
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00170-022-09797-7

APPLICATION

Optimization design and experimental research of magnetic pulse 
welding system based on uniform pressure electromagnetic actuator

Hang Zhang1  · Ning Liu1 · Xiaoxiang Li1 · Qingjian Wang1 · Hongfa Ding1

Received: 17 May 2022 / Accepted: 14 July 2022 
© The Author(s), under exclusive licence to Springer-Verlag London Ltd., part of Springer Nature 2022

Abstract
The magnetic pulse welding method based on uniform pressure electromagnetic actuator can provide a larger area of uniform 
pressure, which is helpful to increase the welding area, and can be used in some applications where a larger welding area 
is required. By reasonably optimizing the structural parameters of the magnetic pulse welding device, the size and spatial 
distribution of magnetic field and eddy current in the welding process can be effectively controlled, and the collision speed 
of plates can be increased, so as to improve the quality of welded joints. In view of this, this paper proposes an optimal 
design method for the uniform pressure welding magnet device with the optimization objective of maximizing the magnetic 
pressure. Then, magnet devices with different structural sizes were developed, and a uniform pressure welding experimental 
platform was built to realize the high-quality welding of AA1060 aluminum plate and SS304 stainless steel plate both with 
a thickness of 1 mm under different welding areas, and effective improvement methods are put forward to solve the prob-
lems of thinning and tearing of workpiece at chamfer and arc ablation of contact surface in uniform pressure welding. On 
this basis, the effects of welding process parameters and magnet structure parameters on the welding quality and welding 
area of the joint are further studied, which provides a theoretical and experimental basis for increasing the welding area and 
improving the welding quality.

Keywords Magnetic pulse welding · Uniform pressure electromagnetic actuator · Optimal design · Welded joints · Welding 
quality · Welding area

1 Introduction

With the rapid development of transportation industry and 
the improvement of energy conservation and consumption 
reduction requirements, the lightweight of transportation 
vehicles has become an inevitable trend driven by the times 
[1]. Aluminum alloy has the advantages of light weight, high 
specific strength, and corrosion resistance. It has become 
one of the important raw materials for the lightweight of 
vehicles [2]. At the same time, in the production of trans-
portation equipment, the connection mode of materials has 
gradually changed from single steel connection to diversi-
fied connections such as steel-aluminum and aluminum-
aluminum. However, due to the significant differences in 

physical and chemical properties of dissimilar metals, it is 
difficult to achieve high-quality welding by traditional fusion 
welding [3]. As a novel high-speed impact welding technol-
ogy, magnetic pulse welding uses pulsed electromagnetic 
force to drive the workpiece to be welded to collide at high 
speed, which can realize the metallurgical combination of 
different metals and it has the advantages of high welding 
strength, no pollution, and easy automation [4–7].

According to the different structures of weldments, mag-
netic pulse welding is mainly divided into two categories: 
pipe fitting and plate welding [8, 9]. At present, the research 
on magnetic pulse welding technology of pipe fittings is rela-
tively mature and has a wide range of industrial applications 
[10, 11]. Relatively speaking, the magnetic pulse welding 
technology of plates is not mature enough and is still in the 
initial exploration stage. It mostly adopts the form of single 
turn conductor, which has the problems of low utilization 
rate of welding energy and easy deformation and damage of 
coils, which is not conducive to repeated experiments and 
industrial production, and has certain limitations [12, 13]. 
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The magnetic pulse welding method based on uniform pres-
sure electromagnetic actuator adopts multi-turn coil struc-
ture, which not only improves the energy utilization rate, but 
also ensures the mechanical strength of the coil.

Weddeling et al. and Yu and Tong verified the feasibil-
ity of using uniform pressure coil to realize magnetic pulse 
welding of the same and different metal plates from the 
experimental aspect, but did not optimize the structural 
parameters of the uniform pressure welding device [14, 15]. 
In addition, by studying the influence law of different weld-
ing process parameters and magnet structure parameters on 
the welding quality and welding area of the joint, it is helpful 
to adjust and control the welding parameters, increase the 
welding area, obtain high-quality welded joints, and further 
guide the optimal design of welding equipment. Therefore, 
it is necessary to conduct further research.

In this paper, the COMSOL finite element software is 
used to analyze the influence of various structural param-
eters of the magnet device on the distribution characteristics 
of the magnetic pressure on the surface of the workpiece, 
and the welding device with different structural parameters 
is optimized and designed. Then, the uniform pressure weld-
ing experimental platform was built, and a series of surface 
welding experiments were carried out on AA1060 aluminum 
plate and SS304 stainless steel plate. The mechanical prop-
erties of the welded joints were tested through tensile and 
stripping experiments, and the corresponding welding pro-
cess parameters were determined. Finally, the effects of 
welding process parameters and structural parameters on 
welding quality and welding area are studied through experi-
ments, which provides a theoretical and experimental basis 
for increasing welding area and improving welding quality.

2  Basic principle and numerical model

2.1  Basic principle

The schematic diagram of uniform pressure welding is shown 
in Fig. 1, which is mainly composed of power supply system, 
discharge coil, conductive channel, plate, and cushion block. 
The conductive channel is fixed on the aluminum plate by 
applying external pressure to form a closed circuit. The coil is 
embedded in the conductive channel, and the gap between the 
aluminum plate and the stainless steel plate can be adjusted 
through the cushion block. During operation, the power sup-
ply system first generates current Is through coil discharge, 
and then the induced eddy current Ic will be generated in the 
closed circuit composed of conductive channel and aluminum 
plate. The current further generates strong magnetic field Bs 
in the air gap inside the coil, and generates strong magnetic 
field Bc in the air gap between the closed circuit composed 

of conductive channel to aluminum plate and the coil. Under 
the joint action of strong magnetic field Bc and induced eddy 
current Ic, aluminum plate will be subjected to huge electro-
magnetic repulsion force to produce plastic deformation move-
ment, and finally collide with stainless steel plate at high speed 
to realize welding.

2.2  Establishment of numerical model

In order to analyze the influence of structural parameters 
on the magnetic pressure on the workpiece surface, a three-
dimensional model of uniform pressure welding system is 
established by using the COMSOL finite element software. As 
shown in the simulation flowchart in Fig. 2, the whole weld-
ing system is composed of five physical modules. In order to 
save the calculation cost and improve the optimization design 
efficiency, only the circuit and magnetic field modules are used 
in the optimization, and finally five modules are used in the 
magnet verification.

2.2.1  Global ODE and DAE module

This module is used for the circuit analysis of the welding 
system. The uniform pressure welding system can be equiva-
lent to the equivalent circuit shown in Fig. 3. According to the 
equivalent circuit, the following differential equations can be 
listed, and the discharge current in the coil can be obtained by 
solving the equations.

(1)IsRL + LL
dIs

dt
+ Vcoil = Uc

(2)Uc = −
1

C ∫
t

0

Isdt

Fig. 1  Schematic diagram of uniform pressure welding
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Equation (1) is the voltage balance equation of the dis-
charge circuit, including capacitor voltage Uc, line voltage 
IsRL + LLdIs

/

dt, and coil voltage Vcoil, where Req and Leq 
are the equivalent resistance and inductance of the coil-
plate-channel system respectively. The model realizes 
the coupling between the coil, plate, and channel through 
these two parameters. The circuit parameters during simu-
lation are listed in Table 1.

2.2.2  Magnetic field module

The module is used for magnetic field analysis of welding 
device. Firstly, the spatial distribution of magnetic field is 
solved by Maxwell equation, and then the electromagnetic 
force acting on the workpiece is calculated and transmit-
ted to the solid mechanics module as the input load. In 
addition, the Joule heat obtained in the electromagnetic 
calculation will be transmitted to the solid heat transfer 
module as a heat source. The electromagnetic parameters 
during simulation are listed in Table 2.

(3)Vcoil = ReqIs + Leq
dIs

dt

In this module, the induced eddy current in the coil, 
channel, and workpiece can be described by the following 
equation:

where E is the electric field intensity, B is the magnetic flux 
density, v is the deformation speed of the workpiece, J is the 
induced current density, and γ is the conductivity of metal 
materials.

The electromagnetic force F received by the coil and 
workpiece is determined by the induced eddy current and 
magnetic flux density, as shown in the following formula.

2.2.3  Solid mechanics module

The module is mainly used for the stress analysis of the 
discharge coil and the plastic deformation movement of the 
workpiece. Its output will be fed back to the magnetic field 

(4)∇ × E = −
�B

�t
+ ∇ × (v × B)

(5)J=�E

(6)F = J × B

Fig. 2  Simulation flowchart by 
using COMSOL

Fig. 3  Equivalent circuit of uni-
form pressure welding system
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module, so as to realize the coupling calculation of the mag-
netic field and the structure. The detailed mechanical param-
eters of materials used in the simulation are given in Table 3.

The workpiece will undergo plastic deformation move-
ment under the action of electromagnetic force, and its 
motion satisfies the following equation:

where σ is the stress tensor of the workpiece, Fv is the bulk 
density vector of the electromagnetic force, ρ is the work-
piece density, and u is the displacement vector.

The Cowper-Symonds constitutive model is used to con-
sider the effect of high strain rate on the high-speed defor-
mation motion of the aluminum plate during welding. The 
constitutive equation is expressed as follows:

where σqs represents the stress–strain equation of AA1060 
aluminum plate under quasi-static state, �∗

P
 which is the 

strain rate, and P and m are constants reflecting the effect  
of high strain rate, with values of 6500 and 0.25 respec-
tively [16].

In order to obtain the stress–strain equation of AA1060 
aluminum plate under quasi-static state, the tensile 
mechanical properties of AA1060 aluminum plate under 
quasi-static state are tested by universal tensile testing 
machine. After deep drawing, the load and small displace-
ment curve are obtained, and the real stress–strain curve of 
the material is obtained after data processing, as shown in 

(7)∇ ⋅ � + Fv = �
�2u

�t2

(8)�=�qs

[

1 +

(

�∗
P

P

)m]

Fig. 4. There is no high-speed plastic deformation in the 
structural analysis of stainless steel plate, so only bilinear 
isotropic hardening model is needed.

2.2.4  Hot transfer in solid module

This module is mainly used to calculate the temperature 
rise of the coil. The rise of the coil temperature will not 
only affect the resistance of the coil, thus affecting the dis-
charge current, but also affect the service life and working 
efficiency of the coil. Moreover, when the temperature is too 
high, it will also affect the insulation of the coil, resulting in 
accidents. Therefore, it is necessary to calibrate the tempera-
ture rise to ensure the safety of the experiment.

2.2.5  Moving mesh module

The module is mainly used to update the air grid near the 
workpiece during the deformation process, so as to avoid the 
problems of large solution error and non-convergence caused 
by the distortion of air grid.

Table 1  Circuit parameters

Symbol Description Value

C Capacitance 150 μF
RL Line resistance 22 mΩ
LL Line inductance 2.1 μH
U Discharge voltage 9/10/11 kV

Table 2  Electromagnetic parameters

Material types Resistivity (γ) Permeability (μ)

Workpiece
AA1060 3.53 ×  107 S/m 4π ×  10−7 H/m
SS304 1.35 ×  106 S/m 4π ×  10−7 H/m
Coil
Copper 5.71 ×  107 S/m 4π ×  10−7 H/m
Channel
CuCrZr 4.52 ×  107 S/m 4π ×  10−7 H/m

Table 3  Detailed mechanical parameters of materials

Material types Density Yield stress Young 
modules

Poisson ratio

Workpiece
AA1060 2.7 ×  103 kg/m3 35 MPa 80.7 GPa 0.34
SS304 7.93 ×  103 kg/m3 280 MPa 220 GPa 0.25
Coil
Copper 8.9 ×  103 kg/m3 135 MPa 110 GPa 0.34
Channel
CuCrZr 8.93 ×  103 kg/m3 495 MPa 117 GPa 0.34

Fig. 4  Experimental and fitting curve of stress and strain of AA1060 
aluminum plate under quasi-static state
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The geometric entity model and grid division of the weld-
ing device established by COMSOL are shown in Fig. 5a. In 
order to verify the reliability and calculation accuracy of the 
model, the waveforms of the current calculated by the finite 
element model and the current measured by the experiment 
under different discharge voltages are given in Fig. 5b. It 
can be seen that the two waveforms are basically consistent 
in the first half cycle, which can fully meet the needs of the 
early optimization design of the welding device.

3  Optimal design of magnet device

Based on the existing magnetic pulse welding power supply 
device in the laboratory, this paper optimizes the structural 
parameters of the uniform pressure welding magnet device. 

Firstly, a set of initial structural parameters are determined 
according to the existing uniform pressure welding device. 
Then, the parametric scanning function of the finite element 
model is used to analyze the influence of each structural 
parameter on the magnetic pressure on the surface of the 
plate. Finally, the optimal structural parameters of the device 
are obtained. The optimization process is shown in Fig. 6.

3.1  Optimization parameters and objectives

As shown in Fig. 7, it is the geometric model of the uni-
form pressure welding magnet device, in which Bc and Bs 
represent the magnetic flux density inside and outside the 
coil, and Ac represents the equivalent cross-sectional area 

Fig. 5  Finite element model. a Geometric entity model. b Comparison between simulation waveform and experimental waveform of discharge 
current

Fig. 6  Flowchart of optimization design Fig. 7  Geometric model of magnet device
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of Bc and Bs evenly distributed in their respective magnetic 
circuits along the length direction of the coil.

The discharge coil adopts a cylindrical coil and is tightly 
wound with a square copper enameled wire with a cross 
section of 4 mm × 2 mm commonly used in the laboratory. 
The inter-turn distance is about 0.5 mm. The gap between 
the coil and the conductive channel is mainly the thickness 
of the coil wire insulation layer and reinforcement layer. 
Due to the skin effect, the induced current is mainly distrib-
uted on the inner wall of the conductive channel, and the 
external structure size of the conductive channel is only to 
ensure its mechanical strength, and has little effect on the 
eddy current distribution and magnetic pressure, which is 
set to 120 × 74 × 80  mm3 here. In addition to the above basic 
process parameters, the parameters that need to be further 
optimized for the coil and the conductive channel are mainly 
the number of turns N of the coil, the outer radius rb of the 
coil, the height h of the center of the coil, the width of the 
opening of the conductive channel w, and the gap g between 
the coil and the conductive channel, and the initial structural 
parameters are shown in Table 4.

The research shows that the magnetic pressure on the sur-
face of the workpiece can better reflect the stress distribution 
of the workpiece. Therefore, the maximization of the mag-
netic pressure can be taken as the optimization goal, and the 
optimization design of the magnet device can be described 
as a single objective optimization problem in a non-strict 
sense. The optimization equation is:

where Eq. (9) is the function expression of single objective 
optimization, that is, the relationship between the magnetic 
pressure and the structural parameters of each magnet, and k 
is the constant related to the coil filling coefficient; Eq. (10) 
is the constraint condition of single objective optimization, 
that is, the stress and temperature limit of the magnet itself.

3.2  Analysis of the influence of structural parameters 
on magnetic pressure

In order to optimize the design of uniform pressure weld-
ing magnet device, firstly, the influence of some structural 
parameters on the magnetic pressure on the surface of 
workpiece is analyzed according to the analytical equation 
of magnetic pressure on the surface of workpiece. Then, 
combined with the parametric scanning function of the finite 
element model previously established by COMSOL, other 
structural parameters that need to be optimized are scanned 
and solved, the influence of each parameter on the magnetic 
pressure on the surface of plate is explored, and the results 
are explained and analyzed.

According to Eq. (9), reducing the air gap area Ac and 
increasing the area can increase the magnetic pressure on the 
workpiece. Combined with the structural model of the uni-
form pressure welding device, the analysis shows that reduc-
ing the gap g between the coil and the conductive channel 
and the height h of the coil center can reduce the air gap area 
Ac and increase the magnetic pressure on the workpiece. The 
gap g is determined by the thickness of the coil insulation 
layer and reinforcement layer. If it is too small, the strength 
of the coil and the insulation strength between the coil and 
the conductive channel cannot be guaranteed. The smaller 
the gap g is, the better it is on the premise of ensuring the 
strength of the coil. In the design, it is necessary to ensure 
that the coil after insulation reinforcement can exactly match 
with the conductive channel. When the reinforced coil is 
exactly tangent to the workpiece surface, the minimum h can 
be guaranteed. The influence of other structural parameters 
on magnetic pressure is complex, which needs to be further 
analyzed and discussed in combination with the finite ele-
ment model.

As shown in Fig. 8, for the magnetic field distribution 
results on the workpiece surface obtained by finite ele-
ment model simulation, it can be seen that the magnetic 
field distribution in the corresponding area of the coil on 
the workpiece is relatively uniform, and the magnetic field 

(9)maxP =
B2

2�0

=
A2

s
�0I

2

s

2
(

Ac + As

)2
k2
=f (N, rb, h,w, g)

(10)T < T
m
, 𝜎 < 𝜎

s

Table 4  Initial structural parameters of magnet device

Parameters Description Value

N Turns of coil 10
rb Outer radius of coil 27 mm
g Gap 2 mm
w Opening width of channel 40 mm
h Height of coil center 29 mm

Fig. 8  Magnetic field distribution on workpiece surface
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at both ends of the coil length direction is small due to the 
influence of edge effect. In order to quantitatively analyze 
the influence of other structural parameters on the specific 
distribution characteristics of the magnetic pressure on the 
workpiece surface, the distribution curves of the magnetic 
pressure on the workpiece along the length and width of the 
coil in Fig. 7 are further drawn under different structural 
parameters.

3.2.1  Influence of coil turns

Figure 9 shows the comparison of simulation results of dis-
charge current and magnetic pressure on the workpiece sur-
face under different coil turns while keeping the discharge 
voltage and other parameters unchanged. It can be seen from 
the figure that with the increase of coil turns, the discharge 
current shows a continuous decreasing trend, while the 
magnetic pressure on the workpiece surface shows a trend 
of increasing first and then decreasing. This is because the 
magnetic field intensity is positively correlated with the 
ampere turns NI. The increase of coil turns N will increase 
the load in the circuit and reduce the current I of the dis-
charge circuit. Therefore, there will be a maximum value of 
ampere turns NI and magnetic flux density B. The simulation 
analysis shows that when the number of coil turns is 6 ~ 8 
turns, the magnetic pressure on the surface of the plate is 
the largest, and the welding effect is the best. Continuing 
to increase the number of coil turns will reduce the mag-
netic pressure on the workpiece surface, but will increase 
the width of the area with uniform magnetic pressure, so as 
to increase the length of the plate welding area. Therefore, 
in order to realize the welding of a larger area, it is necessary 

to further increase the discharge voltage to ensure the weld-
ing strength.

3.2.2  Influence of outer radius of coil

As shown in Fig. 10, the simulation results of discharge 
current and magnetic pressure on workpiece surface 
under different outer radius of coil are compared. It can 
be seen from the figure that with the increase of rb, the 
discharge current continues to decrease, while the mag-
netic pressure on the workpiece surface first increases 
and then decreases. According to the analysis of Eq. (9), 
the increase of rb will first lead to the increase of coil 
impedance, so the discharge current will show a decreas-
ing trend, and the decrease of discharge current will lead 
to the decrease of magnetic pressure. While the increase 
of rb will also lead to the increase of As, the increase of 
As will lead to the increase of magnetic pressure. In the 
initial stage, the increase of magnetic pressure caused by 
the increase of As is dominant, so the magnetic pressure 
increases first. When rb reaches a certain value, the size of 
As is much larger than Ac; at this time, As

/(

As + Ac

)

 basi-
cally does not change, while the increase of rb will still 
lead to the decrease of discharge current, so it will lead to 
the decrease of magnetic pressure.

3.2.3  Influence of opening width of conductive channel

Figure 11 is a comparison of the simulation results of the 
magnetic pressure on the workpiece surface in the length 
direction and width direction of the coil with the discharge 
voltage and other parameters unchanged. It can be seen from 

Fig. 9  Simulation results under different coil turns. a Discharge current. b Magnetic pressure in the direction of coil length
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the figure that with the increase of the opening width w of 
the conductive channel, the magnetic pressure in the length 
direction and width direction of the coil shows a continuous 
decreasing trend, because the increase of w will increase the 
air gap area Ac, resulting in the decrease of the magnetic pres-
sure. In addition, with the increase of w, the uniform area in 
the width direction of the coil will become wider. To sum 
up, the increase of w will increase the uniform area of mag-
netic pressure in the width direction of the coil, that is, it will 
increase the width of the welding area, but it will also reduce 
the amplitude of magnetic pressure on the surface of the work-
piece. Therefore, it is necessary to select the opening width 
of the conductive channel according to the actual demand.

3.3  Optimization results

It can be seen from the above analysis that the smaller the 
gap g between the coil and the conductive channel, the 
greater the magnetic pressure. Considering the coil insula-
tion and reinforcement, it is designed as 2 mm here. The 
opening width w of the conductive channel determines the 
width of the welding area, but the magnetic pressure on the 
workpiece surface will decrease with the increase of the 
opening width w of the conductive channel, which should 
be selected according to the welding requirements. There is 
an optimal value for the outer radius of the coil. The simu-
lation analysis shows that when the outer radius of the coil 

Fig. 10  Simulation results under different coil outer radius. a Discharge current. b Magnetic pressure in the direction of coil length

Fig. 11  Simulation results of magnetic pressure under different opening widths. a Direction of coil length. b Direction of coil width
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is about 30 mm, the magnetic pressure on the workpiece 
surface is the largest. There is an optimal value for the num-
ber of coil turns. The simulation results show that when the 
number of coil turns is 6 ~ 8 turns, the magnetic pressure on 
the workpiece surface is large, and the welding effect is the 
best at this time, but the number of coil turns determines the 
length of the welding area, which also needs to be selected 
according to the actual welding requirements.

Based on the partial optimization of the magnet device, a 
uniform pressure welding magnet device with different coil 
turns and conductive channel opening width is designed to 
further verify the above analysis through experiments. The 
main parameters after optimization are shown in Table 5, 
and the electromagnetic, mechanical, and thermal properties 
of the optimized magnetic device are verified, which can 
meet the experimental requirements.

4  Experiment

4.1  Construction of experimental platform

In order to realize the uniform pressure surface welding exper-
iment of aluminum/steel metal plates, a high-performance 
uniform pressure magnet device was developed in this sec-
tion, and a complete uniform pressure welding platform was 
designed and built, including a pulse power supply device and 

a magnet device. The pulse power supply device adopts the 
existing capacitive power supply in the laboratory including 
a power supply of 200 kJ, a high pressure pneumatic switch, 
and a capacitor bank of 150 μF with a peak voltage of 20 kV, 
as shown in Fig. 12.

The welding coil used by the device is a single-layer 
multi-turn cylindrical coil. Because the coil is mainly 
affected by inward electromagnetic force, in order to ensure 
the strength of the coil, the epoxy rod is used as the skel-
eton, and then the flat copper conductor with a section of 
2 mm × 4 mm is tightly wound on the coil skeleton. In order 
to ensure the insulation strength of the coil conductor, a layer 
of high-voltage insulating tape is wrapped outside the origi-
nal insulating layer of the copper conductor. After the coil is 
wound, a layer of Zylon fiber is first wound on the outer layer 
of the coil, which can fill the gap between turns and reinforce 
it. Then, a layer of glass fiber is wound on the outermost 
layer and impregnated with liquid epoxy adhesive. After the 
epoxy adhesive is cured, the reinforced coil is turned so that 
the coil can be highly matched with the conductive channel, 
as shown in Fig. 13a. In order to ensure that the air gap is 
as small as possible, the insulation reinforcement layer is 
designed as 2 mm to ensure the insulation strength between 
the coil and the conductive channel. The conductive chan-
nel is made of Cu-Cr-Zr with high melting point and high 
hardness, and its inner radius just matches the reinforced 
coil. In order to study the influence of the opening width of 
the conductive channel on the welding area, the conductive 
channel with different opening widths is designed and pro-
cessed, as shown in Fig. 13b.

In order to ensure good electrical contact between the 
workpiece and the conductive channel, firstly, the contact 
surface between the conductive channel and the workpiece is 
polished and cleaned with alcohol to remove burrs and stains 
on the surface. Then, apply a layer of uniform conductive 
paste on the contact surface between the conductive channel 
and the workpiece to reduce the contact resistance between 
the workpiece and the conductive channel, so as to reduce 
or even eliminate the ignition and ablation phenomenon 

Table 5  Optimized structural parameters

Parameters Description Value

N Turns of coil 8/10/12
ra Inner radius of coil 27 mm
rb Outer radius of coil 30 mm
g Gap 2 mm
w Opening width of channel 20/30/40 mm
rc Inner radius of channel 32 mm
h Height of coil center 32 mm

Fig. 12  Power system. a Power 
supply. b High pressure pneu-
matic switch. c Capacitor bank
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in the discharge process, as shown in Fig. 14a. Finally, the 
conductive channel, coil, and workpiece are reinforced with 
two stainless steel end plates and bolts to provide sufficient 
pressure to prevent the separation of the conductive channel 
and the workpiece caused by the huge repulsive force during 
the discharge process, resulting in an air gap, which leads to 
breakdown discharge, as shown in Fig. 14b. The workpiece 
is placed on the surface of the conductive channel where the 
conductive paste is applied, and the workpiece is separated 
from the stainless steel plate by a spacer. The acceleration 
gap of the workpiece can be adjusted by selecting spacers 
with different thicknesses.

4.2  Experimental scheme

Discharge voltage and welding gap are the key process 
parameters that determine the success or failure of weld-
ing and affect the welding quality. Among them, the dis-
charge voltage determines the output energy of the system, 
and finally determines the collision speed; the welding gap 
determines the acceleration distance of the workpiece, 
which will affect the collision speed and collision angle. 
In addition, the opening width of the conductive channel 
and the number of turns of the coil directly affect the size 
of the welding area and the deformation behavior of the 

workpiece in the welding process. In order to study the 
influence of the above process parameters and structural 
parameters on the welding results, the following experi-
ments are designed:

1. The designed welding device is used to carry out weld-
ing experiments on the workpiece under different weld-
ing gaps and different discharge voltages to study the 
influence of discharge voltage and welding gap on the 
welding results. The discharge voltage is from 8 to 
11 kV, and the welding gap is 2 mm, 2.5 mm, 3 mm, 
3.5 mm, and 4 mm respectively.

2. The welding gap and the opening width of the conduc-
tive channel were fixed, and the welding experiments 
were carried out on the workpiece with different turns 
of coils under different discharge voltages to study the 
influence of the number of coil turns on the morphology 
and welding area of the welding area.

3. The welding gap and the number of coil turns are fixed, 
and the welding experiments are carried out on the 
workpiece by using conductive channels with different 
opening widths under different discharge voltages to 
study the influence of the opening width of the conduc-
tive channels on the morphology and welding area of the 
welding area.

Fig. 13  Welding device com-
ponents. a Coils with different 
turns. b Conductive channels 
with different opening widths

Fig. 14  Welding device. a 
Apply conductive paste on the 
contact surface. b Welding 
device reinforcement

8456 The International Journal of Advanced Manufacturing Technology (2022) 121:8447–8465



1 3

4.3  Welding results and mechanical property analysis

4.3.1  Appearance and section analysis of welding area

In this section, the appearance and cross section of the welded 
area were analyzed for the welded samples with a discharge 
voltage of 11 kV and a welding gap of 3 mm. Figure 15 shows 
the appearance of the welding sample obtained when the con-
tact surface is not coated with conductive paste and coated 
with conductive paste. It can be seen from the figure that the 
deformation in the middle area of the plate is relatively uni-
form, and the welding area is approximately a rectangular 
surface, realizing the surface welding of the plates. The sur-
face of the welding sample without conductive paste on the 
contact surface has a large area of serious ablation area, and 
the molten workpiece will also adhere to the contact surface 
of the conductive channel, making the contact surface rough 
and uneven, making it difficult to repeat the welding experi-
ment, and the ablation area also seriously affects the strength 
and beauty of the welding sample. After the contact surface 
is coated with conductive paste, the ablation phenomenon on 
the surface of the workpiece is greatly reduced because the 
contact resistance between the conductive channel and the 
contact surface of the plate is reduced.

In order to further analyze the detailed characteristics of 
the welded sample, the welded sample was cut along the 
cutting line in Fig. 15, the cross section of the sample was 

analyzed, and the cross-sectional view is shown in Fig. 16. 
It can be seen from the figure that both area 1 and area 3 are 
welded, while the central area 2 is not welded and has a cer-
tain bulge phenomenon. There are two main reasons for this 
phenomenon: First, due to the uniform speed of the central 
area and the small collision angle, although the collision 
speed is large, it is difficult to form jet to realize metallurgi-
cal combination, and rebound after collision to form bulge; 
second, the air in the central area is not eliminated, resulting 
in the generation of bulges.

In addition, the thinning and tearing of the workpiece at 
the chamfer is also a problem in uniform pressure welding. 
In order to improve this problem, right angle cushion block 
and oblique angle cushion block are used on both sides of 
the experiment. The results show that the workpiece at the 
chamfer appears thinning or even tearing at the end of the 
right angle cushion block. At the end of the inclined cushion 
block, because the inclined plane provides a buffer zone for 
the deformation and collision of the plate, the plate at the 
chamfer is only slightly thinned, and the experimental veri-
fication shows that the inclined angle of the cushion block 
is about 30 ~ 45°.

4.3.2  Analysis of mechanical properties of welding samples

In order to examine the bonding strength of the welding 
interface, a peeling experiment was first performed on the 
welded sample welded with a 10-turn coil and a conductive 
channel with an opening width of 40 mm, and the results are 
shown in Fig. 17. It can be seen from the figure that when the 
welding strength is low, the workpiece can be stripped, and 
there are white welding traces on the surface of the stainless 
steel plate. The welding trace is a square ring, and the center 
is the unwelded area. At this time, the welding strength is 
lower than the base metal of the workpiece. When the weld-
ing strength is high, the workpiece is torn and the workpiece 
in the welding area cannot be stripped. At this time, the 
welding strength is higher than that of the base metal.

In order to further test the bonding strength of the welded 
joint, the tensile test was carried out on the welded joint 
samples obtained by welding with the same coil, the same 
conductive channel, and different discharge voltages (the 
samples are long strips cut from the welded samples contain-
ing the complete welding area), and the tensile displacement 
curves of the welded joint under different discharge voltages 

Fig. 15  Welding sample. a Uncoated with conductive paste. b Coated 
with conductive paste

Fig. 16  Cross section of weld-
ing sample
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were obtained, as shown in Fig. 18. It can be seen from the 
figure that when the discharge voltage is 8 kV, the welding 
sample pulls off at the joint, the welding strength of the joint 
is lower than that of the base metal, and the welding effect is 
poor; when the discharge voltage is 9 kV, 10 kV, and 11 kV, 
the samples are broken at the base metal, indicating that the 
welding strength of the joint is greater than that of the base 
metal. In addition, with the increase of discharge voltage, 
the tensile strength of the sample joint increases first and 
then decreases, and the maximum tensile strength is slightly 
smaller than the workpiece base metal, which may be caused 
by the thinning of the workpiece at the chamfer.

In order to explore the reason, the tensile results of 
welded samples under different opening widths of conduc-
tive channels were compared when the discharge voltage was 
10 kV and the welding gap was 3 mm, as shown in Fig. 19. 
It can be seen from the figure that the base metal fracture 
occurred in the welding samples, and the fracture location 
is located at the chamfer, indicating that the thinning of the 

workpiece at the chamfer makes it most prone to fracture 
failure, and the tensile strength is lower than the base metal 
of the workpiece. The reason why the tensile strength of 
welded joints decreases with the increase of discharge volt-
age is that when the discharge voltage is high, the colli-
sion speed is large, the plastic deformation of workpiece is 
severe, the thinning of chamfered workpiece is also serious, 
and the tensile strength of joints decreases.

In order to explore the influence of welding gap on joint weld-
ing quality, tensile tests were carried out on the welding samples 
with welding gap of 2 mm, 2.5 mm, 3 mm, 3.5 mm, and 4 mm 
when the discharge voltage was 10 kV. The tensile strength and 
failure mode of the welded sample joint are shown in Table 6. It 
can be seen that when the welding gap is less than 3 mm, the ten-
sile strength of the joint increases gradually. When the welding 
gap is within 3 ~ 4 mm, the tensile strength of the joint decreases 
gradually, and the failure mode is base metal fracture.

Figure 20 shows the tensile strength curve of the joint 
under different welding gaps, which increases first and then 

Fig. 17  Peeling test of weld-
ing sample. a Low welding 
strength. b High welding 
strength

Fig. 18  Tensile test of joint under different discharge voltages. a Load–displacement curve. b Tensile strength
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decreases, indicating that there is an appropriate range of 
welding gaps. When the welding gap is large, the tensile 
strength decreases significantly, which is mainly due to the 
serious thinning of the joint chamfer when the welding gap 
is large. To sum up, in this welding experiment, when the 
welding gap is 2.5 ~ 3.5 mm, the tensile strength and reli-
ability of the joint are high.

4.4  Welding window

Through the above welding experiment and tensile test of 
welding samples, the welding window of discharge volt-
age (energy)—welding gap when the number of coil turns 
is 8 turns and the opening width of conductive channel is 
40 mm—is established (the welding window obtained under 
other combinations is similar), as shown in Fig. 21. It can 
be seen from the welding window that under this welding 

device, when the welding gap is 2.5 ~ 3.5 mm, it is more rea-
sonable, the welding can be realized with lower voltage, and 
it is easy to produce high-quality welded joints. Although 
the higher the discharge voltage, the easier it is to realize 
welding, it will also aggravate the thinning of the workpiece 
at the chamfer, which is not conducive to improving the ten-
sile strength of the joint. Therefore, it is necessary to select 
an appropriate discharge voltage. The discharge voltage and 
welding gap need to be well matched to complete the weld-
ing process and realize high-quality welding.

4.5  Influence of process parameters and structural 
parameters on welding area

4.5.1  Influence of welding gap

Figure 22 is a cross-sectional view of the welding samples 
along the coil width obtained under different welding gaps 

Fig. 19  Tensile results of samples with different opening widths. a 
20 mm. b 30 mm. c 40 mm

Table 6  Tensile strength and failure mode of joint under different 
welding gaps

Gap(mm) Tensile strength(N) Failure mode

2 2423 Base metal fracture
2498 Base metal fracture

2.5 2510 Base metal fracture
2490 Base metal fracture

3 2662 Base metal fracture
2586 Base metal fracture

3.5 2392 Base metal fracture
2412 Base metal fracture

4 2396 Base metal fracture
2316 Base metal fracture

Fig. 20  Tensile strength of samples under different welding gaps

Fig. 21  Discharge voltage (energy)—welding gap welding window
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when the discharge voltage is 10 kV. It can be seen from 
the figure that when the welding gap is 3 mm, the central 
bulge is more obvious, indicating that the collision speed is 
higher, the plate collision is more intense, and the rebound 
in the central area of the plate is also more serious under this 
welding gap. In addition, with the increase of welding gap, 
the workpiece thinning at the chamfer will become more 
and more serious. Therefore, it is necessary to select the 
appropriate welding gap to achieve high-quality welding.

In order to analyze the effect of welding gap on the mor-
phology of weld bead in the welding area, the morphology 
of the welding area after corrosion in strong alkali solution 
was studied. According to the characteristics of strong alka-
line solution corroding aluminum and stainless steel, alka-
line solution is used to corrode the welded joints of plates. 
Due to the diffusion of aluminum and iron elements at the 
position where effective welding is achieved, it will appear 
dark black after corrosion; however, the position without 
effective welding will be light gray and stainless steel after 
corrosion. Figure 23 shows the weld bead morphology of 
the welding area under different welding gaps. It can be 
seen from the figure that when the welding gap is between 
2 and 3 mm, the welding area tends to become larger with 
the increase of the welding gap, and the weld bead is also 
deepened and widened, which is conducive to improving the 
welding strength of the welded joint. When the welding gap 
increases to 3.5 mm, the weld bead has become shallower 
and narrower, which further proves that the welding gap in 

an appropriate range is conducive to the realization of high-
quality welding.

The statistical results of the total welding area and effec-
tive welding area under different welding gaps are shown in 
Fig. 24. It can be seen from the figure that with the increase 
of the welding gap, the total welding area and the effec-
tive welding area show a trend of first increasing and then 
decreasing, which shows that within a certain range, increas-
ing the welding gap can increase the welding area and the 
effective welding area. Effective welding area improves the 
tensile strength of the joint.

4.5.2  Effect of discharge voltage

Figure 25 is a cross-sectional view of the welding sam-
ple along the coil width under different discharge volt-
ages. It can be seen from the figure that the central bulge 
area shows a trend of increasing and widening with the 
increase of discharge voltage. Through the analysis, it can 
be seen that because the collision angle of the center is too 
small to realize the welding, the workpiece rebounds and 
forms a bulge after the collision. With the increase of dis-
charge voltage, the collision speed of the plate center also 
increases, and the rebound becomes more serious. Moreo-
ver, when the welding of the peripheral area is completed, 
the air in the central area cannot be discharged, which will 
also lead to the formation of bulge. In addition, with the 
increase of discharge voltage, the thinning of workpiece 

Fig. 22  Sample section under 
different welding gaps. a 2 mm. 
b 2.5 mm. c 3 mm. d 3.5 mm

Fig. 23  Weld bead morphology 
under different welding gaps. 
a 2 mm. b 2.5 mm. c 3 mm. d 
3.5 mm
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at chamfer is more serious, which will affect the tensile 
strength of welded joint.

Figure 26 shows the topography of the weld bead in 
the welding area under different discharge voltages. It can 
be seen from the figure that with the increase of the dis-
charge voltage, the weld bead has obvious signs of wid-
ening, that is, the effective welding area of the welding 
area has been significantly increased. This is because the 
increase of the discharge voltage increases the collision 
speed of the workpiece, so that the area where the welding 
cannot be completed with a lower voltage is also welded, 
thereby increasing the area of the effective welding area, 
which helps to improve the welding strength of the welded 
joint. In addition, it can be seen that with the increase of 
discharge voltage, the upper and lower weld beads tend to 
move outward, which is also caused by the widening of the 
bulge area with the increase of discharge voltage.

The statistical results of total welding area and effective 
welding area under different discharge voltages are shown in 
Fig. 27. It can be seen from the figure that with the increase 
of discharge voltage, the total area of welding area and effec-
tive welding area show an increasing trend, which further 
shows that increasing discharge voltage can increase the 
effective welding area and improve the welding strength of 
the joint.

4.5.3  Influence of opening width of conductive channel

Figure 28 is a cross-sectional view of the welded sample 
along the coil width direction obtained by using conduc-
tive channels with different opening widths when the dis-
charge voltage is 10 kV. It can be seen from the figure that 
with the increase of the opening width of the conductive 
channel, the width of the welding area increases, and the 
central bulge height first increases and then decreases. 
It can be seen from the analysis that when the opening 
width of the conductive channel is small, the magnetic 
pressure is large, the collision speed is also large, the 
uniform central area is narrow, and the area with zero 
collision angle is also narrow, which is conducive to the 
welding of the central area. With the increase of the open-
ing width, the uniform central area becomes wider, but 
the uniformity does not change much. The area with zero 
collision angle in the central area becomes wider, which 
is not conducive to the welding of the central area. With 
the further increase of the opening width, the collision 
speed decreases, and the collision rebound of the plate is 
weakened, which leads to a decreasing trend of the height 
of the center bulge.

Figure 29 shows the weld bead morphology of the weld-
ing area under different opening widths. It can be seen 
from the figure that the width of the welding area increases 
significantly with the increase of the opening width of the 
conductive channel. When the opening width was increased 

Fig. 24  Total area and effective welding area of welding area under 
different welding gaps

Fig. 25  Sample cross section 
under different discharge volt-
ages. a 9 kV. b 10 kV. c 11 kV
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from 20 to 30 mm, the width of the welded area increased 
from 15 to 24 mm, an increase of 9 mm, and when the 
opening width was increased from 30 to 40 mm, the width 
of the welded area increased from 24 to 28 mm, an increase 
of only 4 mm. This shows that with the increase of the 
opening width of the conductive channel, the increasing 
speed of the width of the welding area will slow down, 
which is mainly due to the decrease of the magnetic pres-
sure on the surface of the workpiece, which leads to the 
decrease of the collision speed. In addition, with the 
increase of the opening width of the conductive channel, 
the weld bead tends to narrow, which is also due to the 
decrease of the collision speed.

The statistical results of the total welding area and 
effective welding area under different opening widths are 
shown in Fig. 30. It can be seen from the figure that with 
the increase of the opening width of the conductive chan-
nel, the total area of the welding area shows an increasing 
trend, while the effective welding area shows a trend of 
increasing first and then decreasing, which shows that the 
increase of the opening width of the conductive channel 
will increase the total area of the welding area, but when 

the opening width increases to a certain value, it will lead 
to a decrease in the effective welding area, resulting in a 
decrease in the tensile strength of the joint. Therefore, by 
increasing the opening width of the conductive channel to 
increase the area of the welding area, the discharge voltage 
must be increased at the same time to ensure the tensile 
strength of the joint.

4.5.4  Influence of coil turns

Figure 31 is a cross-sectional view of the welded sample 
along the length of the coil obtained by using coils with 
different turns when the discharge voltage is 10 kV. It can 
be seen from the figure that with the increase of coil turns, 
the width of the welding area has also increased signifi-
cantly, while the central bulge area shows a decreasing 
trend. This is due to the increase of the number of coil 
turns and the widening of the uniform area of magnetic 
pressure in the length direction of the coil, so that the 
workpiece in a larger area can accelerate to the appro-
priate collision speed and realize welding. Moreover, the 
increase of the number of coil turns leads to the decrease 
of the central collision speed and the bulge phenomenon 
is restrained to a certain extent.

Figure 32 shows the topography of the weld bead in the 
welding area under different coil turns. It can be seen from 
the figure that with the increase of the coil turns, the length 
of the welding area increases significantly, and the width 
also increases to a certain extent. When the number of coil 
turns increases from 8 to 10, the length of the welding area 
increases the most, from 14 to 30 mm, which is more than 
doubled. When the number of coil turns increases from 10 
to 12, the length of the welding area increases from 30 to 
40 mm, which is only one-third, indicating that the increase 
speed of the length of the welding area will also slow down 
with the increase of the number of coil turns, and this is also 
due to the decrease of magnetic pressure on the workpiece 
surface caused by the increase of coil turns, resulting in the 
decrease of collision speed.

The statistical results of total welding area and effective 
welding area under different coil turns are shown in Fig. 33. 

Fig. 26  Weld bead morphology 
under different discharge volt-
ages. a 9 kV. b 10 kV. c 11 kV

Fig. 27  Total area and effective welding area of welding area under 
different discharge voltages
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Fig. 28  Sample section under 
different opening widths. a 
20 mm. b 30 mm. c 40 mm

Fig. 29  Weld bead morphology under different opening widths. a 
20 mm. b 30 mm. c 40 mm

Fig. 30  Total area and effective welding area of welding area under 
different opening widths

Fig. 31  Sample cross section 
under different coil turns. a 8 
turns. b 10 turns. c 12 turns

Fig. 32  Weld bead morphology under different coil turns. a 8 turns. b 
10 turns. c 12 turns

Fig. 33  Total area and effective welding area of welding area under 
different coil turns
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It can be seen from the figure that with the increase of the 
number of coil turns, the total area and effective welding 
area of the welding area show an increasing trend, but the 
increasing trend slows down, which shows that within a cer-
tain range, increasing the number of coil turns can increase 
the total area and effective welding area of the welding area. 
If you want to further increase the number of coil turns to 
increase the welding area, you also need to increase the dis-
charge voltage to ensure the welding quality of the joint.

5  Conclusion

Aiming at maximizing the magnetic pressure, this paper 
puts forward the optimal design scheme of uniform pres-
sure surface welding magnet device, develops magnet 
devices with different structural sizes, builds an experi-
mental platform for uniform pressure welding, realizes 
the high-quality welding of aluminum plate and stainless 
steel plate under different welding areas, and reveals the 
influence of welding process parameters and structural 
parameters on the welding quality and welding area of the 
joint. It provides a theoretical and experimental basis for 
increasing the welding area and improving the welding 
quality. The main results and conclusions are as follows:

1. The uniform pressure welding magnet device with dif-
ferent structural parameters is optimized and designed. 
By reducing the gap g between the coil and the con-
ductive channel, the height h of the coil center, and the 
width w of the conductive channel opening, the mag-
netic pressure on the surface of the aluminum plate can 
be effectively increased; when the number of turns of 
the coil is 6 ~ 8 and the outer radius is about 30 mm, the 
magnetic pressure on the surface of the plate is large and 
the welding effect is the best.

2. A high-performance magnet device with different struc-
tural parameters is developed, which realizes the high-
quality surface welding of dissimilar metal plates with 
the length and width ranging from more than ten mil-
limeters to tens of millimeters. Effective improvement 
methods are put forward for the problems of thinning 
tear and arc ablation at the chamfer of plates in uniform 
pressure welding.

3. The results show that increasing the discharge volt-
age can effectively increase the effective area of the 
welding area and improve the welding strength of the 
welded joint, but it will also aggravate the thinning of 
the chamfer; proper welding gap is helpful to increase 
the effective area of welding area and improve the tensile 
strength of welded joints; the length and width of the 
welding area can be effectively increased by increas-
ing the opening width of the conductive channel and 

the number of coil turns, which is helpful to realize the 
large-area welding of dissimilar metal plates.
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