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OPEN A new method of magnetic
pulse welding of dissimilar metal
plates using a uniform pressure
electromagnetic actuator based
on pre-deformation

Hang Zhang'*, Hongfa Ding?, Xiaoxiang Li2 & Quanliang Cao?**

The magnetic pulse welding method using a uniform pressure electromagnetic actuator can effectively
weld dissimilar metal plates. However, the existing uniform pressure welding method leads to serious
thinning of the plate at the chamfer, lack of welding at the center, and bulging of the welded sample,
which seriously affects the quality of the welded joint. To solve these problems and improve the
quality of welded joints, a new uniform pressure welding method of dissimilar metal plates based on
pre-deformation was developed in this work. In this study, using the welding of an AA1060 aluminum
plate and an SS304 steel plate with a thickness of 1 mm as an example, it was confirmed through
numerical simulation and experimental research that the pre-deformation of the flyer plate controlled
the impact angle of the central area of the plate, and it effectively suppressed central non-welding and
serious bulge issues. Further, the welding method also reduced the height of the cushion blocks on
both sides, thus mitigating aluminum plate thinning at the chamfer, ultimately improving the tensile
strength of the joint. Additionally, a microscopic observation showed that the welding interface
formed a wavy composite interface, and the connection strength was good. This welding method can
also be extended to welding other dissimilar metal plates.

Keywords Magnetic pulse welding, Uniform pressure electromagnetic actuator, Pre-deformation, Welding
quality, Wavy composite interface

Lightweight technology is an important means to achieve effective energy conservation, material reduction
and environmental protection in many fields such as automobiles, ships, aerospace, household appliances and
power electronics™?. With the premise of ensuring the structural strength of the equipment, one effective means
of energy conservation and environmental protection is through reducing the weight of the equipment compo-
nents, by replacing traditional steel with lightweight and high-strength aluminum alloys, magnesium alloys, and
composite materials®>. However, when connecting different metals, due to significant differences in their physical
and chemical properties, traditional fusion welding may result in heat-affected zones and welding cracks with
overheated structures, thus making it difficult to achieve high-quality welding®. As a new solid state welding
technology, magnetic pulse welding (MPW) drives two metal materials to collide at high speed through electro-
magnetic force. Under high temperature, high pressure and high strain rates at the collision interface, the metal
materials will undergo inter-atomic diffusion to achieve metallurgical bonding between the dissimilar metals>®.
MPW technology has almost no heat-affected zone, a high welding strength, no need for auxiliary materials, and
no pollution, and thus can effectively solve the welding problem between dissimilar metals.

According to the structure of the workpiece to be welded, current MPW can be divided into pipe welding
and plate welding®. MPW of pipe fittings was studied previously; the technology is relatively mature and has
industrial applications”?. Research on MPW of plates started relatively later; the technology is not sufficiently
mature, and its application is still in the experimental research stage'"!%. According to the differences in the
MPW devices and weld morphology, the current MPW process for plates can be summarized into three types:
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(1) magnetic pulse wire welding based on a single-turn wire!®'*4, (2) magnetic pulse spot welding based on
a field shaper'>'¢, and (3) magnetic pulse surface welding based on a uniform pressure electromagnetic actua-
tor (UPEA). Among them, MPW based on a single-turn wire has been studied the most and the technology is
relatively mature, and it is currently the most widely used MPW method for plates'”'®. However, with the use
of a single-turn wire as the driving coil, the device load is smaller, the circuit current is larger", the coil is more
vulnerable to deformation damage, there is energy loss in the line, and there is low utilization of welding energy;
therefore, it is not conducive to industrial applications.

MPW based on a field shaper and a UPEA has adopted multi-turn coils to realize welding of plates by mag-
netic focusing, which effectively leverages the coils and improves the rate of energy use*. Magnetic pulse welding
based on a UPEA can provide a large area of uniform pressure through a combination of multi-turn coils and a
conductive channel, which can increase the welding area and be applied to applications in which a larger weld-
ing area is required. Wedding et al.*! first applied a UPEA to MPW of plates, designed a set of MPW devices,
and used a device to complete the welding of aluminum plates. However, through studying the welded samples,
it was found that the flyer plate at the chamfer of the cushion block edge produced a thinning phenomenon,
resulting in a lower yield strength of the test piece, with the tensile strength of the joint lower than the strength
of the base metal. On this basis, Yu et al.?2. used the device to weld an AA1060 aluminum plate and a Q235 steel
plate, and successfully completed uniform pressure welding (UPW) between the different metals. The welding
results under different welding conditions were studied and analyzed, but it was found that the welded samples
were not welded in the center and had serious bulging problems, and the problem of thinning at the chamfer of
the flyer plate was still present.

To solve the issues of the unwelded center of the welded sample, and bulging and thinning at the chamfer of
the flyer plate in UPW, a new method of MPW of dissimilar metal plates using UPEA based on pre-deformation
was proposed in this work. The method regulated the collision angle in the center region of the plate through
pre-deformation, effectively solved the un-welded center and severe bulging issues by selecting the appropriate
pre-deformation height, and also reduced the height of the pad on both sides to reduce thinning of the aluminum
plate at the chamfer, thus improving the welding quality of the joint. With the application of lightweight alloy
materials in industrial production, the demand for welding between dissimilar metals is also increasing. For
example, in the automotive industry, the application of aluminum alloys is becoming increasingly more wide-
spread, which inevitably involves welding an aluminum alloy and steel. This welding method can effectively
achieve welding between dissimilar metals and has important industrial application significance. In the next
sections, the principles and characteristics, numerical analysis, experimental studies, and microscopic analysis
are reported.

Materials and methods
Basic principle of conventional UPW
Figure 1 shows the working principle diagram of traditional uniform pressure welding, including the charging
and discharging systems, discharge coil, conductive channel, plate and cushion block. During operation, the
conductive channel is fixed to the flyer plate by pressure to form a closed circuit, the coil is placed inside the
conductive channel, and the gap between the plates to be soldered can be adjusted by the cushion block. When the
capacitor bank finishes charging, it first discharges through the coil to generate a pulse current I, followed by an
induced eddy current I. in the closed loop formed by the conductive channel and the flyer plate, and the current
generates a strong magnetic field B, between the closed loop formed by the conductive channel and flyer plate
and the coil. Under the joint action of strong magnetic field B. and induced eddy I, the flyer plate will be sub-
jected to a very large electromagnetic repulsive force that produces plastic deformation movement, and it finally
collides with the target plate at a high speed to achieve metallurgical bonding to complete the welding process.
According to the principle of MPW, the uniform pressure welding system satisfies the following circuit
equation:
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Figure 1. Diagram of the principle of conventional UPW.
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where I denotes the circuit discharge current, U, denotes the capacitor bank voltage, C denotes the discharge
capacitance, R; denotes the line resistance, L; denotes the line inductance, and Req and Leq denote the equivalent
resistance and equivalent inductance of the coil-conducting channel-flyer plate system, respectively. The discharge
loop current shown in Eq. (2) is obtained by solving Eq. (1) according to the initial conditions:
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where U, denotes the initial discharge voltage; and «, wg, and w, denote the attenuation coeflicient, attenuation
oscillation angle frequency, and resonance angle frequency of the circuit, respectively. The electromagnetic force
F on the coil and the flyer plate is determined by the induced eddy current density J and the magnetic flux density
B, as shown in the following equation:

F=]xB (6)

Magnetic pressure is also an important physical parameter in the MPW process, and the magnetic pressure

acting on the surface of the flyer plate can be further expressed as follows:
BZ
Py =% 7
M= e 7

The flyer plate undergoes plastic deformation motion under the action of electromagnetic force, and its

motion satisfies the following equation:
02u

where ¢ is the stress tensor of the workpiece, F, is the bulk density vector of the electromagnetic force, p is the
workpiece density, and u is the displacement vector.

Proposed UPW method based on pre-deformation

The literature®® showed that the magnetic pressure generated by the UPEA is uniformly distributed in the middle
of the deformation region of the flyer plate, which leads to a more uniform force on the corresponding region
of the flyer plate; the plastic deformation speed is comparable; and the central region of the flyer plate almost
simultaneously collides with the target plate. Although the collision speed is high, the collision angle is nearly
zero, and thus it is difficult to form a metallurgical bond; furthermore, due to the collision rebound, the middle
of the welding region will form a bulge.

A UPW method based on pre-deformation is proposed in this paper to regulate the collision angle of the
plate to be welded, and its schematic diagram is shown in Fig. 2. First, the corresponding welding area of the flyer
plate is pre-deformed using a mold to form a slope with a certain height 4, as shown in Fig. 2a, to ensure a close
fit between the flyer plate and the conductive channel. The width of the pre-deformed area should be slightly
smaller than the opening width of the conductive channel. Then the welding experiment is carried out with the
pre-deformed flyer plate, as shown in Fig. 2b. Because the corresponding welding area of the flyer plate must
be pre-deformed to a certain height, the plastic deformation in the central area of the plate will not be uniform,
and the central impact angle will be improved. By changing the height of the pre-deformation, it is possible to
adjust the collision angle in the central area of the plate, thus finding the most suitable pre-deformation height
and angle, and ultimately improving the welding quality in the central area. In addition, as the flyer plate cor-
responding to the welding area can be pre-formed at a certain height, the height of the cushion block on both
sides can be reduced when the welding gap H remains unchanged, which can also improve the thinning of the
plate at the chamfer to a certain extent, and ultimately improve the tensile strength of the welded joint.

Numerical method

To verify the feasibility of the UPW method based on pre-deformation, the commercial software LS-DYNA was
used in this study to establish a numerical model of the UPW process. The deformation behavior of the flyer
plate during the welding process, the collision angle, and the collision velocity were simulated and analyzed.
The geometric model of the UPW device is shown in Fig. 3. The discharge coil was a cylindrical coil, and a
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Figure 2. Schematic diagram of the new UPW method.
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Figure 3. Geometric model of the UPW device.
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4x2 mm? square of copper enameled wire was closely wound with a distance between turns of about 0.5 mm.
A gap between the coil and the conductive channel was essentially the thickness of the coil wire insulation layer
and reinforcement layer. Due to the skin effect, the induced current was mainly distributed on the inner wall of
the conductive channel. The external structure of the conductive channel was sized to guarantee its mechanical
strength. It had little influence on the eddy current distribution and magnetic pressure, and it was sized here
as 120 x 74 x 80 mm?>. In addition to the above basic process parameters, the structural parameters, including
the number of turns N of the coil, the inner and outer radii r, and r, of the coil, respectively, the height of the
coil circle h, the opening width w of the conductive channel, and the gap g between the coil and the conductive

channel, are shown in Table 1.
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N Turns of coil 10

T, Inner radius of coil 27 mm
T Outer radius of coil 30 mm
g Gap 2 mm

Opening width of channel | 30 mm

h Height of coil center 32 mm

Table 1. Structural parameters of the UPW device.

To simplify the modeling and save computational time, only the necessary components, such as coils, conduc-
tive channel, flyer plates and target plates were selected for modeling the solid mesh, as shown in Fig. 4. The 3D
model completely reproduced the welding device used in the actual experimental process.

To simplify the calculation, the current curve of the EMF module was defined by keywords and loaded
directly into the 3D model for the solution. Figure 5 shows the experimentally obtained current curve. The flyer
plate and target plate were made of an AA1060-O aluminum plate and SS304 stainless steel plate, respectively,
both with a thickness of 1 mm. The conductive channel was made of Cu-Cr-Zr with high conductivity and high
strength. The electromagnetic and structural parameters of the materials used in the simulation are shown in
Tables 2 and 3, respectively.

Considering the high deformation rate of the aluminum plate during welding, a Cowper-Symonds model
was selected as a constitutive model of the aluminum plate to characterize the effect of a high strain rate on the
high-speed deformation movement of an aluminum plate during welding. The constitutive equation is as follows:

o ()]

where o, denotes the stress-strain equation for AA1060-O aluminum sheet under quasi-static conditions, &3
denotes the strain rate, and P and m denote the constants associated with the inverse and high strain rate effects,
respectively, with values of 6500 and 0.25%.

As shown in Fig. 6, the real stress—strain curves of AA1060-O aluminum under quasi-static conditions were
tested and fitted using a universal tensile test machine. A power exponential function was used for fitting”, and
the stress—strain equation of the AA1060-O aluminum plate under quasi-static conditions was finally obtained
as follows:

0gs = 122.926%%% (10)

Finally, it was also necessary to set the contact surface, boundary conditions, and update frequency of the
finite elements and boundary elements. The model used two contact surfaces, SURFACE_TO_SURFACE and

Conductive channel

Je
JHm
g,
e

iy
MR
A
RN
AT
AT

AN

Figure 4. 3D model of the UPW device.

Scientific Reports |

(2024) 14:17226 | https://doi.org/10.1038/541598-024-68191-3 nature portfolio



www.nature.com/scientificreports/

Discharge current(kA)

Time(ps)

Figure 5. Experimental current curve.

Material types | Resistivity Permeability
Workpiece

AA1060-O 3.53x107S/m | 4nx 107 H/m
$S304 1.35x10°S/m | 4nx 107 H/m
Coil

Copper ‘ 5.71xe7 S/m ‘ 41tx 107 H/m
Channel

CuCrZr ‘ 4.52xe7 S/m ‘ 41x 107 H/m

Table 2. Electromagnetic parameters used in the simulation.

Material types | Density Yield stress | Young modules | Poisson ratio
Workpiece

AA1060-O 2.7x10° kg/m? 35 MPa 80.7 GPa 0.34

§S304 7.93x10° kg/m3 280 MPa 220 GPa 0.25

Coil

Copper [89x10°kg/m® [135MPa_ [ 110GPa 034

Channel

CuCrZr ‘ 8.93x 10° kg/m’ ‘ 495 MPa ‘ 117 GPa ‘ 034

Table 3. Structural parameters used in the simulation.

AUTOMATIC_SURFACE_TO_SURFACE_TIES_WELD, to characterize the solid solution bonding between
the two interfaces of the plate after the high-speed collision. First, the former was used to buffer the speed of the
plate after high-speed collision, and then the latter was used to form a solid solution for bonding in the collision
area to limit the rebound of the plate, to simulate the welding process of two plates under high-speed impact.
Selecting the nodes at both ends of the aluminum plate and fixing them with constraints not only ensured the
free deformation of the area to be welded, but it also eliminated modeling of the two end pads. The nodes were
fixed and constrained on the lower surface of the stainless steel plate to restrict its movement.

Establishment of experimental platform

To ensure the smooth implementation of the experiment, a high-performance UPW device was first developed,
and a complete UPW platform was designed and built, including a pulse power supply device and a magnetic
device. The pulse power supply device used the existing capacitive power supply in the laboratory, as shown
in Fig. 7a. The welding system used three capacitors to discharge in parallel, with a total capacitance of 150 uE.
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Figure 6. True stress—strain curve of AA1060-O aluminum under quasi-static conditions.
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Figure 7. UPW device: (a) pulse power supply device, and (b) magnetic device.

The welding magnetic device is shown in Fig. 7b, in which two stainless steel end plates and bolts were used to
reinforce the conductive channels, coils, and plates to provide sufficient pressure during the experiment.

Then, three different sets of pre-deformation molds were designed and made to pre-deform the aluminum
plates with heights of 1 mm, 1.5 mm, and 2 mm, as shown in Fig. 8. The aluminum plates to be welded were
placed between the molds, and pre-deformation of the plates was achieved by applying pressure. The welding
experiments were conducted at 9 kV, 10 kV, and 11 kV for the aluminum plates with different pre-deformation
heights at a welding gap of 3 mm?, and the morphology and mechanical properties of the welded joints were
analyzed.

Results and discussion

Numerical verification

First, the feasibility of the UPW method based on pre-deformation was verified using the numerical model
established earlier. The deformation behavior, collision angle, and collision velocity of the flyer plate during the
welding process were simulated and analyzed.

Effect of pre-deformation on deformation behavior of the flyer plate

Figure 9 shows the simulation results of plastic deformation and the collision process of the aluminum plates
welded with preformed heights of 1 mm, and of the undeformed aluminum plates in which the welding gap was
3 mm. Figure 9a shows the plastic deformation process of the aluminum plate without pre-deformation. It can be
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(a)

Figure 8. Molds with different pre-deformation height: (a) 1 mm, (b) 1.5 mm, and (c) 2 mm.
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Figure 9. Plastic deformation process of aluminum plate: (a) no pre-deformation, and (b) pre-deformed height
of 1 mm.

seen that in the middle position of the welding region, the aluminum plate showed uniform deformation, most
of the central region of the aluminum plate almost simultaneously collided with the stainless steel plate, and the
collision angle was essentially zero; welding was therefore impossible. After the collision, the aluminum plate
rebounded and formed a bulge area. As the collision proceeded, a collision angle only formed at the ends, and
therefore the weld channel only formed at the ends, and the center produced an unwelded bulge area. Figure 9b
shows the plastic deformation process of the aluminum plate when the pre-deformation height was 1 mm. It can
be seen that the deformation of the aluminum plate in the middle of the welding area was no longer uniform,
and the aluminum plate on both sides of the center first collided with the stainless steel plate. As the collision
proceeded, a certain collision angle was formed in most areas. Due to the symmetry of the collision, the colli-
sion angle was zero only in the very narrow area in the center. The impact angle could be adjusted by adjusting
the pre-deformation height. When the impact speed and impact angle were appropriate, metallurgical bonding
occurred, thus improving the welding effect in the central area of the plate.

Effect of pre-deformation height on collision angle

To intuitively reflect the impact of pre-deformation on the impact angle during welding, the impact angles at
different positions of the plate under different pre-deformation heights were extracted, as shown in Fig. 10. It
can be seen from the figure that when the aluminum plate was not pre-deformed, the impact angle was almost
zero in the part near the center. The impact angle of the aluminum plate was significantly improved after pre-
deformation. As the collision proceeded, from the center to both sides, the collision angle showed a trend of first
increasing, then decreasing, and then increasing. The collision angle of the area with a large range of centers was
in a more appropriate range of collision angles. Compared with no pre-deformation, after pre-deformation, the
initial impact point moved from the center to both sides, and the impact angle inside the initial impact point
increased with an increase of pre-deformation height, while the impact angle outside the initial impact point
decreased with an increase of the pre-deformation height. Therefore, the collision angle can be adjusted by adjust-
ing the height of pre-deformation to improve the welding quality of the central area of the plate.
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Figure 10. Trend of the collision angle under different pre-deformation heights.

Effect of pre-deformation height on collision velocity

To further analyze the impact of pre-deformation on the welded plates, the curve of maximum impact velocity
at different positions of the plates under different pre-deformation heights was generated, as shown in Fig. 11. It
can be seen from the figure that when the aluminum plate was not pre-deformed, the collision velocity was basi-
cally equal in a large area near the center, which also corresponded to a collision angle in the front area of almost
zero. When the aluminum plate was pre-deformed, the impact velocity was no longer uniform, and it showed
a decreasing trend from the center to both sides. With an increase of the pre-deformation height, the overall
impact velocity decreased. This is because the two sides of the center area collided first after pre-deformation of
the aluminum plate, which hindered deformation of the aluminum plate in the center area. Particularly when
the pre-deformation height reached 2.5 mm, the impact velocity decreased significantly. In addition, when the
maximum collision gap H was held constant, the collision gap at the initial collision position decreased with an
increase of the pre-deformation height, which also led to a reduction of the maximum collision speed. To ensure
the welding quality, it was necessary to further improve the welding energy.
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Figure 11. Trend of the maximum collision speed under different pre-deformation heights.
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Experimental verification

To further verify the feasibility of the UPW method based on pre-deformation, a series of welding experiments
were designed and carried out to study the effect of pre-deformation height and discharge voltage on the mor-
phology of the welded joints.

Effect of pre-deformation height

A sectional view of the welded sample is shown in Fig. 12, along the coil width direction obtained from the weld-
ing experiment of the aluminum plates with different pre-deformation heights when the discharge voltage was
10 kV. It can be seen that when the aluminum plate was not pre-deformed, there was a large number of unwelded
areas in the center of the welding area, and the central bulge was serious. However, there was only a very nar-
row gap in the center of the welding area of the welded sample that was welded by the aluminum plate after the
pre-deformation treatment, and the unwelded area and bulging phenomenon were significantly improved. In
addition, it can be seen from the figure that with an increase of the pre-deformation height, the height of the
cushion blocks required at both ends decreased, which effectively reduced the thinning of the aluminum plate at
the chamfer. The thickness of the aluminum plate at the chamfer was only 0.5 mm when it was welded without
pre-deformation, which was 50% thinner, while the thickness of the aluminum plate at the chamfer was 0.9 mm
after pre-deformation of the aluminum plate, which was only 10% thinner. The degree of thinning was drastically
reduced, which helped to provide sufficient tensile strength of the joint.

To intuitively reflect the influence of pre-deformation height on the morphology of the weld seam in the
welding area, an alkaline solution was used to corrode the welded sample. The black area left after corrosion
was the effective welding area, which showed the morphology of the weld seam. The weld bead morphology of
samples welded with aluminum plates with different pre-deformation heights under the same voltage are shown
in Fig. 13. It can be seen from the figure that when the aluminum plate was not pre-deformed, the weld bead was
only formed around the center region because the collision angle in the center of the welding area was almost
zero. In the pre-deformed aluminum plates, the collision angle in the center region was improved, a weld bead
was formed in the center region, and a wider bead was formed when the pre-deformation height was 1.5 mm.

(a) -
- = Unwelded bulge area (;b@l?l?}l

0 5 10 15 20 25 30 35 40 45 50 55 60 mm

Figure 12. Welded sample section at different pre-deformation heights: (a) 0 mm, (b) 1 mm, (¢) 1.5 mm, and
(d) 2 mm.

o~ = . PP ey LI
10 15 20 25 30 350 5 10 15 20 25 30 350 5 10 15 20 25 30 350 5 10 15 20 25 30 35
(a) (b) (e) (d

05

Figure 13. Weld bead morphology of samples at different pre-deformation heights: (a) 0 mm, (b) 1 mm, (c)
1.5 mm, and (d) 2 mm.
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To compare the welding effects under different pre-deformation heights, the total welding area and effective
welding area of the welded joint were measured and statistically analyzed. The total welding area was the area
of the welding outer contour, and the effective welding area was the black area left after alkaline corrosion. The
statistical results of the total welding area and effective welding area under different pre-deformation heights
are shown in Fig. 14. It can be seen from the figure that with an increase of the pre-deformation height, the total
area of the welding area changed little, while the effective welding area showed a trend of first increasing and
then decreasing. When the pre-deformation height reached 1.5 mm, the effective welding area was maximized,
and the non-welding problem at the center was greatly improved.

According to the simulation analysis, when the pre-deformation height was short, although the impact
angle of the central area was improved, the impact angle was still small, and the weld bead was still narrow. As
the pre-deformation height increased, the collision angle also increased, and more collision angles entered the
appropriate area, forming a wider weld bead in the central area. As the pre-deformation height increased further,
the collision velocity also decreased, and it was not possible to form a large weld bead area.

Effect of discharge voltage

Figure 15 shows the cross-section of the welded sample under different discharge voltages when the pre-defor-
mation height was 1.5 mm. It can be seen that with an increase of the discharge voltage, the strip bulge in the
center of the welding area had a downward trend. The degree of thinning of the aluminum plate at the chamfer
only slightly decreased with an increase of discharge voltage.

To test the bonding strength of the welded joint, a tensile test was carried out on the welded joint, and the
tensile displacement curve of the welded joint under different discharge voltages was obtained when the pre-
deformation height was 1.5 mm, as shown in Fig. 16. It can be seen from the figure that when the welding voltage
was low, the joint was pulled apart. With an increase of discharge voltage, a base metal fracture occurred in the
joint, indicating that the tensile strength of the joint was higher than that of the base metal. From the tension-
displacement curve of the joint, it can be seen that when the welding voltage reached 11 kV, the maximum
tensile strength of the joint exceeded the maximum tensile strength when only the aluminum plate base metal
was stretched, indicating that the base metal near the joint had been strengthened to a certain extent. In the
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Figure 14. Total welding area and effective welding area at different pre-deformation heights.
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Figure 15. Weld sample section at different discharge voltages: (a) 9 kV, (b) 10 kV; and (c) 11 kV.
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Figure 16. Tensile results: (a) tensile displacement curve, and (b) tensile specimen.

literature®, the tensile strength of joints obtained by using the undeformed aluminum plate did not reach the
strength of the aluminum plate base metal due to thinning of the aluminum plate at the chamfer, which further
showed that welding the preformed aluminum plate effectively improved the thinning of the aluminum plate
at the chamfer.

As shown in Fig. 17, the weld bead morphology of the welded sample was obtained by using an aluminum
plate with a pre-deformation height of 1.5 mm under different discharge voltages. It can be seen that with an
increase of discharge voltage, the area of the weld bead in the central area improved. When the discharge voltage
reached 11 kV, almost continuous welding of the welding area was achieved.

The statistical results of the total welding area and effective welding area under different discharge voltages
are shown in Fig. 18. It can be seen from the figure that with an increase of the discharge voltage, the total area
of the welding area increased slowly, while the effective welding area showed a trend of rapid increase. When
the discharge voltage reached 11 kV, the effective welding area was close to the total welding area, and the issue
with central non-welding had been greatly improved.

Microstructure analysis

To analyze the microstructure of the welded joint, a scanning electron microscope was used to observe the welded
interface after polishing. As shown in Fig. 19, the microscopic interface structure of different areas of a welded
sample obtained with a pre-deformation height of 1.5 mm and a discharge voltage of 11 kV were observed. The
area shown in Fig. 19b was extracted from region 1, and the area shown in Fig. 19¢c was extracted from region
2. It can be seen that a characteristic waveform interface appeared at both welding interfaces, but changes in
the waveform interface differed. In region 1, the interface wave amplitude of the welding interface was small

| 10000

05 10 15 20 25 30 350 5 10 15 20 25 30 350 5 10 15 20 25 30 35

(a) (b) (e)

Figure 17. Weld bead morphology of samples at different discharge voltages: (a) 9 kV, (b) 10 kV, and (c) 11 kV.
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Figure 19. Microscopic interface structure of different areas of the welded sample.

and discontinuous, and there was also a flat interface in the middle. However, in region 2, the amplitude of the
interfacial wave at the welding interface was significantly increased and continuous, with shear waves in the
middle. The presence of an interfacial wave and the increased amplitude helped to improve the mechanical
properties of the welded joints.

In addition, a transition layer was also observed at the welding interface, as shown in Fig. 20. It can be seen
that the welding interface produced a clear transition layer. The thickness of the transition layer and the interface
wave amplitude were comparable, but the distribution was not uniform, and the thickness was smaller at the
interface wave crest. The transition layer was caused by the atomic migration and diffusion of Al and Fe elements
on both sides of the welding interface under a large concentration difference and the high temperature and high
pressure environment generated by the collision. The presence of an element transition zone also further sup-
ported that the magnetic pulse welding metallurgically combined dissimilar metals.

To explore the element distribution characteristics of the welding interface containing the transition layer,
an EDS energy spectrum analyzer was used to conduct a line scan of the interface, and the results are shown
in Fig. 21. An obvious transition layer can be observed at the welding interface in the figure, and the thickness
of the element transition layer reached 7 um. A small plateau appeared in the element distribution within the
transition layer, and the proportion of the two elements in this region was basically unchanged, with the content
of Al element slightly higher than that of Fe element. On both sides of the transition layer, the content of both
elements decreased rapidly. Within the transition layer, compounds between the two metal elements were usually
generated. Intermetallic compounds are generally brittle, and they can easily lead to microcracking; therefore,
the thickness of the transition layer should be reduced as much as possible by regulating the welding parameters.
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Figure 21. Element distribution in the transition layer.

Conclusion
In this work, with a focus on the issues of an unwelded center, bulging, and chamfer thinning in uniform pressure
welding, a new method of magnetic pulse welding of dissimilar metal plates using a uniform pressure electromag-

netic

actuator based on pre-deformation was proposed. The principles and characteristics of the method were

introduced, the feasibility of the method was verified through numerical simulations and experiments, and the
microstructure of the welding interface was analyzed in depth. The main results and conclusions are as follows:

1

2)

©)

4)

In uniform pressure welding, the impact angle of the plate in the welding center area can be adjusted
by pre-deformation of the flyer plate, and the appropriate impact angle can be obtained by selecting the
appropriate pre-deformation height h, effectively suppressing the issues of the center not being welded and
serious bulging occurring, and thus improving the welding quality of the joints.

Based on the premise that the maximum welding gap H is not changed, the height of cushion blocks on
both sides can be reduced by pre-deformation, which can effectively improve flyer plate thinning at the
chamfer, thus improving the welding quality of the joint.

Under the appropriate welding gap and discharge voltage, the welded joint will form a wavy composite
interface, which increases the effective contact area. The formation of the wavy composite interface causes
the two metal materials to form an interlocking effect at the interface, which is helpful for improving the
mechanical properties of the welded joint.

This welding method can effectively suppress bulging and thinning through pressure equalization welding,
thus improving the welding performance of joints, and has important value and practical significance for
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welding dissimilar metals in industrial production. Particularly in the automotive industry, the application
of aluminum alloys increasingly involves welding of aluminum alloys and steel.

Data availability

The data required to support the present findings are present in the manuscript and supplementary information.
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