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Abstract
Electromagnetic forming process is a high velocity forming technique which is widely used in automotive
and aerospace sectors for forming and joining metallic sheet/tubes. The geometrical structure of
compression coil have signi�cant effect on the performance of the system in terms of current output and
deformation of workpiece. The present work aims to analyse the effect of structural parameters of
compression coil like cross-section of turns (X), pitch circular diameter (PCD) and effective turn (n) using
both experimental and numerical simulation. A bitter compression coil of variable geometrical structure
have been considered to see the effect of its parameters by deforming an AA6061 tube experimentally.
Parameters like magnetic �eld, velocity, Lorentz force, displacement and stress are di�cult to measure
experimentally but have signi�cant indication on performance of the coil in EMF. The trends of
numerically predicated parameters �nd good agreement with experimental deformation value of tube.
The Finite element analysis is carried out to correlate deformation results.The results indicate that n have
higher signi�cant in performance of compression coil as compared to X and PCD of coil. 

1. Introduction
In the present scenario demand for light-weight and high speci�c strength materials are continuously
increasing mainly in automobile and aerospace sector in order to save cost and increase fuel e�ciency.
Joining of similar and dissimilar light weight metals and forming of sheet metal are sometimes
challenging due to various associated problems. These problems can be addressed with the help of high
velocity joining and forming technique like electromagnetic forming (EMF), electrohydraulic forming
(EHF) etc. EMF is a high energy rate forming technique that is widely used for joining of similar/dissimilar
metal parts, cutting, crimping and sheet metal forming of the parts. It can be utilized for both sheet and
tubular types of parts. Some of the major advantages of EMF process are enhanced formability, reduced
wrinkling and controlled springback effect, better strain distribution in sheet metal forming, improvement
in dimensional accuracy in forming, elimination of heat-affected zone in welding and its environment
friendly nature etc. [1–4]. This technique can be used in almost all sectors like automobile, aerospace,
medical, nuclear, air conditioning and home appliance industries [4]. Depending on application of the
process, generally three types of coil are used. Compression coil is used to compress a tubular geometry
in inward direction to either achieve a desired shape of the tube or joining it to another tube on rod placed
inside the tube in overlapped condition. Similarly, expansion coil is used for expansion of tube. Flat
forming coil is used for sheet metal forming of �at workpiece. All these coils are of spiral helical in
nature. So coil is the core parts of the tooling in EMF process and its geometrical structure plays
important role in improving the performance of EMF process.

In the past, several researchers have used �nite element simulation and experimental methods for
studying various aspects like coil design, effect of process parameters etc. in electromagnetic forming. A
few initial work in EMF is discussed to review the evolution of the process. One of the early work reported
in the area reveals preliminary design of expansion of coil and its effect on various parameters such as
frequency of discharge, velocity, discharge current and pressure acting on the work-piece [5]. Further work
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by Lal et al. [6] proposed a theoretical analysis of current in a typical EMF circuit considering coil
parameters such as inductance, resistance and frequency. After a brief pause in research work in the area
for about a decade (in 70s and 80s), there was renewed interest because of availability of high speed
computational facility and requirement of light weight material in various sectors. Some of the work
related to processing of material and various aspect of effect of coil design in EMF is discussed in the
following paragraph.

Takatsu et al. [7] developed the analytical model to calculate of magnetic force and eddy current induced
in workpiece using spiral �at coil in electromagnetic sheet metal forming process. Murata et al. [8]
presented a tube forming method using a tapered coil and called it tube streaming method. Effect of
various parameters such as energy discharged by capacitor bank, length of tube and position of tube on
deformation and pro�le of streaming has been examined. Min et al. [9] developed a FEM model and
analysed the formation of wrinkles on the tube wall in electromagnetic tube compression. The effect of
different shapes of the mandrel on the tube compression was studied and it was proposed the usage of
mandrel can reduce wrinkles in electromagnetic forming process. A FEM model proposed by Lee et al.
[10] analysed pressure distribution on the coil and workpiece. Effect of elements types on the error in FEM
simulation was studied. It proposed that decrease in size and increase in number of elements reduce error
but it increases computational time. Xiaohui Cui et al. [11] used two different coupling methods for
improvement of current pulse in FE simulation. First current pulse gives better accuracy in case loose
coupling method whereas second pulse give good accuracy in case of sequential coupling method. It
was also reported that the effect of increase in frequency results in improved deformation of sheet.
Zhang et al. [12] studied the effect of skin depth and magnetic pressure on the workpiece deformation.
Work carried out by Lee et al. [13] gives relation between magnetic pressure and tube length. It
established the optimum length of tube that gives maximum deformation. It was argue that the size of
tube length should be equal to the coil length to obtain maximum pressure on the workpiece. Fenton et al.
[14] proposed a FEM model for electromagnetic sheet metal forming process using Arbitrary Lagrangian-
Eulerian Code called CALE. The program was written in C programming language. Zang et al. [15]
Proposed E shaped coil and its effect on the magnetic �eld developed across the coil. The gap of the coil
is also optimized. It was argued that the performance of E shaped coil is better than other general coils.
Chengxiang et al. [16] welded the dissimilar materials (i.e. Al-Cu and Al-Mg) through electromagnetic
joining and found the effect of magnetic �eld, force and induce current distribution on the welded region
using FE simulation and compared the result with experimental one. Microstructural analysis was carried
out across the joint region. Meriched et al. [17] proposed a �at coil design in electromagnetic sheet metal
forming process. Oliveira et al. [18] developed numerical simulation model for studying forming of
aluminium alloy sheet through EMF method and studied variation of strain distribution along the sample
and its formability using forming limit diagram. Azab et al. [19] worked on various FEM model for
electromagnetic forming analysis and a comparative study was carried out amongst them. Numerous
challenges involved in FEM analysis of electromagnetic forming are discussed. Karch et al. [20]
developed a FEM model and determined the different parameters that affect the EMF process. The
parameters are air gap, frequency, skin depth and joule heating loss. Stiemer et al. [21] developed an
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algorithm for calculation of electromagnetic �eld. Numerical simulation was carried out to study the
effect of change in the shape of the workpiece and found that the magnetic �eld is very sensitive to
change in shape of workpiece. Kore et al. [22] established a technique for joining of Al-Mg sheet metal
joining using EMF process. Parameter like skin depth, energy and standard thickness of sheet etc. are
optimized to obtain good quality of joining. Bartels et al. [23] compared two different simulation
algorithms for modelling an electromagnetic forming process and found that the loose coupled model
can be only used for the relatively fast deformation and small displacement. It was proposed that
sequential coupled model are more accurate and should be used for large deformation problems. Haiping
et al. [24] analysed the effect of current frequency on the deformation of AA-3003 tube using numerical
simulation and compared the effect of different frequencies on deformation. Optimum frequency was
determined to get the largest deformation. Mamalis et al. [25] proposed a FEM model for compression
coil with stepped �eld shaper and �at coil for deforming a tube and sheet metal parts. Effect of charging
voltage, magnetic �ux and Lorentz force in electromagnetic forming process was analysed. Shrivastava
et al. [26] optimized stand of distance, energy and thickness of tube in electromagnetic forming and
validated results of FE simulation with experimental one. Various parameters like magnetic �eld, velocity,
Lorentz force, displacement and velocity associated with EMF process was also calculated using FE
simulation and co-related with experimental results. Ahmed et al. [27] proposed concept of uniform and
non-uniform coil for �at sheet metal forming. Parameters like magnetic �eld, Lorentz force etc. was
analysed for both the coil and it was established the non-uniform coil provides improved electromagnetic
force for forming sheet metal. Arezoodar et al. [28] developed a FEM model for investigation effect of
different parameters such as material property, peak current etc. on inward tube deformation. It was
established that material property can affect the depth of deformation. Li et al. [29] proposed a FEM
model for analysing electromagnetic forming of low conducting materials using a high conducting driver
material and investigated the distribution of magnetic force variation. Cao et al. [30] investigated the
effect of current frequency in electromagnetic sheet metal forming process using �nite element method.
The study showed that frequency varies according to the capacitance of the system and it affects
displacement or deformation of the material. Frequency and skin depth have been optimized to obtain
maximum deformation. X. Zeng et al (2020) [31] proposed a new technique to deform the aluminium
alloy sheet using a single copper strip by imposing inverse current into the copper strip and workpiece.
The FE simulation of deformation was also carried out and results were validated with experiments. Dond
et al. [32] investigated the effect of �eld shaper on the electromagnetic �eld distribution in EMF.
Experimental and numerical simulation was carried out and found that the usage of �eld shaper can
increase �eld intensity by 5.6 times. It was also found that the distribution of magnetic pressure and �ux
density would be more uniform with the help of a �eld shaper. Savadkoohian et al. [33] analysed the
effect of various parameters such as tube thickness, die entrance radius, discharge current and energy on
wrinkling and bead depth on aluminium AA7075-T6 tube compression in electromagnetic forming
process and found that the bead depth and die entrance radius have more effective on controlling
wrinkling as compared to other parameters.
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From above literature review, it can be seen that a very negligible work has been carried out on
establishing the effect of bitter coil structural geometry on electromagnetic forming of Al alloy tubes
using �nite element method. It is known fact the understanding the design of bitter coil structure is an
important aspect in electromagnetic forming process for its improved performance. There are many
parameters like magnetic �eld, Lorentz force, velocity, stress and strain distribution that are very di�cult
to obtain and analyse experimentally. Various aspect of bitter coil like pitch circular diameter (PCD), turn
cross section (X) and effective turns (n) have huge effect on output current pulse of the system and
thereby effecting forming and joining of tubes of various materials. The present work studies the effect
of variation in coil geometry structure on deformation and its correlation with various FE calculated
parameters with experimental results. Four different combination of PCD, X, n of coil are considered to
analyse its effect on the process parameters such as magnetic �eld, deformation, velocity, Lorentz force,
displacement and effective stress has been established. It mainly focuses on the effect of various
numerically calculated parameters due to coil geometry variation on deformation of aluminium alloy
AA6061 tube to understand processing of materials in EMF. FEM results have been validated with
experimental results in terms of maximum deformation of the tube. Commercially available LS-Dyna
software is used for FEM analysis of tube deformation in electromagnetic forming.

2. Materials And Methods
2.1 Materials

Effect of variation in coil geometry and its correlation with FEM calculated parameters are validated by
experimentally deforming an aluminium alloy tube. Aluminium alloys is generally used in aerospace and
automobile application due to light-weight and high speci�c strength. Aluminium alloy AA6061 has been
used to perform the experimental work in the present work. The tubes are annealed at 3500C with holding
time of two hours. The mechanical properties of AA6061 in terms of �ow curve of A6061 at both quasi-
static and high strain rate are shown in Fig. 1. The same �ow curve has been used in �nite element
analysis.  Copper is used for fabrication of coil and �eld shaper. Chemical composition and mechanical
properties of AA6061 alloy are listed in Table 1. The mechanical properties of AA6061 and copper are
given in Table 3. 

2.2 Methods

2.2.1 Experimental setup

A 40 kJ electromagnetic manufacturing (EMM) machine is used for forming of Al tube in present work. A
schematic line diagram of the electromagnetic forming setup is shown in Fig. 2 and picture of same is
shown in Fig. 3. It mainly consists of four parts namely control console, capacitor bank rack, the
programmable logic controller (PLC) rack and worktable (with discharge coil). The energy is stored in four
capacitor banks and each capacitor bank has four capacitors of 56 µF capacity. So that the total
capacitance of the machine is 224 µF. The control console is a human machine interface (HMI) that is
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used to select charging parameters such as the number of capacitor banks and charging voltage. So it is
also used to controls, visualize and select these parameters. The coil and other tooling is fastened on the
worktable, and the workpiece is placed inside the coil. Six turn bitter coil with �eld shaper is used in the
present work. Details of the coil geometry is discussed in the next section. The output current pulse and
associated parameters are measured with the Rogowski coil and digital storage oscilloscope of Tektronix
make (model TPS 2024B). The capacitor banks are charged by high voltage DC supply from power
supply rack and it stores power in the form of static charge. The stored energy is instantly released
through a coil �xed on worktable. The discharge current produces a strong dynamic magnetic �eld
around the coil (primary current). The change in �ux of magnetic �eld induces an opposing effect in the
nearby placed workpiece and an opposite direction current (secondary current) �ows through the
workpiece which produces opposing magnetic �eld. These two opposing magnetic �eld generates
repulsive Lorentz force that accelerate the �yer workpiece to achieve desired shape. Charging of
capacitors banks takes 5s to15s depending on the rate of charging, applied energy /voltage, whereas it
discharges through the coil in a very short time of 50-150 µs.

2.2.2 Methodology

 In the present work, coil geometry is varied with �xed geometry of �eld shaper and workpiece (tubular
AA6061). The dimensions of coil along with level of energy used for experimental work is listed in Table
3. The workpiece is 90 mm long with 24 mm outer diameter and 3 mm thickness. The effect of coil
geometry variation on numerically calculated parameters and subsequently on the deformation of
workpiece is correlated. Change in coil geometry such as PCD, cross section of turn (X) and effective turn
(n) (as listed in Table 3) has effect on various parameters of electromagnetic forming process such as
magnetic �eld, Lorentz force, velocity and displacement. The constant gap of 1 mm have been
maintained between the coil and the �eld shaper. The same gap is also maintained between the �eld
shaper and workpiece. Experiments are performed at only one energy/voltage levels using two capacitor
banks but FE simulation of both 18 kV and 16 kV conditions are carried out (as mentioned in Table 3).
Fig. 4 shows schematic actual picture of coil and �eld shaper.

Analysis of EMF process to study the effect of coil geometry has been carried out using LS-Dyna �nite
element software. FEM model of the setup (coil, �eld shaper and tube) have been built up as per actual
dimension. The model is meshed with 3D solid hexahedral element. Size of elements is 5 mm and it has
been kept constant for both coil and �eld shaper. There is variation in number of elements for the coil
because of variation in coil geometry as per Table 4. Coil A, B, C and D have 22386, 20696, 18240 and
16720 elements respectively. Field shaper has 5808 number of elements. Material properties as given in
Table 2 and Fig. 1 have been assigned. The load is applied across coil in terms of current pulse using set
segment feature of LS-DYNA. Experimentally determined current pulse corresponding to the level of
voltage used in experiments are applied. Details of the current pulse obtained in experiments are
discussed in next section. EFM model of the setup is shown in Fig 5. Boundary condition have been
applied according to actual fastening condition used in experiments.
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3. Results And Discussion
Results of FEM simulation and corresponding experiments work have been discussed in this section.
Comparative analysis (both numerical and experimental) of deformation of tube due to variation in coil
geometry is carried out. Parameters which are di�cult to determine experimentally are estimated
numerically and correlated with experimental deformation. The value of these numerically estimated
parameters are taken from outer layer of element/node of tubular workpiece located at the opposite to
the slit of the �eld shaper. Result of current pulse and comparison of deformation of tube through
experimental and FE simulation corresponding to all coils at both 18vkv and 16vkv of energy levels are
listed in Table 4. Peak value of current and frequency shows that coil B has highest current and there is
no change in frequency for the same coil even at different energy levels. So frequency does not depend
on energy of the system. The complete pulse of current for all coils at both energy level is shown in Fig 6.
At both levels of energy coil B given maximum peak value of current i.e. 140 kA and 155 kA at 16 kV and
18 kV respectively. It is obvious that highest current deforms the tube to the highest value as compared to
lower current peak achieved by other coils. The same can be veri�ed from both experimentally measured
and numerically estimated �nal OD of tube as shown in Table 4. Coil B reduces the OD to 15.62 mm from
24 mm in both experimental and FE simulation. This is the highest deformation achieve amongst all coils
at both energy level. Experiments are conducted at 18 kV energy level only. The comparison of
experimental and numerical deformation shows very good agreement as the difference in the value is
below 6%. The comparison of peak value of current as shown in Fig 6 shows that highest peak current is
achieved by coil B followed by coil C, A and D. The comparison of coil geometry shows that coil B has
highest value of PCD amongst all coils and lower effective turns as compared to A. Both A and B has
same value of OD with just 3 mm difference in ID. So it can be concluded that B has optimal condition
combination of effective turns and turn cross section. So both the value of PCD, turn cross section and
effective turns plays important role in output current pulse. The turn cross section of coil B is lower than
A. This indicates that the resistance of the B must be high as compared to A leading to high current but
the results show opposite trends. It can be argued that the effective turns is more dominant factor as it
in�uences the inductance of the coil signi�cant. It is known fact that the value of inductance have more
in�uence on discharge current pulse as well as frequency. Similar �nding can be co-related by comparing
effective turns in coil A and B. Coil B have lower number of effective turn that leads to higher value of
current magnitude and frequency of current as compared to A. The comparison of values of PCD of coil A
and D shows that they have same value and it indicates that PCD hold minimal effect on the output
performance of coil when compared to effective turn. Similarly value of deformation in terms of OD of
tube also shows same trend and it is plotted in Fig 7. Highest deformation is achieved by B coil at both
energy level. Results of FE simulation in terms of contour of displacement at both level of energy for all
the coils are shown in Fig 8. The experimentally deformed tube sample at 18 kV is also shown in the
�gure. It shows very good agreement when experimentally deformed tube is compared with numerical
one. It can also be veri�ed pictorially that coil B deformed to maximum value as compared to other coils.
Thus the effect of coil geometry have been analysed by comparing deformation and pulse of the current.
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The associated parameters ( magnetic �eld, Lorentz force, velocity, displacement and stress ) of
electromagnetic forming which is di�cult to measure/ determined experimentally is estimated
numerically and variation of their values for different coils are correlated. Data obtained through FE
simulation can be represented in two way: one only peak value and another variation of the parameter
during whole duration of deformation. Maximum value of all numerically estimated parameter listed in
Table 5. Comparative analysis of peak value and complete deformation duration of these parameters are
shown in Fig. 9 to 12. Variation of magnetic �eld at the centre of tube (opposite to the slit of �eld shaper)
as calculated by FE simulation for al coils are shown in Fig 9. Both peak value as well as its variation
during deformation shows same trend as shown by corresponding peak value of current. Coil B has
highest value of magnetic �eld i.e.; 15 T followed by C, A and D at both levels of energy. Similar trends
can be seen for Lorentz force and velocity as seen in Fig. 10 and 11.The comparison of magnetic �eld to
the nearest highest value which is produced by coil C shows an approximate variation of 1 T. There is a
difference of approximately 1.5 T when effect of energy i.e. 16 kV and 18 kV is evaluated for all the coils.
The peak value of velocity is 308 m/s and 234 m/s for coil B at 18 kV and 16 kV respectively. This value
is signi�cantly high when compared to next level of three value i.e.; 252 m/s and 190 m/s for coil C. The
importance of this magnitude of variation of velocity can be very signi�cant when critical value of impact
velocity is important to achieve joining of two metal. The importance of the same is discussed by kore et
al. [37]. The comparison of maximum stress induced due to different coil reveals similar trend i.e. highest
stress is induced by coil B as compared to all other coil as shown in Fig. 12. So for all energy bank,
selecting a suitable coil geometry is very crucial for workpiece deformation in electromagnetic forming
for any application.

4. Conclusions
A study on the effect of variation in coil geometry on the deformation of the tube in electromagnetic
forming process by experimental and numerical simulation is carried out in the present work. The
numerical results are presented in terms of the magnetic �eld, velocity, Lorentz force, displacement and
effective stress. The numerical simulation results are veri�ed with experimental in terms of deformation
of tube and a very good agreement was observed. The �nding of the present work is summarized below:

1. There is signi�cant effect of PCD, turn cross-section and effective turns on deformation of tube.

2.  Effective turns hold higher signi�cance as compare to both PCD and turn cross-section of a
compression coil. It can be argued that effective turns in�uence the inductance of the coil and turn
cross section in�uence the resistance. It infers that the value of inductance has very important role in
coil design and its performance in terms of output of the system or the deformation of
workpiece/job.

3. The comparative analysis of tube deformation through experiments and simulation shows good
agreement. Other parameters like magnetic �eld, velocity, Lorentz force, displacement and effective
stress have been predicated numerically to correlate the �ndings. The experimental �ndings are in
good agreement with numerically calculated trends of these parameters. Coil B shows maximum
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deformation experimentally and corresponding numerically predicated values of magnetic �eld,
velocity, Lorentz force, displacement and effective stress are also highest amongst all the coils. So
the FE analysis can be used to predict the performance of the coil by varying its effective number of
turns, PCD and turn cross section before it is fabricated.
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Table 2. Mechanical properties of Aluminium alloy AA6061 and OFHC copper [34, 35] 

Material Density (kg/m3) Poisson’s ratio Young Modulus (GPa)

AA-6061 2700 0.33 69

 OFHC (Cu) 8960 0.34 124

 

Table 3. Details of coil and geometry at which experiments carried out

Coil Area of
cross
section

(X)

Pitch circular
diameter (PCD)

Effective
turns (n)

 

Energy (E)/Voltage
(kV) (Double bank)

Energy (E)/Voltage
(kV) (Double bank)

A 8x64.5 155.5 4.23 18 kV 16 kV

B 8x63 157 4.16 18 kV 16 kV

C 8x58 152 4.16 18 kV 16 kV

D 8x54.5 155.5 4.16 18 kV 16 kV

 

Table 4. Details of experimental and simulation using different coil at double bank 18 kV and 16 kV
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Coil
(Voltage
in kV)

Current

(kA)

Frequency
(f)

Deformation % difference
between
experiments
and simulation

Remark

Experimental

 

Simulation

A

(18 kV)

140 11.6 16.4 16.8 2.38% Both
experiment
and
simulation
carried out

A

(16 kV)

132 11.6 - 18.8 - Only
simulation
carried out

B

(18 kV)

155 12.5 15.07 15.62 3.52% Both
experiment
and
simulation
carried out

B

 (16 kV)

 140 12.5 - 17.96 - Only
simulation
carried out

C

(18 kV)

144 11.6 16.3 16.72 2.51% Both
experiment
and
simulation
carried out

C

(16 kV)

132 11.6 - 18.72 - Only
simulation
carried out

D

(18 kV)

136 10.6 17.03 18.08 5.80% Both
experiment
and
simulation
carried out

D

(16 kV)

120 10.6 - 20.5 - Only
simulation
carried out

 

Table 5. Maximum value of process parameters in electromagnetic forming of AA6061 tube using
different coils at 18 kV and 16 kV
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Coil (Voltage in
kV)

Magnetic
�eld

(Tesla)

Lorentz force 
(GN/m3)

Velocity
(m/s)

Displacement
(mm)

Stress

    
(MPa)

A (18 kV) 13.9 231 250 3.6 413

A (16 kV) 12.5 189 183 2.6 401

B (18 kV) 15 275 308 4.19 424

B (16 kV) 13.4 222 234 3.02 409

C (18 kV) 13.9 229 252 3.64 415

C (16 kV) 12.7 192 190 2.64 403

D (18 kV) 13.7 207 191 2.96 404

D (16 kV) 12.1 156 119 1.75 387

 

Figures
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Figure 1

True stress strain curve of Aluminium alloy AA6061at quasi static and high strain rate [34, 36]
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Figure 2

Schematic line diagram of circuit of electromagnetic forming machine

Figure 3

Different components of electromagnetic forming (EMF) system used in experiments
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Figure 4

(a) Isometric view (b) Sectional view of coil (c) Actual picture of coil and (d) Field shaper used in the
experiments

Figure 5

FEM Model of (a) workpiece, (b) �eld shaper, (c) coil and (d) all parts in assembled condition
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Figure 6

Effect of different coil geometry on current pulse at double bank at (a) 18 kV and (b) 16 kV

Figure 7

Variation maximum deformation of AA6061 tube using different coils (a) using double bank at 18 kV
(Both experimental and simulation) and (b) using double bank at 16 kV (only simulation)
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Figure 8

Deformation of tube using different coil at 18 kV (experimental and simulation) and 16 kV only
simulation
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Figure 9

Variation of magnetic �eld using different coils at 18kV (a, b) and 16kV (c, d)
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Figure 10

In�uence of different coil geometry on Lorentz force at double bank 18 kV (a, b) and 16kV (c, d)
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Figure 11

Variation of velocity using different coils at 18kV (a, b) and 16kV (c, d)
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Figure 12

Maximum value of stress after the deformation of AA-6061 tube when used the different types of coil
condition at double bank 18 kV and 16 kV


