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Abstract

This paper proposes a new sheet forming method that combines electromagnetic forming (EMF) with hydraulic forming
called electromagnetic hydroforming (EMHF). Finite element models of both the EMF and EMHF processes were established
using ANSYS and ABAQUS. Then, dynamic free bulging deformation of 5052 aluminum alloy during the forming processes
was analyzed. The EMF process results in a deformed sheet profile with an uneven conical shape, whereas EMHF leads to
a deformed profile with a regular circular shape. This is because during the EMHF process, electromagnetic impact energy
is transformed into liquid pressure that is evenly distributed on the sheet surface. When the discharge voltage is 4.5 kV, the
maximum deformation speed and strain rate reached 70.6 m/s and 2176.8 s™!, respectively. Thus, EMHF can be considered
a high-speed forming method. The simulation results for both EMF and EMHF were verified by experiment at two different

discharge voltages. The maximum error was less than 7.4%.

Keywords Electromagnetic forming - Hydraulic forming - Finite element simulation - Deformation behavior

1 Introduction

Electromagnetic forming (EMF) is a high-speed forming
process based on the following principle. When a large
pulse of current passes through the coil, a strong magnetic
field is produced around the coil. As the induced current
and magnetic force are simultaneously generated on the
metal sheet, the sheet is deformed at high speed. Compared
with traditional stamping, EMF can significantly improve
the formability of materials and reduce springback of parts.
For example, Su et al. [1] found that the forming limit of AA
2219-0 sheets is 45.4% higher under electromagnetic ten-
sile loading compared with quasi-static (QS) tensile loading.
Li et al. [2] showed that the electromagnetic forces gener-
ated on sheet lead to dislocation cross slips and dislocation
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cell structures in aluminum alloy. Cui et al. [3] proposed a
method of reverse magnetic force loading to reduce spring-
back in V-shaped parts. The springback angle was found
to decrease with increasing discharge energy. This is due
to higher frequency oscillations (caused by disorder) that
appear in the EMF process, which reduces internal stress in
parts. Cui et al. [4] proposed an electromagnetic partitioning
forming method to realize forming and springback control of
large-curvature parts. Du et al. [5] proposed a novel method
of electromagnetic partitioning forming with elastic cushion,
which can reduce springback by vibrate at high speed under
the action of the electromagnetic force and the rebound force
of the elastic pad.

At present, electromagnetic tube forming is widely used
for tube bulging, tube compression, and tube connection
since the electromagnetic force can be uniformly distributed
on the tube. Cui et al. [6] obtained a higher bulging height by
applying axial magnetic pressure to the tube end during the
bulging process. Yu et al. [7] introduced an additional cali-
bration process into single-step EMF to obtain square tubes
with small, rounded corners. Yan et al. [8] used a multi-seam
field-shaper to solve the problem of uneven welding of steel/
aluminum tubes.

EMF technology is also widely used for sheet forming.
Cui et al. [9] found that when a planar spiral coil is used
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in electromagnetic sheet forming, the electromagnetic force
on the sheet material is “M” shaped. The electromagnetic
force is close to zero at the sheet center and maximum at
middle turns of the coil. Xiong et al. [10] carried out a series
of EMF V-bending experiments with rectangular samples.
Inhomogeneous deformation appears along sheet width
direction due to the non-uniform electromagnetic force on
the sheet. Xu et al. [11] analyzed the effect of an aluminum
drive plate on electromagnetic bulging of AZ31 magnesium
alloy. The material formability was improved when a driver
sheet with a thickness 1 mm was used. The high strain rate
led to grain refinement and the appearance of twins in the
magnesium alloy. Huang et al. [12] proposed a novel method
named current-assisted electromagnetic forming, which can
improve the plastic deformation effect of metals.

To improve geometric accuracy in sheet forming,
Vohnout [13] proposed electromagnetic-assisted stamping
(EMAS) and realized precise manufacture of car doors.
The EMAS process involves both quasi-static preforming
and local dynamic high-speed forming. Kiliclar et al. [14]
increased the material forming limit by modifying the strain
rate and strain paths in EMAS. Liu et al. [15] used EMAS
to manufacture cylindrical parts, which solved the problem
that cylindrical parts with a corner radius break easily during
the traditional drawing process. Cui et al. [16] used multi-
directional magnetic pressure to reduce the corner radius
of cylindrical parts manufactured by deep drawing. After
stamping, coils for bulging and radial pushing were places
at the rounded corners and sheet end. The material fluidity
was improved and maximum increase in thickness at the
sheet rounded corners was achieved when coils were used
for radial pushing, compared with only coils for bulging.
However, the coil must be set inside the mold in EMAS,
which is difficult and increases the mold and coil production
costs. Moreover, the service life of the mold and coil are
sharply reduced, resulting in EMAS processes that are not
suitable for industrial application.

In this paper, an electromagnetic hydroforming (EMHF)
that combines EMF with hydraulic forming (HF) is pro-
posed. The deformation behavior of 5052 aluminum alloy
sheets under both EMHF and EMF were analyzed through
experiment and numerical simulations.

2 Materials and experimental procedure

Figure 1a illustrates the EMHF system (1/4 model) used in
the experiment. The coil had a planar helical structure, con-
sisting of 13 turns of copper wire. The cross section of the
copper wire was 3 mm X 10 mm and the distance between
each wire was 1.4 mm. The diameter and thickness of the
drive plate were 135 mm and 3 mm, respectively. The punch
was located above the drive plate and formed an enclosed
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space between the water chamber and sheet, which was filled
with water. A 5052 aluminum alloy sheet with a thickness of
0.5 mm was then placed between the die and water chamber
for forming. During the EMHF process, the pulse current
flowed through the coil and generated a strong magnetic
force on the drive plate. The water and punch were driven
away from the coil by the drive plate. Finally, the sheet was
deformed. A schematic diagram of the EMF system (1/4
model) is shown in Fig. 1b. The coil, sheet, and die were
identical to those used in the EMHF system. Figure 1c shows
the measured current flowing through the coil at various
discharge voltages.

Figure 2 shows a representative stress—strain curve of
5052 aluminum alloy sheet obtained under quasi-static
conditions using a tensile testing machine. To consider the
effect of strain rate on the forming process, the Cowper-
Symonds constitutive model was adopted. Cui et al. [3] and
Feng et al. [17] have accurately predicted the electromag-
netic forming process of 5052 aluminum alloy using C-S
constitutive model. For 5052 aluminum alloy, C=6500 s7!
and P=0.25 [3, 17].

I+ (%)P] (1)

where o is the dynamic flow stress, o, is the true stress in the
quasi-static state, and £ is the plastié strain rate.

Figure 3 shows the sheet deformation results of the
two forming methods. With EMHF, the forming height
was 17.7 mm and 21.7 m at discharge voltages of 4 kV
and 4.5 kV, respectively. When the discharge voltage was
5 kV, cracking occurred on the top of the sheet. With EMF,
the forming height was 18.1 mm, 19.9 mm, and 22.5 mm
at discharge voltages of 4 kV, 4.5 kV, and 5 kV, respec-
tively. When the voltage was increased from 4 to 4.5 kV,
the forming height increased by 22.6% and 9.9% in the
EMHF and EMF processes, respectively. The deformed
sheet profiles were regular circular and uneven irregular
cone, respectively.

U:O'y

3 Numerical modeling and simulations

A flowchart of the numerical simulation of the EMHF
process is illustrated in Fig. 4. During each time step, the
transient magnetic forces generated on the drive plate were
obtained using the ANSYS/Emag software. The magnetic
forces were imported into the ABAQUS/Explicit software.
Then the dynamic deformation processes of the drive plate,
punch, water, and sheet were simulated. The drive plate
was once again imported into ANSYS/Emag and the mag-
netic forces were calculated based for the next time step
on the location of the driver plate. Multiple calculations of
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Fig. 1 Schematic illustration of high-rate forming system: (a) EMHF, (b) EMF, and (c) current flowing through the coil at different voltages

magnetic force and dynamic deformation were performed
until sheet deformation was complete.

Figure 5 shows a flowchart of numerical simulation pro-
cess for EMF. As previously, transient magnetic forces gen-
erated on the sheet were obtained using the ANSYS/Emag.
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Fig.2 Stress—strain curve of 5052 aluminum alloy under tensile
quasi-static loading

The magnetic force was imported into ABAQUS/Explicit
and the sheet deformation was calculated. The deformed
sheet was then imported into ANSYS/Emag to calculate
the magnetic forces for the next time step. The process was
repeated until the sheet deformation was complete.

A three-dimensional electromagnetic field model of
the EMHF process was established, as shown in Fig. 6a.
The coil and drive plate were sealed in air. The coil and
sheet were divided into a hexahedral mesh model, as
shown in Fig. 6b. The structured field model of EMHF
(1/4 model) is shown in Fig. 6¢, including the drive plate,
punch, water, sheet, air, and die. The Lagrange algorithm
was used for the sheet material and the Euler algorithm
was used for the fluid. The sheet, drive plate, and punch
were modeled using the C3D8R solid element. The water
and air were modeled using the EC3D8R solid element.
Figure 6d shows the structure field model of EMF (1/4
model).

Figure 7 shows volume fraction of air in liquid flow area
with a discharge voltage of 4.5 kV. Initially, water fills the
water chamber. At 220 ps, the punch is driven upward by
the drive plate, which causes the water to move upward and
the sheet deforms. As time progresses, the punch continues
to push the water upward, as the electromagnetic energy is
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Fig.3 Experimental results: (a)
EMHEF and (b) EMF
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transformed into liquid pressure, which pushes the material
outward, evenly in all directions.

Figure 8 shows the velocity of the punch, water, and sheet
along the Z-axis during EMHF at a discharge voltage of
4.5 kV. The sheet center is defined as point A and point B is
the node 20 mm away from point A. At 220 ps, the velocity
of points A and B are 18.3 m/s and 25.1 m/s, respectively.
The velocity of the sheet center is smaller than the veloc-
ity of the peripheral nodes, resulting in a smaller displace-
ment at the sheet center. The velocity of the sheet center
becomes greater than the velocity of the peripheral nodes
with increasing time. At 1200 ps, the velocity of points A
and B are 1.8 m/s and 4.9 m/s, respectively, and deformation
of the sheet is complete.

Figure 9 shows the velocity of the sheet along the Z-axis
during EMF at a discharge voltage of 4.5 kV. The diameter
portion of the upper surface of the sheet was defined as
Path 1. At 60 ps, the velocity of point A is 19.3 m/s and
that of point B is 70.1 m/s. At 135 ps, the velocity of point

Far-field air

Die
Sheet
T~ Water

Punch

Drive plate

(©)

A is 323.8 m/s and that of point B is 74.9 m/s. At 1000 ps,
the velocity of point A is 1.7 m/s and that of point B is
3.8 m/s. Thus, demonstrating a trend toward termination
of sheet deformation can be shown.

Figure 10 shows the relationship between the deforma-
tion profile and time along Path 1 at a discharge voltage of
4.5 kV. In EMF, the sheet profile is M-shaped from 80 to
120 ps, with large displacement on the sides of sheet and
less displacement in the middle. From 120 to 140 ps, the
sheet center is accelerated upward by inertial forces and
the sheet profile gradually becomes conical. At 1000 ps,
displacement of sheet center reaches a maximum and
deformation of the sheet is complete. In EMHF, the dis-
placement due to deformation of point A is slightly smaller
than that of point B at 400 ps. From 600 to 2000 ps, the
sheet profile is characterized as high in the middle and low
on both sides. At 2000 ps, smaller displacements occur
farther away from the sheet center. The final sheet profile
is a uniform semicircle.

(b)

z

J_,\, Sheet

X
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Fig.6 Finite element modeling: (a) electromagnetic field of EMHF, (b) mesh model of coil and sheet, (c) structured field of EMHF, and (d)

structured field of EMF
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Fig.7 Liquid flow dur-

ing EMHF: (a) =0 ps, (b)
t=220 ps, (c) t=430 ps, and
(d) t=1200 ps

Figure 11 shows the thickness distribution of sheet
after the EMF and EMHF processes, respectively. In both
processes, the sheet center of is subjected to bidirectional
isotensile stress; the thickness reduction is most obvious. In
the EMF process, the center thickness of sheet is 0.37 mm

Fig.8 Deformation process
in EMHF: (a) t=0 ps, (b)

t=220 ps, (¢) t=430 ps, and

(d) t=1200 ps
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and the thinning rate is 26%. In EMHF, the center thickness
of sheet is 0.33 mm and the thinning rate is 34%. The experi-
mental and simulation results were consistent.

Figure 12 shows the variation in contact force on the
sheet with time. Initially, no water pressure is generated on

V.V, (m/s)

(d)
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Fig.9 Deformation process in EMF: (a) =0 ps, (b) t=60 ps, (¢) =135 ps, and (d) t=1000 ps

sheet. At 220 ps, the region of the sheet in contact with the
die fillet is subjected to a larger contact force. At 430 ps,
there is no contact force in the center of the sheet. However,
large contact forces are exerted on both sides of the sheet,
acting in the direction perpendicular to the normal of the
deformed sheet. A mixed region, containing both air and
water, appears below the sheet center, as shown in Fig. 7c.
Fluid in contact with the top of the sheet is air rather than
water. Thus, no water pressure is imposed on sheet center
at this time. At 1200 ps, the water is in full contact with the
sheet. The deformed sheet profile is finally uniform under
the action of uniform contact pressure.
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Fig. 10 Dynamic deformation process on Path 1: (a) EMF and (b) EMHF

Figure 13a, b show the displacement curves of point A
and point B with time during the EMF and EMHF processes,
respectively. In EMF, the displacement of point B is always
greater than the displacement of point A from 0 to 130 ps. At
130 ps, the displacement of point B is close to the maximum
value, and the displacement with 10.5 mm of point B is the
same with that of point A. After 130 ps, the displacement of
point A continues to increase under the action of the iner-
tial force, and exceeds that of point B. When the deforma-
tion process ends, the displacement of points A and B are
19.1 mm and 11.3 mm, respectively. In EMF, the maximum
equivalent plastic strain of point A and point B are 28% and
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Fig. 11 Thickness distribution of the sheet: (a) EMF and (b) EMHF

14.1%, respectively. In EMHEF, the displacement of point 5.2 mm of point B is the same with that of point A. After
B and point A changes alternate in amplitude, switching 400 ps, the displacement of point A is larger than that of
between 0 and 400 ps. At 400 ps, the displacement with  point B. In addition, the displacements of points A and point
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B first increase with the time, then eventually remain stable.
When the deformation ends, the displacement of points A
and B are 20.1 mm and 15.2 mm, respectively. In EMHF,
the maximum equivalent plastic strain of points A and B are
34.9% and 22.8%, respectively.

Figure 14 shows the changes in velocity and plastic strain
rate at point A with time. In the EMF process, the velocity of
point A reaches a maximum (323 m/s) at 135 ps, then rap-
idly decays. The plastic strain rate of point A reaches a peak
(8456.8 s~ at 150 ps. In the EMHF process, the velocity of
point A reaches a peak (70.6 m/s) at 430 ps and the plastic strain
rate of point A reaches a peak (2176.8 s7') at 150 ps. Therefore,
both EMF and EMHF are high-speed forming methods.

Figure 15 shows the distribution of three principal
stresses and three principal strains at point A and point B

during the forming processes. The radial stresses are defined
as 0, and o,, and stress along the material thickness direc-
tion is defined as o,. At point A, the maximum principal
stress reaches a peak at 155 ps and the principal plastic strain
reaches a maximum at the same time. Radial stresses o,; and
0, are 502.6 MPa and 493.4 MPa, respectively, and the first
and second plastic strains are 13.6% and 13.5%, respectively.
At point B, the maximum principal stress reaches a peak
at 145 ps. Radial stresses o,, and o,, are 402.3 MPa and
270.9 MPa, respectively, and radial stress o, is much greater
than o,,. Thus, point A is in a state of bidirectional isotensile
stress, whereas point B is in a state of bidirectional unequal
tensile stress.

As shown in Fig. 16a, c, the maximum principal stress at
point A reaches a maximum at 1020 ps, and radial stresses
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Fig. 18 Plastic strain and energy. (a) Equivalent plastic strain with 4 kV. (b) Equivalent plastic strain with 4.5 kV. (¢) Change in plastic dissipa-

tion energy with time

0, and o,, are 388.9 MPa and 377.8 MPa, respectively.
However, the absolute value of the three-direction principal
plastic strain was still increasing. At 2000 ps, the first and
second principal plastic strains are 17.7% and 16.7%. At
1040 ps, radial stresses o,, and o,, at point B reach maxi-
mum values of 340.1 MPa and 308.8 MPa, respectively,
and the first and second principal plastic strains are 12.1%
and 10.7%, respectively. In EMHF, both point A and point
B are close to a state of bidirectional isotensile stress.
Figure 17a, b show the experimental and simulation
results at two different discharge voltages. The results are
consistent. At a discharge voltage of 4 kV, the maximum
error between the experimental and simulation results are
4.9% and 5.6% for EMF and EMHF, respectively. At a

@ Springer

discharge voltage of 4.5 kV, the maximum error are 4.1% and
7.4%, respectively. Thus, the numerical simulation method
presented in this paper can be used to accurately analyze the
dynamic deformation process in EMF and EMHF.

As shown in Fig. 18a, b, the deformation shape and
equivalent plasticity of sheet were higher in EMHF than that
in EMF. Therefore, the plastic dissipation energy of sheet in
EMHEF is larger than that in EMF. Figure 18c shows plastic
energy dissipated during sheet deformation as a function
of time. The same equipment was used in EMHF and EMF
experiment. The maximum energy storage and capacitance
of the EMF system are 200 kJ and 640 pF, respectively. The
plastic energy dissipated in EMF and EMHF at a discharge
voltage of 4 kV are 86.2 J and 100.8 J, respectively. The
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plastic energy dissipated in EMF and EMHF at a discharge
voltage of 4.5 kV are 108.7 J and 145.5 J, respectively.
As the discharge voltage increases, the energy efficiency
increases faster in EMHF compared with EMF.

4 Conclusions

The present work analyzed the dynamic deformation process of
sheet in EMHF and EMF by numerical simulation and experi-
mentally. The main results can be summarized as follows:

1. A three-dimensional finite element model was estab-
lished to analyze the dynamic sheet deformation process
in EMF and EMHF. Fluid—solid coupling and the effect
of liquid compression on sheet deformation are consid-
ered in EMHF. The experimental and simulation results
were consistent.

2. The deformed sheet profiles in EMF and EMHF are non-
uniform conical and uniform semicircular, respectively. The
magnetic field force is not evenly distributed on the sheet in
the EMF process, whereas the liquid in EMHF can apply
pressure more evenly on the surface of the workpiece.

3. When the discharge voltage is 4.5 kV, the maximum
deformation velocity and strain rate are 70.6 m/s and
2176.8 s~!, respectively. Thus, EMHF is a high-speed
forming method.
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