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Alternating current (AC) arc melting technology has been developed for the manufacturing of
lightweight materials and provides a potential heat source in welding and additive manufacturing.
However, metal flow and the corresponding effects of AC arc melting remain unclear. Here, 3D internal
and surface flows in an aluminium alloy during AC tungsten arc melting are studied via in situ/operando
4D X-ray radiography and laser high-speed imaging. The molten flow velocity under positive polarity is
much greater than that under negative polarity. We find that liquid metal flow is mainly influenced by the
cathode spot motion at the molten pool surface in the electrode positive stage. This information can be
used to guide process optimization in the manufacturing of light metals via AC arc melting.

Aluminium, magnesium, and their alloys are widely used in aerospace,
automotive, rail transit, electrical and electronic applications for energy
savings, as well as for parts that operate at high speeds and thus must be
lightweight to minimize inertial forces'’. Processing methods such as
welding and additive manufacturing are indispensable in the manufacture
of light alloy structures’. Among them, the gas tungsten alternate current
(AC) arc, as a typical heat source for processing of aluminium alloys and
magnesium alloys, has many advantages such as lack of spatter, limited
smoke, relatively high stability and high quality, as well as ability to clean
oxide film by cathode spots*™*. The molten pool dynamics resulting from arc
melting have been shown to be strongly related to be quality and mechanical
properties of the manufactured product. However, even after decades of
development, the complex physics of molten pool flows from AC arc
melting still cannot be understood clearly because of many unresolved issues
such as cathode spots, arc forces, and heat transport.

In recent years, with the development of hardware such as high-speed
video cameras”’, X-ray devices'*"'* and high-energy synchrotron radiation"*™,
as well as software for imaging and data processing™”', the visualization of
molten pool dynamics has improved. In addition to experimental observa-
tions, significant efforts towards computational modelling have been made to
better understand molten pool flow”” ™. It is generally believed that the con-
vective fluid flow in a molten pool is influence by the balance among buoyancy,
the viscous drag force, the thermocapillary force and the Lorentz magnetic
pressure. The system may be dominated by the drag force from the cathode jet
or the Marangoni effect, which varies depending on different conditions such
as the composition of the shielding gas, molten pool size and arc length. Rough

experiments can be used to guide these models”*. AC arc melting can be
classified into two types: one where both electrodes melt”~"' and the other
where only one electrode melts (the non-melting electrode material is mainly
tungsten)*”. Even though the AC gas tungsten arc is relatively stable because
there is no droplet transfer, the variations of tungsten melting and cathode spot
jumping under polarity switching govern the thermal and force outputs***.
Spots on a cold cathode, as a typical feature of electrode-positive (EP) polarity,
create receptive craters with current densities >10" A m™> and power flux
densities exceeding 10”W m™. The high-speed motion of a cold cathode
surface is one of the most intriguing characteristics of such structures™™".
Shielding gas, metal vapour, and the molten pool temperature are presumed to
affect spot behaviour, but conclusions remain unclear’**. The energy and
momentum balance on the interface during AC arc melting is poorly
understood; thus, heat transfer and fluid flow are controversial*~.

This work focuses on liquid metal flow under different polarities
during the process of melting with an AC tungsten arc. A laser and high-
speed imaging system and dual X-ray radiography (DXR), were used to
observe the surface and internal flow of the molten pool. Tracer particles in
time-dependent images were used to quantify the liquid metal flow in situ
and operando. Regardless of the molten pool state, a pronounced difference
in flow velocity between the EP and electrode negative (EN) stages is
observed during AC arc melting of aluminium alloy. This difference is
closely associated with the aggregation and motion of cathode spots during
the EP stage. The increasingly complex melting of lightweight metals can be
optimized by better understanding molten pool dynamics during AC arc
use to enhance manufacturing quality.
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Results

Surface flow of a molten pool with AC arc melting

There are three basic types of tungsten gas arc melting, and a schematic is
shown in Fig. la. A tungsten inert gas (TIG) arc is a type of free-burning arc
with a low energy density. The depth of the melt is shallow and there is little
deformation of the gas-liquid surface. The plasma arc is constrained by a
water cooling nozzle, which has a relatively high heat flux, plasma flow
velocity and arc forces, resulting in a large melting depth and deformation of
the molten pool surface'"’. According to whether there is full perforation,
the plasma arc melting can be divided into two types: one with a molten pool
with a blind keyhole formed by soft plasma arc (SPA) and one with a keyhole
molten pool formed by a keyhole plasma arc (KPA). When melting alu-
minium alloys, it is necessary to utilize the characteristics of AC arcs to clean
the oxide film on the workpiece surface. Therefore, the plasma arc inves-
tigated here is an AC plasma arc with a rectangular AC waveform, com-
monly referred to as a variable polarity plasma arc (VPPA).

The positions of the high-speed camera and the welding torch are fixed.
Prior to welding, a steel ruler is placed directly beneath the welding torch and
a single image is captured to calibrate the two-dimensional coordinate
system, facilitating the calculation of the molten pool dimensions during the
welding process. The origin of the coordinate system is set at the centre of the
weld seam. The aluminium alloy plate is fixed on a mobile trolley. In this
work, zirconia particles with a diameter of 0.03 mm are used as tracer
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Fig. 1 | Three different types of tungsten gas arc melting and observation of
molten pool flow. a Schematic illustrating the structure formed when tungsten is
used as the electrode material to create an arc for melting aluminium alloy. Under the
thermal and force effect of the arc, the metal undergoes melting and deformation,
which can be categorized into three main forms. b The observation angle of the high-
speed camera and the flow velocity under EP and EN polarities during the TIG arc
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particles and are pre-embedded during the melting process. With a melting
point of 2973 K, zirconia does not react chemically with the aluminium
alloy. In the images, the solid particles adhere to the surface of the molten
pool and move concurrently with the molten metal.

A high-speed camera and laser with a 520 nm wavelength were used to
visualize the molten pool of the TIG arc perpendicular to the melting
direction (Fig. 1b). When y = 0, the flow velocity along the x direction was
calculated, which clearly shows that the flow velocity in the EP stage is
significantly higher than that in EN stage (Supplementary Movie 1). The
velocity in the EP stage is approximately 10-20 mm s™', with an average
velocity lower than 10 mm s~ ". This value is much lower than the flow
velocity of the direct current (DC) TIG molten pool. During plasma arc
melting, the flow of the rear side of the molten pool, which is important for
bead formation, is observed in the melting direction. The curve in Fig. 1c
shows the flow velocity along the y direction when x = 0. In the molten pool
with a blind keyhole, the flow velocity in the EP stage is also greater than that
in the EN stage (Supplementary Movie 2). The maximum velocity in the EP
stage is approximately 40 mm s~', which is slightly higher than that in the
TIG arc melting process. The average velocity is approximately 10 mm s,
which is close to that of TIG. As shown in Fig. 1d, the fusion zone obtained in
the KPA melting process is significantly different from that in the other
processes. The workpiece is completely penetrated and the required energy
is correspondingly greater. Additionally, the flow velocity in the EP stage is
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melting of aluminium alloy. The camera observation path is perpendicular to the
melting direction. ¢ Plasma arc melting process with a blind keyhole. The camera
observes facing the melting direction. d Plasma arc melting process with a keyhole.
Error bars represent one standard deviation (SD) from the mean. TIG-arc tungsten
inert gas arc, SPA soft plasma arc, KPA keyhole plasma arc.
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still higher than that in the EN stage (Supplementary Movie 3). This finding
indicates that regardless of how the arc and molten pool state change, if the
arc is an AC tungsten electrode arc, the liquid metal flow velocity in the EP
section of the current cycle during the melting process is much greater than
that in the EN stage, which is a unique phenomenon. Compared with TIG
arcs, plasma arcs are more constricted and exhibit a higher arc temperature,
resulting in more complete ionization of the gas medium and higher current
densities. Microscopically, particle collisions within the plasma arc involve
processes of energy absorption and release. The arc temperature is primarily
related to Joule heating and heat from microscopic particle collisions. Gas
constriction by the plasma arc increases the particle velocity and collision
frequency, enhancing ionization and energy release in the arc region™’".
Consequently, plasma arcs exhibit higher temperatures and flow rates than
do TIG arcs. However, when applied to a melted aluminium alloy, the
average flow velocity of the molten pool metal is essentially similar, as will be
discussed.

Measurement of the flow on the whole keyhole molten pool
surface

It is difficult to obtain the whole surface flow of a keyhole molten pool with a
laser and a High-speed video camera (HSVC). The DXR device shown in
Fig. 2a can pass through the area of the keyhole molten pool and be imaged
by the camera. This device enables the acquisition of the three-dimensional
coordinates of tracer particles. Aucott et al”® emphasized that two-
dimensional imaging lacks accuracy in quantifying the flow velocity of the
molten pools. Currently, all synchrotron imaging techniques provide only
two-dimensional projections. Therefore, the device used in this study offers
a significant advantage in accurately quantifying the flow velocity within the
molten pools. The movement of small bubbles in a molten pool can reflect
metal flow, but it is difficult to capture the flow at the gas-liquid interface
because the bubbles tend to rupture and release gas when approaching the
interface'*". The aluminium alloy plate is a cuboid with a size of length X
width X thickness of 150 mm X 100 mm X mm, as shown in Fig. 2b. The
AC plasma arc melts and penetrates the solid metal to form the keyhole
molten pool, which then moves in the length direction. The keyhole molten
pool produced by the VPPA can be divided into 6 typical positions. A
schematic of the keyhole section with different locations marking is shown
in Fig. 2c. Achieving upwards flow at the back, top and surface positions is
the key to successful welding™.

The intersection of the two X-rays is fixed. The spatial position coor-
dinate system is subsequently calibrated using a plastic plate with holes
engraved at a fixed distance. The flow velocity can be calculated using the
spatial coordinates and internal time between the images (as shown in
Figs. 2d-g). The aluminium alloy plate is fixed on the mobile trolley. The
heights of the torch and workpiece are adjusted on the basis of the position of
the keyhole on the monitor. The detection process steps are as follows. The
trolley is moved to the starting position, the arc is started, the plasma arc
melts the metal, and the trolley is started when the workpiece is almost
penetrated, When the tracer particles enter the field of view, the high-speed
camera is triggered, and the image is collected and saved. X-ray radiographs
of the molten region, illustrated in Fig. 2e, were captured by HSVC at a
2 kHz frame rates, covering the whole region of keyhole and molten pool.
Tungsten (W) balls with a diameter of 0.3 mm, pre-embedded in the
melting route in advance, were employed as tracer particles. The solid
particles are darker than the surrounding liquid metal in the image because
W has much greater X-ray attenuation than the liquid metal. We used
tungsten particles pre-embedded in the welding path as tracer particles. By
embedding multiple tracer particles at different positions and depths, we
obtained various flow trajectories. The W particles have an insignificant
effect on the flow patterns and velocities in liquid metal as the sinking speed
can be considered negligible”. I a tracer particle enters the deeper regions of
a molten pool, it provides information on internal flow, whereas if a tracer
particle adheres to the surface of the molten pool, it reflects the surface flow.
In summary, zirconia can be used to measure only the surface flow of a
molten pool, whereas tungsten particles can capture both the internal and

surface flows. When different methods are used to detect molten pool flow
and compare and verify the results, the accuracy and reliability of the data
can be enhanced.

Figure. 2h shows the enlargement of the keyhole region at the begin-
ning of the EN stage, showing the relative position of the particles. For the
area labelled with a red dotted line, as shown in Fig. 2i, the movement of
particles with different polarities can be clearly observed over one current
cycle. In the EN stage (from 0.0 to 12.5 ms), the positions of the particles
remain almost unchanged. From the beginning of the EP stage (14.5 ms) to
the end (21.0 ms), the movement of the particles by Al is very distinct. This
phenomenon is consistent with the detection of surface flow. This phe-
nomenon is further explained in the Supplementary Movie 4.

Internal convection of the keyhole molten pool by an AC

plasma arc

On the basis of the images captured by high-speed cameras, the coordinates
of the tracer particles during their movement can be obtained. The flow
velocities of liquid metals at each polarity can be calculated on the basis of
the particle position and duration for the EN and EP cases (Fig. 3). There are
two typical flow trajectories of the keyhole molten pool: surface upwards
flow (red colour) and internal flow (blue colour) after detouring the keyhole.
Figure 3a—c shows the flow trajectories in the melting process of plates with
sizes of 5, 8 and 10 mm, respectively. The difference in trajectories is likely
due to the differences in the molten pool size and keyhole morphology with
different plate melting thicknesses. A particle moving along the internal
trajectory travels along the keyhole wall first and then enters the deep region
of the trailing molten pool behind the keyhole. When it is near the keyhole
wall, its velocity in the EP stage is much greater than that in the EN stage, as
shown in Fig. 3d, which is consistent with the results of the molten pool
surface flow measurement shown in Fig. 1. The velocity in the EN stage
begins to increase when the particle enters a deep position in the melt pool,
whereas the velocity in the EP stage decreases until the velocities of the two
stages approach each other. For the velocity along a surface trajectory with a
plate thickness of 5mm, the velocity in the EP stage is approximately
30 mm s, which is higher than that in the EN stage. The same phenom-
enon occurs in the 8 and 10 mm cases, where the flow velocity in the EP stage
is higher than that in the EN stage on the keyhole wall surface, whereas the
flow velocities under positive and negative polarities are similar at the deep
position in the melt pool.

Discussion

In summary, there is a significant difference in the flow velocity of the
molten pool between the EN and EP stages when approaching the surface of
the molten pool. The flow velocity in the EN stage is very low. In recent
years, some studies have suggested that the flow of the molten pool created
by a tungsten arc is mainly dominated by the drag force from the cathode
jet'****. Similarly, the deformation of the gas-liquid interface during digging
the process of keyhole welding by a DC plasma arc is dominated by this
mechanism™. The digging process is the initial stage of plasma arc keyhole
welding, during which the molten pool surface progressively deforms into a
concave shape, eventually leading to full penetration of the workpiece™. In
the EN stage of AC arc melting, the arc is concentrated because all the
electrons are emitted from the tungsten tip, which causes the current den-
sity, arc temperature, pressure and plasma flow velocity to be greater than
those in the EP stage; thus, the abovementioned arc drag force from the
cathode jet is greater. If the molten pool flow is affected mainly by this force,
as noted in previous studies, the flow velocity during the EN stage should be
higher than that during the EP stage. However, this is obviously contra-
dictory to the actual experimental observations in our work. Therefore, we
can infer that there must be a new influencing mechanism in the metal flow
during the process of AC arc melting.
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Fig. 2 | Four-dimensional in situ / operando radiography of a keyhole molten
pool flow with dual X-ray sources system. a Schematic of the relative position
between the dual X-ray imaging system and the heat source melting device. The
plasma arc forms a keyhole molten pool, where the two X-ray beams transmitted
through. b Schematic of aluminium alloy plate. The shown thickness is 8 mm, with
5 mm and 10 mm also included (see “Methods” section for details). The dimensions
are not to scale. ¢ Different locations of keyhole molten pool. The keyhole molten
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pool is a “cylindrical” liquid metal with a hole in the middle, divided into six typical
regions. d Plastic plate for calibration. The plate is placed at different positions and
perform X-ray imaging before experiment. Spatial coordinate is calibrated based on
the position of the hole in the images. e Images obtained with the two X-ray devices
and HSVCs. f Coordinates of the particle. g Velocity calculation. h Magnification of
the keyhole region with a particle. The tungsten ball is inside the dashed box.

i Particle motion in one period. HSVC: High-speed video camera.

In addition, the flow velocity (u,) of the arc plasma close to the surface of the
melt pool is approximately 200 ms™' as shown in Fig. 4, which is much
higher than that of molten metal (1)). The dynamic viscosity (¢) of the
plasma is approximately 10 kg m™" s™". The thickness (d) of the gas-liquid

boundary layer is 1 pm at minimum. Equation (1) shows that the arc shear
force (1) generated by the arc plasma jet is approximately 10°N m™> which is
much smaller than the atmospheric pressure of 10°N m . Therefore, its
effect on the metal liquid surface should be very weak™. Assuming that the
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Fig. 3 | Analysis of surface and internal flow velocity of the keyhole molten pool.
The flow velocity of EN and EP on the trajectory of a single tracer particle calculated
from X-ray imaging. a—c Trajectories on the surface (red colour) and inside (blue

Flow velocity of inside trajectory

Flow velocity of surface trajectory

60
A~ EP phase —@—EP phase
~—M~EN phase 50 =y=EN phase
7, 40
£
£
= 30 / \ 9
S -
s \Y N
§ 2 2 P 3
10 < = {
S e A
0
0.8 1.0 12 14 16 18 3.0 35 4.0 45 5.0 55
Time /s Time /s
80
~A~EP phase
~Hl=EN phase
60
—‘ln
E
E
\ 40
=
o
o
>
20
\
s\i/i—}-
0.0 0.8 16 24 4.0 0
Time /'s T"“EI 8
200
~A=EP phase =&—EP phase L 3
~m=EN phase ~w=EN phase
160 Y
—'lll
£120
£
z
S 80 /
°
>
H
40 ’\é/
!
/A /
- i-———! 5 '/ '&‘ ~y—vw
2.5 3.0 5.0 0.0 0.5 1.0 15 20 25

Tlmels

of base metal are 5 mm

Time /s

colour). d—f Flow velocity of EP and EN stage on the two trajectories. The thicknesses

(a, d), 8 mm (b, e), 10 mm (g, f). Error bars represent one

standard deviation (SD) from the mean.

Fig. 4 | The flow vector of the arc plasma on the
surface of the keyhole molten pool obtained via
numerical simulation. u, is the flow velocity of the
arc plasma. u; is the flow velocity of liquid metal in
molten metal. g is the dynamic viscosity of the arc
plasma. d is the thickness of the gas-liquid
boundary layer.

-
Welding direction
(3.5 mm/s)

Velocity of
arc plasma

Base metal

Arc plasma
flow vector

Arc plasma

Boundary layer

Liquid metal

001 (m)

0.0025

Communications Materials | (2025)6:94


www.nature.com/commsmat

https://doi.org/10.1038/s43246-025-00819-x

Article

liquid surface is stationary, the internal pressure of the liquid equals
atmospheric pressure. If the shear force is able to drive metal flow and
generate velocity, according to Bernoulli’s equation, the pressure term will
decrease and the kinetic energy term will increase. This disrupts the equi-
librium of the liquid surface, leading to undulations or concave deforma-
tions, meaning that the shear force works against the pressure term.
Therefore, if the shear force is capable of driving metal flow, its magnitude
would need to be on the order of atmospheric pressure. Since the arc plasma
generates only a small shear force due to its very low viscosity, it is difficult
for it to drive metal flow.

The numerical simulations mentioned in the article pertain to the
velocity of the arc plasma, whereas the experimental measurements focus on
the velocity of the molten metal in the molten pool. Naturally, there is a
significant difference between the two. The reason for the high velocity of the
arc plasma is that, despite its high flow velocity, the arc plasma, owing to its
low viscosity and low density, cannot drive the flow of the molten metal.
This is also the reason why the Kelvin-Helmholtz instability* is not induced,
despite the significant difference between the flow velocity of the arc plasma
and that of the metal in the molten pool.

To further experimentally explore whether the arc shear force has a
major impact on the above system, we designed an experiment to vary the
arc confinement state and thus vary the plasma flow velocity. Figure 5a
shows the three-dimensional fluid flow of the keyhole molten pool with
different tungsten setbacks. The plasma arc is increasingly constricted with
greater tungsten setback, which makes the arc plasma flow faster; thus, the
arc force and pressure are high. The red vector arrows in the figure represent
the liquid-metal flow velocity. Figure 5a shows the results for a 2 mm
tungsten setback. On the front side of the keyhole, the liquid metal flows
from the bottom side to the top side. On the sidewall of the keyhole, the
liquid metal flows upwards while flowing to the rear of the weld direction. In
the keyhole bottom region, some liquid metal flows downwards. The flow
patterns are basically the same in the 2 mm case as those for the 4 and 6 mm
tungsten setbacks. The metal that detoured the keyhole and flows into the
middle of the weld bead is mainly from the bottom region of the keyhole.
The metal detours the keyhole at the bottom region and then enters the
trailing molten pool. The upwards flow velocity of the liquid metal in the
keyhole molten pool on the trailing side shows little difference with changes
in the tungsten setback (Fig. 5b), indicating that although the arc state and
force change, they do not significantly affect the liquid metal flow. Thus,
there is a non-variable factor affecting the melt pool flow.

In addition, it is generally believed that the surface tension gradient in
the tangential direction caused by the temperature difference on the surface
of the melt pool, namely the so-called Marangoni force, is another important
factor affecting the flow of the melt pool. Especially for the welding or
additive manufacturing processes of ferrous metals, flow detection has
clearly demonstrated that the Marangoni force dominates the flow'**,
which may be due to the large surface tension gradient and temperature
gradient. However, for aluminium alloys, obtaining reliable evidence to
study the effect of the Marangoni force is difficult because an oxide film
generally forms on the surface of aluminium alloys, making accurate
measurement of surface tension challenging.

In many numerical simulation studies, different values have been
adopted for the surface tension gradient of aluminium alloys. In some
cases”™, itis set to —3.5 x 10 * N m ! K !, whereas in other cases®’, a value
of —0.5x 107 N m™" K™"is adopted. On the basis of the latest experimental
measurements”, the latter value is considered more reliable. The surface
tension coefficient of stainless steel” is approximately —4.58 x 10™* N m™
K™, which is significantly greater than that of aluminium alloy. The Mar-
angoni force is the product of the surface tension gradient and the tem-
perature gradient. Therefore, at the same temperature gradient, the
Marangoni force on the surface of a molten aluminium alloy pool is much
smaller than that on the surface of a steel pool. Furthermore, the thermal
conductivity of aluminium alloys is significantly greater than that of steel,
allowing heat to dissipate more easily and leading to a more gradual tem-
perature gradient. This further indicates that, unlike steel, the Marangoni

force in aluminium alloy melting is relatively weak and does not play a major
role in driving metal flow.

Trinh et al.* used the two-colour pyrometry method to measure the
temperature at different polarities during AC TIG welding and reported that
the molten pool centre temperature in the EN phase was significantly higher
than that in the EP phase, whereas the temperature at the pool edge
remained the same. The temperature distribution curve clearly shows that
the temperature gradient in the EN phase is greater than that in the EP
phase. Consequently, the Marangoni force under EN polarity is greater than
that in the EP phase. If the Marangoni force is the dominant driving force of
metal flow, then the molten pool flow velocity in the EN phase should be
higher than that in the EP phase. However, this contradicts the experimental
results obtained in this study. Therefore, the Marangoni force is not the
primary factor driving the flow of metals in the AC arc melting process.

Consequetly, it is necessary to focus on the differences in the arc
characteristics between positive and negative polarities. The cathode spot
phenomenon, occurring only during the EP stage, is a unique phenomenon
of AC arcs, and it does not change with the arc state®. The cathode spot
moves on the workpiece surface and has a very high current density
(approximately 10" A m™), resulting in the generation of tremendous heat
and evaporation forces in a short time*>*>®. To analyse the effects of the
cathode spots on the molten pool, a schematic diagram was created, as
shown in Fig. 5¢. This is based on the TIG arc melting process and corre-
sponds to the subsequent observation of the molten pool surface. As shown
in Fig. 5¢, the spot separates from the arc body on the cathode surface and
can move at high speed. Owing to the high-temperature characteristics of
the spot, a large amount of metal vapour is generated around it. During this
process, there are two forces at work: the evaporation reaction force, and the
drag force produced by the metal vapour jet. According to estimates by
Tanberg”’, the recoil force of a cathode spot is approximately 10* N m™>.
Additionally, the metal jet velocity generated by the evaporation of a single
spot can reach 100 m s According to the shear force calculation equation,
the shear force exerted on the melt pool by the metal jet from a single spot
can reach 10°N m™. Although this study focuses on vacuum arc discharges,
the cathode spots in welding arcs exhibit similar current densities. As a
result, the thermal effects produced are approximately of the same order of
magnitude, making them a useful reference. Since the cathode spot expands
outwards from the centre of the arc, the pressure is greater at the locations
where the spots are present, whereas the areas without spots experience
lower pressure. This results in an uneven pressure distribution perpendi-
cular to the molten pool surface. This uneven pressure distribution results in
tangential shear forces, as shown in Fig. 5d. The combined action of these
two forces creates a shear force on the surface of the melt pool, which ranges
from the spot-free zone to the spot-rich zone, thereby driving metal flow.
Although the thermal effects of the spots are significant, their size is extre-
mely small, and the dispersed nature of the spots limits the corresponding
effects on metal flow.

The plasma cloud created by metal vapour above the spot was mon-
itored, it was found that scattered spots minimally drive the flow of the melt
pool because the size of a single spot is small and its range of influence is
limited. However, when the spots are clustered to a certain extent and move,
the metal in the melt pool flows rapidly, as shown in Fig. 5e and Supple-
mentary Movie 5. Although it is challenging to obtain clear images of both
the plasma cloud and the molten pool under the same observation condi-
tions, the images that can illustrate the dynamic process of both were
obtained by carefully adjusting the laser intensity and focal level and by
using optical filters. Before 3.0 ms, the cathode spots are dispersed, and there
is no flow in the molten pool. The cathode spots subsequently aggregate into
clusters, which can be observed through the generated metal vapour. The
clusters of spots then move in a specific direction, and at this point, the
molten metal significantly moves. To clearly illustrate the movement of the
plasma cloud generated by the spot clusters, the images at 3.6 and 6.0 ms are
been magnified, as shown in Fig. 5f, g. The white region above the molten
pool, resembling a cloud, represents the plasma cloud generated by the spot
clusters. The magnified image at 3.6 ms, shws that the plasma cloud is
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concentrated on the left side of the image and then gradually moves to the
right, accompanied by the movement of tracer particles in the same direc-
tion. This clearly demonstrates the phenomenon of spot clusters driving
metal flow.

In summary, our research revealed a unique but often overlooked
phenomenon during the AC arc melting of aluminium alloys. The flow
velocity of liquid metal in the molten pool during the EP phase is sig-
nificantly higher than that in the EN phase. This phenomenon cannot be

explained by conventional arc melting theories, making it challenging to
understand. Through advanced observational methods, we determined that
during the EP phase, cathode spots cluster and move in a specific direction,
generating a pressure gradient on the surface of the liquid metal. The uneven
surface pressure distribution of the molten pool caused by spot clusters and
the shear force of the plasma cloud are the main factors influencing molten
pool flow during AC arc melting. This in-depth investigation provides a
solid foundation for improving the quality and efficiency of aluminium alloy
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welding and additive manufacturing processes. Additionally, this study
contributes valuable insights to the field of high-temperature fluid
dynamics. Furthermore, this research provides a basis for future research in
some directions, such as studying the motion characteristics of cathode
spots and leveraging their controllability to manage molten pool flow and
manufacturing defects in aluminium alloy processing. This work also paves
the way for achieving more precise control of AC arc melting processes in
the future.

Methods

Materials and melting process

A5052P (type number in the Japanese Industrial Standards) aluminium
alloy rectangular substrates (150 mm long X 100 mm wide X 5, 8 and
10 mm thick) were used for molten pool surface flow measurements and
X-ray imaging experiments. The thicknesses of the base metal were 5, 8, and
10 mm. The A5052P aluminium alloy had a nominal chemical composition
(wt. %) of Si-0.25, Fe-0.40, Cu-0.10, Mn-0.10, Mg-(2.2~2.8), Cr-
(0.15-0.35), Zn-0.10, and Al balance. The substrates for molten pool surface
flow observation were polished, and the surface with treated coarse silicon
carbide sandpaper to prevent laser reflection. A plasma arc melting machine
with a square waveform, NW-300ASR (Nippon Steel Welding & Engi-
neering Co., Ltd., Tokyo, Japan), was adopted as the power supply to obtain
two kinds of molten pools: a keyhole molten pool and a blind keyhole
molten pool. The substrates were melted by the high temperature of the
plasmaarc, and a keyhole formed if the arc forces were large. A blind keyhole
formed if the forces were small. A schematic of the plasma arc torch
structure is shown in Fig. 1. A small torch with a maximum current of 200 A
(N-101WH, Nippon Steel) was used for the 5 mm-thick aluminium alloy,
and a large torch (N-504WH) with a maximum current of 300 A was used
for the 8 and 10 mm-thick aluminium alloys. The torch and the power
supply were connected by cables, and a plasma arc formed between the torch
and the substrate.

The following parameters were adopted for the keyhole plasma arc
melting process: tungsten diameter, 3.2 mm; nozzle diameter, 2.8 mm;
plasma gas flow rate, 1.45L min shielding gas flow rate, 10L min~
current in the EP phase, 150 A; current in the EN phase, 150 A; AC current
frequency, 40 Hz; duty ratio in the EN phase, 70%; standoff, 2 mm; tungsten
setback, 3 mm; and welding speed, 4.5 mms™". For melting 8 mm-thick
aluminium alloy, the tungsten diameter was 4.8 mm, the tungsten setback
was 4 mm, the nozzle diameter was 4.0 mm, the plasma gas flow rate was
2.5 L min"" the shielding gas flow rate was 10 L min", the current of the EP
was 205-210 A, the current in the EN phase was 200-205 A, the AC current
frequency was 40 Hz, the duty ratio in the EN phase was 70%, the standoff
was 2mm, and the welding speed was 3.2 mms™'. Compared with the
parameters for melting 8 mm-thick aluminium alloy, the current in the EP
stage was 230-240 A and the current in the EN stage was 230-240 A for 10
mm-thick aluminium alloy, and the other parameters were the same. For
soft plasma arc melting, the parameters used were as follows: current
duration ratio (EN 75%, EP 25%), current (EN 120 A, EP 120 A), diameter
of the tungsten electrode (4.8 mm), plasma gas flow rate (2.0 L min™"),
shielding gas flow rate (10.0 Lmin"), melting speed (1 mms"), and
tungsten setback (2.0 mm).

A tungsten inert gas (TIG) melting machine with a square waveform,
namely, a Miller Dynasty 700 (Miller Electric Mg. Co., Appleton, WI 54914
USA), was adopted to form a molten pool with small deformation. The
parameters for this experiment were as follows: current duration ratio (EN
75%, EP 25%), current (EN 150 A, EP 150 A), diameter of the tungsten
electrode (3.2 mm), shielding gas flow rate (10.0 Lmin™"), and melting
speed (2mms ).

Dual X-ray 4-dimensional imaging

The internal flow experiments for the molten pool were performed at the
Joining and Welding Research Institute of Osaka University. A schematic of
the X-ray experiment is shown in Fig. 2a. The system includes two pairs of
X-rays and a high-speed camera. The spatial positions of the cameras and

the X-ray devices were adjusted with four robotic arms (NACHI Co., Ltd.,
JP) before the experiments. X-rays were generated by two X-ray tubes™
passing through the observation area of the metal, yielding an image at the
front end of the camera lens. The X-ray imaging system used in this study
was jointly developed and manufactured by Toshiba Corporation of Japan
and the Joining and Welding Research Institute of Osaka University. We do
not describe its principles in detail and simply use this system to obtain
information about the internal flow within the molten pool. The angle of the
X-ray with respect to the horizontal direction was 30°. Two X-rays inter-
sected at the point where the substrates were placed. During the experi-
ments, the two cameras and X-rays were fixed, and the substrates moved in
the melting direction at a set speed (3.0-3.5 mm s™"), driven by the moving
trolley. The maximum tube voltage of the mini-focused X-ray source was
230 kV, and the maximum tube current was 1000 uA, whereas the max-
imum tube voltage of the micro-focused X-ray source was 225 kV, and the
maximum tube current was 3.5 mA. During the experiment, the following
X-ray energy was used: (170 kV, 500 pA) for the mini-focused source and
(100 kV, 2.6 mA) for the micro-focused source for the 5 mm case; (180 kV,
700 pA) for the mini-focused source and (100 kV, 3.0 mA) for the micro-
focused source for the 8 mm case; and (190 kV, 700 pA) for the mini-
focused source and (140 kV, 3.0 mA) for the micro-focused source for the
10 mm case. The target element of the two X-ray sources was tungsten. The
image resolution was 800 x 600 pixels, corresponding to a physical size of
22 mm x 20 mm. The temporal resolution was 0.5 ms. The frame rate was
2000 fps. The exposure time of both imaging systems was 498 ps. For safety,
the equipment was placed in a room enclosed by a lead sheet, and the
operator watched the interior and controlled the equipment from outside
the room with the help of a surveillance camera.

Pulse laser and high-speed camera imaging

Simultaneous imaging with the laser and high-speed camera was used to
monitor the flow at the surface of the molten pool. Zirconia with a diameter
of 0.03 mm was used as the tracer. The density was 5.85 gcm >, and the
melting point was 2973 K. A small hole with a diameter of 1 mm and depth
of 2 mm was pre-drilled at the top and bottom of the workpiece before each
experiment. The zirconia particles were placed inside the small hole, and
then the hole was sealed with aluminium alloy wire. In addition, slag with a
diameter of approximately 0.05 mm on the molten pool surface was selected
to observe the region without zirconia. Common components of the slag of
the A5052P aluminium alloy include the oxides of aluminium and mag-
nesium with high melting points (above 2300 K) and low densities (below
4 g cm ™) floating on the surface of the weld pool. The movement of slag was
indicative of the flow of the weld pool surface. The origin point was then
defined to obtain the two-dimensional coordinates of each particle. The
moving distance of a particle was divided by a time interval over two con-
secutive images to obtain its velocity. A high-speed camera was used to
capture 2000 pictures of the weld pool per second. The positions of the
particles on the weld pool surface, including the slag and zirconia, were
different in these images. The trajectory was obtained by connecting the
different positions of one particle in each image. Different trajectories were
obtained by tracking different particles. On the basis of the weld pool images,
the origin coordinate was set at the centre of the weld bead. Thus, the
trajectories with different relative positions on the weld pool surface were
correspondingly located. The trajectory and velocity of the particles were
considered the same as those of the liquid metal because the motion of the
particles was due to liquid metal flow. By analysing the flow process of as
many particles as possible, the liquid metal flow at different positions around
the keyhole was obtained.

Numerical simulation model

The arc plasma flow velocity was simulated via a magnetohydrodynamic
model. The calculation domain included the tungsten electrode, constraint
nozzle, shielding gas nozzle, plasma arc region and base metal. The keyhole
was pre-set on the basis of the experimental results when the geometric
model was established. The calculation process did not include the
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deformation of the free surface of the molten pool. The parameters were the
same as those used in the experimental welding of a 10 mm-thick alumi-
nium alloy. Since the primary purpose of the calculation was to explore the
high flow velocity of the plasma and roughly estimate the shear force, other
aspects of the welding process were not simulated. The three governing
equations, namely, continuity, momentum, and energy conservation, were
applied with the finite volume method. The momentum source term was the
Lorenz force, and the energy source term was Joule heating. The calculation
required the current density, magnetic field strength, and electric field
strength, which were obtained by solving Maxwell’s equations. In ANSYS
Fluent, UDS was first defined to store the vector potential and electric
potential, and the equation set was solved on the basis of the Poisson
equation. The electric field strength and current density were derived from
the electric potential. The magnetic induction intensity was obtained from
the vector potential. The Lorentz force was determined using the current
density and magnetic field strength. Joule heating was calculated on the basis
of the current density and electric field strength. Ultimately, the distribu-
tions of the arc’s flow field, temperature field, and electromagnetic field were
obtained. The fluid flow was assumed to be incompressible, turbulent, and
Newtonian. The thermophysical properties of the base metal and gas were
temperature dependent and calculated via JMatpro software. Further details
about these models can be found in the literature®”.

Data availability

The data supporting the findings of this work is available in the main text
and supplementary movies. Raw data are available from the corresponding
author Fan Jiang on reasonable request.
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