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Influence of Thermocapillary Convection on Solid-liquid Interface

K. Matsunaga' and H. Kawamura

Abstract: Existing studies on solidification phenom-
ena mainly focused on the solidification processes per se.
In real systems, however, one cannot neglect the effects
of molten material convective flow, such as natural and
thermocapillary convection (they strongly affect the re-
sulting quality of the solidified materials). The present
study aims to experimentally investigate on the effect of
the thermocapillary flow upon the directional solidifica-
tion in a liquid layer with a free upper surface. If no free
surface exists, the solid—liquid interface (SLI) is vertical
and straight, while, with the free surface, the SLI is in-
clined against the wall-normal direction and is curved in
the growth direction due to thermocapillary convection.
The dendrite tip, which is parabolic in a stagnant liquid,
is deformed asymmetrically due to surface flow. The sec-
ondary dendrite arm is larger in the inflow direction of
convection. It is also found that even if the growth rate
of the SLI near the top and bottom surface is the same at
equilibrium, there exists a distinct difference in the solid-
ification morphology.

keyword: Solidification, Free surface, Thermocapil-
lary convection, Solid-liquid interface, Morphology, Lig-
uid layer.

1 Introduction

The demand for single crystals of high quality is increas-
ing rapidly. It is well known that the quality of crystals
is affected by growth parameters and conditions. For in-
stance, non axisymmetric isotherms lead to a solid-liquid
interface (SLI) non-normal to the seeding axis. These
non axisymmetric isotherms can be induced by factors
such as convective instability and temperature fluctua-
tions. Convection in the melt has a significant impact
on the quality of the crystal. It affects both thermal
and dopant distributions (several researches have already
conducted on this subject). For instance, Esaka, Taenaka,
Ohishi, Mizoguchi and Kajioka (1989) have studied the
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growth of dendrites in forced flow.

The space is expected to be an ideal environment to pro-
cess high-quality materials or crystals because buoyant
forces are almost negligible. However, thermocapillary
convection takes place inevitably even in the space envi-
ronment. The thermocapillary-driven convection arises
if a non-uniform temperature distribution exists over a
free surface. Thus, flow induced by the thermocapillary
force and its effect upon the crystal growth must be in-
vestigated.

It should be noted here that most of past researches fo-
cused on either crystal growth or thermocapillary convec-
tion as disjoint subjects (see, e.g., Lappa, 2005a, 2005b;
Lan and Yeh, 2005; Gelfgat et al., 2005; Tsukada et al.,
2005). Recently Wei and Ming (1991) and Schwabe, Xi-
aodong and Scharmann (1996) have reported that a shape
of the SLI is significantly affected by thermocapillary
convection (see also Amberg and Shiomi, 2005). Baskar
and Nicholas (2004) examined numerically the influence
of a magnetic field gradient on the directional solidifi-
cation with thermocapillary convection in a liquid layer.
Along these lines, the present study aims to investigate
experimentally the effect of the thermocapillary convec-
tion upon the directional solidification in a liquid layer
with a free surface.

2 Experiment

In this experiment, succinonitrile-acetone (SCN-ACE)
system is used as test fluid. This is often used for so-
lidification experiments, because the coagulation form of
this material is similar to a real metal and its physical
properties and phase diagram are known in detail. Ta-
ble 1 shows physical properties of the SCN. The pur-
chased purity of the SCN was 98 % and its freezing
point was 58.08 °C. It was distilled four times under vac-
uum before the experiment. The mass concentration of
the acetone was either 0.3 % or 1.3 %. Experimental
setup is shown in Fig. 1. Basically this set-up is a typi-
cal Bridgman-type furnace and one can control indepen-
dently the temperature gradient and the growth velocity.
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Figure 1 : Illustration of the experimental arrangement.

Two types of glass cells were prepared. In type (a), a
thin Ar gas layer was introduced between the liquid layer
and the top glass cover plate to realize a gas-liquid in-
terface. In type (b), Ar gas layer was eliminated and the
liquid layer contacted directly to the top glass cover plate.
The test fluid volume was 40x20x0.7 mm?>. A thermo-
couple of 0.05 mm was placed into the glass cells. The
thermocouple had little effect on the structures because it
was placed parallel to the isotherms, and its diameter was
much smaller than the cell gap. A constant temperature
profile was established in the glass cell by employing a
heater and a cooler.

In the following section, we describe two types of ex-
periment. In section (1), the glass cell is stationary and
the SLI is in equilibrium. In section (2), the glass cell is
moved by a motor with feedback control so that the SLI
grows and a steady state growth is obtained.

3 Results and discussion
3.1 Stationary SLI

Figure 2 shows shapes of the SLI (a) with and (b) with-
out free surface. The temperature gradient is 58 K/cm,
and observation areas are near the center of the test fluid

Table 1 : Physical properties of SCN-ACE.

Co (Wt%) 0.3 13
T;, (°C) 57.2 54.2
AT, (K) 7.58 32.8
D (m?/sec) - 1.3x107°
k(-) 0.18 0.1
m (K/wt%) - -2.8
Ty (°C) 58.08

p (kg/m’) 0.988 x10°

u (kg/ms) 2.54x1073

K (m?/sec) 1.16x10~7

or (N/mK) 1.06x10~4

volume. With the free surface, a span wise curvature is
observed in the SLI. In Fig. 2 (a), we can see two curved
interface lines between solid and liquid phases. Left one
is near the free surface and right one near the bottom
plate. It indicates that the SLI is inclined in the direc-
tion of thickness.

The illustration of these shapes of the SLI with possi-
ble thermocapillary flow fields is given in Fig. 3. With-
out the free surface, (Fig. 3 (b)), the SLI is straight and
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Figure 2 : Top view of solid-liquid interface near the
sidewall. View area = 4.3x3.2 mm’. Temperature
gradient = 58.0 K/cm. Ma=1024. Acetone concentra-

tion=1.3 wt%.
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Figure 4 : Correlation between 6 and Ma.

vertical against the cover and base plates. On the other
hand, with the free surface, thermocapillary convection
is induced from liquid towards the SLI over the free sur-
face, because the SLI is colder than the bulk of the lig-
uid. Since the liquid volume is limited span wisely by
the side plates, the thermocapillary flow is strongest in
the center. Thus a pair of recirculating flows as shown
in Fig. 3 (a) occurs over the free surface. This is the
reason why the interface line is curved in Fig. 2 (a) and
Fig. 3 (a). Since the surface thermocapillary flow carries
hot liquid from the hot side of the cell, accordingly, the
upper part of the SLI is hotter than the lower one. This
causes the inclination of the SLI as seen in Fig. 2 (a)
and Fig. 3 (a). This is in accordance with the finding
by Baskar and Nicholas (2004) through their numerical
simulation. Figure 4 shows the inclination angle 0 (see
Fig. 4) as a function of the Marangoni number Ma de-
fined as GTGdz/yK, where o1: surface tension of coef-
ficient, G: Temperature gradient =|AT/Ax|, d: thickness
of test area, u: viscosity, K: liquid heat transfer coeffi-
cient. The temperature difference between the heater and

the cooler is defined by AT. The gap of the heater and
the cooler Ax is 25 mm. The angle 0 gradually decreases
as Ma is increased. In addition, to measure the temper-
ature field, a radiation thermometer was employed. The
obtained thermal contour with the free surface is shown
in Fig. 5. An isotherm interval is 5 K. The arrow shows
the position of the SLI. In the bulk liquid, the isotherms
curved along the SLI. Consequently, the significant vari-
ation in the curvature of the SLI can be attributed mainly
to the strong convection in the liquid.

3.2 Growing SLI

A servomotor was employed to drive the glass cell from
a heating to a cooling condition as shown in Fig. 1. It has
been observed that the morphology of the SLI becomes
planar, cellular and dendrite.

3.2.1 Dendritic growth

Dendrites are the most common microstructure growing
naturally during solidification of alloys and pure metals.
Figure 6 shows a dendritic SLI, which grow from left to
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11.31 107.81°C

Figure 5 : Top view of the temperature of isotherm. View
area =15x7 mm?. Temperature gradient =38.0 K/cm.
Ma=678. Black arrow shows the position of solid-liquid
interface.

Figure 6 : Dendrite growth with and without free sur-
face. View area=0.82x0.61 mm?. Growth velocity= 20
um/sec. Acetone concentration =1.3 wt%.

right (a) with and (b) without free surface. Without the
free surface, the secondary dendrite arms grow symmet-
rically against a dendrite trunk. (see Fig. 6 (b)) On the
other hand, with the free surface, they grow asymmetri-
cally against the dendrite trunk. (see Fig. 6 (a)). It is
known that the secondary dendrite arms grow along the
direction of heat flow if the temperature gradient is large.
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Since thermocapillary convection causes the inclination
of the isotherm as previously discussed, as a result, the
secondary dendrite arms tend to grow in the upstream di-
rection of the heat flow, which is normal to the isotherm.

3.2.2  Solidification morphology

It is known that if effects of convective flow upon
the molten material are neglected, the SLI morphol-
ogy mainly depends on the temperature gradient and
the growth rate of the SLI. Tiller, Jackson, Rutter and
Chalmers (1953) estimated the growth rate V, at which
a planar SLI breaks under the condition of constitutional
undercooling. It can be expressed as

GD

Ve=— 1

<= ATy’ (1)
where G is the temperature gradient at the SLI, AT
the liquidus-solidus temperature range at the initial al-
loy concentration and D the diffusion coefficient in the
liquid.
Kurz and Fisher (1981) obtained the growth rate for the
cell-to-dendrite transition (for £ <1) as

GD

- 2
Vir ATy’ 2

where k is the equilibrium distribution coefficient. These
transition velocities varying with G can be calculated us-
ing the physical properties of the succinonitrile-acetone
system given in table 1. The distribution map of the SLI
morphology for SCN-0.3 wt% ACE alloy will be pre-
sented later using Egs. (1) and (2).

Figures 7 (a) and (b) show the SLI at the growth veloc-
ity of 24 um/sec with free surface. Figure 7 (a) focuses
on the bottom surface of the SLI indicating that the SLI
morphology is dendrite. On the other hand, Fig. 7 (b) fo-
cuses on the top surface indicating a cellular morphology.
Accordingly there exists a distinct difference in the so-
lidification morphology between the top and the bottom
surface. The coexistence of the solidification morphol-
ogy has never been observed in systems without the free
surface. We traversed the focused plane from cellular
(top) to the dendrite (bottom) structures and no SLI was
found between them. This indicates that a side view of
this coexisting morphology could be depicted as shown
in Fig. 8.

Figure 9 shows the comparison of the solidification mor-
phology at the bottom surface according to the present
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(b) SLI (focused on the top surface)

Figure 7 : Difference of morphology between top and
bottom surfaces in SCN-1.3 wt% ACE. View area =
0.82x0.61 mm?. Temperature gradient =24.0 K/cm.
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Figure 8 : Conceptual sketch of the SLI.

experimental results and theoretical ones (obtained with
Egs. (1) and (2)). The label “dendritic-cellular’” means
an intermediate structure in which dendritic disturbance
develops but no secondary branch is yet observed. The
temperature gradient G was calculated by the tempera-
ture at the bottom in the liquid and the traversing velocity
of the glass cell. Although the thermocapillary convec-
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Figure 9 : Distribution map of the solidification mor-
phology at the bottom surface in SCN-0.3 wt % ACE.
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Figure 10 : Distribution map of the solidification mor-
phology at the top surface in SCN-0.3 wt % ACE.

tion exists, the existing conditions of dendrite and cellu-
lar structures show a good agreement with the theoretical
lines.

On the other hand, for the free surface, observed SLI
morphology does not agree with the theories as shown
in Fig. 10. Since the temperature of the top surface was
not measured directly, the temperature gradient was as-
sumed to be same as the bottom one in the plot of Fig.
10. In reality however, the temperature gradient near the
SLI at the top surface might be greater than the bottom
one. Because hotter fluid approaches to the SLI, where
the temperature is kept at the solidification point. We find
that the experimentally observed morphology at the top
surface does not agree with the theories. This is probably
because the actual temperature gradient at the top sur-
face would be greater than the plotted one as discussed
above and/or because the existence of surface kinetic en-
ergy suppressed the onset of dendritic structures. Further
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experiments are necessary to investigate these effects on
the SLI morphology.

4 Conclusions

The effect of thermocapillary convection upon the direc-
tional solidification in liquid layer with a free surface has
been investigated experimentally. When equilibrium of
the SLI is established, the SLI is inclined against the
wall-normal direction and is curved in the growth di-
rection due to the thermocapillary convection. When
the SLI grows, the secondary dendrite arm is deformed
asymmetrically due to thermocapillary convection. The
secondary dendrite arm is larger in the inflow direction
of the convection. It is also found that even if the growth
rate of the SLI near the top and bottom surface is the
same at equilibrium, there exists a distinct difference in
the solidification morphology near these surfaces.
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