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Abstract
Damage evolution has a great influence on the formability and mechanical property of part. The deformation behaviour and
damage evolution of aluminium alloy sheet in the electromagnetic forming processes with uniform pressure actuator were
experimentally and numerically investigated. The influences of the discharge voltage and impacting distance on the impacting
effects between the aluminium alloy sheet and die wall were firstly compared in electromagnetic forming process. With the
elevated discharge voltage and impacting distance, the impacting velocity and contacting pressure increased, and the stress
triaxiality and damage accumulation of aluminium alloy sheet decreased. Then, the influences of the pre-straining level on the
damage evolution of aluminium alloy sheet were presented in hybrid electromagnetic forming process. The initial damage of
aluminium alloy sheet was accumulated during the quasi-static tensile pre-straining phase. The pre-strained specimens were
subsequently electromagnetically formed, and the damage increment of aluminium alloy sheet can be suppressed with the higher
pre-straining level.
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1 Introduction

Damage is an important factor for the deformation behaviour
and formability in sheet metal forming. The investigation into
damage evolution provided great potentials to predict the
forming limits, especially in the case of new categories of
sheet metals and innovative forming processes [1]. In addi-
tion, the damage involved in the plastic forming is significant
for predicting and setting the mechanical property of formed
parts [2]. The damage accumulation can be decreased by the
specific design of forming processes, such as the

superposition of compressive stresses, to increase the fatigue
strength of the component in service [3].

Electromagnetic forming (EMF) is one of high-speed
forming processes, in which the intensive Lorentz force is
instantaneously generated by the eddy current to form tubes
or sheets [4]. It exhibits the advantages of higher formability,
lower springback, no contact, less residual stress and so on.
Therefore, EMF has indicated the great potential for applica-
tion in sheet metal forming, especially when it is combined
with the other conventional forming technology [5]. Imbert
et al. [6] investigated the effect of tool-sheet interaction on
damage evolution of aluminium alloy sheet by comparing
the free form and conical die bulging experiments. The
forming-induced damage can be suppressed by the tool-
sheet interaction due to the stress state changing, and the nu-
cleation strain shows a significant influence on the damage
evolution. Imbert et al. [7] adopted the hybrid EMF process
to reduce a pre-formed radius of aluminium alloy sheet. The
high compressive hydrostatic stress and the highest strain rates
were supposed to increase the formability. Kim et al. [8] com-
pared the V-shaped bending processes of the conventional
stamping and EMF. They assumed that the formability is im-
provedmainly by suppressing the damage due to the impact of
the sheet with the die. Zou et al. [9] numerically investigated
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the influence of the discharge voltage on the damage evolution
in the electromagnetic bulging with a conical die. The damage
of aluminium alloy sheet can be reduced more significantly
with the higher voltage. In the literatures, the damage accu-
mulation can be suppressed in the EMF processes when the
sheet metals impact with the die wall at very high speed, and it
is considered as a main factor for the much higher formability.
Furthermore, the EMF shows the possible prospects for set-
ting the product property due to the damage suppression, es-
pecially for the hybrid EMF processes in which the pre-
straining stage may result in the initial damage accumulation.
Hence, it is necessary to investigate the process parameters of
EMF on the damage evolution of sheet metals.

In EMF, the deformation behaviour of sheet metals is im-
mensely dependent on the design of coil structure. Due to the
non-uniform electromagnetic forces induced by the flat spiral
coil, it brings about the heterogeneous deformation of sheet
metals. Hence, Kamal et al. [10] proposed a uniform pressure
actuator (UPA) to obtain homogeneous electromagnetic
forces for EMF of sheet metals. Due to the high impacting
velocity and pressure induced by the UPA, Golowin et al. [11]

applied it for shock hardening to significantly increase the
hardness of sheets. Thibaudeau et al. [12] developed an ana-
lytical model of UPA for EMF and magnetic pulsed welding
(MPW). Meng et al. [13] adopted the UPA for electromagnet-
ic forming of magnesium alloy sheets at elevated tempera-
tures. The effects of discharged voltage and temperature on
the bulging height were experimentally investigated. Feng
et al. [14] showed the uniform electromagnetic forces of
UPA and deformation distribution of magnesium alloy sheet
during the electromagnetic bulging process. Xu et al. [15]
found that the formability of magnesium alloy sheet is im-
proved by using UPA and aluminium alloy driver sheet of
1 mm thickness at higher discharge energy and warm temper-
ature. Kim et al. [16] suggested that the distance between the
UPA and sheet, the wire thickness and the distance between
the wires should be as small as possible for electromagnetic
bulging of aluminium alloy sheets. On the basis of the elec-
tromagnetically assisted stamping (EMAS) presented by
Shang et al. [17], Liu et al. [18] designed a dedicated UPA
for EMAS of a surface part of aluminium alloy sheet. The
influence of discharge voltages on the springback reduction
was investigated to improve the forming accuracy of the part.
Therefore, the UPA shows the distinct advantage of uniform
electromagnetic forces and exhibits a good potential for appli-
cation into the EMF or hybrid EMF processes.

With the concern of setting product property beyond shap-
ing, the deformation behaviour of aluminium alloy sheet in the
EMF with UPA was experimentally and numerically investi-
gated. The influence of the discharge voltage, the impacting

Fig. 1 Experimental unit of EMF
with UPA

Table 1 The parameters of GTN model [6]

Parameters Value

q1 1.5

q2 1.0

Initial void volume fraction f0 0.0

Initial void nucleating particle fraction fN 0.03

Average nucleation strain εN 0.05

Standard deviation of nucleation strain sN 0.01

Coalescence void volume fraction fC 0.03

Failure void volume fraction fF 0.2

Table 2 The parameters
of Cowper–Symonds
hardening model [20]

k n C P

345 MPa 0.148 7000 s−1 0.96
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distance and the pre-straining level on the damage evolution
was inspected by numerical simulation. The results can pro-
vide several fundamentals for EMF process design with UPA.

2 Experimental and simulation schemes

2.1 Experimental procedures

The experimental unit of EMF with UPA is shown Fig. 1. It
mainly consists of the groove, the coil, the sheet, the spacer
and the die, as shown in Fig. 1a. The groove is made of
aluminium alloy for combining with the sheet to induce eddy
current return. The conventional UPA of rectangular helical
coil was used, of which the winding number is five, the wind-
ing section is 6 mm× 6mm and the winding distance is 2 mm.
It was made of red copper and embedded into a
polytetrafluoroethylene mandrel to resist the electromagnetic
force. The AA5754 aluminium alloy sheet with the thickness
of 1 mm was chosen for specimens. The length and width of
measurement zone are 110 mm and 30 mm. The specimen is
accelerated by the opposed Lorentz forces induced by
the eddy current. The distance d between the sheet and
die can be changed by the thickness of spacer, so the
impacting condition between the sheet and die can be
conveniently controlled.

The EMF experiment was carried out with the EMF ma-
chine at Wuhan University of Technology. The maximum
energy is 60 kJ, the maximum storage capacitor is 1100 μF
and the maximum voltage is 11 kV. Here, the capacitance was
chosen as 550 μF. The experimental unit was clamped into
two insulating plates with screws, as show in Fig. 1b. The
circle grids were printed on the specimen for optical measure-
ment of deformation. The pre-straining phase was per-
formed under quasi-static tensile condition with the
Instron testing machine. The pre-straining level was
measurement by an extensometer.

2.2 Numerical modelling

The commercial software LS-DYNA and the electromagnetic
module EM were used for numerical simulation. The electro-
magnetic field and the deformation of the sheet were sequen-
tially coupled by finite element method, and the electromag-
netic field in the surrounding air was considered by the bound-
ary element method to reduce the computation cost. In order to
predict the damage evolution, the Gurson–Tvergaard–
Needleman (GTN) damage model is used to represent the
mechanical behaviour of AA5754 aluminium alloy sheet.
The void volume fraction is used as the damage index in the
GTN model as follows [19]:

∅ ¼ σ2
M

σ
2 þ 2q1 f

*cosh
3q2σH

2σ

 !
−1− q1 f

*� �2 ¼ 0 ð1Þ

where σM is the von Mises equivalent stress, σ is the yield
stress and σH is the mean hydrostatic stress. The effective void
volume fraction is defined as
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The growth of void volume fraction is defined as

ḟ ¼ ḟ G þ ḟ N ð3Þ

where the growth of existing voids and the nucleation of
new voids are defined as

ḟ G ¼ 1− fð Þε̇pkk ð4Þ
ḟ N ¼ Aε̇p ð5Þ
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The new voids are nucleated only in tension. The parame-
ters of the GTN model are shown in Table 1.

The density of AA5754 aluminium alloy sheet is
2780 kg m−3. The Young’s modulus and Poisson’s ratio are
70 GPa and 0.33. The hardening behaviour is described with
the Cowper–Symonds model as follows:

Fig. 2 The numerical model of EMF

Table 3 The electrical parameters [18]

Category Parameters Value

RLC circuit Resistance (mΩ) 15

Inductance (μH) 3

Capacitance (μF) 550

Groove(MS m−1) 36

Electrical conductivity Sheet (MS m−1) 36

Coil (MS m−1) 58
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σ ¼ kε
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where εp is the plastic strain, ε̇ is the strain rate, k is the
strength coefficient, n is the hardening exponent and C and
P are strain-rate-dependent hardening parameters. The parameters
of the Cowper–Symonds hardening model are shown in Table 2.

Fig. 3 The results under different
discharge voltages: a specimens,
b strains of simulation and
experiment, and c profiles of
simulation and experiment

Fig. 4 The velocity and pressure
under different discharge
voltages: a impacting velocity, b
impacting pressure, c
displacement curves, and d
pressure curves
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In the numerical model, the sheet is meshed with the
hexahedral solid elements for the eddy current. There are three
layers of elements along the thickness direction. The groove,
the coil, the spacer and the die are defined to be rigid, as
shown in Fig. 2. The electrical parameters of RLC and mate-
rials are shown in Table 3. The contact conditions between the
groove, spacer and sheet are respectively defined. The time
increment steps for coupling the magnetic and deformation are
both 1 μs. The total time of EMF simulation is 200 μs.

3 Experimental and simulated results

3.1 Influence of discharge voltage on deformation
behaviour and damage evolution

Different discharge voltages of 1.5 kV, 2.0 kV, 2.5 kV, 3.0 kV,
and 3.5 kV were applied to deform the specimens under the
constant impacting distance d = 5 mm, and the deformed speci-
mens are as shown in Fig.3a. When the discharge voltages were
1.5 kV and 2.0 kV, the specimens only endured the deformation
caused by the Lorentz Forces and did not contact with the die
wall. When the discharge voltages were above 2.5 kV, the de-
formation of specimens was large enough to impact the die wall.
With the higher discharge voltages, the rebound occurred at the
central region of specimen after impacting.

The strains along the X direction were compared be-
tween the experiment and simulation at the points of A,
B, C, D, and E, as shown in Fig.3b. When the dis-
charge voltage increases, the deformation level of spec-
imen rises up. The strains at the point A are the
smallest, while the ones at the point E near the edge
of die are the largest. The simulated strains nearly co-
incide with the experimental ones. The maximum rela-
tive error was 8.9% and occurred at the point E. The
error may be caused by the complex contact conditions
near the edge of die in the simulation and the large
strain measurement in the experiment. As an example,
the simulated and experimental profiles of part under
the discharge voltage of 2.5 kV and the impacting dis-
tance of 5 mm were compared in Fig.3c. It was found
that the profiles nearly coincided with each other.

The impacting velocity and pressure of specimens
under different discharged voltages were compared in
Fig. 4. When the discharge voltage is lower than
2.0 kV, the specimens cannot contact with the die wall.
Due to the low discharge energy, the velocity of spec-
imens decreased very quickly with the deformation and
it became to be zero before impacting with the die, as
shown in Fig. 4a. The pressure on the central region of
specimen was caused only by the impulse magnetic
pressure, as shown in Fig. 4b. When the discharge volt-
age is higher than 2.5 kV, the discharge energy is

enough to deform the specimens and push them to im-
pact the die wall. When the specimens just impacted
with die, the impacting velocity was still higher than
50 m/s. Therefore, besides the impulse magnetic pres-
sure, the reacting pressure occurred on the central re-
gion of specimen because of impacting with the die.
The impacting pressure is high as 158.3 MPa when
the discharged voltage is 3.5 kV. The displacement
and pressure curves at the central point A under differ-
ent discharge voltages were shown in Fig. 4 c and d. It
can be seen that the impacting pressure is higher for
3.0 kV and 3.5 kV, but the rebound displacement is
larger. When the discharge voltage is 2.5 kV, the re-
bound displacement is very small and the pressure is
about 90 MPa.

Fig. 5 The curves of stress triaxiality

Fig. 6 The curves of void volume fraction
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The curves of stress triaxiality (defined as the ratio of hy-
drostatic stress and vonMises equivalent stress) at the point A
under different discharged voltages were compared in Fig. 5.
It can be seen that the stress triaxiality decreased abruptly
when the specimen impacted with the die wall under the dis-
charge voltage of above 2.5 kV. The proportion of hydrostatic
stress is larger with the higher discharge voltage. The evolu-
tions of void volume fraction at the point A under different
discharged voltages were shown in Fig. 6. The void volume
fraction of specimen increased under the discharged voltages
of 1.5 kV and 2.0 kV, while the void volume fraction of
specimen initially increased with the positive stress triaxiality
and subsequentially decreased due to the significant negative
stress triaxiality under the discharged voltages above 2.5 kV.
Hence, the damage will be induced in the EMF processing but
can be suppressed by impacting with the die under higher
discharged voltage.

3.2 Influence of impacting distance on deformation
behaviour and damage evolution

Different impacting distances of 1 mm, 3 mm, 5 mm, 7 mm,
and 9 mm between the specimen and die were initially

changed by the different thickness of spacers. The discharge
voltage was fixed to be 2.5 kV. The specimen impacted with
the die wall under the impacting distances of 1 mm, 3 mm,
5 mm, and 7 mm, while the specimen did not contact with the
die wall under the distances of 9 mm, as shown in Fig.
7a. When the impulse forces came to end, the velocity
of specimen decreased with the deformation increasing.
If the distance between the specimen and die was too
large, the velocity of specimen became to be zero with-
out contacting with the die wall.

The experimental and simulated strains at the points
of A, B, C, D, and E along the X direction were com-
pared in Fig. 7b. The deformation at the point A be-
came larger when the impacting distance was changed
from1 to 7 mm. However, the deformation at the point
A was very small when the distance is 9 mm. The
deformation level at the central region of specimen
was obviously changed during the impacting process.
Meanwhile, the strain distribution became a little com-
plex due to the rebound of specimen after impacting.
The largest strains also occurred at the point E near
the edge of die. It showed a relatively good agreement
between the simulated and experimental strains.

Fig. 7 The results under different
impacting distances: a specimens
and b strains of simulation and
experiment

Fig. 8 The impacting velocity
and pressure under different
impacting distances: a velocity
and b pressure
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The impacting velocity and pressure of specimens under
different impacting distances were compared in Fig. 8. When
the impacting distance ranged from 1 to 5 mm, the impacting
velocity increased up to 50.1 m/s, and the impacting pressure
rises up to 158.2 MPa at the central point. However, the
impacting velocity and the impacting pressure became a little
lower when the impacting distance was 7 mm, because the
kinematic energy of sheet decreased to promote the deforma-
tion. When the distance is 9 mm, the velocity of specimen
became zero so that it cannot contact with the die wall.
Hence, there was no impacting pressure at the central region.
If the impacting distance was too small, the impacting
velocity and pressure were not high enough. If the
impacting distance was too large, the impacting velocity
and pressure would decrease, and even become zero
before contacting with the die wall.

The curves of stress triaxiality at the point A under
different impacting distances were compared in Fig. 9.
It can be seen that the stress triaxiality was abruptly
changed several times under the impacting distances of
1 mm and 3 mm because of the rebound after impacting
with the die wall. However, the void volume fraction
was very small, as shown in Fig. 10. When the
impacting distance was 5 mm, the stress triaxiality was
abruptly changed only one time. The void volume frac-
tion initially increased due to the bulging deformation
and then decreased a very little after impacting with the
die wall. Although the sheet impacted with the die un-
der the impacting distance of 7 mm, the void volume
fraction only increased with the bulging deformation
and did not decreased because the hydrostatic stress
was not significant. The void volume fraction was
highest when the distance between the sheet and die
was 9 mm.

3.3 Influence of pre-straining level on deformation
behaviour and damage evolution

The specimens were preformed under the quasi-static
uniaxial tension to reach the pre-straining levels of
0.2%, 2.0%, 5.0%, and 8.0%, and then these specimens
were deformed in EMF under the discharge voltage of
2.5 kV and the impacting distance of 7 mm. The
preformed specimens were compared with the unde-
formed one in Fig. 11a, and the initial void volume
fractions were predicted by numerical simulation, as
shown in Fig. 11b. The damage accumulation of speci-
men became more significant with the elevated pre-
straining levels under the uniaxial tensile conditions.
The formed specimens and the strains were also com-
pared in Fig. 11 c and d. The specimens compacted
with the die wall during the EMF phase. The strains

induced by EMF were very little when compared with
the pre-straining levels.

The impacting velocity of specimens under different
pre-straining levels was shown in Fig. 12a, and the
impacting velocity became a very little smaller with
higher pre-straining levels due to the pre-straining hard-
ening effect of specimens. The velocity is mainly deter-
mined by the inertial effect, because the impacting dis-
tance of 7 mm is not too large. The maximum velocity
occurred at the central region of specimen, so the cen-
tral region impacted with the die wall at the beginning.
Hence, the impacting pressure initially occurred at the
central region of specimen, as shown in Fig. 12b.
Because the impacting velocities were nearly the same,
the impacting pressures showed the similar tendency.

Fig. 9 The curves of stress triaxiality

Fig. 10 The curves of void volume fraction
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The curves of stress triaxiality during the EMF phase
under different pre-straining levels were shown in Fig.
13. It can be seen that all of the stress triaxiality

abruptly changed at the time of 196 μs, because the
impacting conditions were nearly the same. However,
the curves of void volume fraction increment during

Fig. 11 The results under
different pre-straining levels: a
preformed specimens, b initial
void volume fractions, c formed
specimens, and d strains of
simulation and experiment

Fig. 12 The impacting velocity
and pressure under different pre-
straining levels: a velocity and b
pressure
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the EMF phase were different, as shown in Fig. 14. The
void volume fraction increments nearly remained to be
zero under the pre-straining levels of 0%, 0.2% and
2.0%, while the void volume fraction increments initial-
ly increased due to the bulging deformation and
subsequentially decreased because of impacting with
the die wall under the pre-straining levels of 5% and
8%. Finally, the void volume fraction became a little
smaller than zero. The damage of specimens was not
increased and even suppressed at some degree after
the EMF phase under the higher pre-straining levels.
When the higher pre-straining levels induced the more
significant void volume fraction, it is more remarkable
to exhibit the advantage of EMF to suppress the dam-
age of formed part.

4 Conclusion

The influences of the discharge voltage, the impacting dis-
tance, and the pre-straining level on the deformation behav-
iour and damage evolution of aluminium alloy sheet during
the EMF with UPA were experimentally and numerically in-
vestigated. The discharge voltage and the impacting distance
have great effects on the impacting velocity and pressure. The
impacting velocity and pressure increase with the higher
discharged voltage, and a reasonable impacting distance
should be determined to obtain the maximum impacting ve-
locity and pressure. The higher impacting velocity and pres-
sure can significantly reduce the stress triaxiality and suppress
the damage induced by the deformation. The pre-straining
level hardly has effect on the impacting condition but can
make an effect on the damage of specimen in EMF process.
With the higher initial void volume fraction, the effect of EMF
to suppress the damage of part is more remarkable.

The EMF has shown great potentials in the aluminium
alloy sheet forming, especially when it is combined with the
conventional forming processes to put forward the hybrid
EMF. Here, it is validated to suggest the perspectives to set
the product properties beyond shaping by EMF or hybrid
EMF. These results can provide some principals for the pro-
cess design of EMF and hybrid EMF to suppress the damage
of parts.
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