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Abstract

The in-orbit assembly of space stations and the development of lightweight,
multifunctional spacecraft have increased the demand for highly reliable joining
technologies for dissimilar materials. Electromagnetic pulse welding (EMPW) is an
advanced technology for joining dissimilar metals by high-velocity impact. The
welding process and joining mechanism of EMPW plates under different vacuum
environment pressures were investigated. The intrinsic correlation between
environmental pressure and welding quality was revealed. The results showed that
reducing environmental pressure increased the flyer plate velocity and the shear
strength of the welded joint, and promoted the formation of complete welds. When the
environmental pressure was reduced from 101 kPa to 0.1 kPa, the average peak load of
the joint increased by 126%. The internal unwelded width of the weld decreased from
2.04 mm to 1.50 mm, and the weld area increased from 21.92 mm? to 35.80 mm?.
Combined with S-ALE numerical simulation and microscopic analysis, it was found
that the reduction in environment pressure increased the jet velocity, reduced the
interfacial air gap and the interstitial void in the plate, and facilitated the generation of
interfacial waveforms and the diffusion of elements. The results demonstrate that

environmental pressure plays a critical role in EMPW. It governs interfacial jet
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formation, weld bead development, and joint performance. This study provides insights

into reliable solid-state joining of dissimilar materials under low-pressure and vacuum

environments.
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1 Introduction

The increasing demand for high-altitude engineering, vacuum equipment
manufacturing, and in-orbit manufacturing has expanded welding applications beyond
conventional atmospheric environments. Welding processes are now required to
operate under low-pressure, vacuum, and near-vacuum conditions [1-3]. The energy
coupling, gas escape, stability of the molten pool or interface, and defect formation
mechanisms during the welding process are influenced by different atmospheric
pressure conditions. The Al/Cu system meets the dual requirements of lightweight
substitution and transitional structures for electrical and thermal conductivity and is
widely used in engineering applications. However, due to significant differences in
physical properties and a tendency to form brittle intermetallic compounds, it serves as
a typical challenging material for welding under extreme conditions [3,4].

Al/Cu joining is intrinsically challenging because of the large differences in
physical, thermal, and mechanical properties between aluminum and copper. Although
Al/Cu joints are widely used in batteries, automobiles, and electrical systems,
conventional fusion welding tends to form brittle AI-Cu intermetallic compounds,
leading to reduced joint strength and reliability [6,7]. Electromagnetic pulse welding
(EMPW) has been proposed as a new solid-phase welding technique for welding
dissimilar metals with different properties. Therefore, EMPW has attracted increasing
attention for Al/Cu dissimilar metal joining due to its high efficiency, environmental
friendliness, and compatibility with automated production [8—15].The Al/Cu welding
has conducted relevant research on EMPW technology in recent years. Wang et al. [16]
observed the interfacial microstructure of EMPW joints at different discharge voltages
and evaluated the tensile properties of the welded joints, which ultimately resulted in
well-bonded welds. Sarvari et al. [17] investigated the effect of different welding gaps
on joint properties in EMPW. The results showed that a welding gap of 0.7 mm is better
for obtaining a metallurgical bond. Pourabbas et al. [18] stated that the impact angle
plays a vital role in the thickness of the intermetallic compound layer and the formation

of defects at the weld interface, which affects the impact velocity.
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The EMPW parameters such as discharge voltage, welding gap, and impact angle
have been studied in depth in the past. However, the auxiliary processes of the EMPW
process are also important factors affecting welding quality. Deng et al. [19] proposed
anew process with a dual-stage coil system for joining aluminum sheets. A background
magnetic field is generated to effectively increase the electromagnetic force during the
welding process, thereby improving the welding performance. However, the
mechanism of different environmental pressures on weld quality has not been
systematically investigated. Therefore, the impact of different environments on the
quality of Al-Cu EMPW joints and the underlying welding mechanisms deserves
further study.

To investigate welding issues in extreme low-pressure environments, such as high-
altitude regions and vacuum conditions, ranging from 0.1 kPa to 100 kPa. In this work,
the joints of EMPW at different environment pressures are obtained by a self-designed
vacuum EMPW plate welding platform. Firstly, the mechanical properties and
interaction mechanisms of the welding joints are revealed. Joints morphology and flyer
plate dynamic changes are investigated by tensile testing, non-destructive testing (NDT)
and Photonic Doppler velocimetry (PDV). Secondly, the welding mechanism was
revealed by Microstructure analysis. The microscopic interface structure was studied
through S-ALE numerical simulation combined with optical digital microscopy (ODM),
scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). This
provides a theoretical basis for broadening the EMPW window as well as the range of

applications.

2 Materials and methods

2.1 Platform design

The EMPW plate welding platform is built to create and maintain different vacuum
environment pressures. The test platform consists of four main components: the
electromagnetic pulse generation part, the vacuum environment creation part, the
vacuum tooling part and the data detection part, as shown in Fig 1. The low-pressure

test chamber RDQ-408CL (internal dimensions W 680 x H 800 x D 750 mm, total
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power 1.0 kW) was used for the environmental pressure creation part. The equipment
provided a pressure-adjustable welding environment with an ultimate vacuum
environment pressure of 0.1 kPa. The EMPW workpiece section was shown in Fig 1(a).
The structurally simple welding work area was placed in a vacuum environment and
the structurally complex energy transfer area was placed in a normal environment. This
compartmentalized structural design reduces the risk of ignition ablation. To ensure gas
tightness, seals are configured between the fixed plate and the vacuum box, and
between the coil and busbar connections. The data acquisition section is shown in Fig
1(b). The PDV probe was used to acquire flyer plate motion velocity and displacement,

and the Roche coil was used to acquire coil current and time.

Fig 1 EMPW platform for different environmental pressures: (a) electromagnetic
pulse workpiece; (b)data detection part Materials and process
The 1060Al1 and T2Cu were employed in this study. The mechanical properties
and chemical compositions of the two materials were given in Table 1.The experimental
principle of connecting the 1060Al and T2Cu plates by EMPW in different
environmental pressures. The relative positions and geometries of the Al and Cu plates
are shown in Fig 2(a). The dimensions of both plates were 100 mm % 30 mm X 1 mm
and the overlap length was 40 mm. To increase environmental involvement in the
welding process, the gap between the flyer plate and the base plate was set to 3 mm.

The processed material was placed on the tooling and the electromagnetic pulse



generator was discharged through the energy storage after the vacuum tank maintained
a preset pressure as shown in Fig 2(b).

Table 1 Mechanical properties and chemical compositions of two materials

Material
Properties
1060Al T2Cu
Density (g/cm3) 2.74 8.96
Poisson's ratio 0.35 0.34
Yield strength (MPa) 40 85
Young modulus (GPa) 68 97
Resistivity (Q-m) 2.83x1078 1.678x1078
Fe=0.005, S=0.005, Ni=0.005,
Cu=0.05, Fe=0.35, Mg=0.03, .
Chemical Bi=0.001, Sb=0.002,
Mn=0.03, Si=0.25, Ti=0.03,
compositions(wt.%) As=0.002, Pb=0.005 O=0.006,

V=0.05, Zn=0.05, Al=balance
Cut+Ag=99.9

The current was passed through the cable to the tooling, which generated an
alternating magnetic field around the welding coil through the busbar. The flyer plate
had high impact velocity with the base plate under the action of the electromagnetic

force, thus forming a metallurgical bond between the two metals to be welded, as shown

in Fig 2(c.d).
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Fig 2 EMPW process of Al-Cu plates in different environment pressures: (a) relative
position and geometry of plates; (b) vacuum energy storage and discharge; (c)
dynamic response of the flyer plate; (d) metallurgical bonding

In order to select the appropriate discharge energy, discharge energies of 16 kJ, 20

kJ, and 24 kJ were selected for the tests under vacuum environments of 101 kPa and
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0.1 kPa. In order to investigate the effects of different environment pressures on the
mechanical properties, weld morphology and interfacial structure of EMPW joints in
Al-Cu plates. Process tests were carried out under six different environment pressures
that could be regarded as equal reductions (101 kPa, 80 kPa, 60 kPa, 40 kPa, 20 kPa,
and 0.1 kPa).

2.2 Experimental methods

The flyer-plate velocity was measured using the PDV. The velocity-displacement
relationship curves at the velocity measurement points were obtained by processing
them through the data processing software. The strength of EMPW joints was evaluated
by quasi-static tensile testing using a universal testing machine (LABSANS LD26.105)
moving at 2 mm/min. The loads and displacements of the welded joints were collected
by a data acquisition system. The weld area and its shape were determined by ultrasonic
inspection, and the weld was extracted from the ultrasonic image for measurement. In
contrast to the traditional method of stripping the joint and measuring the exposed weld
as shown in Fig 3(b). This method was more convenient and accurate, which was
especially suitable for samples where there was no fracture in the weld area. Fig 3(c)
shows the equipment for ultrasonic NDT. The sample was immersed in water and the

probe was located 8.3 mm above the welded sample. The velocity of sound was 4660

mm/s, the sweep length was 60 mm, and the sweep velocity was 20 mm/s.
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Fig 3 Weld inspection: (a) weld zone; (b) strip tes; (c) ultrasound testing method
Welded specimens with typical mechanical properties were selected and after
cutting, mounting and fixing, polishing, they were observed by Olympus ODM, SEM

and EDS to further analyse the welded interfaces and evaluate the element distribution.



2.3 Numerical simulation

The structured arbitrary Lagrangian-Eulerian (S-ALE) method has the advantage
of capturing fine waveforms and is well suited for applications where the influence of
the gaseous medium is not negligible [24]. To further study the EMPW mechanism
under different environmental pressures. In this work, a two-dimensional high-velocity
oblique collision model of EMPW under different environmental pressures was
established based on the S-ALE method using commercial simulation software LS-
DYNA. It is used to analyze the microscopic interface deformation behavior of EMPW
joints. To obtain the collision velocity and collision angle at the collision point. The
collision process of Al and Cu plates under vacuum is simulated by COMSOL in 2D

full size as shown in Fig 4.
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Fig 4 Macroscopic deformation processes of Al and Cu plates colliding:(a) 0 ps;
(b) 16.5 us; (c) 19.1 ps; (d) 21 ps
According to simulation results, the collision velocity v=315 m/s and the collision
angle a=14°. The result of the velocity measurement by PDV is 291 m/s, and the
difference between the simulation result and the actual one is 8.2%, and the comparison

is shown in Fig 5. The accuracy of the numerical simulation results is proved.
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Fig 5 PDV and simulated velocity-displacement curves
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Due to the high velocity impact of the two metals during the EMPW process, the
Johnson-Cook constitutive model was chosen to describe the material. The constitutive
relationship is as follows:

0'=(A+Bg;)(l+ClngioJ(l—T*’") (1)
where o indicates the yield stress, ¢, is the plastic strain and 7* represents the
homologous temperature. 4, B, C, n and m are the necessary parameters to define the
model. The material parameters used in the simulations were obtained from the research
of Liang [25]. In LS-DYNA, the gas density and the actual pressure are the key
parameters to describe the gas properties using the empty material model combined
with the linear polynomial equation of the gas. The gas parameters at different
environmental pressures are shown in Table 2.

Table 2 Air constitutive model and parameters at different environmental pressures

prf]:EsIle;re(s)m(I;(e;:) Constitutive model Air density (kg/m?) Alr inter(l}z)il energy
101 1.29 0.25x10°
80 1.022 0.20x10°
60 *MAT-NULL 0.766 0.15x10°
40 0.511 0.10x10°
20 0.255 0.05x10°
0.1 *MAT-VACUUM / /

The geometry and assembly dimensions of the flyer plate and base plate are shown
in Fig 6(a). A 0.05 mm square mesh is used to mesh them, as shown in Fig 6(b). The
background mesh is generated in LS-Prepost and refined near the collision interface

using a 0.005 mm square mesh, as shown in Fig 6(c).

Grid Segmentation

Fig 6 S-ALE simulation modeling process:(a) oblique collision modeling; (b)

meshing; (¢) background meshing
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Finally, the S-ALE simulation results were basically consistent with the
microstructural characteristics of the welded joint, as shown in Fig 7, which verified

the accuracy of the simulation.

weld interface

weld interface

Fig 7 Welding interface comparison image:(a) S-ALE simulation; (b) SEM

microscopic observation

3 Results and discussion

3.1 Mechanical properties

3.1.1 Effect of discharge energy

To ensure the appropriate discharge energy, the mechanical properties and failure
forms of Al-Cu welded joints under different process parameter combinations were
studied through tensile tests. Typical load-displacement curves and failure forms for
welded specimens with different process parameters are shown in Fig 8. There were
two main types of failure modes: failure located in the weld zone was interface break

(IB), and failure was located in the base material tear (BMT).
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Fig 8 Load-displacement curves and failure forms of welded specimens with different

process parameters
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Table 3 shows the peak tensile loads and failure forms of repetitive specimens at
different energies in vacuum environments of 101 kPa and 0.1 kPa. The peak load
increases with rising discharge energy. At the same discharge energy, the peak load is
higher at lower-pressure conditions.

At a discharge energy of 16 kJ, the joints were not welded under normal conditions,
so no valid data were obtained. At the discharge energy of 20 kJ, the failure forms of
the joints changed from IB to BMT, and the average peak load of the joints changed
from 2183 N to 2779 N, with a significant improvement in the quality of the weld. At
a discharge energy of 24 kJ, the failure forms of the joints were both BMT, and the
change in environmental pressure had no significant effect on the mechanical properties
of the Al-Cu joints. In order to adequately show the effect of environmental pressure
on weld quality, it was desirable to select an energy that would cause significant
changes in the mechanical properties of the joint. Therefore, the discharge energy
selected in this study to explore the effect of different environmental pressures on the
performance of Al-Cu EMPW joints was 20 kJ.

Table 3 Peak tensile loads and failure forms of repetitive specimens

Vacuum 16 kJ 20 kJ 24 KkJ
environment g, . Mean  Failure Funae Mean  Failure  Fa Mean Failure

(kPa) N) (N form (N)  (N)  form (N) (N)  form
2096 2925

101 / / Unwelded 2175 2183 1B 2951 2959 BMT
2279 3001
1274 2718 3054

0.1 1437 1373 IB 2763 2779 BMT 3117 3109 BMT
1407 2857 3155

3.1.2 Effect of vacuum environment

The discharge energy was determined to be 20 kJ, and the load-displacement
curves of the specimens in quasi-static tensile tests with different environment pressures
are shown in Fig 9(a). The results showed that the carrying capacity of Al-Cu welded
joints gradually increased with the decrease of environmental pressure, and the form of
failure transitioned from IB to BMT. To investigate the effect of a vacuum environment

on the mechanical properties of EMPW joints. Three repetitive tests were conducted on
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each type of sample, and the variation of the peak tensile load of the joints with the

environmental pressure is recorded in Fig 9(b).
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Fig 9 Mechanical properties under different vacuum environment pressures:
(a) load-displacement curves; (b) peak tensile loads

The results show an overall increasing trend in the mechanical properties of
welded joints as the environment pressure decreases. It can be roughly divided into
three parts. When the environment pressure is 101 kPa, 80 kPa and 60 kPa, the failure
form of the workpiece is IB. the peak load value of the welded joints increases with the
decrease of the environment pressure. Whereas, when the environment pressure is
reduced from 60 kPa to 40 kPa, the failure form of workpiece is IB and the peak load
remains almost unchanged. When the environment pressure is reduced from 40 kPa to
20 kPa, the failure form of the joint changes and the peak load changes abruptly, and
the average peak load of the joint grows from 2555 N to 2752 N. When the environment
pressures are 20 kPa and 0.1 kPa, the failure form of the workpiece is BMT, and the
average peak load that the joint can withstand is 2752 N and 2779 N, which was about
126% of that at 101 kPa.

To visually investigate the effect of environmental pressure and discharge energy
on weld quality, the weld window of the plate at various environment pressures and
discharge energies was established at a 3mm gap as shown in Fig 10. The results show
that the higher the discharge energy and the lower the environmental pressure, the easier
it is to realise the weld and the higher the quality of the weld. However, a higher
discharge energy often leads to a reduction in the service life of the equipment and an
increase in energy consumption; a lower environmental pressure often leads to time and

energy consumption and the generation of the equipment flaming phenomenon.
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Therefore, it is necessary to select the appropriate discharge energy and environmental
pressure according to the actual situation for different needs and conditions. In this
paper, 20 kJ discharge energy and 20 kPa environmental pressure were the optimal
combination of parameters. This result provides a reference for the optimisation of

EMPW process parameters in actual engineering.
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Fig 10 Discharge energy - environment pressure welding window
3.2 The weld morphology of the joints

In order to study the effect of the environment pressure on the weld morphology
of the joints, ultrasonic NDT was carried out on the EMPW plate welds obtained under
different environment pressures at a fixed discharge energy (20 kJ) and weld gap (3
mm). The morphology of the joints was obtained as shown in Fig 11. Fig 11(b) shows
the structural characteristics of a typical weld, which can be divided into four zones:
the welds in zones 1 and 3 have a slightly curved quasi-linear morphology, whereas the
welds in zones 2 and 4 have an approximately semi-circular profile, which together
form a flattened elliptical toroidal weld structure. The weld images of the welded joints
at different vacuum environment pressures obtained by the ultrasonic NDT technique
are shown in Fig 11(c). The joints at 101 kPa environment pressure showed missing
welds in regions 2 and 4, which exhibited the feature of unclosed ends; the joints at 80
kPa environment pressure showed incomplete welds in region 2; and the joints at 60

kPa, 40 kPa, 20 kPa and 0.1 kPa environment pressure all formed a complete annular
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weld structure, and the morphological features did not change significantly.

L S| e 4 i m—— e (5 5 <

Fig 11 NDT of welds in different environment pressures: (a) inspection area; (b)
typical weld morphology; (c) NDT images
Combined with the tensile test data above, the failure forms, peak loads and weld
morphology of welded joints at different environment pressures are shown in Table 4.
Table 4 Failure forms, peak loads and weld morphology of welded joints at different

environment pressures

Environment

pressures (kPa) Failure forms Fnax(N) Weld morphology
101 1B 2183 double side unclosed
80 1B 2381 single side unclosed
60 1B 2536 full weld
40 IB 2555 full weld
20 BMT 2752 full weld
0.1 BMT 2779 full weld

The table shows that when the environmental pressure is 101 kPa, 80 kPa, 60 kPa
and 40 kPa, the failure form of the workpiece is IB. When the environment pressure
goes from 101 kPa to 80 kPa, the shape of the joint weld goes from double-sided
unclosed to single-sided unclosed, and the peak load is increased by 198 N. The
environment pressure goes from 80 kPa to 60 kPa, the shape of the joint weld goes from
single side unclosed to full weld, and the peak load is increased by 155 N. This is
because joints that have not yet formed a complete weld are subjected to uneven forces

during tensile testing, which degrades their mechanical properties. The reduction in
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environment pressure can cause the weld morphology to become more complete,
improving the mechanical properties of the joint. At 60 kPa, the joint forms a complete
circumferential weld. The peak load is almost unchanged when the environment
pressure is reduced from 60 kPa to 40 kPa. This is due to the fact that the entire weld
morphology is uniformly loaded when tensile tests are performed, so the enhancement
effect on the mechanical properties of the joint is small. Subsequently, the failure mode
of the workpiece was BMT and the mechanical properties were mainly influenced by
the tensile strength of the base metal, independent of the weld morphology. It can be
seen that the reduction in environment pressure contributes to weld closure and the
formation of a complete circumferential weld. This is a direct result of the improved
mechanical properties and the decreasing strengthening effect.

As shown in Fig 12, in order to evaluate the weld morphology, the ultrasonically
acquired image of the weld is segmented and extracted. The weld internal width is d
(mm), the weld outer width is D (mm), the weld outer length is L (mm), and the weld
area is S (mm2). Their positions are shown in Fig 12(a). Three replicate tests were

performed on each type of sample.
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Fig 12 Analysis of weld morphology in different environment pressures: (a)
segmentation and extraction of images; (b) weld outer width and weld outer length;
(c) weld internal width and weld area

Fig 12(b) records the variation of the weld outer width and weld outer length with
15



environmental pressure. They were essentially unaffected by environmental pressure.
Fig 12(c) records the variation of weld internal width and weld area with environmental
pressure and a least squares method is performed to fit a straight line to the sample
points. The relationship between the inside width d of the weld and the environment

pressure is as follows.
¥, =0.005x+1.5 )

In eq. (2), x is the environment pressure from 101 kPa to 0.1 kPa and y; represents
the weld internal width. When the environment pressure decreases from 101 kPa to 0.1
kPa, the weld internal width decreases by 26%, from 2.04 mm to 1.50 mm. The

relationship between weld area S and environment pressure is as follows.

y, =33377-0.11x 3)

In eq. (3), x is the environment pressure from 101 kPa to 0.1 kPa and y; is the weld
area. When the environment pressure decreases from 101 kPa to 0.1 kPa, the weld area
increases by 63% from 21.92 mm? to 35.80 mm?. The coefficients of determination for
internal weld width d and weld area S are 0.99 and 0.89, respectively, and both explain
their correlation with environmental pressure well. This means that as the environment
pressure decreases, the internal weld width decreases and the weld area increases. This
is also the reason for the change in weld morphology from an unsealed weld to a fully
annular weld, as shown in Fig 11. The evolution of the collision velocity and the
collision angle can explain this phenomenon. As shown in Fig 13, the distance between
the two plates is d. Point O is the initial collision position, and points A and B are the
initial and final weld positions, respectively. The distance between point O and point A
is half the inside width of the weld d, and the distance between point O and point B is
half the outside width of the weld D. The angle formed when the two plates collide is
the collision angle a. In general, the greater the collision velocity, the greater the
corresponding range of collision angles [12, 26, 27]. Thus, for welded specimens with
the same spacing, the inside weld width d decreases with decreasing environment
pressure, and point A moves to the left. This may be related to the flyer plate collision

velocity.
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Fig 13 EMPW welding process flyer plate morphology change schematic diagram
3.3 Joining mechanism analysis

In general, the impact velocity of the flyer plate is an important influencing factor
in determining the weld morphology and interface structure [28, 29]. In the EMPW
process, the density difference between the flyer plate and the air was too large, and the
effect of the flyer plate velocity was generally ignored. There was no relevant
experimental analysis and demonstration[21]. However, the velocity of the flyer plate
was close to the velocity of sound. Air resistance was proportional to the square of the
velocity, and a slight change in velocity could make the air resistance increase
dramatically. Further, plate welding had a relatively large windward area. There was
insufficient justification for ignoring the effect of air resistance based on the density
difference alone.

In order to study the effect of environmental pressure on the flyer plate velocity,
the discharge energy (20 kJ) and weld gap (3 mm) were fixed, and the flyer plate
velocity of EMPW plate welding was measured under normal and vacuum environment
pressure. Fig 14 shows the variation curves of the flyer plate velocity with displacement
under normal and vacuum environments. The experimental results show that the flyer
plate velocity in the initial stage shows an instantaneous increase from 0 m/s to 150 m/s.
This phenomenon is attributed to the smaller deformation of the flyer plate in the initial
stage and the closer distance between the flyer plate and the coils, which is subjected
to a stronger electromagnetic force, resulting in a significant increase in its acceleration.
As the displacement increases, the increase in the flyer velocity tends to level off due
to the continuous deformation of the flyer resulting in a gradual increase in the distance
between the flyer and the coil and the corresponding weakening of the electromagnetic
force, resulting in a decrease in the acceleration. When the displacement reaches about

1.5 mm, the flyer plate velocity reaches its peak. After that, the electromagnetic force

17



is less than the combined force of the deformation resistance of the flyer plate and the
air resistance, and the flyer plate enters the deceleration stage. Finally, the flyer plate
collides with the baftle plate, causing plastic deformation, and the velocity fluctuates

and then rapidly drops to 0 m/s.
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Fig 14 Velocity-displacement curves of flyer plates under different environment
pressures

Since the weld gap is 3 mm, the velocity when the flyer plate is displaced to
approximately 3 mm is its initial collision velocity. Three repetitive tests were
performed for each specimen, and the flyer plate velocities under different environment
pressures are shown in Table 5. The results show that when the Al plate collides with
the Cu plate, the average velocities of the flyer plates welded in different environmental
pressures are 278 m/s and 291 m/s, respectively, under the same discharge energy. It
can be seen that the flyer plate velocities increase slightly with the decrease in
environmental pressure.

Table 5 Flyer plate velocity at different environmental pressures

Environmental pressures (kPa) Flyer plate velocity (m/s) averages (m/s)
277
101 276 278
280
290
0.1 292 291
291

The effect of environmental pressure on the microscopic interface during the
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contact collision phase is investigated, where different environmental pressure
variables are applied after the collision of the flyer plate with the base plate. The
environment pressure does not affect the collision velocity and the collision angle after
the collision. The collision velocity v = 315 m/s and the collision angle a = 14° are
chosen as welding parameters. Fig 15 and Fig 16 show the simulation results of the
velocity of the jet and the air between the Al and Cu plates during the EMPW welding
process at an environment pressure of 101 kPa and 20 kPa, respectively.
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Fig 15 Simulation results of velocity during EMPW process at 101 kPa:
(a)1.5 us; (b) 3 us; (c) 4.5 us
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Fig 16 Simulation results of velocity during EMPW process at 20 kPa:
(a)1.5 us; (b) 3 us; (c)4.5 us

From the figures it can be seen that the jet has a higher velocity than the air at both
the 101 kPa and 20 kPa environment pressures. As the welding process progresses, the
velocity and range of the air flow increase. This phenomenon can be attributed to the
injection of the jets, which move the surrounding air. As the weld progresses, an
increasing number of jets are injected, resulting in a greater impact on the surrounding
air. Furthermore, the comparison of the jet velocities at an environmental pressure of
101 kPa and 20 kPa shows that the highest jet velocities at different moments at 101
kPa are 2878 m/s, 2867 m/s and 2796 m/s, while the highest jet velocities at different
moments at 20 kPa are 3012 m/s, 2982 m/s and 2903 m/s. It has been demonstrated that
the velocity of the jet is increased by the reduction of environmental pressure to 20 kPa.

The reduction in environmental pressure can increase the jet velocity in the EMPW
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collision process. This phenomenon can be attributed to the fact that the reduction of
environmental pressure can mitigate the effect of air resistance on the jet velocity.
After the welding of the S-ALE simulation is completed, the microscopic material
distribution of the interface of Al-Cu welded joints under two environment pressures is
shown in Fig 17. The results demonstrate that the Al-Cu welded interface under both
environment pressures exhibits a straight state, and no waveform structure is generated.
However, there were more gas gaps at the interface when the environment pressure was
101 kPa. This phenomenon may be attributed to the compression of the gas to the edge
of the interface or to a specific region by the shock wave generated at the moment of
impact, resulting in incomplete gas discharge. Conversely, the decrease in
environmental pressure leads to a reduction in gas density, thereby facilitating complete

gas discharge.
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Fig 17 Simulation results of microscopic material distribution at the interface of Al-

Cu welded joints under different environment pressures: (a) 101 kPa; (b) 20 kPa

The effect of environment pressure on the microscopic interface is investigated for
the full process welding stage, where different environment pressure variables are
loaded before the start of the flyer plate movement. It is observed that a decrease in
environment pressure results in a modest increase in flyer plate velocity. Through the
integration of flyer plate velocity measurements and COMSOL simulations, the
collision angle is maintained at 14°, and 315 m/s and 325 m/s are designated as the
collision velocity parameters for two-dimensional high-velocity oblique collisions at

environmental pressures of 101 kPa and 20 kPa, respectively. Fig 18 and Fig 19 show
20



the S-ALE simulation results of the Al/Cu welding process under 101 kPa and 20 kPa
environment pressure, respectively. The results show that the model successfully
simulates the jet phenomenon and the waveform interface occurring during the EMPW
welding collision process. A significant metal jet at both 101 kPa and 20 kPa
environment pressure, and the color of the jet indicates that the jet material is Al, which
is due to the fact that Al plates are significantly weaker than Cu plates and tend to break
to form jets during violent collisions. At an environment pressure of 101 kPa, a straight
interface is formed; at an environment pressure of 20 kPa, a straight interface is formed
at the initial collision stage Fig 19(a) ); at 2 us (Fig 19(b)), a waveform structure appears
at the interface; and at 3.8 us (Fig 19(c,d)), the waveform structure of the interface
disappears and the straight interface is restored. Combined with the simulation of the
contact collision stage and the simulation of the full process welding stage, it can be
seen that the low-pressure environment synergistically promotes the generation of the

waveform interface by increasing the flyer plate velocity and the jet velocity.

Straight interface Straight interface Straight interface Straight interface

Fig 18 S-ALE simulation results of Al-Cu welding process at 101 kPa:
(a) 1.5 us; (b) 3 us; (c) 4.5 ps; (d) 6 us
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Fig 19 S-ALE simulation results of AI-Cu welding process at 20 kPa:

(@) 1 ps; (b) 2 ps; (c) 3.8 us; (d) 6 pus
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3.4 Microstructure analysis

The weld interface of the EMPW welds at environment pressures of 101 kPa and

20 kPa was observed using an optical digital microscope, and the results are shown in

Fig 20.

*_No significant |
shear waves |

~No sigxiiﬁcant
shear waves

. R SR
e
5

s mmm=—y

™.
S

R

Continuous |

20pm shear wave trend |
Lo . :

/ Continuous |

% i shear wave trend |
A e S S e N T GND i e P e 3 e e A Ml e i )

-

Fig 20 EMPW interface structure in two different environment pressures: (a) 101 kPa
environmental pressure; (b) 20 kPa environmental pressure

The evolution of the dynamic behaviour of the flyer plate can explain the above

microscopic observations [30]. As shown in Fig 21, the kinematic properties of the flyer

plate and the interface forming mechanism during the EMPW process are revealed.
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Fig 21 Schematic diagram of the evolution of the dynamic behavior of the flyer plate
in EMPW: (a) Stage 1; (b) Stage 2; (c) Stage 3; (d) Stage 4

The interface forming process can be divided into four stages. In the first stage,
the initial collision angle of the Al-Cu plate al = 0°, the interface bounces back to form
a negative displacement, and effective bonding is not achieved in this stage. In the
second stage, the collision point moves outward so that the collision angle increases to
the critical a2 when the metal jet is triggered, forming a straight welding zone. In the
third stage, the collision angle is continuously increased and coupled with the critical
velocity condition to realize the interface waveform structure generation. When the
collision angle reaches a3, the collision angle increases to the point where the
conditions for wave structure formation are no longer met. In the fourth stage, when the
change of collision angle and collision velocity destroys the waveform generation
condition, the interface returns to straight and terminates the effective bonding.

The weld differences in Fig 20 have been mechanistically analysed by the interface
evolution process in Fig 21. In the first stage, there are significant unwelded areas and
voids in the centre of the interface of the 101 kPa conventional pressure sample,
whereas there are essentially no voids in the interface of the 20 kPa vacuum sample.
This is due to the following reasons: when EMPW is performed in a vacuum
environment, the centre collision point is caused by a small collision angle, which leads
to a high-velocity rebound to form a void, and then the Lorentz forces push the void to

be compressed; while the high-velocity deformation of the plate in a conventional
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pressure environment leads to the inability to discharge air in a timely manner, and an
air cushion is formed in the centre of the interface, which prevents compression and
closure. In the second and third stages, the effective weld length of the vacuum
specimen is longer than that of the conventional pressure specimen and exhibits the
typical waveform interface characteristics. This is due to the fact that the generation of
effective welds and the formation of waveform interfaces require sufficient collision
and jet velocities. At lower ambient vacuum pressures, the energy loss of the flyer plate
and jet can be reduced and the velocity of the flyer plate and jet moving in the air can
be increased, thereby promoting the formation of effective welds and the formation of
waveform interfaces.

In summary, lower environment pressures reduce or eliminate plate voids at the
center of the collision and promote the generation of effective welds and the formation
of waveform interfaces, which usually implies better welding results [27, 31].

SEM and EDS were used to characterize the typical weld interface morphology
and element distribution of welded joints, and the results are shown in Fig 22 and Fig
23. Typical SEM images of the interface are shown in Fig 22(a) and Fig 23(a). The
same results as in Fig 20 can be obtained from the SEM. The welded interface at 101
kPa was relatively flat, while there was an obvious shear wave at the welded interface
at 20 kPa. The EDS surface scans illustrated in Fig 22(b) and Fig 23(b) show that Al
and Cu have diffused and bonded in the welded interface. Different positions were
selected for EDS line scanning, with the test position perpendicular to the waveform
interface, which crossed the interface from the Al side to the Cu side. At the weld
interface, the area where both Al and Cu elements were present was the elemental
diffusion zone. The line scan results at 101 kPa are shown in Fig 22(c,d), which showed
elemental diffusion distances of 1.4 pum and 1.6 um, respectively. The line scan results
at 20 kPa are shown in Fig 23(c,d), which showed elemental diffusion distances of 2.2
pum and 2.6 um, respectively. The weld interface at 20 kPa had a thicker elemental
diffusion layer. This might be due to a decrease in environmental pressure, which
caused the jet velocity to increase [21]. Thin layers of oxides on metal surfaces were

better broken up and removed, revealing a clean metal surface. It would facilitate the
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diffusion of elements between the two materials at the weld interface to form a better
bonding interface. The reduction in environmental pressure promoted the generation of

interfacial waves and the diffusion of elements, which usually meant better welding

results[32].
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Fig 22 SEM and EDS images of the weld interface at 101 kPa: (a) typical morphology
of weld interface; (b) elemental distribution; (c) and (d) show the EDS scans of line 1

and line 2, respectively
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Fig 22 SEM and EDS images of the weld interface at 20 kPa: (a) typical morphology
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4 Conclusion

In this study, the joining mechanism and process of EMPW with 1060A1/T2Cu
structures in extreme low-pressure environments pressures are investigated, ranging
from 0.1 kPa to 100 kPa. By constructing a vacuum environmental pressure EMPW
platform, process tests, numerical simulations, and microscopic interface analysis, the
intrinsic connection between environmental pressure and weld quality was revealed.
The following main conclusions were drawn from the above study:

(1) The mechanical properties of welded joints formed at different environment
pressures were investigated by tensile tests. The results showed that the reduction of
environment pressure improved the mechanical properties of the welded joints. When
the environment pressure was reduced to 0.1 kPa, the average value of the peak load of
the joints was 2779 N, which was about 126.07% of that at 101 kPa. In addition, a
window at different environment pressures and discharge energies was established to
guide the selection of process parameters.

(2) Ultrasonic NDT was used to evaluate the weld morphology of the plates in different
environment pressures. The fitted straight line nicely explained the correlation with
environmental pressure. The results showed that decreasing the environmental pressure
reduced the weld internal width and increased the weld area. When the environmental
pressure was decreased from 101 kPa to 0.1 kPa, the internal width of the weld was
reduced by 26% from 2.04 mm to 1.50 mm, and the weld area increased by 63% from
21.92 mm? to 35.80 mm?.

(3) The S-ALE simulation has successfully modeled the jet phenomena and wave
interfaces during the EMPW collision process, and it was found that reducing the
environment pressure could enhance the jet velocity and reduce the interfacial air gap,
which could promote the generation of the waveform interface.

(4) Microscopic observation revealed that the reduction of environment pressure
increased the effective weld length, reduced the intermediate unwelded zone length,
and basically eliminated the interplate void, which facilitated the generation of

interface waveforms and the diffusion of elements. Compared with EMPW under
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normal environments, the reduction in environment pressure can reduce the influence
of air resistance, increase the flyer plate velocity and jet velocity, and combines with
the air cushion effect to change the microscopic interface characteristics. Ultimately,
the weld integrity and joint mechanical properties are improved.
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Figure captions
Fig 1 EMPW platform for different environmental pressures: (a) electromagnetic
pulse workpiece; (b)data detection part
Fig 2 EMPW process of Al-Cu plates in different environment pressures: (a) relative
position and geometry of plates; (b) vacuum energy storage and discharge; (c)
dynamic response of the flyer plate; (d) metallurgical bonding
Fig 3 Weld inspection: (a) weld zone; (b) strip test method; (c) ultrasound testing
method
Fig 4 Macroscopic deformation processes of Al and Cu plates colliding(a) 0 us; (b)
16.5 us; (c) 19.1 ps; (d) 21 ps
Fig 5 PDV and simulated velocity-displacement curves
Fig 6 S-ALE simulation modeling process:(a) oblique collision modeling; (b)
meshing; (c) background meshing
Fig 7 Welding interface comparison image:(a) S-ALE simulation; (b) SEM
microscopic observation
Fig 8 Load-displacement curves and failure forms of welded specimens with different
process parameters
Fig 9 Mechanical properties under different vacuum environment pressures: (a) load-
displacement curves; (b) peak tensile loads
Fig 10 Discharge energy - environment pressure welding window
Fig 11 NDT of welds in different environment pressures: (a) inspection area; (b)
typical weld morphology; (c) NDT images
Fig 12 Analysis of weld morphology in different environment pressures: (a)
segmentation and extraction of images; (b) weld outer width and weld outer length;
(c) weld internal width and weld area
Fig 13 EMPW welding process flyer plate morphology change schematic diagram
Fig 14 Velocity-displacement curves of flyer plates under different environment
pressures
Fig 15 Simulation results of velocity during EMPW process at 101 kPa:(a)1.5 us; (b)
3us; (c)4.5us
Fig 16 Simulation results of velocity during EMPW process at 20 kPa:(a)1.5 us; (b)
3us; (c)4.5us
Fig 17 Simulation results of microscopic material distribution at the interface of Al-
Cu welded joints under different environment pressures: (a) 101 kPa; (b) 20 kPa
Fig 18 S-ALE simulation results of Al-Cu welding process at 101 kPa:1.5 ps; (b) 3
ps; (c) 4.5 us; (d) 6 pus
Fig 19 S-ALE simulation results of Al-Cu welding process at 20 kPa:(a) 1 us; (b) 2

ps; () 3.8 us; (d) 6 pus
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Fig 20 EMPW interface structure in two different environment pressures: (a) 101 kPa
environmental pressure; (b) 20 kPa environmental pressure

Fig 21 Schematic diagram of the evolution of the dynamic behavior of the flyer plate
in EMPW: (a) Stage 1; (b) Stage 2; (c) Stage 3; (d) Stage 4

Fig 22 SEM and EDS images of the weld interface at 101 kPa: (a) typical morphology
of weld interface; (b) elemental distribution; (c) and (d) show the EDS scans of line 1
and line 2, respectively

Fig 23 SEM and EDS images of the weld interface at 20 kPa: (a) typical morphology
of weld interface; (b) elemental distribution; (c) and (d) show the EDS scans of line 1

and line 2, respectively
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Table captions
Table 1 Mechanical properties and chemical compositions of two materials
Table 2 Air constitutive model and its equation of state parameters at different
environment pressures
Table 3 Peak tensile loads and failure forms of repetitive specimens
Table 4 Failure forms, peak loads and weld morphology of welded joints at different
environment pressures

Table 5 Flyer plate velocity at different environmental pressures
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