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Abstract

A key technique for controlling solidification microstructures is magneto-hydrodynamics
(MHD), resulting from imposing a magnetic field to solidifying metals and alloys. Applications
range from bulk stirring to flow control and turbulence damping via the induced Lorentz force.
Over the past two decades the Lorentz force caused by the interaction of thermoelectric
currents and the magnetic field, a MHD phenomenon known as Thermoelectric
Magnetohydrodynamics (TEMHD), was also shown to drive inter-dendritic flow altering
microstructural evolution. In this contribution, high-speed synchrotron X-ray tomography and
computational simulation are coupled to reveal the evolution, dynamics and mechanisms of
solidification within a magnetic field, resolving the complex interplay and competing flow
effects arising from Lorentz forces of different origins. The study enabled us to reveal the
mechanisms disrupting the traditional columnar dendritic solidification microstructure,
ranging from an Archimedes screw-like structure, to one with a highly refined dendritic
primary array. We also demonstrate that alloy composition can be tailored to increase or
decrease the influence of MHD depending on the Seebeck coefficient and relative density of
the primary phase and interdendritic liquid. This work paves the way towards novel
computational and experimental methods of exploiting and optimising the application of
MHD in solidification processes, together with the calculated design of novel alloys that utilise
these forces.
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1. Introduction

Magneto-hydrodynamics (MHD) assisted solidification is important for many process
techniques such as materials refining [1] or production of alloys and semi-conductors [2—6],
and is being explored for new applications such as additive manufacturing [7]. Applied
appropriately, microstructural modulation induced by magnetic fields can lead to drastic



improvements in properties [2-5]. Liquid metal MHD is governed by the Lorentz force (Fg,)
and it is well known that applying a static magnetic field changes the melt flow leading to
electromagnetic damping [8] or alternatively, a travelling field (including a rotating magnetic
field) leads to electromagnetic stirring (EMS) [9,10]. A static magnetic field has also been seen
to drive flow through its interaction with inherent thermoelectric currents [11-14], generated
in solidifying alloys due to spatial variations in temperature and Seebeck coefficient [11,15—
17]. This thermoelectric Lorentz force (F;g ) produces flow in the mushy zone between
growing dendrites, an MHD phenomenon known as Thermoelectric Magnetohydrodynamics
(TEMHD) [11,13,15,18]. Fg) and Fpp as defined here, and in the context of crystalline
solidification have competing and intertangled ways of driving liquid flow. It is often the case
that only one effect is considered at the expense of the other. A better understanding of the
relative influence of each of these mechanisms, especially if encapsulated in a computational
tool, has the potential to transform our usage of magnetic fields as a parameter in future
manufacturing practices.

Many numerical and experimental studies have been carried out to investigate the effect of
magnetic fields on solidification. On the experimental side, results show different
microstructural effects such as refining grains with increasing magnetic field [3,10,14,19,20],
inducing columnar to equiaxed transition [21], and some negative effects, including the
appearance of freckles [15], a tilted or irregular solid front [20,22,23], and macro-segregation
[15,24,25]. Most prior studies have relied on post-mortem microstructural observations that
cannot determine the dynamics of solute transportation, heat flow and the topological
evolution of the crystalline structure. Hence, it is very difficult to determine the exact
mechanisms attributable to the application of magnetic fields on microstructural changes. In
situ radiographic studies have proved more useful in this respect, demonstrating the effects
of magnetic field-induced convection on solidification [13,26,27]. Recent advances in high-
speed X-ray tomography enable time-resolved 3D observation of alloy solidification (known
as 4D imaging — 3D space and time) [28-31], providing a useful tool to study solidification
under magnetic fields. To make this possible, a suitable in situ rig is needed; a device
described in this paper.

On the numerical side, the coupling of MHD flow with microscopic solidification requires a
complex multi-physics approach, encompassing fluid flow, heat transfer, electromagnetic
field modelling and solidification dynamics. Methods including phase field [32] and cellular
automata (CA) [33] are being used to simulate solidification at the microstructural scale.
Phase field [32] can be used to study microstructure growth at the microscopic scale.
However, phase field is computationally expensive, preventing simulation of the coupled fluid
flow and solidification occurring at the length scales relevant to our experiments. CA methods,
on the other hand, allow large-scale microstructural simulation coupling solidification
dynamics and fluid flow [34]. For this reason, the CA method has been chosen here to model
the in situ experimental process so that both macro- and microscopic features can be
represented.

In this study, we adopted an integrated experimental and numerical ‘4D’ approach with
synchrotron high-speed X-ray tomography and high-performance numerical modelling,
enabling in situ observation and prediction of 3D structural and compositional evolution
during solidification, with and without the magnetic fields. In terms of experiments, a bespoke
temperature gradient stage (MagDS, Fig.1a) was built, which allows metal/alloy crystals to
grow directionally (e.g. directional solidification). A homogeneous transverse magnetic field



can be imposed on the sample using either a static permanent magnet pair producing 0.5 T
or an electromagnet with a maximum strength of 1 T (Fig. 1b and 1c). MagDS has been
integrated with synchrotron tomography at both the ID19 beamline of the European
Synchrotron Radiation Facility (ESRF) and the 112 beamline of the UK Diamond Light Source
(DLS) facility. We have used a method [35] that allows us to map the solute concentration
during solidification, enabling 5D imaging (space, time and solute concentration). For the
computational study, a parallelised numerical code called the ‘ThermoElectric Solidification
Algorithm’ (TESA) was developed, coupling alloy solidification with fluid flow, driven by
buoyancy and Lorentz force. The model is capable of simulating a large section of the
experiment encompassing the entire diameter of the sample, capturing both micro- and
meso-scopic scales. This integration of tools means that the experimental observation by 4D
tomographic imaging can be used to validate the model and, in turn, the validated simulation
code can support the correct interpretation of the experimental results. We show that with
this approach, it is possible to determine the dominant mechanisms that cause the
modulation of microstructures when a moderate, external, magnetic field is applied in various
experimental and sample conditions, clearly demonstrating the significance of using
magneto-hydrodynamics to control solidification microstructures.

2. Methods
2.1. MagDS furnace

The MagDS furnace includes mainly two parts: a small bespoke temperature gradient stage
and strong magnetic fields (Fig. s1a). The temperature gradient stage [28,35,36] is made of
two heaters (both can reach 1000 °C) with a gap of 10 mm in between allowing X-ray to pass
through (schematically shown in Fig. 1a). A proportional-integra-derivative controlling system
is also developed allowing a constant temperature gradient to be kept within the gap when
cooling the two heaters down. A 2 mm diameter cylindrical sample is placed inside the
furnace in an alumina tube with inner diameter of 2 mm. The magnetic fields can be produced
by either permanent magnets (Fig. 1b) or electromagnets (Fig. 1c). For the permanent magnet,
a permanent magnet pair (diameter of 80 mm) with a gap of 50 mm are attached inside an
iron yoke, producing a transverse homogeneous magnetic field of 0.5 T within the gap. For
the electromagnet, an electromagnet made of water-cooled copper coils and iron cores
(diameter of 50 mm) was used. The opening between the two iron cores is 50 mm. A
homogeneous magnetic field adjustable and up to 1 T can be generated within the opening.
The temperature gradient stage can be inserted inside the openings of permanent magnet
pair or the electromagnet. Directional solidification of Al alloys was carried out via cooling the
two heaters with a temperature difference at the same cooling rate.

2.2. High-speed synchrotron X-ray tomography

At the ID19 beam line of ESRF, high-speed X-ray tomography measurements were performed
using a pink X-ray beam (peak energy at 31 keV). A high-resolution high-speed detector
(Dimax) was used with a pixel size of 2.2 um and field of view (FOV) of 2.2x2.2 mm. A
tomogram with 1000 projects was captured in 1s. 15 s was needed to download and transfer
the data, hence the cycle time was 16 s [36].

At 112 beamline, the Diamond Light Source, a 53 keV monochromatic X-ray beam (wavelength
0.023 nm) is used. To acquire the X-ray tomogram, a PCO.edge camera was coupled with 112’s
camera module 3 [37], with 2560 x 2160 pixels, and a pixel size of 3.24 um. The field of view
was cropped to 1070 x 1070 pixels, corresponding to 3.467x3.467 mm. One tomogram



consisted of 1000 projections over 180° with an exposure time of 5 ms per projection, hence
the total time per tomogram was 5 s. After inclusion of additional sample rotation and data
download, the cycle time was 10 s.

2.3. Tomographic data analysis

3D image processing and quantification was performed using Avizo 9.4 (ThermoFisher
Scientific) and ImagelJ (US NIH, Bethesda, MD, USA). The tomogram was first filtered using an
anisotropy diffusion filter, followed by a background correction. Then the solid phase was
segmented using Otsu’s threshold method [38]. The Cu concentration mapping was
performed based on the fact that the grey value of the X-ray tomographic images at each
pixel is a linear function of density of the material at that pixel. Procedures for composition
mapping can be found in [35].

2.4. Numerical modelling

The numerical results were produced using a bespoke ‘ThermoElectric Solidification
Algorithm’ (TESA) code that couples solidification, fluid flow and electromagnetism (including
thermoelectric effects). The code incorporates three solvers, one for each aspect.
Solidification uses a decentred octahedral cellular automaton method based on the pmatIC
code [39]. Staggered finite difference methods are used to solve Navier-Stokes’ equations and
Ohm'’s law. The computational domain is partitioned spatially into equal sized sub-domains
that run on separate processor cores with inter-processor communications, handled by
Message Passing Interface, passing local boundary conditions. Using a 160 core Intel Xeon
cluster, this allowed for a grid resolution on the microscale to capture the spatial and
temporal scales of the experiments within a reasonable time frame of several days.

Solidification is predicted using a cellular automata method [33] where the temporal change
in solid fraction, f;, is given by

of, 1 LN ,

where C; (wt.%) is the liquid solute concentration, C, (wt.%) is the equivalent concentration
and k is the partitioning coefficient.

MHD are governed by the Lorentz force, j X B, where j is the current density and B the
magnetic field. The current density can be described by a generalised form of Ohm’s law

j=0(E—-SVT +uXxB) (2)

where o (S m?) is the electrical conductivity, E (V m™?) the electric field, S (V K!) the Seebeck
coefficient and u (m s!) the velocity. The term SVT is responsible for thermoelectric currents,
which drive TEMHD, while the induced currents, u X B, give rise to flow driven by
Fg)p including electromagnetic damping and electromagnetic stirring.

Due to the short length scales and relatively slow fluid velocities investigated, the Reynolds
number is small and momentum balance can be described by incompressible Stoke’s flow
given as
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where p (kg m?3) is the density, p (Pa) is the pressure, i (Pa s) is the dynamic viscosity. The
final term accounts for the solute buoyancy force, where g (m s2) is the acceleration due to
gravity, B (wt.%1) is the solute expansion coefficient and C..; (Wt.%) is a reference
concentration. Convective transport of solute is governed by

e

Jt

=V-(DVC) —u-V(, (4)

where D (m? s1) is the mass diffusivity and finally continuity of charge and continuity of mass
gives

V.j=V-u=0. (5)

3. Results and discussion

In this section, the interaction and competition between TEMHD and EMS during metal
solidification was demonstrated through three case studies under different conditions, with
both experimental and numerical results.

Case 1. Control Case — Formation of tilted interface by TEMHD

A tilted interface during directional solidification under a transversal magnetic field has been
observed experimentally by post-mortem characterization [22,25], and TEMHD has been
proposed as the main mechanism [22,25,40]. Here, based on previous experiments [22,25],
we designed a quasi in situ experiment to confirm the existence of TEMHD during alloy
solidification and to validate the numerical model. During the experiment, an Al15Cu (weight
percent) sample was first fully melted in a temperature gradient (VT =10 K/mm), then,
solidified by cooling down both heaters of the temperature gradient stage at the same cooling
rate (CR) of 0.05 K/s. During the process, the sample was kept stationary without rotation.
When the solid phase grew to approximately half the height of the field of view, the cooling
process was stopped. Hence the dendrites stopped growing. Then the temperature of both
heaters was held constant for 10 minutes, which was used to establish quasi-steady
equilibrium conditions [41]. A tomogram (captured in 5 s) was taken after the holding period.
The morphology of the solid phase after image segmentation is shown in Fig. 2a,
demonstrating a relatively flat and levelled solid/liquid interface. Note that the dendritic
structure coarsened slightly during holding, making the separation of different dendrites
difficult during image processing, hence the dendrite structure in Fig. 2a appears to be a
connected network. Afterwards, a 0.5 T transverse magnetic field was applied using the
electromagnet. After holding for another 10 minutes under the same temperatures and
magnetic field, a second tomogram was taken (the magnet was off when taking the
tomogram). As shown in Fig. 2b, the solid-liquid interface became tilted.

This experiment was specifically designed to show the existence of TEMHD effects during
solidification. After holding the semi-solid sample for 10 min at temperature, a quasi-steady
state equilibrium is reached where solute and buoyancy flow can be assumed to be
diminished. Under such a steady state condition, a flat and levelled solid/liquid interface was
formed. In the Supplementary Note, we have shown that (1) the under steady state condition,
the solute and buoyancy flow was diminished; (2) when rotating the sample for taking the
tomogram, the effect of ‘spin up’ velocity can also be neglected; (3) during rotation for



tomogram, the centrifugal force Fop is less than 10 N/m3 much smaller than the
thermoelectric force which is of O(10* N/m?3), and the flow velocity induced by centrifugal
force would only be a maximum of 1 um/s, hence is negligible. As the flow is diminished, the
modulation of flow by Fg), (such as electromagnetic damping effect) can then be mostly
ignored. The observation of a tilted interface morphology when a static magnetic field was
applied for another 10 min may be solely attributed to TEMHD, confirming results made by
others [22,25]. In order to show that this is the case, and to reveal the underlying mechanisms
and dynamics of the tilted interface formation, we performed simulations using TESA under
similar conditions to our experiments.

The numerical simulation uses a Seebeck power, S =10 V/K, characteristic of Al15Cu [40].
The results are shown in Fig. 2c and 2d. After reaching a quasi-steady state equilibrium
(holding for 10 min), the interface with B =0 T is essentially flat and levelled (Fig. 2c). And the
simulated dendritic structure is closely similar to the experimental observation (Fig.2a). When
a magnetic field of B = 0.5 T was then imposed, the interface became tilted (Fig.2d), showing
an excellent match to the experimental observation, providing strong evidence that the
TEMHD effect is the driving force for this phenomenon. In the absence of a magnetic field,
there is only a single source of fluid flow during solidification, natural convection, due to the
higher density of Cu than Al. However, as the system reaches quasi equilibrium after the
sample was held for 10 min, natural convection diminishes as the gravitational force in the
liquid is balanced by a vertical hydrostatic pressure gradient (Fig. 2f) and flat isosurfaces of
solute concentration form, which will lead to the formation of a levelled solid liquid interface.
In the presence of a magnetic field, there is the addition of the thermoelectric Lorentz force
(Frg), which is perpendicular to both the gravitational force and the magnetic field direction
(schematically shown in Fig. 2f). When the magnetic field is turned on, the forces are not
balanced, and the Lorentz force accelerates flow through the inter-dendritic region and up
the sample wall (Flow 1 and 2 in Fig. 2e). At this location, convective transport of high solute
concentration up the microstructure causes remelting (Fig. 2e, the right-hand side).
Conservation of mass causes flow (Flow 3 in Fig.2e) to enter the inter-dendritic region on the
other side of the sample (Fig. 2e, the left-hand side), which promotes solidification.
Consequently, the interface takes a tilted shape. At equilibrium, high pressure forms in the
melted region and a low pressure in the solidified region, thus the pressure gradient serves
to balance both the Lorentz and gravitational forces (Fig.2f).

In summary, this first case verifies that TEMHD can alter solidification microstructures,
supported by both quasi in situ synchrotron imaging and advanced numerical simulation. The
results show that with an application of a static magnetic field to a directionally solidifying
alloy, the TEMHD effect drives fluid flow that circulates around the solid-liquid interface
perpendicular to the magnetic field, resulted in macro-segregation and a tilted solid-liquid
interface. The experimental results are consistent with findings from the literature [22,25]
and serve as a benchmark validation case for the numerical TESA model. The quasi in situ
experiment allows us to capture snapshots of the microstructural evolution at critical time
points, showing how the interface without magnetic field became flat as a result of holding,
and how that was tilted as a result of the application of magnetic field. The simulation,
replicating the experimental conditions, provided not only the morphological evolution as
seen in the experiment, but also the solute flow during the process, allowing a physical
understanding of the tilted interface formation. The transient evolution dynamics are given
in Supplementary Video 1. This case also demonstrated that our numerical model is capable



of handling complicated physics involving fluid flow, solidification and magnetism, to
dynamically predict the interface which is not defined a priori.

Case 2. Formation of Archimedes screw structure

In the second set of experiments, the Al15Cu alloy was solidified under |[B| =0.5 T and VT =
10 K/mm via cooling down both heaters of the MagDS furnace at CR of 0.02 K/s. During
solidification, the sample was continuously rotating at 0.5 Hz and high-speed tomograms
were captured in 1 s during the process every 16 s. An unusual screw-like microstructure was
observed as shown in Figure 3a-3c, where the green and blue contours show the primary a-
Al phase and the red contour shows the highly enriched Cu eutectic. The eutectic region was
clearly distributed around the edge of the sample, forming a helix. The screw structure can
also be altered via different experimental conditions such as cooling rates and thermal
gradients (Fig. 4). This result is in distinct contrast to the microstructure formed without an
imposed magnet field as shown in Figs. 3d to 3f, where the eutectic-localized region was
positioned at one side of the sample.

The screw structure shows striking similarities to the observations of Kaldre et al. [43], where
a helical segregation pattern was observed in a Sn10Pb alloy directionally solidified in a
rotating transverse magnetic field of 0.5 T at rotation periods of 300 s and 600 s. Their analysis
showed that the separation distance between each turn of the helix was equal to the product
of the rotation period and growth velocity. They estimated the effect of fluid flow introduced
from the time varying magnetic field and showed that at such slow rotation speeds, the
electromagnetic stirring (EMS) effect was small. At faster rotation (shorter rotation periods
ca. 150s) the screw structure did not appear. They concluded that the macrosegregation from
TEMHD was responsible for the screw structure, i.e. that a slowly rotating tilted interface from
Case 1 had formed. At a faster rotation speed (e.g. with a rotation period of 60 and 90 s) no
screw structure was formed. However, in our work with a much faster rotation (e.g. a rotation
period of 1s), a well-defined screw structure is clearly observed. The thread spacing does not
follow the same trend as the TEMHD mechanism proposed by Kaldre [43], implying that a
second regime for the formation of screw structure has been discovered, along with an
entirely different mechanism.

To understand the formation process of this screw structure, the Cu solute concentration was
mapped from the acquired 4D data using the method as shown in Ref [35]. Fig.5a to 5e show
a vertical slice at the middle of the solidifying sample, at different time steps without the
application of magnetic field (|B] = 0 T'). As the temperature started cooling from the liquid
state, the primary dendrites grew upwards. Due to a slight horizontal temperature gradient,
the dendrites grew at one side of the sample [35]. Cu was rejected into the liquid on the other
side of the sample. As Cu is heavier than Al, the segregated Cu dropped down, forming a
macro-segregation zone at the other side of the sample (Supplementary video 2 and 3). With
the application of the magnetic field, as shown in Fig 5f to 5g, the dendrites formed first at
the central core (Fig 5g). In the liquid, ahead of the solid-liquid interface, the Cu solute, after
being rejected from the growing primary phase, flew upwards like a plume (Figs. 5g, 5h and
Supplementary video 4 and 5). This led to a dome-shape Cu-concentrated region in the liquid
with a high concentration of Cu solute. In the centre of the sample, Cu solute was depleted
and the primary solid grew extensively in this region first. This observation is quite unusual as



it implies there is an additional convective transport mechanism that overcomes the solute-
driven buoyancy flow, driving the upward flow of denser Cu-enriched melt.

Fig. 5k to 50 show the growth of the primary phase of several successive tomograms. Two
well-grown dendritic branches observed at 640 s (Fig.5k), were later remelted entirely at 688
s (Fig.5l). This observation implies that a flush of Cu-enriched hot liquid flew to the region,
remelting the root of the dendrites, which then detached from the main structure, flew
upwards into the hot liquid and completely melted. The detachment and flowing of dendrites
can be observed frequently from the Supplementary video 4. In Fig. 5, a small side branch
indicated by the red arrow survived from the remelting process and grew towards the left
side of the sample, developing into a mature dendrite at 720 s (Fig.5m). The side branches of
this new dendrite grew downwards, then partially remelted (Fig.5n). After this turbulent
growth of the primary phase (remelting, detachment, downward growth and further
remelting), a round-shaped channel, free of the primary dendrites, was formed around the
sample periphery (Fig.50, circled). From the composition mapping analysis, this channel was
enriched with Cu solute. This process was repeated as solidification continued and led to the
formation of the helical channel (Supplementary video 6). Fig. 5p shows the quantification of
the primary phase including the foremost tip position and volume fraction. There is erratic
localized growth and remelting, indicated by the change of tip position of the foremost
dendrite; however, the volume-averaged solid fraction as a function of time is linear.

As shown, many phenomena were observed while the sample was rotating in a magnetic field.
These include: (1) the formation of a screw structure with a rounded helical channel enriched
with the Cu solute; (2) solidification of the solid core before the formation of channels, (3) a
radial dependence of Cu concentration in the solid, (4) fragmentation of dendrite, then (5)
convective transport of the dendrite fragments and (6) the formation of Cu rich plumes.

Understanding the driving force responsible for these effects is not immediately clear. When
the solidifying sample rotates within the magnetic field, flows can be driven by both F;, and
Frg. In the liquid ahead of the mushy zone, the Hartmann number Ha = |B|L(a/u)'/% = 18
(L is the characteristic length scale, i is dynamic viscosity), indicating strong Fg),. However,
in the inter-dendritic region of the mushy zone, Ha = 0.2, indicating that Fg,, is small and
TEMHD will be relatively unaffected. The segregation of solute from TEMHD will always be
directed perpendicular to the static magnetic field (as demonstrated by Case 1), and with the
sample rotating, the segregated Cu is transported with the rotation. Analogous to the Coriolis
effect, a helical flow of Cu solute would be expected. On the other hand, due to the
electromagnetic force and sample rotating, a second relative flow can also be introduced.
When solidifying samples are rotating (without a magnetic field), both the liquid and solid can
be described to be in solid-body rotation, such that in the frame of reference of the solid
phase, there is no apparent fluid flow generated by sample rotation. However, when a
magnetic field is applied, the liquid flow slows down due to electromagnetic damping, while
the solid (a-Al dendrites) still rotates with the same angular velocity as the rotation stage.
Consequently, in the frame of the solid phase, there is an apparent rotational flow as the solid
is mechanically driven through the slower moving liquid. Due to Galilean invariance between
the frame of the magnetic field and sample frame this is similar to flow introduced by rotating
the magnetic field around a static sample, hence similarly electromagnetic stirring (EMS) was
used to describe the process.



Determining which effect (TEMHD or EMS) dominates and is responsible for the
experimentally observed screw structure was not immediately evident. Using the
computational TESA model, the electromagnetic Lorentz force and thermoelectric magnetic
force can be decoupled, isolating each phenomenon separately. This can be achieved by
either assuming zero Seebeck power (S = 0) so that thermoelectric magnetic forces are
removed, or by turning off the electromagnetic forces in the TESA simulation.

Fig.6a shows the numerical results where only TEMHD is considered (Seebeck power S =10
V/K) while turning off electromagnetic forces. The result shows that the flow from TEMHD
pushes Cu-enriched liquid to the edge of the sample, but primarily only the core solidifies.
The distinct screw structure observed by experiments (Fig. 3b) is not predicted. In contrast,
when only electromagnetic force is considered (setting Seebeck power S = 0 in the model),
the numerical model produces a screw structure (Fig.6b) similar to the experiment (Fig. 3b).
Results for the fully coupled simulations, including both electromagnetic Lorentz force (S =10
6 V/K) and thermoelectric magnetic force, are given in Fig.6c and show that the screw
structure still forms, but with the introduction of TEMHD the screw is slightly less well defined
compared to Fig. 6b. Unlike the slowly rotating results of Kaldre et al. [43] where TEMHD was
dominant, these findings suggest that the mechanism leading to the screw structure for
samples rotating quickly in a magnetic field is EMS; the introduction of TEMHD only causes a
minor modulation of the screw structure under these conditions. The simplest explanation
for the formation of the screw structure is attributed to Fg,,, driving an angular flow velocity,
causing magnetic stirring effect, similar to a rotating magnet field, while F;5 drives a rotating
radial velocity. Essentially at a faster rotation the time averaged flow field of EMS is relatively
unchanged, while for TEMHD, the time-averaged flow diminishes.

With the numerical result, the experimentally observed phenomena can be explained.
Assuming nucleated dendrites are formed when |B| = 0 T within a temperature gradient, as
the sample is rotating and a transverse static magnetic field of 0.5 T is applied, the liquid flow
velocity is reduced due to the electromagnetic damping. The fluid is then pushed through by
the rotating dendrites whose velocity is not influenced by the magnetic field. At the outer
radius of the sample with a high angular velocity, the force on the liquid is higher than at the
centre, generating a rotational flow (Fig. 5e), similar to electromagnetic stirring effect. Some
of the flow is forced up ahead of the solid-liquid interface, remelting the primary phase and
forming the first exit of the helical channel (Fig. 5d). In the centre, the force is lower and to
preserve continuity the flow will be downward (Fig. 5e), leading to the solidification of the
primary phase in the core. The downward flow will also begin feeding and stabilising the
channel.

When the solid phase forms a screw with helical channels, there is a direct analogy to flow
generated by an Archimedes screw, where the rotation of the solid screw generates a vertical
pressure gradient, forcing liquid flow up the helical channel. This upwards flow might be the
reason for the formation of the Cu-solute plume observed by the experiment (Fig. 5g). As
liquid flows up the channel, continuity requires that any flow leaving the top of the screw
must be replaced. However, lower down the sample, the sample must be fully solidified, and
becomes unable to feed the flow up the helix. In this case, the liquid flow to feed the channel
through the sample core which solidified first and is porous with inter dendritic liquid. Near
the tip of the screw, the fluid, which is forced out of the helical channel into the bulk, is
replaced by the inter-dendritic fluid from the core, which in turn is replaced by an incident
flow from the bulk into the core. This forms a radial-vertical fluid circulation as shown in Fig.



6e and 6f at the tip of the screw. Further down the sample, where the core inter-dendritic
space is smaller due to coarsening, flow is exchanged through the gaps between successive
turns of the helical channel. The liquid flow process is also highlighted in Fig. 6g where the
red and blue isosurfaces represent upward and downward flow respectively. The downward
flow is concentrated in the gaps in the thread of the screw, while the upward flow follows the
channel. The feeding incident flow, focussed on the centre of the sample, has a low Cu
concentration and is the primary reason why the core solidifies first. As the core solidifies first
it also solidifies at a higher temperature and at a lower Cu concentration, capturing less Cu in
the primary phase. As the thread forms later, more Cu is captured leading to an increase in
Cu concentration in the thread. This was observed by both experiment (Fig. 5j)) and the
simulation (Fig. 6h). A video showing the numerical prediction of the evolution of the screw
structure is given in Supplementary video 7.

The circulation of high Cu concentration fluid is also the cause for dendrite fragmentation.
Since the core solidifies ahead of the sample edge, primary and secondary dendrite arms can
grow over the channel. With the formation of helical channel, Cu solute continuously
accumulated within the channel as shown in Fig 5h-5j. The high Cu concentrated liquid
remelts the root of these dendrite arms causing them to detach. Many detachments were
observed at high frequency (Supplementary video 4), indicating that the rotation flow is very
strong and disruptive. The broken off fragments can be distributed in the melt and offer sites
for grain nucleation [10], a possible reason for columnar-to-equiaxed transition during
directional solidification under an alternating magnetic field [21]. It is noted that the
detachment and flow-up of the dendrite branches are not implemented in the model, as
modelling the translation of grains accurately is currently beyond the capability of the model.
However, with such large density differences between the solid and liquid, the floating
fragments would introduce a strong suction force in their wake, amplifying the plumes of
ejected Cu at the exit of the helical channel.

In summary, through a joint experimental and numerical investigation, a second regime for
the formation of a screw like structure has been found at fast rotations under a transversal
magnetic field, where the liquid flow became much more disrupted, compared to the sample
solidified without the magnet. The experimental observations showed many phenomena that
are both predicted and explained by the numerical model. By decoupling the Fg, and Frg
induced flow in the numerical model, we show that for fast rotation, the formation of the
screw structure can be attributed to F;, induced melt stirring.

Case 3. Structure refinement

Cases 1 and 2 demonstrated the dominance of TEMHD and EMS respectively. The third case
presented here explores the phenomena arising from an increase in the TEMHD effect with a
fast-rotating sample.

To investigate this, a tenfold increase in the Seebeck power as compared to Case 2 was
simulated (i.e. S = 10° V/K), increasing the TEMHD induced flow to a level comparable to the
EMF flow. As shown in Fig.7a and 7b, the screw structure is not present. Instead, a refined
microstructure with long needle-like cells and a flat and levelled solid-liquid interface forms.
In this case, due to the high Seebeck power, TEMHD velocities are higher, and mass transport
due to TEMHD becomes more important than Case 2. As a result, the solute is pushed up and
concentrated ahead of the interface (Fig. 7b). Therefore, a homogenised high concentration
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solute layer above the interface is formed. Solidification then occurs at a much higher
concentration, and lower temperature. Under these conditions, the structure becomes
significantly refined and radial macro-segregation is absent, which are both beneficial
microstructural features. This microstructure is significantly different from those with only
TEMHD (Fig. 6a) or EMS (Fig. 6b), therefore, indicating that it is the coupling of TEMHD and
EMS that drives the refinement of primary arm spacing. A video of the microstructure
evolution is given in Supplementary Video 8.

To validate the numerical prediction, we performed in situ synchrotron experiments on an
Al5.5Si3.5Cu based alloy, which is expected to have much higher Seebeck coefficient than
Al15Cu due to the semiconductor-like properties of Si. Fig. 7c and 7d show experimental
results with |B| = 0 T, where a large dendritic structure is observed together with a
macrosegregation region similar to Al15Cu. Fig.7g and 7h show experimental results with |B|
= 0.5 T. A significantly refined dendritic structure with much smaller primary dendrite arm
spacing is observed, which compares favourably with the numerical results (Fig. 7a and 7b).
Refinement of dendrite arm spacing during directional solidification under a static transversal
magnetic field was observed in Fe-Ni and Pb-Bi alloys [19]. Refinement of Al,Cu phase in
hypereutectic Al-Cu alloy was observed during directional solidification under axial magnetic
fields [3]. In those works, TEMHD alone was attributed to be the main mechanism for the
observed refinement. However, in our study, we have shown that the coupled effect of
TEMHD and EMS was responsible to produce the fine microstructures where the sample was
rotating fast in a static magnetic field.

This case has shown that when EMS and TEMHD flows are comparable, the microstructure
can be significantly refined. Hence, a favourable microstructural design is possible when
utilising MHD in solidification. The interplay between EMS and TEMHD is a key factor and
therefore it may be critical to precisely measure the Seebeck coefficient, perhaps build on
techniques such as those used in [19] when designing new processes.

4. Conclusions

By combining high performance computational simulation and synchrotron X-ray imaging, the
microstructural modification arising from MHD during alloy solidification was revealed. The
following conclusions can be made:

1. An in situ solidification rig, enabling strong magnetic fields to be applied, was
developed that allowed high speed synchrotron tomographic visualization of
solidifying micro- and macro- structure under the influence of magnetic fields.

2. A powerful numerical simulation code was developed coupling MHD to interface
dynamics, allowing for the various solidification microstructural features to be
predicted, and the corresponding underlying physical mechanisms to be revealed.

3. After holding a directionally solidifying Al15Cu sample in a semi-solid state, a flat
interface between the mushy zone and the liquid was formed. When a static
transverse magnetic field of 0.5 T was applied, a tilted interface and a highly macro-
segregated region was formed, which was attributed to the fluid and solute flow
driven by TEMHD. This benchmark case was used to validate the simulation, showing
that the model can predict the change of solidifying microstructure as a result of MHD.

4. When a rotating Al15Cu alloy was directionally solidified under a transverse magnetic
field, an Archimedes’ screw-like structure was formed. Our simulation demonstrates
that magnetic stirring rather than TEMHD was responsible for this fast rotation case.
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Additionally, both our experimental and simulation results demonstrate that under
similar conditions, but for an alloy with a higher Seebeck coefficient, directionally
solidified dendrites with highly refined primary arm spacing can be produced.

Novel approaches for microstructure control can be designed using MHD offering
innovative potential applications. The macro segregation due to the TEMHD effect
could be developed into an industrial technique for materials refinement and recycling.
At large scales, the helical channel has the potential to mitigate hot tearing in ingots,
as the melt is forced to flow into these channels and provide a means to repair the
initiation of any tear close to the surface. The refinement of the primary dendrite arm
spacing reduces the microsegregation length scale, refining secondary phases and
improving mechanical properties. This is true for both for components used with the
as cast structure, such as Ni-based single crystal turbine blades, and when subsequent
thermomechanical processing is applied.
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Fig.2. (a) The primary phase of directionally solidifying
Al-15Cu sample held at a temperature gradient of 10
K/mm for 10 min (a) B =0T, then held at magnetic field
of (b) B=0.5T for 10 min. Simulation results (c)B=0T,
(d)B=0.5T, (e) Solute concentration with B=0.5T and
(f) schematic of mechanism with B =0.5 T. All scalebars
are 300 pm



AT=10K/mm; CR=0.05K/s;B=0T

Fig.3 Microstructures with and without the application of
magnetic field. (a) to (c) directional solidified Al-15Cu alloy
rotating within a 0.5 T transversal magnetic field under ~10
K/mm temperature gradient (AT), and ~0.02 K/s cooling rate
(CR):(a) the vertical slice extracted from the 3D tomography;
3D volume rendering of final microstructures showing the
screw solid phase region (the blue and green color in (b))
and the channel of eutectic phase (red color in (b) and (c)).
(d) to (f) directional solidified Al-15Cu alloy without magnetic
field (10 K/mm temperature gradient, 0.02 K/s cooling rate
and 0 T magnetic field). (Scale bar: 300 pm).



G=5K/mm;CR=0.05K/s;B=0.5T

G=10K/mm; CR=~0.25K/s; B=0.5T

Fig. 4. The formation of screw structure under
different thermal conditions at magnetic field
of 0.5T: (a) G=5K/mm, CR=0.05K/s, B=0.5
T; (b) G=10 K/mm, CR=~0.25K/s,B=0.5T.
(scale bar 300 um)
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Fig. 5. In situ view of compositional and structural evolution during solidification of Al-15Cu sample: (a
to j) vertical slices color-coded by Cu concentration: (a to e) AT= 10 K/mm; CR=0.05K/s; B=0T; (f to j)
AT =10 K/mm; CR =0.02 K/s; B=0.5T. (k-0) in situ view of the solid phase growth at different time; and
(p) the evolution of the solid fraction and the height of the foremost dendrite tip as a function of time.
(scale bar: 300 pum)
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Fig. 6. Simulation results of sample rotation in a transversal magnetic field. Comparison of TEMHD and
EMS effect (a) structure with only TEMHD, i.e. EMD from rotation is neglected; (b) structure with only
EMS i.e. Seebeck coefficient S = 0, (c) structure with both TE and EMS. (d) Interface structure showing
initiation of screw when B turns on for 200 s. (f) flow field at time 1000 s at the tip of the screw. (g)
Formation of screw thread at time 1000 s. (e) schematic showing the liquid flow path. (g) Iso-surfaces of
liquid flow at time 1000s (+10 um/s (red) and -10 um/s (blue) flow velocity parallel to the thermal
gradient); (h) solute composition map at time 1000 s.



Fig. 7. Solidifying sample with a higher Seebeck
power rotating within transverse magnetic
field. (a) and (b) Simulated results of rotating
sample solidifying in B =0.5 T with an increased
Seebeck power (S=10V/K); (c) to (f),
Directionally solidifying Al-3.5Cu-5.5Si alloy; (c)
and (d) without magnetic field; (e) and (f) with
magnetic field of B=0.5T. (a, c and e) horizontal
slice, (b, d and f) 3D volume rendering. (Scale bar
300 um)



