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Abstract

Electromagnetic forming (EMF) has many applications in the automobile, structural, and other related areas due to its advan-
tages such as reduced springback, wrinkling, and enhanced formability of deformed parts. Deformation of the workpiece
depends on various process parameters such as applied energy level; system parameters such as inductance, capacitance,
and resistance; and workpiece geometry such as thickness, and shape. These parameters control the current pulse, magnetic
field, and Lorentz force. In the present study, effects of workpiece thickness, applied energy level, and process parameters on
the deformation behavior of an AA6061 Al tube were studied. An attempt was also made to correlate discharge energy and
process parameters with tube deformation. Finite-element (FE) analysis was performed to validate the experimental results.
Various parameters such as the Lorentz force, magnetic field, and current density across the workpiece (tube), which can-
not be measured experimentally, were numerically computed and correlated with the resulting nature of tube deformation.
Aluminum alloy (AA) 6061 tubes with wall thicknesses of 1, 1.7, and 2.4 mm were deformed using a 4-turn bitter copper
coil connected to a 40 kJ capacitor bank. In the present case, the intermediate wall thickness of the workpiece showed a
higher efficiency for deformation. Moreover, reasonably good agreement was observed between the experimental and FE-
simulated results.

Keywords Electromagnetic forming - High-velocity forming - FE simulation - Aluminum alloy 6061

1 Introduction

High-velocity forming of tubes and sheets has gained pop-
ularity among researchers and industrial sectors such as
automobiles and aerospace due to several advantages. Sev-
eral forming operations such as bulging, flaring, forming,
compression, and joining are involved in tube processing
that leads to the conversion of tubes into useful products.
All these operations are possible through a high-velocity
forming technique called electromagnetic forming (EMF) or
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electromagnetic compression (EMC). EMF is a high-energy
and high strain rate forming process in which the achieved
degree of deformation is more than that achieved through
conventional forming methods. Conventional forming pro-
cesses for the shaping of metallic sheets and tubes result
in problems such as springback, wrinkling, non-uniform
strain distribution, and poor formability. These limitations
can be effectively minimized or alleviated by employing
EMF, thus achieving the forming of intricate shapes and
complex geometries. Furthermore, the long processing pro-
cedure involved during conventional forming can effectively
be replaced with the more efficient high-velocity forming
technique. During the joining process of EMF, the welded
or joined interface becomes free from any impurity and heat-
affected zone (HAZ), because the material does not melt
or fuse therein. Reduced processing time is another advan-
tage of this process wherein operation is completed in a few
microseconds (us). An EMF system consists of components
such as a capacitor bank, coil or actuator, field shaper, and
charging and discharging system. The EMF circuit consists
of elements that form an inductance—capacitance—resistance
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(L-C-R) circuit. The current pulse flowing through the cir-
cuit is greatly influenced by the coil design, capacitor banks,
and discharge energy. Thus, it is necessary to analyze the
various aspects of design and development when an EMF
process is applied for product development involving join-
ing or assembling. Haiping et al. [1] established a rela-
tion between the magnetic pressure and length of the coil,
with good agreement between numerical and experimental
results. The work proved to be crucial for sheet metal and
axisymmetric tube forming. An initial work related to the
process simulation, which was reported by Bartels et al.
[2], involved the development of two coupling models and
a comparison of different simulation algorithms for tube
compression. Shabanpour et al. [3] studied tube EMC, and
the effect of discharge voltage, workpiece thickness, and
clearance between die and workpiece on the bead forma-
tion depth, wherein the Johnson—Cook damage criteria were
developed for a high strain rate process. Haratmeh et al. [4]
studied the application of EMF for tube compression. The
tube compression experiments were performed and verified
numerically in this study. Savadkoohian et al. [5] analyzed
the effect of various parameters on wrinkling during tube
compression. Even in this work, numerical results were
verified with experimental ones. Demir et al. [6] studied
tube wrinkling during EMC using the finite-element method
(FEM) simulations. Gharghabi et al. [8] attempted the opti-
mization of various process parameters while observing
their effect on the nature of deformation. Zhong et al. [9]
analyzed the tube bulging process using ANSYS/Emag soft-
ware. They performed experiments to study displacement,
discharge energy, and magnetic pressure. Park et al. [10]
reported a parametric study involving numerical simula-
tion for a DP780 steel workpiece with an aluminum driver
sheet using a flat spiral coil. Cui et al. [11] studied the multi-
physics field simulation of the electromagnetic tube bulging
process wherein an FE model was developed and experi-
mentally verified. Haiping et al. [12] analyzed the effect of
frequency using the FEM through the sequential coupling
method. Ahmed et al. [13] reported the effect of a flat coil
on the spatial distribution of coil turns and the distribution
of magnetic force, magnetic field, and current density dur-
ing sheet metal forming. Parameters such as geometry and
coil design were emphasized while comparing the response
of uniform and non-uniform coils in the study. Moreover,
the inductance of both the coils was computed using the
FEM, and the same was varied by the inductance calculated
using an empirical formula. Vivek et al. [14] studied the
extent of deformation during tube compression at different
energy levels. Shang et al. [15] performed FE modeling of
the tube expansion process and proposed several models.
Cao et al. [16] proposed the reduction of coil temperature
by employing a crowbar circuit and joule heating without
affecting the process and reported the results of numerical
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and experimental investigations on the effect of the crowbar
circuit. By employing the FEM, Rajak et al. [17] analyzed
the crimping of an aluminum terminal with a cable using an
electromagnetic joining process. Li et al. [18] reported the
distribution of magnetic pressure on different tube lengths
during the bulging process by developing and experimen-
tally verifying an FE model. Psyk et al. [20] explained sev-
eral benefits of EMF such as creating typical geometries that
are not possible by the conventional methods of deformation.
Doley et al. [21] microscopically examined microhardness,
HAZ, and the nature of the joint introduced through EMF.
Zhang et al. [22] investigated the joining of multi-layer
sheets with 2.5-3% interference-fit by employing electro-
magnetic riveting. Using a copper field shaper, Wang et al.
[23] studied aluminum alloy (AA) 6063 tube compression
by varying the slope angle and optimizing it. The slot gap
in the field shaper has been reported to be responsible for
non-uniform deformation.

The above-mentioned review demonstrates the scarcity
of studies about the effect of thickness and energy levels
of the capacitor bank on tube deformation. Accordingly, an
analysis of the relation of deformation behavior of the tube
workpiece with the applied energy level and tube thickness
was performed in the present work. AA6061 tubes of dif-
ferent wall thicknesses were experimentally deformed using
different energy levels and varying number of capacitor
banks, thus changing the capacitance of the system. The
extent and nature of the deformation were correlated with
the tube thickness and energy level. FE simulation was per-
formed to study the deformation behavior of the tube as a
function of various parameters such as Lorentz force, mag-
netic field, current density, and velocity. These parameters
were correlated with the tube wall thickness and applied
energy level. The experimental results were verified with
the FE simulation ones.

2 Experimental
2.1 Material and geometry
2.1.1 Tube material and geometry

In the present study, AA6061 was used as the tube (work-
piece) material. The alloy was T6 heat-treated involving
solutionizing and artificial aging. It possesses good weld-
ability, and is widely used in applications such as structural
components, automobile body, and aerospace parts. The
chemical composition of the alloy determined using an opti-
cal emission spectrometer (Table 1). In this work, tubes of
56 mm outer diameter and wall thicknesses of 1, 1.7, and
2.4 mm were used. The physical and mechanical proper-
ties of AA6061-T6 are presented in Table 2 [7], and flow
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Table 1 Chemical compositions

Alloy Elements wt%
of Al alloy (tube)
Cu Si Mg Mn Al
AA6061 0.18 0.57 0.73 0.51 0.092 Remaining

Table 2 Physical and mechanical properties of Al alloy AA6061-T6
(7]

Alloy Properties Value
AA6061-T6 Poisson’s ratio 0.33
Density 2700 (kg/m®)
Young’s modulus 69 (GPa)
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Fig.1 The true stress versus true strain plots for the experimental
workpiece material (AA6061 Al alloy in T6 heat-treated condition) at
quasi low and high strain rate [7, 15]

stress of the material at quasi-static and high strain rates is
illustrated in Fig. 1.

2.1.2 Coil material and geometry

The coil was made of oxygen-free high thermal conductivity
copper that has high electrical conductivity. The outer and
inner diameters of the coil were 200 and 57 mm, respec-
tively, with the coil width being 15.6 mm (Fig. 2). The mate-
rial properties of the coil are presented in Table 3 [19]. The
effective number of bitter coil turns was 3, with the cross
section of turns being 3 mm X 71.5 mm.

2.2 Experimental setup

The experiments were conducted on a 40 kJ] EMF machine.
This system consisted of 4 capacitor banks having a total
capacitance of 224 pF that can operate at a frequency of
10-15 kHz. In the present study, only 2 capacitor banks
were used. Capacitor bank combinations, capacitance, and

corresponding energy levels used for the experiments are
presented in Table 4. The tubes were deformed at different
energy levels obtained by suitably varying the input voltage.
The charged capacitor was discharged through the compres-
sion coil. The workpiece tube was placed inside the coil that
was connected to the capacitor bank through a spark gap
switch. A schematic diagram of the experimental setup is
shown in Fig. 3. The machine setup consisted of a program-
mable logic controller-based human—machine interface that
enables the selection of the desired voltage for experiments.

The experiments were performed on an AA6061-T6 tube
with different wall thicknesses (Table 5) at a constant gap
of 0.5 mm between the coil and tube. A highly electrical
insulation Kapton tape was used on the outer side of the
workpiece (tube) or inner side of the 4-turn compression coil
for the prevention of high current hazard. The thicknesses of
the tubes considered for the study were 1, 1.7, and 2.4 mm,
and they were correspondingly designated as w,, w,, and
ws. An experimental matrix showing various parameters is
presented in Tables 5 and 6. It exhibits a combination of
parameters such as tube wall thickness, the gap between the
coil and tube, and the energy or capacitor bank. The dis-
charging current pulse was measured by the Rogowski coil
and oscilloscope. The Rogowski coil had a sensitivity of
0.01 mV/A. A digital Vernier caliper with the least count of
0.01 mm was used for measuring the dimensions of the tube
before and after deformation.

2.3 FE simulation

The numerical simulation of the process was performed
using the LS-DYNA software to validate it with experi-
mental data. Computer-aided design models of the coil
and workpiece were developed as per the dimensions taken
during the experiments. Corresponding coil and workpiece
models were developed as discussed in Sect. 2. The coil and
workpiece were meshed with hexahedral three-dimensional
elements. The FEM models illustrating the mesh are pre-
sented in Fig. 4. The convergence analysis of the model was
performed by generating the mesh of different element sizes.
Details of elements used for the study are listed in Table 7.
The input material properties of the aluminum tube used for
the modeling purpose are shown in Fig. 1. Current density,
magnetic force, Lorentz force, resultant velocity, and dis-
placement were obtained from the simulation study.

Apart from the general cards used to setup the LS-
DYNA program, certain specific cards were also used to
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Fig.2 The photograph of
experimental compression coil
with section view

Table 3 Mechanical properties of OFHC copper coil [19]

Material Properties

OFHC copper Poisson’s ratio 0.34
Density 8960 (kg/m®)
Young’s modulus 124 (GPa)

Table 4 Capacitor bank combinations and corresponding energy lev-
els attained during the experiments

Capacitor bank combinations ~Capacitance (pF) Energy (kJ)
Single bank 56 2.8

4.0

5.5

7.2
Double bank 112 8.0

design the material properties and boundary conditions.
The material properties of AA6061 were assigned using the
MAT_PIECEWISE_LINEAR_PLASTICITY_024 card, and
material properties of the copper coil were assigned using
the *MAT_ELASTIC_001 card. Current pulse obtained dur-
ing the experiments using the Rogowski coil was defined
using the card *DEFINE_CURVE and assigned to the model
through set segments. The current pulse obtained and used
in the model is depicted in Fig. 5. The tube was fixed by
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all degrees of freedom at the upper and lower ends using
*BOUNDARY_SPC_SET. The simulation of the tube was
performed for varying process parameters. The input energy/
voltage was varied at an interval of 2 kV for the entire range
of 10-16 kV.

3 Results and discussion

The results of numerical simulation of tube deformation
were validated through experimental results. A single capac-
itor bank was used for 1, 1.7, and 2.4 mm-thick tubes at
energy levels of 2.8, 4.0, 5.5, and 7.2 kJ and a gap of 0.5 mm
between the coil and tube. Similarly, a double capacitor bank
was used for 1.0, 1.7, and 2.4 mm-thick tubes at an energy
level of 8.0 kJ. A constant gap of 0.5 mm was maintained
between the coil and tube for all the cases. The peak current
in the coil increased with the increasing energy level.
Table 8 presents the details of parameters, and experi-
ments and numerical simulation results in terms of
the change in tube diameter (OD). For tube w,, when
12 kV/4.0 kJ was applied using a single capacitor bank, the
OD changed from 56 to 51.23 mm. Under similar condi-
tions, the numerically computed OD after deformation was
51.82 mm. Thus, there was an error of 1.14% in this case.
Thus, Table 8 shows that the percentage difference in the
diameter change between the experimental and numeri-
cally simulated results is within acceptable limits, with a
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Fig.3 The schematic represen-
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Table 5 Dimensions of the workpiece (tube) and the gap between the
workpiece and the coil

Work- OD (mm) ID (mm) Thick- Length (mm) Gap (mm)
piece ness

code (mm)

wy 56 54 1 52 0.5

Wy 56 52.6 1.7 52 0.5

w3 56 51.2 2.4 52 0.5

Ground

maximum error in the range of 3-4%. The results of the tube
deformed using a double capacitor bank were also within
an acceptable range of less than 8% difference when the
experimental diameter was compared to the numerical one.

The simulation analysis was performed to observe the
effects of parameters such as the energy level, number of
capacitor banks, and tube thickness on the nature of defor-
mation. All the parameters that control the deformation
behavior of the tube such as current density, magnetic field,

Table 6 Experimental matrix Single bank (56 uF)

Double bank (112 pF)

Workpiece Gap (mm) Energy (kJ)/voltage (kV)

Workpiece Gap (mm) Energy (kJ)/voltage (kV)

wy 0.5 2.8/10 4.0/12 5.5/14 7.2/16 w, 0.5 8.0/12
Wy W
W3 w3

Intermediate disk

Fig.4 The sectioned view of the FE model of coil and tube assembly

Table 7 Details of elements used in the FE model simulation for the
coil and workpiece

Element type: hexahedral 3D elements

Tube wall thickness (7) (mm) Coil
[OD/ID]
(mm)

=1 t=17 t=24 200/57

9152 19,188 19,552 4657

Lorentz force, and resultant velocity cannot be measured
experimentally. However, they can be correlated with experi-
mentally determined parameters such as rising time, peak
current amplitude, and the degree of tube deformation, as
presented in Table 8.
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Fig.5 The current pulses generated at different energy levels (banks)
obtained through the Rogowski coil

The simulation results include peak values of the param-
eters, as presented in Table 8. The peak parameter values
are obtained by interpreting the animated contour of the
same for the entire duration in LS-PrePost software. These
peak parameter values were correlated with the degree of
tube deformation at different energy levels, the number of
capacitor banks, and tube wall thickness. Figures 6 and 7
illustrate that a visual correlation between the numerical
simulation and experiment results can be obtained by com-
paring the fringe of strain and photographs of the experi-
mentally deformed tubes at different combinations of tube
wall thicknesses, energy level, and the number of capacitor
banks. A series of pictures illustrate numerical contours and

experimentally deformed samples at different energy levels
and tube wall thicknesses. The appearance of wrinkles, crest
bottom, and ridges in both FE-simulated and experimentally
deformed samples exhibited excellent similarity in patterns,
and are nearly identical. An increase in the number of capac-
itor banks and energy levels resulted in a higher degree of
deformation leading to more severe wrinkles. The increase
in the thickness of the tube wall decreased the degree of
tube deformation as evident from the fewer number of wrin-
kles. The wrinkles are more prominent in the tubes with
lower thickness, namely 1 and 1.7 mm, for a similar level of
applied energy. Thus, wrinkles are dependent on the applied
energy level and tube thickness.

3.1 Effect of system parameters on deformation

There is an effect of the capacitance of the system on the
current pulse system. It is inversely proportional to fre-
quency. Thus, when the number of capacitors is increased,
the capacitance of the system increases, and it can store
higher energy. Figures 6 and 7 illustrate the degree of the
tube deformation as the number of capacitor banks increased
from one to two. The increase in the number of the capaci-
tor banks increased the energy storage capacity from 4.0
to 8.0 kJ. A 56 mm OD tube compressed to 51.23 mm and
29.13 mm using a single and double bank, respectively. The
2.4 mm wall thickness tube at 4.0 kJ energy remained almost
undeformed as compared to the one at 8.0 kJ energy. The

Table 8 Details of experimental parameters and resulting deformation of the workpiece

Tube dimension  Thickness (mm)  Voltage (kV)/ No. of Rise time (us)  Peak cur-  Final OD
(OD-ID) (mm) energy (k) }C;:;fnor rent (kA) Experi- Simulation (mm) % Age dif-
mental ference in
(mm) OD

Single capacitor bank (04 capacitors of 14 pF)
(56-54) 1.0 (wy) 10/2.8 One 20 44 53.32 54.12 1.48
(56-54) 1.0 (wy) 12/4.0 One 20 52 51.23 51.82 1.14
(56-54) 1.0 (wy) 14/5.5 One 20 60 47.76 48.42 1.36
(56-54) 1.0 (wy) 16/7.2 One 20 72 439 44.20 0.68
(56-52.6) 1.7 (wy) 10/2.8 One 20 44 55.33 55.52 0.34
(56-52.6) 1.7 (wy) 12/4.0 One 20 52 54.34 54.68 0.62
(56-52.6) 1.7 (wy) 14/5.5 One 20 60 52.56 53.65 2.03
(56-52.6) 1.7 (wy) 16/7.2 One 20 72 50.64 52.41 3.38
(56-51.2) 2.4 (Ws) 10/2.8 One 20 44 55.88 56.03 0.27
(56-51.2) 2.4 (Ws) 12/4.0 One 20 52 55.50 55.76 0.47
(56-51.2) 2.4 (Ws) 14/5.5 One 20 60 54.75 55.28 0.96
(56-51.2) 2.4 (Ws) 16/7.2 One 20 72 53.90 54.74 1.53

Double capacitor bank (08 capacitors of 14 pF)
(56-54) 1.0 (w)) 12/8.0 Two 22 94 29.13 27.26 6.86
(56-52.6) 1.7 (wy) 12/8.0 Two 22 94 42.72 46.24 7.61
(56-51.2) 2.4 (wy) 12/8.0 Two 22 94 49.44 51.29 3.61
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Single capacitor bank :2.8 kJ

(a) Tube wall thickness (t)=1.0 mm

Fig.6 The experimental vis-a-vis FE-simulated results showing the nature of deformation of the workpiece (tube) employing a single capacitor

bank for different thicknesses and energy levels

numerically computed variation in other parameters such as
resultant displacement, velocity, Lorentz force, and magnetic
field is illustrated in Fig. 8. The parameter values exhibited
a very significant increase when the number of the banks
was increased.

Figure 8a illustrates the variation in displacement with
the tube wall thickness and the single and double capacitor
banks charged to the same level of voltage, namely 12 kV. A

significant drop in the degree of deformation was observed
as the tube wall thickness increased irrespective of the num-
ber of capacitor banks. The percentage decrease in deforma-
tion with an increase in the tube wall thickness was higher
for a single capacitor bank than for a double capacitor bank
assembly. The level of deformation (displacement) achieved
by the 1 mm-thick tube with a single capacitor bank was
identical to that by the 2.4 mm-thick tube with a double
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Single capacitor bank :2.8 kJ

Single capacitor bank :4.0 kJ

Single capacitor bank :5.5 kJ

Single capacitor bank :7.2 kJ

(b) Tube wall thickness (t)=1.7 mm

Fig.6 (continued)

capacitor bank. The variation in peak velocity with the num-
ber of capacitor banks and tube wall thickness is illustrated
in Fig. 8b. At the same charging voltage level, a three-to-
fivefold increase in velocity was observed for the tube wall
thickness in the range of 1-2.4 mm as the number of banks
increased from single to double. The variation in the Lorentz
force and magnetic field with the number of capacitor banks
and tube wall thickness is shown in Figs. 8c, d, respectively.
Both the parameters increased with an increase in the tube
wall thickness from 1 to 1.7 mm and decreased thereafter
with a further increase in thickness to 2.4 mm from 1.7 mm.
Thus, for a given capacitor bank and coil, the maximum Lor-
entz force and magnetic field were achieved for the 1.7 mm-
thick tube for both single and double capacitor banks proba-
bly due to skin depth, which was approximately 0.75 mm for
both single and double capacitor banks. At this skin depth,
the force causing deformation, namely Lorentz force, was
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more effective up to a tube wall thickness of 1.7 mm, since
such a force develops as a body force unlike surface force
in a conventional punch-blank arrangement. The body force
acts across the thickness inside the body, whereas the sur-
face force becomes effective on the surface only. Therefore,
for higher wall thicknesses, the body force largely acts as a
surface force beyond skin depth. The effects of the tube wall
thickness on the Lorentz force and magnetic field showed
the same trend for both single and double capacitor bank
assemblies.

The hardness across the deformed samples was measured
using the Vickers hardness machine at a 200 g force with
10 s dwell time to assess the deformation zone along the tube
length. A sample that was deformed with 5.5 kJ energy using
a single capacitor bank was cut in the middle and top upper
zones and mounted on an epoxy base to measure hardness,
as depicted in Fig. 9. Hardness was higher in the middle
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Single capacitor bank :2.8 kJ

Single capacitor bank :4.0 kJ

Single capacitor bank :7.2 kJ

(c) Tube wall thickness (t)=2.4 mm

Fig.6 (continued)

(63.25 HV) than on the upper side (51.76 HV), thereby con-
firming that the sample was deformed more severely in the
middle than in the upper or bottom regions. Skin depth (5)
is the factor that estimates the thickness of the layer across
the total tube thickness to within, which induced current to
be distributed on the surface of the tube. It depends on the
frequency of the pulse as follows:

[ p
6= s
7f uy

where p is the electrical resistivity of the workpiece (ohm-
meter), f1s the frequency of the current (Hertz), and g is the
permeability of free space (H/m).

ey

The equation shows that the current discharged from
a single capacitor bank at 12.6-kHz frequency produced
0.747 mm of skin depth. Similarly, a double capacitor bank
operated at 11.4-kHz frequency produced 0.785 mm of
skin depth. Thus, all the samples utilized and dissipated the
applied energy entirely because the thickness of the work-
piece was higher than 1 mm.

The frequency and its rise time at different energy levels
for the single and double capacitor banks are illustrated in
Fig. 10. Energy had no effect on the frequency and rise time
for the same capacitor bank even when charged to different
voltage levels. Moreover, the increase in voltage increased
the peak value of the current pulse for the same capaci-
tor bank. However, when the number of capacitor banks

@ Springer



372 Page 100f 14

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:372

Double capacitor bank :8.0 kJ

L &

Tube wall thickness (t)=1.0 mm

Tube wall thi

ckness (t)=1.7 mm

Tube wall thi

ckness (t)=2.4 mm

Fig.7 A comparison of the nature/extent of deformation of the workpiece experimentally with the FE-simulated ones employing a double
capacitor bank for different thicknesses (f) of the workpiece (Al tube) at the energy level of 8 kJ

increased from single to double, the frequency decreased
and rise time increased because of its dependence on the
inductance of the system. Moreover, the current intensity
increased with the increasing energy level.

3.2 Variation in displacement and velocity
with energy and wall thickness of the workpiece

The increase in tube wall thickness demonstrated a decrease
in the tube deformation level (Fig. 11a), whereas for the
same wall thickness of the tube, the resultant displacement
increased with increasing energy levels. However, the extent
of increase was more for the 1-mm-thick tube than for the
tubes with wall thicknesses of 1.7 and 2.4 mm. The 2.4-mm-
thick tube did not show any significant deformation with
the increase in energy levels from 2.8 to 7.2 kJ with a sin-
gle capacitor bank. On the contrary, the deformation nearly
tripled with 2 capacitor banks at approximately 1-kJ higher
energy. At the same level of energy, the degree of deforma-
tion decreased to a greater extent when the wall thickness
increased from 1 to 1.7 mm compared with that when the
thickness increased from 1.7 to 2.4 mm, proving that the
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tube with higher thickness was less sensitive to deforma-
tion compared with the tube with lower thickness (Fig. 11a).
To analyze further, a tube of 1-mm wall thickness can be
deformed by 18 mm with a double capacitor bank compared
with just 11.4 mm with a single bank at the same level of
charging. Figure 11b depicts the velocity of tube deforma-
tion as a function of the wall thickness of the tube at different
energy levels. The velocity depicted a similar variation trend
for all energy levels. Very high velocity could be achieved
when the number of capacitor banks increased from 1 to 2.
A tube of 1-mm wall thickness attained a higher deformation
velocity of 497 m/s with a double capacitor bank at 8.0 kJ
energy than with a single capacitor bank at 7.2 kJ of energy;
the deformation velocity with a single capacitor bank was
384 m/s.

3.3 Variation in current density, magnetic field,
and Lorentz force with energy and thickness
of the workpiece

The current density, magnetic field, and Lorentz force are
interrelated parameters, and they depend on the skin depth.
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Fig.8 The effect on parameters at single and double capacitor banks

Top upper
Middle
location

Fig. 9 The sample showing the location for hardness

These parameters increased when the tube wall thickness
increased from 1 to 1.7 mm, but decreased with a further
increase in the tube wall thickness to 2.4 mm (Figs. 12,
13). The concept of body force, as discussed in the previ-
ous section, can be attributed to this trend. Thus, the tube
thickness can be made approximately double to harness
the maximum efficiency of deformation. This trend was
similar for both single and double banks.
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Fig. 10 The variation in current frequency, rise time, and peak cur-
rent attained with a single and double capacitor banks

4 Conclusions

AA6061 tubes of different wall thicknesses were deformed
electromagnetically at different energy levels to analyze
their deformation behavior as a function of the applied
energy level and thickness of the workpiece. FE simulation
was also performed to correlate the nature and degree of
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Fig. 11 The degree of deformation (displacement) and velocity as a function of tube wall thickness
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Fig. 12 The current density and magnetic field as a function of wall thickness and energy level

deformation with process parameters. Experiments were
conducted at different energy levels (2.8, 4.0, 5.5, 7.2, and
8.0 kJ) and using capacitor banks (single and double) at a
0.5 mm constant gap between the coil and tube. The results
are summarized as follows:

1. Numerical simulation of tube deformation was per-
formed as per the experimental matrix to correlate tube
deformation at different energy levels and tube thick-
nesses. The results showed a reasonably good agreement

@ Springer

with the experimental results, with an acceptable range
of variation (0.27-7.61%).

The number of capacitor banks had a significant effect
on the nature and extent of tube deformation. When the
number of capacitor banks increased, the frequency
decreased and energy increased, leading to a higher
degree of deformation. The number of wrinkles was
higher for thinner tubes at the same applied energy level.
Furthermore, higher tube thickness presented with no
wrinkles even at higher energy levels with 2 capacitor
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Fig. 13 The Lorentz force as a function of tube wall thickness and
energy level

banks. Thus, there is a limit to the thickness and energy
level to be applied to achieve deformation without wrin-
kles.

The degree of deformation (displacement) decreased
with an increase in the tube wall thickness. The tube
with 1 mm wall thickness experienced the maximum
degree of displacement at the highest velocity. Moreo-
ver, the degree of tube deformation was more in the case
of the double capacitor bank than the single capacitor
bank.

The Lorentz force, magnetic field, and current density
increased with an increase in the tube wall thickness up
to a thickness of 1.7 mm. However, the values of these
parameters decreased with a further increase in the tube
wall thickness. Thus, an optimum tube wall thickness
should be maintained to achieve an optimum Lorentz
force, magnetic field, and current density.
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