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Abstract Magnetic pulse welding (MPW) is a high-speed joining process that uses
pulse electromagnetic force to achieve welding. It is a clean welding process and
it can be applied to dissimilar metals welding, which has a wide range of appli-
cation prospects. However, this technology is currently mainly used for welding
small-diameter thin-walled tubes. This is because the energy and electromagnetic
force required for welding increase significantly as the tube size increases, which
consequently places strict requirements on welding tools, including pulsed power
and coil. To solve this issue, this work developed a two-dimensional (2D) axial-
symmetry finite element model to optimize the tube welding process and designed
a high-performance magnetic actuator with a high-strength coil to generate a strong
enough electromagnetic force.On this basis, both numerical and experimental studies
were performed to investigate the welding behavior of a 6061 aluminum alloy tube
and a 304 stainless steel tube with 110 mm diameter and 3 mm thickness. Finally,
a mechanical test and scanning electron microscope (SEM) were used to verify
the joining quality, and the results show that the metallurgical bonding occurred
between the two tubes. The presented optimization method and tool design could be
of significance to the practical applications of MPW technology.
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1 Introduction

Magnetic pulse welding (MPW) is an advanced and clean technology, which can
translate electric power into kinetic energy of metallic tubes or sheets and achieve
welding by high-speed impact. Compared with traditional fusion welding, MPW is
a kind of solid-state welding process. Without an obvious welding seam, the short-
coming of a heat-affected area can be avoided. In addition, the joining of dissimilar
materials is impossible for the conventional fusionweldingprocess due to hugediffer-
ences inmelting point, thermal conductivity, volumetric specific heat, and coefficient
of thermal expansion [1]. As MPW can achieve atomic diffusion of two materials by
high-speed impact, this method can be used to join dissimilar materials and achieve
lighter and stronger material combinations. Other high-speed welding technologies,
like explosive welding, laser impact welding, and vaporizing foil actuator welding
aremainly applied to sheet welding.MPWhas significant advantages in tubewelding
because of the axisymmetric structure of the coil actuator.

At present, MPW technology is mainly used for tubes with a diameter of less
than 50 mm and thickness thinner than 1 mm, like automotive space frame and cable
connector, as in [2]. To the best of our knowledge, the largest diameter of magnetic
tube welding research latest reported is 80 mm [3]. Welding large and thick tubes
needs more input energy to generate high driving pressures between magnetic actu-
ator and tubes in a short acceleration time. The lack of high-energy power supplies
or the low efficiency of welding actuators makes the energy input unsatisfactory.
Furthermore, high driving pressures can also lead to shorten the longevity of the
actuator or even damage the equipment which makes it difficult to weld large diam-
eter tubes [4]. To solve these problems, a necessary task is to optimize the welding
system via an effective simulation model, which can be used to improve the utiliza-
tion of magnetic energy. As the MPW system is not a perfect two-dimensional axial-
symmetry system, the existing simulation models are mainly based on the 3D model
[5, 6]. Although these models can analyze the whole MPW process accurately, it is
complex and low efficiency to achieve optimization work. Yu et al. 2005 established
a 2D model by ANSYS to explore the effect of field shaper on magnetic pressure
distribution in electromagneticmodules [7].But theMPWis amulti-physics coupling
process and the optimization of detailed parameters of magnetic actuators is rarely
mentioned. In addition to optimization work, how to increase the structural strength
of the coils used in the MPW process is also critical, which is the key to ensuring
that a sufficiently strong electromagnetic force can be generated. In this regard, our
group has done some related research. For example, the high-field pulsed magnet
manufacturing technology has been introduced to increase the coil strength in the
field of electromagnetic forming [8]. A new discharge circuit configuration with a
crowbar circuit was proposed to reduce the Joule heating of the coil [9]. A dual-coil
system was developed to improve the forming ability of sheet and tube processing
[10, 11].

This paper provides an effective two-dimensional model for the optimization of
design of the MPW process by simplifying the boundary conditions in COMSOL.
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Aiming at welding aluminum tubes with 110 mm diameter and 3 mm thickness, the
effects of actuator parameters such as the coil turns and the structural parameters of
the field shaper on the magnetic pressure are analyzed in detail, and a high-strength
coil has been designed and fabricated. Furthermore, a variable-size, multi-function
MPW experimental platform is developed and a series of experiments are carried out
to achieve the high-quality welding between the AA6061 and SS304 tubes. Finally,
some mechanical and metallography tests are performed to evaluate the welding
quality.

2 Simulation

For tube welding, a magnetic actuator is placed outside the two tubes and energized
with a capacitor bank. The interaction between the generated magnetic field and the
induced eddy current in the outer metal tube will trigger a strong Lorentz force that
induces the high-speed impact of two tubes, as shown in Fig. 1a. Field shaper (FS)
is an important part that has an effect on the distribution of the magnetic field. The
magnetic actuator is not a perfect two-dimensional axial symmetry model and a slot
exists in the FS. Through this slot structure, the magnetic field generated by the coil
can access the area near the outer tube, as shown in Fig. 1b. In the FS region, the slot
cuts off the current in the hoop direction, and the FS can be regarded as a single-turn
secondary coil [12]. In COMSOL software, the model can be treated as a 2D axial
symmetry model by defining the FS region as a coil characteristic and making its
total current to zero all the time.

A 2D axial symmetry finite element simulation model has been built by the
COMSOLMultiphysics software package. In the time domain, five physicalmodules
are solved by the unity coupling mode: (1) the “global ordinary differential equa-
tions (ODEs) and differential algebraic equations (DAEs)”module; (2) the “magnetic
fields” module; (3) the “solid mechanics” module; (4) the “Heat transfer in solid”

Fig. 1 Schematic diagram of the MPW process: a The front view and b the top view. (Color figure
online)
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Fig. 2 Flowchart of the implemented algorithm. (Color figure online)

module; and (5) the “moving mesh” module. A flowchart of the simulation process
is shown in Fig. 2.

Higher impact velocity means more likely to achieve welding inMPW. The maxi-
mization of impact velocity of the outer tube is regarded as an optimization objective.
COMSOL has an outstanding ability to solve multi-physics coupling problems and
very convenient to use its built-in optimized model. As the simulation model is based
on the finite element method (FEM), the air region is required to calculate the elec-
tromagnetic field and to define the boundary of the whole area. Considering the air
mesh will be distorted when solving the above coupling physical fields, the “Moving
Mesh” model is applied to update and redraw the air mesh to ensure high-precision
simulation. Note that the air resistance was not considered in this optimization design
model. To get the optimized parameters, combining the results of magnetic pressure
calculated by “magnetic fields” model and the velocity which is calculated by “solid
mechanics” model can be more convincing. The diagram of mesh subdivision is
shown in Fig. 3. The magnetic pressure represents the magnetic field energy density,
which can be calculated by Eq. (1) based on the magnetic field intensity near the
tube:

pm(t) = 1

2
μ

(
H 2

o (t) − H 2
i (t)

)
(1)

where Ho represents the magnetic field intensity between FS and tube, and Hi repre-
sents the field intensity inside the tube [13]. The second method is to take the line
integral of the Lorentz force on the wall thickness of the workpiece, as shown in
Eq. (2):

pm(t) =
∫ rout

rin

fm(r, t)dr (2)
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Fig. 3 Finite element mesh for the MPW system and a schematic diagram of the simulation model.
(Color figure online)

where fm represents the Lorentz force, rin and rout are the inner and outer diameter of
the tube, respectively. The two methods mentioned above are both feasible. As this
paper mainly analyzes the velocity of the tube end, the second method was adopted.

3 Experiment

3.1 Experimental Configuration

The actuator with optimized parameters is made according to the simulation results.
Figure 4 shows the experimental configuration. An aluminum alloy tube (AA6061)
with a diameter of 110 mm and thickness of 3 mm was welded to steel tubes with

Fig. 4 Geometricmodel of the experimental configuration and experimental platform. (Color figure
online)
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different diameters. In order to improve the magnetic energy utilization, the multi-
turn coil structure was chosen and the field shaper was wound by copper wires with
rectangular cross-section directly. The copper wires were covered with polyimide
film to ensure a high degree of insulation between turns. This design makes the
distance between the coil and the field shaper only 0.5 mm, and reduces the stray
losses significantly. In addition, decreasing the length of the overlap between the
tube and the FS working area can reduce the non-effective connection [14]. In the
experiment and optimization design, there is an uncovered distance between the end
of the tube and the inner surface edge of the FS along the axial direction to enhance the
electromagnetic force, and the distance is set to 1 mm. The reinforcement layers are
very important for improving the strength of the coil. High-tensile strength material
(Zylon) was used to increase the strength of the reinforcement. The detailed system
parameters are shown in Table 1.

To adapt to tubes with different diameters, two three-jaw chucks were used to fix
the outer and inner tubes. And the actuator was coaxially placed with two three-jaw
chucks. The horizontal position of chucks is controlled by two screw rods with a
position indicator. This design makes the repetitive experiment of different-sized
tubes become realizable. Our laboratory, the Wuhan National High Magnetic Field
Center, has developed several sets of pulse capacitance supplies for MPW, and the
parameters of the discharge circuit are shown in Table 2.

Table 1 System parameters
used in this experiment

Parameters Description Value

Coil (Copper conductor)

ρc Mass density 8.9 × 103 kg/m3

Ec Young’s modulus 110 GPa

vc Poisson’s radio 0.34

σy0c Initial yield stress 135 MPa

ET
c Tangent modulus 0.4 GPa

Reinforcement (Zylon fiber)

ρz Mass density 1.56 × 103 kg/m3

Ez Young’s modulus 3/230/3 GPa

vz Poisson’s radio 0.34/0.0148/0.0148

Coil frame (Epoxy resin board)

ρe Mass density 2.6 × 103 kg/m3

ve Young’s modulus 22 GPa

Ee Poisson’s radio 0.34

Stycast W19

ρs Mass density 2.4 × 103 kg/m3

Es Young’s modulus 22 GPa

vs Poisson’s radio 0.34
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Table 2 System parameters
used in this experiment

Parameter Description Value/category

C Capacitance 150 µF

Ll Line inductance 2.6 µH

Rl Line resistance 18 m�

Uc Charging voltage 0–20 kV

S Switch Self-breaking spark gap switch

3.2 Experimental Design

First, a series of discharge experiments were performed to explore how the discharge
voltage and accelerate gap influence the welding quality. The discharge voltages
range from 8 to 17 kV for the interval 1 kV. The gap distances between the two tubes
range from 2 to 6.5 mm, and the interval is 1.5 mm. Since the surface treatment of the
two tubes has a significant impact on the mechanical properties of weldments [15],
the roughness of the outer surface of the steel tube was controlled at 0.65± 0.15µm.
During the welding process, the discharge voltages and currents were measured by a
high-voltage probe and a Rogowski coil. After discharge experiments, the weldment
was processed tomechanical testing samples bywire-electrode cutting. Peel tests and
tensile tests were used to evaluate the quality of joining. Finally, scanning electron
microscopy (SEM) is used to observe the distribution of elements. The results can be
used to judge whether the metallurgical bonding occurs between the two dissimilar
materials tubes.

4 Results and Discussion

4.1 Distribution of Magnetic Pressure and Stress

Figure 5a shows the current and voltage curves of the coil fromdischarge voltage to be
15 kV. The experimental curves are consistent with simulation results, demonstrating
that the simulations accurately reflected the experimental process. The distribution
of magnetic field and pressure is shown in Fig. 5b. FS can concentrate the pressure on
the tube surface effectively and the distribution of pressure is the same as the results
calculated by Yu et al. [7]. As the maximum discharge capacity of our equipment is
20 kV, the von Mises stress in the radial direction of the coil and reinforce parts were
calculated at 20 kV situation. The results are shown in Fig. 5c. The coil is reinforced
by Zylon fiber composite, whose ultimate tensile strength is about 3.5 GPa. When
the thickness of the reinforcement is 10 mm, the maximum von Mises stress in the
Zylon is 3.5 GPa. In practice, the maximum discharge voltage of our experiments is
17 kV, lower than the maximum discharge voltage. So, the 10 mm thickness of the
reinforcing layer to ensure safety is enough.
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Fig. 5 Simulation results: a current and voltage curves compared with experimental results, b the
distributions of magnetic field and pressure, and c the von Mises stress of coil and reinforce parts.
(Color figure online)

4.2 Optimization Results of Coil and FS

The optimal results of coil turns N, height of FS inner surface h, height of FS outer
surface H, and FS thickness δ are presented in Fig. 6. The velocity and pressure
increase first and then decreases with increasing coil turns N can be found in Fig. 6a.
According to Biot-Savart law, it can be derived that the magnetic flux density B
is proportional to ampere-turns NI. As coil current I decreased with N increasing,
there is a maximum value of NI and B. Figure 6b presents that magnetic pressure
and velocity are monotonically decreasing with the height of inner surface h. It can
be explained that the smaller the inner surface is, the magnetic field can be more
concentrated. However, the welding area should not be too small for comprehensive
consideration, and h = 10 mm was selected.

To explore the universal laws of the size effect, the ratios of FS thickness and
outer surface height to inner surface height are defined as two coefficients to reflect
the relative dimension. The influence of the coefficient of the thickness (kδ = δ/h)
and the outer surface height (kH = H/h) both have the same variation trend, which
is increased first and then decreased, as shown in Fig. 6c, d. It is speculated that this
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Fig. 6 Magnetic pressure and velocity variation curves with a coil turns, b height of inner surface,
c coefficient of thickness, and d coefficient of outer surface height. (Color figure online)

change in trend is related to the energy utilization rate. The change of FS thickness
and outer surface height leads to variety of impedance and inductive reactance of the
load. As the energy is consumed in the circuit part and load part, this variety will
affect the energy transformation ratio eventually.

For synthesis, considering the optimal results of magnetic pressure and velocity,
the parameters of coil and FS were chosen finally. The details are shown in Fig. 4.

4.3 Mechanical Testing and Welding Windows

The results of welding characteristics and quality were obtained by peel testing
and tensile test. According to the tensile test methods on the weld and deposited
metal (GB/T 2652-2008), the tensile samples were designed and processed by wire-
electrode cutting. As the welding joint is thick and long (both more than 10 mm),
it is difficult to keep the direction of tensile force on a fixed line, and therefore two
improvement measures were carried out. First, a metal block with a thickness of steel
tube was placed on the aluminum side, while another metal block with a thickness
of aluminum tube was placed on the steel side. Second, an epoxy splint was used
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to avoid the bending of samples’ working areas. Considering the influence of the
FS slot, two positions of weldment of each tube were tested: the positions near or
opposite the slot of the FS. And the results of characteristics can be classified into
three types: (1) No falling off at two positions, the situation was regarded as fully
weld, (2) only one position bonding, the situation was regarded as part weld, (3)
both two positions falling off, this situation was regarded as no weld.

Further, the tensile test was done on fully weld samples to evaluate the welding
quality. If a sample fracture at the base material or the tensile force is greater than
3200 N (corresponding to 90 MPa stress), it can be regarded that the strength of the
weldment is stronger than the aluminum base material, and it can be defined as a
high-strength combination. If the fracture occurs at the weld joint and the tensile
force is less than 3200 N, it means that the strength of the weldment failed to obtain
promotion.

Considering the results of the two positions as mentioned above, the welding
quality can be divided into three categories: (1) when high-strength combination
occurs at two positions, the situation is regarded as high-quality weld, (2) when
high-strength combination occurs at only one position, this situation is regarded as
medium-quality weld, (3) when no high-strength combination occurs at these two
positions, the situation is regarded as low-quality weld. The welding window of
a large diameter metal tube was obtained and drawn in Fig. 7. The results show
that there are some differences and correlations between welding boundary and
high-quality welding boundary.

For each fixed gap, an increasing voltage can improve the welding quality. As
the radial deformation is fixed, the energy lost to overcome the deformation of the
material is the same. So, more energy input from the actuator means more kinetic
energy can be translated into the outer tube. Higher impact velocity makes it easier to
achieve welding and improve the welding quality. Moreover, both welding boundary
and high-quality welding boundary have optimal welding gap and lowest discharge

Fig. 7 Theweldingwindowof large diametermetal tubes: aThe result of 17 kVvoltage and 3.5mm
gap discharge conditions, b schematic diagram of tensile test, and c welding window. (Color figure
online)
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voltage. It is supposed that when the gap distance is small, increasing the gap can
increase the acceleration space so that more kinetic energy can be loaded on the
metal tube. As the gap continues to increase, more energy is needed to overcome the
plastic deformation of the tube, resulting in the reduction of kinetic energy.

4.4 Metallographic Analysis

The test results of the welding sample using SEM and energy dispersive spectrum
(EDS) under the conditions of 17 kV discharge voltage and 3.5 mm gap distance are
shown in Fig. 8. It can be clearly found that the diffusion process occurred between
Al and Fe. As a result, an obvious element transition layer is formed at the weldment
area. Also, the dimension of the transition layer is about 10 µm. Considering the
SEM image of the interlayer characteristics, the temperature was enough to melt the
whole interface due to the high collision velocity under this discharge condition [16].
A large volume of mixtures of Al and Fe were formed at the interface under the high-
pressure condition. These results demonstrate the metallurgical bonding occurring
between the two dissimilar materials tubes.

Fig. 8 Pictures of a SEM photo, b distribution of Al atoms, c distribution of Fe atoms, d EDS line
results, and e EDS spot results. (Color figure online)
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5 Conclusions

In this paper, the optimal design and experimental study formagnetic pulseweldingof
dissimilarmetal tubeswith large diameterswere analyzed in detail. Some conclusions
can be summarized as follows:

(1) An effective two-dimensional simulation model for the optimization of the
design of MPW was built by COMSOL, and the results obtained from the
simulations are consistent with the experimental observations, providing an
efficient approach for MPW system design.

(2) Some optimization parameters were analyzed how to influence the magnetic
pressure and tube velocity. These principles are helpful to understand the oper-
ating principles of themagnetic actuator and provide a practical basis for further
numerical model building.

(3) By the experimental method, the welding windows of gaps and discharge
voltages were built up. The experimental results also prove that the magnetic
welding of tubes with 110 mm diameters and 3 mm thickness became reality,
and the strength of the welding area can be stronger than the basic material.

(4) By using SEM, the element diffusion phenomenon was observed between
Al and Fe. This result also demonstrates the metallurgical bonding occurring
between the two dissimilar materials tubes.
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