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Abstract: Due to environmental regulations, vehicle weight reduction technology has recently
emerged as a key factor influencing market competitiveness in the automobile industry. Although
the demand for aluminum alloy for vehicle weight reduction is increasing, its application in the
automobile industry is limited due to its low formability. Electromagnetic forming (EMF) technology
has been proposed as a method to improve the low formability of aluminum alloys. EMF is a tech-
nology of forming a metal workpiece at high speed without physical contact by applying a strong
electromagnetic field to the workpiece to be formed. In this study, we performed an analytical study
on the characteristics of electromagnetic forming. Finite element analysis was performed with the
same model as in the general drawing process, and the results of the forming process, formability,
and finite element analysis were compared. Through the results of finite element analysis, it was
confirmed that the EMF process showed significant deformation at the die shoulder and center.
Furthermore, EMF has an advantage in formability due to having a smaller amount of sheet inflow
than the drawing process; however, its forming accuracy is low.

Keywords: electromagnetic forming; deep-drawing process; finite element analysis; formability; forming
limit diagram

1. Introduction

Recently, with the automobile industry entering the era of eco-friendly vehicles such
as electric and hybrid vehicles owing to regulations on carbon dioxide (CO2) emissions
and fuel efficiency, vehicle weight reduction technology has emerged as a key factor in
determining market competitiveness. The demand for aluminum alloy as a lightweight
structural metal instead of steel for vehicle weight reduction has increased, and many
automobile companies are applying aluminum alloy to the car body [1–3]. However, due to
the low formability of aluminum alloy, its scope of application in the automobile industry
is limited. Electromagnetic forming (EMF) technology has been proposed as a method to
improve the low formability of aluminum alloys.

EMF is a high-speed forming technology. A metal workpiece is formed by applying a
strong electromagnetic field at a high speed (15–300 m/s) without any physical contact [4].
For a short time (50–200 µs), the electrical energy is instantaneously discharged to the
forming coil, thereby generating an induced current in the metal workpiece. This creates
Lorentz’s force, which acts as a forming force on the metal workpiece. EMF has numerous
advantages compared with sheet metal forming (SMF) processes such as the conventional
quasi-static drawing process. Firstly, as EMF is performed without contact with the punch,
it is an environmentally friendly process technology that does not require a lubricant.
Secondly, as EMF is a process that does not require a punch, there is no wear caused by the
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contact between the die and the punch; hence, the number of die replacements cost can be
reduced [5]. Thirdly, as mentioned before, the formability of alloys increases due to high
strain rates [6,7]. There are three main factors that contribute to the increase in formability
in EMF. Strain rate hardening (because of high strain rate) and inertia to maintain the
current state of motion as the forming is performed for a very short time are two of them.
In addition, during EMF, formability is improved by reducing the void volume of the
workpiece owing to the interaction between the mold and workpiece [8]. By comparing
the formability of the conventional press process, drawing process, and EMF, this study
intends to confirm the improvement in formability with EMF compared with the general
forming method.

To study the improvement of EMF, Chen et al. [9] analyzed the dual-coil system in
which coils were applied one by one above and next to the workpiece, and Kamal and
Daehn [10] added a conductor to the structure of a typical EMF to deliver uniform pressure
to the workpiece. Furthermore, Demir et al. performed experiments to obtain a forming
limit diagram (FLD) through EMF and studied the reasons for higher FLD than the drawing
process [11]. As such, studies on the application of EMF are actively conducted. However,
research on how to perform EMF and identify its characteristics is insufficient. Therefore,
in this study, as a basic step to apply the EMF to automotive parts in the future, the process
of EMF is examined in detail using finite element analysis, thereby providing insights into
the characteristics of EMF.

2. Finite Element Analysis Model

To compare the finite element analysis results of the EMF and drawing process, finite
element analysis was performed using LS-DYNA of Livermore Software Technology Corpo-
ration (LSTC). The finite element analysis model was a square cup model of 50 mm× 20 mm
and is shown in Figure 1. A total of four models were selected for the shape in which
the fracture occurred in the drawing process. This was to confirm whether EMF has an
advantage in formability over the drawing process. Parameters for each finite element
analysis model are summarized and listed in Table 1. The parameters are illustrated in
Figure 1. Die R is the die shoulder radius; punch R denotes punch nose radius or die corner
radius, and depth implies the depth of the die.

Figure 1. Finite element analysis model of (a) drawing process and (b) electromagnetic forming (EMF).

Table 1. Design parameters for die.

Die R (mm) Punch R (mm) Depth (mm)

CASE 1 2 1 5
CASE 2 1 1 4
CASE 3 0.5 0.5 3
CASE 4 0.5 0.5 2
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In the drawing process, as shown in Figure 1a, a 1/4 model was applied to reduce the
time required for analysis, and a shell element was applied to the sheet. In LS-DYNA, the
electromagnetic module only provides symmetry to the circle, and the EMF analysis model
was applied the entire model, as shown in Figure 1b. The forming coil had a cross-section
of 50 mm2, width of 5 mm, and height of 10 mm, and the number of turns of the coil
was 7. In addition, the diameter of the dead zone was approximately 14 mm. To apply the
forming force to the entire forming area, a dead zone in which no electromagnetic force
is generated in the forming coil was positioned outside the forming area. In addition, to
avoid the boundary effect during the forming process, the size of the model was increased
to 200 mm × 200 mm. This compared and analyzed only the forming by the forming coil
while minimizing the effect on the forming result by concentrating the current on the edge
of the sheet. A solid element was applied to the sheet for EMF analysis. This is because, in
the electromagnetic molding analysis using LS-DYNA, the analysis time for solid elements
was shorter than that for shell elements. Molds other than sheets were set as rigid bodies.
Shell elements were applied to the die, holder, and punch, and solid elements were applied
to the forming coil. The friction coefficient between the parts was 0.15, and the holding
force was set to 4 tonf. Spring back was not considered in the both processes.

Copper CW004A and aluminum 6014-T4 were used as the materials for the forming
coil and sheet, respectively, and the properties of these materials are summarized in Table 2.
In addition, Table 3 summarizes the important factors of electromagnetic shaping, such as
resistance, inductance, capacitor capacity, and input voltage.

Table 2. Material properties of copper CW004A [12] and Al 6014-T4.

Material Property Value

Copper
CW004A

Density (kg/m3) 7940
Young’s modulus (GPa) 117

Poisson ratio 0.35
Electrical conductivity

(S/m)
5.85 × 107

Al 6014-T4

Density
(
kg/m3) 2680

Young’s modulus (GPa) 70
Poisson ratio 0.30

Electrical conductivity
(S/m)

3.07 × 107

Table 3. Current circuit parameters of EMF.

Resistance (Ω) Inductance (H) Capacitor (F) Input Voltage (kV)

0.01 2.27 × 10−6 333 × 10−6 30

When performing EMF analysis, the dynamic properties of the materials due to high-
speed deformation of the plate should be considered. In this study, dynamic properties
for Al6014-T4 of 1 mm thickness and 250 × 250 mm2 size were obtained using the inverse
parameter estimation method that used the artificial neural network, as reported in [13,14].
For this, the Cowper–Symonds model (Equation (1)) was used, and the final height was
designated as the standard as a result of the experiment for input voltage values of 6 kV,
7 kV and 8 kV.

σ = σy[1 +

( .
ε

C

)1/p

] (1)

where σ is the true stress, σy is the initial flow stress without considering the strain rate,
.
ε is

the effective plastic strain rate, and C and p are the coefficients of the strain rate. Arbitrary
values were assigned to C and p and applied as input to the electromagnetic finite element
analysis model, with the z-axis displacement of the finite element analysis result designated
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as the target value to construct a surrogate model. Through the constructed surrogate
model and genetic algorithm, which is one of the optimal techniques, C and p values with
the smallest error compared with the z-axis displacement of the experimental result were
obtained. In this work, C was 134.8 and p was 4.355. By applying the obtained C and p to
the Cowper–Symonds model, dynamic properties were obtained considering the strain
rate. Figure 2 compares the z-axis displacement obtained by the numerical method and
the z-axis displacement obtained through the experiment. The properties of the material
obtained by the numerical method are shown in Figure 3, and this was applied to the
finite element analysis. From the figure, it can be seen that as the strain value increased,
both the true stress–strain curve and FLD increased. Through this, it can be predicted that
formability can be improved in high-speed forming.

Figure 2. Comparison results of experiment and surrogate model (a) 6 kV, (b) 7 kV, and (c) 8 kV.

Figure 3. Dynamic properties of Al 6014-T4: (a) true stress–strain curve, (b) forming limit diagram (FLD).

3. Finite Element Analysis Results

The formability of each process was evaluated through the FLD corresponding to
each process of the drawing process and EMF. In addition, by comparatively analyzing the
forming processes, the cause of the predicted fracture range in each process was analyzed.

3.1. Drawing Process

The final thickness and formability evaluation are shown in Figures 4 and 5, respec-
tively. Moreover, by calculating the final distance between the die and sheet, the accuracy,
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that is, the coincidence rate with the target shape, was determined. This can be confirmed
in Figure 6. The forming process of the deep drawing process is summarized in Table 4, and
the cause of the fracture range was analyzed through the forming of the drawing process.

Figure 4. Final thickness of the drawing process for (a) CASE 1, (b) CASE 2, (c) CASE 3, and (d) CASE 4.

Figure 5. FLD and formability evaluation of drawing process for (a) CASE 1, (b) CASE 2, (c) CASE 3,
and (d) CASE 4.
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Figure 6. Distance between sheet and die (forming accuracy) for (a) CASE 1, (b) CASE 2, (c) CASE 3,
and (d) CASE 4.

Table 4. Von Mises stress and effective plastic strain distribution diagram corresponding to the
drawing process (CASE 1, depth 5 mm).

Time Forming Process Von-Mises Stress Effective Plastic Strain

0.3 ms
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Table 4. Cont.

Time Forming Process Von-Mises Stress Effective Plastic Strain

1.0 ms
(end)
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that in the drawing process, the local area (A) of the sheet in contact with punch R leads
the forming.

Due to this process, stress and strain are concentrated in the region near punch R.
Deformation in the die R region is caused by tensile deformation as the sheet fixed by
the die and holder proceeds with the forming process. This can be seen through the Von
Mises stress distribution diagram, and the stress concentration due to the resistance to
deformation in the die R region can be confirmed.

3.2. Electromagnetic Forming

To confirm the dominant strain rate in the finite element analysis of EMF, as the strain
was greatest in die R, the elements of the die R region were randomly selected. It was
verified that the dominant strain rate was 100,000/s or higher and the minimum strain rate
was about 10,000/s. This is shown in Figure 7.

Figure 7. Strain rate for elements of die R area (a) randomly selected elements in die R region, and
(b) strain rate of selected elements.
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The final thickness of EMF analysis is shown in Figure 8, and the formability evaluation
and FLD are shown in Figure 9. In addition, the forming accuracy and forming process of
EMF are shown in Figure 10 and Table 5, respectively.

Figure 8. Final thickness of EMF for (a) CASE 1, (b) CASE 2, (c) CASE 3, and (d) CASE 4.
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Figure 10. Distance between sheet and die (forming accuracy) for (a) CASE 1, (b) CASE 2, (c) CASE 3,
and (d) CASE 4.

Table 5. Sheet inflow of each after forming.

Drawing Process EMF

X-Axis Inflow
(mm)

Y-Axis Inflow
(mm)

X-Axis Inflow
(mm)

Y-Axis Inflow
(mm)

CASE 1 0.96 1.80 0.05 0.11
CASE 2 0.62 1.20 0.06 0.12
CASE 3 0.43 0.83 0.04 0.08
CASE 4 0.19 0.10 0.02 0.04

For evaluating the formability of EMF analysis, FLD values of 10, 000/s and 100, 000/s
were applied by considering the strain rate of the EMF analysis. Since the dominant
strain rate in the EMF analysis of this study was 100, 000/s or higher (approximately
100, 000–200, 000/s), the region with a very high probability of fracture beyond this was
designated as the failure region (Failure). In addition, the area expressed as marginal was
an element located in the range 10, 000/s to 100, 000/s, and it was an area where there is
a possibility of fracture with a minimum strain rate of 10, 000/s or higher. Through this,
it can be seen that CASE 4 does not fracture, and CASES 1–3, which have a possibility of
fracture, also have a significantly reduced fracture range compared to the drawing process.

In EMF, it can be confirmed that fracture occurs at the die R. In addition, through the
final thickness result of the EMF analysis, it can be seen that unlike the drawing process
in which thickness reduction is concentrated in the punch R and die R regions, in EMF,
deformation occurs in the entire area of the forming part. Among them, the thickness
variation in the regions near die R and the central area is conspicuous. Tensile deformation
occurs in the die R region, and compressive deformation occurs in the central portion. In
addition, the sheet inflow in EMF is a value corresponding to 1/10 times that of drawing,
which can be confirmed in Table 6. Although the EMF process has a lower sheet inflow
rate than the drawing process, from Figure 8 and Table 7, it can be seen that the fracture
prediction range and thickness variation are smaller than those of the drawing process.
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Table 6. Minimum thickness of each case.

CASE 1 (mm) CASE 2 (mm) CASE 3 (mm) CASE 4 (mm)

Drawing process 0.365 0.563 0.648 0.714
EMF 0.602 0.694 0.712 0.793

Table 7. Von Mises stress and effective plastic strain distribution diagram corresponding to EMF
(CASE 2, depth 4 mm).

Time Forming Process Von-Mises Stress Effective Plastic Strain

0.02 ms
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Through the evaluation of formability, it was verified that EMF has advantages over
the drawing process. However, it can be seen that the molding accuracy shown in Figure 10
is lower than that of the drawing process. The forming process of EMF for CASE 2 is
summarized in Table 5, and the finite element analysis results of EMF were analyzed using
this. The reason for choosing a case different from that of the drawing process is that among
the four cases, CASE 2 illustrated the most prominent forming characteristics of EMF in the
finite element analysis program. Through EMF (Table 7), it can be seen that stress and strain
are concentrated in the die R region during the overall forming process. This is because a
relatively uniform forming force is applied to the forming part that is not fixed by the die
and holder, and forming proceeds simultaneously. In contrast, the die R region fixed by the
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die and holder is stretched by the surrounding region where the forming is in progress and
has a reduction in thickness.

After approximately 0.03 ms, the stress and strain are concentrated at the center of
the forming part. This is because of the bouncing effect, in which the sheet formed at high
speed collides with the die and bounces off. As this bouncing phenomenon is repeated, the
thickness increases due to compression deformation that occurs at the center of the forming
part. This phenomenon will appear as a wrinkle on the bottom surface of the actual panel.

4. Characterization of Electromagnetic Forming

Through the finite element analysis results, it was confirmed that the EMF had low
accuracy with the target shape at the corner areas of the die. In addition, the deeper the
target forming depth and the smaller the die R, the lower the accuracy of the target shape.
To understand the cause of this, a free bulge die was applied instead of a square cup-shaped
die. This is used to determine the shape that the forming coil gives the sheet. Through
the free bulge finite element analysis results, the characteristics of EMF were identified by
analyzing how EMF was formed. Similar to the die R of the existing case, finite element
analysis was additionally performed for free bulge 1 with die R 2 mm and free bulge 2 with
die R 1 mm. Then, the finite element analysis was performed by lowering the input voltage
from 30 to 10 kV. The final shape of the free bulge analysis is shown in Figure 11, and the
sheet is formed into a hill-like shape after EMF. Therefore, the z-axis cross-section of the
free bulge has an ellipse-like final shape. In addition, through Figure 12, which presents the
x-axis and y-axis sections of the final shapes of free bulges 1 and 2, the z-axis section, that is,
the size of the ellipse, becomes smaller as it goes down to the final shape. Therefore, EMF
causes an unformed phenomenon in the corner area, and the greater the forming depth,
the lower the forming accuracy.

Comparing the final shapes of the graphs (Figure 12) of free bulges 1 and 2, free bulge 1
has a higher final molding height than free bulge 2. The final molding heights of free bulge
1 and free bulge 2 are approximately 8.8 mm and 6.5 mm, respectively, with a difference
of approximately 1.3 mm. This is because of the difference in the amount of sheet inflow;
more sheet inflow was seen in free bulge 1 than 2. This difference in sheet inflow is due to
the following reasons. The cross-sections of the x-axis and y-axis of free bulges 1 and 2 and
the amount of sheet inflow shown in Table 8 show that the final shape is determined by
die R regardless of the overall shape of the die for EMF. If the die R is large, it is smoothly
stretched along the curvature, forming proceeds, and the inflow of the plate material is
relatively smooth. On the other hand, when the die R is small, rather than being formed
along the curvature, the position of the plate is fixed while the plate is formed as if it is bent,
and hence, the inflow of the plate is relatively difficult. If there is no inflow of sheet, the
limit of deformation is also reduced because it deforms only with a limited sheet. Hence,
the smaller the die R in the same model, the lower the forming accuracy.

Figure 11. Final shape of free bulge model by finite element analysis for (a) free bulge 1 and (b) free
bulge 2.
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Figure 12. Graph of cross-section of free bulge models: (a) x-axis (b) y-axis.

Table 8. Cross-section and sheet inflow of free bulge models for EMF.

X-Axis Cross-Section Y-Axis Cross-Section X-Axis Inflow Y-Axis Inflow

Frese
bulge 1
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5. Conclusions

In this study, to analyze the characteristics of EMF, finite element analysis was per-
formed on four rectangular cup-shaped models. Through the finite element analysis
results, the formability of the drawing process and EMF were compared, and the cause
of the difference in the results was analyzed. The following results were obtained after
the analysis:

(1) From the finite element analysis results of deep drawing, the thickness reduction tends
to be concentrated in the area in contact with the punch R and die R area. In addition,
the fracture of the aforementioned area was predicted in the formability evaluation
through a quasi-static forming limit diagram.

(2) Unlike drawing, in which deformation is concentrated in a specific area, in EMF,
deformation occurs relatively in the entire area of the forming part. Among them, it
was confirmed that the deformation in the die R and the central part was noticeable.
The primary factor for the difference between the finite element analysis results of EMF
and the drawing process is the difference in the area where the forming force acts. In
the drawing process, the forming force is concentrated on the local area in contact with
the punch R to lead the overall forming, whereas in EMF, the forming force is applied
to the entire area of the forming part, and forming is carried out at the same time.

(3) The forming limit diagrams were used to evaluate the formability of the EMF analysis,
taking into account the minimum (10, 000/s) and dominant strain rates (100, 000/s)
of the EMF analysis. Although the sheet in flow in the EMF analysis was 1/10 of the
drawing process sheet inflow, the fracture prediction range was noticeably reduced.
Through this, it was confirmed that there is an advantage in moldability in high-speed
molding such as EMF.

(4) However, EMF using a spiral coil showed lower forming accuracy than the drawing
process, and the unformed phenomenon in the die corner area was particularly no-
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ticeable. This is because when EMF is in progress, the sheet that is formed maintains
a hill-like shape. Looking at the z-axis cross-section of the free bulge final shape, the
sheet has an elliptical shape, which is the reason for the low accuracy in the die corner
area. In addition, the size of the z-axis cross-section decreases toward the bottom
of the final shape, which is why the deeper the target depth in EMF, the lower the
forming accuracy.

(5) From the EMF finite element analysis results, it was confirmed that the smaller the die
R, the lower the forming accuracy. This is because for smaller values of die R, the sheet
inflow is less smooth as the sheet is formed to be bent.

In the drawing process, the area in contact with the punch leads to forming, causing
local deformation. On the contrary, in the EMF, the Lorentz force acts on the entire area of
the formed part, resulting in a relatively uniform deformation in the entire area. Although
the amount of sheet flow in the EMF was 1/10 times that in the drawing process, the fracture
prediction area showed a tendency to decrease. The EMF is formed into a dome-like shape
with a uniform Lorentz force. The die and plate collide, causing bouncing; furthermore,
the forming at the corner of the square cup is not perfect. Therefore, additional research is
required to perfectly form a square cup shape via EMF. Based on the EMF characteristics
identified in this study, a follow-up study will be conducted on the improvement method
for the EMF bouncing effect and the unformed corner area. As EMF can show different
results depending on the structure of the coil, it is also necessary to study the optimization
of the coil structure of each process. In addition, experiments will be conducted to verify
the finite element analysis results.
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