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Solute channel formation introduces compositional and microstructural variations in a range of processes, from
metallic alloy solidification, to salt fingers in ocean and water reservoir flows. Applying an external magnetic
field interacts with thermoelectric currents at solid/liquid interfaces generating additional flow fields. This
thermoelectric (TE) magnetohydrodynamic (TEMHD) effect can impact on solute channel formation, via a
mechanism recently drawing increasing attention. To investigate this phenomenon, we combined in situ syn-
chrotron X-ray imaging and Parallel-Cellular-Automata-Lattice-Boltzmann based numerical simulations to study
the characteristics of flow and solute transport under TEMHD. Observations suggest the macroscopic TEMHD
flow appearing ahead of the solidification front, coupled with the microscopic TEMHD flow arising within the
mushy zone are the primary mechanisms controlling plume migration and channel bias. Two TE regimes were
revealed, each with distinctive mechanisms that dominate the flow. Further, we show that grain orientation
modifies solute flow through anisotropic permeability. These insights led to a proposed strategy for producing
solute channel-free solidification using a time-modulated magnetic field.

Both the academic and industrial communities have a strong interest
in developing methods for solute channel control, including by intro-
ducing external forces to disrupt the natural convection [17-19]. An

1. Introduction

Gradients in temperature and composition occur in a vast range of

processes, from magma flows [1,2], to salt fingers in reservoirs [3] and
oceans [4,5], to industrial processes such as the solidification of nickel
superalloy aeroengine turbine blades [6,7]. These variations in tem-
perature and composition directly influence local density, hence
buoyancy-driven fluid flow may occur. During metallic alloy solidifi-
cation and in magma flows, preferential flow channels or chimneys are
frequently observed (also termed solute finger/channels, or channel
segregation), once solidified, these regions become defects, namely
*freckles’ [8]. During the solidification of metallic alloys, these channels
are usually formed in the interdendritic regions [9] and because they are
solute-rich, they are the last to solidify and can have quite different
mechanical properties from the bulk component [8,10-13]. In critical
components such as single crystal superalloy turbine blades, these
“freckles’ can contain undesirable grain boundaries and misoriented
crystals [14-16].

* Corresponding authors.

external magnetic force acting on the bulk liquid provides damping that
influences mainly the uppermost mushy zone liquid. The damping effect
is barely effective in the dense region of the mushy zone, due to the
much lower Hartmann number, Ha = BL\/W. The primary dendritic
arm spacing is taken as the characteristic length L that is much smaller
compared to that of the bulk liquid, B is the intensity of magnetic field, ¢
is the electrical conductivity and u is the viscosity. During directional
solidification, many other factors are at play, such as variations of
temperature, solute density and Seebeck coefficient. The latter gives rise
to thermoelectric currents (TECs) that are more prevalent in the mushy
zone [20]. An external magnetic field can interact with the TECs and
generate a Lorentz force which can change the solute flow in the mushy
zone [21-24]. This phenomenon is known as thermoelectric magneto-
hydrodynamics (TEMHD). When properly understood, TEMHD has the
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potential to be an effective tool for engineers to control solute segre-
gation [23,25,26]. This work will explore the role of the TE Lorentz force
on flow dynamics, which is critical for understanding how channel
segregation can be prevented. Aside from the TECs within the mushy
zone, there are potentially macro-scale TECs flowing ahead of the mushy
zone induced by the lateral thermal gradient resulting from the heat flux
through the shell mould [7,27-29]. It is hoped a better understanding of
these mechanisms will lead to the use of magnetic fields as a new process
parameter to minimise freckle defects in the casting industry.

Peltier unit

-ray

Magnet

Acta Materialia 256 (2023) 119107

Where solute elements have significantly different X-ray absorption
profiles in situ X-ray radiography enables us to directly observe the so-
lute flow and dendritic evolution in real-time [30]. Great advances have
been made in studying the convection during solidification using in situ
X-ray imaging [6,18,31-33]. For instance, Reinhart et al. [6] performed
in situ synchrotron imaging on directional solidification of a nickel-based
alloy. Plume dynamics and dendritic growth were captured in their
study, which are unobservable from using the traditional post-mortem
characterisation. In a separate study using in situ X-ray imaging,

(b)

Wt Ga [T

Fig. 1. Experimental setup and comparison of growing microstructure with and without magnetic field. (a) Schematic of the experimental setup. (b) Setup for the no
magnet case. (c) Setup for the magnet case. The radiographs under conditions of no B at (d) t;, (e) to, (f) t3 and with B at (h) ty, (i) ta, (j) ts. (g) is a time-averaged
radiograph under no B condition, (k) is the time-averaged radiograph under with B condition. t; <t,<t3. The black arrows in (i, j) indicate the solute channel.
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Fautrelle et al. [34] directly observed the occurrence of channels during
the solidification of an AlCu alloy in the presence of a magnetic field.
Simulation has been broadly applied to predict solute channel formation
and capture small-scale channel formation [35-37], but
component-scale channel simulation is still a challenge.

In this study, a hexagonal Hele-Shaw cell was used to produce a
convex thermal profile [32,38] creating a central solute segregation that
serves as a baseline for comparison with the magnetic field case. We
used in-situ synchrotron X-ray radiography in parallel with Cellular
Automata Lattice Boltzmann-based numerical modelling [39] to study
the channel segregation under the influence of a magnetic field. Ga-In
alloy and Ni superalloy have similar density and the Ga-In alloy shares
many other physical characteristics of Ni superalloy, in particular the
solutal expansion coefficient is in the same order of magnitude 107%
for both Ga-In alloys and Ni superalloys [16,36,38]. With the lighter
solute, both alloys are expected to form solute plumes, rising through the
dendritic microstructure, Ga-In alloy is therefore used as a convenient
analogue to Ni superalloys in this study, as it remains liquid at room
temperature. A numerical model with the same sample shape and di-
mensions was validated by direct comparison with qualitative and
quantitative analysis of the collected in situ data. The model, in turn, was
applied to predict the flow field, which is critical for understanding the
TEMHD control mechanisms. A magnetic rig was designed to provide a
component of the magnetic field parallel to the X-ray, interacting with
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the TECs to give Lorentz forces in the plane of the thin sample
radiography.

2. Methods
2.1. In situ synchrotron experimental setup

In this study, real-time observation of the directional solidification
process of Ga-25wt%]In alloy in the presence of a magnetic field was
performed by means of synchrotron X-ray radiography. Note that Ga-
25wt%In is a hypereutectic alloy. This means that during solidification,
the growing dendrites are formed of the primary In phase, and Ga solute
is rejected into the interdendritic liquid. As a result, less dense Ga solute
plumes are formed ahead of the solidification front due to buoyancy. The
solidification setup is schematically shown in Fig. 1a—c and is described
in detail elsewhere [32] with only a brief outline given here. The alloy
was melted and filled a hexagonal Hele-Shaw cell made of quartz. The
hexagonal cell has inclined side walls, causing the isotherm shape near
the edge to become convex rather than flat (Fig. 2a). The cell has an
internal thickness of 200 um and a 23 mm edge length.

A pair of independent Peltier units were mounted onto the surface at
the top and bottom of the solidification cell, allowing the cooling rate
and the temperature gradient to be controlled. It is important to note
that the nucleation of a dendrite crystal takes place behind the bottom
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Fig. 2. Comparison between experimental results and simulation data without magnetic field. (a) Infrared image shows the sample surface temperature profile. (b)
Simulation thermal profile as an initial condition. (c) Solute map extracted from radiographs. (d) Simulation predicted solute map. (e) Comparison of average plume
spacing evolution between experiment and simulation. (f) Comparison of solute concentration ahead of the mushy zone between experiment and simulation,
extracted from the red boxed areas in (c) and (d). The scale bars are 3 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Peltier element. The tilt angle of the dendrite, relative to the vertical
direction, is dependant on the initial growth direction of a crystal nu-
cleus which is random and cannot be controlled in this study. Two K-
type thermocouples were attached near the Peltier units to monitoring
temperature. In the experiments presented, cooling rates of 0.01 K/s and
0.02 K/s and temperature gradients of 1 K/mm and 2 K/mm were
applied, respectively. The solidification cell was positioned in the centre
of the magnetic system composed of two permanent magnets shown in
Fig. 1a. The intensity of the magnetic field in the cell position was 0.12 T
at a spacing of 150 mm between the magnets. The rotation of the two
magnets about a vertical cell axis allows the provision of a component of
the magnetic field, perpendicular to the sample surface (By=0.06 T) and
a component By= 0.10 T (Fig. 1c). The x-component of the magnetic
field (By) interacts with the TECs, generating a Lorentz force in the y
direction, perpendicular to the sample surface. However, this driving
force has a minimal effect on the flow due to the thin sample thickness
(200 pm).

The solidifying sample was exposed to a monochromatic, parallel X-
ray beam with an X-ray photon energy of 53 keV. Conventional trans-
mission radiographs were obtained by means of a scintillator, which was
coupled to a high-speed camera (PCO. edge) with an optical module
giving 18.53 um x 18.53 um/square pixel resolution and a field of view
of 46 mm x 12 mm. Radiographs were collected at a frame rate of 5 Hz
and an exposure time of 0.007 s.

A series of experiments were carried out by conducting multiple
cycles of solidification and remelting. Before each experiment, the Galn
alloy was heated to a temperature of 50 °C (the melting temperature of
the Ga-25wt%In alloy is approximately 25 °C) and held level for
approximately 15 min to allow it to become well homogenised. After
recording reference images of the completely molten alloy, the cooling
of the melt and the image acquisition were initiated. Dark field images
and flat field images were also recorded for further data processing. The
raw images were processed to transfer pixel intensities to solute con-
centration using the Beer-Lambert law [40]. More information about
image processing can be found in Supplementary note 1.

2.2. TESA simulation

The Thermo Electric Solidification Algorithm (TESA) is a multi-
physics code developed at the University of Greenwich using a paral-
lelised Cellular-Automata-Lattice-Boltzmann method. TESA solves the
coupled equation sets for thermoelectricity, fluid flow and solidification.
The computational domain comprises 4000x3200x20 cells, with each
cell a cube of length 10 pm. This represents a physical domain of 40 mm
x 32 mm x 200 pm encompassing the entire experimental thin sample.
The hexagonal geometry is mapped onto the domain defining the region
of Galn alloy and the quartz holder. Initial conditions are applied
namely, calibrated temperature field, liquid metal, homogenous
composition and stagnant flow. Nucleation is assumed to take place at
the base of the sample and uses either an idealised case with zero
orientation and equally spaced nuclei or extrapolation of experimental
data. For the latter, the time was recorded when dendrite tips first
appear above the Peltier cooler. This along with the crystal orientation,
was then used to extrapolate down to the base of the sample to provide
nucleation data. After initialisation, transient solutions of the coupled
equation set were then calculated with temporal steps of 5 ms. The
detailed simulation method is in Supplementary note 2.

3. Results
3.1. Effects of magnetic field on solute transportation

Fig. 1a—c show the experimental setup. Solute transportation can be
affected by the imposed magnetic field; this is observable from the ra-

diographs in the form of plume migration and solute segregation. Plume
migration appears on the interface between the mushy zone and the bulk
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liquid, while channel segregation takes place within the mushy zone.
Both are the consequence of the flow driven by the combination of
buoyancy and electromagnetic forces. During solidification, solute is
rejected into the liquid forming plumes that contain high solute con-
centration. In the early stages of solidification, plumes thrive due to the
large density contrast between solute-enriched mushy zone liquid and
bulk liquid.

For the case studied, in the absence of a magnetic field plumes
migrate toward the middle of the sample and the central plume is
strongly pronounced in terms of its size, including both in width and
height (see Fig. 1d and e and Supplementary Movie 1). Conversely, with
the magnetic field applied, plumes are seen to converge and merge at
two off-centre positions (see Fig. 1h and i and Supplementary Movie 2).
As solidification proceeds, the mushy zone grows higher up the mould,
while the bulk liquid zone diminishes and contains more solute. At this
stage, unlike in the case with no magnetic field where central macro-
segregation is strongest (Fig. 1f), when a magnetic field was applied with
a y-component (By) pointing perpendicularly to the sample a solute
channel appears on the left side of the sample and is not present else-
where (Fig. 1i and j). Fig. 1g and k show the time-integrated image over
the duration of the experiment by overlaying plumes onto one plane,
highlighting the statistically significant change in plume distribution
when applying a magnetic field. Regarding channel evolution, a channel
is first initiated on the left but does not survive. Following the disap-
pearance of the first channel, a new channel is created further to the left,
this again is temporary and finally a stable channel forms even further to
the left (Fig. 1i).

3.2. Influence of solute flow on microstructure

When a magnetic field is applied, the microstructure is altered. The
shape of the dendrite growth front tends to be concave at the end of
solidification without magnetic field as the solute accumulates in the
middle and suppresses solidification, thereby there is a low solid fraction
in the middle and high solid fraction at the two sides (Fig. 1f). In
contrast, when applying a magnetic field, the left part of the sample
clearly shows the lowest solid fraction, whereas in the middle and to the
right of the sample, the solid fraction is higher (Fig. 1j). The solute-
enriched plumes that spring out from the middle are suppressed,
which promotes dendritic growth in the middle, whereas the plumes’
merging at the two positions off the centre reduces the dendritic growth
at the plume merging points, leading to a convex growth front and high
solid fraction in the middle.

Counterintuitively, Fig. 1i shows that the stable channel forming
region is not underneath the plumes merging position to the left, sug-
gesting an additional force in the mushy zone has fed and stabilised this
channel. Close to the left edge, the lateral thermal buoyancy is strongest
due to the highest isothermal curvature, forcing the plumes to migrate to
the right at a high speed while the TE Lorentz force in the mushy zone
liquid transports solute to the left. This causes a mismatch between the
plume meeting position to the left and the channel location. Predictions
of the flow field from the simulations match those observations and will
be discussed below.

3.3. Model validation

A parallel 3D model [39] simulates the entire hexagonal sample cell
as the computational domain, with the capability of capturing both
micro- and macro-scale phenomena. Fig. 2a shows the convex thermal
profile created in the lower half of the sample by the hexagonal geom-
etry of the cell in the experiment. The temperature variation across the
lower part of the cell manifests as a cool centre and warm sides. The
thermal profile applied in the simulation is convex as well, as shown in
Fig. 2b. Initially the physical coordinates and orientation for each
dendrite nucleus at the bottom of the sample were extrapolated from the
in situ radiographs. Then the nuclei were seeded at the bottom of the
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computational domain with the coordinates and orientations from the
experiments. The model simulates the solidification process using the
same conditions as in the experiments and the predicted dendrites show
consistent morphology with experimental observations, as shown in
Fig. 2c and d. Both the experimental and modelling results reveal central
macrosegregation. The plume behaviour was also captured in the model
and the average plume spacing during solidification was in good
agreement with the experimental observations (Fig. 2e). Fig. 2f com-
pares the modelled and experimentally quantified solute concentration
ahead of the solidification front. Excellent agreement was achieved. This
validation exercise suggests the model, which couples the physics of
solidification with fluid dynamics and electromagnetics can provide a
reliable interpretation of the experimental observations and potentially
can then predict further phenomena.

3.4. Thermo-solutal convection without a magnetic field

With no magnetic field, solute transportation is dependant on the
thermal profile and solute density variations that determine the global
flow field within the sample. Fig. 3a and b show the comparison of
experimental microstructure and the corresponding stage of the simu-
lation. Though the flow is unresolvable in the experiments, the verified
model can be utilised to demonstrate the flow fields. Fig. 3c and d show
the predicted horizontal and vertical flow components when no mag-
netic field is applied. With a convex thermal profile, solute tends to
accumulate at the centre of the mushy zone, as a result, solutal buoyancy
is strongest at the centre where macrosegregation is observed (Fig. 3a
and b) and sustained by the mushy zone feeding flow (red arrows in
Fig. 3c and d). The high-speed plume induced by the central macro-
segregation generates a low-pressure region in the vicinity of the
interface at the centre of the sample. This causes interfacial flow from
two halves of the sample pointing to the centre (pink arrows in Fig. 3c

NoB

Plume migratior

Experiment

Thermo-solutal convection
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and d), leading to the plume’s lateral migration (black dashed arrows in
Fig. 3a and b) and intensifying the central plume. Additionally, lateral
thermal buoyancy due to the convex isotherm has also contributed to the
plumes’ lateral migration to the centre but is only significant at the
edges. Fig. 3e shows the schematic of the thermo-solutal buoyancy-
driven convection. Globally, two symmetrical sample-scale flow circu-
lations with an opposite-directional interface flow dominate the flow
field in the experiment without an imposed magnetic field.

3.5. Micro/macro-scale TEMHD effects under transverse magnetic fields

With an imposed magnetic field applied, the thermally controlled
convection was disrupted due to the introduction of a TE Lorentz force
within the sample. Inherent TE currents (TECs) exist in the vicinity of the
interface of two dissimilar materials that have distinct Seebeck co-
efficients during directional solidification, with the main component
aligning along the thermal gradient. In this study, the TE effect creates
currents on two scales. One for the micro-scale (primary) currents
occurring within the mushy zone, with the dendrites and surrounding
mushy zone liquid working like a thermocouple. Up-flowing TECs
appear in the liquid of the mushy zone, while opposite TECs flow inside
the dendrites, preserving charge conservation. The secondary macro-
scale TECs occur at the interface between the bulk liquid and mushy
zone (Supplementary Fig. 4). The convex isotherms with curvature
changing with the mushy zone height provide both vertical and hori-
zontal thermal gradients, which induce TECs in both directions. The
primary TECs interact with the component of the external magnetic field
perpendicular to the sample to generate a transverse Lorentz force
within the mushy zone, transporting solute to one side. The secondary
TECs are parallel to the horizontal thermal gradient and are localised to
the area ahead of the mushy zone, which interacts with the y-component
(By) of the external magnetic field to produce a vertical Lorentz force

u (um/s)
s

I-O

- - -
Plume
migration mushy zone

Flowinthe Upstream Bulk liquid Interface flow Solutal
plume moving direction direction buoyancy

= A

Fig. 3. Flow field without magnetic field. (a) Experimental results of microstructure without magnetic field. (b) The counterparts of modelling results of (a). The
corresponding model predicted flow fields in horizontal (c) and vertical (d) directions. (e) Schematic of the driving forces that are responsible for the flow field. The

legend at the bottom applies to Figs. 4 and 5 as well.
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ahead of the mushy zone. Therefore, with a magnetic field applied, the
flow field evolves during solidification and falls into two sequential TE
regimes.

It is worth noting that the effect of TEMHD takes time to establish as
the volume of fluid where the force is acting is confined to the mushy
zone and becomes more important as the mushy zone grows. Further, it
also takes time for macrosegregation to have a strong effect as TEMHD
displaces solute. In the early stages of solidification, the plumes’
behaviour shows no noticeable change compared to the no-magnetic-
field case (Supplementary Fig. 5), suggesting that thermo-solutal
buoyancy dominates at this stage. As solidification proceeds, the
mushy zone grows and the curvature of the isotherms increases, solid-
ification enters TE regime 1 where the plumes migrate into two off-
centre positions is observed (black dashed arrows in Fig. 4a and b). In
this regime, both primary and secondary TE effects are dominant and
modify the migration of plumes. On the right, just off the centre, the
secondary TE Lorentz force pushes liquid upwards creating a low-
pressure region thus causing a new plume meeting point on the right.
Though on the left the secondary TE Lorentz force is downwards, solute
channel formation is dominated by a strong solutal buoyancy caused by
the primary TE Lorentz force transporting solute to the left, hence there
is an intensive upstream flow on the left. In the middle of the sample, the
denser bulk liquid circulates downwards into the mushy zone due to
gravity. From the sides of the sample, the bulk liquid is moving down-
wards as well to ensure mass conservation, leading to four circulations
ahead of the mushy zone. Within the mushy zone, the primary TE Lor-
entz force continuously transports the solute to the left. Fig. 4c and
d show the global flow field featuring four flow circulations ahead of the
mushy zone and a lateral flow within the mushy zone, and Fig. 4e is
showing the corresponding flow driving forces.

With B

Plume migratior TE regime 1

(©)
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3.6. Micro-scale TEMHD dominates

Based on Bernoulli’s principle, the high velocity of fluid leads to low
local pressure, once macro segregation has occurred and a stable
channel has formed on the left, the pressure in the vicinity of the channel
opening decreases due to the high-speed fluid escaping from the channel
opening, which overtakes the secondary TE effect with all plumes
migrating towards the dominant channel opening instead (Fig. 5a and
b). The system then switches to TE regime 2 where the plumes meeting
point to the left shifts to the channel opening and the meeting point to
the right vanishes. Modelling results (Fig. 5c and d) predict that there
are two asymmetric flow circulations, one small circulation on the left of
the channel and one large circulation on the right, feeding the channel.
The interface flow is directed to the channel opening (Fig. 5c and d).

The primary TE Lorentz force acting on the inter-dendritic liquid
transports solute to the left, producing a strong solutal buoyancy force
on the left and initiating a channel (Fig. 5e).

This primary TEMHD effect has been further confirmed by the
disappearance of channel when halving the thermal gradient despite the
presence of pronounced macrosegregation on the left side of the sample
(Fig. 6). The simulated plume migration across different regimes can be
seen in Supplementary Movie 3 for the no magnetic field case and
Supplementary Movie 4 for the magnetic field case.

3.7. Influence of grain orientation on channel formation

Aside from the driving forces (i.e., buoyancy and Lorentz forces),
local morphology also plays a critical role in determining channel
segregation. The mushy zone liquid flows, including TE-driven hori-
zontal flow and buoyancy-driven vertical flow, are affected by the grain
orientation. The effect of orientation can be seen experimentally in
Fig. 7, where three orientations, vertical, left-inclined and right-
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Macro&micro TE effects

e S
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) Ll Prunary TE Lorentz force
A y Secondary TE Lorentz force

Fig. 4. Flow field with magnetic field at TE regime 1. (a) Experimental results of microstructure with magnetic field. (b) The counterparts of modelling results of (a).
The corresponding model predicted flow fields in horizontal (c) and vertical (d) directions. (e) Schematic of the driving forces that are responsible for the flow field.
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Fig. 5. Flow field with magnetic field at TE regime 2. (a) Experimental results of microstructure with magnetic field. (b) The counterparts of modelling results of (a).
The corresponding model predicted flow fields in horizontal (c) and vertical (d) directions. (e) Schematic of the driving forces that are responsible for the flow field,

the black arrow within the mushy zone indicates the primary TE Lorentz force.

Fig. 6. Solute segregation under two thermal gradients in the presence of the magnetic field (B;=0.03 T). (a) 2 K/mm and (b) 1 K/mm. Other processing parameters

are kept consistent. Scale bars are 3 mm.

inclined, show distinctly different behaviours. Previous studies have
demonstrated that the direction of grain growth can be deflected by a
high magnetic field (typically >10 T) [41,42]] however, this is not the
case in this study as the intensity of the applied magnetic field is two
orders of magnitude lower than in those prior studies. The primary
magnetic field effect that influences microstructural evolution in this
study is the TE Lorentz force acting on the liquid, causing TEMHD flow.

Fig. 7a shows the channel segregation in the presence of vertical
primary dendrites. Fig. 7b shows that the right-tilted dendrites cause less
solute transport. Conversely, left-tilted dendrites allow the TEMHD flow
to transport more solute to the left side of the sample, producing a
channel in the further left position (Fig. 7c).

4. Discussion

In summary, this study reveals the TEMHD effects occurring on both
macro and micro scales during directional solidification. Flow and
microstructural evolution are closely intertwined. Solute transportation
observed in the form of plume migration and solute segregation is
controlled via the TEMHD interaction and in turn, affects the micro-
structure evolution. This evolving microstructure can affect the local
Seebeck power, electrical conductivity, thermal profile, and perme-
ability. Consequently, it influences the distribution of TECs and ulti-
mately affects the TEMHD flow. A numerical model validated against
experimental data was used to map the expected flow fields and
microstructure development under different conditions. The evolving
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Fig. 7. Channel formation affected by the grain orientation with an imposed magnetic field. (a) Vertical grain; (b) Right-tilted grain; (c) Left-tilted grain. The white
arrows measure the distance of the channel to the sample centre, the dashed black arrows indicate the grain orientation.

flow field driven by a combined Lorentz force and thermo-solutal
buoyancy force is the cause of the solute segregation and plume
migration. Grain orientation was found to impact the flow, with
differently orientated grains leading to distinctive solute segregation
patterns.

The numerical results used the same nucleation events as the vali-
dation case in Fig. 2d. To investigate the role of dendritic orientation
two cases with opposite magnetic fields were run. In Fig. 8a the mag-
netic field direction is the same as that used in the experiments, while in
Fig. 8b the magnetic field is in the opposite direction. In Fig. 8a the
channel forms on the left and the grains are orientated towards the
centre of the sample, while in Fig. 8b the channel forms on the right and
the grains are orientated away from the centre of the sample. Due to the

symmetry of the thermal profile, this provides the equivalent cases of
left and right inclined in Fig. 7b and c.

In general, fluid will preferentially flow in the direction of the
dominant force. In the case of horizontal flow through the dendritic
network this is driven by either the thermoelectric force or horizontal
pressure gradients arising to preserve continuity for a feeding flow. For
vertical flow in the region where the channel forms the dominant force is
solute buoyancy. However, permeability, which is a measure of how
easily flow can pass through the dendritic network, plays a key role. In
the case of the buoyancy driven vertical flow in the region near the
mouth of the channel, dendritic growth is columnar and the perme-
ability is anisotropic. While the dominant force is vertical, if the den-
drites have a tilt away from vertical, fluid in this region will

Simulation

Fig. 8. Simulated channel formation with the opposite magnetic field orientations. (a) By directing into the page. (b) B., pointing out of the page. The white arrows
indicate the distance of the channel to the sample centre, the dashed black arrows are showing the primary dendrite orientation (indicate the grain orientation).
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preferentially flow along the primary dendrite arm orientation as
opposed to across the dendrite arm, the path of least resistance. This has
a significant impact on local thermodynamic equilibrium, depending on
the direction of flow relative to the isotherms. With convex isotherms
this equilibrium would take the form of convex isopleths of solute. As
discussed in the previous section, the thermoelectric Lorentz force cre-
ates a bias leading to the channel formation to the left of the sample. In
this region the isotherms are curved and dendrites orientated with a
right tilt (Fig. 8a) will generally grow along the isotherm, resulting in
flow along the isotherm. However, when the magnetic field orientation
is reversed, the newly introduced TE Lorentz force points to the right,
leading to the formation of a channel to the right of the sample. In this
region, dendrites with a right tilt (Fig. 8b) will grow perpendicular to the
isotherms along the thermal gradient, resulting in flow along the ther-
mal gradient. To maintain thermodynamic equilibrium as fluid flows
through the dendritic network, the Gibbs-Thompson condition, AT' =
mAC! should be satisfied, where T and C' are the temperature and
concentration at the interface, and my is the liquidus slope. For flow
parallel to the isotherms, AT! = 0 and hence the concentration of the
liquid is still in equilibrium. However, for flow along the thermal
gradient AT # 0 and in the case of flow escaping the interdendritic
network the solute concentration in the liquid is higher than equilibrium
causing remelting. This leads to a competition between the solidification
front and the escaping fluid. In the case where flow is predominantly
along the isotherms, the fluid cannot easily remelt the dendrites and so
must escape through the interdendritic network. However, in the case
where flow is along the thermal gradient, the higher concentration of
solute remelts dendrites, creating a new path for solute to escape. This
creates a contrasting behaviour between the two orientations, strong
remelting leads to periodic slugs of solute ejected into the bulk as the
channel opens. By continuity, corresponding downflow of low concen-
tration solute causes re-solidification of the channel and the interden-
dritic flow finds an alternative path to melt through the dendritic
network. This leads to a ’chaotic’ behaviour resulting in pockets of
trapped solute that can be seen experimentally in Fig. 7c and numeri-
cally in Fig. 8b. For flow parallel to the isotherms, the behaviour is more
stable, with less melting and re-solidification. In the experiments a
solute-enriched region formed with flow escaping through the dendritic
network, being unable to melt a channel. While in the numerical results,
although a channel forms, as shown in Fig. 8a it is much more stable
compared to the opposite orientation in Fig. 8b (see Supplementary
Movies 5 and 6).

The thermoelectric Lorentz force can be estimated by substituting
characteristic values for the electrical conductivity, ¢ =3 x10° S/m,
Seebeck coefficient, S = 107® V/K, thermal gradient, VT = 2 x10°
K/m and magnetic field |B| = 0.06 T into |J x B| = 6SVT|B| = 360 N/
m>. This value is consistent with the predictions from the numerical
model. The model also predicts that the buoyancy force is similar in
magnitude to the thermoelectric force ie. pgfAC ~ |J xB| and so by
again taking characteristic values of density, p = 6.33 x 103 kg/m?,
gravitational acceleration, g = 9.81 m/s? and solute expansion coeffi-
cient, f = 1.66 x 103 wt.% ! and substituting into the buoyancy force
the concentration variation that drives buoyancy comes to AC ~ 3.4 wt.
%. This value is consistent with both predicted concentration and
observed concentration variations between the mushy zone and bulk
liquid and also with experimental observations. Using this value of AC
along with a liquidus slope, m; = 2.9 K/wt.%, an estimate of under-
cooling, AT = m;AC = 10 K is obtained, reasonable for the solidification
conditions. This consistency across the numerical simulations, experi-
ment and simple estimates shows that the thermoelectric force can be as
large as buoyancy and therefore significantly alter the fluid flow, hence
convective transport and ultimately microstructure evolution. This
finding is in agreement with the existing literature [21,43,44].

Although a thin sample was used in the experiments where the
development of flow could be considerably restricted constraining
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dendrite growth to one plane, dendrites could still experience inclined
growth in/out the page i.e., zigzag growth. This would alter permeability
within the mushy zone and could lead to different solute segregation
compared to the vertical grain case, even though the same dendritic
morphology was observed in the radiographs due to the projection na-
ture of radiography. In addition, grain boundaries mark the interface
between two adjacent grains that possess distinct primary dendrite
growth directions, such as converging and diverging primary dendrite
arms. The contrasting grain boundary structure has distinctive impact
on solute flow and the onset of a stable solute channel, as reported by
Karagadde et al. [35]. In this study due to the multi-nucleation event
occurring at the bottom of the sample, grain boundaries inevitably exist
that influence the flow passing through the sample, hence affecting so-
lute segregation. Future studies will be focusing on creating a single
grain in the cell i.e., removing the grain boundary effect. Varying of the
sample thickness is being considered to study the relationship between
thickness and flow. Furthermore, based on our findings, the curvature of
the liquid isotherm that is frequently encountered in casting due to the
heat loss through the wall of the mould is critical in designing the flow
field under an external magnetic field, hence it would be beneficial to
pursue systematic studies on this in future.

The mechanism of flow control using a static magnetic field as dis-
cussed above shows that disrupting the solute flow is the key to pre-
venting the system from initiating a stable channel. Based on our
findings that applying a static magnetic field causes the channel to form
on the left, periodically reversing the magnetic field would be a practical
technique for mitigating freckles. Given there is a time scale for the
occurrence of macrosegregation, by turning the frequency of the mag-
netic field reversal, we can prevent the system to becoming stable and
hence a channel would not form.

5. Conclusions

By combining in situ synchrotron X-ray imaging and a simulation
representing all the physics at play, the micro/macro TEMHD flow and
its influence on solute channel formation were revealed. The studies also
highlighted the role of grain orientation in modifying the solute channel
formation. The major conclusions are drawn below:

1 A multiphysics model was developed coupling thermoelectricity,
magnetism, fluid flow and solidification, enabling the prediction of
flow and microstructural evolution under the influence of magnetic
fields. This model was validated using in situ data, by comparing
solute concentration, plume frequency and dendritic morphology.

2 The interplay between Lorentz force and buoyancy force drives the
flow field to evolve into two regimes where different mechanisms
dominate during solidification.

3 When applying a transverse magnetic field, an off-centre solute
channel was formed as a result of microscopic TEMHD flow. Both
experimental and simulation results show that plumes migrate to two
points during the early stage of solidification, our simulation dem-
onstrates that a macroscopic TEMHD flow is responsible for this
plume lateral migration.

4 Grain orientation was found to influence solute channel formation by
modifying the permeability of interdendritic flow.
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