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Abstract: Magnetic Pulse Welding (MPW) is a promising solid-state joining process that utilizes
electromagnetic forces to create high-speed, impact-like collisions between two metal components.
This welding technique is widely known for its ability to join dissimilar metals, including aluminium,
steel, and copper, without the need for additional filler materials or fluxes. MPW offers several
advantages, such as minimal heat input, no distortion or warping, and excellent joint strength and
integrity. The process is highly efficient, with welding times typically ranging from microseconds to
milliseconds, making it suitable for high-volume production applications, in sectors including
automotive, aerospace, electronics, and various other industries where strong and reliable joints are
required. It provides a cost-effective solution for joining lightweight materials, reducing weight and
improving fuel efficiency in transportation systems. This contribution concerns an application for the
automotive sector (Body In White) and in particular the welding of aluminium alloy and cold-rolled
micro alloyed steels. One of the main aspect for MWP optimization is the determination of the process
window that does not depend on the equipment used but rather on the parameters associated with
the physical mechanisms of the process. It is demonstrated that process windows based on contact
angle versus output voltage diagrams can be of interest for production use for a given component.
The process window based on the impact pressures versus the impact velocity for different impact
angles, in addition to not depending on the equipment, allows to highlight other factors such as the
pressure welding threshold for different temperatures in the impact zone, critical transition speeds
for a straight or wavy interface, or for the jetting / no jetting effect. To determine these three impact
parameters, relationships based on Buckingham's 7 theorem are a viable solution closed to reality. In
addition, shear tests to determine the cohesion of the welded part were carried out. This allowed to
add the mechanical resistance isovalues to the process window.

Keywords: magnetic pulse welding; weldability window; steel; aluminum

1. Introduction

The development of elements composed of dissimilar materials is booming. The automotive
sector is one of the industries that shows the greatest interest, being able to benefit from the
development of dissimilar joints, especially with regard to using lighter elements such as high-
strength aluminum instead of heavier ones. Different companies have shown interest in replacing
steel parts with another lighter component in the bodies and chassis, Body-in-white (BIW).
Companies such as Honda and Fiat [1, 2], bet on the replacement of BIW steel parts by aluminum
alloys with adequate mechanical characteristics. By using these alloys, the overall weight of the
vehicle is reduced, as well as fuel consumption and, therefore, harmful gases such as CO: into the
atmosphere. In addition to improve the environmental conditions, it allows compliance with the
current and increasingly restrictive environmental legislation [3], both national and international.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The joining of dissimilar materials, including steel and aluminum, by welding has been studied
in the last decade [1, 4]. The challenges are linked to the differences in (i) melting temperature of
aluminum (660°C) and iron (1538°C); (ii) densities (2.69 and 7.8 g/cm? respectively for aluminum and
iron) leading to macroscale segregation and poor mechanical properties of the joint [5, 6]; (iii) thermal
conductivity and rate of thermal expansion of aluminum and steel. Therefore, it is necessary to
optimise accurately the process parameters to obtain an adequate union of both materials.

Techniques such as laser welding, ultrasonic welding and electromagnetic pulse welding offer
the opportunity to control the joining process [1, 7] and, therefore, to join these two materials,
overcoming the difficulties that may arise. Likewise, the energy efficiency of these processes and the
ability to automate make them a plausible solution for the automotive sector.

In the case of laser welding, a high-intensity beam is focused on a specific point, heating it up
and producing a fusion of the materials. Lasers have a high power density and travel speed and low
heat input, thus enabling welds to be made that would not be possible with other fusion methods.

Ultrasonic welding (USW) is a solid-state welding process that uses high-frequency mechanical
vibrations to generate friction and heat between the faying surfaces of two materials, causing them
to plastically deform and form a metallurgical bond. This process is particularly well-suited for
joining dissimilar materials, such as aluminum and steel, due to its ability to produce sound welds
without the need for filler materials or fusion. However, the process is limited to a maximum
thickness of materials around 3 mm, and is best suited for joints with simple geometries, such as lap
joints or spot welds [8].

Electromagnetic welding is a solid state process generated at high impact speed [9]. The pressure
generated by the electromagnetic field is the reason for the formation of a solid state cold weld. The
MPW process is free of emissions such as fumes, spatter and heat that are typically produced during
conventional welding techniques. Due to these differences, this type of weld present advantages over
conventional welding processes [10]:

- Itis possible to achieve welded joints of dissimilar materials, unlike fusion welding where the
ability of these to be welded must be taken into account. In this way, materials such as titanium,
aluminum and magnesium can be welded, even if their capacity to be welded is very low despite
the fact that they are of great interest due to their mechanical properties.

- There are no heat-affected zones (HAZ), so the materials maintain the original mechanical
properties and this means that the resulting parts do not have fragile areas. However, galvanic
coupling exists and the intermetallic compounds (IMCs) can act as a buffer between steel and
aluminum. It is therefore important to be able to control the nature and thickness of these IMCs
to maintain the mechanical properties while avoiding corrosion.

This welding process is also a green process or at least not harmful to the environment due to
the fact that it does not emit any gas resulting from combustion in the process, which are common in
fusion welding. However, it also has its limitations, such as:

- Limit in the thickness of the plates or sheets that can be welded (< 6 mm).

- The moving plate, which is driven against the other plate at high speed, must be electrically
conductive and depending on this capacity, it will be necessary to apply more or less discharge
energy to reach the weld. The electrical resistivity of the material in contact with the
electromagnetic coil is one of the key parameters of the process. In general, the most prominent
alloys in the automotive, aeronautical and biomedical sectors are materials with a high electrical
resistivity, that is, not favorable for this process. The use of low electrical resistivity as aluminum
or copper alloy pusher is then a solution.

The objective of this contribution is to define the process window of MPW independently of the
geometry of the coil and of relative position of the components to weld. Usually, the process window
of the MPW is reported in a discharge energy / impact angle diagram but which is specific to the
equipment used for welding, the geometry of the inductor and the positioning of the parts to be
welded in relation to the inductor. For that, it is necessary to rely on a physical approach to the process
and highlight the quantities that will directly influence the quality of the weld. Different studies
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concerning MPW, explosion welding... have shown that for a weld to exist between two solid bodies
it was necessary to exceed a threshold pressure. The impact pressure, associated with the impact
velocity and the impact angle are therefore the parameters that will control the process.

1.1. Magnetic Pulse Welding Process

Solid state welding depends on the pressure generated between the elements to be welded. This
pressure can be applied in different ways (mechanical, electromagnetic, explosive wave...). This
study focuses on the application of pressure through an impact at high speed, caused in the particular
case of MPW, by an electromagnetic pulse (Error! Reference source not found.1 and 2) and applied
to both flat and cylindrical parts [11-12].

To carry out electromagnetic impact welding, an electrical installation is required, made up of a
bank of capacitors, an electromagnetic coil and an optional tooling to shape the material that has been
accelerated against it [9, 13] (Error! Reference source not found.2). It should be mentioned that the
coils can have an infinite number of different shapes. They can be both flat and cylindrical, which
allows significant flexibility when configuring the type of welding that is desired. The capacitor bank
contains a transformer that adapts the low voltage electricity supply to a high voltage one to charge
the capacitor bank.

Coil

Electromagnetic fo rcef
Eddy current

Magnetic flux

Discharge pulse
Figure 1. Electromagnetic Pulse Welding MPW.
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Figure 2. Simplified graphical representation of MPW welding [10].

The capacitor bank is connected to an electromagnetic coil and discharges through it a large
current of a few kilo-Amps. This discharge creates an oscillating electromagnetic field (Error!
Reference source not found.2) that in turn induces currents in the nearby conductive material
(moving plate in the case of this project). The currents in the piece or moving material are those that
when reacting with the oscillating electromagnetic field generate the Lorentz forces, responsible of
the deformation of the piece. In the same way that Lorentz forces are generated, the material is also
instantly heated by the Joule effect, but the sheet as a whole does not at any time approach the melting
temperature or undergo any metallurgical transformation [14]. These forces generate a deformation
at high speed, which causes the deformed part to impact with a very high amount of energy against
the part to be welded, generating the welding.

1.2. Welded Interface
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High speed impact welds have a permanent joint only a few microns wide [14]. The
experimental research works developed in MPW have been mainly oriented to understand how the
micrometer scale junction is generated. On the one hand, several studies [14, 15] have suggested that
the temperature generated at the interface due to the impact at high speeds and consequent pressure,
was well below the melting temperature of the elements to be welded. On the other hand, the
formation of intermetallic compounds has been considered unlikely, assuming that the welding has
been induced by the impact pressure and totally ruling out the effect of heating.

A study led by Aizawa et al. [16] has found evidence of fusion and solidification at the interface
of the two welded surfaces, in contradiction to the previous postulates. A very high temperature
increase has been identified in the interface but, due to its instantaneous nature, it is not enough to
spread throughout the part and its effect is located in the intermediate layer between the two welded
sheets. The welding is considered to be due to the combination of magnetic pressure and heating by
the Joule effect. The solid state reaction at the junction interface could induce the formation of
intermetallic phases, with the observation of localized fused points at the junction interface not being
common, nor being a prerequisite for the formation of intermetallic.

In impact welding, the interface area of the joint shows a wavy morphology, characterized by a
pattern similar to “Velcro” where the two joined plates are mechanically interlocked (Error!
Reference source not found.3). This wavy interface occurs with all impact methods. However, the
length and amplitude of the waves tend to vary depending on the process by which the weld was
performed. Psyk et al. [17] have associated the wave morphology of the junction with the process
parameters: discharge energy and impact velocity.

() (d)

Figure 3. Micrographs of the weld interfaces of (a) aluminum - aluminum, (b) copper-brass, (c) aluminum-steel,

(d) aluminum-copper [9].

The work developed by Lee et al. [18] in MPW joints of steel and aluminum alloys pointed out
the existence of an intermediate layer at the interface of the joint. Research by other groups has again
found the existence of an inhomogeneous layer at the weld interface [17]. Other researchers such as
Zhang et al. [19] raised the existence of concentrations of intermetallic phases in the case of a wavy
interface (Error! Reference source not found.4).

Figure 4. Wavy interface morphology in MPW welding, between HC420LA steel and A6082T6 (intermetallics
delimited in green).
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When a low energy discharge is realized for the welding operation, a thin phase of intermetallic
is generated. When the energy level of the discharge is increased, the thickness of the intermetallic
phase increases, resulting in the generation of cracks, voids and pores. Psyk et al. [17] presents results

in which the existence of micro fractures is confirmed if the selected discharge energy level is too
high.

1.3. Outstanding Parameters of the Process

The most important parameters when defining this process are the discharge energy, the space
or gap between coil-sheet, and sheet-sheet, the magnetic pressure, the discharge pulse frequency, the
skin depth, the impact velocity and the collision angle. The geometric parameters are defined in
Figure 5.

HCa20LA HC420LA
[

+
KAPTON I GAP KAPTON ] ]

AAGO82T6 +| OVERLAP AAG082T6 . e +| OVERLAP
IMPACT ANGLE
S

. B

CANTILEVER CANTILEVER

Before impact After impact

Figure 5. Schematic representation of initial and final stage of the MPW process.

1.3.1. Gap Between Joining Surfaces

The gap or distance between the surfaces to be welded is very important. In this space, the
launched and moving material (the one closest to the coil) will increase its acceleration after being
electromagnetically driven towards the surface against which it will impact and be welded. This
parameter affects the collision conditions, the level of impact pressure generated in the same and,
consequently, the formation of the weld. The higher this parameter, the greater the acceleration and
impact pressure reached. The limiting aspect of the increase in gap resides in the ability to guide the
material uniformly during the path between discharge and impact, being able to deflect the moving
material and generate the weld in unwanted areas.

1.3.2. Overlap

The overlap is the distance the flyer overlaps with the coil. It is the part where the Laplace forces
are generated and which is projected towards the other material to be welded or target material.

1.3.3. Cantilever

The cantilever is the free length of the flyer that determines the angle of impact.

1.3.4. Discharge Voltage or Energy

Regarding the discharge energy, a command console allows its adjustment and is a prominent
input parameter. The discharged energy can be expressed as follows:

1
E= ECU2 1)

where E is the discharge energy (J), C total capacity of the generator (F), and U the discharge voltage
(V).

This energy, stored in the capacitors, is channeled into the coil and is responsible for generating
an electromagnetic field that is translated into a magnetic pulse in the sheet. The energy required
depends on the materials to be welded. To obtain an equivalent bond level, the required level of
energy to discharge will be lower for moving materials with low electrical resistivity. The use of an
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energy level below the threshold marked for each application and its corresponding specific
conditions, will not generate enough momentum to achieve the joint between the materials. In the
case in which the maximum threshold is exceeded, as mentioned above, the thickness of the
intermetallic layer increases, generating defects such as cracks, pores and voids.

1.3.5. Discharge Pulse Frequency

Another very important parameter that defines how much the magnetic field created by the coil
penetrates into the material to be accelerated, is the frequency of the discharge pulse. The pulse
discharge frequency depends on the parameters of the electromagnetic circuit and varies between 10-
200 KHz. However, it generally operates between 10 -20 KHz. The frequency is expressed as follows:

1 1

_1 2
21 |L,. C @

f
where f is the circuit frequency (kHz), L: the total circuit inductance (H) and C the total generator
capacitance (F).

High frequencies are generally recommended for high-strength materials. As a consequence, the
pulse discharge frequency can be considered as a requirement for the configuration of the generator
and in turn of the welding machine. In addition, increasing the frequency reduces the impulse time
which increases the stresses on the material and consequently the dynamic response of the material
leading to a collision of greater energy magnitude.

1.3.6. “Skin Depth”

The magnetic field creates eddy currents in the sheet closest to the coil. The depth to which the
field penetrates is called "skin depth" (6). The interaction of the eddy current with the magnetic field
produces the Lorentz forces that accelerate the moving plate next to the coil against the fixed one,
causing them to impact. Therefore, without this “skin depth” it would be impossible to carry out the
welding. For an effective collision between both materials, the generated depth must be smaller than
the thickness of the moving sheet. The lower the field penetration or "skin depth", the higher the
energy efficiency of the collision generated. Equation 3 allows to quantify this depth:

_ /L
°= |7 ©)

where 6 is the “skin depth” (m), p the electrical resistivity of the material in contact with the coil
(Qm), f the pulse discharge frequency (Hz) and u the flyer magnetic permeability (H/m).

1.3.7. Impact Velocity

This parameter depends on the discharge energy and the gap between surfaces. The force
generated by the electromagnetic field accelerates the moving part towards the fixed part in the space
between them. When dealing with very high energies, one also works with high speeds. These speeds
are of great importance not only because of the momentum itself, but also because they create an air
blast generated due to the fast launch of the material that cleans the surfaces to be welded and
prepares the surface for joining. The oxides existing on the two surfaces to be welded are eliminated
through the air blast and this cleaning of the surfaces creates a favorable condition to generate a
permanent joint.

Shotri et al. [20] define a model linking the impact velocity with the geometrical parameters of
the inductor (coil) and the process parameters from a dimensional analysis using the Buckingham -
theorem:
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_ (Gar) [P
()

where er and pr are respectively the thickness (m) and the density of the flyer (kg/m?).

This dimensional analysis for the impact pressure and flyer impact velocity were developed,
considering the effect of the related variables, and was employed due to the presence of several
physical phenomena and their complex interactions, which cannot always be expressed by closed-
form mechanistic relationships.

Similar analytical expressions are reported in literature [21, 22]. However, these relations did not
consider the effect of the gap [21] and the flyer thickness [22].

1.3.8. Impact Pressure

A unique aspect of high velocity deformation is that when two solid bodies collide with
significant velocity, very high pressures are created [23]. The impact pressure P; developed when
two semi-infinitely elastic bodies, called 1 and 2, collide at an impact velocity V;, is given by the
equation:

_ P1',02'C1'C2.

=" - .V 4
pr1:Ci+p,-Cy @

i
where p is the density of the material and C the longitudinal wave velocity [23] obtained by:

C= £ 5)
P
E represents the Young's Modulus. Values of C are of the order of 3.000 m/s for most structural
materials. Even at moderate impact velocities, it is easy to develop pressures large enough to produce
plastic deformation. But this relation means that the ratio Pi/Vi is always constant and does not
depend on the collision angle or the welding parameters.
To consider that an magnetic pulse weld is successful, the maximum pressure must exceed a
threshold [10], defined by the following expression:

Pihreshota = 5 x HEL (6)

where the Hugoniot Elastic Limit (HEL) is calculated as follows:

1 /K 3 (1-v)
HEL=E.(E+Z).O'YP= m.ﬁyp (7)
Being K the compressibility modulus, G the shear modulus, v the Poisson’s coefficient and oy
the yield stress.
From the Buckingham m-theorem, Shotri et al. [20] define the following relation related the
impact pressure with the geometrical parameters of the inductor and the process parameters:

Energy . Frequenc e.. 1
P = gy q y (&) ( c OCL) (8)
t

! Overlap? T wg .l -
where pirand 7 are the magnetic permeability (H/m) and the damping constant (s*) of the flyer; e, w,
loc, Irc the thickness (m), width (m) and the active and non-active segments of the flat coil (m), and L«
the total inductance of the system (H). By using eq. 2 and eliminating L, the expression of Pi is:

P.=Energy.Frecuency3 (ﬂ) ( ec- loc )
¢ Overlap3 v/ '\4n2.l,..C

©)
where C is the capacity of the system (F).

1.3.9. Impact Angle
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The impact angle is the angle that the materials form at the point of impact. The angle in Figure
5 is given as the value y. At the point of contact, a shock wave is created in the two materials in the
radial direction. This shock wave creates the previously mentioned jet of air that cleans the surface to
be welded.

Gap

tan(Impact angle) = tan(y) = (10)

Cantilever — Overlap

1.4. Process Window

To determine the welding parameters it is possible to build a weldability window that can be
called a process window. If the machine, the tool, the assembly, the welding configuration and the
materials to be welded are defined, this consists, for example, in finding, in the plane (discharge
energy, gap) the points which make possible to carry out a consistent weld [24]. These weldability
windows are generally obtained by means of numerous tests. While the practical value of these
weldability windows is obvious, the fact remains that they are difficult to transfer from one
configuration to another. In this context, it may be relevant to construct weldability zones that are
functions only of the materials to be assembled and not of the welding configurations.

To construct these physical weldability windows, some authors use simplified analytical models
from the explosion welding literature [1], while others attempt to determine them directly by means
of tests [25]. Experimentally, it is very difficult to directly construct these magnetic pulse weldability
windows. In fact, the impact angle and the impact velocity constantly change from the start to the
end of the weld, unlike explosion welding, which allows welding conditions to be maintained by
controlling the triggering of explosives.

To overcome this difficulty, Groche et al. [26] have proposed an experimental set-up that allows
the velocity and impact angle of two material samples to be controlled and varied separately. More
recently Lee et al. [18] proposed using 16 Photon Doppler Velocimetry (PDV) probes to directly
measure the change of impact velocity and impact angle during collision welding.

Psyk [7] studied the influence of important adjustable process parameters on the impacting
velocity and impacting angle of the joining partners in order to allow a target-oriented process and
joint design based on welding windows, which refer to these collision parameters. Additionally, the
influences of the adjustable process parameters on weld quality characterizing parameters were
analysed. It can be concluded that although welding windows are a valuable tool for selecting
reasonable ranges for the process parameters, detailed knowledge about the specific influence of the
parameters is indispensable for designing an optimized process.

The bibliography agrees that the definition of the MPW process window is difficult to obtain
and specific of the machine and the materials. Weldability depends on geometry parameters and is
specific for each inductor design. However there is an interesting approach for the welding window,
used in explosive welding (EXW), that shows the viability of the process as a function of the impact
angle and the impact velocity (Error! Reference source not found.6) [27]. Although the exact same
factors of wave formation or transition velocity do not apply for MPW, it is a useful tool to determine
where the weld will take place.
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Figure 6. Weldability window of explosive welding (EXW), showing the weld success based on the impact
velocity vs. impact angle [27].

Collision parameter based welding windows can be a powerful tool in the design of MPW
processes because they are independent from the individual equipment or setup. It is the objective of
this contribution to quantify welding windows for MPW based on the determination of impact
pressure, impact velocity and impact angle. However, their use in practice is complicated, because
collision parameters cannot be directly adjusted.

2. Materials and Methods

2.1. Materials

Typical materials from the automotive industry have been used: A6082-T6 aluminum alloy and
HC420LA low-carbon steel. Their properties can be seen in Tables 1 and 2.

The electromagnetic pulse welding tests have been carried out using lapping 50x25x1 mm steel
and aluminum specimens. The tests were carried out at the Innovaltech platform in Saint Quentin,
France. The equipment used is a 9Kv/25k] (690F) PULSAR MPW system, which provides an impulse
current between 250 and 550kA, a pseudo-frequency in the range of 16 to 18 kHz and an output
voltage between 4 and 9 kV. This system is connected to the coil and to the clapping system in which
the steel and aluminum plates that are going to be joined are located. A flat electromagnetic coil was
designed for the experiments (Error! Reference source not found.7) due to the nature of the joint to
be made. In order to isolate the current discharge through the coil from the metallic elements of the
system, the electromagnetic coil is embedded in a block of G10, a laminated material made with
fiberglass and epoxy resin whose most outstanding properties for the present application are high
mechanical resistance and electrical insulation. This figure also shows the connections required by
the coil for its connection to the capacitor bank and the actuator zone. This last area is where the
moving plates are positioned and where the magnetic pulse will be generated.

Table 1. Chemical composition and properties of HC420LA steel [10].

C Si Mn P S Al Nb Ti
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% maximum and 0 0 0
minimum by 0-0,1 0-0,5 0-1,6 0-0,09 0-0,15
. 0,025 0,025 0,015
weight
Ultimate Tensile Strength, Yield Tensile Strength, Elongation at Break
470 - 590 MPa 420 - 520 MPa 217 %
Sound speed within the .
. 3220 m/s Density 2700 kg/m3
material
Table 2. Chemical composition and properties of A6082T6 [11].
Si Fe Cu Mn Mg Cr Ti Other
% maximum and
. 0,7- 0,4- 0,60- 0-
minimum by 0-0,5 0-0,1 0-0,09 0-0,15
. 1,30 1,00 1,20 0,015
weight
. . . . Elongation at
Ultimate Tensile Strength  Yield Tensile Strength State
Break
290 MPa 250 MPa 10 % T6 at 20°C
200°C 300°C 400°C
Yield Strength
240 MPa 132 MPa 65 MPa
Poisson’s coefficient 0,33 Density 2700 kg/m3
Sound speed within the
. 3040 m/s
material

ACTIVE
AREA
OF THE

COIL

Figure 7. Electromagnetic pulse welding coil position of Innovaltech MPW platform.

2.2. Process Parameters
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Figure 8 schematically shows the three stages that occur in a magnetic pulse welding operation.
In the first place, there is the stage prior to the pulse where the assembly of the different elements of
which the system is made up is carried out. In the lower part the electromagnetic coil will be located.
Next, in our case, an AA 1100 aluminum alloy pushing plate is introduced with the same dimensions
as the mobile plate or flyer, but with a lower electrical resistivity (2,99.10% Qm compared to 0,038 .10-
¢ for the AA 6082 T6 alloy). The use of a pusher improves the energy efficiency of the pulses and its
use is recommended for applications in which the energy levels required are high, approaching the
maximum capacity of the capacitor bank. The limitation in these tests is set by the capacity of the
capacitor bank and the use of the pusher in the tests has been necessary. The mobile elements of the
experimental tests are the pusher and the mobile plate or flyer made of AA 6082 T6. The latter is
defined as mobile because it has a lower weight than the steel one and through the same impulse, the
impact speed to be reached will be greater. The HC420LA steel sheet is kept fixed by means of a
mooring system.

The two mobile plates are placed on the electromagnetic coil and positioning gauges on the AA
6082 T6 plate (first step in Figure 8). The gauges, in addition to maintaining the necessary clearance
or distance between the fixed HC 420 LA steel sheet and the AA 6082 T6 mobile sheet, fix the overlap
between both sheets. The gap between the two sheets allows the moving sheet to be accelerated and
a higher impact speed to be reached, which translates into a higher impact mechanical pressure.

The second stage of Figure 8 presents a state after the electromagnetic discharge. The pusher
plate undergoes a repulsion with respect to the coil and pushes the AA 6082 T6 plate, accelerating it
until it impacts against the fixed steel plate. This impact is what generates significant pressure and
allows a solid-state union.

The third stage, final situation, reproduces the state of the system after the impact. The two
sheets that have impacted have been permanently joined and the pusher returns to its original
position on the electromagnetic coil.

50 mm Overlap

1

%?,Q Overlap
5\((\ HCA420LA steel v HCA20LA steel (rtli«;z;?)LA steel
’1,(') (target) (target) 4 gap=0

L ] ( [

[ Acos276 alloy (fiyer)
| Acos218 lloy (fiyer)
|aeos2T6 alloy (fiyer) I

A1050 aluminium (driver) A1050 aluminium (drives
[A10%0 atuminium (ariver) | [ E uminium (river) |

Figure 8. Schematic representation of the MPW process for A6082T6 and HC420LA with aluminium driver.

Three main parameters have been studied: discharge energy, gap (distance between sheets) and
overlap distance. To establish the process window, experiments have been carried out combining the
different parameters (Error! Reference source not found.). Two kind of welding windows are
proposed, in 2D and 3D diagrams: one based on process parameters (gap, overlap, mean energy or
output voltage) and the other on collision parameters (pressure, velocity and impact angle). The
collision angle has been calculated based on geometrical principles. Measurements with an optical
device verified the calculations. The specimens have been cut and prepared for the metallographic
analysis with an optical microscope.

The discharge energy, gap and the overlap between plates (Table 3) have been analyzed and
impact parameters (pressure, velocity and angle) have been calculated from equations (1), (9) and
(10).

Table 3. DoE for pulse magnetic welding of A6082T6 and HC420LA stacks.

Energy 552 699 803 1044 1242 1458 1691 1941 22.08 2493 27.95
(kJ)
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Gap (mm) 1 1.5 2 25 3
Overlap 6 7 8
(mm)

2.3. Microstructure Analysis

Micrographic analyses by optical microscopy and/or scanning electron microscopy were carried
out in order to highlight the type of adhesion between the two materials (straight or wavy), the
presence of intermetallic compounds and to determine the length of the welded zone (Figure 9).

Figure 9. Weld section of samples #16, #28 and #49 pointing out the IMCs generated during the MPW process
(in yellow).

2.4. Weld Specific Energy Determination

In order to determine the specific adhesion energy of the weld, shear tests were performed using
a device developed by Torregaray et al. [31] for material stacks (Figure 10). The specific adhesion
energy is determined by integrating the tension force vs. displacement curve and is related to the
area of the welded section. The welded area is measured using a Leica DCM 3D confocal microscope.

Section AA

Section AA

HC 420LA steel strip

HC 420LA steel strip
L A6082T6 aluminium alloy strip

A6082T6 aluminium alloy strip

Figure 10. (Upper left) Design of the shearing tooling. (Upper right) Section of the tooling showing the location
of the sample. (Bottom left) Sample #16 after welding. (Bottom centre) Cutting of the sample to prepare the
shearing probes. (Bottom right) Example of a shearing probe.

3. Results
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The results of the tests carried out are reported in Table 4. Out of 136 trials, 73 resulted in
successful welding (53.7% success rate). The success rate varies significantly with different
combinations of process parameters.

Table 4. DoE results for pulse magnetic welding of A6082 T6 and HC420LA.

Ref. #1 #2 #3 #4 #5 #6 w7 #38 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20
Gap (mm) 1 1 15 3 15 25 15 15 15 15 15 2 2 2 2 2 2 2 1 1
Overlap (mm}) 7 7 6 7 6 7 7 6 6 6 6 ? 7 7 7 7 7 7 7 7
Cantilevered (mm) 10 10 9 10 9 10 10 9 9 9 9 10 10 10 10 10 10 10 10 10
Voltage (kv) 9 9 6,5 85 6,5 85 85 6,5 6 6 6 85 8,5 3 8 8 75 75 75 75
Mean Energy (k) 27,95 | 27,95 | 14,58 | 2493 | 1458 | 2493 | 2493 | 1458 | 1242 | 12,42 | 1242 | 2493 | 2493 | 1691 | 2208 | 2208 | 1941 | 1941 | 1941 | 1941

Impact Prassura (Mpa) |5.139,10[5.139,10]4.200,92 [ 4.360,14] 4.200,92] 4.245,61] 4.260,76 | 4.200,92| 3.579,48 3.579,48] 3.579,48[ 4.326 46| 4.346,46 | 2.884,51] 3.794,43| 3.794,43| 3.384,09[ 3.384,00[3.418,62[3.418,62
Impact Velocity (mfs) | 689,81 | 680,81 | 935,52 |1.906,16] 935,52 |1.567,47| 942,16 | 93552 | 86355 | 863,55 | 263,55 |1.268,781.268,781.033,60| 1.185,47| 1.185,47| 1.119,54 | 1.119,54] 562,62 | 562,62

Impact Angle ) 1843 | 1843 | 2657 | 4500 | 2657 | 3981 | 2657 | 2657 | 2657 | 2657 | 2657 | 3369 | 3369 | 3369 | 33,69 | 3369 | 33,69 | 3369 | 1843 | 18,43
Welded (yes/no) yas yes yes no yes no yes yes ves yes yes yes yes no yes yes | yes | yes yes | yes
Weld specific anergy
206 206 200 ) 200 o 192 200 156 156 156 137 137 0 189 189 192 192 88 a8
(kJfm2)
Ref. #21 #22 #23 #24 #25 #26 #27 #28 #29 #30 #31 #32 #33 #34 #35 #36 | #37 #38 #39 #40
Gap (mm) 1 3 3 3 2 2 2 2 2 3 1 1 1 1 1 1 1 1 1 5
Overlap (mm) 7 7 7 7 6 6 3 6 6 5 6 5 5 [ 5 ] 8 8 3 8
Cantilevered [mm) 10 10 10 10 9 9 9 9 9 9 9 9 9 9 8 11 11 11 11 11
Voltage (kv) 7 7,5 8 8 75 75 8 85 8,5 8,5 75 8,5 8,5 ] 8 75 75 75 8 8
Mean Energy (ki) 1691 | 1941 | 2208 | 22,08 | 19,41 | 1941 | 22,08 | 2493 | 24,93 | 2493 | 1941 | 2493 | 2493 | 2208 | 22,08 | 1941 | 1941 | 1941 | 22,08 | 22,08

Impact Pressure (Mpa) | 2.838,51|3.326,07| 3.760,82| 3.760,82| 5.276,98| 5.276,98 | 5.993,35 | 6.690,92 | 6.690,92 | 6.586,84| 5.276,98| 6.809,39| 6.809,39 | 6.066,21 | 6.066,21 | 2.430,22|2.430,22|2.430,22 | 2.734,58[2.734,58
Impact Velocity (mfs) | 512,66 | 1.664,85| 1.770,31] 1.770,31| 1.398,01] 1.398,01[ 1.489,89[ 1.574,20[ 1.574,20[ 2.342,87| 699,01 | 794,04 | 794,04 | 749,46 | 749,46 | 474,36 | 474,36 | 474,36 | 503,19 | 503,19

Impact Angle (°) 1843 | 4500 | 4500 | 4500 | 3369 | 3369 | 3369 | 3360 | 33,60 | 4500 | 1843 | 18,43 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 18,43
Welded (yes/no) no no yes yes yes no no yes yes no no yes yes yes no no yes no yes no
Weld specific energy
(lafm2) [ 0 38 38 101 ] o 88 88 0 0 108 108 150 0 0 65 0 161 0
Ref. #a1 #42 #43 #a4 #45 #46 #a7 #4g #49 #50 #51 #52 #53 #54 #55 #56 #57 #58 #59 #60
Gap (mm) 1 1 3 2 3. 1 2 3 3 3 2 2 2 2 2 2 2 2 2 2
Overlap (mm) 8 8 8 g 8 8 8 8 8 8 7 7 7 7 7 7 7 7 7 7
Cantilevered (mm) 11 11 11 11 11 11 1 11 11 11 10 10 10 10 10 10 10 10 10 10
Voltage (kv) 85 85 7.5 75 8 8 8 75 8 8 75 75 7 7 6,5 65 6 6 55 55
Mean Enargy (kJ) 2493 | 2403 | 1941 | 1041 | 22,08 | 2208 | 22,08 | 1941 | 22,08 | 22,08 | 1941 | 1941 | 1691 | 1691 | 14576 | 14576 | 1242 | 1242 | 1044 | 1044

Impact Pressure (Mpa) |3.074,52[3.074,52| 2.366,74| 2.366,74| 2.683,44] 2.734,58  2.683,44| 2.347,19 2.654,27 | 2.654,27[ 3.384,09] 3.324,00] 2.884,51| 2.884,51| 2.645,48 | 2.645,48|2.187,02(2.187,92 [ 1.894,10[1.894,10
Impact Velocity (m/s) | 533,55 | 533,55 | 936,25 | 936,25 | 996,93 | 503,19 | 996,93 [1.398,57|1.487,24]1.487,24]1.119,54[1.119,54| 1.033,60|1.033,60| 989,85 | 989,85 | 900,19 | 900,19 | 837,57 | 837,57

Impact Angle ) 1843 | 1843 | 3369 | 3369 | 3369 | 1843 | 33,69 | 4500 | 4500 | 4500 | 3369 | 3369 | 3369 | 3369 | 33,69 | 3369 | 33,60 | 3369 | 3369 | 33,69
Welded (ves/no) ves ves ves no yes ne yes no ves yes ves ves yes ves ves yes ves ves ves ves
Wakl s(”k:;m;;""" 138 138 190 o 183 0 183 0 58 58 192 192 193 193 146 146 160 160 114 114
'm
Ref. #61 #62 #63 #64 #65 #66 #67 #68 #69 #70 #71 #72 #73 #74. #75 #76 #77 #78 #79 #80
Gap (mm) 2 2 15 15 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Overlap (mm) 7 7 6 6 7 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7
Cantilevared (mm) 10 10 9 9 10 9 9 9 9 ) 9 9 10 10 10 10 10 10 10 10
Voltage (kv) 5 5 7 7 4 75 8 ] 8 8,5 85 85 75 75 8 ] 8 85 85 85
Mean Energy (ki) 8,63 8,63 1691 | 1691 | 5520 | 1941 | 2208 | 2208 | 2208 | 2493 | 2493 | 2493 | 1941 | 1941 | 2208 | 2208 | 2208 | 2493 | 2493 [ 2493

Impact Pressura (Mpa) | 1.554,47| 1.554,47|4.580,50 | 4.580,50| 977,56 |5.276,98] 6.066,21| 6.066,21] 6.066,21 6.809,39| 6.809,39] 6.809,39] 3.418,62| 3.418,62] 4.063,56 | 4.063,56 | 4.063,56 | 4.560,87 | 4.560,87 [ 4.560,87
Impact Velocity (mfs) | 758,77 | 758,77 | 976,87 | 976,87 | 601,71 | 699,01 | 74946 | 749,46 | 749,46 | 794,04 | 794,04 | 794,04 | 562,62 | 562,62 | 613,40 | 613,40 | 613,40 | 649,85 | 649,85 | 649,85

Impact Angle ) 33,69 | 33,69 | 2657 | 2657 | 33,69 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 18,43
Welded (yes/no) yas yes yes yes no no no no no no yes no no no no yes no no yes | yes
Weld spacific anergy
99 99 104 104 o o ) 0 o o 108 ] o 0 o 106 ) o 155 155
(kJfm2)
Ref. #81 #82 #83 #84 #85 #86 #87 #88 789 #90 #91 792 #93 #94 #95 #96 | #97 #98 #99 | #100
Gap (mm) 1 1 1 1 il 1 2 2 2 2 2 15 15 2 2 2 2 2 2 2
Overlap (mm) 8 3 8 8 ] ] 3 6 6 5 6 5 5 7 7 7 7 7 7 7
Cantilevered [mm) 11 11 11 11 11 11 9 9 9 9 9 9 9 10 10 10 10 10 10 10
Voltage (kv) 7.5 7,5 8 8 8,5 85 7.5 75 8 8,5 85 75 75 8 8 85 85 85 45 6
Mean Energy (k) 19,41 | 1941 | 2208 | 2208 | 2493 | 2493 | 1941 | 1941 | 22,08 | 24,93 | 24,93 | 1941 | 1941 | 2208 | 22,08 | 2493 | 2493 | 2493 | 699 | 1242

Impact Pressure (Mpa) | 2.430,22| 2.430,22| 2.734,58| 2.734,58| 3.074,52| 3.074,52 | 5.276,98 | 5.276,98| 5.993,35 | 6.690,92| 6.690,92| 5.373,81| 5.373,81| 3.794,43| 3.794,43 | 4.346,46 | 4.346,46 | 4.346,46 | 1.230,70(2.187,92
Impact Velocity (mfs) | 474,36 | 474,36 | 503,19 | 503,19 | 533,55 | 533,55 [1.308,01[1.398,01[1.489,89]1.574,20] 1.574,20] 1.058,08 | 1.058,08| 1.185,47| 1.185,47| 1.268,78| 1.268,78 | 1.268,78| 675,14 | 900,19

Impact Angle ) 1843 | 1843 | 1843 | 1843 | 1843 | 1843 | 33,69 | 33,69 | 33,69 | 33,69 | 33,69 | 2657 | 2657 | 33,69 | 33,69 | 33,69 | 33,69 | 3369 | 3369 | 33,69
‘Welded (yes/no) no no no no yes yes no no no no no yes yes no no no no no no yes
Weld specific energy
e} 0 0 0 0 138 138 0 0 0 0 0 95 95 0 0 ] ] 0 0 160
Ref. #101 | #102 | 2103 | #104 | %105 | #06 | #107 | #108 | w109 [ #110 [ sam1 [ #12 | #113 | #1122 | #ms | w116 | #1317 | s118 | #1190 | 120
Gap (mm) 2 2 3 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3
Overlap (mm) 7 8 8 8 8 8 6 6 6 6 3 7 7 7 7 7 8 8
Cantilevered (mm) 10 11 11 11 11 11 11 11 9 9 9 9 9 10 10 10 10 10 11 11
Voltage (kv) 85 75 75 8 8 85 85 85 75 75 8 8 85 75 8 8 85 85 75 8
Maan Enargy (k) 2493 | 1941 | 1941 | 2208 | 22,08 | 2493 [ 2493 | 2493 | 19,41 | 1941 | 2208 | 2208 | 2493 | 1941 | 22,08 | 2208 | 2493 | 2403 | 1941 | 22,08

Impact Pressure (Mpa) | 4.346,46| 2.366,74 | 2.366,74 | 2.683,44| 2.683,44] 2.099,05 2.999,05 2.999,05| 5.491,08 5.401,08] 6.231,15] 6.221,19] 6.585,24 3.326,07| 3.760,82 | 3.760,82 | 4.360,144.360,14 2.347,19[2.654,27
Impact Velocity (m/s) |1.268,78| 936,25 | 936,25 | 996,93 | 996,93 |1.053,93|1.053,93(1.053,93|2.139,14|2.139,14| 2.278,74| 2.278,74 | 2.342,87 | 1.664,85| 1.770,31| 1.770,31|1.906,16  1.906,16 | 1.398,57 | 1.487,24

Impact Angle (*) 3369 | 3369 | 3369 | 3369 | 3369 | 3369 | 3369 | 3369 | 4500 | 4500 [ 4500 | 4500 | 4500 | 4500 | 4500 | 4500 | 4500 | 4500 | 4500 | 4500
Welded (yes/no) no yes yes yes yes ne yes ne no no ne no no ne no no no no no no
Wakl s(':;ﬂ';; - 0 190 190 183 183 0 153 0 0 0 0 0 0 0 0 0 0 0 0 0
Ref. #121 | #122 | w123 | #124 | #125 | w126 | #127 | #128 | #129 | #130 | #131 | #132 | #133 | %134 | #135 | #136
Gap (mm) 3 3 3 15 15 15 3 3 3 3 Z5 25 25 25 25 25
Overlap (mm) 8 8 8 7 7 7 8 8 8 8 7 6 6 o 7 i
Cantilevered (mm) 11 11 11 10 10 10 11 1 11 11 10 9 9 10 10 10
Voltage (kv) 8 85 85 3.5 55 55 Zs 7 6,5 6,5 6,3 5,5 55 6 6 6,5
Mean Energy (kJ) 22,08 24,93 24,93 10,44 10,44 10,44 | 16,905 | 16,905 | 14,58 14,58 14,58 10,44 10,44 12,42 12,42 14,58

Impact Pressura (Mpa) | 2.654,27| 2.959,832.959,831.894,10( 1.894,10] 1.894,10] 1.918,66 | 1.918,66 1.772,26| 1.772,26| 2.645,48[ 3.007,76] 3.007,76| 2.254,14 2.254,14 | 2.645,48
Impact Velocity (m/s) |1.487,24| 1.570,52| 1.570,52| 628,18 | 628,18 | 628,18 [1.264,47]1.264,47| 1.215,27] 1.215,27] 1.237,31[ 1.319,32 1.319,32| 1.142,14] 1.142,14[ 1.237,31

Impact Angle () 4500 | 4500 | 4500 | 2657 | 2657 | 2657 | 4500 | 4500 | 4500 | 4500 | 39,81 | 39,81 | 39,81 | 39,81 | 39,81 | 39381
Welded [yes/na) - P - - e o - o e | o | e | g | e | e | g
Weld specific energy
0 0 0 0 0 0 0 0 0 0 160 | 146 146 90 %0 160
(kJfm2)

3.1. Process Window Based on Output Voltage and Impact Angle

Smaller gaps (1 mm and 1.5 mm) generally result in more successful welds compared to larger
gaps (2 mm, 2.5 mm, and 3 mm). For example, with a 1 mm gap, the success rate is higher compared
to a 3 mm gap. Overlap values of 6 mm and 7 mm show better welding results compared to 8 mm.
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Consistent overlap seems to be crucial for successful welding. Cantilevered distances of 9 mm and 10
mm are more frequently associated with successful welds. The data suggests that a cantilevered
distance of 11 mm is less effective. Higher voltages (8 kV, 8.5 kV, and 9 kV) generally result in more
successful welds. Lower voltages (5.5 kV, 6 kV, and 6.5 kV) often lead to unsuccessful welds. Higher
mean energy values (above 20 kJ) tend to result in successful welds. Lower mean energy values
(below 15 kJ) often lead to unsuccessful welds.

For process parameters, the classical welding windows are done with two variables, collision
angle, and output voltage or mean energy [1] (Figure 11). For this combination of stacks (HC420LA /
A6082 T6), a typical zone exists where 100% of the samples are welded. A higher output voltage or
mean energy is required for welding when the impact angle is low. Similarly, for low average
energies and low impact angles, or for high average energies associated with high impact angles, the
weld is not realized. This type of process window is dependent on the welding equipment used and
therefore cannot be transposed to other MPW equipment or devices.

The combination of two parameters gives not real information about the weldability of this
process, since different combinations of gap, overlap and cantilevered can give the same impact
angle. A three parameters window, on the other hand, shows more information and narrows the
useful parameters to continue the study of the process.

Figure 10 shows a 3D representation of the welded percentage obtained from the experiments
which clearly points out the region where the combination of the three parameters (gap, overlap and
mean energy) allows to reach 100% of welded samples. However, this type of process window is
again dependent on the equipment used and cannot be transposed to equipment where the inductor
has a different geometry, the LRC circuit has other characteristics... On the other hand, these
parameters are directly programmed on the equipment and therefore easier to implement at the level
of the process.

Mean Energy (kJ)

- 5.52 8.63 12.42 16.91 22.08 27.95

45
40
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30

Impact Angle (°)

25

20 @ 0% welded

© 1-49% welded [

i I 50-99% welded

H 100% welded

10 L !
4 5 6 7 8 9 10
Output Voltage (kV)

Figure 11. Process window of MPW for HC420LA-6082 T6 stacks, considering the impact angle and the output
voltage or the discharged energy.

The 3D representation allows to point out different parameter combinations where the process
is stable and reaches 100% of welded samples (black ellipses).
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Figure 12. HC420LA and A6082T6: 3D MPW Process Window (left) with process parameters and (right)
isoresponse curves.

Bibliography does not mention overlap as a factor since most research is done in a whole overlap
configuration. However, if the purpose of the weld is the use in BIW, a partial overlap is needed to
take into account. The results show the importance of overlap in the consideration of the welding
first requirement. An analysis of variance (ANOVA) has been made for both approaches (process
parameters and impact parameters). The results for the process parameter approach point out the
significance of the gap and the interactions between gap and overlap, gap and energy, and overlap
and energy (Table 5). This confirms the importance of the three parameters and that the collision
angle which takes into account the gap and the overlap is not sufficient to properly define the viability

zones of the process since different combinations of gap and overlap can result in the same impact
angle.

Table 5. Analysis of Variance for the model with process parameters related to the results of weldability of
HC420LA and A6082T6 stacks.

Variable Coefficient Standard t Confidence Risk
deviation Student % %
Gap 440,7042 79,7975 5,5228 100,00 0,00
Overlap -89,8196 24,7820 -3,6244 99,92 0,08
Gap*Output Voltage -30,7584 8,2800 -3,7148 99,94 0,06
Overlap*Output Voltage 24,2372 5,1067 4,7462 100,00 0,00
Output Voltage? -7,4578 2,3220 -3,2119 99,75 0,25
Gap? -53,5699 10,5086 -5,0977 100,00 0,00
Overlap? -6,9997 3,1064 -2,2534 97,05 2,95

Source  Square sum DoF Mean squares Fisher Confidence % Risk %
Regression 173536,0837 7 24790,8691 27,3464 100,00 0,00
Résiduals 38075,0363 42 906,5485

Total 211611,1200 49 4318,5943

Regression coefficient R= 0,9056

According to the Henry's or CHI2 tests, the distribution of the residuals is not significantly
different from a normal law. That means that there are no other significant parameters for our model,

reprints202504.2367.v1
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and that the gap parameter, the interactions between gap and overlap, gap and mean energy and
overlap and mean energy are the only parameters explaining the variations of the % welded.

3.2. Process Window Based on Physical Parameters

High impact pressures (above 4000 MPa) are generally associated with successful welds. High
impact velocities (above 1000 m/s) tend to result in successful welds. Impact angles around 18.43°
and 26.57° are more frequently associated with successful welds compared to 33.69° and 45°.

Refering to the works cited above and which are based on the physical bases of the MPW
process, the parameters which really control the weld generation between the two materials are the
impact pressure, the impact velocity and the impact angle. These parameters are independent to the
process implemented to perform the MPW and therefore allow to define a window of the process
independently of the MPW equipment used. The only problem is to link these three impact
parameters to the different process parameters (gap, overlap, mean energy, frequency, voltage...).

They also allow to define different thresholds guaranteeing the quality of the weld: critical
impact speed for a straight or wavy welded interface, threshold pressure to weld the two materials,
critical impact velocity to obtain the jetting phenomenon, etc. (Figure 11).

In order to promote the phenomenon of jetting, the collision has to be subsonic compared to the
speed of sound in the flyer material. In the case of A6082 T6, the sound speed in the material is around
3040 m/s. In all the tests, this value has not been overcome, that means that the condition of jetting,
able to clean the surface of both materials, has been reached.

The waving morphology of the interface is also a characteristic of high impact welding processes.
This is due to the transition of laminar to turbulent flow of the flyer material during the collision.
Cowan [28] and Carpenter [29] have developed an analytical formula for explosive welding for
determining this critical velocity V¢, by linking wave formation to fluid flow around an obstacle.

2. R trans- (Heos2re + Hucazora)
¢ (Pasoszre + PHC420La)

(11)

where Rewans is the critical Reynolds number for transitioning from a laminar to turbulent flow (~8.9
for aluminum alloys [28]), H is the Vickers hardness (46 HV at 400 °C for A6082 T6 used in this study),
and p is the density (2700 kg/m® for A6082 and 7800 kg/m? for HC420LA). The flyer velocity
overcomes a critical collision velocity required for a shear instability to develop for MPW [30]. The
value obtained from the experiments and from the equation (11) are in agreement (1780 m/s). Figure
13 points out this difference of hydrodynamic regime for two conditions (noted condition 1 and
condition 2 in Figure 13)where welding has been achieved around this critical velocity.

The optical micrographs of Figure 14 confirm this change from laminar (straight interface for
condition 1) to turbulent flow (wavy interface for condition 2).

According to Kapil et al., the threshold pressure necessary for welding the two plates is defined
by equations (6) and (7), and using data of Table 2, we can estimate this minimum pressure being
2400, 1320 and 650 MPa for temperature of the flyer in the impacted zone respectively of 200, 300 and
400°C.

Kolsky [23] points out a linear relation of the impact pressure with the impact velocity (eq. 4)
depending only on the characteristics of the two materials to be welded (density and speed of sound
in each of them). Figure 10 confirms this trend with however the highlighting of the important role
of the impact angle, with a Pi/Vi ratio which decreases when the impact angle increases (Table 6).

These different aspects are reported in the welding window of our experiments on Figure 13.

d0i:10.20944/preprints202504.2367.v1
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Figure 13. 2D MPW Process Window with impact parameters for HC420LA and A6082T6 stacks.

Figure 14. (left) Straight interface for condition 1; (right) Wavy interface for condition 2.

Table 6. Relation between impact pressure, velocity and angle.

Impact angle 18,43° 26,57° 33,69° 39,81° 45°
13.573.10¢ 7.950.10¢ 5.902.10¢ 4.723.100 4.288.10¢0
Pi/Vi (N.s/m?) Pi/Vi=[28.895.tan(p) — 51.601.tan(y) + 27.240].10°
r2=0,9845
Pi/Vi (N.s/m3) 6,186.10¢  (from equation (4))

The three-dimensional process window considering the impact parameters is shown in Error!

Reference source not found.15. Here again, two zones can be pointed out where the process is stable
and 100% of welded samples (black ellipses) are successfully achieved.
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Figure 15. HC420LA and A6082T6: 3D MPW Process Window: (left) with impact parameters and (right)
isoresponse curves.

The analysis of variance of the results confirms that the impact pressure, the impact velocity and
the interaction between impact velocity and impact angle are the significant parameters of the process
(Table 7). This confirms the results of the bibliography where it is specified that a minimum pressure
is necessary to ensure welding, that a critical speed defines the type of interface obtained (straight or
wavy) and highlights the importance of the impact velocity associated with the collision angle. The

impact velocity necessary to generate sufficient impact pressure for welding is intrinsically related to
the angle at which the collision occurs.

Table 7. Analysis of Variance for the model with impact parameters related to the results of weldability of
HC420LA and A6082T6 stacks.

Standard t Confidence Risk

Variable Coefficient L
deviation Student % %
Impact Pressure -0,1945 0,0472  -4,1211 99,98 0,02
Impact Velocity 5,8905 1,2237 4,8136 100,00 0,00
Impact Angle -71,0335 17,0303  -4,1710 99,98 0,02
Impact Pressure * Impact Angle -0,0158 0,0036  -4,4333 99,99 0,01
Impact Velocity * Impact Angle -0,1133 0,0263 -4,2997 99,99 0,01
Impact Pressure? 0,0000 0,0000 2,9856 99,52 0,48
Impact Velocity? 0,0007 0,0002 3,6998 99,94 0,06
Impact Angle? 1,3786 0,4313 3,1961 99,73 0,27
Source Square Degree of Mean Fisher Confidence % Risk
sum Freedom squares %
Regressio 167332,3338 8 20916,5417 22,4106 100,00 0,00
n
Residuals 37333,2262 40 933,3307

Total 204665,5600 48 4263,8658
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Regression coefficient
R= 0,9042

According to the Henry's or CHI2 tests, the distribution of the residuals is not significantly
different from a normal law, which means that there are no other significant parameters for our
model, and that the impact pressure parameters, impact speed and impact or collision angle are the
only parameters explaining the variations of the percentage of welded samples.

3.3. Process Window Including Adhesion Specific Energy of the Weld

Results are shown in Table 4. Isovalues of specific adhesion energy are pointed out in Figures 16
and 18. They allow to determine the area of the output voltage/impact angle or the impact
velocity/impact pressure/impact angle diagrams where the process is stable and robust.

After polishing and chemical etching to highlight the intermetallic compounds, micrographs are
made by optical microscopy and the area occupied by the intermetallic compounds is measured by
image analysis using Image] software. The results are given in Figures 19-21.

Successful welds have a wide range of weld specific energy values, but higher values (above 150
kJ/m?2) are more common in successful welds.

Mean Energy (k)
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Figure 16. Welding window with welding specific energy isovalues in process parameter conditions (Impact

Angle versus Output Voltage).


https://doi.org/10.20944/preprints202504.2367.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2025 d0i:10.20944/preprints202504.2367.v1

20 of 24

8000
18.43°

® 0% welded 175 kJ/m2

7000 © 1-49% welded
45°

1 50-99% welded

W 100% welded
6000

100 ki/m2

v
o
o
o

Impact Pressure (Mpa)
w B
o (=]
o o
o o

2000

1000
150 ki/m2

0 500 1000 1500 2000 2500
Impact Velocity (m/s)
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Figure 18. 3D views of weld specific energy isovalues for process parameters (left) and physical process
parameters (right).

It is clear that the specific energy of the welded part depends on the amount of intermetallic
compounds created during the process. The higher the quantity of intermetallic compounds (IMCs)
at the interface the lower the weld specific energy (Figure 19).

However, the dependence of the level of IMCs with the output energy as mentioned by different
researchers (Psyk et al. [17], Lee et al. [18], Zhang et al. [19]) is not so clear and seems to be related
also to the impact angle as shown in Figure 20.

Concerning its dependence with the physical parameters of the process, it has been pointed out
that a minimum concentration of IMCs is obtained for an impact velocity in the range of 500 to 1200
m/s, associated to an impact pressure between 3000 and 4000 MPa (Figure 21).

In the different micrographs of the welded zone (Figure 9), it also appears a higher concentration
of IMCs with a wavy interface as reported by Zhang et al. [19].
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The data suggests that higher impact pressures and velocities, along with optimal impact angles,
result in thinner IMC layers, which are desirable for stronger welds. Higher output voltage and weld

specific energy values also correlate with thinner IMC layers.
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Figure 20. (left) Dependence of IMCs content with Impact angle (red) and Output Voltage (blue). (Right) )
Dependence of IMCs content with Impact velocity (red) and Impact pressure (blue).

4. Conclusions

In this approach concerning the magnetic impact welding process, we have attempted to define
the process window in two different ways.

The first approach is based on the use of process parameters (gap, overlap and mean energy or
output voltage) and is perfectly suited for use in production. The impact angle versus mean energy
or output voltage diagrams are able to define the process window for the equipment used. This
diagram must be associated with a 3D diagram to define the parameters (gap and overlap) which are
at the origin of the angle of impact. They highlight the importance of the overlap factor for all
applications of this type, in particular in the automotive sector for Body In White (BIW) applications.
On the other hand, the results cannot be transposed directly to other stack thicknesses or equipment
where the geometry of the inductor, the LRC values and the frequency of the electromagnetic circuit
are different.
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The second approach is based on the use of impact parameters (velocity, pressure and angle of
impact) which are the basis of the physics of the process. Using the relationships defined by Shotri et
al. [19] from Buckingham's 7t theorem, these parameters can be determined independently of the
dimensions of the parts to be welded, of the generator, of the LRC circuit and of the geometry of the
inductor used. The process window, based on these parameters, can therefore be used regardless of
the equipment. The 2D or 3D window from the impact pressure as a function of the impact velocity
for different impact angle is therefore the right tool to understand the different mechanisms
generating the weld. It allows to locate the threshold pressure as defined by the Hugoniot relation,
the critical speed of change of type of weld (straight or wavy) from the Cowan and Carpenter relation,
and to locate the subsonic speed limit associated with the phenomenon of jetting/no jetting.

The strength of the weld is strongly related to the content of IMCs generated during the process.
Thinner IMCs generally correspond to higher weld specific energy. There is an inverse relationship
between impact angle and weld specific energy. Higher angles generally result in lower weld energy

Higher impact velocities tend to produce thicker Intermetallic Compounds (IMCs).

For successful welding, the optimal process parameters include a gap of 1 mm to 1.5 mm, an
overlap of 6 mm to 7 mm, a cantilevered distance of 9 mm to 10 mm, and a voltage of 8 kV to 9 kV.

Higher mean energy values (above 20 kJ) and weld specific energy values (above 150 kJ/m?) are
crucial for successful welds.

In terms of physical parameters, the optimum conditions for a high weld specific energy
associated to a probability of 100% or near of joining is obtained for an impact velocity between 900
and 1200 m/s, an impact pressure between 3000 and 4000 MPa and an impact angle in the range of 18
to 35°.

These conditions correspond to a Gap: of 1.5 to 2 mm, and an Output Voltage between 7.5 and
8.5kV.

Welds consistently failed when the Gap distances exceeded 3 mm, the Output Voltage was
below 5.5 kV and the Impact pressures were below 2000 MPa.

These findings suggest that controlling the impact angle, pressure and velocity is crucial for
achieving optimal weld quality while minimizing IMCs formation. The trade-off between weld
strength (indicated by specific energy) and IMCs thickness needs to be carefully balanced for optimal
joint properties.

Further experiments should focus on refining the process parameters to achieve consistent
welding results with thinner IMC layers. Additional analysis of the microstructure and mechanical
properties of the welds can provide deeper insights into the welding process.

However, this analysis provides a comprehensive understanding of the magnetic pulse welding
process for AA6082 T6 aluminum alloy with HC420LA steel, highlighting the critical factors that
influence welding success and the formation of intermetallic compounds.
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