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Abstract
In the majority of electromagnetic tube forming system, the distribution of Lorentz force acting on tube is restricted and has poor
controllability, which leads to the tube being unable to meet the requirement of manufacturing flexibly. A new electromagnetic
tube-forming method based on the two-stage coils system, which consists of two coils and two independent capacitor banks, has
been proposed to improve the distribution mode and controllability of Lorentz force. With higher deformation depth and less
occurrence of cracking compared with the conventional one single-coil system; this method has been proved to be effective in
improving the deformation behavior of tube in electromagnetic forming through experiments. However, the deformation behav-
ior of tube in this forming method still needs further studies. In this paper, the effect of pulse width of middle-coil current on
AA1060 aluminum tube deformation behavior under two-stage coil system is investigated through simulation model, which is
based on the combination of current filament method and finite element method. Results show that the short pulse width of the
middle-coil current can achieve larger deformation depth of tube under relatively small discharging energy, and the long pulse
width of the middle-coil current has good performance in deformed profile. Moreover, the thickness reduction in the case of long
pulse width of middle-coil current is less than the case of short pulse width of the middle-coil current under equal deformation
depth of tube.
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1 Introduction

The electromagnetic forming (EMF) is one kind of high-speed
forming using pulsed Lorentz force acting on a metallic work-
piece to deform it into the required parts [1]. Compared with
conventional forming techniques, the EMF has higher
forming speed, higher forming limit, and lower occurrence
of spring back and wrinkling [2, 3]. Therefore, this forming

technique has been widely used in sheet forming [4, 5], tube
forming [6–8], joining [9], and other kinds of metal
manufacturing.

In the electromagnetic tube forming, the distribution of
Lorentz force is a significant factor of deformation behavior
and forming performance, and the Lorentz force distribution is
highly related to the structure and position of the coil. Li et al.
[10] studied the tube-forming behavior by varying the relative
position of coil and tube and found out the optimal range of
relative position for tube flanging. Qiu et al. [11] proposed a
concave coil in order to improve the forming homogeneity of
the tube and acquired a homogeneous deforming range of
30% when this type of forming coil structure was adopted in
electromagnetic tube expansion. However, the majority
of works on electromagnetic tube forming still used
conventional one single coil. As a result, occurrence of
cracking on tube was relatively high with the growth of
discharging energy. The main reason was that the
Lorentz force mainly distributes on the middle region of tube
and in radial direction, which leads to significant thickness
reduction of tube wall.
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To improve the distribution of Lorentz force acting on the
tube, scholars introduced additional forming coils. For exam-
ple, Cui et al. [12] and Qiu et al. [13] respectively proposed a
method of electromagnetic tube forming in which two addi-
tional coils are placed at both ends of a tube to provide axial

compression Lorentz force. Results showed that the deforma-
tion depth of tube can be increased with lower occurrence of
cracking, because the thickness reduction of the tube wall is
decreased. However, in both studies mentioned above, all of
the forming coils were connected in series and driven by one
capacitor bank. Therefore, the radial expansion Lorentz force
and axial compression Lorentz force could only act on the
tube synchronously, and the amplitude and acting time of both
Lorentz force also could only be adjusted synchronously
through altering the discharging voltage and capacitance of
the capacitor bank. Thus, the controllability of the distribution
of Lorentz force acting on a tube is poor and cannot meet the
requirement of manufacturing flexibly. Based on the space-
time–controlled multi-stage pulsed magnetic field forming
and manufacturing technology proposed by Li [14], Zhang
et al. [15, 16] proposed a novel electromagnetic tube-
forming system, which was called “the two-stage coils sys-
tem,” as shown in Fig. 1. In this system, the coil placed in the
central region of the tube (called “middle-coil”) and the coils
placed at both ends of the tube (connected in series, called
“end-coils”) are driven by two independent capacitor banks,
to achieve the flexible control of the Lorentz force distribution
on the tube. The experiment results showed that in this
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Fig. 1 Scheme diagram of the two-stage coil system

Fig. 2 Equivalent circuit of the
electromagnetic tube forming
with one single coil
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forming system, the deformation depth of the tube increased,
and no cracking appeared compared with conventional
electromagnetic tube-forming system based on one sin-
gle coil.

According to the analysis of deformation behavior of tube
in electromagnetic forming with a die carried out by Zhang
et al. [17], the excessive radial Lorentz force acting on the tube
middle easily leads to the excessive thickness reduction of the
tube wall, while the excessive axial Lorentz force acting on
the tube ends leads to the overflow of the tube ends. Therefore,
the optimization of radial and axial Lorentz force distribution
on the tube needs to be further studied, in order to meet dif-
ferent requirements of manufacturing. And it can be conclud-
ed that in the proposed two-stage coils system, the optimiza-
tion of the radial and axial Lorentz force distribution is

through adjusting the discharging parameters of the middle-
coil and the end-coils.

In this paper, under the premise of fixed discharging
parameter of the end-coils, the analysis of the effect of
the middle-coil current pulse width on deformation be-
havior of tube in the proposed two-stage coils system
was carried out through simulation. At first, the simula-
tion model of this electromagnetic tube-forming system
and the principle of the simulation model were
discussed. Then, the tube deformation behaviors under
different pulse width of middle-coil current were simu-
lated and analyzed.

2 Principle of the simulation model

In the process of electromagnetic forming, the Lorentz force is
generated through the interaction of the magnetic field in the
space and the eddy current flows in the workpiece, and the
workpiece is deformed under the action of Lorentz force. In
the meantime, the deformation of the workpiece will change
the geometrical parameters of the system, which leads to the
changing of magnetic field distribution. The heating effect of
the current also causes temperature rise in the electromagnetic
forming system, but according to the research done by Cao
et al. [18], the effect of temperature can be neglected, as the
temperature rise of a working cycle of electromagnetic
forming is relatively small. Thus, electromagnetic forming is
a process of sequential coupling between the electromagnetic
field model and the mechanical model [19]. However,
there exists the problem that the meshes in the air re-
gion can be excessively distorted in the case of large
deflection, which will lead to the convergence problem
[20]. To solve this problem, the electromagnetic field
model is transferred to “the current filament method,”
which has been applied in the analysis of induction coil gun
[21], electromagnetic sheet forming [20], and electromagnetic
tube forming [15].

2.1 Current filament method

The current filament method includes two steps: The first is
the calculation of current flows in coil wire and eddy current
flows in the tube, and the second is the calculation of Lorentz
force acting on the tube.

In the first step, the coil and tube are divided into a series of
equivalent circuits. In order to describe simply, the equivalent
circuits of electromagnetic tube-forming model with one sin-
gle coil is discussed below. In this model, the number of coil
turn is q, and each turn of coil wire is divided into m count of
elements. The tube is divided into n count of elements. If the
divided elements are small enough, the current of each ele-
ment can be treated as homogeneous distribution. Figure 2

Fig. 3 Comparison of coil current waveform between the calculating
result of the current filament method and the COMSOL model

Fig. 4 Comparison of radial Lorentz force waveform between the
calculating result of the current filament method and the COMSOLmodel
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shows the equivalent circuit of electromagnetic tube forming
with one single coil, from which the circuit of kth (k = 1, ..., n)
tube element can be described as 0 ¼ Rsk isk þ Lsk

disk
dt

þ ∑
n

j¼1; j≠k
Msk−sj

disj
dt

þ ∑
q

g¼1
∑
m

h¼1
Msk−cgh

dicgh
dt

−evskr−evskz ð1Þ

where Rsk, Lsk, and isk represent the resistance, self inductance,
and eddy current of the kth tube element, respectively; Msk-sj
represents themutual inductance between the kth and the other
tube elements, Msk-cgh represents the mutual inductance be-
tween the kth tube element and the coil elements, and icgh
represents the current of the hth (h = 1, ..., m) element of the
gth (g = 1, ..., q) turn of coil.

The evskr and evskz in Eq. (1) represents the motional
electromotive force generated by the radial and axial relative
motion between the kth tube element and magnetic field, re-
spectively, which satisfy

Fig. 6 Verification of the simulation model. a Simulation result. b
Experiment result

Table 1 Geometrical parameters

Symbol Value and unit Description

rc1i 35.0 mm Inner radius of the middle-coil

rc1o 46.0 mm Outer radius of the middle-coil

hc1 40.0 mm Length of the middle-coil

rc2i 42.0 mm Inner radius of each coil of the end-coils

rc2o 53.0 mm Outer radius of each coil of the end-coils

hc2 12.0 mm Length of each coil of the end-coils

rtubei 48.0 mm Inner radius of the tube

rtubeo 50.0 mm Outer radius of the tube

htube 200.0 mm Length of the tube

hgap 10.0 mm Gap between the end-coils and tube ends

hdie 200.0 mm Length of the die

hg 40.0 mm Width of the cavity of die

rf 10.0 mm Radius of the fillet of die

Current filament
equivalent
circuits

Currents of
coils and tube

Lorentz force
distribution

Set
parameters

Mechanical model Set parametersDeformation
behavior

Updated
geometry

t=tend?End

MATLAB

ANSYS

Yes

No

Fig. 5 Flowchart of the
simulation model

1142 Int J Adv Manuf Technol (2020) 110:1139–1152



evskr ¼ −vskr isk
∂Lsk
∂r

þ ∑
n

j¼1; j≠k
isj
∂Msk−sj

∂r
þ ∑

q

g¼1
∑
m

h¼1
icgh

∂Msk−cgh

∂r

 !
ð2Þ

evskz ¼ −vskz isk
∂Lsk
∂z

þ ∑
n

j¼1; j≠k
isj
∂Msk−sj

∂z
þ ∑

q

g¼1
∑
m

h¼1
icgh

∂Msk−cgh

∂z

 !
ð3Þ

where vskr and vskz represent the radial and axial velocity of the
kth tube element, respectively.

The circuit of the hth (h = 1, ...,m) element of the gth (g = 1,
..., q) turn of coil can be described as

ucgh ¼ Rcghicgh þ Lcgh
dicgh
dt

þ ∑
m

a¼1;a≠h
Mcgh−cga

dicga
dt

þ ∑
q

b¼1;b≠g
∑
m

h¼1
Mcgh−cbh

dicbh
dt

þ ∑
n

k¼1
Mcgh−sk

disk
dt

ð4Þ

ucg ¼ ucg1 ¼ ⋯ ¼ ucgh ¼ ucgm ð5Þ

ic ¼ ∑
m

h¼1
icgh g ¼ 1;…; qð Þ ð6Þ

where ucgh, Rcgh, and Lcgh represent the voltage, resistance,
and self inductance of the hth element of the gth turn of coil,
respectively; Mcgh-cga represents the mutual inductance be-
tween the hth and the other elements of the gth coil turn;
Mcgh-cbh represents the mutual inductance between the hth
element of the gth coil turn and all elements of the other coil
turns; Mcgh-sk represents the mutual inductance between the
hth element of the gth coil turn and the tube elements; ucg
represents the voltage of the gth coil turn; and ic represents
the current of coil.

Table 2 Electromagnetic
parameters Symbol Value and unit Description

C1 Variable Capacitance of capacitor bank 1

U1 Variable Discharging voltage of capacitor bank 1

Rl1 20 mΩ Inner resistance of power line of capacitor bank 1

Ll1 5 μH Inner inductance of power line of capacitor bank 1

Rd1 100 mΩ Resistance of crowbar circuit of capacitor bank 1

C2 320 μF Capacitance of capacitor bank 2

U2 11.0 kV Discharging voltage of capacitor bank 2

Rl2 20 mΩ Inner resistance of power line of capacitor bank 2

Ll2 5 μH Inner inductance of power line of capacitor bank 2

Rd2 100 mΩ Resistance of crowbar circuit of capacitor bank 2

Fig. 8 Geometrical structure of the coil wires
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Fig. 7 Geometrical structure of the forming system
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The loop of the coil and the capacitor bank satisfies

up ¼ Rlic þ Ll
dic
dt

� �
þ ∑

q

g¼1
ucg ð7Þ

ip ¼ −Cp
dup
dt

ð8Þ

ic ¼ ip þ id

id ¼
0; up≥0
� �

−
up
Rd

; up < 0
� �(8><

>: ð9Þ

where up is the voltage of capacitor bank; Rl and Ll are the
inner resistance and inductance of the power line, respective-
ly; Cp is the capacitance of the capacitor bank; ip is the current
flowing out of the capacitor; and id and Rd are the current and
resistance of the crowbar circuit [21], respectively.

From Eqs. (1) to (9), the current of all tube elements can be
calculated. In other words, the eddy current distribution in the
tube can be acquired.

In the second step, according to the virtual displacement
method, the radial and axial Lorentz force of the kth (k = 1, ...,
n) tube element can be described as

f skr ¼ isk
1

2
isk

∂Lsk
∂r

þ ∑
n

j¼1; j≠k
isj
∂Msk−sj

∂r
þ ∑

q

g¼1
∑
m

h¼1
icgh

∂Msk−cgh

∂r

 !
ð10Þ

f skz ¼ isk
1

2
isk

∂Lsk
∂z

þ ∑
n

j¼1; j≠k
isj
∂Msk−sj

∂z
þ ∑

q

g¼1
∑
m

h¼1
icgh

∂Msk−cgh

∂z

 !
ð11Þ

Therefore, the Lorentz force distribution on the tube can be
acquired from Eqs. (10) and (11).

A verification of the reliability of the equivalent circuits
and the Lorentz force calculating method above based on cur-
rent filament method has been carried out by the same elec-
tromagnetic tube-forming model built by the COMSOL
Multiphysics, in which the discharging voltage is 7.0 kV,
the capacitance is 320 μF, the resistance of the crowbar circuit
is 100 mΩ, and the inner resistance and inductance of the
power line are 20 mΩ and 5 μH, respectively. Also, in the
current filament model and the COMSOL model, the coil has
an inner radius of 35.0 mm, an outer radius of 46.0 mm, a
length of 40.0 mm, and 40 turns of wire (the dimension is
2.0 mm× 4.0 mm per turn), and the tube has an inner radius
of 48.0 mm, a length of 200.0 mm, and a thickness of 2.0 mm.
The waveform of coil current and radial Lorentz force acting
on the whole tube calculated in the current filament method
agrees well with the corresponding waveform acquired from
the COMSOL, as shown in Figs. 3 and 4. Thus, the calculating
results of the current filament method have good accuracy.

Fig. 9 Middle-coil currents under equal W1 Fig. 10 Radial Lorentz force of middle part of tube under equal W1

Table 4 Characteristics of the middle-coil current and radial Lorentz
force under equal discharging energy W1 of the capacitor bank 1

Middle-coil current Radial Lorentz force

Peak value Pulse width Intensity Acting time

Case 1 Large Short Strong Short

Case 2 Medium Medium Medium Medium

Case 3 Small Long Weak Long

Table 3 Three cases of
equal discharging energy Case C1 U1 W1

1 160 μF 10.0 kV 8.0 kJ

2 320 μF 7.0 kV 8.0 kJ

3 640 μF 5.0 kV 8.0 kJ
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To the two-stage coils system in this work, the mutual
inductance between the elements of the middle-coil
and the end-coils should be taken into account on the basis
of Eqs. (1) to (9).

2.2 The mechanical model

In the electromagnetic forming process, the tube is under the
acting of Lorentz force, and the friction force generated from

the contact between the tube and the die. Thus, the motion
equation of the tube can be described as

f þ ∇ � σ ¼ ρ
∂2d
∂t2

ð12Þ

where f is the total external force acting on the tube, including
Lorentz force and friction force; σ is the stress tensor; ρ is the
density of the tube material; and d is the displacement vector.

As the electromagnetic forming is high-speed forming, the
strain rate has great influence in the forming process of the
workpiece. Thus, the Cowper-Symonds model is adopted,
which can be described as [22]

σ ¼ σy 1þ εp
C

� �mh i
ð13Þ

where σy is the yield stress, and εp is the plastic strain rate. For
aluminum alloy, the parameterC equals to 6500, andm equals
to 0.25.

In this work, the distribution of eddy current and Lorentz
force on tube is calculated in MATLAB, and the deformation
behavior of tube is simulated in ANSYS. The flowchart of the
simulation model is shown in Fig. 5.

2.3 Verification of the simulation model

To verify the feasibility of the simulation model above, a
comparison of the deformation result between simulation
and experiment has been carried out. The experiment result

Fig. 11 Radial displacement of
the deformed tubes under
equal W1

Fig. 12 Maximum radial displacement and end flowing of tube under
equal W1
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is from our previous work, in which the aluminum tube has a
length of 120.0 mm, a diameter of 100.0 mm, and a thickness
of 1.5 mm. The capacitor bank related to middle-coil has a
capacitance of 320 μF, and the discharging voltage is 7.0 kV.
The capacitor bank related to end-coils has a capacitance of
320 μF, and the discharging voltage is 12.0 kV. The deforma-
tion result of the simulation and experiment is shown in Fig. 6,
from which we can find that the deformation depth is 9.0 mm,
and the end flowing is 3.5 mm in the simulation result, and the
deformation depth is 9.2 mm, and the end flowing is 3.8 mm
in the experiment result. The simulation result agrees well

with the experiment results, which indicates that the calculat-
ing result of the simulation model above has good reliability.

3 Results and discussions

3.1 Parameters of the forming system

In this work, the two-stage coils system consist of middle-coil,
end-coils, and two capacitor banks. The middle-coil which
attached to capacitor bank 1 is inside the tube and placed in

Fig. 13 Profile in the die region
of the deformed tubes under
equal W1

Fig. 14 Radial Lorentz force on the middle and axial Lorentz force on
ends of tube in C1 = 160 μF, U1 = 10.0 kV

Fig. 15 Radial Lorentz force on the middle and axial Lorentz force on
ends of tube in C1 = 320 μF, U1 = 7.0 kV
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the middle region. The end-coils which attached to capacitor
bank 2 consist of two coils connected in series and placed at
both ends of the tube. The geometrical structure of the forming
system is shown in Fig. 7. The coils are made of copper wires
which has a cross-section of 2 mm (radial) × 4 mm (axial), and
1-mm space between each two layers in the radial direction, as
shown in Fig. 8. The middle-coil has 4 layers in the radial
direction, and each layer has 10 number of turns. Each coil
of the end-coils has 4 layers in the radial direction, and each
layer has 3 number of turns. The material of the tube in this
study is aluminum AA1060, which has a conductivity of
3.597 × 107 S/m, a relative permeability of 1, a Young’s mod-
ulus of 69 GPa, a Poisson ratio of 0.33, and an initial yield
stress of 106 MPa. The geometrical parameters are shown in
Table 1. The electromagnetic parameters are shown in
Table 2, in which the “variable” represents the items which
will be varied and discussed in the following sections. All the
simulation analyses in the following sections are under the
premise of equal discharging parameters of end-coils. In other
words, the C2 and U2 are kept at 320 μF and 11.0 kV,
respectively.

3.2 Simulation under equal discharging energy
of capacitor bank 1

In order to initially investigate the effect of pulse width of
middle-coil current, three cases are set under equal
discharging energy of capacitor bank 1, as shown in Table 3.
The discharging energy of capacitor bank 1 satisfies

W1 ¼ 1

2
C1U2

1 ð14Þ

where W1 is the discharging energy, C1 is the capacitance of
capacitor bank, and U1 is the discharging voltage.

Figure 9 shows the waveform of the middle-coil current in
the three cases in which the discharging energy is equal. The
waveforms show that in Case 1, the peak value of the middle-
coil current is larger, but the peak time is earlier than Case 2
and Case 3, and Case 3 has the smallest peak value of the
middle-coil current and the latest peak time in all the three
cases. It can be concluded that when the capacitance C1 is
larger, the pulse width of the middle-coil current is longer.
However, the peak value of the middle-coil current is relative-
ly small under equalW1 when adopting larger capacitance C1.

To acquire the radial Lorentz force acting on tube middle,
we take the middle part of the tube into account, which has a
length equal to the deforming region (hg + 2 × rf). The wave-
form of the radial Lorentz force acting on the middle in the
three cases are shown in Fig. 10. Compared with the corre-
sponding cases in Fig. 9, it can be concluded that the larger the
peak value of the middle-coil current, the stronger the inten-
sity of the radial Lorentz force, and the larger the pulse width
of the middle-coil current, the larger the pulse width of the
radial Lorentz force. Larger pulse width indicates longer act-
ing time of radial Lorentz force. Under equal discharging en-
ergy, the radial Lorentz force in Case 1 has the strongest in-
tensity but the shortest acting time, while the radial Lorentz
force in Case 3 has the weakest intensity but the longest acting
time. The comparison of the middle-coil current and radial
Lorentz force acting on the tube middle in the three cases
are shown in Table 4.

Figure 11 shows the radial displacement of the deformed
tubes of the three cases in which the discharging energy is
equal. The maximum radial displacement of the deformed
tube of Case 1, Case 2, and Case 3 is 16.4 mm, 16.0 mm,
and 14.6 mm, respectively. The comparison of the maximum
radial displacement and end flowing of the tube in each case is
shown in Fig. 12. It can be found that Case 1 has the largest

Fig. 17 Thickness reduction distribution under equal W1

Fig. 16 Radial Lorentz force on the middle and axial Lorentz force on
ends of tube in C1 = 640 μF, U1 = 5.0 kV
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radial displacement and end flowing, which indicates that the
smaller C1, the larger radial displacement and end flowing
under equal discharging energy W1.

Figure 13 shows the deformed tube profile in the die region
in the three cases. We can find that the profile of the deformed
tube in Case 3 is better than that in Case 1 and Case 2, as the
tube has the trend of fitting the die fillet. However, in Case 1,
the tube profile cannot reach the fillet of the die, though it has
larger radial deformation depth and axial end flowing than
Case 3.

Figures 14, 15 and 16 show the comparison between the
radial Lorentz force on the middle and axial Lorentz force on
the ends of the tube in the three cases, respectively. We can
find that besides the obvious difference between the radial
Lorentz force acting on the tube middle, the peak value, peak
time, and acting time of axial Lorentz force on the tube ends in
the three cases are similar. Combining the results shown from
Figs. 11, 12, 13, 14, 15 to Fig. 16, it can be concluded that the
radial displacement and end flowing of the tube are deter-
mined by the radial Lorentz force acting on the tube middle
and the axial Lorentz force acting on the tube ends, and the
profile of the deformed tube is influenced not only by
the intensity, but also by the waveform of the radial and
axial Lorentz force. The detailed analyses are as
follows:

1. Case 1 has the largest radial displacement and end
flowing, as its radial Lorentz force acting on tube middle
is obviously larger than that of Case 2 and Case 3.
However, the pulse width of the radial Lorentz force is
relatively short, and the peak time comes obviously ear-
lier than the peak time of the axial Lorentz force, with

time difference Δt = 0.04 ms. In this condition, the main
process of the radial expansion of the tube middle is be-
fore the process of the axial flowing of the tube ends. As a
result, the intensity of the radial Lorentz force on the
middle is relatively weak during the process of end
flowing, which leads to the overflowing of tube ends,
and the deformed profile cannot reach the fillet of the die.

2. Case 2 has the medium radial displacement and end
flowing in the three cases, because of the medium inten-
sity and acting time of the radial Lorentz force. The peak
time comes obviously earlier than the peak time of the
axial Lorentz force, with time difference Δt = 0.03 ms,
which leads to the similar characteristic of tube profile
compared with Case 1.

Fig. 18 Radial displacement and
deformed tube profile of
U1 = 10.0 kV and U1 = 12.0 kV
when C1 = 160 μF

Fig. 19 Thickness reduction distribution when C1 = 160 μF
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3. In Case 3, the radial displacement and end flowing are
relatively small. However, the pulse width of radial
Lorentz force is longer than that of Case 1 and Case
2, and the time difference between the peak time of
the radial Lorentz force and the axial Lorentz force
is Δt = 0.005 ms, which is the smallest in all the
three cases. In this condition, the acting time of
the radial Lorentz force on the middle is relatively
long, and the process of radial expansion of tube
middle and the axial flowing of the tube ends are
almost synchronous, which results in the best profile of
deformed tube in the three cases.

Figure 17 shows the distribution of thickness reduction
along the length direction of the tube in the three cases. The
maximum thickness reduction of the deformed tube in Case 1,
Case 2, and Case 3 are 16.1%, 14.0%, and 11.7%, respective-
ly. It can be concluded that the deformed tube in Case 1 has
the highest occurrence of cracking, because the occurrence of
cracking is related to maximum thickness reduction.

3.3 Simulation under equal pulse width of middle-coil
current

From Section 3.2, we can find that the larger capacitance C1,
the larger the pulse width of the middle-coil current. In this
section, the effect of the pulse width of the middle-coil current
is further investigated with equal C1.

Figure 18 shows the radial displacement and the profile of
the tube ofU1 = 10.0 kV andU1 = 12.0 kVwhenC1 = 160 μF.
It can be found that when U1 grows from 10.0 to 12.0 kV, the
maximum radial displacement of the tube increases from 16.4
to 17.2 mm, while the profile of the deformed tube still cannot
reach the fillet of the die. Figure 19 shows the distribution of
thickness reduction along the length direction of the tube
when C1 = 160 μF, which shows that the thickness reduction
increases as the growing of U1, and the maximum thickness
reduction reaches 19.5% when U1 = 12.0 kV.

Figure 20 shows the radial displacement and profile of the
tube ofU1 = 7.0 kV andU1 = 9.0 kV when C1 = 320 μF. With
the growing of U1, the maximum radial displacement of the
tube increases from 16.0 to 17.9 mm, and the tube profile is
obviously closer to the die profile compared with the case of
C1 = 160 μF, U1 = 12.0 kV. Figure 21 shows the distribution
of thickness reduction along the length direction of the tube

Fig. 20 Radial displacement and
deformed tube profile
of U1 = 7.0 kV and U1 = 9.0 kV
when C1 = 320 μF

Fig. 21 Thickness reduction distribution when C1 = 320 μF
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when C1 = 320 μF, in which we can find that the maximum
thickness reduction reaches 18.4% when U1 = 9.0 kV.
Compared with the case of C1 = 160 μF, U1 = 12.0 kV, the
maximum radial displacement is 0.7 mm larger, and maxi-
mum thickness reduction is 1.1% less.

Figure 22 shows the radial displacement and profile of tube
of U1 = 5.0 kV and U1 = 7.0 kV when C1 = 640 μF. The re-
sults show that the maximum radial displacement of the tube
increases from 14.6 to 18.3 mmwith theU1 growing from 5.0
to 7.0 kV. The deformed tube profile of U1 = 7.0 kV fits well
with the die fillet. Figure 23 shows the distribution of thick-
ness reduction along the length direction of the tube when
C1 = 640 μF, which shows the maximum thickness reduction
reaches 17.4% when U1 = 7.0 kV. Compared with the case of

C1 = 320 μF, U1 = 9.0 kV, the maximum radial displacement
is 0.4 mm larger, and maximum thickness reduction is 1.0%
less.

The comparison of the maximum radial displacement and
maximum thickness reduction of the deformed tube between
C1 = 160 μF, C1 = 320 μF, and C1 = 640 μF is shown in
Fig. 24. The comparison shows that when C1 is larger, the
tube can achieve larger deformation depth with less thickness
reduction compared with smaller C1. It can be predicted that
under equal deformation depth, the occurrence of cracking
when adopting longer pulse width of the middle-coil current

Fig. 22 Radial displacement and
deformed tube profile
of U1 = 5.0 kV and
U1 = 7.0 kV when C1 = 640 μF

Fig. 24 Comparison of maximum radial displacement and maximum
thickness reduction between C1 = 160 μF, C1 = 320 μF, and C1 = 640 μFFig. 23 Thickness reduction distribution when C1 = 640 μF
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is less than the case using the shorter pulse width of the
middle-coil current.

4 Discussion

According to the simulation investigation of the pulse width of
the middle-coil current in electromagnetic tube forming with
two-stage coils system under the premise of equal discharging
parameters of the end-coils, which have been shown in
Sections 3.2 and 3.3, we can find that:

1. To the short pulse width of middle-coil current, the inten-
sity of radial Lorentz force acting on tube middle is stron-
ger than that of the long pulse width of the middle-coil
current under equal discharging energy of capacitor bank
1. This is beneficial for the radial displacement of the
deforming region and axial flowing of tube ends.
However, the occurrence of cracking is higher, as shown
in Figs. 17 and 19, and the profile of the deformed tube is
difficult to reach the die profile, as shown in Fig. 18. The
reason is that according to Fig. 14, the acting time of radial
Lorentz force is relatively short, and the peak time comes
obviously earlier than the peak time of the axial Lorentz
force, which leads to the asynchronous process of the
radial expansion and end flowing. As a result, the tube
profile is bad due to the overflowing of tube ends and the
excessive increase of thickness reduction due to the ex-
cessive expansion of radial direction.

2. To the long pulse width of the middle-coil current, accord-
ing to Fig. 16, the acting time of the radial Lorentz force is
relatively long, and the time difference between peak time
of radial Lorentz force and axial Lorentz force is relatively
small. Under this condition, the process of radial expan-
sion of tube middle and the axial flowing of tube ends is
almost synchronous. The results are larger deformation
depth with less occurrence of cracking compared with
the cases of short pulse width, as shown in Fig. 24, and
the good profile of the deformed tube, as shown in
Fig. 22.

Therefore, the shorter the pulse width of the middle-coil
current, the larger the deformation depth of the tube under
equal discharging energy, but the higher occurrence of the
cracking and worse tube profile. The longer the pulse width
of the middle-coil current, the better the profile of the de-
formed tube, and the occurrence of cracking is less under the
same deformation depth compared with the shorter pulse
width. It can be concluded that the short pulse width of the
middle-coil current can achieve larger deformation depth of
the tube under relatively small discharging energy, while the
long pulse width of the middle-coil current can achieve the
higher requirement of the tube profile and deforming quality.

5 Conclusion

In this work, the deformation behavior of tube under different
pulse width of middle-coil current in two-stage coils system is
studied, and the effect of the pulse width of middle-coil cur-
rent is discussed. Results show that the short pulse width of
the middle-coil current can achieve larger deformation depth
of the tube under relatively small discharging energy, and the
long pulse width of the middle-coil current has good perfor-
mance in the deformed profile. What is more, the thickness
reduction in the case of long pulse width of the middle-coil
current is less than the case of short pulse width of the middle-
coil current under equal deformation depth of the tube. More
investigations and significant results of the two-stage coils
system will be further developed through simulations and ex-
periments in the future.
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