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Abstract

The mechanism of macrosegregation and modification to dendrite size and
spacing from a transverse magnetic field has been modelled through direct
numerical simulation. The primary driver for this mechanism was identified
as a strong Lorentz force formed in the interdendritic region, which leads
to a large scale flow circulation. The microstructure evolution is modified
by convective transport of solute and the predicted morphological features
compare favourably to experimental data in the literature. The numerical
results also give an insight into the magnitude of flow velocities within the
interdendritic region.
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1. Introduction

The application of an external magnetic field to a solidifying alloy has
been experimentally observed to have a significant effect on microstructural
evolution [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. These changes can be attributed
to convective transport of solute by Thermoelectric Magnetohydrodynam-
ics (TEMHD). A detailed description of TEMHD is given by Shercliff [12],
but in summary TEMHD describes fluid flow generated by a Lorentz force
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that is formed through the interaction of thermoelectric currents and a mag-
netic field. Thermoelectric currents are generated by spatial variations in
temperature and Seebeck Coefficient (absolute thermoelectric power). In di-
rectional solidification these conditions are satisfied by the externally driven
thermal gradient and through ejection of solute at the liquid/solid interface
respectively.

In the presence of a transverse magnetic field, macrosegregation on the
sample scale has been observed for both in situ thin sample experiments [4]
and post-mortem analysis of rod shaped samples [4, 5, 6]. Macrosegregation
occurs normal to the magnetic field orientation and to the thermal gradient.
Descriptions of the mechanism have been given by authors of these exper-
imental findings [4, 6], supported with idealised steady state 2-dimensional
models of TEMHD. They suggest that this behaviour is caused by inter-
dendritic flow transporting high concentration of solute out of the mushy
zone. However to date no, quantitative representation of the complete mech-
anism responsible for the observed macrosegregation, that couples between
transport, solidification, electric current and flow has been presented in the
literature. Numerical simulations of a similar system have been presented by
[13], however the use of periodic boundaries could not account for the influ-
ence of the sample edges, thus any ejection of solute into the melt could not
be captured. This paper investigates the underlying mechanism of TEMHD
driven macrosegregation on a small sample through direct numerical sim-
ulation using a fully coupled, transient, 3-dimensional model that includes
solidification, thermoelectric currents, electromagnetism and fluid flow [14].

2. Governing equations

Phase transition is tracked using an enthalpy conservation method based
on the work of Voller [15]. The volumetric enthalpy H is defined as the sum
of sensible latent heats

H=¢cT+fL (1)

where ¢, is the volumetric specific heat capacity, T' the temperature and L
the volumetric latent heat of fusion. The liquid fraction f varies from f =1
when fully liquid to f = 0 when fully solid; intermediate values 0 < f < 1
represent solidifying cells. The interface equilibrium is given by the Gibbs-
Thompson condition
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where T" is the interfacial temperature, T}, the melting temperature, 7 (6, ¢)
the surface energy anisotropy, # and ¢ angles to the interface normal, x the
curvature, m the liquidus slope, Cy the bulk solute concentration and C} the
liquid solute concentration at the interface. The concept of a concentration
potential V' is used to describe solute ejection in binary alloys and V' is defined
as

C
V=—ouu— 3
fA—k)+k ()
where k is the partitioning coefficient. Transport of mass is given by
av

where ¢ is time and D is mass diffusivity. The Scheill assumption (D =
0) is applied to the solid. Due to the low thermal Péclet number (Pe =
01072) heat transport is assumed to be dominated by diffusion and the
thermal diffusivity is assumed constant. Thus, in directional solidification the
temperature field varies only in the direction of solidification and is known
explicitly.

Thermoelectric currents can be described by a generalised form of Ohm’s
law

j=0(E+uxB-SVT) (5)

where j is the current density,o is the electrical conductivity, E is the electric
field, u is the fluid velocity and B is the magnetic field. The final term is
the thermoelectric field and S is the Seebeck coefficient. In the presence of
a magnetic field, the current interacts to give a Lorentz force j x B, which
drives flow in the liquid phase. Due to the relatively slow fluid velocity and
the small length scales of microstructures it can be shown that the Reynolds
number, Re < 1. Thus incompressible Stokes flow can be assumed given by

pé—‘; = —Vp+uViu+jxB (6)
where p is the density, p is pressure and g is the viscosity.

The coupled equation set is solved using a bespoke code ThermoElec-
tric Solidification Algorithm (TESA) developed by the authors. The code
primarily consists of a set of weakly coupled finite difference schemes, for
three main solvers, one each for solidification, electromagnetism and fluid
flow. Each solver tailored to the respective physics, incorporating a multi-
scale method that uses varying spacial and temporal scales [16]. The solution
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Table 1: Material properties.

Variable | Value Unit Variable | Value Unit
Cp 1.2 x10° | J/K/m o 3 x 10° S/m
L 3.98 x 10° | J/m? Sal 3.5 x107¢[17] | V/K
m 3.5 K/% Scu 6.5x 107% [17] | V/K
k 0.17 - p 2860 kg/m?
D 3x 107 | m?/s L 1.3x 1073 Pas

procedure essentially has four steps. The first step calculates the transport
equations. From the change in local free energy, the second step solves the
microstructure evolution using the Enthalpy based method. From the tem-
perature field, phase and composition, the third step solves the thermoelectric
currents, providing the driving Lorentz force. Finally, this force is used to
solve the fluid flow. The process then repeats with the updated velocities
used to calculate transport.

In this work buoyancy is neglected; the alloy under consideration has a
relatively low concentration and so density variations in the liquid are small.
Furthermore, based on the results presented later, the net buoyancy force
can be estimated to be only 1% of the driving Lorentz force. For higher con-
centration alloys buoyancy may be an important factor (see [13]). However,
the focus here is to independently examine the TEMHD mechanism.

3. Problem description

The computational model represents directional solidification of AlCu
2.5%wt. in a 6K/mm temperature gradient with a growth rate of 40um/s.
The computational domain is 0.3mm thick (z), 2.4mm wide (y) and 1.8mm
high (z). The domain is meshed with 64 x 512 x 394 cubic cells. The walls of
the sample (z and y domain faces) are assumed to have no flow velocity, be
electrically insulating and have no heat or mass flux. The 42 face represents
far field conditions i.e. bulk concentration and zero pressure. Table 1 shows
characteristic material property inputs used by the model. The Seebeck
power in the solid and liquid is compositionally weighted based on the pure
values quoted in Table 1. Furthermore a constant characteristic electrical
conductivity is assumed across the entire domain.
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Figure 1: 3-dimensional microstructure and concentration profile. Left: B = 0. Right:
By =0.1T

4. Results

Figure 1 shows a comparison of the microstructure and concentration
profile after 23s of growth for no magnetic field (left) and the application
of a 0.1T magnetic field (right). In the absence of the magnetic field the
numerical results exhibit typical directional solidification behaviour where
the interface is flat and the concentration field is relatively constant in the
x,y plane. In contrast, the results in the presence of a magnetic field shows a
clear difference in microstructure. The interface is no longer flat but convex,
with a bias to growth on one side of the domain and stunted growth on
the other. Solute concentration is increased in the region of stunted growth
representing macrosegregation of the alloy.

A comparison between the computational predictions and experimental
results from Wang et al. [4] are given for the interface shape in figure 2
and for the dendrite size and dendrite spacing in figure 3. The experimental
results represent an AlCu 0.85%wt. alloy in a 6K/mm temperature gradient
with a pull rate of 5pm/s in a 0.5T magnetic field. Although there are sig-
nificant differences between the simulation parameters and the experiments,
such as pull rate, magnetic field intensity and also the model represent a
thin sample, while the experiments are cylindrical, there are some very clear
similarities between the numerical and experimental results. In both cases
the interface in the y, z plane shown in figure 2 forms a convex shape, where



Figure 2: Interface shape. Left: Numerical model. Right: Experimental data from Wang
et al. [4]. Note scale bar applies to both results.

the interface is lowest in the region of macrosegregation. Figure 3 shows
the microstructure in the z,y plane and how the space between dendrites
decreases and the dendrite size increases from the macrosegregation region
to the other side of the sample. The similarity between the numerical and
experimental results suggests that the underlying mechanism could be the
same. To further understand this it is necessary to look at the formation of
TEMHD in more detail.

The thermoelectric field SVT is in the direction of the thermal gradient
causing current to pass along the inside of the dendrite emanate by the tip and
pass through the liquid back down into the mushy zone forming a closed loop.
This is highlighted in figure 4, which shows contours of J, in planes parallel
and normal to the growth direction. The current is localised to the mushy
zone and does not extend into the bulk liquid. In the presence of the magnetic
field this current generates a Lorentz force. The solid dendrites are considered
to be rigid and the Lorentz force is essentially balanced by structural forces.
In the interdendritic liquid the Lorentz force drives fluid flow and the force
is balanced by viscous drag, pressure gradient and electromagnetic damping.

As the current is predominantly orientated in Z, the application of a
transverse () magnetic field gives rise to a significant force in g. The current
in the interdendritic liquid generates a Lorentz force in —y, while current
emanating from the tips produces a Lorentz force in +y. The latter can lead
to localised flow circulations around the tip [18], but the primary driver for
the macrosegregation mechanism comes from the interdendritic forces. To
satisfy continuity a large scale flow circulation forms that passes through the
interdendritic network, changing direction at the wall and passing back over



ORI
DA

Figure 3: Dendrite size and spacing. Top: Numerical model. Bottom: Experimental data
from Wang et al. [4]



Figure 4: J,. Top: x,y plane. Bottom: y, z plane

the dendrite tips. All of these flow features can be seen in figure 5, which
also highlights the intricate path the flow takes through the interdendritic
network.

As the solute concentration of the interdendritic fluid is higher than fluid
outside of the dendritic network there is a net transport of solute to one side
of the domain. Upward flow near the wall causes this solute to be trans-
ported ahead of the solidification front decreasing the the interface velocity
in this region. The liquid then flows back across the domain and is incident
to the interface. However, as mixing occurs from the bulk, the concentration
decreases and the incident flow encourages growth in this region. This in-
cident low concentration flow causes coarsening of the dendrites which both
increase dendrite size and also decrease the dendrite spacing. This effect can
be seen in both the numerical and experimental results presented in figure 3.

The numerical model gives an insight into fluid velocity within the inter-
dendritic regions and in the bulk. Under these conditions the model predicts
TEMHD velocities O(200um/s). Figure 6 shows iso-surfaces of —100pum/s
and 75um/s flow for both uy and u,. The uy interdendritic flow is almost
entirely in —g leading to macrosegregation and the return uy flow is in +y
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Figure 5: Steamlines of TEMHD



Figure 6: Surfaces of constant velocity. Red: 75um/s. Blue: -100pum/s. Left: uy. Right:
Uy.

ahead of the interface. u, highlights the complex path flow takes through
the mushy zone, where flow enters the mushy zone from the centre of the
domain to +¢ and where it leaves in the macrosegregation region. However,
the figure also shows that there is very little low near the lower +3 edge for
both u, and u, of the domain. In this region coarsening of the dendrites
has occurred, the space between dendrites is decreased and the flow is more
restricted.

The interdendritic flow is essentially porous media flow, however in tra-
ditional porous media flow it is driven by external forces, while in this case
the forces are internal to the pores. Consequently the pore size (space be-
tween dendrites) may also be a key parameter in this phenomenon. Viscous
drag will increase as the spacing between dendrites decreases, but due to the
concentration dependency of the thermoelectric field, the current density will
also change. This can be seen in the + region of figure 4, where the increase
in volume of solid causes a reduction in current density. However, to preserve
continuity of charge, the reduction in volume of neighbouring fluid causes an
increase in current density. Hence, current density dependency on localised
phase/concentration will modify the driving Lorentz force in the liquid.

In this work the dendrites on the +¢ side of the sample become coarser
with the application of a 0.1T magnetic field compared to no magnetic field.
While this agrees well with the presented experimental results, other exper-
iments with similar experimental conditions [6] have also observed a refine-
ment of the dendrites in this region. These differing findings indicate that
there may be other mechanisms that become dominant under different con-
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ditions. Further investigations into parameters such as pull rate, magnetic
field intensity and sample geometry (i.e. cylindrical) are necessary to fully
understand this phenomenon.

5. Conclusion

The application of a transverse magnetic field has been shown both com-
putationally and experimentally to modify the microstructural evolution of
alloys during directional solidification. The numerical results of this work
have been compared to a specific experimental example and shown changes
similar to those observed. The primary driver for this mechanism has been
identified as the strong Lorentz force formed in the interdendritic region due
to the interaction between thermoelectric currents and the externally applied
transverse magnetic field. This leads to several significant changes, including
macrosegregation, dendrite size and the spacing between dendrites. The nu-
merical modelling has given insight into the magnitude of TEMHD velocities
within the interdendritic region, which experimentally, is a very difficult feat
to achieve.

The ability to introduce contactless forces deep within the mushy zone
is of considerable interest both scientifically and industrially. This phe-
nomenon, if fully understood, has the potential to provide an additional
control mechanism to the microstructure formation through tailored design
of the magnetic field.
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