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Visualization of Solidification Process in Kinetics Control
System with Interferometry
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The behavior of a solid—-liquid interface and temperature distribution in the supercooled melt during solid-
ification were observed. Salol, an organic material, was solidified in a temperature gradient environment, where
the process was controlled by both kinetics and diffusion. The thickness of the temperature-reversed layer in
front of the interface was measured by interferometry with the moiré technique. It was found that as the interface
advanced, the macroscopic roughness of the interface increased markedly in the flight experiment on a sounding
rocket. Heat transfer during solidification was numerically calculated and was compared with experimental

data.

Nomenclature
C, = specific heat at constant pressure
D = diffusion coefficient
f(T;) = growth rate in the isothermal condition
L = latent heat
/ = diffusion length
R(f) = position of freezing point
T = temperature
t = time
V(r) = growth rate, dR(r)/dt
VA = cell dimension
z = spatial coordinate
o = thermal diffusivity, A/pC,
7 = independent variables defined by Eqgs. (4) and (5)
A = thermal conductivity
P = density
Subscripts
i = interface
! = liquid
s = solid

Introduction

HE buoyancy-free condition in microgravity is expected
to be useful for the study of solidification processes such
as the evolution of microstructure.! Investigation of the be-
havior of phase change materials is also important for thermal
storage in space. Several attempts to elucidate the effect of
microgravity on heat and mass transfer in the liquid, and the
form of the interface have been reported in Refs. 2 and 3.
An optical in situ observation technique has been applied to
a transparent material, and can directly provide detailed in-
formation on the fundamental processes such as a growth form
of the interface and a heat transfer. Interferometry can be
used to obtain quantitative values on the distributions of tem-
perature and concentration.
In a previous paper,* we developed a sophisticated Mach-
Zehnder interferometer that could endure the launching en-
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vironment. We visualized the interface during phase transition
of a liquid crystal material, and showed that the microcon-
vection on the ground deformed the interface. By contrast,
the convection was suppressed in a microgravity environment
and a faceted interface became larger. We have also observed
a temperature-reversed layer in front of the interface in the
supercooled melt, which was caused by the conduction of the
released latent heat to the supercooled liquid; however, its
thickness was not measured quantitatively.

In this study, we use salol, which grows with a faceted
interface, and visualize the growth rate and the temperature
distribution in the liquid adjacent to the interface. The method
to simulate both the kinetics-controlled interface and the dif-
fusion process of the latent heat in the melt is discussed. A
microgravity experiment was conducted on the sounding rocket,
MASER-5, using the same equipment as that in the previous
study.

Experimental

The experimental setup was slightly modified to solve the
problems encountered in the previous study*:

1) The Mach-Zehnder interferometer provided only infi-
nite fringes, and the temperature on the interface was not
accurately obtained.

2) The stiffness of the observation window of the experi-
mental cell was not large enough to be free from distortion
due to the compression force required to seal the sample. The
inner dimensions were 13 mm (height) X 15 mm (width) X
2 mm (depth), and the thickness of the quartz glass window
was 1 mm.

3) A liquid crystal material (SOCB) was used to observe
two phase changes. However, the liquid crystal phase was not
sufficiently transparent and the interferometric fringes were
not clear.

4) Each grain of the sample was supercooled too much to
permit observation with the optical system.

Figure 1 shows a Mach—Zehnder interferometer and typical
interferograms for this experiment. The interferometer was
modified by inserting an optical wedge plate with an angle of
20 deg into half of the reference beam, which made it possible
to observe both infinite and finite fringes. The finite fringe
method provided high spatial resolution of the temperature
distribution (especially on the interface), where fringes with
intervals of 0.2 mm were formed.’ It was also useful to mea-
sure the thickness of the temperature-reversed layer in front
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Fig. 1 Mach-Zehnder interferometer with moiré technique: a) in-
terferometer and b) moiré technique.

of the interface by obtaining the maximum value of the re-
fractive index. By contrast, the infinite fringe method was
used in the remaining half to directly observe isothermal lines;
this allowed better observation of the interface.

Space frequency of the finite fringes formed by the wedge
was higher than that due to the temperature distribution, but
lower than that of the resolution of a charge-coupled device
(CCD) camera. Figure 1b shows an example of the moiré
technique, in which two interferograms at different times were
superposed incoherently and high space-frequency compo-
nents were eliminated; thus, we could obtain the temperature
difference free of the wavefront deformation in the optical
elements and the window of the experimental cell. This tech-
nique was equivalent to measuring the displacement or the
bending angle of fringes. As a reference, we used the inter-
ferogram when the cell was in the isothermal condition (upper
interferogram), which was achieved in the first stage of the
experiment (just before the experimental cell was cooled).
The property of the moiré technique to calibrate the errors
of the two-beam interferometry was similar to that in ho-
lography.

We used salol (phenyl salicylate, C,;H,,0;) as a model
material instead of liquid crystal material. Salol has a large
heat of fusion (4.65 kcal/mol) and the liquid phase can be
supercooled to more than 30 deg below the melting point (7,
= 41.5°C).¢ The solid-liquid interface shows a faceted form
with a particular face, which resembles that of the liquid crys-
tal material.* After the sample was repeatedly melted and
solidified in a vacuum glass tube to repel solved oxygen and
then purified by zone refining, it was poured into the exper-
imental cell. Temperature distribution in the melt was cal-
culated from the refractive index obtained by interferometry,
with consideration of its temperature coefficient.”

The experimental cell was composed of a glass cuvette and
copper blocks. Quartz glass of 2 mm thickness was fused to
a glass cuvette with inner dimensions of 12 mm (height) X
15 mm (width) X 2 mm (depth). The depth was determined
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because the crystal did not grow so fast in the depth direction.
The glass cuvette was sandwiched by a heating and a cooling
block. Temperatures of the blocks were measured using a
platinum thermometer and controlled within 0.1°C of the de-
sired temperature. Since nucleation did not occur at the cool-
ing block at moderate temperatures, solidification should be-
gin from a seed crystal. Holes with a diameter of 1 mm were
made in the cooling block to hold the seed crystal. After
pouring the sample into the cell, a solid phase was grown from
the seed crystals. The holes kept the seed crystals in the cool-
ing block and prevented them from detaching due to vibration
at the launch. Although the solidification started from the
seed crystals, the seed did not grow to a single crystal, but to
a polycrystalline one consisting of many facets due to the large
supercooling.

Figure 2 shows the temperature profile applied to both the
heating and cooling blocks during the flight experiment. Fifty
min before launching, the sample was melted by raising the
temperature of the heating block, and then the temperature
was held at 50°C. On the other hand, the temperature of the
cooling block was maintained at 39°C (2.5°C below the melting
point) to keep the seed crystal in the cooling block. The
position of the interface was estimated to be about 2.7 mm
from the cooling block. The condition of the experimental
cell is also shown in Fig. 2. Since the moiré technique requires
a reference interferogram, especially in the isothermal con-
dition, the experimental cell should be set in that condition.
The temperature of the heating block was reduced to 39°C,
675 s before the microgravity environment was attained, which
was comparable to the characteristic time for the temperature
relaxation in the cell. The crystal slowly began to grow at a
rate of less than 0.005 mm/s,* forming a faceted face in the
isothermal condition. Although changes in the gravitational
field during the launch might affect the growth, the temper-
ature gradient in the cell was so small that we hardly observed
noticeable changes during the vibration test.

Observation was initiated when the microgravity condition
was reached (75 s after launching). The crystals grew to 4 mm
from the cooling block. Twenty-eight s after attaining micro-
gravity, the cooling block was suddenly chilled by a Peltier
cooler to 20°C, and the sample began to be unidirectionally
solidified in the experimental cell. Since the temperature of
the cooling block was designed to decrease more quickly than
the growth rate, the temperature of the liquid was lowered
below the melting point. There was a positive temperature
gradient in the melt, which restricted the protrusion of solid
phase into the supercooled melt and made the interface flat,
because the protruded part would be closer to the hotter melt.
For comparison, the same temperature profile was applied to
a ground-based experiment in the same configuration; the cell
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Table 1 Physical properties

Property Value
Melting temperature 41.5°C
Density of solid 1.321 g/em?®
Density of liquid 1.181 g/em?
Thermal conductivity of solid 0.251 J/m-s-K
Thermal conductivity of liquid 0.180 J/m-s-K

1.650 x 10~ 7m3s
0.965 x 10~ "m%/s

Thermal diftusivity of solid
Thermal diffusivity of liquid

was cooled from the bottom, which was stable against mac-
roconvection, because the higher temperature part was found
at the upper position.

Analytical

For a system with a large heat of fusion, both the kinetic
process on the interface and the diffusion process of latent
heat in the melt should be considered. We calculate both the
behavior of the interface advancing in the z direction and the
one-dimensional time-dependent diffusion field during uni-
directional solidification. Table 1 shows the parameters in this
analysis.” For simplicity, all physical properties are assumed
to be constant. The effect of convection is not considered.
The heat loss from the quartz glass is also ignored. Although
the 012 and 112 faces of the rhombohedral crystal grow, we
neglect them and the vector normal to the interface is set in
the z direction.

Thermal diffusion dominates the process and the diffusion
equation is described for the solid and the liquid:

T, T, o
=« (=s10 M

ot I oz?

Growth rate is controlled by the diffusion of latent heat
from the interface. The energy conservation law across the
interface is given by

pLV(1) = A, ©)

aT, aT,
- — /\I — 1L
(¥4 az

i

When a faceted crystal grows into the supercooled melt,
the interface temperature is not equal to the melting tem-
perature. In the case when kinetics controls growth, the growth
rate is also a function of interface temperature. The growth
rate in the isothermal condition in a thin glass cell with a
thickness of 0.25 mm is used,® where the latent heat is easily
transferred from the glass wall:

V() = f(T) 3)

Such a moving boundary problem is complicated because
the phase boundary moves with time, but the physical bound-
ary does not. In this study, coordinate transformation is con-
ducted on Egs. (1-3) according to the method of Duda®:

n, = [Z/R(1)]

n = {(Z — 2)[Z - RO}

[0 =z = R(D)] 4)
RO=z=2] (5

By this procedure, the moving boundary is transformed into
a fixed boundary. This method is easily extended to a two-
dimensional calculation that involves the Navier—Stokes equa-
tion.’

After the coordinate transformation, the equations are non-
dimensionalized by the following variables, where (*) denotes
nondimensional:

i=(at/2?, @ =iz (6)

and Eqgs. (1-3) are transformed as follows:

of, _ _afa, 8T, (1= 9)RIT, ;
at (1 — R)? anm? 1 - R ow )
oT, 1 T, #@,RaT,
2= T ®)
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LR | o7, 1 — Ry,
. Z
R=V() =—f(T) (10)

These equations are solved by the finite difference method.
At first, the temperatures of the heating block and the cooling
block are 39 and 20°C, respectively. The initial temperature
distribution is assumed to be linear between the two blocks.
The interface is located 4 mm from the cooling block, which
is the condition about 100 s after the start of the experiment.

Results and Discussion

Figure 3 shows the interferograms obtained for both the
ground-based and flight experiments. The solid phase ad-
vanced trom the bottom and fringes appeared in front of the
interface. The left side of each interferogram was obtained
by the infinite method, where each infinite fringe corre-
sponded to a temperature difference of 0.73°C. The right side
was obtained by the finite method, which enabled us to mea-
sure the temperature of the interface and the temperature
gradient around it by analyzing the bending of fringes. Fringes
made by the wedge inclined to the right when the cell was
cooled from the cooling block.
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Fig. 3 Interferograms of growing crystal: a) 150 s, b) 210 s, and c)
300 s; ground-based experiment and a’) 150 s, b’) 210 s, and ¢’) 300
s; flight experiment.
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At 150 s, supercooling of the interface was estimated to be
about 8°C by measuring the displacement of fringes. A tem-
perature-reversed layer was observed in front of the interface,
where the finite fringes changed their inclination. The effect
of the crystal habit was small, as shown in Figs. 3a and 3a’.
As the interface advanced, its temperature increased and each
faceted crystal became larger than 1 mm, as shown in Figs.
3c and 3c’, at 300 s. The ambient temperature near the in-
terface was about 39°C and close to the melting point where
the viscosity and the growth velocity became low. In the mi-
crogravity condition, it was found that the solid phase with
some facet faces advanced freely and protruded into the melt,
as shown by the arrow in Fig. 3c’. The protrusion of the crystal
was suppressed in the ground-based experiment due to the
fluidity of the melt near the interface. However, interferom-
etry could provide information on temperature distribution,
but not on fluid motion.

Figure 4 shows the position of the interface measured from
the cooling block and its standard deviation. Positions on the
interface (256 points) were digitized from images, and their
mean value R(N) and standard deviation o(N) on the scale
of N were calculated:

o*(N) = = > [R, — RIN)J, R(N)=§l R, (N =256)

1
Ni:l
(11)

Standard deviation represents the roughness of the interface
on the scale of NV, of which dependence on N shows a fractal
dimension. Recently, the self-affine fractal structure has been
reported, where the polycrystalline crystal of NH, was grown
from an aqueous solution.' The dents on the interface were
considered to be the main forces in the formation of such
structure.
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Fig. 4 Position and standard deviation of the interface (experiment).

Although the growth rate was almost the same for both
ground and microgravity experiments, it was found that the
standard deviation (N = 256) of the interface became greater
after 210 s in microgravity. Before chilling of the cooling
block, the standard deviation became large in the isothermal
condition. The protruded part of the interface was not re-
stricted because it was close to the more supercooled region
to which a little latent heat was transferred from the interface.
When the temperature gradient was applied to the interface,
the growth of the protruded crystals was restricted by a higher-
temperature melt existing ahead. Considering the character-
istic time for thermal relaxation, the interface was gradually
stabilized, which was the cause of the decrease in the standard
deviation. As the crystals grew, the standard deviation be-
came larger. One reason was related to the existence of the
temperature-reversed layer, where the growth of the pro-
truded crystals was not restricted. The standard deviation was
saturated at the end of the experiment because a positive
temperature gradient existed in front of the temperature-re-
versed layer and the standard deviation did not exceed the
thickness of the temperature-reversed layer. Another reason
was considered to be the change of the crystal habit, because
the temperature of the interface increased with time in this
configuration and each grain of polycrystalline became large.
On the ground, the increase of standard deviation was sig-
nificantly delayed. The difference of standard deviation was
observed on a large scale (larger N). One possible cause for
the difference was microconvection in the temperature-re-
versed layer, which was unstable to convection on the ground.
However, we could not observe the phenomenon in our ob-
servation system and further study is needed.

Figure 5 shows the isotherms in the melt obtained from the
right side of Fig. 3a’ using the moiré technique. In the solid
phase, since almost no interferogram was obtained, the tem-
perature distribution was not measured. For the comparison
with a previously described one-dimensional calculation, the
displacement of fringes was measured on the longitudinal line
between the two arrows in Fig. 3a’. Figure 6a shows the one-
dimensional temperature distribution in the melt obtained
from the interferograms in microgravity. It was found that a
temperature-reversed layer was formed in front of the solid—
liquid interface. This was because the discharged latent heat
raised the temperature of the interface and diffused not only
to the solid, but also to the melt. At the initial stage, solid-
ification proceeded with the higher rate and released a larger
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Fig. 5 Isotherms in the melt at 150 s during flight (°C).
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Fig. 6 One-dimensional temperature distribution in the melt: a) ex-
perimental data obtained from interferograms (flight experiment), b)
analytical result in both the kinetics and diffusion controlling system,
and c) analytical result in only the diffusion controlling system.

amount of heat, which caused the higher temperature increase
in this layer. Since the applied temperature gradient was
weakened or reversed, it could not stabilize the increase of
the interface roughness; this is a reason for the protrusion of
the interface. This effect was amplified as each faceted crystal
grew large comparable to the thickness of the reversed layer.

Figure 6b shows the temperature distribution obtained by
numerical calculation. It well explains the temperature dis-
tribution in the melt and confirms the existence of the tem-
perature-reversed layer. As the solid advanced, the interface
temperature increased. For comparison, a calculation was also
carried out using the diffusion control system, where the in-
terface temperature was set to be the melting point (Fig. 6¢).
Since a rate-determining step on the interface existed in the
kinetics model where the growth rate was controlled by both
heat transfer and kinetics on the interface, the growth rate
was lower. In this condition, two-dimensional nucleation lim-
ited the kinetics, where lateral growth and crystal habit showed
the nature of the crystal growth.®

There are differences in the values of temperature distri-
bution, interface temperature, and growth rate between Figs.
6a and 6b. They result in the heat loss from the glass wall,
which is appreciable for two reasons. The first one is that the
thermal conductivity of quartz glass is five times greater than
that of salol and the glass thickness (2 mm) is comparable to
the sample thickness. The disagreement can be reduced by
increasing the value of thermal conductivity in the calculation.
Although it was desirable that the glass should be as thin as

possible from the viewpoint of thermal conductivity, it had
been determined by considering the distortion of the cuvette.
The second cause of the disagreement was that the temper-
ature increase was not always homogeneous through the light
path and the temperature was underestimated.

The validity of the temperature measurement must be dis-
cussed next because the refractive index of the liquid itself
was considerably varied depending on the concentration of
impurities. We considered the diffusion length, which was
defined by

I = 2D/V(1) (12)

At 150 s, the diffusion length was obtained to be 1.46 mm,
considering the deviation of the temperature profile from the
linear asymptote, as shown in Fig. 6a, and the growth rate
was measured to be 0.03 mm/s from the experimental data.
From Eq. (12), the diffusion coefficient was estimated to be
0.02 mm?s, which was on the same order as the thermal
diffusivity of liquid («,: 0.095 mm?/s in Table 1). We concluded
that the change of the refractive index is mainly caused by
the thermal diffusion for the following reasons: the diffusion
coefficient of impurities in the organic material is much smaller
than these values (two orders lower) and the impurities ac-
cumulated in front of the interface infinitely. No appreciable
diffusion layer was observed during the latter part of the
experiment because the temperature difference was too small
to be measured. For this reason, the diffusion coefficient is
related to the thermal one. It should be noted that this layer
appeared only when the solid grew into the supercooled melt,
which was confirmed by the analysis.

Conclusions

Using interferometry, the temperature distribution in front
of the interface of salol solidifying into the supercooled melt
was observed. To investigate the transfer of latent heat, the
finite fringe method was applied for precise measurement of
the temperature distribution as well as the interface temper-
ature. A temperature-reversed layer appeared in an applied
temperature gradient. Interface protrusion into the super-
cooled melt under the microgravity condition showed that the
applied temperature gradient was changed due to the follow-
ing causes: the growth of the temperature-reversed layer and
the effect of the crystal habit. Therefore, the roughness of
the interface was amplified. On the other hand, the protrusion
was restricted under the ground-based conditions.

The one-dimensional diffusion field was analyzed, consid-
ering the kinetics of the interface. It was found that the growth
rate in the experiment was higher than the calculated one
because the heat loss from the glass cell occurred in the ex-
periment. However, the behavior of temperature distribution
and the interface temperature agreed qualitatively.
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