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Abstract

The MPW (Magnetic pulse welding) process is governed by the electromagnetic force that results from electromagnetic interaction
produced by a coil. To produce high electromagnetic force, the MPW process needs to charge high electrical energy through capacitors.
The total capacitance and system inductance has an effect on the discharge time, and discharge time also has an effect on the joint. There-
fore, the objective of this research is to analyze the effect of the discharge time on the joint and to quantify it using the FE-model. To
achieve this, MPW has been performed using Al1070tube and S45Crod. After the experiment, the interfaces of the joint with variations
of discharge time were observed utilizing a scanning electron microscope. In addition, a two dimensional electromagnetic-mechanical
coupled FE-model has been developed for quantification. Experimental results demonstrated the impact of welded interfaces that have
various lengths and amplitudes. It was confirmed from the numerical works that the creation of a wavy form is derived from the change
of electromagnetic force according to the variation of discharge time. As the discharge time decreased, the lengths and amplitudes of the

wave form decreased through the reduction of the generated electromagnetic force.
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1. Introduction

In the field of automotive engineering, lightweight construc-
tions of components are being developed for fuel-efficiency
savings and environment-friendly manufacturing processes.
To achieve these very different goals, lightweight materials,
such as Aluminum (Al) and Magnesium (Mg), have been
applied for components. In particular, the development of
aluminum space frames for automotive body structures has
been carried out in recent years [1, 2]. However, when only
lightweight materials are used in automotive components, the
materials cannot satisfy the required strength; hence, it is im-
perative to weld between lightweight materials and currently
used materials, such as steel. Accordingly, it has become nec-
essary to study the welding of dissimilar metals that have dif-
ferent material properties. The fusion welding process by heat
generally causes not only defects, such as solidification, crack-
ing, porosity, and oxidation, but also transformation and cor-
rosion. Therefore, magnetic pulse welding as a kind of solid-
state welding process has recently been developed [1-5].

MPW was developed for military applications, such as the
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joining of projectiles to artillery shell castings in the former
Soviet Union 40 years ago [3, 4]. The theoretically impact
velocity of the MPW process was reported to be 15000 m/s,
but, generally, the impact velocity is limited to less than
1000 m/s by the developed power source and working coil [6].
The process closely analogizes with explosive welding. How-
ever, rather than explosives, it uses electromagnetic force to
impact between workpieces so that it can improve the produc-
tivity and the safety of the worker. With proper design, the
generated electromagnetic force is fairly efficiently used for
accelerating the outer workpiece rather than heating or melting
the materials [7]. As no heat is applied to the workpiece, de-
fects do not occur and a high-quality joint can be obtained.
Because of its advantages, for several years, researchers have
been experimentally and numerically studying the MPW
process for tubular welding with a variety of similar and dis-
similar material combinations. Recently, study on the effect of
the process parameters using the MPW process has been car-
ried out by various researchers. Generally, MPW process pa-
rameters were reported the charged voltage and the gap be-
tween workpieces. Kapil et al. [8] and Raoelison et al. [9]
showed the weldability windows, which mean the critical
range of process parameters for achieving the successful joint.
Additionally, Bellmann et al. [10] represented the effect of
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surface coating on the tubular joint. However, when this proc-
ess is examined to apply the prototype as industry components,
deformation of the inner workpiece occurs through high-
velocity impact, which causes a poor joint. Therefore, Cui et
al. [11] carried out studies on the influence of the thickness of
Al/Steel tube on the joint quality and Lueg-Althoff et al. [12]
studied this with an Al/Cu tube. The critical thickness of the
tube depended on the discharging voltage in these researches.
Ben-Artzy et al. [13, 14] reported the characteristics of inter-
facial wave formation according to the thickness of the tube.
Because the MPW process only uses electromagnetic force
that is generated by the electromagnetic interaction between
the coil and outer workpiece, FEM (Finite elements method)
is often employed for analyzing the process. Kore et al. [15]
studied the effect of the process parameters on the joint using
the FE-model, and Geng et al. [16] investigated the critical
thickness of the inner tube for MPW using FEM. However,
this research has attempted to achieve the joint with the mini-
mum discharge time during the process simply, and analysis
of the effect of discharge time was not carried out. However,
the electromagnetic interaction during the process is governed
by the discharge time as equations of the MPW system, which
consists of capacitance, inductance, and resistance. Moreover,
plastic deformation of workpieces results from this electro-
magnetic interaction. Because research on the effect of dis-
charge time on peak current in the MPW process has not been
documented and in that sense, the primary objective of this
paper is to analyze the effect of discharge time on the joint and
to quantify the electromagnetic interaction and deformation
behavior. The MPW processes in this study employed an Al
tube and a carbon steel rod, and the results of the experimental
and numerical works were obtained through the analysis of
the observed interface of the joint and developed FE-model,
respectively. It is anticipated that this research will contribute
to selection of the proper discharge time and to improving the
understanding of electromagnetic interaction and deformation
behavior according to the variation of discharge time.

2. Experimental works

2.1 Principle of the MPW

MPW is a high-speed solid-state welding process that is ac-
complished by an electromagnetic force causing a high-
velocity impact on two workpieces, resulting in a true metal-
lurgical bond [17]. Fig. 1 shows the schematic illustration of
the MPW process. An electrical discharge circuit is applied to
the present welding. The circuit consists of a power source as
a capacitor bank, a high-current discharge switch, and a work-
ing coil. The workpieces are inserted into the coil, so they
overlap each other. When a high-pulse current from the power
source passes through the working coil, a high magnetic field
is instantaneously generated around the coil. At that time, an
eddy current is induced on the outer workpiece surface. The
induced eddy current flows in the opposite direction of the
working coil and then leads to a high electromagnetic force.
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Fig. 1. Schematic illustration of the MPW process [18].

This electromagnetic force is applied on the outer workpiece,
which leads to impact with the inner workpiece at nearly
1000 m/s [18].

The total charge energy of capacitor can be calculated using

Eq. (1)

1

E=—CV’ 1
: )

where E is the total charge energy in joules, C the total capaci-
tance in pF, and V is the charge voltage in volts. The current
discharged through the coil can be described by the following
differential Eq. (2):
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—dt(z ) + 2§m—d(t ) +0’I(t)=0 2)
1 C

S=oRaT 3

1
= L o 4
(O] LdC T ()

where [ is the current in amperes, t is the time in seconds, ®
is angular frequency, & is damping ratio R is the resistance
in ohms, C is the capacitance in farads, and f is the frequency
in hertz.

R, =R+ Rpower supply ®)

La = LCOI] + Lpower supply (6)

where L is the inductance in henries. The discharge current
profile is given by this equation, and it oscillates between
positive and negative values and decays with time [18, 19].

2.2 Experimental procedures

As shown in Fig. 2, MPW system manufactured by Wel-
mate Co., Ltd. was employed for this study. This MPW sys-
tem consisted of a magnetic pulse power source and a single
turn coil. The power source was based on the capacitors,
which consisted of 10 capacitors connected in parallel. The
capacitors were discharged to the coil by 10 triggered switch
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Table 1. Welding condition.

4 Capacitance Charge voltage Charge energy
(uF) kV) (kJ)
Case A 720 8.6 26.6
Case B 840 8 26.8
Case C 960 75 27
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Fig. 2. Experimental set-up for MPW system.

units. The total capacitance was 1200 pF, and the charging
voltage was up to 10 kV. The welding condition, which was
decided by the variation of capacitance under the same charge
energy, is shown in Table 1.

The workpieces for the experiment employed a 0.7 mm
thick aluminum alloy tube (Al070) as the outer workpiece and
an 8 mm-diameter structural carbon steel rod (S45C) as the
inner workpiece. Hereafter, they are called the Al tube and the
S45C rod, respectively. The material surface was cleaned with
alcohol and dried. No special surface treatment was applied
before welding. The prepared materials were inserted into the
welding coil, and it was overlapped at a length of 10.5 mm. In
particular, the gap of the Al tube, which was the outer work-
piece with high electrical conductivity, and the coil always
maintained 1.0 mm for high electromagnetic interaction. The
Rogowski coil for measuring the currents during the discharge
time was set at the connection part between the pulse power
source and the coil. The Rogowski coil can measure the cur-
rent linearly from a low current to a high current using mutual
inductance. Moreover, it can measure the current in a wide
frequency range. After welding, the helium leakage test was
carried out for the evaluation of the joint, and then the inter-
faces were precisely examined using an optical metallographic
microscope and SEM (Scanning electron microscope).

2.3 Results and discussion

Fig. 3 shows the obtained wave form by the Rogowski coil.
Thus, the MPW process only uses a quarter of the cycle,
which means up to the peak current on the measured wave
from. This is because when the generated electromagnetic
force through the coil is applied on the workpiece, plastic
deformation starts, and it ends as the gap between the coil and
workpiece is increased by low electromagnetic interaction

Ous

(©)

Fig. 3. Discharge waveform (X: 100 ps/div, Y: 5 v/div) with a calibra-
tion coefficient of 44.5 kA/v: (a) Case A; (b) case B; (c) case C.

between the coil and Al tube. The damped sinusoidal wave-
form was measured similarly under different capacitances, and
the peak current was measured as approximately 400 kA.
However, the discharge time to peak current was measured as
20 ps, 25 ps and 30 ps under the capacitances of 720 pF,
840 uF and 960 pF, respectively, as shown in Table 2.

The joints, which were successfully welded in all the cases,
were tested for helium leakage. The leak rates of cases A and
B were 5.6x107" mbar-1-s™ and 5.6x10™" mbar-1-s™, re-
spectively. However, the leak rate of case C was measured as
5.6x107" mbar-1-s, which was sharply decreased com-
pared with other cases. For the analysis of the interface char-
acteristics of the joints, the joints were cut along the longitudi-
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Table 2. Discharge time according to variation of capacitance.

4 Capacitance Charge voltage Discharge time
(uF) kV) (ns)
Case A 720 8.6 20
Case B 840 8 25
Case C 960 7.5 30

(2)

©

Fig. 4. Interface of joint with variation of discharge time: (a) Case A;
(b) case B; (c) case C.

nal weld region and then were observed using an optical mi-
croscope, as in Fig. 4, which shows the interface of the joint in
different MPW conditions. In all cases, the wavy forms were
observed as shown in Fig. 5. Such interfacial morphology has
been reported for a high-speed impact joint, such as in explo-
sive welding.

These wavy forms mean the metallurgical joining of mate-
rials through high-velocity impact. In accordance with the
Kelvin-Helmholtz instability model, the materials are influ-
enced by hydrodynamics during joining. When the two fluids
with different material properties with different velocities
interact, instabilities occur at the interface as a result of the
interferences. These instabilities involve mass flow, usually
from the higher density material to the lower one. Whenever
instability occurs, it has a direction and a certain velocity (en-
ergy), and it causes a movement of the material from one side
of the interface to the other [14]. This confirms that the MPW
process can achieve a high-quality joint and that there is no
sign of a heat-affected zone. The lengths and amplitudes of the
wavy forms were observed in the two weld zones on the inter-
face. The length of the wave form was measured as 2 mm in
case A, but the wave did not form continuously in case B and
case C. The amplitudes of the wavy forms on the welding
starting part were observed to be approximately 20 um in case
A. However, the amplitudes of case B were less than 10 pm,
and wavy forms in case C were rarely observed. According to
these results, by decreasing the discharge time, the wavy form
length was longer and the amplitude was higher. To analyze
the effect of the discharge time on the interface, numerical

©

Fig. 5. Wavy form with variation of discharge time: (a) Case A; (b)
case B; (c) case C.

works are performed in Sec. 3.

3. Numerical works

3.1 Analysis method and procedure

MPW is performed by the high-speed collision that occurs
as the outer workpiece flies towards the inner workpiece using
the electromagnetic force generated in the electromagnetic
interaction between the coil and the workpiece. Since the elec-
tromagnetic force is calculated based on the discharge current,
induced eddy current, and magnetic flux density generated in
the workpiece and coil during the process, electromagnetic
simulation is indispensable to numerically analyze the MPW
process. In addition, it is possible to predict the shape of the
joint by accurately identifying the electromagnetic force and
how its distribution acts on the outer workpiece based on the
result of numerically measuring the electromagnetic phenom-
ena occurring within tens of microseconds (us), which was
difficult to measure in the experiment. To simulate the tran-
sient electromagnetic phenomena, a commercially available
finite element software package, ANSYS EMAG, was used.
Additionally, the impact behavior of the workpieces was
modeled using the commercial software package LS-DYNA,
an explicit dynamic finite element program [20-22] for solv-
ing the high speed impact problem effectively. Fig. 6 shows a
schematic diagram of the numerical works. During the simula-
tion, the electromagnetic forces, which were applied on the Al
tube through electromagnetic interaction, were calculated
from the electromagnetic model, and then the calculated elec-
tromagnetic forces were used as an input load to simulate the
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Fig. 6. Schematic diagram of numerical works.

A1070 tube

Fig. 7. 2D FE-model for this research.

high-velocity deformation of the Al tube from the mechanical
mode.

Fig. 7 shows the 2D FE-model for this research. Because of
the problem of symmetry, only a quarter of the workpieces
and the coil were modeled. The workpiece and coil were
modeled using the same experiment dimensions and material
properties. The following electrical properties for the coil were
inputted: A Poisson’s ratio of 0.343, 1 p permeability, and
1.7e-006 Ohm-cm resistivity. According to the measured val-
ues, a current of 400 kA was inputted into the coil as a sine
wave function during the simulation. The boundary conditions
can be established as follows [20]:

(a) - (Magnetic induction intensity) is perpendicular to

x axisat y=0 in the Cartesian coordinate system.
(b) - (Vector magnetic potential) is equal to zero at

x =0 in the Cartesian coordinate system.

(c) An infinite flag is set on the outer line of the far-field air
region in the Cartesian coordinate system.

To enhance the accuracy of the calculation and to reduce
the analysis time, planel3, which has four nodes with up to
four degrees of freedom per node, was utilized with a mapped
mesh with 160073 nodes and 78116 elements in total. Table 3
shows the material properties for this simulation.
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Table 3. Material properties for numerical works.
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Material ty et et
(©-m) (MPa) (MPa)
A1070
. 3.4e-8 70 45
(Outer workpiece)
S45C
. 1.0e-7 686 490
(Inner workpiece)
C12200
. 2.17e-8 330 300
(Coil)
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Fig. 8. Eddy currents with variation of discharge time: (a) Case A

(Discharge time = 20 ps ); (b) case
case C (Discharge time = 30 ps ).

B (Discharge time = 25 ps ); (c)
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(b)

Fig. 9. The electromagnetic interaction during the MPW process: (a)
Distribution of flux line; (b) contour of magnetic flux density.

3.2 Results and discussion

The eddy current when the 400 kA peak current was
inputted into the coil for the 20 ps discharge time generated
276.8 kA, and the discharge times at 25 ps and 30 ps were
calculated to be 264 kA and 252.3 kA, respectively, as shown
in Fig. 8. From these results, it was confirmed that the eddy
currents generated about 70 % of the input currents and the
reaction of these currents, which has each opposite direction,
caused the high electromagnetic force. By decreasing the
discharge time, the eddy currents were decreased, and the
difference between case A and case C in the induced eddy
current was 24.5 kA. Fig. 9(a) shows the distribution of the
magnetic flux line between the coil and Al tube when the eddy
currents were induced on the Al tube surface. The flux line is
centralized adjacent to the gap between the coil and Al tube.
In particular, the magnetic flux density was centralized on the
exterior angle of the coil surface due to the skin effect.
Fig. 9(b) illustrates the magnetic flux density. For the analysis
of the distribution of the magnetic flux density as time passes,
each discharge time was divided by three time steps. When
400 kA was inputted into the coil, the maximum magnetic
flux densities for 20 ps, 25 ps and 30 ps were calculated to be
28.4 T, 27.7 T and 27.1 T, respectively, as shown in Fig. 10.

These magnetic flux densities, which are shown in Fig. 10,
were caused by the magnetic force of the high-speed impact
between the workpieces. Fig. 11 shows a vector plot of the
magnetic force at the 20 ps discharge time compressing from
the Al tube surface to the S45C rod.

Fig. 12 shows the distribution of magnetic force with the
variation of discharge time. The contours of magnetic force
were comparatively similar, but the values of magnetic force
at 20 ps increased sharply. The maximum force was calcu-
lated to be 901 N at 20 ps. In contrast, the maximum values
were 791 N and 714 N at 25 ps and 30 ps, respectively. The
difference between case A and case C in force was about
187 N.

The yield stress of the workpieces was exceeded by the act-
ing force, and the strongly dynamic deformation started. In
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Fig. 10. Magnetic flux density with variation of discharge time: (a)
Case A (Discharge time = 20 ps); (b) case B (Discharge time =
25 ps ); (c) case C (Discharge time = 30 ps ).

(b)

Fig. 11. Vector plot of the magnetic force at 20 ps discharge time: (a)
6.5; (b) 13 ps; (c) 20 ps.
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Fig. 12. Magnetic force with variation of discharge time: (a) Case A

(Discharge time = 20 ps ); (b) case B (Discharge time = 25 ps ); (c)
case C (Discharge time = 30 ps ).

other words, the electromagnetic force with varied discharge
time changed into the energy for plastic deformation and ki-
netic energy for welding.

Fig. 13 shows the displacement of the Al tube with the
variation of discharge time obtained from the simulation. The
maximum displacement of the Al tube was observed at the
welding start point and was calculated to be 0.93 mm at the
20 ps discharge time. Additionally, the maximum displace-
ments were calculated to be 0.79 mm and 0.84 mm at the
6.5 ps and 13 ps discharge times, respectively. However, the
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Fig. 13. Displacement of Al tube with variation of discharge time:
Magnetic force with variation of discharge time: (a) Case A (Discharge
time = 20 ps ); (b) case B (Discharge time = 25 ps ); (c) case C (Dis-
charge time = 30 ps ).

maximum displacements were measured to be 0.88 mm and
0.81 mm at the 25 ps and 30 ps discharge times, respectively.
The maximum displacement gap between 20 ps and 30 ps was
0.12 mm. Since the electromagnetic force increases with de-
creasing discharge time, the displacement of the Al tube also
increased sharply. The strain of the Al tube is plotted in
Fig. 14. The highest strain was observed at the 20 ps discharge
time with the highest electromagnetic force. The maximum
strain was calculated to be 0.036 at the 20 ps discharge time,
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Fig. 14. Strain of Al tube with variation of discharge time.

and the location of maximum strain was 10 mm from the end
of the overlap area. Another high strain was measured at 0.325
on 2.5 mm, which was located on the end of the overlap area,
but the strain on the center was calculated as 0.026. In contrast,
when the discharge times were 25 ps and 30 ps, the maximum
strains were 0.032 and 0.031, respectively. These numerical
results confirmed that the generated electromagnetic force
during the process changed according to the variation of the
discharge time, which led to different wavy forms being made
on the joint interface in previous experimental works.

4. Conclusions

The effect of discharge time was analyzed using
experimental and numerical works, and the following
conclusions were reached:

(1) In a tubular joint with MPW, two weld zones were
measured in an overlap zone. In particular, the wavy forms
that are characteristic of solid-state welding were observed on
the Al/Steel interface of the joint, which had various lengths
and amplitudes according to the variation of discharge time.

(2) As the capacitance decreased under same charge energy,
the discharge time also decreased. Decreasing the discharge
time caused the induced current on outer workpiece to
increase. Therefore, the electromagnetic force, which means
the repulsive force between the inputted current and induced
current, can be increased.

(3) Increasing the electromagnetic force led to increasing
the deformation of the workpiece, so the length of wavy forms
was longer and the amplitude was higher for wavy forms on
the interface of the workpiece.

(4) Although a dramatic increment in terms of
electromagnetic interaction was not observed, the wave form
length and amplitude were clearly distinguished between
joints by the discharge times.
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