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Abstract The radio frequency floating-zone growth of
massive intermetallic single crystals is very often unsuc-
cessful due to an unfavourable solid-liquid interface geom-
etry enclosing concave fringes. This interface depends on the
flow in the molten zone. A tailored magnetic two-phase stirrer
system has been developed which enables the controlled
influence on the melt flow ranging from intense inwards to
outwards flows. Depending on the phase shift between the
two induction coils, a transition from a double vortex struc-
ture to a single vortex structure is created at a preferable phase
shift of 90°. This change in the flow field has a significant
influence on the shape of the solid-liquid interface. Due to
their attractive properties for high temperature applications
such as high melting temperature, low density, high modulus
and good oxidation resistance, the magnetic system was
applied to the crystal growth of TiAl alloys.
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Introduction

The floating zone single crystal growth is an important
technique for the preparation of single bulk crystals, well-
known from the industrial production of high precision
silicon especially for power electronics. The advantage of
the method is the crucible-free processing of high reactive
compounds where the melt zone is confined by the melt
surface tension. Due to the large market of semiconductors,
much attention was paid to the understanding of melt
convection and the influence of external magnetic fields on
the growth process of silicon single crystals and semicon-
ductor compounds with well-known thermophysical prop-
erties. The research concentrates on the application of
rotating magnetic fields [1, 2] or static magnetic fields [3]
for the reduction of dopant fluctuations and time-dependent
thermocapillary convection [4]. The understanding of heat
transfer and fluid motion is needed in order to grow defect-
free single crystals [5, 6].

In recent years, the single crystal growth of multicom-
ponent intermetallics such as rare-earth-transition com-
pounds became important. Silizides and borocarbides have
been grown by this method to study the interesting mag-
netic, electric and transport properties as well as the
superconductivity [7-9]. Problems in RF-floating zone
crystal growth of high melting point compounds arise due
to the strong heat radiation from the surface and melt
convection resulting in a non-uniformly bent solid-liquid-
interface with concave parts (towards the melt) in the
surface region. Especially, complicated multicomponent
intermetallic compounds are not producible as single
crystals over the whole cross-section due to this unfa-
vourable geometry of the zone. The aim of this work is
the contact-less control of the heat and mass transfer dur-
ing floating zone single crystal growth of intermetallic
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compounds by well designed magnetic fields. The advan-
tage of this method is the crucible-free processing of high
reactive compounds and the flexible adjustment of the
solid-liquid interface between crystal and melt.

High precision single crystals are greatly needed for the
determination of interesting properties of novel materials.
TiAl intermetallic alloys have been developed as potential
materials for high temperature applications because of their
excellent chemical and physical properties such as low
density, high modulus and corrosion resistance at high
temperatures. These characteristics are attractive for
applications in aerospace and automotive industries [10,
11]. However, their low ductility at room temperature
limits their application.

Experimental

Master alloys with the composition Ti45AI55 (at%),
Ti40A60 (at%) were prepared from pure (99.99%, Alfa
Aesar) Ti and Al in a cold crucible induction furnace under
argon atmosphere and cast to rods with 6 mm diameter and
60 mm length. The cold crucible is made of several water-
cooled copper sectors forming the container in which the
alloy is processed. When reactive materials have to be
manufactured with high purity, the cold crucible induction
melting and casting method is the solution, because the
copper crucible avoids any contamination of the material
and the electromagnetic stirring of the melt provides
excellent homogenisation of the melt. One feature is the
combination of the alloying itself and subsequent casting in
one temperature.

Single crystals of Ti45Al155 (at%) and Ti40A60 (at%)
were grown by magnetic field controlled floating zone
technique with induction heating in a vacuum chamber
under argon atmosphere. A floating zone facility with
250 kHz generator frequency and 30 kW was used. The
growth rate amounted to 10 mm/h. The rod rotation was
selected to 10 rpm. The floating zone technique allows
containerless crystal growth, necessary for high reactive
materials with high melting temperatures such as TiAl
alloys. Figure 1 shows the general schemes of the standard
RF-floating zone and the two-phase coil system as well as
their real experimental setups, respectively. In the standard
FZ system, the flow is directed radially inwards at mid-
height of the zone and has a typical double-vortex struc-
ture. The flow in the bulk of the zone is directed against the
solid-liquid interface which leads to an unfavourable shape
of the phase boundary with concave (from crystal melt)
fringes at the outer rim of the crystal. The solution of
forming a desired convex interface geometry developed
here is to make use of the pumping effect if a secondary
coil is added to the primary one (as shown in Fig. lc, d),

and if a phase shift is created between the two coils. The
two coils with the induction coil geometry, placed opposite
each other, form the two phase heater. The current in the
secondary coil is induced by the RF-current of the primary
coil [12].

The crystals were cut lengthwise and investigated by
optical microscopy. For the investigation of the segregation
behaviour, the composition of the sample was measured by
electron probe microanalysis (EPMA).

Results and discussion

The important parameters to be adjusted in the two-phase
stirrer system are inductance, capacitance and resistance of
the secondary circuit, the phase shift of the coils and the
distance between the two coils. In that way the fluid is
pumped on its free surface from the primary to the sec-
ondary coil, and if this pumping is strong enough the
double-vortex structure changes into a single vortex as
shown in Fig. 2. This RF-two-phase stirrer provides a
favourable flow field at the interesting solid-liquid phase
boundary supporting a convex interface geometry. The
strongest pumping effect with a single vortex structure is
achieved if the phase shift between the coils is 90°. This is
emphasised by the change of the dimensionless Reynolds
number from 917 at 0° phase shift to 1160 at 60° phase
shift and 1210 at 90° phase shift at a fixed parameter
configuration. (Note, that the 0° phase shift flow pattern
represents in the main the standard FZ double vortex
structure.) The EM fields are calculated by solving the
equations for the complex azimuthal component of the
magnetic vector potential with a boundary integral method
[13, 14]. The simulations of fluid flow and temperature
distribution have been done using the commercially
available code FLUENT. Hereby, all relevant terms such as
buoyancy, Marangoni convection, electromagnetic forces,
heat diffusion, crystal and feed rotation and the boundary
conditions at the solid-liquid interface are considered. The
EM force field generates a counter-clockwise meridional
flow (the melt flows upwards along the free surface). The
crystallization interface between the melt and the crystal is
mostly convex.

Figure 3 presents the geometry of the solid-liquid
interface of Ti45Al155 alloys grown with the two-phase
heater. The sample in Fig. 3a was processed with 57°
phase shift between the coils. Visible from the numerical
simulation of the fluid flow pattern (Fig. 2b), a double
vortex structure of the convection rolls at 60° coil phase
shift is dominant where the melt is driven radial inwards
at mid-height of the molten zone. As a result, the solid-
liquid interface forms concave rims (see dotted line)
leading to ingrowth of grains which inhibits single crystal
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Fig. 1 Left: general scheme of
standard FZ (a) and two-phase
stirrer (c) crystal growth
geometry. Right: Experimental
setup of the standard (b) and
two-phase stirrer system (d)

(a)

26 mm

NEENERRD

Fig. 2 Streamlines—transition from double vortex to single vortex structure, a 0°phase shift, Re = 917, b 60° phase shift, Re = 1160, ¢ 90°

phase shift, Re = 1210

Fig. 3 Geometry of the solid—
liquid interface (black dots) of
Ti45Al155 alloys (longitudinal
section of the zone), phase shift
between primary and secondary
coil a 57°, b 98°
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growth over the full cross section (Fig. 3a). Contrariwise,
a phase shift of 90° produces a single vortex flow struc-
ture (see numerical simulation, Fig. 2c) leading to a
convex solid-liquid interface at all (dotted line), visible in
the sample cross section of Fig. 3b. Such a convex solid-
liquid interface enables the single crystal growth over the
full cross section. Note that the polycrystalline crystals in
Fig. 3 were grown only few millimetres in order to
demonstrate growing in and growing out of crystals
depending on unfavourable or favourable interface
geometry. Moreover, due to the much stronger melt
motion at 90° coil phase shift, cellular growth which
would lead to constitutional supercooling is excluded
(Fig. 3b).

Figure 4 shows the optical micrograph of another alloy
with the composition Ti40A160 processed at 90° coil phase
shift. This sample was grown up to a length of 25 mm. The
pictures are taken from attached regions starting with the
melt on from the feed (Fig. 4a) till the final single crystal
(Fig. 4d). The attention is here focused on the crystal
growth where in Fig. 3 the solid-liquid interface with the
adjacent solidified melt zone was brought into focus.
Clearly visible from Fig. 4a—d, the grains grow rapidly out
and leave a single crystal already after some millimetres.

Furthermore, the segregation behaviour from crystal to
melt has been investigated by measuring the composition
vertically through the solid—liquid interface using electron
probe microanalysis (EPMA). Areas of 200 pm (horizon-
tally) x 16 pm (vertically) were selected and adapted to
each other over a distance of about 400 pm (vertically).
Figure 5 shows the progression of Al concentration through
the solid—liquid interface of a Ti40AI60 crystal grown under
optimum convective conditions. As mentioned above, the
flow pattern for 60° coil phase shift is dominated by a
double vortex structure. The single vortex structure at 90°
coil phase shift correlates with strong melt motion due to the
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1 Two-phase stirrer 90°coil phase shift
61.6 —
~ 61.2 1
X
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< 60.8
60.4 —
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crystal melt zone
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-200 0 200 400
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Fig. 5 Segregation behaviour measured on the Al concentration from
crystal to melt for a Ti40Al60 alloy grown with 90° coil phase shift

enhanced electromagnetic pumping force obvious from the
increased Reynolds number. It can be assumed that the
strong melt motion assists the mixing of the alloying ele-
ments and reduces the diffusion boundary layer due to
homogenisation ahead of the crystallisation front. The
thickness of the diffusion boundary layer should be there-
fore diminished. During crystal growth of the TiAl com-
pounds, typical segregation behaviour is observed leading
to Al enrichment in the molten zone.

The concentration step at the solid—liquid interface for
the grown Ti40Al160 single crystal (Fig. 4) is represented in
Fig. 5 and displays a concentration rise from 60.4 at% Al in
the single crystal to 61.04 at% Al in the liquid zone. These
data are in good agreement with the newest phase diagram
from Witusiewicz et al. [15], which displays a melt interval
near 60% Al of less than 1 at%. It can therefore be derived
that the optimum mixing of the melt by the two phase stirrer

Fig. 4 Single crystal of a Ti40Al60 alloy, showing rapid growing out of grains, a start with polycrystalline feed rod, b and ¢ grain growth,

d single crystal almost at all
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promotes a near equilibrium solidification behaviour with-
out constitutional supercooling.

Conclusions

The radio frequency floating-zone growth with tailored
magnetic two-phase stirrer system was applied to crystal
growth of TiAl alloys. Depending on the parameter con-
figuration of the system, mainly the phase shift between
primary and secondary coil, the fluid flow structure passes
from a double vortex to a single vortex structure at 90°
phase shift. It creates a strong pumping force supporting
the formation of the desired convex solid-liquid interface
enabling the single crystal growth over the full cross sec-
tion. The strong melt motion reduces the diffusion
boundary layer due to the homogenisation ahead of the
crystallisation front. The segregation behaviour from
crystal to melt is in good agreement with the newest phase
diagram from Witusiewicz et al. [15].
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