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Abstract
Electromagnetic forming (EMF) has shown considerable promise in lightweight alloy tube manufacturing industry. However, 
the generated force field falls short of meeting the stringent forming accuracy requirements for variable-diameter tubes. To 
solve this, this paper proposes an EMF process using a novel coil structure, named as segmented coil, to improve the forming 
quality of tubes. The design and implementation of coil, as well as the deformation behavior of tubes, are discussed. Results 
show that a multi-layer solenoid coil can generate excessive force on the upper portion of the tube, thus causing an undesired 
gap between the coil and tube that is unfavorable for forming performance. In contrast, when employing a segmented coil, the 
force applied to this section is mitigated, allowing the tube to fit into the die from bottom to top and achieving a maximum 
die-fitting gap of no more than 0.1 mm. Besides, it is found that the forming accuracy increases with increasing discharge 
energy, and an optimal coil structure exists when the discharge energy is fixed. This work showcases the considerable flex-
ibility of the segmented coil in controlling the Lorentz force distribution and tube deformation behavior. These findings hold 
significant implications for expanding the applications of EMF technology.
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1  Introduction

The aluminum alloy variable-diameter tube finds extensive 
usage in the field of piping engineering, which serves the 
capability of facilitating piping connections and regulating 
fluid velocity [1]. Nonetheless, aluminum alloys exhibit 
limited formability at room temperature, easily resulting 
in cracks in the tube when the conventional cold extrusion 
process is applied.

Electromagnetic forming (EMF), as a specialized 
manufacturing technology based on pulsed Lorentz force, 

possesses characteristics such as non-contact operation and 
high forming speed, which can enhance the formability 
limits and suppress wrinkling and springback of aluminum 
alloy materials [2–4]. For instance, Xiao et al. [5] reported 
that a 68.3% increase in forming limit and a 9.4% increase 
in hardness for AA1060-H24 sheets when electromag-
netic forming (EMF) is applied compared to quasi-static 
stamping. Liu et al. [6] found that electromagnetic forming 
improved the forming limits of AA5182 O sheet by 43% 
under uniaxial tension, 53% under plane strain, and 59% 
under equal-biaxial tension compared to quasi-static form-
ing. Cui et al. [7] demonstrated that the springback of an 
AA5052-O aluminum-alloy U-shape sheet can be signifi-
cantly reduced when employing EMF, which can be ascribed 
to the decrease of tangential stress on the sheet corner. These 
studies demonstrate the feasibility of achieving high form-
ing quality of aluminum alloy variable-diameter tubes using 
electromagnetic forming technology.

But unfortunately, previous research has shown that 
the Lorentz force distribution generated by a conventional 
coil fails to meet the force-field requirement of a variable-
diameter tube, leading to subpar forming accuracy [8]. This 

 *	 Shaowei Ouyang 
	 swouyang@hust.edu.cn

 *	 Liang Li 
	 liangli44@mail.hust.edu.cn

1	 Wuhan National High Magnetic Field Center, Huazhong 
University of Science and Technology, Wuhan 430074, 
China

2	 School of Materials Science and Engineering, Hubei 
University of Automotive Technology, Shiyan 442002, 
Hubei, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-024-13620-w&domain=pdf


4830	 The International Journal of Advanced Manufacturing Technology (2024) 132:4829–4840

limitation stems from the fact that the Lorentz force distribu-
tion is difficult to control during the electromagnetic forming 
since it tends to be concentrated within the area covered by 
the coil wires. As a consequence, it leads to typical concave 
deformations in both sheet [9–11] and tube [12–14] during 
free bulging processes, as well as poor forming accuracy 
during die-fitting processes [15].

To solve this, scholars have proposed a variety of new 
approaches to control the force, such as developing new 
coil structure, introducing intermediate media between coil 
and workpiece [16–18], and employing multiple coils and 
power sources [19–21], among which the use of a novel 
coil structure is effective and easy to implement. For exam-
ple, regarding sheet forming, Kamal et al. [22] designed a 
uniform pressure actor (UPA) structure to induce an even 
Lorentz force across the sheet, which is achieved by incor-
porating a conductive channel located external to the coil. 
Building on this idea, Wu et al. [23] developed an improved 
UPA structure with the conductive channel placed inside 
the coil, leading to enhanced electrical contact and forming 
efficiency. Oliveira et al. [24] reported that the influence of 
dead spots can be avoid by employing a double spiral coil, 
thereby obtaining a more evenly distributed pressure on the 
sheet. Cui et al. [25] designed a flat spiral coil, known as 
the runway coil, to make pure aluminum sheet uniaxially 
tensioned by EMF. Regarding tube forming, Soni et al. [26] 
demonstrated that the coil parameters like inner diameter, 
outer diameter, effective number of turns have significant 
effects on the forming performance of tubes. Qiu et al. [27] 
suggested a concave coil structure to improve the uniformity 
of the tube, incorporating a reduced number of turns in the 
middle section of the coil. Ouyang et al. [28] split a conven-
tional coil into three sub-coils to realize different forming 
shapes of tubes, but the complex power supply equipment 
limits its wide application. Li et al. [8] developed a sectional 
coil constructed by varying coil spacing to enhance variable-
diameter tubes’ forming performance. This work is innova-
tive and works, but it is only applicable to single-layer coil 
that suffers poor forming efficiency.

In summary, designing new coil structures has been a 
trend in the area of EMF research since the coil’s geometry 
significantly influences Lorentz force distribution, which 
consequently affects the deformation process and final form-
ing performance of the workpiece. However, according to 
the above-mentioned research, the developed coil structure 
especially for tube forming still has some inherent limita-
tions. In this work, a new coil structure, named segmented 
coil, is developed to meet the force-field demands essential 
for the realization of high forming quality of AA6061-O var-
iable-diameter tubes, aiming to offer a new force-regulation 
tool that is easy to implement in electromagnetic tube form-
ing. In the following section, both numerical and experimen-
tal methods are first performed to verify the effectiveness of 

the proposed coil, and then the tube deformation behavior 
is studied.

2 � Principle and method

2.1 � Principle

Figure 1a displays the schematic of variable-diameter tubes 
deformed by electromagnetic method, comprising the form-
ing coil, tube, die, and power supply. When the capacitor is 
triggered, a strong pulsed current will be generated in the 
coil, resulting in the creation of a magnetic field and eddy 
current in the tube. Subsequently, a pulsed Lorentz force is 
generated on the tube, forcing it to deform and match the 
die’s shape. The expression for the Lorentz force density 
can be stated as follows:

where Jphi represents the induced eddy current density, while 
Bz and Br denote the axial and radial magnetic flux den-
sity; Fr and Fz correspond to radial and axial Lorentz force 
density, respectively. Note that Fr serves as the primary 
driving force in tube forming. However, the Lorentz force 
generated by a traditional solenoid coil cannot be applied to 
achieve precise shaping of variable-diameter tubes because 
of its unreasonable distribution. Specifically, the length of 
the coil used to form a variable-diameter tube is commonly 
higher than that of the tube, leading to a greater force in 
the upper part of the tube, mainly due to the eddy current’s 
end effect, which causes this section to make contact with 
the die first. Consequently, a gap forms between the tube 
and the die. During the experiment, it was observed that the 
air trapped in this gap could not escape, preventing further 
deformation of the tube [29]. This, in turn, results in poor 
forming accuracy of the final deformation shape, as illus-
trated in Fig. 1b.

A preferred method for shaping the variable-diameter 
tube involves ensuring that the tube can smoothly match 
the die from its bottom to the top. This allows for a reduc-
tion in the force acting on the upper portion of the tube, as 
illustrated in Fig. 2. In accordance with the Biot-Savart Law, 
the magnetic field density produced by a coil with multiple 
turns can be represented as follows:

(1)Fr = Jphi × Bz

(2)Fz = Jphi × Br

(3)�⃗B =

n
∑

i=1

𝜇0

4𝜋 ∫L

Idl × r⃗

r3
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where I represents the current, dl stands for the tiny 
line element of the current, L denotes the integration path, 
n signifies the number of coil turns, and r represents the 
distance from the current element to the measurement 
point. It is evident that the magnetic field strength is 
affected by both the number of coil turns and the dis-
tance between the coil and tube. Consequently, the Lor-
entz force is able to be reduced by either decreasing coil 
turns or increasing the distance between the coil and tube. 
With this in mind, a segmented coil structure was devel-
oped, where the wire turns on the upper part of the coil is 
reduced, thereby decreasing the force on the upper por-
tion of the tubes.

2.2 � Geometric configuration

Figure 3a provides the geometric characteristics of the 
tube and die, where a tube made of AA6061-O aluminum 
alloy having a 2 mm thickness, a 76 mm diameter, and a 
100 mm length was employed, along with a 304 steel die 
with a top hole of 96 mm and a bottom hole of 80 mm. 
The conventional solenoid coil composed of a single layer 
has been proven to cause poor forming accuracy of vari-
able-diameter tubes by previous works [8, 29], while the 
applicability of this conclusion in multi-layer solenoid coils 
requires further verification considering that the number of 
coil turns could also affect the distribution of Lorentz force. 

Fig. 1   Schematic of the EMF 
system (a) and forming process 
(b) for variable-diameter tube
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Figure 3b provides details regarding the structure parameters 
of the used solenoid coil, which was constructed using 96 
turns of copper conductors arranged into 4 layers with a 

rectangular cross-section measuring 1 × 4 mm2. Figure 3c 
shows the developed segmented coil, where 6 turns of wire 
arranged into 2 layers near the upper portion of the coil are 
reduced compared to that in the conventional coil. More 
details regarding the coil structure are given in Table 1. The 
forming processes of tubes under a conventional coil and 
segmented coil are both discussed in this paper.

2.3 � Discharge circuit

The equivalent circuit for the EMF process employing 
a segmented coil is depicted in Fig. 4. In this circuit, 
the coil and tube are represented as a connection of an 

Fig. 2   Schematic of the tube-
forming process by a segmented 
coil
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Table 1   Main discharge parameters of the coils

Parameters Conventional coil Segmented coil

Total turns 96 90
Spacing between turns 0.5 mm 0.5 mm
Copper size 1 × 4 mm2 1 × 4 mm2

Inner diameter 58 mm 58 mm
Outer diameter 69 mm 69 mm

Fig. 3   Geometric parameter 
of the tube and die (a), the 
conventional coil (b), and the 
developed segmented coil (c)
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inductor (L) and a resistor (R). To alleviate the tempera-
ture increase in the coil, a crowbar circuit, comprised of 
a resistor (Rds) and a diode (Ds), is inserted in parallel 
with the capacitor [30]. The capacitance is set as 160 µF, 
while the maximum discharge voltage can reach up to 
25 kV, and more details about discharge parameters are 
provided in Table 2.

2.4 � Numerical model

In this work, two numerical software, COMSOL and LS-
DYNA, are applied, where the former is used to design the 
coil, while the latter is used to study the tube deformation 
processes. Figure 5a shows the two-dimensional axisym-
metric simulation model built by COMSOL, which couples 
the electric and magnetic fields by finite element method 
(FEM). Figure 5b shows the full simulation model built by 
LS-DYNA coupling the electric field and magnetic field, as 
well as the structure field, which is mainly solved by finite 
element method (FEM) and boundary element method 
(BEM).

To build the stress-strain relationship for AA6061-O 
aluminum alloy, a uniaxial tensile test was performed. The 
obtained tensile test data is illustrated in Fig. 6, and the fitted 
quasi-static stress-strain curve, designated as σqs-ε, can be 
represented as follows:

The significance of strain rate in affecting material flow 
stress is widely acknowledged. Therefore, the Cowper-
Symonds constitutive model was utilized to characterize 
and address the strain rate effect, and it can be described 
as follows:

where εp represents the plastic strain rate, with specific val-
ues for P and m set at 6500 s−1 and 0.25 for aluminum [31], 
respectively. More details regarding the used materials can 
be found in Table 3. 

(4)�qs = 120.14�0.157

(5)� = �qs
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Fig. 4   Equivalent circuit for the EMF system using a segmented coil

Table 2   The primary circuit parameters in EMF system

Parameters Symbol/unit Value

Capacitance Cs/μF 160
Line inductance Ls/μH 7
Line resistance Rs/mΩ 7
Crowbar resistance Rds/mΩ 200
Voltage Us/kV 0–25

Fig. 5   Developed numerical 
model by COMSOL (a) and 
LS-DYNA (b)
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2.5 � Experimental setup

Figure 7a illustrates one set of the power supply, compris-
ing the capacitors, charger and switch, capable of achiev-
ing maximum capacitance and maximum voltage levels 
of 3.2 mF and 25 kV, respectively. Figure 7b shows the 
configuration of the forming device, including the coils, 
the tube, and the die. For ease in extracting the deformed 
tube, the die was manufactured in a splice mode. For fur-
ther analysis, two specific paths along the length of the 
tube were selected.

3 � Result and discussion

3.1 � Implementation of the segmented coil

In this section, the effect of the segmented coil structure on 
the Lorentz force distribution is primarily discussed. Addi-
tionally, the strength of the segmented coil is calibrated 
through COMSOL, and finally, the winding method of the 
segmented coil is introduced.

3.1.1 � Design of the coil structure

Three cases are mainly considered in this section: (I) the 
conventional multi-layer coil, or coil with 0 turns reduced; 
(II) segmented coil with 6 turns reduced, as shown in 
Fig. 3c; and (III) segmented coil with 10 turns reduced. Fig-
ure 8 gives the coil currents under the three cases with the 
application of a 160 µF capacitance and a 10 kV discharge 
voltage. It is found that the segmented coil exhibits a shorter 
rising edge and a greater amplitude in the current waveform. 
This can be attributed to the lower resistance and inductance 
of the coil in the segmented configuration.

Figure 9 illustrates the distribution of the Lorentz force 
along the tube length. In each case, the tube remains fixed 
without undergoing deformation, and observations are made 
at the moment when the currents reach their peak values. 
It is evident that the force acting on the middle section of 
the tubes increases as the number of wire turns decreases. 
This can be attributed to the higher coil current associated 
with fewer turns. Regarding the force applied to the upper 

Fig. 6   Testing and fitting stress-strain curves of 6061-O tube

Table 3   Mechanical and 
electrical properties of the used 
materials

Parameters Materials

Tube (6061-O) Die (304 steel) Coil (copper)

Poisson ratio 0.33 0.29 0.34
Elastic modulus (GPa) 68.8 193 126
Yield strength (MPa) 55 215 80
Electrical resistivity (Ω × m) 3.66 × 10−8 7.2 × 10−7 1.66 × 10−8

Fig. 7   Photos of the power sup-
ply (a) and forming devices (b)
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section of the tube, it is noteworthy that when a conventional 
coil is employed, the force is greater than that in the middle 
section. However, this force diminishes when the number 
of wire turns in the upper section of the coil is decreased, 
and the extent of this reduction becomes more pronounced 
as the number of turns decreases further. To prevent insuf-
ficient Lorentz force generated in the upper portion of tubes, 
this study adopts the segmented coil structure presented in 
Case II.

Figure 10 illustrates the axial magnetic field density (Bz) 
and circumferential eddy current (Jphi) generated by a con-
ventional coil and a segmented coil. Notably, the employ-
ment of a segmented coil results in a substantial reduction in 
both the magnetic field and eddy currents at the top end of 
the tube. Specifically, there is a 45% reduction in the mag-
netic field and a 33% reduction in eddy currents, signifying 
that both factors contribute significantly to the weakening 
of the Lorentz force in this configuration.

3.1.2 � Analysis of the coil strength

Figure 11 illustrates the maximum effective stress and strain 
experienced by the coil at a capacitance of 160 µF and a 
discharge of 10 kV. It can be observed that the maximum 
stress in the coil is only 175 MPa, significantly lower than 
the ultimate stress capacity of 4 GPa that Zylon fiber can 
withstand. Additionally, the strain generated in the conduc-
tor after a single discharge can be ignored, indicating that 
the proposed segmented coil structure meets the discharge 
requirements.

3.1.3 � Manufacturing process of the coil

Figure 12 illustrates the winding method employed for the 
segmented coil. The initial two layers are wound in a man-
ner similar to that of a conventional coil. However, when the 
third layer begins to be wound, an epoxy ring is introduced 
at the end of the coil. For the segmented coil, reducing even-
number layers (2 layers in this work) is recommended to 
ensure wires enter and exit the same port, which facilitates 
subsequent assembly of the copper electrodes. Following the 
wire winding process, the coil is further reinforced sequen-
tially with Zylon and glass fibers. It is noteworthy that the 
coil has an outer diameter of 76 mm that matches the inner 
diameter of the tube. According to the above description, 
this winding method is very flexible and allows to generate 
different Lorentz force distributions to meet different form-
ing conditions, such as forming variable-diameter tubes with 
different size.

3.2 � Verification of the proposed EMF process

In this section, the deformation process and forming quality 
of tubes by a conventional coil and the developed segmented 
coil are studied and compared.
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3.2.1 � Forming by a conventional coil

Figure 13a depicts the simulated process of the tube by a 
conventional multi-layer coil at a discharge of 9 kV. In the 
initial deformation stages (t = 20 µs), a noticeable Lorentz 
force is applied to the top portion of the tube, making this 
section undergo deformation first, while the bottom gradu-
ally conforms to the die from bottom to top (see t = 80 and 
120 µs). With further deformation, the top portion of the 

tube contacts the die, creating a gap between the die and 
tube where trapped air cannot escape, hindering further tube 
deformation (see t = 150 µs). In the experiment, it is observ-
able that there is a gap measured to be 1.6 mm between the 
tube and the die, and this gap persists despite any increase 
in voltage, as illustrated in Fig. 13b. These findings indicate 
that the primary factor contributing to the low forming qual-
ity of tube using a multi-layer solenoid coil is analogous to 
that observed with a single-layer solenoid coil.

Fig. 10   Distribution of axial 
magnetic (a) and circumferen-
tial eddy current (b) along the 
tube length in the three cases
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3.2.2 � Forming by a segmented coil

Figure 14 illustrates the tube deformation process using 
a segmented coil at a discharge of 10 kV. During the ini-
tial forming process, it is observed that the top portion of 
the tube experiences lower Lorentz forces (see t = 20 µs). 
Under this force, the central portion of the tube initiates 

deformation and gradually conforms to the die, progressing 
from the bottom to the top. As the Lorentz force and iner-
tia effects continue to exert their influence, the remaining 
part of the tube is seen to progressively match the die from 
the bottom to the top during the intermediate phases (see 
t = 140 µs). Finally, a local cavity gap that could have hin-
dered the forming process is eliminated, allowing the tube 
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Fig. 12   Manufacturing process of the segmented coil

t=20 μs 

(Force)

t=80 μs 

(Velocity)

t=120 μs

(Velocity)

t=150 μs 

(Velocity)

(a) (b)

0.000e+00
1.100e+01
2.200e+01
3.300e+01
4.400e+01
5.500e+01
6.600e+01
7.700e+01
8.800e+01
9.900e+01
1.100e+02
Velocity(m/s)

0.000e+00
6.907e+05
1.381e+06
2.072e+06
2.763e+06
3.453e+06
4.144e+06
4.835e+06
5.526e+06
6.216e+06
6.907e+06
Force (kN/m3)

Gap

Fig. 13   Simulated deformation process of the tube (a) and photo of the deformed tube (b) under a conventional coil
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to successfully conform to the die with a maximum gap of 
no more than 0.1 mm (see t = 300 µs).

Figure 15 displays the fitting accuracy of the tube in 
cross-section and along the top circumferential direction. 
It can be observed that the tube fits well with the die in any 
direction, affirming the efficacy of the proposed method in 
enhancing the forming accuracy of variable-diameter tubes.

3.3 � Effect of system parameters on forming 
performance

In this section, the influence of discharge voltage and 
coil structure on the forming performance of tubes is dis-
cussed. Figure 16a illustrates the gap between the tube 
and the die at various discharge voltage levels with a 
capacitance fixed at 160 µF. It can be observed that the 
fitting performance is poor when the discharge voltage is 
low, which is due to the fact that the generated Lorentz 
force is insufficient to make the tube conform to the die, 

especially for the upper section of the tube, as shown in 
Fig. 16b. This deformation shape also corresponds to the 
distribution of Lorentz forces. As the discharge voltage is 
raised to 10 kV, the tube matches closely with the die, and 
the fitting performance does not deteriorate with further 
increases in voltage.

Figure 17 displays the forming precision of tubes under 
different coil structures, with a fixed discharge voltage of 
10 kV and a fixed capacitance of 160 uF. It can be observed 
that reducing the number of coil turns too few or too many 
both results in poor forming precision of the tubes. The for-
mer is due to the less apparent weakening of Lorentz force 
on the upper portion of tubes, leading to an unwanted gap, 
as shown in Fig. 13(b). The latter is because the excessive 
weakening of Lorentz force prevents it from conforming to 
the die, as illustrated in Fig. 16(b). Therefore, there exists 
an optimal coil structure that yields the best forming per-
formance for the variable-diameter tube when the discharge 
energy is fixed.
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4 � Conclusion

To overcome the problem of poor forming precision in 
variable-diameter tubes by conventional electromagnetic 
forming, this paper introduces an electromagnetic forming 
process using a segmented coil, and the primary findings 
can be summarized as follows:

(1)	 It is found that the use of a multi-layer solenoid coil can 
also cause excessive Lorentz force on the upper section 
of tubes, causing a gap that traps the air to cause poor 
forming performance of the tube, which is similar to 
that using a single-layer coil.

(2)	 It is found that the use of a segmented coil can reduce 
the force on the upper portion of tubes, thereby achiev-
ing a deformation process from bottom to top and 
obtaining a maximum gap of no more than 0.1 mm for 
tubes.

(3)	 It is found that the forming performance increases as 
the discharge voltage increases, and there exists an opti-
mal coil structure for the best forming performance of 
tubes.

More applications of tube forming using a segmented coil 
will be explored in our future work.
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