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ARTICLE INFO ABSTRACT

Keywords: Magnetic Pulse Welding (MPW) facilitates the permanent joining of dissimilar metallic materials through the

Magnetic pulse welding sudden impact generated by a magnetic pulsed field. The process can introduce distinct morphological features at

g[lterfﬁc? the interface of bi-material joints, which subsequently affect the joint’s quality and durability. This article delves
orphology

into the investigation and quantification of various interfacial morphologies in Aluminum/Copper and
Aluminum/Steel joints, using high-energy phase-contrast synchrotron micro-tomography. Surface topography is
extracted from 3D tomographic datasets between dissimilar materials, enabling a comprehensive comparison
between different material pairings and various locations within the weld. The study analyses and compares the
roughness parameters of these surfaces. Moreover, it describes the interface’s waves and vortexes through
diverse morphological metrics, encompassing their shape and size. The results provide evidences that vortexes
evolve in three dimensions, with lateral growth and collapse. The waves and vortexes shapes promote material
interlocking, increasing the contact area between the dissimilar materials by up to 20%. The interface
morphology of Al/Cu joints exhibits higher roughness and a greater number of vortexes compared to Al/Fe
joints. Lastly, the findings reveal the presence of interface damage in the form of pre-existing discontinuities.

X-ray micro-computed tomography
Synchrotron microtomography

1. Introduction skin depth. An example is ultrasonic testing which enables to detect
internal defects in sound conducting materials [3] by using elastic waves

Industrial engineering focuses on continually improving metallic in the material.

materials and structures, enhancing their properties, and extending their
application to extreme scenarios. This heightened use, reaching the
material’s limit state, leads to increased quality requirements ensuring
defect-free manufacturing to maintain component functionality. Quan-
titative nondestructive evaluation (QNDE) enables the assessment of
material or structural deterioration, by bulk detection and character-
ization of discrete flaws in structures or parts before they reach a point of
rupture or are deployed in industrial conditions [1].

QNDE encompasses various techniques based on different physics
and applications, such as Pulsed Eddy-Current (PEC) which uses induced
electro-magnetic fields and current to perform structural integrity in-
spection and material characterization [2]. However, the inspection can
be limited by the depth of penetration which is directly connected to the

X-ray micro computed-tomography' (u-CT) is a nondestructive
technique that enables the examination of a material’s internal volume
and microstructure [4], offering valuable 3D volumetric information
like phase fractions, phase contiguity, porosity [5], or damage levels [6].
This information is essential for assessing solid-state welding techniques
that can lead to cracks or voids in highly deformed materials [7].

In the specific case of Aluminum/Steel joints produced by friction
stir welding, X-ray u-CT was employed to quantify porosities and po-
rosities and their distribution [8], thereby aiding in understanding pore
interconnectivity within the volume. Recently, X-ray u-CT has found
new applications due to improved methods and equipment [6]. It can be
used to extract the shape and surface characteristics of multi-materials
components [9], evaluating their dimensions and conducting

* Corresponding author at: Univ. Polytechnique Hauts-de-France, CNRS, UMR 8201 - LAMIH, F-59313 Valenciennes, France.

E-mail address: benjamin.zielinski@outlook.com (B. Zielinski).

1 X-ray micro computed-tomography refers to tomographic techniques in general with micrometers voxel size resolution. X-ray sources can either be a laboratory

or a synchrotron.
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Fig. 1. Al/Cu joint produced by MPW, (a) — Before cutting, (b) — Naming convention after cubes extraction in the middle of the joint.

microstructural  information within high Z-materials at the
sub-micrometer level remains a challenge for current laboratory X-ray
sources, with limitations in scanning time, sample preparation and

Table 1
MPW specimens analyzed.

Sample number  Materials couple  Section resolving power. Combining X-ray u-CT with a synchrotron source can

A B C D F H J K bridge this gap, offering finer microstructural details thanks to
1 Al/Fe X high-brilliance in hard X-ray regimes and state-of-the-art equipment
1 Al/Cu X X X X X X [13]. The benefits result in smaller achievable voxel size, improved
2 Al/Cu X X X contrast at material interfaces due phase contrast modality given the
3 Al/Cu X X

partial coherence and small source size, access to chemical analyses,
among others [14]. Therefore, synchrotron-based X-ray p-CT is a crucial
method for microscale examination of Magnetic Pulse Welding (MPW)
joints.

MPW, a part of high-velocity impact welding (HVIW), is a solid-state
welding technique with roots in the 1960-1970 s when it was initially

topographic analysis, including roughness parameter calculations [10].
Such surfaces may contain re-entrant features, such as undercuts in
additive manufacturing [11], which are challenging to measure using
conventional methods [12]. Nevertheless, accessing detailed

()

Aluminum

Copper

I

Aluminum

500 pm ~Copper

Fig. 2. Comparison of a tomographic section for an Al/Cu interface MPW joint, (a) — Laboratory X-ray absorption tomographic section, (b) — Close-up of the interface
for the laboratory source, (c) — Synchrotron propagation-based phase contrast section, (d) — Close-up of the interface for the synchrotron source.
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Fig. 3. Main steps of the program to extract and analyze the interface surface, (a) — Selection of a section from the tomographic data, (b) — Pre-process of the data
(filtering), interface line extraction, vortex parameters computation (c) — Collection of interface lines and surface exportation.
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Fig. 4. Height average surface maps from Al/Cu and Al/Fe interfaces (a) 3D view from Section J2 — Al/Cu, -(b) Surface top view section H2, -(c) Surface top view
section J2 — Al/Cu, -(d) Surface top view section K2 — Al/Cu, -(d) Section K, -(e) Surface top view section J — Al/Fe specimen.
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Fig. 5. Interface line extraction — (a) Overlay of the extracted interface line (red) on the tomographic data from section 500, -(b) Plot of the surroundings interface

lines around section 500.

used for joining nuclear fuel rods [15]. It is now widely employed in
various industrial applications, including automotive driveshaft pro-
duction [16], nuclear sectors [17], and more recently, the aeronautics
industry due to its ability to weld alloys like the 7000 series aluminum,
which are difficult to weld conventionally [18]. In MPW, collision speed
range from 300 to 700 m.s~}, and the joining process is completed in
under 100 ps [19]. The collision is produced between a mobile element
(called flyer) and a fixed element (called receiver or target). It is an
energy efficient and also environmentally friendly process that relies on
an electromagnetic discharge [20]. It does not produce fumes or
consume shielding gases as TIG welding. MPW enables the welding of
dissimilar material pairs that cannot be conventionally welded without
the formation of a thick intermetallic compound (IMC) layer [21], such
as Aluminum/Copper (Al/Cu) or Aluminum/Steel (Al/Fe). Al/Cu dis-
similar welds are employed in thermal or electrical applications, while
Al/Fe joints are utilized to reduce the weight of structural components
[20]. However, due to the high strain rates during collision and the
variable impact velocity and angle, instabilities are created at the
interface by the velocity shearing between the two materials [22]. This
is leading to the formation of distinctive features like waves, vortexes,
and cavities [23]. Waves and vortexes are considered to strengthen the
produced joint [24]. These features serve as evidence of the conditions
encountered during the process. Typically, MPW features are examined
through 2D cross-sections using optical or electron microscopy images
[25] measuring their size and amplitude. Unfortunately, these tech-
niques do not provide 3D information about these features and they are
limited by their numbers.

In this paper, Al/Cu and Al/Fe joints produced by MPW are analyzed
using synchrotron high-energy phase contrast tomography to describe
and quantify the various features at the interface between the two dis-
similar materials. X-ray p-CT can offer 3D information about the waves
and vortexes at the interface, which could explain the mechanisms
behind the formation of these features. We can emphasize the qualita-
tive work done by Lee et al. [26] about waves morphology on Cu/Ti
joints produced by MPW through X-ray analysis as probably the only
study done on this topic. We expect also to confirm that meso-scales
cavities inside the vortexes are not interconnected [27].

2. Materials and methods
2.1. Samples preparation
The samples used in this study are dissimilar joint welds of Al/Cu and

Al/Fe, which were produced using the MPW technique. These joints
were fabricated using a Pulsar 25 kJ - 9 kV device equipped with a 690

uF condenser, operating at a theoretical frequency of 25 kHz utilizing a
flat coil at PFT Innovaltech (France). This same device has been previ-
ously employed in other studies [28,29]. The materials used consisted of
1 mm thick commercial sheets of 1050 Aluminum and S300 steel, as well
as a 2 mm thick commercial sheet of pure Copper. In both combinations
(Al/Fe and Al/Cu), aluminum served as the flyer part, while copper or
steel acted as the target material. Flat joints were created with an
overlapping configuration, resulting in a final dimension of approxi-
mately 98 x 53 mm?>.

Fig. 1(a) illustrates the aspect of the weld after the processing stage.
The process parameters were identical for both cases in terms of collision
velocity and impact angle. Process parameters included an electrical
energy level of 19.4 kJ, a 2 mm gap, and a 7 mm overlap.

To examine the local details of the weld microstructure, cubic
specimens measuring 3 x 3 x 3 mm® for Al/Cu and 3 x 3 x 2 mm? for
Al/Fe samples were extracted from the primary joint using Wire-Cut
Electrical Discharge Machining (WEDM). Schematics showing the lo-
cations of the extracted specimens are displayed in Fig. 1(b). Each
sample was carefully engraved to ensure proper traceability of origin
following a designated naming convention.

During this study 12 samples were characterized, each originating
from different joints, locations, and material combinations. The exper-
imental conditions are outlined in Fig. 1 and Table 1. The selection of
various specimens aimed to assess the variation of the weld interface
within a specific sample (Al/Cu sample n°1 - sections A to H) and to
compare the stability of a section (H) across three samples (H1, H2 and
H3) from Al/Cu joints. Additionally, a comparison was conducted be-
tween Al/Cu and Al/Fe samples for the J-section. Based on the external
deformation of the flyer, we anticipated that sections C to N would
display a similar interface morphology, whereas sections A-B and P-Q
would have different characteristics due to edge effects during the
welding process.

2.2. Synchrotron-based high-energy phase contrast micro-tomography

The micro-tomography acquisition was conducted at the ID19
beamline of the European Synchrotron Radiation Facility (ESRF, France)
[30]. The imaging conditions involved illuminating the sample with a
filtered white beam during its continuous rotation over 360 degrees. The
selected radiation source was a wiggler insertion device, and its emitted
radiation was filtered with a series of attenuators along the vacuum
flight tube to produce a spectrum with a peak photon energy at 80 keV.
The experiment was located 145 m from the source, and the indirect
detector assembly was positioned 0.2 m downstream of the sample.
Within this configuration, the propagation-based phase contrast took
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effect thanks to the partial spatial coherence of the incoming wavefronts
reaching the experimental hutch. The indirect detector consisted of
250 ym thick LuAG:Ce (Ce- doped LusAls015) scintillator optically
coupled with a microscope objective (Mitutoyo, M Plan Apo 5 X,
NA=0.14) via a mirror to a pco.edge 5.5 sCMOS camera (PCO AG,
Germany). This detector arrangement is suitable for high dose applica-
tions since none of the optical components are directly exposed to the
intense ionizing radiation.The resulting pixel size of the detector was
1.28 um, with each recorded radiograph consisting of 2160 x 2560
pixels. Given the field of view, the entire sample was captured within a
single tomographic scan for the width (horizontal view). However, there
was a slight cropping for the vertical view (around 0.2 mm). The
reconstruction was performed using the NABU reconstruction package
and an in-line phase retrieval algorithm with ratio of the real and
complex refraction index of 20 [31,32]. Post-processing was carried out
with in-house scripts and included ring removal based on a spectral
filtering method [33] and double flat field normalization to eliminate

beam hardening. While the high-energy component of the radiation
facilitated the penetration of high-Z materials within a short acquisition
time (i.e., one full tomogram of 6000 projections within 8 min), the
propagation-based phase contrast modality significantly enhanced the
detectability of interfacial features by increasing the contrast at the
interface between different materials and phases. This feature was
crucial in collecting underlying information at the interfaces between
aluminum and copper and aluminum and iron at microscale, revealing
microstructural content that is typically not accessible using conven-
tional laboratory source, such as for example intermetallic compounds
and micro cracks, for example.

Fig. 2 displays a comparison between a laboratory tomographic
section and synchrotron high-energy propagation phase-contrast to-
mography along a vertical section within the bulk of the material. The
laboratory source, which utilized a tungsten source and target, per-
formed tomography using the commercial Ultra Tom tomography sys-
tem (RX Solutions, France) from the ISIS4D regional platform located at
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Fig. 7. Examples of MPW interfaces features (waves, vortexes and cavities) [aluminum is on top and copper on bottom for all the pictures], (a) - Synchrotron high-
phase contrast microtomography frames, (b) - Optical image microscopy of an Al/Cu cross-section.

200 pm

Fig. 8. Porosities and cavities localization from the Al/Cu cross-section pre-
sented in Fig. 7 — voxel size 1.28 ym, (a) — View with copper, aluminum and
porosities (pink), (b) — View with porosities only.

the University of Lille (France). The experimental parameters included a
voltage of 160 kV, a current of 89 pA, a spot size of 0.8 ym, and 1440
projections, were used during the experiments, resulting in a voxel size
resolution of 1.74 um. In Figs. 2(b) and 2(d), close-up views allow for a

comparison of the imaged interface between the dissimilar materials.
The reconstructed interface from the laboratory source, based on X-ray
absorption, appeared less sharp than the interface imaged by the syn-
chrotron source. The use of propagation-based phase contrast enhanced
the contrast between copper and aluminum and revealed finer details on
the features. This comparison demonstrates that the synchrotron-based
radiation enables the acquisition of higher-resolution and well-
contrasted information at the interface, including details about waves,
vortexes, and intermetallic compounds, with reduced beam-hardening
and absorption artifacts.

2.3. Image analysis and feature extraction

With access to the internal 3D structure of the samples through high-
resolution tomographic data, several microstructural image analysis
steps were employed to examine and analyze the interface between the
dissimilar materials within the cubic samples, with a specific focus on
features of MPW joints at the interface. The commercially available
software DragonFly (Object Research System - ORS) was used for visu-
alizating of the interface, including waves and vortexes [34]. However,
for detailed profilometry extraction and analysis, a set of in-house codes
using MATLAB [35] were developed allowing extracting and measure
interface features and export the surfaces. This method is based on a
discretization of the studied volume into 2D sections, and each section is
analyzed using methods and definitions consistent with those employed
in optical microscopy.

First, the data underwent pre-processing, which included applying a
median filter (with a kernel size of 3 x 3 pixels) to remove outliers,
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followed by an unsharp masking method using a Gaussian lowpass filter.
Subsequently, the images were segmented based on automated Otsu
segmentation, cleaned (to remove spurs and H-connections) and
reduced to their contours. H-connections refer to a single pixel serving as
a junction between two groups of pixels through this unique link (the
letter H symbolizes this representation). This contour is taken as the
corresponding interface line between the dissimilar materials.

From each 3D dataset, the interface border line was extracted be-
tween the two dissimilar materials on every tomographic section, on a
slice-by-slice basis. The interface line extended continuously along the
interface, including the backward direction for the interface features.
This backward direction, also known as re-entrant cut, was used to
determine whether it represented a wave or a vortex. A local gradient on
the pixels coordinates was computed. In the case of a positive value, the
feature was classified as a wave, and as a vortex for a negative value.

For each extracted line, the program calculated and saved informa-
tion about the number, position, and size of the vortexes. These lines
were then collected and exported as surfaces. The surfaces were con-
verted into height maps, and roughness parameters were then computed
using Mountains software (Digital Surf) [36]. The height maps were
centered by the mean plane passing through all the data points.

A sketch outlining the main steps of the segmentation, computation
and data exportation is depicted in Fig. 3. A detailed description of the
methodology used can be found in a previous study by the authors [37].

To examine micro-cracks and porosities across the tested samples
and between the two dissimilar materials, the tomographic data were
visualized using Dragonfly software.

3. Results and discussion
3.1. Tomography-based surface topography
As previously explained in the Materials and Methods section, sur-

faces from the interface between the two dissimilar materials were
extracted and visualized using the methods described in 3.2. This allows

for the evaluation of data quality and provides an initial understanding
of the interface’s morphology.

Fig. 4 displays three different sections (H, J, and K) of the interface
from Al/Cu and one section (J) from Al/Fe. Color bars for the height (z-
axis) was set up on the maximum range applied to the different maps.
Color bar is optimized to improve contrast for the different features.
These maps represent an average value (z-axis) in cases where there are
multiple values for the same X/Y coordinates pair. Similar features
(height variations) are visible across all Al/Cu sections with a gradual
evolution of shapes along the x-axis. This evolution of the interface
morphology is due to the variations in the impact angle and velocity
along the welding direction during the process. These variations have
been extensively studied numerically in 2D, as demonstrated in the
works of Xu [38] and Li [39]. Furthermore, these shapes and mor-
phologies on the different surfaces exhibit similar sizes along the z-axis.
It is also possible to note that the Al/Fe — section J display a different
morphology compared to Al/Cu sections. The waves are more elongated
than those from Al/Cu.

Two types of defects could be presented on the surfaces, as high-
lighted in Fig. 4. The pink rectangle (solid lines) in Fig. 4(a) indicate
discontinuous local variations in surface height resulting from the sur-
face extraction process as explained in Fig. 5. The issue is coming from
the detection step in the program due to insufficient contrast between
the feature and its surrounding environment. In the Fig. 5(b), it is
possible to see an example of discontinuity on the left side between the
tomographic sections 499-500-501. This is due to the segmentation
level that is just on the limit for the detection of a new feature. These are
linked to the interface detection program which can be discontinuous
from frame to frame. Frames 499 and 500 exhibit the initiation of a
vortex, which is no longer detected in frames 501 and 502. The blue
rectangle (dashed lines)represent horizontal defects caused by tomo-
graphic artifacts such as rings or beam hardening during the recon-
struction. However, these defects only locally affect the surface and were
limited in nature due to a pre-processing of the data during the recon-
struction step (see: Materials and methods). The back ellipse (dashed
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Fig. 10. Cracks comparison at the center of the cubes (frames #1080) — Plan (XZ).

lines) highlights an example of interface reconstructed waves.

The surfaces obtained were considered to have good reconstruction
quality after a visual inspecting the segmentation and interface line
extraction, as demonstrated in Fig. 5(a). Once the quality was assessed,
it became possible to measure topographic roughness parameters and
perform quantitative analyses on them.

3.2. Topographic roughness analysis

Before calculating the roughness parameters, a pre-processing step
was carried out on all extracted surfaces. First, a third-degree poly-
nomial was used to eliminate the global shape of the surfaces. Second, an
S-filter with a 8 um wavelength was applied to suppress micro-rugosity
and high-frequency noise. Finally, roughness parameters were
computed on the surfaces following ISO 25178 [40].

The results of the roughness parameters are displayed in Fig. 6. These
parameters were calculated for five different metrics (Sa, Sq, Ssk, Sku
and Sdr). Sa and Sq represent the arithmetical mean height.

(Sa = 1 [1Z(x,y)|dxdy) and the mean square height (Sq¢ =
A

1 [JZ2(x,y)dxdy) respectively. Sq is equivalent to the standard devia-
V5 a

tion of heights, while Sa is used to evaluate surface roughness. Ssk
(skewness) represents the degree of bias of the roughness shape (Ssk =
sl? [3/4Z%(x,y)dxdy]). A negative Ssk indicates that the surface is

skewed above the mean plane, while a positive Ssk indicates that the
surface is skewed below the mean plane. Sku (kurtosis) measures the

sharpness of the roughness profile (Sku = é {‘% JZ4(x, y)dxdy} )
A

When Sku > 3, the height distribution is spiked whereas with Sku < 3,

the height distribution is skewed below the mean plane. Sdr is the sur-

face interfacial developed ratio compared to a planar definition area

1 0Z(x,y)\* 0Z(x,y)\*
(Sdr—A|://(\j [lJr( o ) +( dy > :l 1)dxdy:|.
A

The results show that the roughness parameters vary along the
lateral position of the section. For Al/Cu sample 2, there was an increase
in the roughness parameters (Sa, Sq, Sdr) for sections A, B, C and D,
followed by a plateau for sections F and H. This stabilization and plateau
were also observed for samples number 1 and 3, specifically in their
sections (H, J, and K). These results suggest that roughness parameters
from sections in similar locations are equivalent, indicating that the
surfaces are also similar. This confirms that the MPW process is
repeatable between the welding joints and it produces joints that have
similar properties in the same location (H for example) across different
welds (n°1 and 2). Ssk and Sku for section H3 are slightly affected due to
a notable cavity detected by the micro-tomography.

The roughness parameters of Al/Fe sample differed from the others.
As explained previously in the Section 3, this particular sample is a joint
of Al/Fe, while the others are Al/Cu assemblies. The differences in the
Ssk and Sku parameters indicated that the surface morphology of Al/Fe
sample was distinct from Al/Cu samples 1, 2 and 3. The Sa, Sq and Sdr
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welding interface.

parameters of Al/Fe sample (section J) were equivalent to the roughness
and developed surface of section A in the case of an Al/Cu assembly.

While the topographic roughness parameters provide information
about the type of surfaces interface and enable quantitative compari-
sons, they are unable to precisely describe the morphology of the
different interface features. Therefore, it is important to visually observe
and describe these distinct features.

3.3. Interface feature morphology

The interface of MPW joints is known to exhibit distinct features
[22], including flatness, waviness, cavities or vortexes. These features
are not initiated by the magnetic field but rather by the mechanical
conditions (stress, strain, temperature) at the interface as indicated by
Hunt [41] for similar features in explosive welding. Waves and vortexes
are orientated according to the welding direction (collision point).
Previous studies have numerically predicted the formation of such fea-
tures, but only in a cross-section [39]. By utilizing synchrotron
high-energy phase-contrast micro-tomography, 3D information about
the morphological structure (ex-situ) of waves along the lateral direction
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can be obtained with unprecedented detail.

Fig. 7 illustrates an example of the information that can be obtained,
along with a comparison to standard optical imaging methods such as
optical microscopy. Frames #7 to #22 showcase the observable growth
and shrinkage of a cavity along the slicing direction (indicated by a red
circle with a solid line) at the interface for one sample.

Porosities and cavities from Fig. 7 have been extracted and rendered
in DragonFly and Fig. 8 displays them. Porosities are not interconnected
between themselves and are isolated confirming the results obtained
into the cross-sections. However, X-ray allowed to evaluate their shapes
into 3D. Thus, it is possible to specify that they do not present spherical
shapes but more ellipsoid shapes instead. These porosities and cavities
have been predicted by numerical simulations as shown by Li et al. [23].
Simulations were conducted in 2D sections, but they anticipate spherical
shapes for micro and meso-scale porosities. These porosities are formed
during the ultra-high heating, combined with rapid expansion due to
depressurization and rapid cooling. This initiates a sequence of pore
nucleation, coalescence, and growth within the molten layer. The
intense swirling that forms the vortexes creates favorable conditions for
preserving this empty space.

interfacial features were classified based on their morphologies. The
term “wave” refers to a shape without swirling and can be considered as
a “hill”. On the other hand, the term “vortex” indicates a shape with a
swirling motion at its end.

The formation of vortexes was observed, as shown in the example
depicted in Fig. 7 with the yellow square (dashed lines) spanning frames
#1 to #40. In frames #4 and #25, the crest of the vortex was not
continuous and appeared broken into two pieces. However, other vor-
texes remained continuous, as highlighted within the green ellipse
(dashed lines). This vortex maintained its overall shape without any
broken parts. However, there was an evolution at the center of the
vortex, transitioning from a cavity to some intermetallic compounds
(IMC). Some of the IMCs were also visible on the optical image in Fig. 7
(b). Blue squares (solid lines) indicated vortexes or broken parts, which
were evident between frames #7 and #16 on the right side, where a
portion of the vortex was segmented and distributed across different
frames. The information obtained through synchrotron micro-
tomography (Fig. 7(a)) complemented the standard optical inspection
(Fig. 7(b)) by enabling the study of vortex evolution and understanding
the origin of some copper fragments found inside the IMC pockets in the
optical images. Indeed, these copper fragments originated from broken
portions of vortexes.

It should also be noted that the Al/Cu section displayed in Fig. 7(b) is
not exactly the same as the frames shown in the tomographic images.
Obtaining a cross-section cut with the exact same orientation and po-
sition as the tomographic scans is very complex. Therefore, the decision
was made to cut another equivalent sample section. Overall, phase-
contrast micro-tomography may not achieve to the same level of
clarity as standard optical 2D cross-sections, but it does enable the ex-
amination of the 3D evolution of waves and vortexes that is inaccessible
through optical images.

In this section, the morphology of waves and vortexes was described.
It was observed that waves and vortexes evolve laterally, with the
growth and collapse of these features. Vortexes were categorized into
two types; standard vortexes and broken vortexes. Broken vortexes can
explain the origin of copper fragments that become detached from the
base plate at the interface during impact.

3.4. Vortex parameters

Vortexes features at the interface play a significant role in interfacial
quality since they represent the interlocking of materials in the joint.
Several key parameters describing this vortex morphology were evalu-
ated from the various types of surfaces. These parameters include; the
mean number of detected vortexes per frame, mean surface area per
vortex (in um?), and the mean difference in vortex location along the x-
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axis (parallel to the welding direction) for each surface. The vortex area
is calculated as a right triangular surface. The base line corresponds to
the distance between the begin and the end of the vortex (x-axis),
whereas the height is the amplitude of the vortex (z-axis). The distance
between the vortexes is calculated from theirs beginning. The method-
ology to detecting the beginning of the vortexes is described in a pre-
vious article (see [37]).

The extracted results are depicted in Fig. 9. The mean vortex surface
(Fig. 9(b)) provides complementary information to the topographic
roughness parameters. The Al/Fe sample (J) exhibited the lowest
average value for vortex surface area. In the case of Al/Cu samples, there
was a relatively good stability among identical sections from different
samples. However, it should be noted that vortex areas in sections H and
J in samples 2 and 3 were slightly broader than those in sample 1. In
sample 1, the vortex areas showed an increase before reaching stabili-
zation or maximum.

Fig. 9(a) and (c) depict the average number of detected vortexes per
frame (per tomographic slice) and the distance between them. Sample
Al/Fe (J) had the lowest number of vortexes per frame with the wider
distance between them. This, along with the small area for each vortex,
explains the limited values for the topographic roughness parameters
(Sa, Sq, and Sdr).

It is worth noting that the distance between the vortexes in samples 1
and 2 across different sections remained stable. Section A of sample 1
exhibited a similar behavior to Al/Fe sample n°J, with a small vortex
surface and a limited number of vortexes per frame. In contrast, sample
Al/Cu n°1 - B demonstrated a different behavior, with a below-average
surface area per vortex but a higher number of vortexes per frame. These
two parameters account for the higher value of the Sdr parameter shown
in Fig. 6(e). Thus, it is possible to conclude that a higher number of
vortexes with smaller surface areas can lead to the formation of a more
significant contact area between dissimilar materials compared to a few
vortexes with larger surface areas. Other sections of sample 1 exhibited a
decrease in the number of vortexes per frame until reaching a plateau.

These results serve to illustrate the contrasting interfaces achieved be-
tween Al/Cu and Al/Fe samples through MPW. Despite employing the same
process parameters (energy, gap) and impact conditions (velocity and angle),
the resulting interfaces and their characteristics are notably distinct. This
distinction can be attributed to the differing mechanical properties of copper
and steel, with copper being more ductile and prone to deformation than steel.

The analysis of the vortex parameters allowed the identification and
explanation of variations observed in the topographic roughness pa-
rameters mentioned in Section 3.2. Additionally, it highlighted the
specificity of section B in sample 1, which acted as the pivotal point in
transitioning from the initial behavior observed in section A to a stabi-
lized interface. It is important to note that these results are calculated
based on the entire extracted surface at the interface.

3.5. Interfacial fractures

Besides the vortexes observed at the interface, interfacial fractures
were also detected in the different samples. These cracks were found not
to be randomly positioned but to be at the sides of the samples. Fig. 10
shows the interface extracted from the middle of the tomographic frame
of welds n°1 and n°3 within the (XZ) plan.

The first sample (Al/Cun®1-A) showed no sign of cracks. This sample
interface was considered as a sound weld. On the other hand, Al/Cun°1
B, C, and D exhibited partial and discontinuous cracks at the interface
between copper and aluminum (as seen in Fig. 10).

On the other hand, the samples Al/Cu n°1 F, H, and Al/Cu n°33 H,
and J displayed more damage at the interface. The discontinuous cracks
evolved into a continuous horizontal crack spanning the entire sample
(as shown in Fig. 10). Fig. 11 displays the discontinuous and continuous
cracks of the samples within the (YZ) plan. This view complements the
previous one from Fig. 10 and shows that the continuous cracks run
through the entire sample along the y-axis (refer to slices #100).
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Additionally, it illustrates the evolution of the morphological structure
of the interface across the different sections.

Fig. 12 describes the positions of the extracted cubic samples within
the weld and also Fig. 12 illustrates the different types of interfaces
observed on the sample interfaces.

The presence of a continuous crack can have a substantial impact on
the mechanical behavior of the entire assembly, as demonstrated in the
authors’ previous study [42]. These continuous horizontal cracks are
considered to be equivalent to a completely unwelded zone, as described
by Geng et al. [43]. The authors suggested that no welding occurred at
the center of the joint due to an insufficient impact angle which would
not stimulate the formation of a jet and hence material mixing and
joining.

However, it was observed that welding initially took place along the
continuous cracked interface, but subsequently got separated. This is
evident from the presence of complementary shapes on both sides of the
cracked interface. These complementary shapes consist of copper or
intermetallic compounds. This finding is consistent with studies that
have shown and the presence of a melted layer that can crack at the
interface [44]. Thus, the unwelded zone corresponds to an area where
welding occurred (with interlocking of the interface) and then got
separated before the end of the welding process.

Furthermore, with the support of synchrotron tomography, it is
possible to describe the unwelded zone as composed of two different
areas; one with a continuous interfacial fracture (at the center of the
welding seam - sections F to J) and another area with partial cracking
surrounding the previous one (sections B to D from the welding seam) as
shown in Fig. 12.

4. Conclusions

In this study, the morphology of the interface between dissimilar
materials (Al/Cu and Al/Fe) welded by MPW was examined in three
dimensions (3D).

First, a specific method was developed to extract the joint interface
surface using synchrotron tomography. These surfaces were quantified
and compared by applying topographic roughness parameters. Addi-
tionally, a classification of the interface features was proposed and
evaluated. Finally, a study was conducted on the occurrence and posi-
tions of cracks.

The main findings of this study can be summarized as follows:

1) Surface roughness parameters (Sa, Sq, and Sdr) of the joint interface
varied laterally, transitioning from a relatively flat surface at the
edges to a rougher surface at the center of the weld before reaching a
plateau.

Surface roughness parameters showed similarities among different
sections of the weld located at the same position, confirming the
repeatability of the MPW process.

3) Vortexes and waves exhibited longitudinal (in the welding direction)
as well as lateral evolution, resulting in a complex 3D interlocking
surface between the welded materials due to the vortexes swirling,
the presence of intermetallic compounds (IMCs) and fragmented
vortex pieces.

The interface morphology of Al/Cu and Al/Fe samples differed under
similar welding process and impact condition. The Al/Fe interface
displayed fewer vortexes and lower roughness compared to the Al/
Cu samples, highlighting the influence of material properties on
interface morphology for welding performed under the same process
parameters.

The presence of annular welds could indicate a poor-quality weld
due to the continuous crack located at the center of the weld. This
crack shows signs that welding occurred, but then the interface got
separated and could result from an inadequate selection of welding
process parameters.
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