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Abstract: Electromagnetic forming (EMF) is a high-speed forming method which can be quite effective in increasing the forming
limits of metal sheet. However, the EMF process is complicated due to magnetic-structure coupling analysis. Numerical simulation
offers an opportunity to overcome the problem. Nevertheless, most present models for EMF process are limited to 2D axisymmetric
model. So, a three-dimensional (3D) finite element model was established to analyze the electromagnetic sheet bulging. The contact
between the sheet and the die and the effect of sheet deformation on the magnetic field analysis were both taken into consideration
during the forming process. The simulation results of deflection at the sheet center and 20 mm away from the center were in
agreement with the experimental ones. The plastic strain energy and plastic strain were analyzed.
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1 Introduction

Electromagnetic forming (EMF) is one of the
high-speed forming methods. During the EMF process,
the discharge current runs through a coil which produces
intense transient magnetic field around it. According to
Faraday's law of electromagnetic induction, when the
metal work piece is placed on a magnetic field, eddy
current will be produced on the surface. The two currents
flow in the opposite direction and a large magnitude
magnetic repulsion force is created between the coil and
the workpiece. This force is used to launch the
workpiece at a very high speed [1, 2]. Since the
electromagnetic forming process can promote significant
increases in strain to failure in low-ductility materials
due to high strain rate and inertial effect, which can
improve the formability of metal plate and reduce
spring-back and wrinkling [3—5].

During the past few years, researchers mainly
adopted experimental and numerical study for EMF
process. The pioneer work on the electromagnetic
forming process was presented by AL-HASSANI [6]. He
analyzed magnetic pressure distribution caused by

different coils on flat plates. Then, IMBERT et al [7]
analyzed the effect of tool-sheet interaction on damage
evolution in electromagnetic forming from the work by
AL-HASSANI [6]. TAKATSU et al [8] carried out both
experiment a and numerical study on the high-speed free
forming of a clamped circular disk in an electromagnetic
forming process. The numerical results showed fairly
good agreement with the experiment ones.

With the development of commercial finite element
codes, some approaches have been proposed. FENTON
and DAEHN [9] used a two-dimensional (2D) arbitrary
Lagrangian Eulerian (ALE) finite-difference computer
code to predict electromagnetic sheet metal forming
process. Their results coincided with the experimental
data. In order to get a more precise simulation result, the
effect of workpiece deformation on magnetic analysis
must be considered. YU et al [10—12] adopted a
sequential coupling method to analyze electromagnetic
tube compression process. The simulation results were
accurate due to considering the effect of the tube
deformation on the electromagnetic field analysis.
BARTELS et al [13] demonstrated that the simple
loose-coupled approach can only be used as a good
approximation for relatively fast deformation process
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and small displacement. Otherwise, the more accurate
sequential-coupled model which considers the effect of
the workpiece deformation should be used. But the
sequential coupling method was mainly used in tube
forming.

Up to now, modeling approaches established for
EMF process in the literature are mainly restricted to 2D
models. By drawing a comparison between the 2D and
3D simulation results, BAHMANI et al [14] found an
increase of about 15% in the amplitude of the magnetic
flux density. Moreover, for industrial applications, the
modeling of 3D forming operation becomes crucial for
an effective process design.

In this work, a three-dimensional (3D) finite
element model and sequential coupling method are used
to simulate the electromagnetic sheet free bulging
according to the experimental results. The contact
between the sheet and the die, and the effect of sheet
deformation on the magnetic field analysis are both taken
into consideration during the forming process.

2 Flowchart of simulation method

The schematic flowchart of the simulation method
is illustrated in Fig. 1. In each time step, ANSYS/EMAG
is used to model the time—current curves in order to
obtain the transient magnetic forces generated on the
sheet. The forces are then used as loading condition to
predict the high-rate deformation using ANSYS/
MECHANICAL code. Whereafter, the sheet geometry is
updated according to the sheet deforming result. The
deformed sheet is imported to ANSYS/MEAG again to
calculate the magnetic forces in the next time step.

3 Three-dimensional finite element model

3.1 Electromagnetic field model

In order to prove the accuracy of the simulation
method, the models and experimental results are cited
from Ref. [8]. The experimental condition contains a

5-turn spiral coil. The coil separation is 5.5 mm. The
thickness of the sheet is 0.5 mm. The distance between
the sheet and the coil is 1.6 mm. The diameter of the
sheet is 110 mm. Figure 2 shows the 3D model for
electromagnetic field analysis. Figure 3 shows the
detailed region including the coil and the sheet (1/4
model). The surrounding air is meshed in order to
propagate the magnetic field generated by the coil. To
improve the accuracy of numerical simulation, the air is
divided into many hexahedrons.

3.2 Structural field model

The forces calculated by ANSYS/MEAG are used
as boundary condition to the ANSYS/MECHANICAL
software, an implicit dynamic finite element code, which
is used in sheet deformation analysis. The transient
dynamic equilibrium equation and the Newmark time
integration method are used to solve it.

Mii+ Ci+ Ku = F* (1)

where M is the structural mass matrix; C is the structural
damping matrix; # is the nodal displacement vector; K is
the structure stiffness matrix; F* is the load vector.

When a complicated three dimensional model is
considered, implicit method requires a relatively large
amount of computer time to calculate the structural mass
matrix, which may cause convergence problem. So, the
value of penalty stiffness is increased to overcome the
convergence problem.

4 Simulation result analysis

As shown in Fig. 4, sheet forming is analyzed by
using numerical simulation method, which provides
finite element mesh deforming figures at different time
steps. According to the deformed shape of the sheet, the
geometry of electromagnetic model is updated. Since the
simulation results show that the distortion is reasonable,
it can improve the precision of magnetic field analysis.
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Fig. 1 Flowchart of implemented algorithm
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The contact conditions are considered between the die
and the sheet as well as the sheet and holder during the
simulation process. Therefore, the method can be used to
large deformation analysis and contact analysis.

Far air

Detailed region

Air
Fig. 2 3D model for electromagnetic field analysis

Air region for updating

Coil Sheet

Fig. 3 Detailed region including coil and sheet

Figure 5 shows the changes of magnetic force on
the sheet at different time. At the initial condition, the
direction of magnetic force is almost perpendicular to the
surface of the sheet. When the time is prolonged, the
direction of the magnetic force varies with the change of
sheet geometry. According to the simulation results of
Fig. 4 and Fig. 5, we can conclude that the 3D simulation
method overcomes the electromagnetic- structure
coupling problem.

Figure 6 shows the deflection at the sheet center
(=0 mm) with time, and Figure 7 shows the deflection at
20 mm away from the center with time, in which the
triangular marks are the experimental results [8], the
dotted lines are the calculation results [8], and the solid
lines are the present results. As shown in Fig. 6 and Fig.
7, the present results are slightly greater than the
experimental ones. Moreover, the tendency of
deformation using finite element method is in agreement
with the experimental ones. However, the calculated
results [8] are different from the experimental ones to
some extent. Therefore, the method can better predict the
electromagnetic forming process.

Figure 8 shows the velocity change with time. The
deformation at 20 mm away from the center firstly arises
due to the maximum pressure at this region. The center
of the sheet is almost driven by surroundings, and moves
later because the magnetic pressure is equal to zero at the
sheet center. In the initial stage, opposite flowing
direction is found at the center and 20 mm away from the
center. Then the motions of the surrounding parts drive
the sheet center to deform. So, the inertial force plays a
key role in electromagnetic forming [15, 16]. With
increasing the time, the magnetic force on the sheet

(©

(d)
Fig. 4 Change of meshes in electromagnetic simulation at different time: (a) =40 ps; (b) /=80 us; (¢) =150 ps; (d) =300 ps
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Fig. 5 Change of magnetic force on sheet at different time: (a)
=0 ps; (b) =40 ps; (c) =60 ps; (d) =80 pus
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Fig. 6 Deflection of sheet center with time
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Fig. 7 Deflection at 20 mm away from center with time
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Fig. 8 Velocity changes with time

reduces rapidly due to the gradual decay of the transient
current and the increased distance between the coil and
the sheet. The peak radial velocities at the center and a
distance of 20 mm away from the center are 179 m/s and
108 m/s, respectively. The velocity shocks repeatedly
between positive and negative after 220 ps.

Figure 9 shows the changes of three plastic strain
components: ¢ (radial component), &, (hoop component),
&; (axial component). The radial component is almost the
same with the hoop component at the center. The radial
component is greater than the hoop component at 20 mm
away from the center. There are tensile strains in two
directions at the center and 20 mm away from the center.
As shown in Fig. 9, there is a negative velocity at the
center before 40 ps. The plastic strain at the center is
increasing before 50 ps. Therefore, the inertial force
plays a leading role in the EMF process. From 50 ps to
150 ps, the plastic strain at the center stays the same,
while plastic strain at 20 mm away from the center
increases gradually. At the initial condition, the
maximum magnetic force occurs at 20 mm away from
the center. As shown in Fig. 5, the direction of the
magnetic force varies with the change of sheet geometry.
Resulting from this, the plastic strain of ¢ is larger than
&, after 50 ps. From 150 us to 220 ps, the plastic strain
increases sharply at the center due to high speed changes.
Then the plastic strain of the center stays the same after
220 ps due to the end of deformation.

Figure 10 shows the changes of strain rate with time
at the center. There are two peak values in strain rate
during the forming process. The first one occurs due to
the extrusion force at the center before 40 ps. The second
one occurs due to the high velocity. The maximum strain
rate is 6890 s .

Figure 11 shows the final plastic strain along radial
direction. The maximum of plastic strain appearing at the
center of the sheet is 0.472. Therefore, the failure may
firstly occur in the center of the sheet due to high plastic
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Fig. 9 Change of plastic strain at specified locations with time:
(a) Change of plastic strain at center point; (b) Change of
plastic strain at 20 mm away from center
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Fig. 10 Change of strain rate with time at center

strain. With increasing the sheet radius, the plastic strain
becomes smaller. But the strain is slightly increased at a
distance of about 40 mm away from the center. The
reason why this happens is that frictional forces exist
between the die and the sheet in this region. During
electromagnetic sheet bulging, the failures mainly exist
in the center and the die entry radius at the base of the
part. This is in agreement with the simulation result

[7, 17]. In order to analyze the formability of metal plate,
it requires damage-based constitutive equations. This is a
goal to be achieved in the follow-up study.
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Fig. 11 Change of plastic strain along radial direction

Figure 12 shows the plastic strain energy of sheet
deformation as a function of time. The value of discharge
energy is 720 J. The plastic strain energy rapidly
increases after 50 ps and remains the same after 220 ps.
At the time of 300 ps, the plastic strain energy is 26.9 J
and the energy utilization ratio is 3.73%. The efficiency
of electromagnetic sheet bulging is much lower than that
of electromagnetic tube forming [10]. Therefore, how to
improve the energy utilization efficiency is another goal
to be achieved in the follow-up study.
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Fig. 12 Change of plastic strain energy with time
5 Conclusions

1) A three-dimensional finite element model is used
to analyze the electromagnetic sheet bulging. The effect
of sheet deformation on magnetic analysis and the
contact between the sheet and the die are considered in
electromagnetic model. The simulation results are in
agreement with the experimental ones.

2) There are tensile strains in two directions at the
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center and 20 mm away from the center. The maximum
plastic strain occurs at the center of the sheet. Therefore,
the failure may firstly arise at the center. In order to
analyze the formability of metal plate, it requires
damage-based constitutive equations.

3) The plastic rate energy is 26.9 J and the energy
efficiency is 3.73%. The energy efficiency is much lower
than that of electromagnetic tube forming.

4) The 3D finite element model can also be used to
form non-axisymmetrical parts, which provides a rational
method for industrial application.
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