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Study on microstructure and properties of the
Mg/Fe dissimilar metal joint via magnetic pulse

welding
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Abstract: In the paper, AZ31B magnesium alloy/DC56D steel dissimilar metal incompatible metals are
welded using magnetic pulse welding. We have comparatively studied the effect of Primary and Secondary
welding on the welded interface. Macroscopic morphology, microstructure, and interfacial structure have been
analyzed using techniques such as scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), and X-ray diffraction (XRD). The results show that magnetic pulse welding of Mg/Fe dissimilar
incompatible metals is realized using Al interlayer as a bridge of deformation and diffusion. The studies
display that the AZ31B/AI1060 interface appears the typically wavy interface, a transition zone exists in the
joint interface and may cause extremely complex microstructure. The transition zone structure differs from
AZ31B Magnesium and 1060 Al alloys, which could be brittle intermetallic compounds of AlsMg2 and
Ali2Mg17. The transition zone is mainly on the Al side, with a maximum thickness of about 13.53um in the Al
transition layer. We observed incomplete melting layers of varying thicknesses at the Primary weld interface
and micron-sized hole defects in the transition zone of the Secondary weld interface. AI1060/DC56D
interlayer is mainly straight in shape, with only a small number of transition zones in the joint interface
distributed intermittently across the interface, and the transition zone is characterized by the presence of FeAl3
brittle intermetallic compounds, with a maximum thickness of about 2.43 um.
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Steel is a structural material with high strength,
excellent plasticity, and good weldability, which is
the broadest applicable material in motor vehicles,
accounting for 55% of total vehicle weight™™. Mg is
one of the lightest structural metal materials and its
density is 1.74 g/cm3, giving it a superiority that
sets it apart from other materials!?. Mg alloy has
high specific strength, high specific stiffness, low
density, high damping, electromagnetic shielding,
good dimensional stability, thermal conductivity,
and electrical conductivity, as well as excellent
casting, cutting, processing performance, and easy
recycling, etc., known as the "21st Century Green
Engineering Materials"Fl. Therefore, welding Mg
alloy into steel increases the application value of
magnesium alloy and facilitates the development of
automotive lightweight technology.

Dissimilar metal joints meet the material
requirements for different working conditions and
leverage each other's performance advantages. Due
to the crystal structure of Mg being hexagonal close-
packed(HCP) at environmental temp and Fe being
body-centered cubic(BCC), the structure leads to
smaller solid solubility between the
two(<0.00041%). Mg and Fe are likely to form
intermetallic compounds, their physical properties
are vast differences including melting temperature,
coefficient of thermal

thermal conductivity,

expansion (CTE), and lattice structure®. The
challenge lies in joining magnesium alloys and steel.
Generally, there are two ways to achieve
metallurgical bonding for Mg/Fe, which have
widely differing physical properties, including
directly adding interlayer® and increasing other
alloy elements in base metals!®. Fe-Al intermetallic
compounds(IMCs) replace Fe-Mg IMCs - with
poorer mechanical properties during friction stir
welding of steel to magnesium ‘alloysll. The
addition of Zn coating between AZ31 and steel
hinders Fe-Mg IMCs generation®. The strength of
the weld is subjected to microstructure and thickness
in the interlayer™™.

In addition, diffusion welding, fusion welding,
resistance spot welding, and ultrasonic spot welding
are also used for joining Mg/Fe, which invariably
follow the above methods. For example, adding
Cul®M and Ni interlayers™™ enabled successful
diffusion joining of Mg/Fe. Song, Li, and Zhao et
al.1% %% reduced IMCs in Mg/Fe laser welding using
elemental modulation and adding Ni foil. Similarly,
Mg/Fe resistance spot welding and ultrasonic spot
welding experiments added Zn foil and Al-Si
coating’®%8. The above cases proved that adding
interlayers contributes to improved interfacial
mechanical properties. However, partial Mg/Fe
solid phase welds, especially those involving the



interlayer field, are still unexplored.

In recent years, scholars have increasingly studied
the application of high-speed impact welding in
dissimilar alloys. Vaporative Foil Actuator Welding
(VFAW)!' is a solid-state impact joining process
that fuses two boards by rapidly evaporating the foil.
The resulting expanding gases propel the flyer
toward the substrate at high speeds. Du et al.?”!
successfully joined NiTi/Al-Mg alloys by the VFAW
technique, the results indicate a correlation between
interface morphology and welding parameters, and
the joint performance increased and then decreased.
Magnetic pulse welding(MPW)P! is a' solid-phase
welding technology whose principles are to use
electromagnetic force to make two materials collide
at high speed and generate metallurgical bonding.
The technology is defined by high efficiency,
environment-friendly, simple operation, and easy-
to-realize automation. It is unlikely to form a heat-
affected zone(HAZ) due to its quick process, and
less formation of IMCs in the joint??l. So, Magnetic
pulse welding is very suitable for joining dissimilar
metals such as Al/Mg?>%, Likewise, Wang et all?®],
explored the formation principle of the Al/Cu
interface, Li et al.*”! used numerical simulation to
reveal the mechanism of the interfacial wave
formation, and Sapanathan et al.”® carried out a
study of the pore nuclear and growth process. —In
addition, MPW is also widely used in Al/Fe
welding®®, for example, amorphization and
recrystallization™), fatigue fracture properties, the
correlation between interface morphology and
discharge energy, and the effect of Zn coatings on
phase transitions during MPW of Al/Fe B+,

In the paper, AZ31B/Al1060/DC56D three-layer
composite structure prepared by the MPW technique,
using a characterization of Al compatible and react
with Mg and Fe, which AZ31B magnesium alloy as
fly plate, AA1060 as interlayer, DC56D as substrate
plate. Mechanical properties of welded joints,
morphology,
morphology, and microstructure are analyzed.
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1 Experiment

1.1 Experimental equipment

Magnetic pulse welding equipment is an
electromagnetic pulse welding system called
XtraPulse 75/25. It has a maximum voltage of 25KV
and a maximum discharge energy of 75KIJ,
manufactured by Chongqing Pulsa Technology Co.
The equipment consists of a control system, an
energy storage system, and a work table. The control
system is the nerve center of the entire magnetic

pulse welding equipment which is responsible for
controlling the setting of the welding power source
and the energy output mode. The energy storage
system incorporates inductive-capacitive circuits
and some impedance actuators. A large current flows
through the coil creating a primary magnetic field
when the capacitor is discharged. This field induces
a powerful secondary current in the flyer. However,
the secondary current in the flyer flows in the
opposite direction to the coil current, resulting in a
strong repulsive Lorentz force between them. This
force allows the flyer to collide with the substrate at
a very high speed. The coils utilized in this study
have an E-shaped configuration.
1.2 Materials and Approaches

Bonding Mg alloy and steel conducted magnetic
pulse welding using Al as interlayer. AZ31B Mg
alloy and DC56D steel are utilized respectively by
fly and substrate plate, with the former dimensions
being 40x80x1 mm?® and the latter size being
40%80x%0.7mm?*. The middle layer is made of pure
Al with dimensions of 40x20 x0.2mm?, and the
driver plate is also pure Al with dimensions of 40 x
80 x 1mm?. Its chemical composition is detailed in
Table 1. The base material's surface was wiped with
alcohol to ensure cleanliness before welding.
Magnetic pulse welding was performed using the
lap method, as depicted in Fig. 1(a). A high-
temperature-resistant plastic spacer is applied to
separate the flyer from the substrate to ensure a
certain initial gap during the welding process.
During welding, the coil under the action of the
pulse current, generates an alternating magnetic
field so that the fly plate will produce an induced
current. When the induced current results in
electromagnetic interaction with the coil magnet, it
generates Lorentz force to drive the fly plate at a
high-speed collision with the substrate plate to form
a weld. The magnetic pulse welding principle is
shown in Fig. 1(b). Two welding methods are used
in this experiment: primary and secondary welding.
Primary welding involves applying the Al interlayer
directly on the Mg alloy fly plate, with the flyer
together with the collision of the substrate to form a
connection. Secondary welding begins with the use
of a Imm thick Al plate as the driver plate which a
layer of insulation is applied to the driver board to
prevent contact between the driver board and the
intermediate layer. Followed by the drive plate
connected to the Al middle layer and DC56D
steel(substrate plate), ultimately, Mg alloy as a fly
plate with its welding. Specific welding schematics
for these two welding methods are shown in Fig.



1(c,d).

The welding parameters in this study were
discharge energy of 26, 28, 30, and 32 KJ and a
welding gap of 1.5 mm. Weld samples were obtained

mechanical properties of the welded samples, the
two sets of parameters with the best overall
performance were selected from the Primary and
samples  for

Secondary  welded subsequent

by both Primary and Secondary welding, and eight microstructural  characterization and analysis,
weld combinations were obtained and tested for respectively.
their mechanical properties. Based on the
Table 1 Chemical composition of base metal ( mass fraction )
Materials Mg Mn Si Fe Ni Al Zn
AZ31B Bal. 0.2 0.08 0.003 0.001 3.0 1.0
Fe C S Mn P Nb Si
DC56D Bal. 0.002 0.005 0.38 0.002 0.02 0.008
Al Cu Si Mg Zn Ti Fe
A1060 Bal. 0.05 0.25 0.04 0.06 0.03 0.35
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Fig.1 AZ31B/Al1060/DE56D Magnetic Pulse Welding Process and Principle Schematic: (a) Lap Method Schematic with
Interlayer, (b) MPW Principle and Sampling Method, (c) Primary Welding Schematic(Fe, Al and Mg plate once weld), (d)
Secondary Welding Schematic(First Al and Fe bonding, then Mg and Al bonding).

To study the microstructure in the bonded
interface, the specimens perpendicular to the
circumferential weld seam were cut using wire
electrical discharge machining (WEDM). Rough
grinding, fine grinding, and polishing treatments are
executed with sandpaper after the cold mosaic of the
specimen. A scanning electron microscope(SEM),
model Phenom-XL-SED, and energy disperse
spectroscopy(EDS), model Oxford INCAx-act, are
implemented to analyze the interface morphology
and microstructure of the welded joints. Instron
5540 precision tensile machine is employed for
Tensile shear testing of the welded joint, and the
tensile rate is 1.5 mm/min.

2 Results and Discussion

2.1 Macroscopic morphology of welded joints
The macroscopic morphology of the primary and

secondary welded AZ31B/DC56D MPW specimens
are shown in Fig.2. The total length of the welded
zone is about 120mm; of which the range of overlap
area is about 20x40 mm. The fly plate Mg alloy
deformed region is located in the overlap area, and
the most severe deformation in this region resembles
an elliptical shape. The welded seam lies in the
largest deformation area.

The width of the maximum deformation area (S)
(mm) of AZ31B/DC56D MPW specimens under
varying discharge energies and welding methods is
presented in Table 2. It is noted that the various
welding methods do not affect the width S, while the
discharge energy does impact the width S. The width
S increases with higher discharge energy, but the
magnitude is small. Yuan et al.’* showed that the
width s is affected by the combination of discharge
energy, initial gap, and coil width. When the initial



gap is kept constant, the flying plate receives more
energy as the discharge energy increases, resulting
in a larger deformed degree. However, due to the
influence of coil width and initial clearance, the
deformation does not rise infinitely with the
enlargement in discharge energy; rather, it reaches a
peak value.
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Fig.2 Macroscopic morphology of MPW specimens and
its size: (a)primary weld, (b)secondary weld,
(c)size specification of the tensile sample of the
lap joint.
2.2 Effect of discharge energy on tensile
properties
The investigation examined the mechanical
properties of Mg/Fe joints affected by different
discharge energies and welding techniques. The
load-displacement curves of Mg/Fe joints for
primary and secondary welding at varying energies
are illustrated in Fig.3 (a) and (b), respectively. The
two combined mechanical properties show a trend
of increasing and then decreasing with the increase
of discharge energy, as depicted in Fig. 3. When the
discharge energy is 28 kJ, both welded joint loads
reach their maximum, resulting in interface failure.
However, as shown in Fig. 3, the performance of the
welded joints from the secondary welding process
appears to be superior. Further in-depth studies are

conducted for the welded joints of secondary
welding.

As the thickness of Al interlayer is only 0.2mm,
the interlayer is basically detached on both sides of
Mg and Fe after tensile fracture. To better analyze
the fracture macroscopic morphology, the cleaner
and more obvious samples in the secondary welding
were selected for observation. Tensile-shear test and
failure patterns in the welded joint of secondary
welding are shown in Fig.3(c), in which the failure
patterns at the joint only have welded zone
failures(interfacial failures on the Mg side). The
actual photographs of the Mg alloy failed welded
joints are shown in Figure 3(c). The fracture shows
an elliptical weld as a valid weld, and the weld
channel's width is about 1 mm. It is possible to form
ajet on the surface of the weld metal only at the right
speed and collision angle so that occurrence of a
good metallurgical bonding of the weld metal. There
is enough collision velocity and the collision angle
is small in the welding central region which makes
the metal surface unable to form a jet, so the

formation of an annular welding seam®®.
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Fig.3 Load-displacement curves of Mg/Fe weldments: (a)
primary weld, (b) secondary weld, (c)Fracture
macroscopic morphology.

We analyzed the microstructural evolution of the
Primary weld and Secondary weld using SEM under
different process parameters better to understand the
reasons for the variation in weld quality. These
parameters included energy levels of 28KJ and 32KJ,
as well as a 1.5mm gap. Figure 4 shows a cross-
section of a Mg/Fe MPW welded joint with an Al
intermediate layer, as observed by SEM. Fig. 4(a)(b)
displays the interface morphology of the Primary
weld. In Fig. 4(a), the Mg/Al interface and the Al/Fe
interface are straight, while the Al side of the Al/Fe
interface shows an incomplete fusion zone, which
includes unmelted lamps Al and Fe, and a melted
mixed structure. In Fig. 4(b), there are bulks of
unfused structure at the Mg/Al interface and the
Al/Fe interface appears wavy shapes, while not as
obvious as in Fig. 4a. The metal jet spatter solidifies
at the interface and the subsequent MPW process is
insufficient to remelt it so that unmelted metal
particles appear at the interface. Similarly, the Al/Ti
MPW process has incompletely melted particles,
reducing the mechanical properties of the joints?®.
Fig. 4(c)(d) displays the interface morphology of the
Secondary weld, in which it is apparent that there
are two welds on both sides of the interlayer. The
interfaces between the Mg alloy and the Al
interlayer, as well as between the Al interlayer and
the steel, exhibit wavy patterns. It is evident that
there is still a flat interface at the Al/Fe boundary,
and the magnitude of the wave interface is minimal.
Based on the above observations, the welding
energy in the Primary weld is randomly distributed
between the two interfaces resulting in poor
interfacial bonding, so that the interfacial waveform
changes and the amount of unmelted structure
decreases with the welding energy increases. In
contrast, Secondary welding does not suffer from
the energy distribution problem during the single
welding process. Faes et al.’”) found steel fragments
after plastic deformation at the interface of magnetic
pulsed welded copper and steel tubes, which was
attributed to insufficient elemental diffusion mixing.
This is also confirmed by the study of Patra et all®®l.
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Fig.4 SEM image of Mg/Al/Fe bonding interface: (a)(c)
28 KJ-Primary and second weld, (b)(s) 32 KJ-
Primary and second weld.

To observe the evolution of the welded interface
in detail, we observed the welded interface using
scanning electron microscopy (SEM) and energy
dispersive  spectroscopy  (EDS) at  high
magnification, respectively. Figure 5 shows the
typical morphology of the Primary weld, where (a-
d) and (e-h) are the microscopic morphology of the
Mg/Al and Fe/Al interfaces, respectively. By
comparing the interfaces at different welding
energies, it is found that the welded interface
changes from straight to wavy with the increase of
welding energy, accompanied by the rise of the
thickness of the transition layer. The Al/Fe interface
of the 28KJ sample was wrinkled to varying degrees,
while no similar phenomenon was found in the 32KJ
sample. This results from plastic deformation of the
interface due to insufficient welding energy. In
addition, the morphology and the thickness of the
transition layer at the Mg/Al and Fe/Al interfaces are
not consistent, which is caused by the difference in
the physical properties of the materials. The EDS
line scan results of the corresponding areas in the
figure also show that the increase in welding energy
leads to a wider range of elemental diffusion, which
is more obvious in the Mg/Al interface; a clear
elemental ‘platform phase’ can be found in the line
scan in Fig. 511, which may lead to the generation of
new phases in this area. Points (1-4) in the SEM
figure are labeled as the positions of the EDS point
scans, and the corresponding results of the analyses
are presented in Table. 3. It can be found that more
IMCs are generated at the Mg/Al interface from
Table. 3, which is the main reason why the
mechanical properties of the Primary weld samples
at 32 KJ welding energy are lower than those of



the corresponding 28KJ.
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Fig.5 SEM images and EDS line scans of the Mg/Al/Fe bonded interface at different discharge energies(Primary weld):
(a) (b) (e) () 28 KJ, (c) (d) (g) (h) 32 KIJ, (a-d) for the Mg/Al side interface, (e-h) for the Al/Fe side interface.
Table. 3 EDS results for points in Figure 5(atomic fraction,%)

Position Mg Al Fe Possible phase
1 55.06 44,94 AlzsMg2+Ali2Mg17
2 60.57 39.43 Al2Mg17
3 90.26 9.74 Solid solution of Al
4 73.70 26.30 FeAls+Al

Figure. 6 illustrates a typical regional SEM
micrograph of the two connected interfaces of
the Secondary weld. Figures 6(a-d) and (e-h) show
the microscopic morphology of the Mg/Al and Al/Fe
interfaces, respectively. They demonstrate the
different waveform sizes of the welded interfaces
due to the dynamic changes in impact angle and
collision velocity during the MPW processt4%. In
addition, the waveforms at the two MPW interfaces
are not sinusoidal, due to the difference in hardness
of the two weld base materials. When the discharge
energy is increased, the wavy structure at the Mg/Al

interface appears to undergo a tangible change,
transforming from a regular wave into an irregular
one. The Mg/Al interfacial side contains a transition
zone, mainly on the Al side. We found that a
discontinuous distribution in the transition zone
becomes a continuous distribution in the wavy
interface area with raised discharge energy and its
maximum thickness reaches 13.53um, as indicated
by white line (b)(d) in Fig. 6. The presence of hole
defects in the transition zone of the Mg/Al interface
has been observed as the discharge energy is 32 kJ.
These defects include micron-sized holes, indicated



by blue arrows, and submicron-sized holes,
indicated by white arrows in Fig. 6(c)(d). The actual
mechanism of this cavitation has not been studied,
but some scholars have suggested that voids are
created by localized melting and solidification of the
material at the interfacel**?. It is the presence of
thicker transition zones and holes that cause the low
quality of their welded joints. The discharge energy
has a minimal impact on the waveform of the welded
interface on the Al/Fe side as shown in Fig. 6(e-h).
There is a transition zone at the interface on the
Al/Fe side, and it also exists on the Al-based side, as
shown in the area labeled by the white line in Fig.
6(f)(h). To form the transition zone, some scholars
suggest that the high-speed impact of the material
causes intense plastic deformation. This results in

heat accumulation at the weld interface and the
creation of a high-temperature environment at the
weld. Meanwhile, high pressures, high temperatures,
and concentration differences promote the migration
and diffusion of atoms in localized areas of the weld
interface, as well as migrating and diffusing atoms
in high-temperature areas leads to the formation of
transition zones!*. To establish a transition zone in
the undulating valley, as depicted in Fig. 6(f)(h),
some researchers posit that an energy transfer
process occurs during the collision, hindered by
periodically distributed wave crests. Following, at
the welding interface, kinetic energy is transformed
into thermal energy, leading to heat accumulation,
atom migration, and diffusion in this wave, thereby
forming a transition zone4,
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Fig. 6 SEM images and EDS line scans of Mg/Al/Fe joining interface at different discharge energies(Secondary weld): (a)
(b) (e) (f) 28 KJ, (¢) (d) (g) (h) 32 KJ, (a-d) for the Mg/Al side interface, (e-h) for the Al/Fe side interface.
Table 4 EDS results for points in Figures 6 and 7(atomic fraction,%).

Position Mg Al Fe Possible phase
1 51.28 48.72 - AloMgi7
2 59.99 40.01 - AloMgi7
3 40.77 59.23 AlsMgx+AleMgi7
4 45.54 54.06 AlsMgx+AlMgi7
5 87.30 12.70 FeAl:+Al
6 90.85 9.15 Solid solution of Al




87.72
90.26

12.28
9.74

FeAl3+Al
Solid solution of Al

To study the in-depth microstructure of the
secondary welded interface, EDS line scan and point
scan analyses were carried out for both Mg/Al and
Al/Fe weld interfaces. As shown in Figure 6(I-VI), a
certain degree of elemental diffusion is present at
both welding interfaces. Due to quick high-pressure
and high-temperature results in a plastic deform
effect in the MPW process, different matrix metal
atoms at the near interface side have to generate
infiltration and convection, ultimately leading to
mutual diffusion between atoms’l. The result of
line scanning in the Mg/Al interfacial side is shown
in Fig. 6(I-III). The results of elemental line
scanning present that the maximum diffusion width
of Mg and Al elements in the reaction zone at the
weld ‘interface containing the transition zone is
approximately 13.53 pum. In comparison, the
maximum width of the reaction layer in the non-
transition zone is approximately 3 pm. The melting
and mixing of the base materials on both sides of the
interface can produce extremely complex
microstructure at the transition zone. The content of
Mg is slightly lower than that of Al in the transition
zone, and there is an approximate "plateau” between
their contents in this region, as shown in Fig. 6(II).
It is difficult to explain this change from the point of
view of elemental diffusion science. By comparing
the results of the line scans of the non-transition
region, as shown in Fig. 7(T) (IIT), it can be surmised
that this transition region produces Mg compounds.
Based on the atomic composition ratios and the alloy
phase diagram of Mg-Al®!, the results of the point
scans in Table. 4 can be deduced that the AlpMg;7
intermetallic compounds(IMCs) were exhibited in
the transition region of the Mg/Al bonding interface
when the discharge energy was 28 KJ, while a mixed
IMCs of AlsMg,+Al,Mg; was generated in the
transition region of the Mg/Al bonding interface
when the discharge energy was 32 KIJ. For the Mg
side tensile fracture under discharge energy at 28KJ
implement XRD analysis as shown in Fig.8(f). It can
be seen that the Mg phase has the strongest
diffraction peak signal, while the aluminum phase is
not detected, indicating that interfacial failure has
occurred on the Mg side of the interface. The regions
examined the Al;;Mg;7 phase, which conforms to the
intermetallic compound generation of Al,Mg;; at
the Mg/Al side interface. Interdiffusion of Al
elements with Fe elements was also noted at the

Al/Fe bonding interface, as shown in Fig. 6(IV-VI).
Elemental line scan results show that Al and Fe
elements diffuse about 4 um in the transition zone
welded interface and about 1.5 pum in the non-
transition zone, with a table-like distribution in the
transition zone line scan. The atomic percentages of
Al and Fe are about 87% and 13%, respectively, as
shown in Table 4. Based on the alloy phase diagram
of Al-Fel* it can be deduced that there are FeAl3
intermetallic compounds in the transition zone and a
solid solution of Al. The Mg/Al side interface
comparing that of Al/Fe has a thicker and more
transition zone, resulting in failures occurring on the
Mg side. Furthermore, we discovered that the
transition zone transfers discontinuous distribution
into a continuous distribution existing in the
interface with increasing energy, and there is a hole
defect in the transition zone. This is what causes its
performance to degrade at higher energies[*®l.

By comparing Figures 5 and 6 show that the
thickness of the diffusion layer at the interface of the
Secondary weld is deeper than that of the primary
weld, which suggests that the Secondary weld has a
fuller response at the elemental distribution level
than the corresponding primary weld. This is
confirmed in the EDS line sweep plots. The interface
of the Primary weld is generally straight, while the
Secondary weld shows a waveform, and the higher
the discharge energy the more prone to shear waves.
Contrast Tables 3 and 4, although the Secondary
weld has a thicker diffusion layer and transition zone
than the Primary weld, it also leads to the generation
of more IMCs and pore defects. In the comparison
of the Mg/Al and Fe/Al interfaces of Primary and
Secondary welding, respectively, the evolution of
the Mg/Al interface is more drastic than that of the
Fe/Al interface under both discharge energies; for
Primary welding, the welding energy tends to be
allocated to the Mg/Al interface, whereas in the
Secondary welding process, the evolution of this
interface stems from the differences in the physical
properties of the metal materials themselves! >,
2.3 Fracture morphology and failure analysis

To comprehend the joint's bonding and fracture
failure mechanism, we analyzed the fracture of the
samples under various discharge energies. The
morphology and EDS elemental analysis of the
Primary weld fracture is shown in Fig. 7, in which
(a-c) are the Mg-side fracture at 32 KJ discharge



energy, and (d-f) are the Fe-side fracture at 28 KJ
discharge energy. The interfaces of these two kinds
of fracture are relatively flat, in which some
microcracks are generated after the fracture at the
Fe/Al interface; combined with Fig. 4(a)(b), it can
be seen that a large number of incompletely melted
particles in the transition zone of Fe/Al lead to the
generation of microcracks at the fracture. In contrast,
there are fewer incompletely melted particles in the
transition layer of the Mg/Al interface, and thus no
microcracks are detected. Analysis of the elemental
distribution at the fracture revealed that the elements
did not diffuse into each other, which indicated that
the Primary weld interface was  insufficiently
bonded. In summary, the fracture of the Primary
weld interface was attributed to the incompletely
melted particles and the short diffusion distance of
the elements; the former caused stress concentration
during the tensile shear testing process, and the latter
resulted in a weak metallurgical bonding between
the interfaces.

Fe/Al interfacial fracture Mg/Al interfacial fracture

#de Aty
Fig. 7 Typical fracture characteristics and element
distribution at Primary welded interface of MPW:

(a-c) Mg-side section, (d-f) Fe-side section

Figure 8 shows the interface characteristics and
EDS point scan analysis of the Secondary welded
fracture at 28 KJ discharge energy. Since the fracture
is concentrated on the Mg/Al side, we selected
different positions of the annular weld to analyze it.
A macroscopic view of the ring-binding region of
the Mg side interface failure is illustrated in Figure
8a. Enlarged views of zones I and II in the Mg-side
annular weld of Figure 8a are shown in Figures 8b
and d. In region I, the fracture is characterized by
brittle fracture, and the section is dominated by
loose tissue. The EDS spectrum of this area shows
the coexistence of Mg and Al and, based on previous
analysis, it is known that the fracture occurred in the
transition zone of the weld interface. Fractures in
Region II are dominated by shear fossae of varying
distribution.  Ultra-high
velocity collision MPW creates a multitude of

sizes and continuous

cavities in the ligamentous fossa region, potentially
leading to the instantaneous generation of highly

non-equilibrium solidified eutectic organizations®4.
According to the EDS spectroscopy analysis, the
dimples are primarily composed of Mg elements,
while some of the "inclusions" contain both Mg and
Al elements, which may form a highly non-
equilibrium solidification pseudo-eutectic structure
of Mg-Al, as shown in the XRD results in Figure 8f.
This shows that there is a shear stress and bending
moment of the coupling effect due to this
asymmetric structure in the tensile test process, in
the outer side of the annular weld being prone to
stress concentration, resulting in cracks firstly
generated at the outer edge, and then extended to the
shear dimples area, ultimately spreading to the entire
annular bonding area of the inner edge until the
interface failure.

Intensity

—

20 30 10 50 60
20(Degree)
Fig. 8 Typical features of magnetic pulse welded Mg-Fe
heterogeneous tensile lap shear: (a) Mg-side
section, (b,d) magnified view of zones I and II,
(d)(e) Figures are magnified views of b and d, (f)
XRD of Mg-side section.



3 Conclusions

1) The
morphology are mainly subjected to the discharge
energy. The Primary welding interface has a straight

interfacial transition zone and its

interface and the existence of an incomplete melting
layer. As the discharge energy increases, the
thickness of the incompletely melted layer gradually
decreases, caused by the random
distribution of energy in the welding process. With
the discharge energy increases, the Secondary weld

which is

interface is transformed from a discontinuous wave
to a continuous shear wave, which also leads to the
generation of micron-sized hole defects.

2) According to the bonding features at the
interfacial transition zone, it can be concluded that
the welded interface between the Mg/Fe dissimilar
material and the Al interlayer is formed by a
combination of mutual diffusion of the elements and
mechanical bonding. In the MPW process, the Al
interlayer acts as a bridge to achieve good
weldability between Mg/Fe dissimilar materials by
deformation and diffusion.

3) We noticed the existence of a transition zone
in the two welding interfaces, where the transition
zone at the Mg/Al side interface is composed of
AlsMg, and AlpMgy; brittle
compounds, whereas the transition zone is made up

intermetallic

of FeAls brittle intermetallic compounds.
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