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ABSTRACT While electromagnetic forming of aluminum alloy sheet has gained several advantages,
the uneven radial deformation of the sheet is still one of the main drawback of this technology that calls
for reliable and cost-effective solution. Aiming at this point, this paper presents an electromagnetic bulging
system equipped with a new magnetic field shaper placed between the driving coil and the object sheet to
modulate the distribution of the induced eddy current in the sheet, and hence regulating the distribution of the
electromagnetic force to achieve more uniform deformation. A finite element electromagnetic-structure 2D
coupling model simulating this process is developed and the effects of workpiece geometry and deformation
speed on the circuit, magnetic field and structure field are considered. The coupling between the electric
circuit andmagnetic field; magnetic field andworkpiece deformation is realized to simulate the actual system
of thin plate electromagnetic bulging. The performance of the proposed system is compared with that of the
traditional system through investigating the profiles of the induced eddy current, electromagnetic force and
forming effect. Simulation results show that the uniformity of sheet metal forming is improved by using the
proposed magnetic field shaper, and the maximum uniform deformation area is increasing from 32.1 mm to
73.8 mm, which stimulates more industrial applications of sheet metal electromagnetic forming.

INDEX TERMS Electromagnetic forming, magnetic field shaper, deformation uniformity, electromagnetic
force, sheet metal bulging.

I. INTRODUCTION
Electromagnetic forming is a non-contact high-speed pulse
forming technology that can provide improved the forming
limit of materials than traditional machining [1]–[6]. Based
on the nature of the object, the electromagnetic forming is
categorized into tube or sheet processing [7]–[9]. Much atten-
tion was given in the literature to improve the uniformity of
tube electromagnetic bulging. For example, in [10], a concave
coil is used to load the tube. Reported results show that the
electromagnetic force distribution generated by the proposed
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concave coil can effectively improve the uniformity of axial
forming of the tube however, the coil assembling is compli-
cated. In [11], a convex coil could achieve a uniform length of
tube axial deformation 4.7 times of that achieved by a tradi-
tional driving coil. Ref. [12] presented a method that employs
a concave driving coil to weaken the radial electromagnetic
force in the middle of the tube and hence improving the tube-
forming uniformity. A criterion of deformation homogeneity
was proposed in [13] to quantify the forming uniformity of
tube based on using small coils to induce individual eddy
currents in the upper, middle and lower parts of the tube
which resulted in improved pipe uniformity. An auxiliary coil
for tube bulging is proposed in [14] to weaken the radial
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electromagnetic force at tube ends and improve the forming
uniformity.

On the other hand research on sheets electromagnetic
bulging uniformity did not receive as much attention as the
tube bulging. In [15], a uniform pressure coil is proposed to
help the center of the sheet deform uniformly. In [16], a local
electromagnetic force loading method is presented in which
the local electromagnetic force has an obvious effect on the
end of the sheet, and a little impact on the middle part to
enhance its formability.

In addition to directly forming the workpiece with the
driving coil, it is common to include a device named field
shaper to adapt the electromagnetic force distribution [16].
In [17], a 3D model is developed to analyze the perfor-
mance of an electromagnetic forming system equipped with
a magnetic field shaper. Analysis reveals that by changing
the structure parameters of the magnetic field shaper, the
electromagnetic force distribution can be regulated. An elec-
tromagnetic welding system based on magnetic concentrator
to improve the uniformity of the magnetic field and the elec-
tromagnetic force distribution is presented in [18]. Ref. [19]
presented an experimental test to study the influence of the
electromagnetic magnetic field shaper geometry on the final
contour of the bulged tube. Also, the influence of different
magnetic field shaper geometry on the final forming was
studied in [20] through simulation and experimental analyses.
In [22], a tube bulging technology based on magnetic field
shaper is presented and the results show that the concave
radial electromagnetic force generated by the magnetic field
shaper can weaken the uneven deformation at the middle part
of the tube.

Obviously, changing the structure and position of coils can
change themagnetic field distribution, thus changing the level
and distribution of the electromagnetic force and improving
the forming uniformity of the workpiece. However, in the free
bulging of sheet metal, there are few methods to improve
the forming uniformity. Furthermore, while the magnetic
field shaper is introduced in the literature, it is usually used
to concentrate the electromagnetic force at specific regions
of the sheet, without giving much attention to improve the
entire sheet forming uniformity through a proper design for
the magnetic field shaper. As such, this paper is aimed at
filling this research gap by presenting a new magnetic field
shaper-based method to improve the forming uniformity of
sheet metals. The geometric parameters of the magnetic field
shaper are analyzed through its impact on the forming unifor-
mity of sheet metal. The performance of the proposed system
is also compared with that of a traditional electromagnetic
forming system.

II. PRINCIPLE OF MAGNETIC FIELD SHAPER
The magnetic field shaper is made of a material of high con-
ductivity with axial slot as shown in Figure 1 [21]. The work-
ing principle of the magnetic field shaper can be explained
through the current distribution shown in Figure 2. When
the capacitor bank of the electromagnetic forming system

FIGURE 1. Physical structure of the magnetic field shaper [22].

FIGURE 2. Current distribution within the coil, magnetic field shaper and
the workpiece.

discharges its stored energy, a pulsed current passes through
the driving coil and generates an induced eddy current in
the magnetic field shaper. According to the skin effect and
Lenz’s law, the induced eddy current flows from the axial
slot to the outer surface of the magnetic field shaper to form
a closed loop. As the excitation source of the workpiece, this
current produces an induced eddy current in the workpiece
but in the opposite direction of the current in the magnetic
field shaper as shown in Figure 2. In this way, the pulse
current in the coil is superimposed with the induced eddy
current in the magnetic field shaper, and then interacts with
the induced eddy current in the workpiece to produce a pulsed
electromagnetic force that drives the workpiece to accelerate
and deform instantaneously. Because the height of the outer
wall of the magnetic field shaper is much smaller than that
of the inner wall, and the overall current flowing through
both walls is equal, the current density of the outer wall is
much higher than that of the inner wall [23]–[25]. This results
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FIGURE 3. Electromagnetic forming system: (a) traditional sheet forming;
(b) sheet forming based on the proposed magnetic field shaper.

in strengthening the local electromagnetic force on the
workpiece.

The generated electromagnetic force during the forming
process can be decomposed into Lorentz axial (Fz), and radial
(Fr) components that can be calculated from the circumfer-
ential eddy current Jϕ and the axial / radial components of
the magnetic flux density Bz and Br as below:

Fz = Jϕ × Br (1)

Fr = Jϕ × Bz (2)

In the traditional electromagnetic forming process of sheet
metals, a single driving coil is usually placed under the
sheet, as shown in Figure 3(a). In this method, the radial
magnetic flux generated by the driving coil covers the entire
sheet, and the peak value of the axial electromagnetic force
component appears at about half of the sheet radius. This
area has the fastest deformation speed and drives the central
area with less constraint to accelerate the deformation. At the
end of the process, the middle part of the sheet encounters a
large forming amount, while the end part exhibits a smaller
amount, which results in uneven radial deformation of the
sheet [23], [26], [27]. This drawback can be overcome by

FIGURE 4. Three-dimensional structure diagram of the proposed.

employing the proposed magnetic field shaper, as shown
in Figure 3(b). The three-dimensional structure of the pro-
posed magnetic field shaper is shown in Figure 4.

III. ELECTROMAGNETIC-STRUCTURE COUPLING MODEL
OF ELECTROMAGNETIC FORMING
In the electromagnetic forming process, the electromag-
netic field, structure field and temperature field have strong
coupling correlation. A finite element analysis model is
developed to simulate this correlation. The finite element
electromagnetic-structure 2D coupling model is analyzed,
and the effects of workpiece geometry change and defor-
mation speed on circuit, magnetic field and structure field
are considered. The coupling between the electric circuit and
magnetic field, magnetic field and workpiece deformation is
realized to simulate the actual system of thin plate electro-
magnetic bulging [21]. In [27], the feasibility of replacing the
three-dimensionalmodel with a two-dimensional axisymmet-
ric model of themagnetic collector to accelerate the execution
time without compromising the model accuracy was verified.
Based on this, a two-dimensional axisymmetric model of the
electromagnetic forming of sheet metal is established using
COMSOL software as per the flow chart of Figure 5. Details
of the four modules in this flow chart can be found in [16].

FIGURE 5. Electromagnetic forming simulation flow chart.

The equivalent circuit of traditional sheet metal electro-
magnetic forming is shown in Figure 6 of which the following
equations can be derived based on Kirchhoff’s law [23]:

Uc = (R0 + R)Icoil + (L + L0)
dIcoil
dt
+Mm−w

dIw
dt

Uc = U0 −
1
C

∫ t

0
Icdt

(3)

70016 VOLUME 9, 2021



L. Qiu et al.: Simulation Analysis of the Electromagnetic Force Distribution and Formability Parameters

FIGURE 6. Circuit of the traditional sheet electromagnetic forming.

TABLE 1. Circuit parameters.

Icoil + Ic − Id = 0

RwIw + Lw
dIw
dt
+Mw−m

dIc
dt
= 0

(4)

Id = 0 Uc ≥ 0

Id =
Uc

Rd
Uc < 0

(5)

When the proposed magnetic field shaper is placed
between the sheet and the driving coil, the equivalent circuit
is modified as shown in Figure 7 [23]. For this circuit, (4) is
modified to:

Icoil + Ic − Id = 0

Rf I f + Lf
dI f
dt
+Mf−m

dIc
dt
+Mf−w

dIw
dt
= 0

RwIw + Lw
dIw
dt
+Mw−f

dI f
dt
= 0

(6)

whereUC is the voltage across the capacitor with initial value
of U0; Icoil is the driving coil current; Iw is the induced eddy
current in the sheet; I f is the eddy current induced in the
magnetic field shaper.

Detailed parameters of the equivalent circuit are given
in Table 1 while the specific structural parameters are as
shown in Figure 8. The upper wall of the magnetic field
shaper is 2mm away from the sheet while the lower wall is
2mm away from the coil and the thickness of the magnetic
field shaper is 7mm.

The magnetic field shaper module is used to obtain
the distribution of the magnetic field and electromagnetic
force [28], [29].

FIGURE 7. Equivalent circuit of sheet electromagnetic forming using a
magnetic field shaper.

FIGURE 8. Sheet forming dimension drawing: (a) traditional sheet
forming; (b) forming of new magnetic field shaper sheet.

The induced eddy current in the workpiece is mainly con-
trolled by the annular component, and can be expressed by
Maxwell equation:

∇ ×H = J (7)

∇ × Eϕ = −
∂Bz
∂t
+∇ × (vz × Br) (8)

∇ • B = 0 (9)

Jϕ =
Icoil
s
= γEϕ (10)

where E is the electric field intensity, B is the magnetic flux
density, v is sheet speed, J is the induced eddy current density,
and γ is the sheet conductivity. The subscripts r , ϕ and z;
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FIGURE 9. Results of sheet electromagnetic forming: (a) experimental
results in [16], (b) simulation results using the proposed finite element
model (dimensions are in mm).

represent the radial, circumferential and axial components of
the vector, respectively.

When the sheet is stressed, it follows Newton’s second law
so the relationship between the force and displacement of the
sheet is as below:

ρ
∂2u
∂t2
−∇ • σ = F (11)

where σ is the sheet stress tensor, F is the volume density
vector of the electromagnetic force, ρ is the sheet density and
u is the sheet displacement vector.
In this paper, Cowper-Symonds model with a constitutive

equation given by (11) is used to simulate AA1060 sheet.

σ = [1+ (
εpe

P
)m]σys (12)

where σys is the initial yield stress of the sheet, σ is the flow
stress when the sheet is deformed at high speed, m is the
strain rate hardening parameter, and P is the sheet density.
P = 6500, m = 0.25 are usually used for aluminum [30].
In [16], the electromagnetic forming of a sheet metal

loaded by a local coil is investigated through simulation
and experimental analyses. Experimental results shown in
Figure 9(a) indicate that the final forming of the sheet is
almost cylindrical which is in a good agreement with the
simulation results shown in Figure 9(b). These results verify
the effectiveness of the finite element model used in this
paper.

IV. SIMULATION RESULTS
In this section, the influence of the magnetic field shaper geo-
metrical parameters on the electromagnetic force and sheet
deformation behavior is studied.

Two structure parameters of the magnetic field shaper are
varied in a specific range in order to investigate its impact
on the axial electromagnetic force and sheet deformation
behavior. These two parameters, shown in Figure 8(b), are L1
and L2 which represent the length of the upper and lower wall
of the magnetic field shaper; respectively. In the analysis, L1
is varied in the range 3.5mm to 11.5mm in 2mm steps while
maintaining L2 at 60mm. The effect of L2 is investigated by
changing its value in 2mm steps from 54mm to 66mm while
maintaining L1 at 7.5mm. The interaction of parameters is
not considered in the analysis. Other parameters are assumed
unchanged and the interaction of other parameters is not
considered in the analysis

Figure 10(a) shows the effect of changing L1 on the axial
electromagnetic force. As shown in the Figure, the axial elec-
tromagnetic force is concentrated at a sheet radius of 105mm.
The peak value of axial electromagnetic force increases with
the decrease of L1, and when L1 decreases, the peak value of
axial electromagnetic force moves slightly toward the end of
the sheet.

Figure 10(b) shows the influence of L1 on the sheet axial
deformation. It can be seen that with the increase of L1, the
deformation profile of the sheet changes from convex to flat
then to convex again. The relatively flat profile is obtained
when L1 is 7.5mm.

The effect of L2 variation on the axial electromagnetic
force is shown in Figure 11(a). It can be seen that the peak
value of the axial electromagnetic force is also at sheet radius
of 105mm and the peak value of the axial electromagnetic
force decreases with the increase of L2. In contrary to the
effect of L1, the position of the peak value does not encounter
any change with the change of L2.
Figure 11(b) shows the influence of L2 on the axial defor-

mation of the sheet. In this case, with the increase of L2,
the deformation profile of the sheet changes from convex
to concave, and a relatively flat profile appears when L2 is
60mm.

The above analysis shows that with a proper structure
design of the magnetic field shaper, an optimum sheet defor-
mation can be achieved. It is to be noted that the analysis
presented in this paper does not consider the interaction of
process parameters. In the investigated case study, the opti-
mum values of L1 and L2 of the magnetic field shaper are
found to be 7.5mm and 60mm; respectively.

In order to highlight the advantage of the proposedmethod,
a performance comparison with the traditional method is
carried out. The geometric parameters of the coils under the
two loading methods are given in Table 2. The workpiece is
AA1060 aluminum alloy sheet with a diameter of 280mm and
a thickness of 2mm. In order to ensure accurate comparison,
the forming amount of the two schemes is kept the same
by setting different discharge voltages i.e. 1.73kV for the
traditional coil method and 3.8kV when the magnetic field
shaper is utilized.

In order to illustrate how the sheet forming based on
the proposed magnetic field shaper can improve the overall
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FIGURE 10. Effect of L1 on the: (a) axial electromagnetic force;
(b) deformation behavior.

TABLE 2. Geometric parameters of the coils under the two loading
methods (all dimensions are in mm).

uniformity, a three-dimensional plot of the induced eddy
current distribution on the upper wall of the sheet with time
is shown in Figure 12. When the traditional coil is used for
discharging, the induced eddy current is of convex profile,

FIGURE 11. Effect of L2 on the: (a) axial electromagnetic force;
(b) deformation behavior.

which concentrates at a sheet radius of about 75mm, with a
maximum value of 4 × 108 A/m2. When the coil is loaded
based on the proposed magnetic field shaper, the induced
current is converted into a cone-shape and is distributed along
a sheet radius of about 100mm, with a maximum value of
1 × 109 A/m2. In this case, the induced current at the end
of the sheet is very large compared to that in the middle and
hence the axial electromagnetic force is concentrated at the
end, which promotes the deformation of the sheet end, thus
improving the forming uniformity of the sheet.

In the sheet electromagnetic forming process, the axial
electromagnetic force is determined by the radial magnetic
flux component and the induced eddy current. Therefore,
the radial magnetic flux density distribution along the radial
direction of the sheet is plotted as shown in Figure 13.
When a traditional coil is used, the radial magnetic flux
exhibits a convex profile and is distributed around a radius of
50mm-100mm. The maximum radial magnetic flux is 1.8T,

VOLUME 9, 2021 70019



L. Qiu et al.: Simulation Analysis of the Electromagnetic Force Distribution and Formability Parameters

FIGURE 12. Three-dimensional cloud of the induced eddy current
distribution with time and radial position. (a) traditional coil, (c) coil
loaded by a magnetic field shaper; Top view of (b) traditional coil (d) coil
loaded by a magnetic field shaper.

which is at half of the radius of the sheet. When the proposed
magnetic field shaper is employed, the radial magnetic flux is
changing to a cone profile which is concentrated at a radius of

FIGURE 13. Radial distribution of the axial magnetic flux density.

FIGURE 14. Axial distribution the radial electromagnetic force.

FIGURE 15. Axial deformation of the sheet under the two loading
methods.

105mm, with a maximum value of 4.5T. Figure 14 shows the
radial distribution of the axial electromagnetic force on the
sheet. Under the traditional method, the axial electromagnetic
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FIGURE 16. Sheet forming conditions at different times: (a) traditional
forming, (b) forming based on the proposed magnetic field shaper.

force is distributed in a convex shape, which is distributed
around a radius of 50mm-100mm with a peak value of
7.1 × 108 N/m3. With the use of a magnetic field shaper,
the axial electromagnetic force is shaped in a conical profile
and concentrates at a radius of 100mm with a peak value of
4.8× 109 N/m3.
Figure 15 shows the axial displacement of the sheet when

the traditional coil and the proposed method are used. Under
the traditional coil, the radial deformation of the sheet is of

FIGURE 17. Three-dimensional outline drawing of sheet forming:
(a) traditional coil; (b) with the proposed magnetic field shaper.

convex profile with a large deformation in the middle of the
sheet and small deformation at both ends. Using the magnetic
field shaper proposed in this paper, the radial deformation
of the sheet becomes evenly distributed in the middle of the
sheet and the end effect of the traditional electromagnetic
forming is weakened.

In order to better reflect the deformation state of the sheet
forming process, the forming states of the sheet under the two
loading methods are obtained as shown in Figure 16. It can be
seen that at the initial time, t=200µs, when the traditional coil
is loaded, the middle part of the sheet starts to deform, while
the with the magnetic field shaper deformation starts at the
ends of the sheet. At t=1600µs, the maximum deformation
of the sheet is achieved. While the radial deformation of the
sheet at this instant is uneven and is of convex profile when a
traditional coil is loaded, it is uniform when a magnetic field
shaper is loaded.

Themaximum deformation valueDr of the sheet is defined
as the radial length less than or equal to 96% of the maxi-
mum deformation level. Figure 17 shows a three-dimensional
outline diagram of sheet free forming under the two loading
methods. From this figure, Dr = 32.1mm when a traditional
coil is used. This value increases to 73.8mm when the pro-
posed method is adopted which confirms the superiority of
the proposed method over the traditional loading method.

V. CONCLUSION
To solve the problem of uneven radial deformation in tra-
ditional sheet electromagnetic forming, this paper proposes
an electromagnetic forming technology based on utilizing a
magnetic field shaper. Simulation results show that when the
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proposed magnetic field shaper is utilized, the axial electro-
magnetic force is concentrated at the ends of the sheet, while
the middle part of the sheet is less affected, which solves
the issue of end effect in the traditional forming method.
Results also show that there is a specific structural param-
eter of the magnetic field shaper, which achieves optimum
sheet electromagnetic forming uniformity. The scheme pro-
posed in this paper can effectively change the distribution
of the induced eddy current in the sheet, and concentrate
the magnetic flux density and electromagnetic force at both
ends of the sheet. When the axial forming amount of the
sheet is kept the same, compared with the traditional coil
loading, the coil loading based on the proposed magnetic
field shaper improves the uniformity of the sheet, and the
maximum uniform deformation area increases from 32.1mm
to 73.8mm. However, using the magnetic field shaper calls
for higher discharge voltage and the process efficiency will be
reduced. Future experimental analysis is essential to validate
the simulation results obtained in this paper. Also, further
research is required to optimize the process efficiency while
reducing the discharge voltage when a magnetic field shaper
is used.
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