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ABSTRACT In the conventional electromagnetic tube expansion, the end effects generated by the con-
ventional helix coil may lead to inhomogeneous tube deformation in the axial direction. This paper is
aimed at overcoming this issue by proposing a new concave coil structure to replace the helix coil currently
used by the industry practice to generate a radial electromagnetic force on the tube. The proposed concave
coil is expected to reinforce the electromagnetic force distribution profile and, hence, improving the axial
inhomogeneous deformation of the tube. In this context, a newR-L criterion of deformation uniformity is first
proposed. Second, an electromagnetic-structural coupling finite element model is established to investigate
the relationship between the distribution of electromagnetic force generated by the concave coil and the
uniformity of the tube under various voltage levels. The effectiveness of the proposed method is validated
through a series of experimental and simulation analyses. Furthermore, based on the characteristics of the
electromagnetic tube expansion, a modified multilayer concave coil structure is proposed to overcome the
axial inhomogeneous deformation of long tubes.

INDEX TERMS Concave coil, deformation homogeneity, electromagnetic force distribution, electromag-
netic tube expansion.

I. INTRODUCTION
Light alloys have been given much attention in the last few
years due to its wide applications in various industry fields
such as aerospace, transportation, and machinery. Owing to
the fact that wrinkling and spring back are easily occurred
during conventional forming process at room temperature,
electromagnetic forming (EMF) has been widely adopted to
improve the plastic deformation ability of materials and light
alloys [1].

According to the nature of the workpiece, EMF can
be categorized into electromagnetic sheet forming and
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electromagnetic tube forming. In electromagnetic sheet form-
ing, the electromagnetic force generated by a spiral coil is
mainly in axial direction. This electromagnetic force is not
homogenous along the entire workpiece as the radial force
component at the center is higher than the force at the sheet
edges which results in a poor forming performance in radial
direction. On the other hand, the electromagnetic force gener-
ated by a helix coil in electromagnetic tube forming is mainly
in radial direction with a higher component on the central
area than the edges of the tube. This leads to inhomoge-
neous distributed electromagnetic forces in the axial direc-
tion. As a result of this inhomogeneous force distribution,
a significant reduction of the workpiece thickness occurs in
the central area compared to the thickness of the edges and
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it will be easy to crack [2]–[4]. As such, obtaining a homo-
geneous forming effect has become one of the main goals
of many scholars in the electromagnetic forming research
field.

To improve sheet uneven forming performance, Kamal and
Daehn have developed a uniform pressure actuator based
on the principle of electromagnetic tube expansion that can
produce a uniform electromagnetic force on the sheet [5].
This uniform pressure actuator has significantly improved the
forming effect compared with conventional electromagnetic
sheet forming and has been widely used in several industry
and research fields including Embossing Forming of Battery
Fuel Plate [6], cell phone shell fine forming [7] and electro-
magnetic welding [8]. Tekkaya et al. designed a driving coil
to generate electromagnetic force that varies with the contour
of the sheet to improve the forming performance [9]. Ahmed
et al. proposed a design of a flat coil of a variable cross section
to produce a better electromagnetic force distribution over the
workpiece [10]. An Electromagnetic Forming with a Local
Loading method was proposed to reduce the electromagnetic
force at the central region of the workpiece. This method
achieved a well-proportioned deformation at the edges of
the workpiece [11]. A new dynamic forming method named
Lorentz-force-driven sheet metal stamping was proposed by
Cao et al. in which the shape of the workpiece can be well
controlled [12].

To improve the homogeneous forming performance of a
tube, a small coil is proposed to be placed at different loca-
tions of the aluminum alloy tube [13]. Through applying
field shaper in the electromagnetic compression [14], and
electromagnetic welding [15], the magnetic flux density and
electromagnetic force generated are becoming more uniform.
Qiu adopted three coils which are placed at the middle and
both ends of the tube to generate uniform axial electromag-
netic force that can reduce the wall thickness at the central
area of the tube [16]. A coupled electromagnetic-mechanical
numerical model was developed using ANSYS software to
analyze the main factors affecting the tube forming unifor-
mity. Li et al. analyzed the influence of system parameters
on the forming effect and put forward a criterion for the
uniformity of tube forming [17]. Yu proposed that uniformity
of tube forming depends on the ratio of the tube length to coil
height [18]. Mo proposed an R-value criterion of tube unifor-
mity through analyzing the electromagnetic tube expansion
homogeneity at different aspect ratios [19].

In summary, innovated driving coils with different elec-
tromagnetic force distribution drive the rapid development
of EMF. This paper is taking a step forward in investigating
the feasibility of a concave coil to solve the issue of axial
tube deformation. Feasibility studies using numerical and
experimental Analyses are presented in [20]. Firstly, a new
R-L criterion of homogeneity on deformation is proposed.
Next, an electromagnetic-structural coupling model is estab-
lished to analyze the relationship between the distribution
of electromagnetic force generated by concave coils and the
deformation homogeneity of the tube under various voltage

FIGURE 1. Coil structure and force distribution: (a) helix coil, (b) concave
coil.

FIGURE 2. Schematic diagram of electromagnetic tube expansion system.

levels. Finally, experimental measurements are carried out to
assess the robustness of the proposed method.

II. BASIC PRINCIPLE AND DESIGN
Due to the tube end effect, radial electromagnetic force is
not distributed homogenously along the axial direction of the
conventional electromagnetic tube expansion. This force is
larger at the tube central area than the tube edges. This is
due to the fact that, the tube edges are more restrained by
the static region in the deformation process which eventually
leads to the inhomogeneous deformation in the axial direc-
tion. To overcome this issue, a new concave coil structure
is proposed in this paper. This coil can improve the form-
ing quality of the tube by adjusting the distribution of the
radial electromagnetic force as shown in Fig.1. By reducing
the number of turns at the middle of the coil, the induced
eddy current and magnetic flux density in this area will be
reduced and hence the electromagnetic force exerted on the
middle section of the tube will be weakened to improve the
deformation homogeneity.

The EMF system mainly comprises charging system,
capacitor power supply, discharging switch, driving coil and
a tube as shown in the schematic diagram of Fig.2. A strong
magnetic field is generated when the coil is driven by the
capacitor discharging, which can drive the tube to accelerate
and deform instantaneously.

The coupling relation between the driving coil and the
tube is shown in Fig. 3. According to Faraday’s law of
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FIGURE 3. Coupling relationship between driving coil and tube.

electromagnetic induction, the following relations is held:
ecc = −Lc

dEIc
dt

ecw = −Mc−w
dEIw
dt

(1)


eww = −Lw

d
−→
Iw
dt

ewc = −Mw−c
dEIc
dt

(2)

where Ic is the current of the driving coil and Iw is the induced
eddy current of the tube. Lc and Lw are the self-inductance of
the driving coil and the tube, respectively andM is the mutual
inductance between the driving coil and the tube. ecc, eww
and ecw, ewc respectively represent the electromotive forces
generated due to Ic and Iw.

The circuit is designed to facilitate the change of the
waveforms of discharging current without affecting the form-
ing efficiency through the use of a crowbar branch [21].
Therefore, the equivalent circuit of the electromagnetic tube
expansion satisfies the following equations:(

Rl
−→
Ic + Ll

dEIc
dt

)
+

(
Rc
−→
Ic + Lc

d
−→
Ic
dt
+M

d
−→
Iw
dt

)
=
−→
Uc (3)

−→
Uc =

−→
U0 −

1
C

∫ t

0

(
−→
Ic +
−→
Id
)
dt (4)

−→
Id = 0 (Uc ≥ 0)

−→
Id =

−→
Uc
Rd

(Uc < 0)
(5)

Ignoring the influence of the asymptotic line, the helix coil
system can be seen as multiple closed rings in the axial direc-
tion. Then the structure of the electromagnetic field source,
the coil system and the workpiece are all axially symmet-
ric and can be simplified as a two-dimensional asymmetric
model:

∇ × Eφ = −
∂Bz
∂t
+∇ × (vr × Bz) (6)

Jϕ = γEϕ (7)

whereE8 is the hoop component of the electric field intensity,
Bz is the axial component of the magnetic flux density, vr is

the tube radial velocity, γ is the electrical conductivity, and
J8 is the eddy current in the hoop direction.

Two terms on the right side of Eq. (6) represent the relation-
ship of the curl of the induced electric field produced by the
induced electromotive force and the motional electromotive
force. The electromagnetic force on the tube is determined by
the induced eddy current and flux density as below:

Fz = Jφ × Br
Fr = Jφ × Bz (8)

Obviously, the distribution of the electromagnetic force is
closely related to the magnetic flux density of the coil, and
it is mainly dependent on the coil geometry. The force and
displacement equation of the tube is given by the following
equation:

∇ · σ + F = ρ
∂2u
∂t2

(9)

where σ is the stress tensor, F is the electromagnetic force
density vector, ρ is the density of the tube, and u is the
displacement vector.

The tube material used in this paper is AA6061-O, which
can be simulated as Cowper-Symonds model. Its constitutive
equation and quasi-static stress-strain curve can be expressed
as below:

σys =

{
Etε σys < σys0

σys0 + AεBpe σys ≥ σys0
(10)

σ =

[
1+

(
εpe

Cm

)m]
σys (11)

where Et is the young’s modulus, σys0 is the initial yield stress
of the workpiece, εpe is the plastic strain that can be expressed
as ε-(σys/E).AandB are constants; 90.5 and 0.35 respectively.
σ is the flow stress, m is the strain rate hardening parameter,
Cm is the viscosity parameter.
The system parameters used in the simulation analysis are

listed in Table 1.

A. FINITE ELEMENT MODEL
There is a strong coupling between the electromagnetic and
structure fields in the electromagnetic tube expansion pro-
cess. Finite element modeling is a reliable simulation tool
to emulate physical process. A 2-D axial symmetry finite
element model is developed using COMSOL software for the
axis symmetry of electromagnetic force and tube deformation
as shown in Fig. 4. The flowchart for the simulation process is
shown in Fig. 5. The simulation includes four physical mod-
els: ‘‘Circuit analysis model’’ to calculate equations (3)–(5),
‘‘Magnetic analysis model’’ to calculate flux density, induced
eddy current and electromagnetic force, ‘‘Deformation analy-
sis model’’ to simulate the tube deformation behavior caused
by the electromagnetic force, and ‘‘Update mesh model’’ for
updating mesh elements with the deformation of the tube.

In order to verify the robustness of the simulated model,
experimental measurements have been conducted and com-
pared with the simulation results. For a discharging voltage
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TABLE 1. Simulation parameters of the investigated system.

FIGURE 4. 2-D finite element model: (a) helix coil, (b) concave coil.

U = 4.4 kV, the generated current waveform obtained
through simulation and experimental measurements is as
shown in Fig. 6(a) which reveals a good agreement between
the simulation and experimental results. Fig. 6(b) shows the
corresponding deformation contour of the tube using simula-
tion and practical measurements. In the simulation analysis,
the diameter and height of the expanded tube are found to
be 100.86mm and 112.44 mm respectively, which are very
close to the experimental results (99.12 mm and 113.56 mm).
The error between simulation and experimental data is less
than 2% which reveals the accuracy of the developed finite
element model.

B. R-L CRITERION FOR DEFORMATION HOMOGENEITY
It is more effective to analyze the tube deformation
homogeneity after establishing a reasonable criterion for

FIGURE 5. Flow chart of EMF simulation.

FIGURE 6. Simulation and experimental results: (a) coil current, (b) tube
deformation.

FIGURE 7. R-L criterion for deformation homogeneity.

deformation uniformity. Based on the R-value criterion pre-
sented in [19], this paper proposes a new R-L criterion of
deformation uniformity for analyzing the deformation of the
tube. The maximum displacement point Smax usually appears
at the axial center of the tube and can be considered as a ref-
erence value whereas any displacement value S of any point
along the axial direction is expressed as a ratio R = S/Smax
that should be limited to a value in the range 0.95∼ 1. When
this ratio reaches a critical value of 0.95, the corresponding
point is recorded as the maximum displacement point of a
length L/2 where L is the maximum deformation homogene-
ity range as shown in Fig. 7. The R-L criterion of deformation
homogeneity is a direct method of uniformity. For similar
tubes of the same material and height, the larger the value
of L, the better the homogeneity on tube deformation.

C. ANALYSIS OF TUBE AXIAL UNIFORMITY
In order to validate the superiority of the proposed concave
coil over the traditional helix coil currently used by the
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FIGURE 8. Performance of the two investigated coils (a) axial magnetic
field density and (b) radial electromagnetic force distribution against
tube displacement length (z).

FIGURE 9. Tube homogeneity under the two investigated coils: (a) helix
coil, (b) concave coil.

industry practice, the axial homogeneity of tube deformation
based on both coils are compared and analyzed based on the
geometrical parameter listed in Table 1.

Fig. 8 shows the axial magnetic field intensity and
radial electromagnetic force distribution when each coil is
employed. In contrary with the conventional helix coil and
due to the decreased number of turns in the middle of the con-
cave coil, the magnetic field density within the gap between
the central section and the workpiece decreases accordingly.
The reduction of the magnetic field density at the central
section reforms the magnetic field profile to be in a concave
shape as shown in Fig. 8(a). As the radial electromagnetic
force mainly depends on the axial magnetic field density,
the radial electromagnetic force will be also distributed in a
concave shape in the axial direction as shown in Fig. 8(b).
Results in Fig. 8(b) reveal that for the same tube displace-
ment, the maximum radial electromagnetic force generated
by the concave coil is greater than the force generated by
conventional helix coil.

Fig. 9 shows tube homogeneity under the two investi-
gated coils system. The discharge voltage in the conven-
tional helix coil system is 3.37kV while it is 4.40kV in
case of concave coil system. As previously shown in Fig.8,
the radial electromagnetic force is distributed in a convex
shape in the axial direction for the conventional helix coil
system, which leads to inhomogeneous deformation in the
axial direction. On the other hand, in case of concave coil
system, the radial electromagnetic force is distributed axially
in a concave shape and the displacement of the edges of the
tube is increasing. According to R-L criterion of deformation
homogeneity, themaximumhomogeneous deformation range

FIGURE 10. Part of the experimental setup.

FIGURE 11. Design of the two investigated coils: (a) helix coil,
(b) concave coil.

L is 11.67 mm and 31.67 mm for the helix coil system and
the concave coil system, respectively. Figure 9 shows that
the homogeneous deformation of the tube is significantly
improved when the conventional helix coil is replaced by the
proposed concave coil.

III. EXPERIMENTAL AND SIMULATION RESULTS
To validate the effectiveness of the homogeneous deforma-
tion of the tube using the proposed concave coil, experimen-
tal measurements are carried out at Wuhan National High
Magnetic Field Center as shown in the part of the hardware
setup in Fig. 10. The power supply in Fig. 10 consists of two
capacitors of 320 µF total capacitance, maximum charging
voltage of 25 kV andmaximum discharging energy of 200 kJ.
In order to simplify the fabrication of the experimental coils,
the structures of the two investigated coils are designed as
shown in Fig. 11. The two coils are made of copper wire
of rectangular cross-section of 1 × 4 mm2 with Zylon-
reinforced external layer. The tube is made of Aluminum
alloy AA6061-O. Schematic diagram of the experimental
setup is shown in Fig. 12.

When a 5.4 kV discharging voltage is applied to the con-
ventional helix coil, the maximum deformation of the tube is
found to be the same when a 6.5 kV is applied to the concave
coil with a shape of the expanded tube as shown in Fig. 13.
The value of L is 7.87 mm in case of conventional coil and
27.22 mm when the concave coil is used, which is 3.46 times
of the former. Apparently, the radial electromagnetic force
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FIGURE 12. Schematic diagram of the experimental setup
(a) conventional helix coil, (b) concave coil.

FIGURE 13. Photos of the Expanded tube after discharging with a system
of helix coil and concave coil.

generated by the concave coil can greatly improve the homo-
geneous deformation of the tube.

The relationship between electromagnetic force distribu-
tion and deformation homogeneity is further investigated by
changing the discharging voltage as elaborated below.

Results show that the two peaks of the radial electro-
magnetic force increase when the discharging voltage gradu-
ally increases from 3.6 kV to 5.4 kV. A further increase in
the discharging voltage results in altering the deformation
of the tube from concave to convex profile. This proves
that forming results are sensitive to the discharging voltage
especially at high voltage levels as the deformation tube
profile is being similar to the deformation effect when a
conventional helix coil is employed as shown in Fig. 14 (b).
The discharging voltage effect on the electromagnetic force
acting on the workpiece is directly affecting the forming
process.

Fig.14 (c) shows the maximum deformation homogeneity
range of the tube at different discharging voltage levels.
Results show that the maximum deformation homogeneity
range increases with the increase of the discharging voltage
level up to 4.4 kV after which it decreases. As shown in
Fig. 14 (c), the value of L increases and reaches a maximum
value that is corresponding to a critical transition point from
concave to convex profile at a voltage level of 4.4 kV. With
the further increase of the discharging voltage, the value of L
decreases and the tube is converted to a convex profile shape.
The above results reveal that discharging voltage level has a
great influence on the deformation homogeneity of the tube

FIGURE 14. Effect of discharging voltage: (a) radial electromagnetic force
distribution, (b) radial displacement, (c) deformation homogeneity range
for a concave coil system.

FIGURE 15. Experimental measurements for the effect of discharging
voltage on the deformation homogeneity of the tube.

FIGURE 16. Concave coil structure (a) conventional structure
(b) multi-layer structure.

in the axial direction, and there exists a critical discharging
voltage level where the tube exhibits a maximum deformation
homogeneity range.

To validate the effect of discharging voltage on defor-
mation homogeneity of the tube, a series of experiments
were carried out with the simplified concave coil shown
in Figure 10. The expanded tube under different discharg-
ing voltage levels is shown in Fig. 15. Experimental results
indicate that the value of L increases with the increase in
the discharging voltage level from 4 kV to 6.5 kV. When the
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FIGURE 17. Performance of the conventional and multilayer concave coil
(a) axial electromagnetic force distribution, (b) radial displacement of the
expanded tube.

FIGURE 18. Finite element simulation results of L (a) concave coil
(b) multilayer concave coil.

discharging voltage level reaches about 7 kV, the value of
L decreases and the tube deformation shape is turning to a
convex profile, which agrees well with the simulation results
above. Experimental results show that the critical discharging
voltage level of the used tube is 6.5 kV with a maximum
deformation homogeneity range of 27.22 mm.

IV. ANALYSIS OF MULTILAYER CONCAVE COIL
To investigate the axial homogeneous deformation of a long
tube, a multilayer concave coil as shown in Fig. 16 is intro-
duced to further increase the tube deformation homogeneity
range.

Fig. 17(a) shows the radial electromagnetic force distribu-
tion under the conventional concave coil and multilayer con-
cave coil. It can be observed that the number of peaks of the
radial electromagnetic force has increased from two, in case
of conventional concave coil, to three in case of multilayer
concave coil. Fig.17 (b) shows the radial displacement of the
expanded tube with the maximum deformation homogeneity
range for the two coils. It can be seen that the depth and
length of the expanded tube increase significantly when a
multilayer concave coil is employed. As shown in Fig. 18,
the corresponding simulation results of L are found to be
23.75 mm in case of conventional concave coil and 51.66 mm
when a multilayer structure for the proposed concave coil is
adopted.

V. CONCLUSION
This paper investigates the electromagnetic tube expansion
with concave and helix coils. Simulation and experimental
analyses have been conducted to explore the homogeneity

on tube deformation under these two coils. The following
conclusions can be drawn from the obtained results:

• By comparison, the radial electromagnetic force gener-
ated by the concave coil can greatly improve the homo-
geneous deformation of the tube than the conventional
helix coil. In the investigated case in this paper, the max-
imum deformation homogeneity range increased from
11.667 mm in case of helix coil to 31.666 mm in case of
concave coil.

• With the increase in the discharging voltage, the forming
deformation of the tube changes from concave to convex
profile at certain critical discharging voltage. At this
critical discharging voltage level, the tube exhibits max-
imum deformation homogeneity range.

• The application of multilayer concave coil can further
increase the maximum deformation homogeneity range.
This is expected to be a new solution to solve the axial
homogeneous deformation of long tubes.
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