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ABSTRACT

Magnetic pulse welding process, one of high speed welding processes, uses electromagnetic force from discharged cur-
rent through a working coil which develops a repulsive force between the induced currents flowing parallel and in the
opposite direction in the pipe to be welded. For achieving the successful weldment and using this process, the design of
working coil is the most important factor, because working coil has to generate a high-intensity magnetic field on the
surface of the workpiece during the process. Therefore, the objective of this study is to analyze the distribution of elec-
tromagnetic force of square working coil for magnetic pulse welding. For this, FE-model has been developed to analyze
the distribution of electromagnetic force; after that, distribution of electromagnetic force, results of numerical analysis
and experimental results for verifying the developed FE-model were compared. A 3-dimensional electromagnetic
FE-model has been developed using a general commercial computer program, ANSYS/EMAG code. The shape and
material of square working coil were decided through literature surveys. For the experiment, an MPW equipment
W-MPW manufactured by WELDMATE Co., Ltd. was employed; also the materials were the Al 1070, SM45C for Al
and Steel square pipe and rod respectively. After the experiment, leakage test was used to verify the weldability. Also
weld joints were observed on longitudinal cross-section by microscope. The electromagnetic force generated was the
greatest one at the center adjacent to square working coil, decreasing as moving into the edge. As the result of Al/Steel
welding experiment, weldment of square Al pipe was not completed at the corner of weldment. These results are similar
to the output data from developed electromagnetic FE-model where electromagnetic force decreases as moving into the
corners of square working coil.
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1. Introduction has been required to study on welding of dissimilar met-
als [1] due to the different physical properties between
materials. Welding as existing fusion welding generally
causes not only defects, such as solidification, cracking,
porosity and oxidation, but also transformation and cor-
rosion. For this reason, more attention has been paid to
magnetic pulse welding process as a kind of solid-state
welding these days.

In the magnetic pulse welding process, welding is
achieved by the pressure for outer workpiece that only
uses the electromagnetic force which takes advantage of
Fleming’s left-hand rule. The electrical energy stored in
the magnetic pulse power source is discharged instanta-
neously as a high current to the working coil by a trigger
"Corresponding author. discharge, and thus an induced current is generated at the

The car industry is currently working to accommodate
the conflicting requirements of both environmental leg-
islation and customer demands for high performance and
safety by developing a light-weight vehicle [1]. So the
light weight materials such as aluminum and magnesium
have been applied in automation. Especially, develop-
ment of aluminum space frame for automotive body
structure has been carried out in recent years [2]. How-
ever, when only light materials are used in automotive
body structure, they cannot satisfy the required intensity
and strong property, and it is imperative to weld light
weight materials with existing used ones. Accordingly, it
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conductive outer workpiece positioned within the work-
ing coil. For successful magnetic pulse welding, it is im-
portant to develop a working coil that can gain enough
electromagnetic force for welding.

This process is a complicated research area involving
different aspects including electro-magnetic, mechanics,
thermal, and material science. The extensive knowledge
in this complicated area is not easily obtained, as the va-
riety of experimental setups and the complicated dy-
namic interaction between different phenomena in the
welding process are extremely difficult to describe in a
closed analytical form. Therefore, computer modeling of
the welding process is a useful approach for better insight
into dynamic deformation mechanics with electro-mag-
netic field interaction, and further it provides design and
quality control information.

Research on the working coil of the magnetic pulse
welding is concentrated on the foundation of the theo-
retical analysis of electromagnetic forming [3,4]. Li et al.
[4] presented a numerical simulation of the magnetic
pressure in tubular working coil. Also Zhang [3] ana-
lyzed the shape and material of the single and multi turn
solenoid coil with finite element method. Takatsu et al.
[5] formulated a mathematical model to solve the prob-
lem of forming of a circular disk interacting with a pan-
cake coil. The assumed axisymmetry of the problem
along with other simplifying assumptions, has been used
to obtain a set of partial differential equations for the
magnetic field, mechanical displacement, and the current
in the coil [6,7]. CALE code was employed by Fenton
and Dachn [8].

As mentioned above, the study on tubular structure
working coil has usually been reported, but the one on
the square working coil has never been reported. Conse-
quently, the objective of this research is to develop FE-
model for square working coil in magnetic pulse welding
which is a basic research for manufacturing the automo-
tive space frame. For this study, first, the shape and ma-
terial of coil were decided through literature survey.
Second, a 3-dimensional electro-magnetic FE-model for
electromagnetic phenomenon of square working coil by
using the ANSYS/EMAG software has been developed.
The comparison between the calculated and measured
results was finally done to verify the developed electro-
magnetic FE-model.

2. Development of Square Working Cail
2.1. Magnetic Pulse Welding

The magnetic pulse welding is a solid-state, cold-welding
process that is accomplished when a magnetic pulse
causing a high-velocity impact between two materials,
resulting in a true metallurgical bond [8]. The technology
is principally similar to explosion welding. The principle
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of magnetic pulse welding is based on the physical phe-
nomena of magnetic fields induced by an electric current
[9]. It is well known that two conductors with their elec-
tric currents travelling in opposite direction repels due to
the interaction of their oppositely orientated magnetic
fields induced. Figure 1 shows in the initial coil, the in-
ductor, a current impulse which in turn, generates a cur-
rent of the opposite direction in the outer workpiece. A
electromagnetic force to the initial coil causes the outer
workpiece to impact at a tremendous force and speed at
the inner workpiece, resembling an explosion taking
about 20 millionths of a second [7].

The magnetic pulse welding system consists of mag-
netic pulse power source for charging extreme energy
and working coil for discharging it. To generate the
high-current impulse an arrangement of capacitors, an
arrestor-discharge and a working coil has been consti-
tuted the core of the magnetic pulse module, as shown in
Figure 2 [10,11]. The capacitors, special high-voltage
capacitors with extremely low self-inductance, can store
charge up to a certain maximum level that is determined
by the arrestor-discharge, which creates a short, high-
current pulse in the work coil [6].
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Figure 1. The principle of the magnetic pulse welding proc-
ess[7].
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Figure 2. The system of magnetic pulse welding [11].
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2.2. Shapeand Material

As I mentioned before, magnetic pulse welding uses the
electromagnetic force from current discharged through
the working coil which develops a repulsive force be-
tween the induced currents flowing parallel and in the
opposite direction in the workpice to be welded. How-
ever, the theoretical analysis for development of per-
fected working coils considering various factors hasn’t
been established yet. Nevertheless generally the consid-
ered factors were classified into a shape and an electric
property [10]. Therefore firstly, the shape considering a
welding direction according to application is decided.
Second, distribution an electromagnetic force by the in-
teraction between working coil and outer pipe should be
investigated after selecting materials that electric resis-
tance is low and that has enough intensity mass possible
to resist electromagnetic force on processing.

The shapes of working coil used in welding are gener-
ally classified into a compression coil, an expansion coil
and a plate coil. A compression coil is the solenoid type
surrounding processed materials which is welded from
outside direction to inside. Expansion coil is inserted
inside processed materials and welded from inside to
outside. A plate coil which located on and under the
processed material was employed in plate welding [3].
Therefore, the shape of solenoid-typed compression coil
was chosen between compression coil and expansion one
that are used in joining of pipes because it is located in
the outside of the specimens. In addition it has no size
limit as well as simple connection magnetic pulse power
source.

The material of working coil should allow for an elec-
tric feature such as conductivity to prevent the damage of
condenser by duration of magnetic field or sudden dis-
charge. Therefore, copper, aluminum and beryllium-
copper, as shown in Table 1 have been considered and
selected the beryllium-copper for this study. Figure 3
shows the developed square working coil.

3. Numerical Analysis
3.1. AnalysisMethod and Procedure

After shape and material of coil was chosen, electro-
magnetic force needed to welding should be confirmed.
However, there is a limitation for electromagnetic force

Table 1. Mechanical and electrical properties.

Material (F{j‘lfcﬁerss Ig:fsttrfvcily Perm(ie;)bility
(ohm-m)
AL 6061 75 432¢-8 |
Cu1220 50 1.70e-8 |
Becul 7000 9 2.94¢-8 |
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Figure 3. Square working coail for thisstudy.

used for welding to be studied. Because this force is de-
cided by interactions of electromagnetic and workpiece
model development of numerical analysis can be a useful
means. The electromagnetic force P is expressed the fol-
lowing formula (1) [12-13]. B is magnetic flux density, H
is magnetic field intensity and u is permeability.
2 2
pP= B _ HH” (1)
24, 2
Development of empirical model for a magnetic pulse
welding process is described by the fundamental Max-
well equations [5]. The magnetic field of the workpiece
is expressed from Equations (2) to (5).

oB

VXE=—E 2
V-E=0 3)
V-H=0 @)
VxH=1J 5

where E is the electric field intensity and J is the electric
current density. To these differential relations, the con-
stitutive relations are included from Equations (6) and (7).
Where # is the permeability and o is the conductivity.

B=uH (6)
J=0E )

As the workpiece is treated as a single turn square coil,
the boundary conditions can be assumed as follows [5].
To these differential relations, the constitutive relations
are included.

In the Cartesian coordinate system, not only B (mag-
netic induction intensity) is perpendicular to x axis at y =
0, but also A (vector magnetic potential) is equal to zero
atx =0.

5= 2 (8)

HO®

where u is the permeability of the conductor, o is elec-
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trical conductivity of the conductor material, and
=2zt isangular frequency of the current.

The skin depth effect is an important factor in high
frequency conductors. When a high frequency current
flows through a conductor, the current tends to flow on
the conductor surface. The magnitude of the current is
exponentially decreased with the depth of penetration
into the conductor. The depth at which the value of the
current decreases to 1/e (=37%) of the surface current is
defined as skin depth and expressed the following [5]:

The numerical analysis has been done through AN-
SYS/EMAG that a general electromagnetic mechanics
computer program. Figure 4 shows a schematic diagram
for magnetic pulse welding this study.

The 3D axisymmetirc model for a coil to outer pipe
interaction was chosen numerical calculations for work-
ing coil and outer pipe were performed for Beryllium
Copper and Al respectively. Table 2 shows the material
properties for working coil and outer pipe. Current was
inputted into the working coil as a sine wave function.
Not only the magnitude was 500 kA a, but also the fre-
quency was 25 kHz for the experiment. To avoid the
calculation complexity of energy transformation, current
was employed as the excitation in the present analysis.
Eight-node quadrilateral elements of mapped mesh with
219,605 nodes and 139,821 quadrilateral elements in
total were employed.

Figure 4. A schematic diagram for magnetic pulse welding.

Table 2. Material propertiesfor analysis.

Material Electrical Permeability Poisson’s
(WxDxH) Resistivity (1) ratio
Coil-BeCu

(375  37.5 x 29) 2.7e-008 1 0.33
Outer pipe-Al 2.9¢-008 1 0.343

(17.5 x 17.5 x 39)
Air
(77.5 x 77.5 x 59)
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3.2. Results and Discussion

Figure 5 shows distributions of the magnetic flux density
of the square working coil. Magnetic flux is increased at
the upper part of a coil and concentrated in adjacent cor-
ner of coil.

Figures 6(a)-(b) represent the distributions of the elec-
tromagnetic force of the square working coil. Especially,
Figure 6(c) indicates the distribution of the electromag-
netic force of inside square coil. The maximum electro-
magnetic force generated in coil is about 951 N and in
the edge about 503 N was measured. When interaction
between a square coil and Al pipe is being processed, the
collision of Al pipe is caused because the electromag-
netic force acts from surface to inside of the Al pipe.

As a result, the magnetic flux density and electro-
magnetic force generated was the greatest at the center
adjacent to coil, decreasing as moving into the edge.
These phenomena occurred because current is accumu-
lated in the corner of the square coil compared with the
solenoid coil at discharging of current.

4. Experimental Works
4.1. Setup and Procedure

To test for the developed working coil efficiency test, as
show in Figure 7, the experimental employed in this
study is a W-MPW manufactured by WELMATE CO.,
LTD.

Table 3 presents the specification for this equipment
that has the maximum charging energy 36 kJ. Addition-
ally, in order to observe a discharge waveform, Rogowski
coil was installed in working coil. [14-17]

Figure 8 represents the outer workpiece (Al) and inner
workpiece(Steel) within working coil were inserted, and
welding conditions as shown in Table 4. Outer pipes of
2mm in thickness and 110 mm in length were machined
from industrial pure aluminium bars of Al1070. Their
outer diameter was 30 mm for straight. And inner rod
was employed the S45C as shown Table 4.

Table 3. Specifications of MPW equipment.

Dimension (mm) 1445(W) x 1838(D) x 1220(H)

Weight (kg) 1800
Power requirement 200 V AC, 13.5kVA
Capacitance 720 uF

Condenser Rated voltage 10 kV

Table 4. Welding condition.

Charged voltage (kV) 8
Charged electrical energy (kJ) 23
Al1'1070/30 x 30 x 2 t
S45C/28 x 28

Outer pipe(mm)
Inner rod (mm)

The gap between outer pipe and

inner rod (mm) 0.75
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Figure 5. Distributions of the magnetic flux density. (a)
Isometric view; (b) Top view; (c) Graph.

For magnetic pulse welding, the gap between Al pipe
and Steel rod was 0.8 mm. After experimenting, the
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Figure 6. Distributions of the electromagnetic force. (a)
Isometric view; (b) Top view; (c) Graph.

specimens were ground using emery paper (#400 ~
#1500) prior to welding to remove machine marks
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Figure 7. A schematic diagram for magnetic pulse welding.

‘Working coil

Figure 8. A schematic diagram for experiment.

Al pipe

sustained during machining. In addition, ultrasonic clean-
sing was carried out for approximately 10 minutes within
acetone in order to remove grease. And then the weld-
ment was observed by microscopic on circumferential
Ccross section.

4.2. Results and Discussion

Figure 9 shows the measured waveform while discharg-
ing the energy charged in working coil. The sin-wave-
form of decreasing vibration was recorded and it took
about 25 us to peak current needed to welding. The
weldment and section of welded part were presented at
Figure 10. Peak current of about 8 kV was measured as
530 kA. In all sides, wave pattern was observed as Fig-
urell.

However, the wave pattern in the whole area didn’t
measured, because welding was not completed at the
corner of a square working coil. These results are similar
to the output data from electromagnetic model that elec-
tromagnetic force decreases as moving into the corners
as shown Figure6.

5. Conclusions

1. The electromagnetic models for a square working

Open Access
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Figure 9. Discharge current waveform (15v/div, 100ug/div).

Figure 10. The section of weldment.

Figure 11. The macro cross-section of weldment.

coil have been developed to find the distributions of
electromagnetic force. The developed models were veri-
fied with the comparison of the result data of the experi-
ments.

2. The maximum electromagnetic force generated in
coil is about 951 N and in the edge about 503 N was
measured. The generated electromagnetic force is the
greatest at the centre adjacent to coil, decreasing as
moving into the edge.

3. The sin-waveform of decreasing vibration was
measured with a period of 25 us while discharging the
energy charged in working coil. The welding at the cor-
ners was not completed, so it might be required to study
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the suitable knowledge and technology for a square
working coil.
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