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Numerical study on directional solidification of
AlSi alloys with rotating magnetic fields under

microgravity conditions
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A global thermal model of the ARTEX facility, developed with the modeling tool CrysVUn,
is presented. The model is validated with experimental data obtained under microgravity
conditions during the TEXUS39 mission. Numerical studies are then reported, in which the
effects of a rotating magnetic field are investigated during directional solidification of
binary AISi7 alloys. It appears that beyond a certain magnetic field strength a
macrosegregation effect is resulting, leading to the development of a liquid channel inside
the mushy zone. © 2004 Kluwer Academic Publishers

Nomenclature
body forces (N/m?)

magnetic field strength (T)
concentration (wt.pct.)

frequency (1/s)

temperature gradient (K/m)

height (m)

mushy zone permeability (m?)
liquidus line slope (K/wt.pct.)

number of pole pairs; pressure (Pa)
radius (m)

temperature (K)

flow velocity (m/s)

growth velocity (m/s)

phase function

depth of mushy zone concerned with flow (m)
extension (m)

volume fraction

physical quantity

eutectic spacing (m); primary dendritic
arm spacing (m)

magnetic permeability (Vs/Am); dynamic
viscosity (kg/ms)

kinematic viscosity (m?/s)

density (kg/m?)

electrical conductivity (S/m)

rotating frequency (1/s)

increment

convective parameter

volume element
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Subscripts
b buoyancy force
E eutectic

phase k, either solid s or liquid /
Lorentz force

magnetic field

Z  mushy zone

radial flow velocity

axial flow velocity

representative element or initial value
azimuthal flow velocity
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1. Introduction

Many alloys are solidifying with a dendritic colum-
nar structure. This region, where solid and liquid phase
are co-existent within a certain temperature interval is
usually called the mushy zone. The mushy zone is a
consequence of transport processes, capillarity effects
and thermodynamic constraints.

Nowadays the effects of convective heat and mass
transport experience enhanced attention [1]. Phenom-
ena on different length scales are influenced by convec-
tion. On the scale of a single dendrite, convection may
lead to a changed morphology of the dendrites or may
even lead to fragmentation. On the scale of the whole
sample, convection is mainly responsible for the effect
of macrosegregation, i.e., concentration inhomogeni-
ties at the scale of the sample.

Time dependent magnetic fields are recently consid-
ered as a promising option for systematic investigations
on the effects of fluid flow during alloy solidifica-
tion [2, 3]. Thereby, dependent on the field configura-
tion, different flow patterns are created inside the melt.
Within the MICAST! project [2, 3] especially rotating
magnetic fields (RMFs) are investigated, as these fields
will be available in two furnace inserts in the Material
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Science Laboratory on the International Space Station
ISS [4].

The action of RMFs has been studied numerically in
a number of publications, e.g., [5-8]. It is well known,
that the use of RMF is an efficient tool for control-
ling the melt flow and thus can affect the tempera-
ture and species distribution [9-11]. Indeed, RMFs are
nowadays industrially commonly in use to influence
alloy solidification, mainly to create a finely dispersed
equiaxed microstructure. Nevertheless, the number of
publications with numerical investigations on the re-
sulting macrosegregation during alloy solidification is
very limited. This is mostly due to the high compu-
tational costs of the pertinent calculations. Recently,
segregation effects resulting from traveling magnetic
fields during directional solidification are reported in
[12, 13]. The effects of RMFs during equiaxed solidi-
fication are investigated in [14].

In this work we report about applications of the global
modeling tool CrysVUn [15, 16]. A thermal model of
the ARTEX facility is presented and validated with ex-
perimental data obtained during the TEXUS39 mission.
A re-flight of the facility is scheduled for TEXUS41,
then equipped with an additional RMF. Therefore, nu-
merical studies are presented in this work, in which the
principal effects of the RMFs during directional solid-
ification are analyzed.

2. Global modeling with CrysVUn
CrysVUn [15, 16] contains physical modules for heat
transfer by conduction, radiation and convection. Ad-
ditionally, the possibility of inverse modeling is com-
prised, which allows to control the temperature in a
certain number of points. The finite volume technique
in conjunction with unstructured triangular grids is ap-
plied for the discretization [17]. The program was orig-
inally designed for global simulation of crystal growth
experiments, but was recently extended with a model
for macrosegregation during alloy solidification. The
solidification model is based on the classical volume
averaging procedure applied to the conservation equa-
tions of heat, mass, momentum and chemical species
[18]. Thereby, we have adopted a model originally pro-
posed by Poirier and co-workers [19, 20].

On the macro scale the equations for each phase k
(solid s or liquid /) are formulated in terms of averaged
quantities for a representative elementary volume €2

1
(k) = o /QO X dQ2 (D

0

whereby Xy is a phase function (1 in phase k, O else-
where) and ¢ a physical quantity. The volume fraction
of a phase k is defined as

& )
= —
k 0
The mixture concentration is defined as
(Cmix) = &(C)° + &1{C1)! 3)
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whereby (Cy)¥ is the average concentration within the
solid resp. liquid phase. Changes of the mixture con-
centration from the initial concentration are mainly due
to fluid flow within the two phase region.

The flow within the mushy region is as usual modeled
by Darcy’s law

K
(u) = —;(V(m + bL + by) “

with the superficial velocity (u), the permeability K, the
dynamic viscosity w, the pressure (p), and two body
forces, the Lorentz force by, and the buoyancy forces by,.
The permeability of the mushy zone is a function of the
liquid volume fraction and the spacing of the dendritic
microstructure.

Inside the mushy region, the temperature (7') and
the concentration in the liquid phase are coupled via
the phase diagram

(T) = Tpure +m - (C1)! ®)

with the melting point of the pure substance Tpyre and
the liquidus line slope m.

More details on the model can be found in the above
cited literature.

3. Directional solidification experiment

with a RMF scheduled for TEXUS41
3.1. Validation of the global furnace model
ARTEX (ARtemis on TEXus) is a further develop-
ment of the ARTEMIS facility [21, 22] and was built
for experiments under microgravity conditions onboard
TEXUS [23]. The furnace principle is based on the
well-established power-down method. The core part of
the furnace consists of two heating elements (boron ni-
tride resistance heaters), separated by a highly insulat-
ing silica aerogel which acts both, as sample cartridge
and adiabatic zone. The solidification process is moni-
tored by optical means through the transparent aerogel
crucible. Additional constructive parts are added due to
mechanical reasons. The thermal model of ARTEX as
implemented in CrysVUn and the mesh as used in the
calculations is shown in Fig. 1.

The thermal model was validated with the experi-
mental data obtained during the TEXUS39 mission.
Linear temperature profiles were applied in the exper-
iment to obtain a constant solidification for 300 s in a
microgravity environment. As can be seen from Fig. 2,
the numerical predictions agree nicely to the experi-
mentally determined position of the solidification front.
A shift of 20 K was added to the heater temperatures
in the simulations, in order to match the initial position
of the solidification front. The extension of the mushy
region of Sz = 21 mm is in good agreement with the
experimentally observed value.

Numerical studies show that the radiative heat loss
through the aerogel crucible is rather small. The Biot
number, defined as the ratio of radial and axial heat
fluxes is in the order of Bi = 0.05. A planar solidifica-
tion interface is therefore resulting, both in the experi-
ment and simulation.
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Figure 1 Thermal model of the ARTEX facility as implemented in
CrysVUn. The hot zone consists of a top heater (1), the AlSi sample
(2), the aerogel crucible (3) and a bottom heater (4).
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Figure 2 Simulated and measured position of the solidification front for
the experiment on TEXUS39.

3.2. Parameter studies on the influence of a
RMF during directional solidification

To systematically investigate the effects of a RMF dur-
ing directional solidification of a binary AlSi7 alloy,
numerical studies were performed considering a cylin-
drical geometry with well defined boundary conditions,
as shown in Fig. 3. Temperature profiles are applied at
the top and the bottom wall, to achieve a constant so-
lidification from the bottom to the top, with a constant
temperature gradient ahead of the mushy zone.
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Figure 3 Boundary conditions and geometry as used for the numerical
investigations.

The main issues that shall be addressed in the fol-
lowing are:

e What are the typical flow velocities in the bulk
liquid due to the RMF?

e Does the bulk flow enter the mushy region and how
far?

e How is the shape of the mushy region influenced
by the forced flow?

The parameters for the investigations were chosen cor-
responding to the ARTEX experiment:

e growth velocity vg = 0.1 mm/s

e temperature gradient G = 4 K/mm (higher than
during the TEXUS39 mission)

e sample radius R = 4 mm

e sample height H = 100 mm

e magnetic field frequency f = 50 Hz

e magnetic field strength By = 0—-6 mT

The Carman-Kozeny equation [24] is applied for the
permeability in the mushy region

)\2 83
K=-L_ "1 (8)
180 (1 — &)?
whereby the primary arm spacing was set to A} =
310 pm in the calculations.
The skin depth is estimated as

Sskin = V2/ (Umo@) ~3.7x 102 m > R (9)

whereby (i, is the magnetic permeability, o the electri-
cal conductivity and @ = 2x f the rotating frequency.
As can be seen, the magnetic field fully penetrates the
sample.

A stationary flow is resulting for the chosen mag-
netic field parameters. The transition to a time depen-
dent flow is estimated from the critical magnetic Taylor
number [25] to occur at a magnetic field strength of
By ~ 8 mT for the initial aspect ratio.
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Figure 4 Maximum flow velocities resulting for different magnetic field
strengths in the isothermal case.

Isothermal melt flow calculations have been per-
formed in the beginning, to determine the max. resulting
flow velocities, given in Fig. 4. As usual, the magnetic
field strength is characterized in terms of the magnetic
Taylor number, defined as

B§R4aw

Tan =
m 2pv2p

(10)

whereby p is the density of the fluid, v the kinematic
viscosity and p the number of pole pairs (p = 1).

As expected the main action of the RMF is a creation
of a flow in the azimuthal direction. The max. azimuthal
flow velocities follow the theoretical uy max & Tam
relation [26]. Nevertheless, for higher magnetic field
strengths, also the secondary flows are strongly increas-
ing, nearly up to the same order of magnitude as the
primary flow [27].

In the case of pure diffusive conditions, the extension
of the mushy region is approximately

&u==g(qr—qu11mm (11)

with the liquidus line slope m = —6.62 K/wt.pct, the
initial Si concentration Cy = 7 wt.pct and the eutectic
concentration of the binary AlSi system Cg = 12.6
wt.pct.

For the considered alloy, the Schmidt number Sc =
332 is much higher, than the Prandtl number Pr = 0.04.
This implies that the concentration distribution will be
changed at much smaller flow velocities than the tem-
perature field. Therefore, the secondary flows may lead
to a macrosegregation effect, and thus lead to a (macro-
scopic) deformation of the two phase region [28].

Order of magnitude analysis [29-32] gives for the
concentration increment

G
AC =T 2 x* (12)
m

whereby I' is a convective parameter, defined as I' =
u,/vg and X* is a characteristic depth concerned with
fluid flow. In the case I' > 1, a pronounced segregation
is expected to occur [28].
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Figure 5 Snapshot after a solidification time of 350 s with By = 3 mT.
Shown are the isolines of the azimuthal velocity (a), the streamlines
(b), the mixture concentration (c), isolines of the liquid fraction (d) and
temperature isotherms in steps of 5 K (e). The axis of symmetry is always
located on the left side.

From the flow velocities given in Fig. 4, this suggests,
that the magnetic field strength should be around 2 mT.
Nevertheless, it should be noted that this is of course
only a rough estimate, as the velocities in the mushy
zone are much smaller than the max. values in the bulk
liquid.

The fluid flow and the resulting deformation of the
two phase region is shown in Fig. 5. Due to the sec-
ondary flows, solutal enriched liquid (the liquid con-
centration is continuously increasing along the liquidus
line until the eutectic concentration) is transported out
of the mushy region at the axis of the sample. The com-
puted maximum value of the mixture concentration is
(Cmix) = 9.2 wt.pct. The temperature field is still nearly
unchanged. In consequence, a liquid channel is devel-
oping at the axis of the sample.

The bulk liquid flow enters the mushy region only
at the very top. The max. azimuthal flow velocity is
u, = 6.6 mm/s, the max. meridional flow velocity is
u = 2.3 mm/s.

Axial concentration profiles resulting for different
magnetic field strengths after solidification are shown
inFig. 6. For magnetic field strengths smaller than 1 mT
no segregation effect is observed. After an initial tran-
sient, a constant concentration increment is obtained for
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Figure 6 Axial segregation profiles resulting for different magnetic field
strengths.



magnetic field strengths up to 3 mT. For higher mag-
netic field strengths, the concentration is continuously
increasing along the axis of the sample. Here, solidifica-
tion is finally terminated with a pure eutectic reaction,
i.e., without mushy region in the center of the sample.

It appears that the mechanism of the RMF on a
macroscopic scale is the creation of a segregated chan-
nel due to the forced flow within the mushy region. The
liquid motion in the liquid zone is primarily due to pres-
sure variations along the solidification front caused by
the RMF, which force a liquid flow inside the mushy
zone as in a usual porous medium [13]. Secondly, the
electromagnetic forces that are acting directly on the
liquid phase within the two phase region may contribute
to the creation of the interdendritic flow.

Therefore, it can be stated that the RMFs are leading
to a macrosegregation effect, even in small scale AlSi
samples. The absolute value of the macrosegregation
shown in Fig. 6 is dependent on the primary arm
spacing. As expected, the segregation is higher for
an increased arm spacing. Nevertheless, simulation
results (not reported here) show that the dependency
on the primary arm spacing is only in the range of a
few percentages.

For higher magnetic field strengths fragmentation
may occur, leading to a change in the microstructure
from columnar to equiaxed.

4. Conclusions
Controlling the melt flow by time-dependent magnetic
fields seems to offer the possibility for systematic inves-
tigations of the effects of convection on the solidifica-
tion of metallic alloys. Thereby, due to the complexity
of the appearing phenomena, numerical modeling plays
an important role in the definition of process parameters
and the evaluation of experiments. The conformities
between simulation and experiment give trust into the
predictive power of modern numerical software tools.
The presented parameter study is used to define the
experiment of ARTEX scheduled for TEXUS41. The
experimental validation of the presented numerical re-
sults is underway.
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