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Abstract

During vertical Bridgman growth of an alloy crystal, local accumulation of solute at the interface center due to

buoyancy often causes formation of a deep depression or pit and accelerates morphological instability. Through

visualization of the freezing interface during directional solidification of succinonitrile containing ethanol on a rotating

table, it was shown that rotation about the ampoule axis might reverse solute distribution and remove pit formation.

Simulation was also conducted to explain the observations. r 2002 Elsevier Science B.V. All rights reserved.

PACS: 44.25.+f; 47.27.Te; 81.10.Fq; 02.60.c6; 02.70.Fj

Keywords: A1. Centrifugal force; A1. Convection; A1. Interface; A1. Rotation; A1. Segregation; A2. Bridgman method

1. Introduction

The control of segregation and interface mor-
phology is important in crystal growth. The classic
constitutional supercooling [1,2] gives an upper
stability limit of a planar interface. Exceeding this
limit without convection, the interface may break
down into cellular or dendritic structures. How-
ever, in reality, due to the presence of buoyant
convection, the solute is not uniformly distributed
at the interface. For a typical situation having a
concave interface, caused by the release of heat of
fusion or the smaller crystal thermal conductivity,
the induced inward thermal convection causes
local solute accumulation at the interface center.

For a non-dilute alloy, this often generates an
interface depression or pit and further accelerates
morphological breakdown. This instability usually
occurs much earlier than the theoretical prediction
[3,4]. To avoid the pit formation, the control of
convection patterns and radial segregation near
the growth front is thus important.
The use of external forces can be an effective

way for control of convection. For example,
magnetic fields have been widely adopted (e.g.
[5]). Solidification or crystal growth in micrograv-
ity can also be helpful [6]. Recently, the use of a
centrifuge [7,8], i.e., the so-called centrifugal or
high-gravity processing, has become popular and
may open a new era to processing technology.
However, in a recent numerical study by Lan and
Tu [9], as well as some theoretical analysis by
Skudarnov et al. [10], it was found that the ‘‘free-
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swing centrifuge configuration’’ might not be the
best configuration for crystal growth. Lan and Tu
[9] illustrated that the free-swing system generates
3D flows and severe solute non-uniformity.
Surprisingly, they also found that rotation of a
vertical ampoule is a better way for minimizing
solute mixing and improving compositional uni-
formity (both radial and axial). Lan [11] further
predicted that at a high rotation rate, the flow
direction near the solidification front might even
be reversed. If this concept is correct, the
centrifuge can be replaced by a rotating table
and the centrifugal processing can become much
more compact and feasible in practice. Unfortu-
nately, there has been no experiment to support
this concept. In this paper, we report experimental
results obtained by using a transparent system to
prove this idea. The inversion of radial solute
segregation by centrifugal acceleration was shown
for the first time.

2. Experiments and numerical simulation

Succinonitrile (SCN) was directionally solidified
using a transparent vertical Bridgman system. In
addition to its transparency, SCN solidifies with a
non-facetted interface like metallic materials and a
high-purity sample can easily be prepared. In this
study, SCN (Furuka Inc., about 99% purity) was
purified first by vacuum distillation at 50mTorr
for ten times. The melting point of the purified
sample was measured about 58.0801C by a triple-
point cell using a thermistor indicating that the
purity of the sample is higher than 99.999% [12].
The distilled sample was collected in a 17-mm
diameter Pyrex ampoule (2.5mm in thickness) and
further purified by 16 passes through a three-zone
refiner. The last 40% of the solidified sample was
discarded. To perform the solidification experi-
ments, about 0.005wt% of ethanol was added into
the sample through a 5 ml microsyringe inserted
into the bottom of the sample. The total sample
length was 20 cm.
The Bridgman furnace consisted of two heating

zones made of copper blocks each with a
Nichrome wire inside as a heating element. In
between, a transparent insulation zone made of

Plexiglas was used. The hot- and cold-zone
temperatures were controlled independently by
two PID controllers and the temperatures were set
to 801C (top) and 401C (bottom), respectively. The
thermal gradient at the interface was measured by
an immersed thermocouple traveling with the
sample. By taking an average of the gradients at
the interface from solidification and melting
curves, we got the thermal gradient being about
8–10K/cm. To translate the ampoule accurately, a
microstepping motor was used to drive a screw
slide; the translation rate was controlled at 2 mm/s
in this study. During solidification, a video camera
recorded the evolution of the interface morphol-
ogy with a back lighting to enhance the contrast of
the image. The whole solidification system was
installed on a rotating table (80 cm in diameter), as
shown in Fig. 1. The maximum vibration ampli-
tude at the edge of the table surface was o0.2mm
at 200 rpm, while the rotation speed was controlled
within 1 rpm. The ampoule position was carefully
adjusted by a He/Ne laser beam during rotation,
so that the rotation axis is aligned as much as
possible with the ampoule axis.
An axisymmetric model accounting for melt

convection, heat and mass transfer, and the
moving interface [4,13] was used to simulate the
growth and better understand the observed phe-
nomena. In brief, the model is based on a stream
function/vorticity formulation and is solved by an
efficient finite volume method. The heating profile
is described by a hyperbolic tangent function
fitting to the measured one; the thermal gradient
at the interface ranging from 8 to 10K/cm is also
used to best fit the observed results. The heat
transfer coefficient h is also a fitting parameter;
h ¼ 1:6� 10�2 W cm�2K�1, which is the same as
the one used in the previous calculations [4].
However, we find that this value is not very
sensitive to the calculated results (unless using a
very low value). Such an approximation is found
to be adequate by comparing the one obtained by
the Fluent code through a global simulation.
Furthermore, to perform the dynamic simulation,
the ampoule is set to be stationary, while the
heating profile is moved upward at a given speed.
The upper melt surface is set to be stress-free,
while the no-slip boundary condition is adopted
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for all solid boundaries. More importantly, be-
cause ethanol absorbs water easily, its exact
concentration was hard to control in experiments.
Therefore, in this study, the parameters, such as
the solutal expansion coefficient (bs), directly
related to the concentration in the dimensionless
groups are combined with the concentration (i.e.,
C0bs) for best fitting the observed interface shapes.
In this study, we do not attempt to perform an
exact comparison. Therefore, the comparison,
which is only qualitative, is used to understand
the interplay physics. More quantitative compar-
ison using acetone as the solute is under way.
Detailed numerical implementation and parameter
study, as well as quantitative comparison, are
discussed elsewhere [14].

3. Results and discussion

Fig. 2 shows the interface evolution at three
different rotation speeds. As shown by the case

without rotation (0 rpm), before solidification was
started, the interface was very flat because the
thermal conductivities of the melt and the crystal
are very similar [3]. The ampoule translation speed
was 2 mm/s. After 1 h, the interface became
concave due to the release of heat fusion. Mean-
while, a clear depression or pit was formed at the
interface center. This pit formation is due to solute
accumulation, which lowers the liquidus tempera-
ture. A similar observation was reported by
Schaefer and Coriell [3] for SCN/EtOH and by
Singh et al. [15] for PbBr2/AgBr. As the solidifica-
tion proceeded further, more solute was accumu-
lated in front of the interface, because the ethanol
has a lower solubility in the solid than that in the
melt (k ¼ 0:044) [3]. Finally, as shown by the
photograph at 100min, the freezing interface
under the depression began to break down into a
cellular structure. After 3 h, one can see a clear
trace left behind the depression.
Rotating at 100 rpm, the width of the depression

was increased and the instability occurred much
earlier (at about 50min). In fact, we believe that
the Coriolis force partially balanced the gravita-
tional forces and the convection was greatly
suppressed. Because the transport of the solute
into the bulk melt was reduced due to the weaker
mixing, more solute accumulated near the solidi-
fication front. The flow direction near the solidi-
fication front remained the same. As a result, the
depression remained at the interface center, but the
solute accumulated faster. When the rotation rate
was increased to 150 rpm, no depression was
formed and there was no interface breakdown up
to 3 h. The interface shape before solidification
started was more concave than in the other cases.
As discussed shortly, this is attributed to forced
convection caused by centrifugal acceleration.
When the rotating table was stopped at 3 h, a

spin-down flow (an inward flow near the interface)
was observed, as shown by the last picture; some
trajectories of tiny particles might help the
observation in the photograph. This spin-down
flow brought the solute from the periphery of the
interface to the center and caused a sudden
interface depression there. Apparently, at
150 rpm, the solute did not accumulate at the
interface center and therefore the interface was

Fig. 1. Sketch of the experimental setup.
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stable. This also indicated that the radial solute
segregation was reversed. Lan [11] also predicted,
by numerical simulation, the inversion of radial
gallium segregation for germanium growth.
A set of fully time-dependent simulations was

also carried out to explain the observations. The
results corresponding to the cases in Fig. 2 at
100min are summarized in Fig. 3, but 85 rpm was
used for the second experiment. Because some

physical properties, such as diffusivity and solutal
expansion coefficients, are not available at this
moment, we do not attempt to perform an exact
comparison with the experiments. Nevertheless,
the qualitative information from the simulation
should be adequate for discussion. For the case of
no rotation in Fig. 3a, an inward toroidal flow
near the interface is predicted; in each figure, the
solute field is on the right and the flow and thermal

Fig. 2. Interface evolution at different rotation speeds.
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(dashed line) fields on the left. This toroidal flow is
caused by the concavity of the interface and is a
result of both thermal and solutal effects. As
discussed by Lan and Tu [4], at low solute
concentration, thermal convection is the major
driving force for the convection and is responsible
for the pit formation. The major contribution of
the solutal effect is near the center of the interface.
Because ethanol is lighter than SCN, the flow near
the depression, which contains more ethanol, is
enhanced. The pit shape is affected significantly by
the solutal effect [4]. The upper flow cell in the
bulk melt is due to the thermal mismatch between
the hot zone and the adiabatic zone [16], which is
simulated by an ambient thermal profile having a
hyperbolic tangent profile.
At 85 rpm, as shown in Fig. 3b, the flow is

significantly suppressed (smaller stream function),
and the solute is built up more quickly near the
interface (larger Cmax=C0). As a result, the depres-
sion is larger and deeper. At this rotation rate, the

resultant gravitation acceleration is closer to the
so-called magic-g level [7–9], where the convection
intensity is at the minimum. Finally, at 150 rpm, as
shown in Fig. 3c, the flow structure near the
interface is changed. The lower inward cell in
front of the interface disappears leaving a big
outward flow cell in the melt. As a result, the
solute rejected from the interface is brought to the
periphery of the interface. This flow is assisted by
the centrifugal acceleration (rO2; where r is the
radial coordinate and O the rotation speed),
because the direction of centrifugal acceleration
is perpendicular to the axial thermal gradient
(dT=dz). In fact, from the source term of the
vorticity equation [14], the transition occurs at
about g dT=drErO2 dT=dz; where g is the grav-
itational acceleration. Since the axial thermal
gradient is about 10K/cm and the radial one
(dT=dr) about 1K/cm, the critical rotation rate
can be estimated as about 100 rpm, which is quite
close to our experimental observations.

Fig. 3. Simulation results for Fig. 2 at 100min: (a) 0 rpm; (b) 85 rpm; (c) 150 rpm; on the left-hand side of each figure is the contours of

stream function (C) and isotherms (dashed line) and on the right-hand side of the normalized solute concentration (C=C0); C0 is the

initial solute concentration and the isotherm near the edge of the interface is the melting point of pure SCN.
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In addition, because the periphery of the inter-
face has a larger area to level down the solute
concentration, the solute accumulation rate is
much slower than that at the center. On the other
hand, the center is a singular point having a small
area to accommodate the solute and a faster build
up of the solute is realizable. This can be better
understood from the solute distributions at the
interface shown in Fig. 4 (obtained from the
results of Fig. 3). As shown, the accumulation of
the solute at 150 rpm at 100min is one order
smaller than that at 85 rpm. Furthermore, as
shown in Fig. 3c, due to the enhanced flow by
the centrifugal acceleration (one can compare the
values of the stream function Cmin), the isotherms
can be more distorted by the flow leading to the
more concave interface, even before the solidifica-
tion starts. This was found in experiments (the first
photograph in the third column of Fig. 2). One can
also check the isotherms in Fig. 3c to get a better
idea.

4. Conclusions

In this report, we present the observations of
morphological evolution during vertical Bridgman
growth of SCN containing ethanol in a rotational

field. The rotation about the growth axis was
found useful in convection and segregation con-
trol. Inversion of radial solute segregation and
suppression of morphological instability due to pit
formation can be achieved by rotation. Without
rotation, the local solute accumulation at the
interface center caused pit formation and destabi-
lized the interface. At medium rotation speeds,
where the minimum convection was found, the
faster solute accumulation made the interface
breakdown even earlier. However, once the rota-
tion speed was high enough, the flow and thus the
radial solute segregation near the growth front
were reversed. The solute was brought to the
periphery of the interface and accumulated less. As
a result, the morphological stability was enhanced.
Computer simulation was further carried out to
explain the observation and good qualitative
agreement was found.
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