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Abstract: A three-dimensional (3D) finite-element model (FEM), including quasi-static stamping,
sequential coupling for electromagnetic forming (EMF) and springback, was established to analyze
the springback calibration by electromagnetic force. Results show that the tangential stress at the
sheet bending region is reduced, and even the direction of tangential stress at the bending region
is changed after EMF. The springback can be significantly reduced with a higher discharge voltage.
The simulation results are in good agreement with the experiment results, and the simulation method
has a high accuracy in predicting the springback of quasi-static stamping and electromagnetic forming.

Keywords: electromagnetically assisted forming; springback control; numerical simulation

1. Introduction

In recent years, lightweight products are more commonly used because of the requirement for
energy conservation. For this reason, aluminum and magnesium alloys as well as high-strength steel
applications have been produced in increasing numbers. However, the common springback behavior
during sheet-metal bending greatly affects both size and shape precision of produced parts.

During bending, the sheet deformation under an external load consists of both plastic and elastic
deformation. When the external load is removed, the elastic strain is recovered. This results in a
geometrical deviation from the ideal target product [1,2]. More specifically, the springback is the
deviation between the shape before and after unloading, which is caused by the elastic recovery of the
bending region. Since all metal materials have elastic modulus, springback is an unavoidable problem
in sheet forming processes. In comparison with traditional low-carbon steel, the springback tendency
of aluminum alloy is very pronounced. Therefore, the effective prediction and control of springback is
important to improving the precision of bent aluminum-alloy parts.

Electromagnetic forming (EMF) is a high-speed forming method that can deform a workpiece
through magnetic force using the electromagnetic induction theorem. The deformation speed of
electromagnetic forming is extremely fast, often reaching 300 m/s. Compared with traditional stamping,
this can be seen as a high-speed deformation process. EMF can significantly enhance plastic strain
due to the inertia effect [3,4]. Therefore, the EMF process can increase the formability of metal sheets
and reduce both springback and wrinkling [5,6]. It was reported that EMF technology could be
used for aluminum sheet/tube forming, bending, joining, welding, cutting, and calibration of parts.
For example, Guo et al. [7] used electromagnetic incremental forming (EMIF) to obtain an integral

Metals 2019, 9, 603; doi:10.3390/met9050603 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://www.mdpi.com/2075-4701/9/5/603?type=check_update&version=1
http://dx.doi.org/10.3390/met9050603
http://www.mdpi.com/journal/metals


Metals 2019, 9, 603 2 of 12

curvature panel with the grid ribs stiffened. Xiong et al. [8] designed a V-bending electromagnetic
forming (EMF) method though experimentation and simulation to solve the shape difference between
the formed part and the desired part. However, only a few simple-shaped parts can be manufactured
using these methods.

Thus, electromagnetically assisted sheet-metal stamping (EMAS), which combines the advantages
of high-speed forming into the traditional stamping process, has been used widely. For EMAS, the
sheet is bent by quasi-static stamping firstly, then the working coils are setup at the sheet bending area
to generate a high magnetic force. Finally, an increased formability was found in EMAS compared with
the traditional stamping process [9]. Many researchers have studied the effect of EMAS on springback
in various experiments. For example, Shang et al. [10] established the V-bending method and evaluated
the effect of pulsed magnetic force on springback using 2024-T3 aluminum sheets. Liu et al. [11] and
Sun et al. [12] established the U-shaped parts by electromagnetically assisted bending using 5052-O
aluminum sheets, respectively. Iriondo et al. [13,14] established the forming of L-shaped parts and
analyzed the effect of pulsed electromagnetic force on the springback of 5754 aluminum alloy and
DP600 high-strength steel. Woodward et al. [15] designed disposable actuators to control and minimize
springback. Therefore, it was recognized in the field of electromagnetic forming EMF can reduce
springback. However, the question of why the angle can be controlled after EMF process was not
clearly answered in those papers.

In this paper, the three-dimensional (3D) finite-element model (FEM) utilizing ABAQUS and
ANSYS software was used to describe the mechanism of electromagnetic impulse calibration.

2. FEM of Electromagnetic Impulse Calibration

2.1. Simulation Strategy

There are two main simulation methods for electromagnetic forming: (1) the loose coupling
method, and (2) the sequential coupling method. In [16], we analyzed the differences between the two
methods. If the magnetic forces calculated are not based on the updated EM model, the simulation
approach can be deemed the loose coupled method. For the EMF, the sequential coupling method has
higher calculation accuracy because it considers the effect of workpiece deformation on magnetic field
calculation. In this paper, quasi-static stamping, sequential coupling for electromagnetic forming, and
springback have been all considered, and the simulated flowchart can be seen in Figure 1. The effects
of local electromagnetic momentum are neglected and the hypothesis of a symmetric Cauchy stress
tensor is used. The ANSYS/emag software, which uses Maxwell electromagnetic equations to calculate
the electromagnetic force, was used for electromagnetic field simulation. The ABAQUS/explicit
software was used to calculate the quasi-static stamping and dynamic deformation process. When the
deformation is terminated, the springback of the sheet is calculated by ABAQUS/implicit software.
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2.2. Structure Field Model

The simulation data in this paper were taken from published studies by Liu et al. [11] and
Sun et al. [12]. The main parameters of the EMF equipment were: rated voltage (5 kV), and capacitance



Metals 2019, 9, 603 3 of 12

(774 µF). The detailed experimental conditions were as follows: (1) The elasticity modulus of a
AA5052-O aluminum-alloy sheet was set as 68 GPa, the Poisson’s ratio was set as 0.33, the density was
set as 2.7 × 103 kg/m3, and the yield strength was set as 90 MPa. The length, width, and thickness
of the sheets were 120 × 40 × 1 mm. (2) The length and the corner radius of the punch were 60 and
10 mm, respectively, as shown in Figure 2a. The gap between the punch and die was set to 1.05 mm.
The quasi-static constitutive behavior of the AA5052-O sheet is described by Equation (1).Metals 2018, 8, x FOR PEER REVIEW  4 of 13 
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For electromagnetic forming, inaccurate simulation results could be obtained if the strain rate
effect is not considered. To consider the effect of a high strain rate on the forming process, the behavior
of viscoplastic material was modeled with a rate-dependence law (Cowper–Symonds power law) in
ABAQUS finite-element analysis software. Cui et al. [17] produced large-scale ellipsoid parts using
electromagnetic incremental forming combined with stretch forming. The Cowper–Symonds power
law was used to accurately predict the high-speed forming process with multi-steps of coil discharge
and stretching. Thus, the Cowper–Symonds constitutive model was used in this paper as shown
in Equation (2).

σs = 364.16ε0.25 (1)

σ = σs(1 + (

.
ε
P
)

m

) (2)

where σ is the dynamic flow stress, σs is the quasi-static constitutive behavior of the sheet,
.
ε is the

strain rate, P = 6500 s−1, and m = 0.25 is the specific parameter of aluminum alloy.
The ABAQUS/explicit software was used to create a three-dimensional (3D) U-bending model, as

shown in Figure 2a. To enhance the calculation speed, the punch and die were treated as rigid bodies.
The element type of the punch and die was R3D4. The sheet was meshed using C3D8, an eight-node
hexahedral element. Contact conditions between the punch and sheet, as well as the sheet and die,
have been considered in this paper. The friction coefficient was set to 0.1. The sheet-center bulged
during the quasi-static stamping. According to the experimental condition in [11,12], we set a certain
displacement for the punch moves to ensure that the sheet center would just make contact with the die.
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The deformed sheet can be seen in a two-dimensional (2D) view in Figure 2b. Based on the stamping
results, it can be found that the maximum principal stress (Abs) occurred predominantly at the sheet
corner, as shown in Figure 2c. According to the principle of plastic forming, the three principal stresses
during sheet bending were in the tangential direction, the width direction, and the thickness direction,
respectively. In order to better understand the changes of stress during forming, the three principal
stress components were defined as following: σθ, tangential component; σb, width component; and σt,
thickness component. As the principal stresses along the tangential direction have a great effect on
springback, the distribution of tangential stress (σθ) on the sheet at different times should be analyzed.
However, the distribution of tangential stress (σθ) cannot be directly selected in the Abaqus software.
Thus, the tangential stress was judged as special elements based on element stress vector. As shown in
Figure 2c, the tangential compression and tensile stress occurred at the inner and outer layer of the
sheet corner region after stamping, respectively. Figure 2d shows the 2D view before and after the
springback. The springback angle was about 18.9◦, and the radius of the bend region changed to about
12 mm.

2.3. Electromagnetic Field Model

Based on the geometric dimensions of the coil and the sheet, a 3D electromagnetic field model
was established, as shown in Figure 3a. The electromagnetic field model consisted of the far-air region,
air region, coil, and sheet. The element types for the far-air region, air region, coil, and sheet were
infin111, solid97, solid97, and solid97, respectively. Based on the deformed sheet in Figure 2c, the
electromagnetic field model was updated. The updated models contained sheet and coil, as shown in
Figure 3b. Figure 3c shows the induced current distribution on the sheet metal after coil discharge.
The current on both sides of the width of the sheet metal and the current at the corner region of the
sheet metal constitute a current loop. The direction of induced current on the sheet metal was opposite
to the current loaded into the coil.
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Sun et al. [12] reported the current density flowing through the coil for a 1 × 10 mm section at 3 kV.
According to our calculation, we can obtain the current curve during the coil discharge at 3 kV. At 60 µs,
the current reaches its maximum value of 42 kA. In EMF, the discharge current, I (t), flowing in the coil
is approximately described by Equation (3). For an EMF device, the capacitance (C), inductance (L),
and resistance (R) were always kept consistent. Figure 4 shows the current flowing through the coil at
different voltages.

I(t) = U

√
C
L

e−
R
2L t sin

1
√

LC
t (3)
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3. Results

3.1. Discharge Voltage U = 1.5 kV

Figure 5 shows the shape deformation of sheet metal at different times for discharge voltage U =

1.5 kV. In order to facilitate the observation of different sheet regions deformed, the displacement of
the sheet metal at the initial discharge time is defined as 0. When the coil is discharging, the material at
the sheet corner region moves away from the punch. Thus, the contact area between the sheet and
the die increases and the middle part of the sheet becomes flat during EMF. After the discharge time
exceeds 1500 µs, the bottom of the sheet metal is separated from the die. At the time of 3000 µs, it can
be considered that the sheet metal deformation is terminated.
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Figure 6 shows the distribution of maximal principal stress in the sheet at different times for the
discharge voltage U = 1.5 kV. In Figure 6a–d, the stress concentration area on sheet metal gradually
moves towards the sheet metal center. From the time of 0–75 µs, the value of tangential stress at
elements 5450 and 4197 decreases, while the tangential stress at elements 5930 and 3637 increases.
From the time of 600–3000 µs, there are small tangential stresses at the corner region. Because the
tangential compressed stress exists in the inner corner region and the tangential tensile stress exists in
the outer corner region at 3000 µs, springback should occur.
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Comparing the results of Figure 2 with Figure 6, the tangential stress on the sheet corner after
EMF is smaller than after quasi-static stamping. The springback angle after EMF with 1.5 kV should be
smaller than the one after stamping. Figure 7 shows the springback results after a coil discharge at
1.5 kV. The springback angle after coil discharge at 1.5 kV is about 4.9◦.
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Figure 8 shows the changes of three principal stresses over time at nodes 3694 and 7893. The
position of the special nodes on elements is shown in Figure 8. The position of the special elements on
the sheet is shown in Figure 6. At the discharge time of 0 µs, the values of three principal stresses are
obtained by quasi-static stamping. When the discharge voltage is 1.5 kV, the three principal stresses at
special nodes undergo disordered high frequency oscillation. At the end of the EMF process of 3000 µs,
the tangential stresses at the two special nodes are obviously less than the one at the moment of 0 µs.
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3.2. Discharge voltage U = 2 kV

Figure 9 shows the distribution of maximal principal stress on the sheet at different times when
the discharge voltage U = 2 kV. In comparison with the results in Figure 6, the value of the tangential
stress at elements 5450 and 4197 decreases more sharply, while the tangential stress at elements 5930
and 3637 increase more sharply with a higher discharge voltage from the time of 0 to 75 µs. At the time
of 600 µs, tangential tensile stresses occurs at elements 5450 and 5930, positioned at the inner layer of
the sheet corner. The direction of tangential stress for elements 5450 and 5930 is different from the
results in Figures 2c and 9d. At 3000 µs, both tangential compression stress and tensile stress exist on
inner and outer layer of sheet corner. Thus, the springback angle could further decrease with 2 kV
discharging, compared with the results of 1.5 kV discharging.

Figure 10 shows the springback after coil discharge at 2 kV; the springback angle after coil
discharge at 2 kV is about 0.9◦. In comparison with the results in Figure 2, Figure 7, and Figure 10, the
springback angle after coil discharge decreases more sharply with a higher discharge voltage.

3.3. Discharge Voltage U = 3 kV

Figure 11 shows the distribution of maximal principal stress on the sheet at different times for the
discharge voltage U = 3 kV. It is found that the two sides of the sheet metal width deform faster than
the sheet center. This is because, a large induced current appears at the side of the sheet metal after
coil discharge, and a larger induced current corresponds to a larger magnetic field force. Therefore,
a pit appears at the sheet corner region after deformation, which reduces the deformation uniformity
compared with 1.5 and 2 kV.
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Figure 12 shows the springback results after a coil discharge at 3 kV. The springback angle after
coil discharge at 3 kV is about −1.4◦. However, a pit appears at the sheet corner region after springback,
which causes the deformation uniformity to be reduced. The corner radius is not the same along the
entire width of the sheet.
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3.4. Plastic Strain and Strain Rate

Figure 13 shows the distribution of equivalent plastic strain on the sheet. Under the condition of
quasi-static stamping, the plastic strain mainly occurs at the corner region of the sheet, and the plastic
strain in the middle region of the sheet is close to zero. After the coil discharge, the maximum plastic
strain on the sheet increases due to the sheet becoming re-deformed under the action of electromagnetic
force. Plastic deformation occurs at the middle part of the sheet. In order to facilitate subsequent
analysis, special nodes 7284 and 7158 were chosen. It can be found that the plastic strain of nodes 7284
and 7158 gradually increases as the discharge voltage increases.
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Figure 14 shows the strain rate versus time for nodes 7158 and 7284. In the quasi-static stamping,
the punch is assumed to bend the sheet at a speed of 2 mm/s. Thus, the maximum strain rates of nodes
7284 and 7158 are 0.06 and 0.01 s−1, respectively. If the coil is discharged at 1.5, 2 or 3 kV, the plastic
strain at node 7284 is only slightly increased, while the strain rate at node 7284 is greatly increased. The
maximum strain rate at node 7284 at 3 kV is 341 s−1. As shown in Figure 13, the plastic strain at node
7158 with 3 kV discharge is significantly increased compared to the quasi-static condition. This results
in a significant increase in the strain rate at node 7158 after discharge, to a maximum of 2511 s−1.
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3.5. Simulation Verification

The changes in the angle after EMF are shown in Table 1. Both experimental data [11,12] and the
simulation suggest that the method is accurate at predicting electromagnetically assisted bending.
At 3 kV there exists a pit at the sheet corner region after springback, which coincides with the simulation
results shown in Figure 12.
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Table 1. Simulation and experiment.

Discharge Voltage 0 1.5 kV 2 kV 3 kV

Experiment 20.8◦ 4.3◦ 1◦ −0.2◦

Simulation 18.9◦ 4.9◦ 0.9◦ −1.4◦

4. Conclusions

In this study, a 3D finite-element model (FEM) with U-shaped bending was developed using the
ABAQUS and ANSYS software package. It can be concluded that:

(1) The simulation results are in good agreement with the experimental results. It is proven that
the simulation method is accurate at predicting the springback for quasi-static stamping and
electromagnetically assisted bending.

(2) After the coil discharges with 1.5 and 2 kV, the tangential stress on the sheet corner will be greatly
reduced, and the springback will also be significantly reduced. If discharge voltage is 3 kV, the
tangential stress distribution on the sheet corner region is more uneven and a higher plastic strain
on the sheet. Thus, the springback can be further reduced at 3 kV. However, the deformation
uniformity is reduced.
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