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Melt flow is critical to build quality during additive manufacturing (AM). When an external magnetic field is
applied, it causes forces that alter the flow through the thermoelectric magnetohydrodynamic (TEMHD) effect,
potentially altering the final microstructure. However, the extent of TEMHD forces and their underlying
mechanisms, remain unclear. We trace the flow of tungsten particles using in situ high-speed synchrotron X-ray
radiography and ex situ tomography to reveal the structure of TEMHD-induced flow during directed energy
deposition AM (DED-AM). When no magnetic field is imposed, Marangoni convection dominates the flow,
leading to a relatively even particle distribution. With a magnetic field parallel to the scan direction, TEMHD
flow is induced, circulating in the cross-sectional plane, causing particle segregation to the bottom and side of the
pool. Further, a downward magnetic field causes horizontal circulation, segregating particles to the other side.
Our results demonstrate that TEMHD can disrupt melt pool flow during DED-AM.

1. Introduction optimal for some regions but may fail in others. By applying a magnetic

field, we hope to have a higher tolerance for selecting suitable process

Laser directed energy deposition (DED) is a type of additive
manufacturing, during which powders are continuously deposited from
the nozzle into a laser melt pool [1,2]. Compared to laser powder bed
fusion (LPBF), DED has the advantages of high manufacturing speed and
producing parts with site-specific composition, although the complexity
of design shapes is more limited. Key areas where the application of DED
is being considered are component repair and surface coating [1-3].
However, many challenges still remain for DED, including limited geo-
metric precision [4], and undesirable microstructural features including
porosity [5], cracks [6], and large epitaxial columnar grain growth [7].
Although process optimisation may mitigate the development of some
undesired microstructures, it also results in a very narrow process
window. By introducing a magnetic field to the AM process, we can
potentially expand the process window. For instance, when printing a
complex geometry part, one combination of process parameters may be

parameters. These microstructural features are largely controlled by the
melt pool flow. In general, the melt pool flow affects the solidification
microstructure in several ways. Firstly, the microstructure is primarily
controlled by the local thermal gradient and solidification rate, which
can be strongly manipulated by the melt flow. Secondly, the flow can
transport solute to certain regions, which can increase or decrease the
local constitutional undercooling, potentially resulting in a change in
the solidification mode. Thirdly, the melt pool flow can significantly
affect the melt pool geometry which is a consequence of heat and mass
transport. The change in the melt pool geometry can affect the grain
growth orientation, leading to distinctive texture and grain morphology.
Hence, melt pool flow is central to the melt pool dynamics [8-10], so-
lidification [11] and microstructural feature formation [12,13]. How-
ever, an effective way of controlling melt pool flow is still lacking due to
the melt pool’s small-scale (ca. 1 mm in length in DED [14-16]) and
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elevated temperature. In AM or laser welding, in some material systems,
surfactants such as sulphur and oxygen can be added to modify the
Marangoni flow. This is particularly applicable in high sulphur stainless
steel and oxidised aluminium and titanium powder [8,17-23]. However,
these surfactants alter the material composition and may have a detri-
mental effect on properties [21], and leading to failure during operation.
Varying process parameters can also modify the melt flow behaviour,
but it will also affect track size and other factors, potentially leading to
undesirable results. For example, under certain conditions, increasing
energy density can result in the formation of keyhole porosity [24]. New
techniques are being sought to control melt flow without adding sur-
factants or varying process parameters.

The application of external fields, including magnetic fields as a non-
contact and contamination-free technique, has great potential for con-
trolling the melt flow in AM. Previous work has largely used electric
magnetic damping (EMD) or the Hartman effect to reduce melt pool flow
rates [25,26]. However, EMD is not the only magnetic field effect, as the
Seebeck effect has also been observed during the related welding pro-
cess. For instance, Paulini et al. [27] observed the beam deflection
during the electron beam welding of dissimilar materials. In a separate
study, Kern et al. [28] reported that the surface roughness of an Al weld
bead can either be more smooth or rough, depending on the orientation
of the applied magnetic field. In both cases, the observed effects were
attributed to the Seebeck effect. The Seebeck effect induces thermo-
electric currents (TECs) that are a function of the variations of the
Seebeck coefficient (due to phase, temperature and compositional var-
iations) and thermal gradient in the laser melt pool [29]. TECs interact
with an external magnetic field, generating a Lorentz force that drives a
new flow, known as thermoelectric magnetohydrodynamic (TEMHD)
flow. TEMHD flow has been proven useful to control solute segregation
[30-33] and refine dendrite arm spacing [34,35] in traditional casting
and realising self-stirring for liquid lithium [36,37].

Computational modelling has been conducted to predict TECs in
both welding [29,38-40] and LPBF [41,42]. The strongest TECs are
predicted near the solid/liquid boundary due to sharp variations in the
Seebeck coefficient. In DED, TECs are expected to be concentrated at the
bottom and back of the melt pool where the solid/liquid solidification
interface causes large compositional and thermal gradients, and the
Marangoni flow is weakest. Therefore, the TEMHD effect may be quite
significant in these areas when a magnetic field is applied. However, to
date, no experimental or modelling work for investigating the TEMHD
effect in DED has been reported.

Melt flow visualisation techniques are the key to understanding the
mechanism of TEMHD control. Significant efforts have been placed to
investigate the flow behaviour under TEMHD in welding and LPBF, but
are largely restricted to computational modelling [38-42]. Recently, in
situ synchrotron X-ray imaging has been applied in AM to directly
observe the highly transient phenomena including keyhole dynamics
[24,43,44], pore behaviour [12], and powder-melt interaction [45].
Although melt pool flow visualisation using tungsten tracers has been
reported in previous work [8-10,46], it remains unclear how the flow
will change when applying a magnetic field. In this study, the authors
developed a method/tool that combines the flow tracer technique, x-ray
imagining, and a series of customised image processing techniques. This
method allowed for a detailed investigation of melt pool flow informa-
tion during the DED process when a magnetic field is present. Here, we
applied a magnetic field (B) at multiple orientations, B//V (parallel to
the scan velocity (V)) and B downward (parallel to the build direction),
during DED of a high y’ nickel superalloy powder blended with tungsten
particles. We used a combination of in situ X-ray radiography and ex situ
tomography to observe TEMHD flow in the melt pool. A series of ex-
periments were designed and performed to reveal the structure of
TEMHD flow during DED.
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2. Materials and methods
2.1. Materials

The samples used were high y’ nickel superalloy substrates and
powders of the same composition (provided by Rolls-Royce plc.), as
shown in Supplementary Table 1. For all the experiments, we used the
same blended powder consisting of 4 wt% W particles mixed with the y’
nickel superalloy power. Fig. 1 shows SEM images of the y’ nickel su-
peralloy and tungsten powders and their size distribution. According to
our calculation (see supplementary), the addition of 4 wt% tungsten can
provide 520 tungsten tracers within a melt pool. These tracers account
for only 1.9 vol% of the total melt pool volume, suggesting that their
presence is unlikely to have a significant impact on the flow. The sub-
strates were cut into pieces of 70 x 20 x 1.5 mm by electro-discharge
machining. The y’ nickel superalloy powders were produced by gas
atomisation with a spherical morphology. To prepare the blended power
for the experiments, we followed a specific procedure. We started by
placing the two types of powders in a 250 ml container. Then we
repeatedly inverted the container for 15 mins to ensure that the powders
were thoroughly mixed. Finally, we loaded the blended power into the
powder feeder for use in the experiments.

2.2. DEDrig

We built a custom DED rig, or Blown Powder AM Process Replicator,
generation II (BAMPR-II), by integrating a Ytterbium-doped fibre laser
(SPI Lasers Ltd, UK), a powder feeder (Oerlikon Metco TWIN-10-C), a
three-axis motion stage (Aerotech, US), an Ar-filled environment
chamber (Saffron, Scientific Equipment Ltd) and a DED nozzle (provided
by Rolls-Royce plc.). The laser wavelength was 1070 nm and the
maximum laser power was 200 W. The laser was operating in
continuous-wave mode, providing a Gaussian beam profile and a laser
spot size of 360 um (1 /ez) at the focus. DED experiments were conducted
using a combination of three different laser powers (100 W, 160 W and
200 W) and three different magnet configurations (no B, B//V and B
downward, as shown in Fig. 2). The laser is stationary with the sample
stage moving at a constant speed (traverse speed) of 1 mm/s to build
8 mm long tracks for all trials. In the experiments without a magnetic
field, the substrate was mounted on the sample holder without magnets.
To provide the magnetic field, we used two cubic NdFeB permanent
magnets, each measuring 40 x 40 x 20 mm. These magnets were posi-
tioned 2 mm below the deposition location, with a 5 mm gap between
them. An aluminium holder was used to assemble the magnets. During
the process, the laser remained stationary, while the substrate and
magnet holder were connected and moved together, ensuring a steady
magnetic field in the melt pool. In the B//V case, the magnets were
placed in a holder with the south pole towards the scan direction,
providing a magnetic field parallel to the scan direction (see Fig. 2c). To
switch the magnetic field orientation, the magnets were turned by 90
degrees, which provided a downward magnetic field on the substrate top
surface (see Fig. 2d). All the tracks were built three layers in the middle
of the substrates, where the intensity of the magnetic field was
0.18-0.2 T, to ensure an even magnetic field and consistent conditions.
Note that the magnetic field intensity at the deposition area was
measured three times using a Gauss meter.

2.3. In situ synchrotron X-ray imaging

In situ synchrotron X-ray imaging experiments were performed at
beamline I12 of Diamond Light Source at Rutherford Appleton Labora-
tory, UK [47]. A monochromatic beam with an energy of 70 keV was
used for all the experiments. X-rays transmitted through the sample
while laser melting were converted to visible light using a scintillator
and the images were acquired by a high-speed camera MIRO 310 M
(Vision Research Inc.) at a frame rate of 5 kHz, exposure time of 198 ps,
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Fig. 1. SEM images of the as-received powders and their size distribution. (a) y’ nickel superalloy powder. (b) Powder size distribution of the y’ nickel superalloy
powder. (c) Tungsten tracer powder. (d) Powder size distribution of the tungsten tracer powder.

and a spatial resolution of 6.67 um/pixel. Prior to laser melting, both flat
and dark images were collected for flat field correction to remove the
background artefacts, as described in our previous work [13,48].

2.4. Ex situ X-ray computed tomography

The as-built tracks were examined by a laboratory-based X-ray
computed tomography system (Nikon XTek2DCT, Nikon, Japan) with an
accelerating voltage of 220 kV, beam current of 31 pA and spatial res-
olution of 3.36 um. The collected radiographs were reconstructed into a
16-bit image stack with a built-in reconstruction algorithm. Avizo 3D
2021.01 (Thermo Fisher Scientific, USA) was then used for W particle
segmentation, quantitative analysis and 3D visualization.

2.5. Data analysis

2.5.1. Image processing of raw data

All the acquired raw radiographs were firstly processed using Matlab
R2021a to remove the noise and background. Firstly flat-field correction
was applied using the averaged flat and dark images collected during the
experiments, after that, a denoise algorithm VBM4D [49] was used to
mitigate the noise, followed by a further background subtraction process
using a customised approach. Then the processed data with high
contrast and low noise can be further analysed for extracting useful in-
formation, such as particle trajectories and velocities.

2.5.2. Tungsten particle tracking

Prior to tracking, the radiographs were integrated through the
duration of the experiment to enable the visualisation of the W particle
trajectories. The time-integrated radiographs were obtained by over-
laying the particles in successive frames onto one plane. Then the par-
ticles are tracked using TrackMate [50] in ImagelJ. A particle tracking
example is shown in Movie S1. It is worth noting that small particles are
likely to reliably trace flow, as the motion of large particles is potentially
influenced by the TECs inside the particles when applying a magnetic
field. The critical particle size that separates the as-classified small and
large particles were found to be 55-65 um (See Supplementary Fig. 1).
Therefore, here only small particles with a size less than 65 pm were
considered for understating the melt pool flow behaviour.

3. Results
3.1. DED melt pool flow

The flow conditions with no applied magnetic field were studied
first, captured using in situ synchrotron radiography while depositing
single DED tracks using three different laser powers. The radiographs of
the melt pool were then integrated over the duration of each deposit to
visualise the flow of W particles (Fig. 3a-b). Fig. 3b-d highlight typical
particle trajectories as the power is increased from 100 to 200 W. In all
cases the particles (and hence flow) move slowly up the centre of the
pool (50-120 mm/s), reaching the surface. They then turn outwards,
accelerating outwards along the surface driven by Marangoni
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convection. The peak particle velocity occurs at the melt pool surface in
all cases, increasing with increasing laser power (peak velocity of ca.
220 mm/s, 280 mm/s, and 310 mm/s at 100, 160, and 200 W, respec-
tively, see Fig. 3e). The particles then slow (velocity of 20-50 mm/s) as
the flow reaches the outer solid/liquid boundary, turning downwards,
forming a recirculating flow.

3.2. DED melt pool flow under external magnetic field

Here, we selected an exemplary case (laser power P = 100 W, laser
scan speed V = 1 mm/s) to compare the melt flow behaviour without
and with magnetic fields. Without an external magnetic field, the par-
ticle velocity at the surface exceeds 200 mm/s (due to Marangoni flow,
see Fig. 3e), as described above, the particles turn downwards as they
near the edge of the pool surface, turning downwards into the pool. The
particles decelerate as they approach the bottom of the melt pool,
reaching a minimum speed of 20-50 mm/s before turning direction and
recirculating back up in the middle of the pool towards the surface (see
Fig. 4a, b and Movie S2). Of those particles in the back half of the pool,
some are entrained in the solidification front, and are relatively evenly
distributed in the new solidified track, as shown in the pink box in
Fig. 4a.

When a magnetic field is applied, the peak particle velocity at the
surface of the pool is similar to that without a magnetic field, reaching
ca. 200 mm/s. However, as the particles move towards the bottom of the
pool, a TEMHD flow becomes dominant. In the B//V case, particles
velocities were found to be reduced to 1-2 mm/s as they approached the
bottom, with the particle trajectories along the front of the pool all
heading downwards, even in the middle of the pool where previous the
flow was strongly upwards. Almost all are captured at the pool bottom
(Fig. 4c, d and Movie S3), forming a layer separating the new track from
the prior ones. This observation can be attributed to the introduction of a

Melt pool with W
particles

Side wall
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Fig. 2. (a) Experiment setup of in situ synchrotron X-ray
imaging of magnetic-field-assisted DED; (b) Setup of the no
B case; (c) Setup of the B//V case; (d) Setup of the B
downward case. Nickel-based superalloy powders were
blended with W particles to be deposited on the thin sub-
strate (1.5 mm thickness). The laser was kept stationary
with a substrate moving at 1 mm/s traverse speed for
unidirectional scan for all the builds with a stationary melt
pool generated in the field of view. X-rays pass through the
melt pool to image the melt pool at the framerate of 5 kHz,
the resolution is 6.67 um per pixel. The applied laser
powers are 100, 160 and 200 W. Three layers for all the
tracks. Two permanent magnets were mounted around the
substrate to provide a uniform magnetic field (0.18-0.2 T)
in the melt pool position.

Lorentz force. Near the bottom of the melt pool, the upward Lorentz
force counteracts the downward Marangoni flow, leading to a stagnant
flow in this region. As a result, particles tend to sink at a slow speed. The
origin of this Lorentz force will be introduced in the discussion section.

For the case where a downward magnetic field was applied, the
particles even in the rear of the pool are turned and driven almost
horizontally into the rear solid/liquid interface where they are
entrained. The particles are entrained at a range of heights in the pool,
although the majority are in the lower half (see Fig. 4e, f and Movie S4).
These observations strongly support the hypothesis that the flow in the
melt pool is altered when applying a magnetic field, and the effect de-
pends on the magnetic field orientations.

Radiography is restricted to a longitudinal plane projection and does
not provide information about flow in the cross-sectional plane (in/out
of the page). Therefore, we used X-ray computed tomography to observe
the effects of applied magnetic fields on the final particle locations inside
the built samples. The reconstructed 3D as-built tracks with W particles
embedded are shown in Supplementary Fig. 2. By overlaying particles
onto one cross-sectional plane, the overall distribution of the W particles
in the entire track can be visualised (see Supplementary Fig. 3).

Fig. 5a shows that the particles are evenly distributed in the solidi-
fied tracks in the horizontal projection plane when no magnetic field is
applied, matching the even longitudinal distribution in all three laser
powers (Fig. 6a-c). In general, particles tend to segregate equally to the
two sides of the melt pool due to Marangoni flow. However, the extent of
such segregation depends on various factors, including material prop-
erties, process parameters, and particle number density. Based on the
material, and the process parameters used in this study, along with the
small number of tracer particles, we observed a relatively even distri-
bution of particles. However, it’s worth noting that a valley is distin-
guishable in Fig. 7 g, indicating very weak particle segregation in the no
B case. We believe for increased particle number densities, the particle
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Fig. 3. Flow behaviour without magnetic field. (a) Three successive radiographs showing a tungsten (W) particle’s trajectory, coloured by time. (b-d) Time-
integrated radiographs showing W particles trajectories under no B case at various laser powers: (b) 100 W; (c) 160 W; (d) 200 W. (e) W particle velocity versus
time with three laser powers, corresponding to the coloured trajectories in (b-d). The sample traverse speed is 1 mm/s for all the cases.

Fig. 4. Comparison of W particle trajectories without and
with the magnetic field (B). (a, b) no B case; (¢, d) B//V
case (V denotes the laser scan velocity); (e, f) B downward
case; (b, d, f) is the zoom-in of the red box areas in (a, c, €).
In the solid phase, tungsten (W) particles form straight
black lines parallel to each other (see black arrows in c as
examples) as a result of the time integration of radiographs.
Pink boxes highlight the particle distribution in the solid-
ified tracks: evenly distributed in (a) with no magnetic
field; segregated to the very bottom of the pool in (c) for
the B//V case; and segregated to the bottom half of the
pool for (e), the B downward case.
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Fig. 5. Tungsten particles segregation under various conditions. (a) No B, 100 W; (b) B//V, 100 W; (c) B downward, 100 W; (d) B downward, 160 W; (e) B
downward, 200 W. (f) The schematic shows the three orthogonal planes; (g) TEMHD flow circulating in the cross-sectional plane in the B//V case; and (h) TEMHD
flow circulating in the horizontal plane under the B downward case. The particles are overlaid onto one tomograph in a horizontal projection plane. (Red arrow =
scan direction. Green arrows = TEMHD flow. Yellow arrows = Marangoni flow. Scale bar = 500 pym.).

Longitudinal projection

Fig. 6. Distribution of W particles in the solidified tracks in the longitudinal projection planes under conditions: (a) no B, 100 W; (b) no B, 160 W; (c) no B, 200 W;
(d) B//V, 100 W (e) B//V, 160 W and (f) B//V, 200 W. All built in three layers. The scale bars are 500 pm.

segregation into two sides will become more obvious. However, we
added a small number of particles to minimise their influence on the
flow whilst observing the effect of the magnetic field on flow. Applying a
magnetic field orientated in the laser scan direction (the B//V case)
disrupts this even distribution. In addition to segregating the particles to
the bottom of the pool (as per Fig. 4c and Fig. 6d-f), the external mag-
netic field also drove them to one side of the track (see Fig. 5b). To make

the description clear, the melt pool was divided into two halves, i.e., Left
(L) and Right (R) halves corresponding to looking along the scan di-
rection (see Fig. 5a, f). In the B//V case, the location of particles
segregation is the L half of track for all three laser powers (see Fig. 5b
and Supplementary Fig. 4c, d). Prior authors [26,51-54] have suggested
the electromagnetic dampening effect (EMD) is the cause, but this force
only reduces the magnitude, not the direction. Therefore, it will not alter
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Fig. 7. Comparison of the melt pool depth under the conditions of (a) no B, 100 W; (b) B//V, 100 W; (c) B downward, 100 W. The melt pools are filled with W
particle trajectories to show the liquid area, i.e., the melt pool area. Distribution of W particles in the solidified tracks in the cross-sectional projection plane under
conditions: (d) no B, 100 W; (e) B//V, 100 W; (f) B downward, 100 W, and (g-i) show the corresponding normalized frequency of W particles along substrate width.
All built in three layers. The widths of all the substrates are 1.5 mm. The scale bars are 500 um.

the segregation pattern and cannot explain our experimental results.
Our hypothesis is that a TEMHD flow is introduced by the magnetic field
as a result of the Seebeck effect that induces Thermoelectric currents
(TECs), causing asymmetric particle segregation. In the B//V case, the
newly introduced TEMHD flow in the left half of the melt pool is in the
opposite direction of the Marangoni flow, causing stagnation of flow. As
a result, particles settle in this region due to their heavier weight
compared to the melt. This process is highlighted in the schematic
shown in Fig. 5g. The TEMHD flow in the right half enhances the
transportation of hot liquid down to the bottom, modifying the melt pool
shape. As a result, a deeper melt pool (ca. 535 pm in depth) was pro-
duced in the B//V case compared to no magnetic field (ca. 454 um) and
B downward cases (ca. 442 um) (see Fig. 7a-c).

For the B downward case, a TEMHD flow is produced in the hori-
zontal plane, driving particles across the solidification front (see
Fig. 5 h). In this case, the final location where the particles segregate to
is strongly dependent on the melt pool size, which is controlled by the
laser power. For a laser power of 100 W, the melt pool is small (ca. 1 mm
in length), most particles segregate to the R half of the track (Fig. 5c).
Whereas with 200 W laser power, the melt pool length almost doubles to
ca. 2 mm, and more particles remain in the L half (Fig. 5e). With an
intermediate laser power (160 W), particles are equally segregate to
both halves of the track (see Fig. 5d). This observation can be under-
stood through the balance between Marangoni and TEMHD flows. In the
right half, the Marangoni flow has a component in the negative y di-
rection, whereas in the left half, it is in the positive y direction. The
TEMHD-induced flow circulates from right to left near the melt pool
boundary (Fig. 5 h), which means that in both the right and left half of

the melt pool, TEMHD flow has a component in the positive y direction.
Increasing the laser power mainly increases the thermal gradient within
the melt pool. Although both Marangoni stress and TE Lorentz force
increase with the thermal gradient, the TE Lorentz force increases faster
than Marangoni stress in the region near the melt pool boundary. At a
laser power of 100 W, the Marangoni flow and TEMHD flow are of
similar intensity in the y direction, leading to flow stagnation in the
right half. In the left half, both the Marangoni and TEMHD flows in the y
direction are positive, resulting in enhanced flow in this region. As a
result, more particles can be captured by the solid/liquid interface in the
right half. However, particles can escape more easily from the left half.
When the laser power is increased to 200 W, in the right half near the
boundary region, TEMHD flow overtakes Marangoni flow in the y di-
rection, leading to increased flow intensity in the positive ¥ direction
and more particles escaping from this region. In contrast, in the left half,
although both Marangoni and TEMHD flows intensify in the positive y
direction, TEMHD flow transports more particles to the left half,
increasing the particle concentration in the left half hence the chance of
being captured by the solidification front. Thereby, more particles are
segregated to the left half. When the applied laser power is 160 W, the
contribution from flow stagnation and TEMHD transporting particles are
balanced, leading to a relatively equal distribution of particles in the two
halves of the melt pool.

Fig. 8 shows the comparison of the grain structure of the as-printed
tracks on the cross-sectional plane for the three conditions. The results
show that applying a magnetic field can alter the central grain structure
on the cross-section. The average central grain size in the no B case is
87 um, and it is reduced to 68 pm in the B//V case and 75 pm in the B
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(b) B/V 100 W

Fig. 8. Comparison of the grain structure under the conditions: (a) no B, 100 W; (b) B//V, 100 W; (c) B vertical, 100 W. The white boxes indicate the central grain

areas. The scale bar is 250 um.

downward case. In addition, in the B//V case, there are thin and elon-
gated grains appearing at the bottom of the melt pool, while in the B
downward case, the thin and elongated grains are spread more widely
from the bottom to near the surface. This observation can be attributed
to the influence of the TEMHD flow. A previous study has demonstrated
that increasing flow speed leads to an increase in the size of constitu-
tional undercooling zone, as fast flow draws more solute from the mushy
zone to the dendrite tip [11]. The increase in the undercooling zone
promotes the nucleation rate and favours the transition from nuclei to
grains. In the B//V case, the newly introduced TEMHD flow circulates
on the cross-sectional plane at a location near the bottom of the melt
pool. This flow increases the size of undercooling zone at the bottom
hence an increase in the nucleation rate. In the horizontal dimension,
grain growth is restricted by the neighbouring grains, as the increased
number of new grains causes less space for each grain to grow in this
dimension. In the vertical direction, the grain has more space to grow,
resulting in the formation of thin and elongated grains at the bottom
(Fig. 8b). For the B downward case, the magnetic field interacts with the
TECs located at the wide height range of the rear of the melt pool. The
resulting TEMHD flow circulates on the horizontal plane, impacting the
rear of the melt pool. More grains form in front of the rear melt pool
boundary in a wide height range, which leads to the appearance of thin
elongated grains in a wide range of height on the central cross-section
plane (Fig. 8c).

To summarise, without a magnetic field the particles are relatively
evenly distributed for all conditions. However, for both cases of an
applied magnetic field, the particles are segregated, with the extent of
segregation depending on laser power for the B downward case. For the
B//V case the particles sink to the very bottom of the pool and are
entrained there. While for the B downward case, the particles sink
slightly to the lower half of the pool. Further, based on our observations,
we have found that flow near the melt pool boundary is most affected by
the TEMHD effect. Specifically, the rear and bottom boundaries where
solidification occurs experience significant flow alternation when
applying a magnetic field — a location likely to affect microstructural
formation. Moreover, the flow in this area determines how particles (and
probably pores) are entrained by the solid. Hence this impacts on the
particle segregation pattern in the build, which indicates the regional
flow pattern. However, flow at the melt pool surface is still Marangoni
stress controlled.

4. Discussion

Thermal electric currents (TECs) arise as a result of the Seebeck effect
when there is a gradient in the Seebeck coefficient and temperature.
TECs are generated by the term oSVT (Jg) in Ohm’s law for current
density J = o(E + ux B + SVT), where E is the electric field, u is the

flow velocity, B is the magnetic field flux density, o is electric conduc-
tivity, S is the gradient in Seebeck coefficient or Seebeck powder and VT
is the thermal gradient. This is used in thermocouples where two dis-
similar materials and temperature differences are required to generate
the thermoelectric field. In the AM melt pool, the presence of liquid and
solid phases, as well as a temperature/composition gradient satisfies all
the requirements for generating TECs. TECs are expected to circulate
from the hot melt front to the cold solidification front in the solid phase,
and the opposite-direction currents form in the liquid phase to preserve
charge conservation, as shown in Fig. 9a. Large TECs are expected in the
melt pool due to the large thermal gradient. For example, Kern et al. [28]
measured 8-14 A currents density during laser welding of aluminium
alloy. Simulation studies pointed out that TECs are concentrated to the
vicinity of the solid/liquid boundary due to the sharp variation of the
Seebeck coefficient across the solid/liquid boundary [38-40].

In these DED experiments the two side walls of the melt pool are in
contact with non-conducting gas (see Fig. 2a), which would restrict
electric current circulations out of the side of the melt pool (¥ direction)
i.e., electric currents do not circulate between the liquid and gas.
Therefore, the primary TECs are circulating in the longitudinal plane (xz
plane), and symmetrically distributed in the cross-sectional (see Fig. 9b)
and horizontal planes (see Fig. 9¢) without the y component of the
current, and TECs are expected to be concentrated along the base and
back of the melt pool as the solid/liquid boundary locates in these areas.
With an applied magnetic field orientated in +X (i.e., B//V case), a TE
Lorentz force is generated in the form of Fiyren; = Jg X B, and induces a
new flow that circulates in the cross-sectional plane (i.e., yz plane) close
to the base of the melt pool, as shown in Fig. 9d. For the case of
downward magnetic field, a TE Lorentz force is created in the horizontal
plane (i.e., xy plane) and drives a recirculating flow in this plane near
the back of the melt pool, as shown in Fig. 9e. Fig. 9 f and g show the
melt pool flows in 3D to the two applied magnetic fields. The TEMHD
flows are created and circulating in the two orthogonal planes (i.e., yz
and xy planes) when applying magnetic fields with different orienta-
tions. It is worth noting that for the Bdownward case TEMHD flow drags
particles towards the front of the melt pool (Fig. 10a) in one half and
towards the rear (Fig. 10b) in the other half, as was captured radio-
graphically. However, due to the projection nature of the radiograph, we
cannot directly determine which half part of the melt pool the particle is
in. But, we can make deductions based on our proposed hypothesis that
in the B downward case, in the X direction, the TEMHD flow in one half
points towards the rear of the melt pool while in the other half, it is
directed towards the front of the melt pool, as illustrated in Fig. 9 g
Therefore, by observing the horizontal direction of particle movement,
we can deduce which half of the melt pool the particle is in. if the par-
ticle moves towards the front, it is in the left half, whereas if it moves
towards the rear, it is in the right of the melt pool.
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Our in situ synchrotron radiography and ex situ tomography results
strongly support our hypothesis that TEMHD flow is a key force during
DED when a magnetic field is applied, strongly impacting the flow in the
melt pool and hence final microstructural feature formation. However,
these results are not limited to DED, the methodology can be applied to
the broader field of laser materials processing, such as laser welding and
LPBF where TECs will also exist, with some necessary considerations.
Melt pool solid/liquid boundary locations, that witness significant
variation of Seebeck coefficient, is the first factor to consider. In DED,
solid/liquid boundary forms at the base and back of the melt pool.
However, in LPBF and laser welding, there is a solid/liquid boundary
surrounding the melt pool (as the two side walls of the melt pool are in
contact with the solid), except for the top surface. We speculate that the
TECs also exist in the regions close to the two side walls, which could
lead to different TEMHD flow patterns when applying a magnetic field.
Previous TEMHD flow simulation work [41] in LPBF with conduction
mode predicted the horizontal TEMHD flow circulations in the upward
magnetic field case and a vertical TEMHD circulation in the B//V case.
This prediction matches our proposed TEMHD flow in Fig. 9 f, g which is
derived based on DED experimental data. But in the simulation of LPBF,
there is also TEMHD flow located in the regions close to the two side
walls [41]. This is not reflected in these DED experiments as the tracks
are only a single melt pool thick and the side walls are in contact with
the non-conducting atmosphere.

Process parameters are the second factor to consider. Faster scanning
speeds and smaller laser spot sizes in LPBF produce higher thermal
gradients. The thermal gradient in the melt pool front in LPBF is much
higher than in the other areas, as a result, we expect X-direction (laser
scan direction) TECs to be dominant. Unlike in DED where the three
orthogonal components of TECs are in the close magnitude, resulting in
the similar intensity of the three orthogonal magnetic fields required to
alter the existing flow, in LPBF under conduction mode the intensity of
the magnetic field required for TEMHD control is highly magnetic field
orientation dependent. The previous simulation results [41] show that
X-direction TECs are dominant in LPBF, and the TEMHD flow is weak
when B//V and significant as B is perpendicular to V given the same
magnetic field strength.

Alloy composition design is also critical to best utilise the TEMHD
effect. Alloy composition determines material thermophysical proper-
ties, for example, a previous study [55] found that copper results in high
constitutional supercooling and promotes columnar to equiaxed transi-
tion (CET) in an AM-fabricated Ti alloy. Here we would anticipate that
silicon, a semiconductor element prone to having a high Seebeck coef-
ficient, is a highly appropriate alloying addition to boost the TEMHD
effect, although the influence will vary depending on the full alloy
composition and processing conditions. For example, a previous study
shows that silicon content can be tailored to increase or decrease the
TEMHD effect during the directional solidification of aluminium alloy
[30]. Investigating the effect of silicon content on the TEMHD effect is
crucial for promoting the TEMHD-AM alloy design. Apart from the
composition, the presence of a secondary phase with significantly

Fig. 10. The trajectories of W particles in the B downward case at 160 W. (a) W particle moves forward to the front of the melt pool; (b) W particle moves backward

to the solidification front. The scale bars are 500 pym.
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different physical properties compared to the matrix can also impact the
TECs distribution. For example, in high y’ nickel superalloys (over 0.6 y’
volume fraction [56]), the y’ phase is intermetallic and likely to have a
higher Seebeck coefficient but lower electric conductivity than the
matrix, causing a higher thermoelectric field and the increased TEMHD
flow in the liquid. Therefore, a high y’ nickel superalloy is deemed as an
appropriate alloy for TEMHD control. Further, the TEMHD control
might be challenging with ferromagnetic powders as they would be
attracted to external magnets. These insights highlight the importance of
alloy composition optimisation and material selection for using TEMHD
control in AM. In summary, TEMHD flow can circulate in different lo-
cations, depending on the orientation of the applied magnetic field. We
hypothesise that the application of a constant magnetic field could
improve the printability of some alloys, while the application of period
magnetic fields could disrupt epitaxial growth. The application of a
constant field might be particularly useful when printing high consti-
tutional undercooling alloys, such as Ti-Cu alloy [55]. By applying a
magnetic field perpendicular to both the scan and build directions, and
based on the distribution of TECs, a TEMHD flow can be produced,
circulating on the xz plane and sweeping down the solute from the rear
melt pool boundary to the bottom. This would increase constitutional
undercooling at the bottom and promote the nucleation rate, with the
bottom part expected to have more refined equiaxed grains. For the
application of a period magnetic field, this could significantly change
the flow field for a period of time, altering the thermal gradient and
solidification rate at the solid-liquid interface, disrupting the micro-
structure, potentially altering epitaxial growth.

5. Conclusions

In summary, by combing in situ synchrotron X-ray imaging and ex
situ tomography characterisation, we revealed the melt pool flow
pattern under the influence of TEMHD during DED process, and inves-
tigated the role of magnetic field orientation in disrupting the melt pool
flow. The major conclusions are drawn below:

1. TEMHD flow is found to circulate in the cross-sectional plane under
the B//V condition, however with B downward, TEMHD flow cir-
culates in the horizontal plane.

2. That the key force is thermoelectric magnetohydrodynamics
(TEMHD), rather than just magnetic damping as previously
hypothesised. In particular, TEMHD-induced flow dominates close to
the liquid/solid boundary where solidification microstructures form.

3. TEMHD effect alters melt pool flow, leading to the change in melt
pool geometry and the resulting grain structure.

Our findings demonstrate that applying a magnetic field can signif-
icantly alter the melt pool flow, opening the way to influence and
perhaps control the formation of microstructural features during AM,
and also being critical for the development of a reliable numerical model
for the magnetic field-assisted AM process.
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