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Abstract —Through computer simulation and direct observation of the freezing interface
during directional solidification of succinonotrile containing acetone on a rotating table, the
effect of double-diffusive flows due to gravitational and centrifugal forces on solute transport
and morphological instability is investigated. Without rotation, the concave interface due to
solidification induced buoyant convection and resulted in local solute accumulation at the
center of the interface. This led to pit formation and accelerated morphological breakdown. At
medium rotation rate, the convection near the interface was suppressed, but the fast buildup of
the solute caused much larger interface deformation and earlier morphological breakdown.
However, if the rotation rate was high enough, the flow direction near the interface could be

reversed and solute accumulation slowed down. Pit formation was eliminated as well.
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Introduction

In this report, we present the
observation of the freezing interface during
directional solidification of SCN containing
acetone on a rotating table. As will be
shown, rotation strongly affects the solute
transport, both radial and axial, with changes
in interface morphology clearly revealing
the effects of rotation. Morphological
instability during solidification at various
conditions 1s also discussed. A computer
simulation is also presented to better
understand the key transport mechanisms. In
the next section, the material purification
and experimental setup are described. The
results are also presented later, followed by
the conclusion.

Experimental

Succinonitrile (SCN) was directionally
solidified using a transparent vertical
Bridgman system(higher than
99.999wt%[4]). To consider the solutal
effect, a small amount of acetone (0.007wt%)
was injected into the sample through a 5ul

micro-syringe inserted into the bottom of the
sample. We have also used ethanol as a
solute [5]. The Bridgman furnace consisted
of two heating zones made of copper blocks
each with a nichrome wire inside as a
heating element. The whole solidification
system was installed on a rotating table
(80cm in diameter), as shown in Fig.1. 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 numerical model
accounting for melt convection, heat and
mass transfer, and the moving interface [6-7]
was used to simulate the solidification and

to better understand the observed
phenomena.
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method was used to solve the field variables
and the interface simultaneously. In the
simulation, the heating profile is described
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by a hyperbolic tangent function fitting to
the measured one. Detailed numerical
implementation and parameter study will be
discussed elsewhere [24]. In addition, during
calculation, the thermal (Gr) and solutal
(Gs/m) gradients at the interface, where m is
the slope of the liqudus-temperature line,
also provide important information for
morphological instability due to
constitutional supercooling. The criterion
proposed by Mullins and Sekerka [1] is
used:
G; —Gyd <0. (3)
In the above equation, d is a parameter
related to interfacial energy. For SCN, this
value is about unity. Therefore, the interface
becomes unstable as soon as the
constitutional supercooling exists.

Results

Fig. 2 shows a sequence of interface
evolution at 2um/s for the purified sample;
simulated results (stream lines as on the left
and isotherms on the right) are also put
together for comparison. After the interface
concavity develops, there are two flow cells
in the melt. This two-cell flow structure is
typical for the Bridgman configuration [8].
The lower cell is due to the interface
concavity and the upper cell is due to the
mismatch condition between the adiabatic
and hot zones.

With 0.007wt% acetone at the growth
rate of 2.5um/s as shown in Fig. 3, after one
hour (3b), a clear pit formed at the interface
centerr The morphology started to
breakdown from the pit tip at about 90 min
(3c). Since then, the broken down area
spread out slowly with time as the one
shown in Fig. 3d; the newly solidified
material behind became less transparent.
This interface breakdown through pit
formation is quite similar to the one
observed by Schaefer and Cortell [1], where
ethanol was used as the solute. The
significant buildup of the solute near pit
formation (3b) and the onset of supercooling
(3c¢) 1s also clear. As discussed by Lan and
Tu [4], the overall flow is dominated by

thermal convection. The solutal effect
mainly influences the pit shape and the onset
of constitutional supercooling. With a lower
growth rate at 2pum/s, the observed interface
evolution was similar, but no interface
breakdown was observed in 3 hours.

With 100 RPM rotation, the intertace
evolution 1s shown in Fig. 4. As shown,
before the growth was started, the interface
was slightly concave. The interface broke
down at about 6207s (4d), while no
instability was observed in 3 hours for no
rotation. The pit shapes were also very
different, as shown in Fig. 4d, a cusp tip
appeared. The earlier morphological
instability and the more significant interface
deformation are believed to be more solute
accumulation in front of the interface.
Indeed, as discussed by Lan and Tu [3],
before the magic-g level, the convection is
suppressed by rotation. Especially, the cusp
interface shape was predicted. The
calculated onset of supercooling also agrees
well with the observed one being about at
6000s as well. One can also compare the
maximum solute content (Cnew'Cp) with the
previous cases showing the faster solute
buildup during rotation.

Increasing the rotation rate to 150RPM,
as shown in Fig. S, let to a very different
interface shape with no pit formation at the
interface center. Instead, the interface shape
involved a transition from a flat bottom to a
sloped edge. As will be shown shortly, this
transition is due to the local solute
accumulation. Due to the much weaker flow
near the interface, the solutal field there
becomes very diffusive. Nevertheless, the
buildup rate of the concentration decreased
significantly as compared C,.w/C) with that
in Fig. 4. This i1s simply due to the rim
(larger r) of the interface having a larger
area, as compared with the interface center

(small r), to accommodate the solute
rejected from the interface during
solidification.

To get a stable growth front, 200 RPM
was required. Fig. 6 shows the effects of
rotation rate on the interface morphology
after 3 hours of growth. From the



breakdown patterns of the interface, one can
easily tigure out the distribution of solute
accumulation. The calculated result for 200
RPM is put together for comparison. As
shown in Fig. 6d, the inward flow cell near
the interface is removed. As a result, the
solute accumulates near the rim of the
interface.  Fig. 7  summarizes  the
double-diffusive flows due to both gravity
and rotation. Without rotation (Fig. 7a), the
thermal and solutal flows near the interface
are in the same direction; both are inward;
the gravitational acceleration is pointing
downwards. With rotation, the axial density
gradient being perpendicular to the
centrifugal acceleration can induce flow.
Because the lighter solute accumulates near
the interface, the affected density increases
with height. On the contrary, the density due
to thermal expansion decreases with height
because the upper temperature is higher. As
a result, the direction of solutal flow
(dashed-line) is just the opposite of the
thermal one. However, the key for reversing
the radial segregation is to reverse the flow
near the interface. For the thermal and
solutal convection in Fig. 7a, they can be
suppressed by rotation. On the contrary, the
solutal convection in Fig. 7b is enhanced by
rotation. Therefore, to reduce the solutal
effect, higher thermal gradient or lower
solute concentration (or lower growth rate)
is required. On the other hand, if the solute
was heavier than SCN, we anticipate that
rotation could be more effective because the
flow directions of the double-diffusive flows
in Fig. 7 become the same. In other words,
the critical rotation speed to reverse the
radial segregation can be reduced.

Finally, as illustrated above, for a
concave interface there is a critical rotation
speed corresponding to the magic-g level, at
which the convection is weakest and the
solute  transport is closer to the
diffusion-limited regime (with the largest
kep). In addition to reducing radial solute
segregation, near this critical rotation rate
we should be able to have a large 4. value
for reducing the axial segregation if the
growth distance is long enough. Meanwhile,

radial segregation could be reduced as well.
Furthermore, because local solute
accumulation or pit formation can be
avoided, morphological instability can be
suppressed. Since the rotational field is
axisymmetric, rotation dominated
convection and solute transport are
axisymmetric. High-speed rotation should
be useful for reducing asymmetry due to
nonuniform heating or ampoule tilting. An
interesting application may be in the crystal
growth under microgravity, where the
unsteady residual gravity or the so-called
g-jitter effect prevails. Through 3D
time-dependent simulation, Lan and Tu [9]
have also illustrated the effectiveness of
rotation about the growth axis. Due to the
much lower gravity level in space, slow
rotation should adequate.

Conclusions

We have built a transparent rotational
solidification system to study the effect of
rotational field on the solute transport and
morphological instability. The solidification
of the purified sample was free of
constitutional supercooling, so that the
microscopically  planar interface was
possible. To study the solutal effect and
morphological instability, a small amount of
acetone was injected into the sample.
Without rotation, typical pit formation and
morphological instability due to
double-diffusive convection were illustrated.
At medium rotation rate, due to the
weakened flow, acetone accumulated
quickly near the solidification front leading
to an earlier onset of morphological
instability. At high rotation rate, the flow
direction near the freezing interface was
reversed. As a result, acetone accumulated
more near the ampoule wall. Overall acetone
accumulation near the interface was also
reduced. Computer simulation was further
carried out to illustrate the observations and
good agreement was found. In addition to a
deeper insight in the double-diffusive
convection and interface morphology, this
work provides a simple approach for better



control of solute segregation (both radial and
axial) and intertace morphology by using
rotation. In principle, ampoule rotation in a
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Fig. 1 Schematic of rotational difectional

Fig. 2 Observed

sohdlﬁcatlon

[3)] (s
interface evolution and
calculated flow and thermal tields
for pure SCN: (a) Os; (b) 1457s; (¢)

near axisymmetric

thermal environment

should have a similar effect.

Fig. 3

Fig. 4

8513s after ampoule movement;
ampoule pulling speed = 2um/s. The
minimum (¥hia) and maximum
(Whnax) stream functions
are —1. 8x10 (upper cell) and
2973x10 D/s in (a), -1.42x10™ and
3.55x10™g/s m (b), and —1. 387x10™

and 3.73x10° *g/s in (c). The spacing
for 1sotherms is (7y-T»)/10, where
Tg= 353K is the hot zone
temperature and 7,,= 331.233K the
melting temperature of pure SCN.

Observed interface evolution and
calculated flow and solute fields for
SCN  containing 0.007wt%  of
acetone: (a) Os; (b) 3833s; (c) 5492s;
(d) 7126s after ampoule translation;
ampoule pulling speed =
2.5umy/s. 'f’mm -132x107, Wu=
4.498 x10™g/s, and Cpar’ Co— 25.4 for
(b) and '{’m— -1.314 x107, Y=
4.448 x107g/s, and Coaw Co= 38.961
for (c).

mterface evolutlon and
calculated flow and solute fields for

Observed

SCN containing 0.007wt%  of
acetone at 100 RPM rotation: (a) Os;
(b) 3899s; (c) S164s; (d) 6207s after
ampoule translatlon ampoule pullin g
speed =2.0 pum/s. ‘1’,,,,,, -2.224x10°
¥nax=0 g O/S and Conax Co= 1 fOl” (a)
o= -1.82x107™, W,0= 1.2 x10™g/s,
and Cav CU— )O 82 ftor (b), ‘[’,,,,,
-1.817x107, ¥,,= 1.206 x107g/s,



Fig. 5 Ob-servedk

and Cae Ca 47.5 for (c), and ‘{{{,,,,F
-1.812 x107, ¥,m= 1.205 xI10° a/s,
and C,m,_\ L/) 66912 for (d)

interface evolution and
calculated flow and solute fields for
SCN containing 0.007wt%  of
acetone at 150 RPM rotation: (a) Os;
(b) 4014s; (c) 56195s; (d) 8429s after
ampoule translatlon ampoule pulllr}g
speed = 2um/s. 'z’/,,,,,,— -2.849x10

¥rnax=0 g/s, and szx/Cr): 1 for (a),
'{’mm -2.401x10° Vo= 2.00
x107g/s, and C,,,ax/Cg— 9.942 for (b),
‘Pm,,, -2.387x10™, W= 2135
x107g/s, and Cmax/c()_’ 12.693 for (c),
and ‘P,,,,,,— -2.365x10™, W= 2.18
x107g/s, and Craw'Co= 14384 for

(d).

Fig. 6

Fig. 7

150 g

100 rpm

L {a) {b} fei fd)
Effect of rotation rate on the
interface shape after 3 hrs of

ampoule translation: (a) 100 RPM;
(b) 150 RPM; (c) 175 RPM: (d) 200
RPM; ampoule translation = 2.5um/s.
The calculated flow and solute
patterns for (d) are also shown,
where W= 2.771x107g/s. W=

4x10° c,/s and C,,,axCo 6.051.
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Ilustrated double-diffusive flows
due to (a) gravitational; (b)
centrifugal  acceleration; thermal
convection is illustrated by the solid

line and the solutal convection by the
dashed-line



