compression
method can effectively solve the problem of uneven axial deformation in the conventional electromagnetic
tube compression. The proposed method is expected to promote wide industrial applications of the electro-
magnetic tube forming technology.

INDEX TERMS Electromagnetic forming, electromagnetic tube compression, axial uneven deformation,

dual-coil, electromagnetic force distribution.

I. INTRODUCTION
In view of the urgent need for future sustainable and
environmentally-friendly products, recyclable lightweight
materials play an important role in modern advanced
manufacturing technology and structural design [1]-[3].
Compared with the traditional mechanical forming, elec-
tromagnetic forming (EMF) features improved stress dis-
tribution [4]-[6], reduced wrinkling [7]-[9] and increased
forming limit [10]-[12]. Due to these advantageous, EMF is
widely used in aerospace and automobile industry [13], [14]
to process light alloy materials such as aluminum [15] and
titanium [16].

In general, EMF can be categorized into electromag-
netic tube compression [17]-[19] and electromagnetic tube
expansion [20]-[22]. Due to the end effect of the uneven
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electromagnetic force distribution [23], [3], both the elec-
tromagnetic tube compression and the electromagnetic tube
expansion exhibit non-uniform axial deformation [24]. Some
techniques have been suggested and published in the liter-
ature to overcome this issue. For instance, Qiu ef al. [25]
proposed the use of a concave driving coil to improve the
tube axial deformation uniformity through weakening the
radial electromagnetic force at the middle section of the tube.
Both simulation and experimental results revealed good tube
deformation performance. The tube electromagnetic com-
pression also exhibits the phenomenon of wrinkling. As such,
Savadkoohian et al. [26] studied the influence of the dis-
charge voltage, tube thickness and radius of mold on the tube
wrinkling using analytical energy method. Bartels et al. [27]
established a sequential coupling model for electromagnetic
tube compression. Daehn er al. [28] conducted an experi-
mental study on electromagnetic tube compression and the
reported results showed a negligible wrinkling of pipe fittings
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can be achieved when the outer diameter compression rate is
less than 5%. In addition, Yu and Chun-Feng [29] found that
the axial deformation uniformity of an electromagnetic tube
compression is significantly correlated to the length of the
tube and driving coil.

In order to further explore effective solutions to the prob-
lem of axial deformation uniformity in electromagnetic tube
compression, this article proposes a new dual-coil electro-
magnetic tube compression method. Based on the electro-
magnetic structure coupling model, the electromagnetic force
distribution and the axial deformation uniformity are ana-
lyzed when the proposed method is employed.

Il. BASIC PRINCIPLE OF EMF
A. TRADITIONAL ELECTROMAGNETIC TUBE
COMPRESSION
In the conventional method, the driving coil is placed outside
the tube. The capacitor power supply generates a pulsed
current within the coil which generates a magnetic field and
at the same time, an induced eddy current on the tube. The
interaction between the magnetic field and the induced eddy
current produces a pulsed electromagnetic force that drives
the tube deformation.

The electromagnetic force density acting on the tube dur-
ing the forming process can be calculated from:

F=J,xB (1)

where, B is the magnetic flux density and J, is the induced
eddy current density.
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FIGURE 1. Schematic of the Electromagnetic forming setup.
(a) Conventional single coil topology, (b) proposed dual-coil topol
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Due to the axisymmetric structure of the system, only the
circumferential component of the induced current density
J pni exists. Figure 1(a) shows a schematic diagram of the
traditional electromagnetic tube compression setup. The elec-
tromagnetic force density F can be divided into radial F, and
axial F, components that can be calculated from:

Fr:Jphi'BZ (2)
F. = Jphi - By (3
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During the electromagnetic tube compression process, the
load of the tube is mainly radial electromagnetic force, which
is determined by the circumferential induced eddy current
density and the axial magnetic flux density B;. Due to the tube
end effect, the axial magnetic flux density in the middle part
of the tube is larger than that at both tube ends. As a result,
the radial electromagnetic force at both ends of the tube is
less than the force in the middle part which leads to uneven
axial tube deformation.

B. PROPOSED DUAL-COIL ELECTROMAGNETIC TUBE
COMPRESSION
In order to improve the uniformity of axial deformation in the
tube electromagnetic compression process, a feasible solution
is to weaken the radial electromagnetic force exerted on the
middle region of the tube. To achieve this, Figure 1(b) shows
the basic principle of the proposed method. As can be seen
in the figure, the single coil, used in the conventional EMF,
is replaced by two separate driving coils placed in the axial
direction of the workpiece. Hence, the radial electromagnetic
force loading on the middle of the tube can be effectively
reduced which results in improved tube axial deformation
uniformity. For comparability, the length of the two driving
coils along with the space between them is assumed to be the
same length of the conventional single coil in Figure 1(a).
According to the superposition principle, the electromag-
netic force density F of the two coils becomes

F=(J:+J2) x (B +B>+ By) @4

where, J1 and J, are respectively the induced eddy current
densities generated by the two driving coils on the tube. B
and B, are respectively the magnetic flux densities generated
by the two coils, and By is the self-induced magnetic flux
density of the tube.
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FIGURE 2. Schematic diagram of the electromagnetic tube compression
system.

In order to extend the operational life of the driving coil,
a crowbar branch is added to the circuit as shown in Figure 2.
In the proposed model shown in Figure 2, the upper and
lower coils are connected in series in the same direction. The
parameters of this circuit are listed in Table 1. According
to Kirchhoff’s law, the current of the driving coils can be
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TABLE 1. Parameters of the model circuit and tube.

Parameter Description Value
circuit
C Discharge capacitance 320 uF
L Line inductance 12 uH
R Line resistance 0.005Q
Ry Crowbar resistance 0.02Q
Tube(AA6061-0)
e, Density 2700 kg/m?
14 Electrical conductivity ~ 3.03x107 S/m
Oy Initial yield stress 32.6 MPa
7 Poisson's ratio 0.33
E Young's modulus 70 GPa
calculated from:
—
— dI; —
R I + LIF) + R +R2) I (5
— —
d 1 1 d IW —
+ (Let + Lo +2M)—— + (M +M)—— = U,
dt dt
— —
— dl, dl
R, 1, +LW7+(M1 +M2)— =0 (6)
— —
U.=Uy— — (11 +1d)dt @)
I,=0 (U.>0)
c -
- 7 ®
Iy = - (U, < 0)
ﬁ
=1 )

where, M is the mutual inductance between the upper
coil and tube, M, is the mutual inductance between the
lower coil and tube, M is the mutual inductance between
the two coils. R, and L. are respectively the equival@)t
resistance and equivalent inductance of the two coils, I,
is the capacitive current, [; is the coil current, I; is the
crowbar current, /,, is the induced eddy current in the
tube.

lll. ELECTROMAGNETIC-STRUCTURAL COUPLING MODEL
Ignoring the effect of temperature, the process of the elec-
tromagnetic tube compression can be regarded as a dynamic
coupling process of electromagnetic field with structure
field. Also, based on [28], the tube wrinkle is negligible
when the radial compression of the tube’s outer diame-
ter is less than 5%. Based on these two points, the pro-
posed model can be simplified into a two-position axisym-
metric model that can be simulated using COMSOL mul-
tiphysical software as shown in Figure 3. The workpiece
adopted in this article is an aluminum alloy (AA6061-
0O) with a thickness of 2 mm, 79 mm outer diameter
and a length of 120 mm. The initial structural dimensions
of the conventional and proposed systems are shown in
Figure 3.
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FIGURE 3. Geometric dimensions. (a) Conventional single coil topology,
(b) proposed dual-coil topology.

A. ELECTROMAGNETIC MODEL
The electromagnetic model is used to calculate the electro-
magnetic force acting on the tube, which is then applied as a
load to the structure model to simulate the tube deformation.
According to Maxwell’s equations, the magnetic potential
vector A in the electromagnetic model can be expressed as:
( 1 > 0A
Vx| —-VxA|+y—=J (10)
% dt
where J, represents the induced eddy current, u is the mag-
netic permeability of the tube material, while y is the con-
ductivity of the material.
The expressions of the magnetic potential vectors for dif-
ferent areas can be expressed as below.
Air gap area:

1
Vx(—VxA):O (11
7
Coil area:
1
V x (—V xA):J (12)
7
Tube area:
1 0A
V x (—V XA) =—y— (13)
N at

The electromagnetic force density of the tube can be
expressed as:

F:Vx(leB>xB=JxB (14)
w

B. STRUCTURAL MODEL
The electromagnetic force density is the load force of the
tube. The transient dynamic balance equation and Newmark
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time integral method are used to identify this force as below.

3%u ou »
M8t2+C8t+Ku_F (15)
where, M is the structure mass matrix, C is the structure
damping matrix, K is the structure stiffness matrix, F is the
load vector, u is the node displacement vector.
According to Suzuki [30], the flow stress of the tube is

approximately calculated as follows:
o = k(o + b)Y (16)

1
o = (O—ySO/k)Z 17

where, k is the strength coefficient, n is the hardening coef-
ficient, oy, is the initial yield stress, ¢ is the plastic strain;
other parameters of the tube are listed in Table 1.

The authors of this article used this electromagnetic-
structural model to study the electromagnetic tube bulging
using a concave coil [20]. Simulation results were in good
agreement with the experimental data, as shown in Figure 4.
So, this model is reliable and can be effectively used to study
the distribution of the electromagnetic force and axial defor-
mation uniformity during the process of tube compression.

(a)

FIGURE 4. Simulation and experimental results of the electromagnetic
tube bulging based on concave coil reported in [20].

IV. ANALYSIS OF RADIAL ELECTROMAGNETIC FORCE
AND AXIAL UNIFORMITY

The axial distribution of the radial electromagnetic force
plays a significant role in the axial uniformity improvement
of the tube compression process. This section investigates
the effect of two structural parameters; gap length between
the two coils H and the coil inner diameter D on the radial
electromagnetic force and axial deformation uniformity. The
gap between the two coils influences their axial position
while the inner diameter dominates their radial position with
respect to the workpiece. It is worth mentioning that other coil
parameters such as number of turns and coil length also affect
the radial electromagnetic force and the tube axial uniformity.
However, these parameters are kept constant in this article for
accurate comparison of the proposed and conventional EMF
methods.

A. EFFECT OF H ON THE RADIAL ELECTROMAGNETIC
FORCE AND AXIAL DEFORMATION UNIFORMITY

As shown in Figure 3(b), the initial coil parameters are:
gap length H=12mm, inner diameter D=84mm, and outer
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diameter is 100mm. In order to investigate the influence of
different coil structure parameters on the electromagnetic
tube compression, the method of single parameter variation
is adopted to study the influence of the gap length H and
inner diameter D on the radial electromagnetic force and
axial deformation uniformity. The gap length is varied in the
range H =8~20 mm while the range of the inner diameter
is assumed to be D = 81~85mm. In all studied cases, the
amplitude of the current density of the dual-coil system is set
at 4.55 x 108A/m?. When either H or D is varied within the
above-mentioned range, the other parameter is maintained at
the initial value mentioned above.
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FIGURE 5. The effect of H (gap length) on the radial electromagnetic
force.

Figure 5 shows the effect of H on the radial electromag-
netic force. Because of the two separate coils, the radial
electromagnetic force profile comprises two peaks located
between the middle of the tube and its two ends. With the
increase of H, the two peak points gradually move toward
the ends of the tube while the force on the middle part is
decreasing.

Figure 6 shows the influence of the gap length H on the
axial deformation uniformity. When the two peaks of the
radial electromagnetic force are close to the middle of
the tube, the tube axial deformation is of convex profile.
By increasing H, the two peaks of the radial electromagnetic
force become closer to the tube ends and the axial deforma-
tion profile becomes concave. Obviously, there is a critical
value of H at which the axial compression deformation profile
converts from convex to concave. In this example, when
the gap length H reaches a critical value of about 12 mm,
a uniform axial deformation of the tube can be realized as
shown in Figure 6.

B. EFFECT OF D ON THE RADIAL ELECTROMAGNETIC
FORCE AND AXIAL DEFORMATION UNIFORMITY

Figure 7 shows the effect of the inner diameter D on the
radial electromagnetic force. It can be observed that when the
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FIGURE 6. The effect of H (gap length) on the axial deformation
uniformity.

0.0 [<rch<k<b<irep R

o
g s
S -5.0x10°
&
v
‘*G-L()xlo" -
= —F— 83mm
v
5 —o—8Imm 84mm
g -1sx10° - 82mm —+— 85mm
g
Q
&
S 2.0x10°
S
S
<

-2.5x10° -

1 1 1 1 1 1 1
0 20 40 60 80 100 120

Axial positions on tube(mm)

FIGURE 7. The effect of D (inner diameter) on the radial electromagnetic
force.

inner diameter increases, the two peaks of the radial electro-
magnetic force don’t change in the axial position, while the
difference between the two peaks along with the radial elec-
tromagnetic force at the center of the tube become smaller.
Figure 8 shows the effect of D on the axial deformation uni-
formity. With the variation of D, the difference between the
two peak positions and the value of the radial electromagnetic
force at the center of the tube are also adjusted. At a particular
value of D, the deformation of the tube in the axial direction
becomes relatively uniform. In this example, the critical value
of D is 82mm.

The above analysis shows that the electromagnetic tube
compression based on dual-coil can improve the distribution
of the radial electromagnetic force, so as to improve the axial
deformation uniformity of the tube.

V. COMPARISON WITH THE CONVENTIONAL METHOD
In order to attest the robustness of the proposed method, the
radial electromagnetic force and axial uniformity are com-
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FIGURE 8. The effect of D (inner diameter) on the axial deformation
uniformity.

TABLE 2. Coils parameters of the investigated two systems.

N R Inner Outer
unit: mm Height diameter diameter
Single coil 44 84 100
upper 16 84 100
Dual-coil
lower 16 84 100

pared for two different systems; conventional single coil and
the proposed two coils based on the data shown in Table 2.
For enhancing the comparability of the simulation results, the
maximum deformation of the two systems is set at 3.6mm.
So, the discharge voltage of the single and dual-coil are
respectively set to 1.87kV and 2.34kV.

It is worth noting that the discharge voltage is to be
increased by 0.47kV than the single coil method in order to
achieve the same maximum deformation using the proposed
method. This voltage increment does not increase the dis-
charge energy significantly as the generated pulsed current
is of short duration.

Figure 9 shows the distribution of the radial electromag-
netic force density when the two above systems are employed.
With the traditional single coil system, the radial electro-
magnetic force has one peak that is axially located on the
middle of the tube. In case of the proposed dual-coil system,
the radial electromagnetic force comprises two peaks that are
axially located on the two sides of the tube with a reduction
of the force exerted on the middle part, hence more tube
deformation uniformity can be attained. Figure 10 shows the
deformation profile of the tube when loaded with the two
investigated systems. As can be observed, compared with
the traditional single coil electromagnetic tube compression
system, the proposed dual-coil electromagnetic tube com-
pression system exhibits improved axial uniformity.
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FIGURE 9. Radial electromagnetic force distribution under the
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FIGURE 10. Deformation profile of the tube. (a) Conventional single coil
topology, (b) proposed dual-coil topology.
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FIGURE 11. Deformation profile of the tube for conventional single coil
topology and the proposed dual-coil topology.

To quantify the tube uniformity, a compression uniformity
coefficient D, is introduced. D, is defined as the axial length
when the radial compression of the pipe is greater than 90%
of the maximum displacement. Figure. 11 shows the radial
compression displacement of the tube with the two investi-
gated driving systems. Under traditional single coil system,
D, is 10mm. On the other hand, D, increases to 25mm under
dual-coil system; indicating the axial deformation uniformity

VOLUME 8, 2020

is improved 2.5 times compared to the conventional method.
These results prove the capability of the proposed dual-coil
topology to improve the axial deformation uniformity and
thus overcoming one of the main issues of the conventional
EMF based on single coil topology.

VI. CONCLUSION

In order to solve the problem of the non-uniform axial defor-
mation in conventional EMF, this article proposes a new
EMF method based on dual-coil topology, which can provide
a reasonable radial electromagnetic force on the deformed
tube. Results show that optimum adjustment of the gap length
can change the position of the two peak points of the radial
electromagnetic force acting on the tube in the axial direc-
tion. Similarly, the inner diameter of the coil influences the
difference between the two peak points and the center point
of the tube. Hence, the compression deformation in the axial
direction of the tube exhibits a profile that changes from con-
vex to concave at optimum values of the gap length and the
tube inner diameter. In other words, there exists a reasonable
coil structure that makes the axial deformation uniformity of
the tube optimal. Results prove that the proposed dual-coil
electromagnetic tube compression method can effectively
solve the problem of uneven axial deformation exists in the
conventional EMF method. Further analysis on other coil
parameters such as number of turns, coil length along with
experimental validation is to be carried out to promote the
feasibility of the method proposed in this article.
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