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Abstract In this work, experimental and numerical simula-
tion of high-speed inward forming of tubes on a die in elec-
tromagnetic forming (EMF) system using a compression coil
is presented. A 2D axi-symmetric electromagnetic model is
used to calculate magnetic field and magnetic forces.
Modified loose-coupled simulations of electromagnetic and
structural aspects of EMF process are reported and empha-
sized in this paper. During the simulation, in each time step,
the transient magnetic forces are obtained from the electro-
magnetic model and used as input load to the mechanical
model. Based on the calculated deformation, in each step,
the tube geometry in the electromagnetic model is updated
to calculate the electromagnetic forces in proceeding step.
Tube material, AA 6061-T6, is assumed to obey the
Johnson-Cook (J-C) rate-dependent model. Displacement
and thickness variations of workpieces along the tube length
are presented and discussed experimentally and numerically.
The results demonstrate that various workpiece zones could
be thickened or thinned based on various process parameters.
In addition, it is seen that the increase of discharge voltage
decreases the thickness at die radius and reverses the thicken-
ing trend at tip of the bead.
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1 Introduction

As a high energy rate forming (HERF), electromagnetic
forming (EMF) uses Lorentz body forces to fabricate metallic
parts [1]. Electromagnetic forming is a metal forming process
that relies on the use of electromagnetic forces to deform me-
tallic workpieces at high speeds, in the order of 100 m/s in less
than 0.1 ms [2]. In this process, a transient electric current is
induced in a coil using a capacitor bank and a high-speed
switch. This current induces a magnetic field that penetrates
the nearby conductive workpiece where an eddy current is
generated. The magnetic field, together with the eddy current,
induces Lorentz forces that drive the deformation of the
workpiece.

High energy rate forming processes such as explosive
forming and EMF have some attractive characteristics, such
as extremely high ductility under high velocity conditions, the
low spring back after the unloaded condition, and the one-
sided die which can be a male or a female die. Compared with
other HERF processes, in EMF it is very easy to control the
energy, little time is needed to form the products, it needs no
transfer medium to transfer the deformation force, and it can
reduce undesirable phenomena like spring back and wrinkling
[3]- Because of higher strain rate and inertial stabilization of
material failure modes, EMF can significantly increase form-
ability in low ductility materials [4], with aluminum promi-
nently among them [5]. One of the drawbacks of EMF is low
efficiency due to low electrical conductivity of the object to
deform. In order to improve the surface conductivity, coating
of workpiece was proposed and an increasing of deformation
was obtained [6].

Since it is difficult to control the energy in the HERF pro-
cesses, it is not an easy task to make various complicated
parts. Therefore many investigations have been conducted to
obtain optimal process parameters and produce parts used in
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the automobile and aerospace industry [3]. EMF process ap-
plications include automotive, ordnance, electrical equipment,
office machinery, appliance, etc. [7]. Some operations such as
flat sheet metal forming, ring compression, or expansion and
assembly are made possible using this technology [8].

Several attempts have been made to model the EMF of
alloys numerically. Among them, a comprehensive review
and assessment of the EMF process has been presented by
Mamalis et al. [9] and Psyk et al. [10]. Due to analytical
difficulties arising in the mathematical treatment of an EMF
process, numerical analysis has been extensively used [8,
10-12]. Although sophisticated finite element (FE) codes
have been developed to simulate EMF process [13, 14], sim-
ple models have also been presented which give acceptable
results [8, 15—17]. In these simple models, an EMF sheet
process is treated as a combination of two uncoupled and
independent problems: an electromagnetic problem and a
forming problem. For instance, in a work performed by
Imbert et al. [15], the magnetic pressure distribution that had
been estimated from the analytical work of Al-Hassani [18]
was used as a load in the forming simulation using ABAQUS
code. It should be noted that other researchers, who have
treated the EMF process from the manufacturers’ point of
view, have used approximate calculations to predict the mag-
netic pressure and then they have proceeded with the numer-
ical simulation of the forming process by employing the com-
mercial FEM codes such as MARC, LS-DYNA, ANSYS
Mechanical, and Pam-Stamp2G [9]. Furthermore, some re-
searchers have utilized a commercial software such as
Maxwell to simulate electromagnetic aspects of EMF and an-
other software like ABAQUS to simulate forming aspects of
EMF [8, 19-21]. For instance Oliveira et al. [4] developed a
“loosely coupled” model to simulate sheet EMF process. They
combined a three-dimensional electromagnetic FE analysis
using ANSYS code in conjunction with a structural analysis
using explicit dynamic FE code LS-DYNA, to simulate the
thermo-mechanical behavior of a metal sheet.

Haiping et al. [22] presented a sequential coupling simula-
tion for electromagnetic tube compression by using finite ele-
ment software ANSYS. In this method, the effect of tube
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Fig. 1 Schematic of the EMF system for a tubular workpiece
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Fig. 2 Experimental test setup of EMF process

deformation on the electromagnetic geometry was taken into
account in electromagnetic model, by which the simulation
accuracy was improved. Then some researchers used this al-
gorithm [21, 23, 24]. Bartels et al. [23] presented a comparison
for the electromagnetic tube compression of a custom loose-
coupled simulation model and a more accurate sequential
coupled approach. They deduced that deviations between the
two simulation models increase with time, so that the loose-
coupled approach leads to an overestimation of the final de-
formation. They found that the displacement predicted by the
loose-coupled model is 30 % greater than the more accurate
sequential coupled one at the end of simulation.

During recent years, several numerical studies have been
conducted for the EMF process, a few of which are related to
inward tube electromagnetic forming process. For example,

Fig.3 Workpiece (1), die (2), and C53 coil (3) in the experimental setup
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Fig. 4 Experimental setup of C100 coil with conical field shaper

Vivek et al. [25] studied the electromagnetic compression of
steel tubes experimentally and numerically, by investigating
buckling in the tube compression. They found that either in-
creasing the forming energy or reducing compressed length
can effectively increase the extent of diameter reduction.
Murakoshi et al. [3] also studied inward bead forming of alu-
minum tubes by EMF. They concluded that over a certain
discharge voltage, the bead depth and thickness strain at the
tip of the bead increase rapidly. In the recent work of Fallahi
et al. [26], effects of coil parameters on the bead shape in
electromagnetic inward tube forming have been examined.
In none of these works, thickness variations and displace-
ments have been studied in detail.

In this work, an inward tube forming of 6061-T6 aluminum
alloy tubes by EMF is studied numerically and experimental-
ly. Modified loose-coupled approach is used to simulate this
EMF process. In this method, the effect of tube geometry
change on the electromagnetic pressure calculation is taken
into account. Radial and thickness strain in FE analysis at
the tip of the bead are studied and compared with experimen-
tal results. Thickness variations along the tube length are in-
vestigated both numerically and experimentally. Furthermore,
variations of thickness and radial strain with an increase of
discharge voltage are studied.

2 Theory

A schematic illustration of the apparatus for the electromag-
netic tube compression is shown in Fig. 1. It consists of two

switch, and a capacitor bank; and (b) workpiece and die with a
forming coil.

The fundamental equations of magnetic field within a
conducting medium are as follows [11]

V.JI=0 (1)
VxH=1J (2)
VXE:—%—I: 3)
VB=0 (4)
B =uH (5)
J=0,(E+vxB) (6)

where V are divergence and curl operator in Egs. (1) and (2),
respectively, J is current density, H is magnetic intensity, E is
electric field, B is magnetic flux density, i is permeability, o,,,
is electric conductivity of the workpiece, v is velocity of me-
dium, and ¢ is time. The first four equations are Maxwell’s
equations and Egs. (5) and (6) are constitutive equations. If
velocity term does not affect the magnetic field in these equa-
tions during the process [8] and a cylindrical coordinate sys-
tem is applied for the tube, then the magnetic field density B
possesses a radial component B, and axial component B,
which are given as follows:

1 (& 10 & 1 0B,

s (a_ o T oz —) a 0 .
1 (& 10 & OB,

[LO—O'W(@—F;&—F@_ZZ)BZ—F@‘_:O

where o,, is conductivity of the workpiece and p is air
permeability.

Assuming axi-symmetric conditions, eddy current has only
a circumferential component which is given by

1 /OB OB
Jg=—(Lry P 8
= (E+ ) ®)

To calculate the magnetic force, the Lorentz’s force equa-
tion is used as follows:

parts: (a) control system including power supply, spark gap f=JxB 9)
Table 1 Electrical and
mechanical properties of parts in part Material ~ Element type Electrical ~ Relative Poison’s  Elastic
EMEF process resistivity ~ permeability  ratio modulus
[Qm] (Pa)
1 Coil Cu CIRCU124 1.72 8 1 - -
PLANES3
Workpiece Al PLANE13 5¢e8 1 0.3 70e9
3 Die Steel PLANE13 17 e-8 10 - 3e20
Surrounding ~ Air INFIN110 - 1 - -
air PLANES3
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Table2 Physical and mechanical

properties of AA 6061-T6 tube Strain rate Young Yield U.TS.  Elongation Density ~ Melting temp
workpiece at two strain rates [s] modulus, strength [MPa]  [%] kgm’]  [°C]
E, [GPa] [MPa]
1107 67.506 302.94 311.4 11.64 2790 620
2 1 67.712 308.65 316.2 933 2790 620

But in this problem, Lorentz force density has radial and an
axial component as

f r J 6’BZ

fz =—JyB, (10)
And the corresponding magnetic pressure is evaluated by

integration and is defined by

z=h
Pr = f‘rdz
= (11)
7= fzd7
z=0

where £ is the thickness of the tube.

By solving these nonlinear partial differential equations
(PDE), magnetic field density and Lorentz body force could
be calculated. Regarding that it is difficult to solve these equa-
tions analytically, numerical methods should be used.
Numerical methods, as well as commercial electromagnetic
software can be incorporated to solve these equations.
Furthermore, applying these transient forces to a workpiece
and calculating deformation shape is not easy, and it is usually
simulated by numerical techniques.

3 Experimental tests

Experimental test setup which is shown in Fig. 2 consists of a
die (1), forming coil (2), spark gap switch (3), a capacitor bank
(4), power supply (5), and control unit (6). In addition, tube
(1), die (2), and forming coil (3) are shown separately in
Fig. 3. The tube should be placed over the die and then both
should be placed in the coil to complete the setup.
Furthermore, a cap is screwed over the coil to fasten the tube
and prevent the possible pull-out of the workpiece from the
coil. Aluminum tube workpieces with 47 mm inner diameter,
50 mm tube length, and 0.625 mm thickness are used in ex-
perimental tests. Conical field shaper setup and a coil with

inner diameter of 100 mm are shown in Fig. 4. Electrical
and physical properties of parts in this EMF process are pre-
sented in Table 1. Physical and mechanical properties of tube
material, AA 6061-T6, tested at two different strain rate and
the results are shown in Table 2. These tests performed on a
Gotech Universal Testing Machine (model TCS-2000) at
room temperature of 23 °C. The tensile modulus was obtained
by an extensometer at tensile elongation of 1 %. The capacitor
bank is 256 uF and discharge voltage varies from 4.3 to
5.5 kV. In this study, two coils were used and corresponding
parameters are shown in Table 3.

Current variations through discharged capacitor bank were
measured by the Rogowsky coil.

Thickness variations in experimental tests were measured
before and after forming by the ultrasonic thickness instru-
ment, PANAMETRICS 25DL PLUS. Since it was difficult
to measure the thickness at curved areas with ultrasonic probe,
these areas were tested by a micrometer with two spherical
faces.

All EMF experimental tests used in this paper are summa-
rized in Table 4. In this table, purpose of experiments, number
of repetitions, and process parameters are mentioned. As in-
dicated in this table, one series of experimental tests is done to
verify predicted thickness. Another series is done to verify
predicted radial strain. And last experimental tests are done
to investigate effect of field shaper.

4 Simulation of EMF process

The simulation of EMF includes electric, magnetic, and struc-
tural coupled analysis. The coupling of both electromagnetic
and mechanical fields is one of the main problems in the
theoretical study of EMF. Both problems had to be solved
by numerical techniques, but there was no single commercial
software to solve both of them simultaneously. Therefore,
magnetic forces were calculated from electromagnetic FE
analysis. Then, the forces were applied to the workpiece in

Table 3 Characteristics of coils

Coil’sname  Inner Turns (N)  Height ~ Wire Wire insulation ~ Material
diameter (mm) (mm) diameter (mm)  thickness (mm)

C53 53 30 5 0.40 Cu

C100 100 30 5 0.40 Cu
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Table 4  Experimental test conditions

Test purpose ~ Voltage Repetition no.  Other
[kV] condition

1 Thickness 43 3 Thickness 640

verification and 625 pm
2 Strain 43,5.1,5.16,53 2 -

verification
3 Effectof field 4.1,4.3,4.5 2 -

shaper

another structural FE analysis. Electromagnetic system details
of the FEM model are shown in Fig. 5. An axi-symmetric
configuration was assumed for the EMF model. The magnetic
pressure was estimated by neglecting the influence of tube
velocity on the magnetic field. The temperature dependence
of' material properties is also ignored, due to a slight increasing
of temperature in experimental tests.

In this study, a modified loose-coupled model is used
to simulate the EMF process, as shown in Fig. 6. In this
method, total simulation time is divided into several
steps. In each step, the transient electromagnetic forces
are calculated from the electromagnetic model, which are
then used as the input load to simulate high velocity
deformation of tube from the mechanical model. At first
of each step, time air gap between tube and the coil, as
shown in Fig. 5, is increased according to the

2)

“4)

Fig. 5 Die (1), tube (2), coil (3), and surrounding air (4) arrangement in
the FEM model

Electromag-—

‘ netic model

Mechanical
model

Change
geometry

Fig. 6 Flowchart of modified loose-coupled simulation

deformation results. Then, the transient magnetic forces
are calculated again based on the changed tube geometry
in the next time step. The electromagnetic model is up-
dated at 5 us intervals. Thus, in this method, the effect
of tube deformation on the electromagnetic geometry is
taken into account in electromagnetic model, by which
the predicted dimensional accuracy is improved.
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Fig. 7 Magnetic flux density, B *VECTOR
[Tesla], at 5.3 kV discharge pn
voltage for a forming area and b TIME=33E-04 K
. B
tube workpiece ELEM=908 !
MIN=.246E-03
MAX=19.687

PUIN ™ ELEMENT SOLUTION AN
STEP=1
SUB=33
IVEER TIME=33E-04
! 1 / \ BY (NOAVG)
RSYS=0
ot DMX=.776E-03
! SMN=-13.309
SMX=17.928

4.1 Simulation of electromagnetic part

Electromagnetic inward tube forming was simulated with
commercial ANSYS 15.0 software. In the axi-symmetric
model, four element types with four material types including
coil, workpiece, die, and surrounding air were used, the char-
acteristics of which are presented in Table 1. Tube material in
this electromagnetic model is assumed to be elastic. Magnetic
flux density in forming area and tube workpiece, from elec-
tromagnetic analysis, are shown in panels a and b of Fig. 7,
respectively. It is seen that maximum flux density in tube is
about —13.3 Tesla at the tip of the bead. Negative sign in —13.3
Tesla is related to magnetic field direction. The 17.9 Tesla is
related to an element at the end of the tube workpiece and is
noise, which should not be considered in next calculations.
The electromagnetic load curves applied in structural analysis
is shown in Fig. 8a which are derived from loose-coupled and
modified loose-coupled method. The calculated electromag-
netic force variation along the tube length for 4.3 kV discharge
voltage in ANSYS is presented in Fig. 8b, which are similar to
the forces in tube expansion [13]. This figure shows nodal
forces along the tube length at 34 ps. The tube length was
refined by 300 nodes and the load is applied to the tube work-
piece in a sinusoidal form.

In all experimental and numerical tests, values of capaci-
tance, coil area, and coil area coefficient (ratio of effective
wire area to the total coil area) were 256 uF, 30% 8.6 mm?>,
and 0.7, respectively. Air gap and number of windings were
2.4 mm and 9. According to Table 4, experimental tests have
been done with several voltages which results of two voltages
are shown in Figs. 7 and 8.

4.2 Simulation of mechanical part

Magnetic force distribution calculated from ANSYS simula-
tions was then entered in the commercial ABAQUS/Explicit
6.12 code to calculate final tube shape. An axi-symmetric tube
workpiece was modeled by 300 SAX1 elements along tube
length. The die was assumed rigid. Coulomb friction factor
between the workpiece and die was assumed to be 0.15, and
forming time was 34 us. Physical and mechanical properties
of the tube workpiece are shown in Table 2. The material was
assumed to follow rate-dependent Johnson-Cook (J-C) model
[27]. In the J-C constitutive model represented by Eq. (12), the
flow stress is described as a function of strain, strain rate, and
temperature to consider work hardening, strain-rate harden-
ing, and thermal softening effects.

Fig. 8 Electromagnetic load for 1 1100
4.3 kV discharge voltage (a) vs.
time and (b) along tube length at o 900
34 us
g Z. 700
S os °
- ]
T / S 500
S 04 E
. z
S 300
02 z
—4—Loose-couple method 100
~H—Modified loose-couple method
0
0 5 10 15 2 5 % % 0 50 100 150 200 250 300
(a) Time [s] (b) Tube length [Nodes]
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Table 5  Johnson-Cook equation constants for AA 6061-T6
Material AMPa) BMPa) C m n o
AA 6061- 308.65 343 0.011 134 0.0201 1
T6
n g -T: \"
o=la+Be | |1+ cm( =) [1- - (12)
o T T:

In this equation, A, B, C, n, and m are the material constant
determined from empirical fit of flow stress data (as a function
of strain, strain rate, and temperature). 7, is the room temper-
ature, and T}, is melting temperature of the material, both are
assumed constants. The expression in the first set of brackets
gives the stress as a function of strain for € =1 and 7=T.
Therefore, the parameter A is the initial yield strength of the
material at room temperature and € = 1. The expressions in
the second and third sets of brackets represent the effect of
strain rate and temperature, respectively. The equivalent plas-
tic strain rate ' is normalized with a reference strain rate, <.
While parameter n takes into account the strain hardening
effect, parameter m models the thermal softening effect and
parameter C represents the strain-rate sensitivity [28, 29]. The
J-C model is a well-accepted and numerically robust constitu-
tive material model highly utilized in the modeling and simu-
lation studies. It is noted that Eq. (12) is complete form of
materials constitutive equation and for conditions which tem-
perature is not increased significantly, as in these tests, tem-
perature term could be ignored.

The J-C constants for the material used in this study are
given in Table 5. These constants are calculated from curve
fitting on stress—strain data at £ = 1 and from several re-
searchers [27-30].

5 Results and discussion

A tube workpiece and some examples of the formed parts with
EMF process are shown in Fig. 9. These figures show that if
the discharge voltage increases, bead depth increases up to a

Fig. 9 Parts formed by EMF: a
tube workpiece; b at 4 kV; ¢ at
5 kV; d burst part, at 5.53 kV

specific point. It is seen that if the discharge voltage is so high,
it causes the tube to neck and burst (Fig. 9d).

In the previous work [26], after deriving the electric current
variations from analytical calculations, both ANSYS simula-
tions and experimental tests were compared at the discharge
voltage of 4.3 kV. A good agreement was found between the
results. It was seen that the current values calculated from
ANSYS and analytical method were a little higher than that
of experimental tests.

After transferring and applying electromagnetic forces to
the ABAQUS input file, the inward tube forming process was
simulated and investigated. As a result of this study, displace-
ments and thickness for 4.3 kV discharge voltage and tube
with thickness of 625 pm are shown in panels a and b of
Fig. 10, respectively. These results are from ANSYS simula-
tions. Thickness variations at three points has been studied:
point 1 at the tip of the bead, point 2 at a point over the die
radius with minimum thickness, and point 3 at a point on the
tube wall far from the forming zone, which is called feed zone.
As shown in Fig. 10a, maximum displacement in tube is at tip
of the bead with 1.47 mm.

According to the Fig. 10, the maximum thinning value of
1.4 % occurs over the die radius at point 2. The experimentally
measured thinning value at the die radius area was about
1.76 %. Furthermore, maximum simulated and experimental
thickening values at the tip of the bead, point 1, were 1.76 and
1.44 %, respectively. Thickness variation profiles along the
tube length are shown in Fig. 11 for two tube thicknesses
640 and 625 um. Each experimental test has been repeated
three times. According to this figure, both experimental and
simulation thickness variations trends are the same. In both
results, the thicknesses increased at the tip of the bead, which
are in agreement with Murakoshi et al. study [3], and thick-
nesses decreased at die radius area. Similar trends have been
obtained for the other voltages. These results confirm the FE
thickness variations.

Thickness variations of the above-mentioned points locat-
ed at different tube zones versus time are shown in Fig. 12. As
shown in this figure, thickness at point 2 over the die radius is
decreased after tube move over die radius and thickness at
point 1 at tip of the bead is increased. Circumferential stresses
along the tube length for 4.3 kV discharge voltage are shown
in Fig. 13. It is seen that thickness at the tip of the bead (point
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Fig. 10 a Displacement (U1) and

b thickness (STH) at 4.3 kV U, Ul[m]

1 +1.516e-05
discharge voltage H 00104
-2.333e-04
-3.576e-04
-4.818e-04
-6.060e-04
-7.303e-04
-8.545e-04
-9.788e-04
-1.103e-03
-1.227e-03
-1.351e-03
-1.476e-03

Axis of
symmetry

(a)

/1]

STH [m]

(Avg: 75%)
+6.360e-04
+6.343e-04
+6.327e-04
+6.310e-04
+6.294e-04
+6.277e-04
+6.261e-04
+6.244e-04
+6.228e-04
+6.212e-04
+6.195e-04
+6.179e-04
+6.162e-04

(b)

1) increases because the radius of this zone has been reduced the end of forming time. The thickness of the feed zone, point
and this point is under circumferential compressive stress, as 3, does not change during the forming, since this zone is under
shown in Fig. 13. But the thickness of the zone in contact with ~ low tensions.

the die radius (e.g., point 2) first increases and then decreases. The thickness variations and displacements at the tip of the
This zone is initially under compressive stresses because of ~ bead for 4.3 and 5.3 kV discharge voltage are shown in
the inward movement, and then it is under tension stresses at

655 635
650
645 530
—_ g
£ 640 =
= 2
« 635 K
g Z
c 62 ——
£ 630 .2 \
= = =
£ 625 oot —— =
L —+—Pred-Thick-640
620 =" ~Thick-
Pred-Thick-625 620 STH V4300-Point1
515 ~m-Exper-640 <-# STH V4300-Point2
Exper-625 —— STH V4300-Point3
610 B 5. 0. 15, 20 piN 30. 35.
[ 5 10 15 20 25 30 35 40 45 50 Time [us]

Distance along tube length [mm . . . .
g gth [mm] Fig. 12 Thickness variations of workpiece at three elements: 1—point

Fig. 11 Predicted and experimental thickness variations at 4.3 kV 1 at tip of the bead, 2—point 2 over the die radius, 3—point 3 at tube wall,
discharge voltage for two tube thickness 640 and 625 um for 4.3 kV discharge voltage
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Fig. 13 Circumferential stresses along tube length at 4.3 kV

Fig. 14. It is seen that deformation is negligible till 15 ps;
however after this time, the tube starts to deform and the
thickness at the tip of the bead, point 1, starts to increase.

Figure 14 shows that if discharge voltage increases, the
tube thickness at the tip of the bead behaves differently.
Increasing the discharge voltage from 4.3 to 5.3 kV causes a
sudden decrease in the thickness of the tip of the bead. This
behavior is due to an increase of applied energy. Increase of
energy over a critical value will clamp the tube in the feed
zone and prevent the inward movement of the tube.
Consequently, the tube is locked on the die because of high
clamping force and it inhibits the tube movement, leading to a
sudden decrease of the thickness at the tip of the bead, point 1.
In other word, it is seen that increasing the discharge voltage
decreases the thickness over the die radius and reverses the
thickening trend at the tip of the bead. This trend was not
reported by Murakoshi et al. [3]. Thus, increasing the dis-
charge energy may not be a proper way to increase the defor-
mation in general.

Results of predicted and experimental analyses are summa-
rized in Figs. 15 and 16. It can be seen from Fig. 15 that the
absolute of radial strain increases when voltage increases, but

636 0.0
0.5
— 632 E
E E
= 1.0-
3 5
] =
= 54
2 628 158
= Z
a
STH \I4300-Point1 2'0
624 o8 U:U1-v5300-Point1
(60— U:U1-V4300-Pointl
5. 10. 15. 70, 1 32:5
Time [ps]

Fig. 14 Thickness variations (STH) and displacement (U1) at the tip of
the bead versus time, for 4.3 and 5.3 kV discharge voltages

-0.06

-0.07 N <

-0.08

= 4&— Exper

X —{i— Predicted

-0.09

-0.1

Radial strain

-0.11

-0.12
4000 4250

4500 4750 5000 5250 5500

Dischargevoltage [V]

Fig. 15 Experimental and predicted radial strain at tip of the bead

absolute of predicted radial strains are a little more than the
experimental ones which are normal because this method does
not take into account spring back; furthermore, predicted cur-
rent and force are a little more than experimental ones [26].
Thus, the employed coupled approach a little overestimates
the deformations. When discharge voltage increases, the dif-
ference between predicted and experimental radial strain in-
creases. Nonetheless the increasing rate is the same.

Figure 16a, b shows thickness strain at the tip of the bead
and die radius area, points 1 and 2, respectively. Figure 16a
displays the maximum and minimum experimental thickness
strain with the predicted thickness strain variations at the tip of
the bead. Thickness is changed in whole circumference at the
tip of the bead; thus, this parameter is illustrated as two max-
imum and minimum lines. In some experimental tests, wrin-
kling occurred at the tip of the bead; therefore, wrinkling
causes to increase and decease the thickness. Although this
simulation method could not predict this event and 3D model
configuration should be used, this FEM model could predict
increasing thickness at tip of the bead. Therefore, this simula-
tion method could not predict all thickness strain variation at
the tip of the bead, especially parts which are wrinkled. In this
process, as shown in Fig. 16a, b, it is seen that the thickness
strain is positive at the tip of the bead and negative over the die
radius area, i.e., thickness increases at tip of the bead and
decreases over the die radius area. Furthermore, the absolute
of thickness strain over the die radius continuously increases
with the increase of discharge voltage, but the increasing
thickness strain at the tip of the bead stops beyond a specific
voltage, i.e., 5.1 kV, and then decreases, due to high clamping
force and tube locking, causing necking and tearing of the
tube. Hence, experimental thickness strain variations data con-
firm the simulation results. Figure 17 shows simulated and
experimentally obtained displacements at various discharge
voltages using C53 coil and also C100 coil with conical field
shaper. Results indicate that larger coil could be used with
field shaper to form same shape which obtains with smaller
coil. Also, it is seen that there is a small difference between
displacements of two coils, which is about 4 %. In other word,
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Fig. 16 Experimental and iis —4— MIN-Exper [}
predicted thickness strain at a tip ;) & —8— MAX_Exper 001 - 4~ Exper
of the bead and b die radius Wiz L =@ Predicted £ ’ l\ —8—Predicted
& *
.% 001 Lo \ g o
£ o005 g - £-003 =
£ o ] Rre, |£ \
£ 4250 4500 a0 seea_ 5}% 5500 | 2-0.04
Z 0.005 N z =
£ oo N 005 S
T 0015
02 N\ -0.06
0.025 4000 4250 4500 4750 5000 5250 5500
i 7
(a) DRERAYEexNREe/N] (b) Discharge voltage [V]

displacement at tip of the bead using C100 coil with conical
field shaper is 4 % more than direct forming using C53 coil.
The reason could be for concentrating energy at the tip of the
bead in coil with field shaper.

6 Conclusions

Inward tube electromagnetic forming was investigated both
experimentally and numerically in detail. Distribution of mag-
netic forces was calculated by electromagnetic simulation and
applied in ABAQUS/Explicit code to calculate final deformed
shape. Modified loose-coupled approach was used to simulate
this EMF process, in which the effect of changing tube geom-
etry on the electromagnetic pressure was taken into account.
In this modified loose-coupled simulation method, force ver-
sus time diagram is modified based on tube geometry. The FE
analysis methodology is verified with experimental results
such as radial and thickness strain. Specifically following con-
clusions are derived from this study:

* FE and experimental results show that thickness strain at
the tip of the bead increases in this process due to tube
diameter reduction and circumferential compressive
stresses at this area.

» The thickness strains over the die radius area are negative
due to circumferential tension stresses; anyway the

2

Simulation
-~ Conical FSH
-4~ C53 Coil

Experimental
.~ =+=Conical FSH
~a- C53 Coil

Displacement (mm)
o

1

4100 4300 4500
Discharge voltage (V)

Fig. 17 Simulated and experimentally obtained displacements at various
discharge voltages using C53 coil and C100 coil with conical field shaper

@ Springer

absolute of thickness strain continuously increases with
an increase of discharge voltage at this area.

» Thickening trend at the tip of the bead is reversed with an
increase of discharge voltage, due to the high clamping
force and the tube locking.

* Using of C100 coil with conical field shaper at various
discharge voltages showed that larger coil could be used
with field shaper to form same shape which obtains with
smaller coil.
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