
Manufacturing and
Materials Processing

Journal of

Article

Numerical and Experimental Investigation of the Impact of the
Electromagnetic Properties of the Die Materials in
Electromagnetic Forming of Thin Sheet Metal

Björn Beckschwarte 1,2,* , Lasse Langstädtler 1,2, Christian Schenck 1,2,3, Marius Herrmann 1,2,3 and
Bernd Kuhfuss 1,2,3

����������
�������

Citation: Beckschwarte, B.;

Langstädtler, L.; Schenck, C.;

Herrmann, M.; Kuhfuss, B.

Numerical and Experimental

Investigation of the Impact of the

Electromagnetic Properties of the Die

Materials in Electromagnetic Forming

of Thin Sheet Metal. J. Manuf. Mater.

Process. 2021, 5, 18. https://doi.org/

10.3390/jmmp5010018

Received: 7 December 2020

Accepted: 9 February 2021

Published: 12 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Bremen Institute for Mechanical Engineering, University of Bremen, Badgasteiner Str. 1,
28359 Bremen, Germany; langstaedtler@bime.de (L.L.); schenck@bime.de (C.S.); herrmann@bime.de (M.H.);
kuhfuss@bime.de (B.K.)

2 University of Bremen, Bremen 28359, Germany
3 Mapex Center for Materials and Processing, Postbox 330440, 28334 Bremen, Germany
* Correspondence: beckschwarte@bime.de; Tel.: +49-421-218-64805

Abstract: In electromagnetic forming of thin sheet metal, the die is located within the effective range
of the electromagnetic wave. Correspondingly, a current is induced not only in the sheet metal,
but also in the die. Like the current in the workpiece, also the current in the die interacts with the
electromagnetic wave, resulting in Lorentz forces and changes of the electromagnetic field. With the
aim to study the influence of different electromagnetic die properties in terms of specific electric
resistance and relative magnetic permeability, electromagnetic simulations were carried out. A change
in the resulting forming forces in the sheet metals was determined. To confirm the simulation results,
electromagnetic forming and embossing tests were carried out with the corresponding die materials.
The results from simulation and experiment were in good agreement.

Keywords: impulse forming; bulge forming; permeability; conductivity

1. Introduction

Electromagnetic forming is an energy-based process that can be used for high speed
forming of tubes and sheets [1]. In this process, a current pulse causes a strong magnetic
field at a coil. The field induces eddy currents in an electrically conductive workpiece.
Lorentz forces arise by interaction of magnetic field and eddy currents that are used for
forming [2], cutting [3], joining [4] and embossing operations [5]. Various advantages in
contrast to quasi-static forming methods such as changes in the plastic material behavior [6]
and one-sided simple die [7] were investigated. Furthermore, in electromagnetic forming
wrinkling [8] and springback [9] can be reduced. Starting with the first patent related to
electromagnetic tube forming mentioned by Harvey and Brower [10], an in-depth forming
investigation was carried out for sheets and tubes with a thickness greater than 1 mm [11].
In contrast to thick sheet metal, thin sheet metal are completely penetrated by the electro-
magnetic field. They have only been examined sparsely starting with the investigations of
Haiping and Chunfeng [12]. Due to the insufficient shielding of thin sheet metal and the
resulting current flow in the die, the consideration of the die influence is extended by the
aspect of electromagnetic influences. Basic considerations of the die during electromagnetic
forming refer to the mechanical interaction between sheet metal and die. It is known,
for example, that electromagnetic embossing leads to increased adhesion and sheet-die
welding [5]. In addition, the mechanical properties of the die influence the forming process.
The die strength is determined by mechanical properties, but process-specific effects such as
the rebound effect caused by high impact velocities influences also the forming result [13].
Furthermore, not only the process is influenced by the die material, but also the process
application as well as the workpiece and die manufacture. Therefore, it is necessary to be
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able to describe the mechanical and electromagnetic influences. The relevant influences
increase with the use of thin sheet metal.

The increase of electromagnetic influences is explained by the insufficient shielding of
the magnetic field by thin metal sheets, which allows field interaction at the backside of the
workpiece. Therefore, based on the workpiece thickness in relation to penetration depth of
the magnetic field the electromagnetic forming process can be divided into two cases [14].
The first case occurs, when the penetration depth is lower than the workpiece thickness.
Therefore, a current flow is only generated in a layer of the workpiece [15]. The second
case is characterized by a current flow in the complete volume and a magnetic body force,
which is a result of the high penetration depth in relation to a thin workpiece. In this case,
a magnetic field acts behind the workpiece and a current is inducted in the die [16]. A scale
for the penetration depth of a magnetic field is the skin depth δ, which is dependent on
the mathematical constant π, the specific electrical resistance ρ, permeability of vacuum µ0,
relative magnetic permeability µr and discharge frequency f of the current pulse:

δ =

√
ρ

π·µr·µ0· f
(1)

Therefore, the penetration depth in the workpiece and die is only dependent on the
material (ρ, µr) and the discharge frequency f. The specific resistance ρ and the relative
magnetic permeability µr of the die influence the change of shielding in contrary directions.
In case of a real forming setup, the discharge frequency is set by the inductivity of the
machine and the tool coil. Due to this inductivity, the discharge frequency is limited
which limits the reduction of the penetration depth. The impact of an occurring current
in a forming die is shown by Cao [17] by simulation of two different tool coil setups
and specific resistance of the die. The work based on the usage of thick sheet metal,
with sufficient shielding of the magnetic field, so a die current is generated by a setup of
two tool coils. For the setup with one coil without a resulting current in the die, the specific
resistance value of the die did not change the geometry of the forming results. In the
other setup with two tool coils, the second tool coil is used to induce a current in the
forming die. Through this, Cao found that a higher current density in the die raised the
draw-in and the forming depth. In contrast to the investigations related to the forming die,
investigations regarding the workpiece show influences on the plastic material behavior
by an electric current density (electroplastic effect—EPE) [18]. In this context, an increase
in plasticity was shown for both long-term [19] and short-term [20] current duration
time. This influence is attributed to the movement of free electrons, which lead to an
increased (local) temperature of the workpiece due to the Joule heating caused by the
electron movement [21]. But the comparison of electrically assisted forming with forming
at different workpiece temperatures still shows differences regarding the plastic material
behavior and grain microstructure [22,23]. In addition to the influences on the material
behavior, an influence of the current density and its distribution on the force during
electromagnetic forming can be observed. This can be explained by the influence of the
current density on the Lorentz force, whereby the electric and magnetic components are
influenced (see Equation (2)). As a result, the thesis can be formulated that an influence
on the electromagnetic forming can be attributed to a change in the electric charge density
ρc, the electric field strength E and magnetic field strength H or magnetic flux density B.
Whereby the electric charge density ρ can be expressed by the current density j related
to the velocity of the charge v (see Equation (2)). Depending on these variables in this
study, the influence of the electromagnetic properties of the die is to be investigated
by simulations:

→
F =

t
V ρc·

(→
E +

→
v ×

→
B
)

dV

→
F =

t
V

→
j
→
v
·
→
E +

→
j ×

→
B dV

(2)
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The process effect is quantified by the impulse as an integrated value of the impact.
As the die cavity influences the magnetic field, a plane geometry was used. Consequently,
no forming was considered in the simulation model. In the model, both electromagnetic
parameters were varied in the range of real materials values. Beyond that, the influence of
the die material was shown by experiments with different real die materials. These experi-
ments were based on the simulation model, whereby the experiments enabled a validation
of the simulated results.

2. Materials and Methods
2.1. Die Material

The ranges of the simulated electromagnetic die properties were chosen that they in-
clude real material properties. The specific resistance value was varied from 1 × 10−8 Ω·m
to 1 Ω·m, the relative permeability ranged from 0.9 to 300. A change in relative perme-
ability µr and specific conductivity ρ due to a change in temperature is not considered in
the simulation.

During experiments, the variation of the electromagnetic properties was done by
different die materials. The selection included common tool steels (90MnCrV8) with high
specific resistance and high relative permeability. In the simulation part, the ferromagnetic
properties of the tool steel were neglected, and a linear behavior was applied. Further,
an austenitic chrome-nickel steel (X5CrNi18-10) with high specific resistance and a relative
permeability of 1 was used. In contrast to the high specific resistance of ferrous based
materials, copper and aluminium with a low specific resistance were also applied as die
material. The applied specific resistance and the relative permeability for the used die
materials and for the used aluminium sheet metal for simulation is shown in Table 1 [24].

Table 1. Electromagnetic properties of the used die and workpiece materials from the ANSYS database.

Material Specific Resistance
ρ [Ω·m]

Relative Permeability
µr [-]

die

austenitic chrome-nickel steel
X5CrNi18-10/AISI 304 9.0909 × 10−7 1.000000

cold work tool steel
90MnCrV8/AISI O2 5 × 10−7 ~300

copper
E-Cu57/C11000/ETP 1.7241 × 10−8 0.999991

aluminium
AlCuMgPb/AA2007 2.6316 × 10−8 1.000021

workpiece aluminium
Al99.5/AA1050A 2.6316 × 10−8 1.000021

2.2. Simulation Model

A two-dimensional planar electromagnetic simulation model within the software
environment ANSYS Maxwell 2D 19.1.0 was used in this work. The magnetic transient
model consisted of four elements; coil, workpiece, die and surrounding air, see Figure 1a.
The maximum mesh element length for the sheet metal was set to 0.02 mm. For all other
parts of the model the maximum mesh element length was set to 0.5 mm. A triangular mesh
with an adaptive mesh algorithm was applied. As tool coil, a single straight conductor was
used to receive a plane symmetric magnetic field, which can be described in the planar
area. Mutual interactions between the magnetic field and both the changing geometry
during forming and the die cavity were avoided by applying a flat die. Thus, a coupled
mechanical model of the electromagnetic forming was not necessary. Due to the use of
a single straight conductor with low inductance, the discharge is largely determined by
the electrical properties of the capacitor system. Changes to the coil-workpiece-die system
therefore play a subordinate role. Following a constant discharge was used in simulation.
During all simulations, the input current in Figure 1b was used. The current based on a
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charging energy EC = 1200 J discharge was modelled as a damped sine function with a
frequency of f = 14.5 kHz, a maximum current amplitude of Imax = 37 kA and a damping
factor of 5600. All simulations were evaluated in 1 µs time steps. According to Equation (1),
the corresponding skin depth in aluminium (Al99.5) was 678 µm. During all simulations,
sheet metal with a thickness of s0 = 200 µm was used. As a result, the initial electromagnetic
field was not shielded completely by the sheet metal and hence, a current was generated
in the die depending on the die material. To specify the impact, the impulse J of the sheet
metal was calculated by integrating the body force FLN in -Z direction over the whole
volume of the workpiece, see Equation (3) and over four current periods T of the oscillating
circuit described by the damped sine oscillation:

J =
∫ 4·T

0
FLN,xdt (3)
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Figure 1. Simulation model; (a) schematic; (b) input current (tool coil).

2.3. Experimental Setup

During the experiments, a capacitor bank (capacity of C = 100 µF) with a maximum
charging energy of EC = 1800 J at maximum charging voltage of U0 = 6 kV was used,
see Figure 2a. Forming experiments were carried out with charge energy of 1200 J. Switch-
ing was done by a single ignitron (NL508/NL508A, National Electronics, LaFox, IL, USA).
The inductance of the circuit including the tool coil was approximately L = 0.6 µH. As tool
coil, a single straight conductor with a rectangular cross-section of 5 × 5 mm2 was applied
(Figure 2b). The tool coil was made of copper (E-Cu57) by milling. It was embedded
in a polylactide carrier structure and insulated from the workpiece with 195 µm thick
polyimide foil.

Al99.5 sheets with a thickness of s0 = 200 µm dimensioned 50 × 50 mm2 were used
during the experiments. In combination with the single straight conductor coil and ca-
pacitor bank used in the tests, the skin depth in the aluminium sheet metal was 678 µm.
Therefore, the die is in the range of the electromagnetic field during the experiments.
For validation of the simulation results, four dies for free bulging were used, see Figure 3a.

During the experiments, five workpieces were formed with each die. The convex
side of the formed sheet metal geometry was measured by a laser confocal microscope
(VXK-210, Keyence, Itasca, IL, USA). With these measurements, the die specific bulge
height h was determined. The bulge height was defined as the maximum distance of the
convex formed sheet geometry and the undeformed flange geometry (see Figure 3b).
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Furthermore, embossing experiments were carried out on raised circular structures,
regarding the transfer of the results to replication processes, (see Figure 4a). These exper-
iments were carried out with Al99.5 sheets with a thickness of 50 µm and 800 J charge
energy. Austenitic chrome-nickel steel (X5CrNi18-10) and copper (E-Cu57) dies were used.
The corner radius r achieved along and perpendicular to the effective tool coil area was
determined as a measure for the embossing result (see Figure 4b). The measurements were
carried out with a laser confocal microscope (Keyence VXK-210).
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3. Results
3.1. Simulation Results

In a first step, the simulated impulses J on the workpiece were plotted against the
resulting skin depth δ of the die material (see Equation (1)). The impulse J could not be
correlated to the skin depth δ and the maximum values can be achieved with different
combinations of specific resistance ρ and relative permeability µr values (see Figure 5).
In contrast to influence of sheet metal thickness in electromagnetic forming, the electro-
magnetic die properties must influence the impulse on the sheet metal independently.
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and relative permeability µr values.

The influence of relative permeability µr and specific resistance ρ on the impulse J
of the workpiece is shown in Figure 6. The impulse J rises significantly with the specific
resistance ρ until a maximum value is reached at about 1 × 10−5 Ω·m. Further increasing
specific resistance ρ does not affect the impulse J. With an increase of the relative perme-
ability µr, the impulse J also increases. Thus, the die material must be chosen carefully
for efficient electromagnetic forming of thin sheets with the demand of minimum specific
resistance ρ and high relative permeability µr.

The process effect of the electromagnetic force depends on the current density j,
the magnetic flux density B and electric field strength E in the workpiece (see Equation (2)).
Based on this, the die material must have an influence on the current density j, magnetic
flux density B, magnetic field strength H or the electric field strength E in the workpiece.
Figure 7 shows the dependence of the maximum current density jmax in the sheet volume
as a function of the die material properties. An increase in the current density j is caused
by high specific resistance ρ and relative permeability µr values. Thus, the increased pulse
could be explained by an increased current density j.



J. Manuf. Mater. Process. 2021, 5, 18 7 of 14

J. Manuf. Mater. Process. 2021, 5, x FOR PEER REVIEW 7 of 14 
 

 

carefully for efficient electromagnetic forming of thin sheets with the demand of 
minimum specific resistance 𝜌 and high relative permeability μr. 

 
Figure 6. Simulated impulse J on thin aluminium sheets for different electromagnetic properties of the die material. 

The process effect of the electromagnetic force depends on the current density j, the 
magnetic flux density B and electric field strength E in the workpiece (see Equation (2)). 
Based on this, the die material must have an influence on the current density j, magnetic 
flux density B, magnetic field strength H or the electric field strength E in the workpiece. 
Figure 7 shows the dependence of the maximum current density jmax in the sheet volume 
as a function of the die material properties. An increase in the current density j is caused 
by high specific resistance 𝜌  and relative permeability μr values. Thus, the increased 
pulse could be explained by an increased current density j. 

 
Figure 7. Maximum current density jmax in the workpiece volume in respect of the specific resistance 𝜌 of the die material. 

To analyse the effect of the electromagnetic field penetrating the die, the electric 
charge q of the die is calculated, by the integral current density j in the die y-z-surface over 

Figure 6. Simulated impulse J on thin aluminium sheets for different electromagnetic properties of the die material.

J. Manuf. Mater. Process. 2021, 5, x FOR PEER REVIEW 7 of 14 
 

 

carefully for efficient electromagnetic forming of thin sheets with the demand of 
minimum specific resistance 𝜌 and high relative permeability μr. 

 
Figure 6. Simulated impulse J on thin aluminium sheets for different electromagnetic properties of the die material. 

The process effect of the electromagnetic force depends on the current density j, the 
magnetic flux density B and electric field strength E in the workpiece (see Equation (2)). 
Based on this, the die material must have an influence on the current density j, magnetic 
flux density B, magnetic field strength H or the electric field strength E in the workpiece. 
Figure 7 shows the dependence of the maximum current density jmax in the sheet volume 
as a function of the die material properties. An increase in the current density j is caused 
by high specific resistance 𝜌  and relative permeability μr values. Thus, the increased 
pulse could be explained by an increased current density j. 

 
Figure 7. Maximum current density jmax in the workpiece volume in respect of the specific resistance 𝜌 of the die material. 

To analyse the effect of the electromagnetic field penetrating the die, the electric 
charge q of the die is calculated, by the integral current density j in the die y-z-surface over 

Figure 7. Maximum current density jmax in the workpiece volume in respect of the specific resistance ρ of the die material.

To analyse the effect of the electromagnetic field penetrating the die, the electric charge
q of the die is calculated, by the integral current density j in the die y-z-surface over time t.
This value enables the investigation of the energy which is transferred in the die. The electric
charge q is reduced by an increased relative permeability µr and specific resistance ρ (see
Figure 8), so a current flow in the die is suppressed by the material properties.

According to a current flow in the die, an electromagnetic field is induced from the
die. This field causes a force to act against the forming direction, which reduce or can even
result in a negative impulse JN. Corresponding to the current flow in the die, it is induced
for low specific resistances ρ and low relative permeability µr (see Figure 9). So, the impulse
J during electromagnetic forming is decreased though the acting of the inducted die current
density j.
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In addition to the influence of the die material on the current density j in the workpiece,
the field changes in strength and shape by the different material properties. Figures 10 and 11
shows this change in the field regarding the material properties, each highest and lowest
specific resistance ρ and relative permeability µr. For dies with high relative permeability µr
within the die volume, a low field strength H is present. However, this is followed by a field
concentration within the sheet volume which leads to a higher impulse J. A decrease of the
field strength H is observed by the increase of the specific resistance ρ. However, the field is
more concentrated in the die for a low specific resistance ρ, thus the impulse J is lower for
the workpiece due to the higher effect in opposite direction.
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For a further comparison of the influence of the die material properties on the magnetic
field, a normal distribution of the field is assumed. The average magnetic field strength
Ha is calculated as the average in the workpiece volume at the time step of the maximum
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tool coil current. In respect of the electromagnetic die properties the results are shown
in Figure 12. The average field strength Ha in the workpiece can be increased with high
relative permeability µr and high specific resistance ρ of the die material.
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To show the influence of the die material properties on the distribution of the field
strength H which penetrates the workpiece, the deviation of the distribution of the field
strength Hd in the workpiece volume during maximum tool coil current is shown in
Figure 13. Once more, a high relative permeability µr and a high specific resistance ρ
increase the spread of the field strength H in the workpiece. Thus, the spread or the
effective range of the electromagnetic field of the tool coil is changed by the die material
properties.
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3.2. Experimental Results

Based on the electromagnetic simulation, an initial qualitative confirmation of the
results can be carried out by comparison with experiments. Due to the dependence of the
impulse J on the current density j (see Equation (2)), which in turn influences the plastic
material behavior, a clear validation by the forming result is not possible with the actual
model. The correlation in Figure 14 of the impulse to the forming result, which represented
by the bulge height h, shows a linear dependence with good agreement. The results of
the simulation model are confirmed under the boundary condition that more impulse
causes a greater forming result. In contrast to this are the effects from the change of the
plastic material behavior, which can be traced back to the die material. First, the current
density in the workpiece is changed, which results in an influence on the plastic material
properties by exceeding the limiting current density described in the literature (EPE) [21].
At the same time in dependence of the die material, current flow and forming lead to
heating, which affect the material properties during forming. Likewise, it cannot be
ruled out that different temporal and local force effects, which are not considered by the
impulse, lead to a change in the strain rate and strain state, as well their material property
dependencies. Regarding the differentiated consideration into influence of the relative
permeability µr, the influence on the impulse can be confirmed by the comparison of the
iron-based dies with different relative permeability µr and comparable specific resistance
ρ. The impact of specific resistance ρ is shown by comparing the results of aluminium or
copper-based dies with austenitic chrome-nickel steel-based dies, which have comparable
relative permeability µr.
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Regarding the embossing by electromagnetic forces, the performance of electromag-
netic embossing can be increased by the influence of the die material. The influence of
the die material is shown in Figure 15 by comparing the achieved inner corner radii r.
Austenitic chrome-nickel steel-based dies achieve smaller radii r than copper-based tools,
with lower specific resistance ρ for both directions considered. This makes embossing with
steel-based dies more efficient in terms of die properties.
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4. Conclusions

In the case that the die is within the effective range of the electromagnetic wave,
an influence of electromagnetic properties of the die material on the forming process can be
proven in simulation and experiments. The specific resistance ρ and relative permeability
µr influence the transmitted impulse J during the forming process. Both a high specific
resistance ρ and a high relative permeability µr of the die material cause a higher impulse.
The following conclusions can be drawn:

• Below a specific resistance ρ of around 10−5 Ω·m, a decrease in the workpiece impulse
during electromagnetic forming can be expected. To increase forming efficiency,
the die material should have a higher specific resistance ρ.

• The relative permeability influences the impulse up to a relative permeability µr of 5,
whereby the influence decreases with higher relative permeability µr. A high relative
permeability µr is positive regarding process efficiency.

• The influence of the die material on the impulse J is due to the current density j in
the workpiece. A high specific resistance ρ and relative permeability µr cause higher
current densities j, which increases the impulse J on the workpiece.

• The properties of the die material influence the field, which can be seen in the change
of the distribution and level of the field strength H. A high specific resistance ρ and
relative permeability µr lead to a magnetic field concentration.

• The results of the simulation confirmed by forming experiments using free forming of
bulge structures.

• The results of the simulation and free forming could be transferred to electromagnetic
embossing and it could be shown that an improvement of the impression is possible
due to the die material influence.

From the consideration of the influence of the electromagnetic properties of the die
material it can be concluded that the die with material properties and geometry by local
changes influences the process. Consequently, when designing the process for electro-
magnetic forming thin sheet metal, it is necessary to consider the repercussions of the die
properties and the cavity. In combination with the dependency of thin sheet metal on the
discharge frequency, the die, workpiece, tool coil and impulse forming system must be
considered. In addition to this additional effort in the process design, the influence of the
die material offers a possibility to improve the performance of the forming process by local
adaptation via the die. With this aim, the influence of the die on the produced geometry
and the conditions prevailing during the process must be determined. Thus, the impulse
is changed during the forming process, but beyond that, influences regarding workpiece
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temperature and strain rate are expected. According to this thesis, influences on the plastic
material behaviour of the workpiece following, so that the changed generated geometry
cannot be entirely explained by different impulses.
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