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In-situ X-ray imaging of the breakup
dynamics of current-carrying molten
metal jets during arc discharge

Check for updates
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The flow dynamics of current-carrying molten metal jet breakup during arc discharge serves as mass
and heat sources in wire-arc-based metal deposition processes, thereby optimizing the resultant
product quality. However, the spatiotemporal flow interaction between the molten metal jet and the
surrounding arc plasma remains unclear. Here, using in-situ synchrotron X-ray imaging, we
simultaneously track surface deformation and internal flow in molten aluminum jets during argon arc
discharge. We reveal that modulating the magnitude and path of the arc discharge current can
accelerate the jet velocity by 200–300% beyond its initial injection speed, thereby facilitating
significant jet elongation. Our results provide consistent evidence that the jet flow dynamics are
predominantly governed by the interaction between the arc discharge current and its coaxial self-
induced magnetic field. This study establishes a framework at the intersection of fluid dynamics and
electromagnetism, contributing to optimized control and precision in wire-arc-based applications.

In the contemporary industrial framework, fusionwelding andmetal-based
additivemanufacturing stand as central technologies in bothmanufacturing
and repair. These metallurgical processes facilitate the production of
infrastructure, machinery, and everyday commodities. The performance of
these processes is intrinsically linked to the precise utilization of appropriate
mass sources (wire and powder) and heat sources (electric arcs, flames,
lasers, and electron beams). The resultant efficiency, quality, durability, and
esthetics of the final products are primarily derived from optimizing these
sources1–3.

Within gas metal arc welding4 and arc-directed energy deposition5–7,
the mechanisms of melting, injection, and breakup of a molten metal jet
serve as both mass and heat sources. This sequence, termed the metal
transfer phenomenon8, involves an electrode wire melting via arc and Joule
heating, injecting a molten metal jet into the arc plasma, and subsequently
breaking it up into droplets. These droplets are projected to a workpiece
within just a few millimeters at rapid frequencies, approaching several
hundred Hz, enabling accelerated deposition rates. Moreover, the metal
transfer affectsflowdynamics and solidification, governing the formation of
the molten metal pool on a workpiece and the resulting mechanical
properties9,10. This intricate relationship between physical processes and
application presents a vital question: How can we decipher the metal
transfer for a comprehensive scientific understanding and optimal indus-
trial application?

The complexity of metal transfer arises from its nature as an electro-
magnetic fluid. The flow of this conductive fluid is driven by various forces
like surface tension, electromagnetic (Lorentz) force, gravity, viscosity, and
plasma drag force8,11. A critical competition occurs between surface tension
and electromagnetic force, causing transitions of the breakup modes in
metal transfer12–14. Increasing the arc discharge current amplifies the elec-
tromagnetic force due to the electromagnetic pinch effect15,16, a concept
established in fields like spacecraft propulsion17 and nuclear fusion18,19. As
this force modulates the internal flow of the molten metal jet and coun-
teracts surface tension, the jet undergoes elongation, reminiscent of beha-
viors observed in Rayleigh jets20–22. Considering the spatial dynamics of jet
deformation and its temporal interaction with arc plasma, current-carrying
molten metal jets are subject to dynamic changes in electromagnetic force.
Therefore, it becomes essential to visualize the temporal evolution of the
internal flow within the spatially deforming jet.

While there is significant research on electromagnetic thermal fluid
models to visualize the internal flow within the jet, their validations have
often depended on monitoring the jet surfaces rather than direct internal
examinations23–25. Despite numerous in-situ studies into the internal flow of
molten metal pools through X-ray imaging26–29 and heat-resistant glass
windows30–32, no studyhas yet directly revealedflowdynamics insidemolten
metal jets. This gap emerges from the necessity of non-contact velocimetry
with high spatiotemporal resolution for molten metal. Conventional non-
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contact methods, such as particle image velocimetry33,34 and laser Doppler
velocimetry34,35, are ineffective for opaque fluids. Additionally, applying
Lorentz force velocimetry36–38 to current-carrying fluid jets poses issues due
to potential disturbances from external magnetic fields39–41. In light of these
constraints, X-ray-based velocimetry stands out as a promising tool,
uniquely suited to investigate opaque molten metal jets without perturbing
their intrinsic flow dynamics.

In this study, synchrotron X-ray imaging is employed to visualize the
flow dynamics inside a current-carrying molten metal jet during arc dis-
charge. Through temporal particle tracking, we quantify the impact of
current-related variables, such as the arc discharge current and the anode-
cathode distance, on the internal flow within the jets. The X-ray particle
tracking velocimetry demonstrates that the molten metal jets are electro-
magnetically accelerated beyond their initial injectionflowdue to the factors
of current magnitude and path. These findings serve as a foundational step
towards enhancedgasmetal arcwelding andarc-directed energydeposition.

Results
In-situ X-ray imaging techniques andmethodological framework
In-situ X-ray imaging experiments were carried out at the beamline
BL22XU in SPring-842. An argon arc plasma was initiated between a
continuously fed anode wire and twin tungsten cathode rods, thereby
ensuring a symmetrical arc geometry along the longitudinal axis of the
wire43. This arrangement in the arc discharge setup facilitated X-ray
transmission into the wire fusion zone adjacent to the intense arc plasma,
as detailed in Fig. 1a, Supplementary Note 1, and Supplementary Fig. 1.
The experimental parameters, namely, the arc discharge current and
anode-cathode distance, were meticulously adjusted. Notably, fine-
tuning of the anode-cathode distance emerged as a critical factor in
modulating the current path. As depicted in Fig. 1b, the discharge current
flowed from the wire tip through the arc plasma, transitioning from a
longitudinal direction to a radial path as it reached the tungsten cathodes.
A minimized anode-cathode distance resulted in a significant spatial shift

Fig. 1 | Experimental concept of synchrotron X-ray transmission imaging in
wire-arc-based process. a Schematic illustrating the breakup of a current-carrying
molten metal jet during arc discharge. The continuously fed wire formed a molten
metal jet within the arc attachment site, where an X-ray beam with dimensions of
4.02 mm (width) × 2.19 mm (height) was transmitted through. b Schematic of the
electrical circuit specific to the arc discharge setup with twin tungsten cathodes. The
arc discharge current was directed from the aluminum anode wire to each of the two

tungsten cathodes, with the discharge current and the anode-cathode distance ser-
ving as experimental parameters. c Representative radiographs capturing the
injection ofmolten aluminum jets at a discharge current of 200 A and anode-cathode
distances of 0 mm or 5 mm. The original images have dimensions of 448 pixels
(width) × 296 pixels (height), captured with a pixel resolution of 86.25 pixels permm
and at a frame rate of 3 kHz. The radiographs shown in c are cropped to focus on the
beam area. All scale bars = 1 mm.
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of the current path from axial to radial direction, as evidenced in Fig. 1c.
Radiographic snapshots were acquired at a 3 kHz frame rate utilizing a
CsI scintillator-coupled, high-speed camera.

Ourmethodology involved utilizing pure tungsten particles, each with
amaximumdiameterof 53 μm,as tracers. These particleswere instrumental
in visualizing the internal flow dynamics within the molten metal jet
through their spatiotemporal tracking. Positioned strategically along the
coaxial center of the pure aluminum wire, the tracer particles were intro-
duced longitudinally into the molten aluminum jet with the wire feed rate,
subsequently following the flow of surrounding molten aluminum. The
tungsten particles remained solid due to their higher melting point com-
pared to aluminum, even until the detachment of the molten aluminum
droplets. The difference in material properties resulted in distinct contrasts
in the radiographs, differentiating the tracer particles and the molten alu-
minum jet (Fig. 1c). Although the incorporation of tracer particles intro-
duced fine air bubbles near the solid-liquid interface, our comprehensive
macroscopic assessments validated the robustness and reliability of our
methodology, indicating consistent jet breakup periods and dimensions
compared with tracer-free wires (Supplementary Note 2; Supplementary
Fig. 2; Supplementary Movies 9, 10).

Time-dependent surface deformation during jet breakup cycles
Our investigation into the jet surface deformation encompassed four dis-
tinct conditions, manipulating the arc discharge current (200 and 270 A)
and the anode-cathode distance (0 and 5mm). Figure 2 depicts the
sequential surfacedisturbances observedduring the jet breakupcycles under
these conditions (see details in Supplementary Movies 1–4). Except for the
270 A/0mm setup, we observed consistent pinch-off within the observable
beamareas (Fig. 2b, e, h), despite shorter breakupperiodswith the increased
current and the minimized distance, from 6.3 down to 2.0ms. In contrast,
the 270A/0mm setup resulted in an axial jet elongation that exceeded the
limitations of our imaging field, making the pinch-off unobservable
(Fig. 2j–l).

Internal flow dynamics within molten metal jet
We analyzed internal flow dynamics by tracking the tracer particles, elu-
cidating flow patterns influenced by jet deformation. During pinch-off, a
tracer particlemoved upward above the pinch-off location at 0.21m s−1 and
downward at 0.31m s−1 below it, as shown in Fig. 3a, e (see Supplementary
Movie 5). This bidirectional flow pattern was observed only under the
200 A/5mm setup with the longest breakup period, while the other con-
ditions primarily demonstrated a downward particle movement, as cap-
tured in Fig. 3b–d (see Supplementary Movies 6–8). To analyze the vertical
propulsion of the molten metal jet and quantify its flow dynamics, inde-
pendent of surface fluctuations, we introduced jet velocity as a specific
parameter. This parameter represents themaximumvelocity component in
the z-direction, recorded by particles near the solid-liquid interface before
the pinch-off process. Consistent with the breakup period findings, jet
velocity increasedwith higher discharge current and shorter anode-cathode
distance (Fig. 3f). Tracer particles, introduced into the jets at wire feed rates,
experienced an increase in jet velocity of 200–300% relative to the wire feed
rates. Specifically, under the 270 A/0mmcondition, we observed an average
jet velocity of 0.64m s−1, representing a 3.1-fold increase over the wire feed
rate of 0.205m s−1.

Discussion
Our study marks the successful in-situ visualization and quantification of
current-carrying molten metal jet acceleration within an arc discharge,
achieved through synchrotron X-ray transmission imaging. We identified
that jet velocity is directly influenced by both themagnitude and path of the
arc discharge current. These insights offer substantial strategies for fine-
tuning essential parameters, such as discharge currents and anode-cathode
distances, in wire-arc-based metal deposition processes. Moreover, our
work contributes vital data on aluminum, a material with wide-ranging
industrial applications.

Arc discharge current is intrinsically linked to electromagnetic force,
which governs electromagnetic fluid flow. Previous computational models
have established that both the magnitude and the path of the discharge
current play critical roles in amplifying electromagnetic force and conse-
quently affectingfluidflow44–49. Focusingfirst on themagnitude of discharge
current, Choi et al. revealed that increased current intensifies the axial flow,
serving as the primary driving factor for droplet detachment44,45. Despite
using different wire materials and diameters, our measurements closely
align with theirs, both in terms of the observed trends and the specific
velocity ranges reported. Specifically, they reported calculated maximum
velocities of 0.43m s−1 and 1.7m s−1 at currents of 150 A and 300 A for a
1.6-mm-diameter steel wire, respectively. Turning to the aspect of the dis-
charge current path, Ogino et al. pointed out the role of the current path in
jet tapering or elongation: a radially expanding current path intensifies the
radial electromagnetic force near the solid-liquid interface rather than at the
bottom of the jets46,47. As with our observations when changing conditions
from 270 A/5mm to 270 A/0mm, their computational results demon-
strated jet elongation when the current path spread out and promoted
current leakage into the arc plasma from the side rather than the bottom of
molten mild steel jets. However, their qualitative discussion was limited to
the radial electromagnetic force pinching the jet, without addressing the
quantitative response of the axial flow induced by this force.

Interestingly, comparable acceleration mechanisms are observed in
plasma jet phenomena, driven by the interaction betweendirect current and
its coaxial self-induced magnetic field. This cross-disciplinary evidence
provides a broader perspective to our study. According to the Maecker
formula17, a well-established theory in plasma jet studies, this acceleration
mechanism is achieved through two distinct effects: the blowing effect by
axial electromagnetic force, and the pumping effect by induced axial pres-
sure force known as the electromagnetic pinch effect17,50,51. Total jet thrust is
governed by both the magnitude of discharge current and the extent of
current path expansion. For example, studies on plasma jet applications,
including tungsten inert gas welding4, consistently provide both theoretical
and experimental evidence that plasma jet velocities increase with the dis-
charge current8,17,52–54. This relationship stems from the conversion of
electromagnetic energy into kinetic energy. Furthermore, magneto-
plasmadynamic thrusters, expected for future aerospace applications,
exhibit increased total thrust with the anode-cathode radius ratio—a key
metric of discharge current path expansion17,55. While plasma jets are gov-
erned by single-phase electromagnetic fluid flow, the metal transfer phe-
nomena involvemore intricatemulti-phaseflows. These complexitiesmean
that the distribution of electrical current between the arc plasma and the
molten metal jet is subject to material-specific variables, such as electrical
conductivity. Previous studies have identified that the current level influ-
encing jet breakup modes depends on the material properties of both the
wire and the arc plasma47,56–60. However, given that both plasma jet and
metal transfer are drivenby the electromagnetic interaction between current
and its self-induced magnetic field, the cross-disciplinary insights from
single-phase flow in plasma jet can still help to clarify the effective impact of
current distribution on multi-phase flows in metal transfer.

For wire material, aluminumwas selected not only due to its widespread
industrial use in wire-arc-based processes but also to address specific technical
challenges associated with synchrotronX-ray transmission imaging. As a light
metal, aluminum provides a distinct contrast in radiographs compared to
heavier metals like tungsten, enhancing the visibility of tracers during particle
tracking analysis. Although based on this technical selection, our aluminum-
based findings, which show internal flow acceleration within elongated jets as
evidenced by increased jet velocities, offer insights that could potentially
extend to other materials. Sato et al. revealed that the fundamental electro-
magnetic mechanisms driving jet breakup remained consistent across various
wire materials such as aluminum, copper, iron, nickel, and titanium. While
the threshold current required for jet elongation varied with the electrical
conductivity of each material, all tested materials experienced jet elongation
through either an increased magnitude of current or an expansion of the
current path. Building on the surface observations by Sato et al., our study
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extends their findings through the internal flow observations within molten
aluminum jets and thereby emphasizes the interconnected nature of elec-
tromagnetism and fluid dynamics. Indeed, there is still a clear need for
additional experiments to accurately measure velocities in wire materials
beyond aluminum. Nevertheless, our findings suggest the potential general-
ization that electromagnetic force, by driving internal flow acceleration, can
induce jet elongation across a diverse range of wire materials.

For gas composition, pure argon was selected to shield the molten
aluminum jets and tungsten cathodes fromoxidation.However, in practical
wire-arc-based processes, a variety of gases, including helium, carbon
dioxide, and mixtures of argon with other gases, are commonly used to
control the power density of the arc plasma heat source and the resulting
material deposition characteristics. While wire selection affects material

deposition characteristics primarily through its material properties, gas
selection influences these characteristics through a combination of material
properties and geometric factors. Firstly, as with the wire, the material
properties of the arc plasma, particularly its electrical conductivity, are
crucial in determining jet breakup characteristics. Ogino et al. conducted
numerical simulations to examine the effect of electrical conductivity of arc
plasma by altering the mixing ratio of argon and carbon dioxide gases47.
They revealed that the electrical conductivity distribution from the side to
the bottom of the molten metal jet determines the current path and con-
sequently the jet breakup behavior. Secondly, the constriction of the arc
plasma itself is a geometric factor that governs the arc attachment to the
moltenmetal jet and confines the current path. For example, with heliumor
carbon dioxide, the arc plasma constricts significantly compared to argon-

Fig. 2 | Time-series analysis of surface dynamics during molten aluminum jet
breakup. Time-series images for the four conditions of arc discharge current and
anode-cathode distance: a–c 200 A/5 mm (Supplementary Movie 1), d–f 200 A/
0 mm (Supplementary Movie 2), g–i 270 A/5 mm (Supplementary Movie 3), and
(j–l) 270 A/0 mm (Supplementary Movie 4). Each image features a radiograph on

the left and its corresponding boundary-extracted image of the jet surface on the
right. t0 represents the time elapsed from the start of recording to the initiation of
surface tracking. Single breakup cycles are presented for the conditions of 200 A/
5 mm, 200 A/0 mm, and 270 A/5 mm. Pinch-off is observedwithin the beam area for
all conditions except the 270 A/0 mm condition (b, e, h). All scale bars = 1 mm.
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rich gases, leading to a bulged jet instead of an elongated one56. In our
experiment, increasing the anode-cathode distance corresponds to the effect
of arc constriction. The observed suppression of jet elongation under con-
ditions from 270 A/0mm to 270 A/5mm is comparable to the suppression
seenwhen changing the shielding gas composition from argon-rich gases to
helium or carbon dioxide. Incorporating both factors, even at the same
current level, the resultant current path is determined by the spatial dis-
tribution of arc electrical conductivity and the geometric constraints
imposed by arc constriction. Additionally, the spatiotemporal mixing of arc

plasma from the shielding gas and metal vapor from the overheated jet
causes intricate fluctuations in arc plasma characteristics. Therefore,
detailed plasma measurements and numerical simulations are essential for
gaining a clearer understanding of the interaction between the arc plasma
and the molten metal jet.

Despite our primary focus on electromagnetic force and surface tension,
it remains essential to also consider the potential contributions of other
driving forces such as shear stress and gravity. Specifically, shear stress
includes plasma drag force and the Marangoni effect. During arc discharge,

Fig. 3 | Quantification of molten aluminum jet flow dynamics using particle
tracking analysis. Radiographs with tracer particle trajectories under the four
conditions: a 200 A/5 mm (Supplementary Movie 5), b 200 A/0 mm (Supplemen-
tary Movie 6), c 270 A/5 mm (Supplementary Movie 7), and d 270 A/0 mm (Sup-
plementaryMovie 8). In these images (a–d), black lines indicate the jet surface or the
solid-liquid interface, while blue lines with rounded endpoints represent the particle
trajectories; the rounded endpoints mark the end of particle tracking. e Time-course
graph depicting the vertical component of particle velocity for the 200 A/5 mm
condition. The horizontal axis represents the time elapsed since the start of particle
tracking, with the initial frame set as the time reference (t ¼ t0). The graph divides
into four phases, each corresponding to a distinct stage of pinch-off in a: (I) particle
descent within the pre-pinch rounded jet at t0 þ 2:0 ms, (II) ascent of the particle

located above the pinch-off at t0 þ 5:0 ms, (III) particle descent with another pre-
pinch rounded jet at t0 þ 7:7 ms, and (IV) continued descent of the particle located
below the pinch-off at t0 þ 10:3 ms. f Bar graph quantifying the jet velocities across
the four conditions. Jet velocity refers to the maximum vertical component of par-
ticle velocity observed near the solid-liquid interface before pinch-off. Bars with a
white background and black dot pattern indicate an anode-cathode distance of
5 mm, while bars filled with red indicate an anode-cathode distance of 0 mm. In the
bar graph, error bars represent the range between the maximum and minimum jet
velocities for each condition. As the discharge current increased and the anode-
cathode distance decreased, the jet velocity increased. Under all tested conditions,
the jet velocities exceed the wire feed rate by 200% to 300%, represented in the gray
area. All scale bars = 1 mm.
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these forces are generated at the molten metal surface and diffuse inward.
Plasma drag force acts as a directional force, aligning with the jet injection
direction, but becomes less dominant in high-current regions where droplet
size decreases, similar to the gravitational effect61. In contrast, the Marangoni
effect is driven by temperature-dependent gradients in surface tension and
acts as a counteractive force against the downflow of molten metal jets,
especially in materials without surface-active elements. This effect is further
intensified by three factors62: greater temperature difference in high power
density welding processes like laser welding; lower thermal diffusivity in
materials such as steel; and larger spatial scale of the flow as observed in
molten metal pools. The downflow observed in the jet core suggests that, at
least in this region, theMarangoni effect has a limited counteractive influence
on the velocity profile under the tested conditions. Such limitations are likely
due to spatial flow scale rather than temperature difference. Although a
greater temperature difference might be locally expected for droplets com-
pared to pools, due to the rapid phase transition of the wire from solid to
liquid and gas, this effect is counteracted by the small spatial scale. Addi-
tionally, the small spatial flow scale significantly amplifies the electromagnetic
effect on droplets compared to pools, as it is proportional to the square of the
current density. Consequently, the electromagnetic effect can be more sub-
stantial than the Marangoni effect. However, given the complexity of surface
interactions in a free surface flow, the potential impact of shear stress on jet
breakup dynamics still remains to be elucidated. To fully understand these
effects, it would be beneficial to improve visualization coverage by dispersing
tracer particles throughout the entire jet, including near the surface, rather
than focusing solely on the jet core as in this study.

The reliability of our flow visualization relies on the sufficient ability of
tracer particles to respond to molten metal flow. As a possible cause of tracer
particles deviating from the molten metal flow, one might consider the
potential for gravity to accelerate tungsten particles. However, even when
accounting for their higher density relative to the surrounding molten alu-
minum, the influence of gravity proves negligible. Specifically, we applied
Stokes’ law within a moving coordinate system descending at the wire feed
rate, i.e., the rate at which both tracer particles and molten aluminum are
introduced into the jet. The terminal settling velocity for a sphere particle in
free-fall is calculated as v ¼ ðρp � ρf ÞgD2=18μ63, where ρp and ρf represent

the particle and fluid densities, g is the gravitational acceleration, D is the
particle diameter, and μ is the fluid viscosity. For pure tungsten particles with
a diameter of 53 μm64, the calculated settling velocity is amere 0.02m s−1. This
figure is significantly lower than the velocity increments when we measured
against the wire feed rate, validating the negligible role of gravity in our
experiment. Furthermore, calculating the Stokes number St ¼ ρpD

2U=18μL

results in St≈100, with a representative velocity U of 1m s−1 and a char-
acteristic length L of 1.2mm. This estimation confirms that the selected
particle size is suitable to ensure both the necessary radiograph contrast and
the sufficient ability to closely follow the flow. However, it should be noted
that there is still room for improvement in the selection of tracer particles,
particularly regarding shape and size distribution. Our experiments used
mechanically milled tungsten powder, which included some particles with
low circularity and others much smaller than the pixel size. These fine par-
ticles needed to cluster to be observed due to the weak X-ray attenuation
effect, which merely degraded the radiograph contrast between the tracer
particles and the molten aluminum. To enhance the quality of flow visuali-
zation, it would be beneficial to use atomized 10-μm-scale powder with high
circularity and a narrow size distribution. Additionally, the method of
introducing tracer particles to the wire should be optimized to avoid air
bubble formation, which can obstruct the particle movement.

Two technical challenges in our velocimetry may have introduced
errors, resulting in discrepancies between the measured and actual velo-
cities: the inability to track three-dimensional particle movements and the
restricted imaging area thatwas unable to cover the entire jet. Firstly, despite
the inherently three-dimensional trajectories of the particles, our veloci-
metry could only capture their projections onto the two-dimensional plane
perpendicular to the X-ray beam (the xz-plane). This limitationmight have

led to an underestimation of speeds if the transverse tracermovement in the
y-direction was significant, as a brief estimation is provided in Supple-
mentary Note 3 and Supplementary Fig. 3. Nevertheless, the primary focus
of this study is the axial elongation of molten metal jets in the z-direction.
Since the vertical component is likely the most critical for axial elongation,
evaluating only the z-component as the jet velocityhelpsminimize potential
inaccuracies due to particle movement in other directions. This approach
allows us to effectively assess the contribution of internal flow dynamics to
jet elongation,within the constraints of our velocimetry. Secondly, under the
condition of 270 A/0mm, the molten aluminum jet elongated beyond our
imaging capability, making the complete pinch-off unobservable. A larger
imaging areacouldpotentially capture faster velocities in the lower segments
of the elongated jet. Lastly, future work could offer a comprehensive dataset
forflowanddriving force distribution, thereby enhancing the comparability
of experimental and numerical findings.

In summary, our research has elucidated the core mechanisms gov-
erning the acceleration of current-carrying molten metal jets during arc
discharge, thereby clarifying key factors for advancing wire-arc-based
applications. This deeper understanding establishes a robust framework for
enhancing both the quality and efficiency of wire-arc-based technologies,
including gas metal arc welding and arc-directed energy deposition. Addi-
tionally, our work contributes to interdisciplinary knowledge at the inter-
section of fluid dynamics and electromagnetism. Applying the X-ray
imaging technique, we identified that the arc discharge current and its
distribution significantly influence the electromagnetic force and flow
dynamics within the molten metal jet. These lead to a jet velocity several
times faster than the wire feed rate, subsequently affecting the jet breakup
period and deformation patterns. Our foundational understanding of the
interplay between molten metal and arc plasma offers a viable groundwork
for the optimizationofwire-arc-basedprocesses, providingvaluable insights
for future studies on electromagnetic thermal fluid dynamics.

Methods
Materials and experimental design
We initiated an argon arc discharge between a continuously fed aluminum
wire and two tungsten rods (see details in Supplementary Note 1 and Sup-
plementary Fig. 1)43. In our experimental setup, the arc discharge current
oriented from the wire tip, flowed through the arc plasma, and transitioned
from a longitudinal to a radial direction as it reached the tungsten cathodes.
For the consumable anode, we employed commercially pure aluminum alloy
(A1070) wire with a diameter of 1.2mm and a length of 500mm. The
detailed chemical composition of the A1070 wire is provided in Supple-
mentary Table 1. This wire contained a coaxial hole of 0.1mm in diameter,
which was filled with a mixture of atomized 3-μm aluminum powder and
tungsten powder up to a size of 53 μm at a mass ratio of 9 to 1. The wire feed
rate was controlled using a single-axis slider and varied from 0.126 to
0.205m s−1, based on the discharge current set by a constant-current power
source (Welbee Inverter T500P, DAIHEN). In contrast, the non-consumable
cathodes consisted of 1.6-mm-diameter tungsten rods, doped with 2 wt.%
La2O3 and featuring a 30-degree tip angle. To ensure stable cathode spots and
minimize arc plasma fluctuations, the tungsten rods were inserted 10mm
below the contact tip throughout the experiments. These rods were oriented
symmetrically along the longitudinal axis of the anode wire with a 4mm gap.
Pure argon gas was supplied at a rate of 20 L/min through a coaxial nozzle
aligned with the anode wire. Experimental variables included the arc dis-
charge current (either 200 or 270A) and the anode-cathode distance, mea-
sured as the height from the solid-liquid interface of the anode wire to the tips
of the tungsten cathodes (either 0 or 5mm). To enhance the reliability of the
experiments, each experimental condition was repeated at least three times.

Synchrotron X-ray transmission imaging
Our experiments were carried out at the beamline BL22XU in SPring-8,
Japan42. Incident X-rays generated from a planar undulator were mono-
chromatized by a Si(111) double-crystal monochromator and 30 keV
X-rays were used in our experiments. The beam dimensions of 4.02mm
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(width) × 2.19mm (height) were measured specifically where the beam
transmitted through the fusion zoneof the anodewire. Thedetection system
employed a high-speed camera manufactured by NAC Image Technology
Inc. that was lens-coupled to a CsI scintillator. Operating at frame rates of
3 kHz, the camera captured imageswith dimensions of 448 pixels (width) ×
296 pixels (height), corresponding to a pixel resolution of 86.25 pix-
els per mm.

Image analysis and quantification
Imageprocessingwas conductedusingFiji software65. Thefirst step involved
background noise minimization through a background removal algorithm
defined by the equation I1 ¼ I0 � Idark

� �
= Iback � Idark
� �

. In this formula,
I1 refers to the processed image intensity; I0 represents the raw image
intensity; Iback denotes themean intensity of 100 background images; Idark is
the mean intensity of 100 dark-field images. In the resulting radiographs,
different materials could be distinguishable based on their intensities:
tungstenparticles appeared as darker regions,molten aluminumasmedium
intensity, and the surrounding gas as a light area. This distinct contrast was
attributable to the different X-ray attenuation effects for each material. For
the kinematic analysis of tungsten particleswithin themolten aluminum jet,
we employed the Manual Tracking plugin, developed by Fabrice P. Cor-
delières at Institut Curie, Orsay, France. This plugin provided detailed data,
including pixel coordinates, velocity, inter-frame displacement, and pixel
intensity. To accurately quantify jet flow dynamics while eliminating the
effects of surface deformation, the trackingwas confined to particles located
near the solid-liquid interface. To ensure reproducibility, the analysis uti-
lizeddata exclusively from the quasi-steady period, with the arc ignition and
extinction periods excluded. The jet velocity for each condition was eval-
uated by calculating the average from at least nine particle tracking trajec-
tories. Our image analysis can introduce a potential velocity error of
approximately 0.08m s−1 (see Supplementary Note 4 and Supplementary
Table 2 for further information).

Data availability
The radiograph data supporting the findings of this study are available
within the paper and its supplementary movies. Other datasets generated
and analyzed during this study are not publicly available due to their
extensive size. However, the data are available from the corresponding
author Y. O. on reasonable request.
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