Can Propagation of Gas Bubbles Lead to Detached
Solidification? Experiments on Freezing of Water
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ABSTRACT: A vertical Bridgman-Stockbarger apparatus was used to directionally solidify water upward, in the
hope that detached solidification would evolve from gas bubbles forming on the wall. A large contact angle of the
water on the ampoule wall and a high solubility of the dissolved gas caused gas bubbles or tubes to form only at the
ampoule wall, and not in the interior. Gas tubes were often nearly periodically spaced around the ampoule wall,
with a spacing that increased with ampoule diameter and decreased with freezing rate. The width of the gas tubes
was nearly independent of the ampoule diameter and freezing rate. A high degree of detachment was obtained with
a rough, nonwetting coating on the ampoule wall, but full detachment was not achieved. This indicates that
detachment does not occur by propagation of a single gas bubble around the periphery of the freezing interface. The
convection near the freezing interface influenced gas bubble formation, and was outward for a concave freezing

interface and inward for a convex interface.

1. Introduction and Background

Directional solidification in microgravity has fre-
quently given rise to solids that grew without complete
contact with the ampoule wall (see, for example, ref 1).
Some success has been achieved in attaining such
detached solidification on earth.2=° Steady-state de-
tached growth was explained by the moving meniscus
model.1%~19 However, the mechanisms by which detach-
ment begins have not been fully explored. One method
is to use a seed smaller in diameter than the ampoule,
fill the gap with an inert gas, and take care not to
completely melt back the seed prior to solidification.23
In the vast majority of experiments, detachment oc-
curred spontaneously in opaque furnaces, and initiation
could not be observed. We have proposed two possible
mechanisms for spontaneous initiation.1° In one, the
solid is initially in contact with the ampoule wall. When
the coefficient of thermal expansion is larger for the
solid than for the ampoule material, a stress builds up
between the solid and the ampoule as they cool from
the melting point. When this stress becomes sufficiently
large to overcome adhesion, the solid pops free of the
wall. If a dissolved gas has become concentrated at the
freezing interface because of segregation, this gas is
liberated into the gap suddenly formed between the solid
and the wall. Filling the gap with a gas maintains the
required pressure difference across the meniscus con-
necting the edge of the freezing interface with the
ampoule wall.

Another proposed mechanism for initiation of detach-
ment involves forming a gas bubble at the wall that
subsequently propagates around the periphery of the
freezing interface. (Detachment can be regarded as a
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gas bubble completely surrounding the growing solid.)
Here, we report on experiments performed to test this
proposed mechanism. Water was chosen as an experi-
mental medium primarily because it is low melting and
transparent, permitting easy observation of bubble
initiation and evolution, as well as convection in the
melt adjacent to the freezing interface. Similar, but less
extensive, experiments were performed using an organic
compound, naphthalene.?°

The formation and behavior of gas bubbles at a
freezing interface can be explained in terms of the
dissolved-gas concentration profile.2! Gases are usually,
if not always, more soluble in a melt than in the
corresponding solid. Consequently, solidification causes
the concentration of a dissolved gas to increase in the
liquid adjacent to the growing crystal, as for any solute
with a segregation coefficient <1. When the impurity
concentration becomes sufficiently high, a gas bubble
may nucleate and grow. For example, Carte?? observed
directional freezing of thin layers of water. By applica-
tion of the segregation equation for convectionless
directional freezing, he estimated that a supersaturation
of about 27 was required to nucleate air bubbles at the
freezing interface.

After gas bubbles form, they may either float away
or remain at the freezing interface, where they may be
trapped in the solid as discrete bubbles, as chains of
bubbles, or as gas tubes. The interaction of bubbles with
the solidification interface determines which behavior
is observed. For the water/ice system, Vasconcellos and
Beech?® observed that some bubbles at the freezing
interface were trapped in the ice and some of them
escaped. They claimed that if the buoyancy of a bubble
is larger than its adhesive force to the interface, the
bubble departs and rises to the surface of the melt. Cole
et al.?* developed a model for prediction of bubble
departure radii from a flat freezing interface under both
normal gravity and microgravity conditions in the pres-
ence of thermocapillarity (Marangoni effect). Bagda-
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sarov et al.?5> showed by experiments and theoretical
analysis that bubbles originally present in water were
not captured by ice. Only the bubbles formed at the
freezing interface were captured. Geguzin and Dzyuba?®
predicted that bubbles not on the interface would
migrate in the direction of increasing temperature
because of thermocapillarity.

Different shapes have been found for gas bubbles in
solids. Maeno?’ concluded that the ratio of the growth
rate of the bubble radius to the freezing rate is a major
parameter determining the bubble shape in ice. When
the growth rate of a bubble is larger it remains at the
freezing interface where it absorbs more gas and
becomes larger. When it is large enough, it escapes
upward. When the growth rate is less than the freezing
rate, it is captured. When the growth rate is comparable,
the bubble forms a cylindrical gas tube in the ice.

Gas bubbles also occur during solidification of multi-
component systems. For example, CBrs;—C,Cls was
directionally solidified in a thin film.28¢ When constitu-
tional supercooling caused the interface to become
cellular, more segregated gas accumulated in the inter-
cellular grooves. Bubbles nucleated in the grooves and
grew until the bubble cap in the melt was ahead of the
freezing interface.

Since bubble nucleation and growth depend on the
concentration of dissolved gas near the freezing inter-
face, we expect factors that influence this concentration
to influence bubble behavior. For example, a higher
concentration of dissolved gas in the melt prior to
solidification should enhance bubble formation. For
example, in 1845 many bubbles were trapped in ice
when Brunner?® froze water that had been boiled and
cooled in air. He considered exposure to the air to be
the reason for the formation of these bubbles. In 1870,
Bunsen®® obtained bubble-free ice by downward freezing
of water that had been boiled in a tube that was
subsequently sealed to exclude air. Vasconcellos and
Beech?® found that the tendency to form gas bubbles
increased as the ambient pressure over the water was
increased. Increasing the time of stirring prior to
freezing increased the number of gas bubbles in alumi-
num A356 alloy.3!

The freezing rate is another critical factor in bubble
formation and trapping. Chernov et al.32:33 experimen-
tally demonstrated with water that bubble capture
occurs when the growth rate exceeds a critical value
that decreases as the bubble diameter increases. Bag-
dasarov et al.?> developed a theory for this critical
freezing rate. Bari and Hallett3* observed the formation
and growth of bubbles during freezing of water with air
and helium dissolved in it. Cylindrical gas tubes formed
in the ice when the freezing rate was below 0.005 mm/
s. Egg-shaped bubbles were trapped when the freezing
rate was higher. The number and the size of the bubbles
decreased as the freezing rate increased. The same
conclusion was reached by Carte.??

Convection also influences the concentration field of
dissolved gas and, thereby, bubble nucleation and
evolution. Thus, stirring decreased the tendency to form
bubbles in ice.?® Miyazawa3® found that gas bubble
entrapment during Czochralski growth of PbsGezO;;
and TeO; single crystals could be avoided by making
the interface shape flat or a little concave to the melt.
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Figure 1. Experimental set up.

The interface shape depended primarily on crystal
rotation rate and crystal diameter. Fukuda et al.3¢
showed that formation of bubbles in Ti:Al,O3 single
crystals grown by the Czochralski method depended on
the freezing interface shape, which varied with the
rotation rate. When the interface was convex into the
melt, gas tubes formed along the center of the crystal.
As the freezing rate was lowered, the number of bubbles
decreased (unlike the behavior in freezing water without
stirring?234).

Nucleation of gas bubbles can be influenced by other
factors. For example, increasing the height of water over
the freezing interface decreased bubble nucleation.?® Air
bubbles formed along a scratch on the freezing interface
when the supersaturation was otherwise insufficient to
form bubbles.3”

Another interesting observation was that bubbles in
ice tended to occur in layers perpendicular to the growth
direction.?6 This was explained as follows. The growth
of bubbles leads to a drop in supersaturation of the
dissolved gas near the freezing interface, thereby stop-
ping nucleation. Accumulation of dissolved gas near the
interface begins anew after capture of the bubbles, until
nucleation again occurs. An alternate explanation would
be an oscillation in growth rate, with nucleation of
bubbles occurring when the growth rate is increased.

Many other papers also have reported gas bubbles
and tubes in ice (e.g., refs 38—42), but none dealing with
bubbles and tubes on the ampoule wall as reported here.

2. Experimental Methods

The experiments are described in detail elsewhere.®® A
vertical Bridgman-Stockbarger apparatus was used to slowly
freeze water. This apparatus allowed in-situ observation of the
solid—liquid interface, formation and evolution of gas bubbles
in the solid and liquid phases during solidification, and
convection in the water. Figure 1 is a schematic diagram of
the experimental set up. The apparatus consisted of a transla-
tion stage mounted vertically, a motor placed on the moving
mount of the translation stage, a heater, a refrigerated bath,
a CCD camera, a video monitor, and a time-lapse VCR. The
motor had a vertical shaft with a chuck used to hold the top
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of the ampoule. Thus, the ampoule could be translated
vertically and rotated around its axis. Ampoule diameters of
5, 10, and 20 mm were used. Each ampoule’s bottom end was
closed, and its top end was open. The ampoules were ap-
proximately 30-cm long and were filled to about 12 cm with
water. The heater was constructed by winding Nichrome wire
around a quartz tube, with an inner diameter slightly larger
than the outer diameter of the ampoule. The height of the
heating section was about 8 cm and the maximum power was
250 W. Automotive antifreeze was used as a working liquid
in the refrigerated bath.

To start an experiment, the ampoule containing the water
was lowered so that the bottom was immersed 5 to 10 cm into
the cold bath. It was adjusted so that it was vertical, as judged
by its video image, which was very sensitive to misalignment.
If no ice was observed after 30 min in the cold bath, the
ampoule was shaken to induce nucleation. When the freezing
interface came into view of the video camera above the surface
of the cold bath, directional solidification was caused by slowly
lowering the ampoule through the heater into the cold bath.
Observations were begun after the ampoule had been lowered
2 to 3 cm, which was sufficient to reach steady state. The
behavior of the solidification began to change when the
freezing interface was within about 2 cm of the top surface of
the water; the observations reported here are the steady-state
behavior prior to this end effect. The temperatures of the
heater and the cold bath were measured and displayed by
type-K thermocouples and digital thermometers. In some
experiments, the temperature was measured at the ice—water
interface and at 2-mm intervals up to 20 mm above the
interface. The temperature increased steadily with height,
with a gradient of about 0.5 °C just above the freezing
interface. Sometimes the ampoule was rotated slowly, up to
10 rpm, both to permit viewing of the entire periphery and to
ensure thermal symmetry.

To increase the contact angle of water on the ampoule wall,
the inside surface of some ampoules was coated with silicone
0il,%° Teflon, or Teflon with powder dispersed in it.2° For
uncoated and cleaned Pyrex the apparent contact angle was
near 0°, after coating with silicone oil about 80°, with Teflon
coating 121°, and for Teflon with powder 146°. Some of the
coatings containing powder were sufficiently transparent to
permit viewing of bubble behavior on the wall, while some
were not. The other coatings were all transparent.

Different sources of water were used, including deionized,
doubly distilled, and high-pressure liquid-chromatography
water. Experiments were performed after bubbling either air
or carbon dioxide through the water for at least 1 h.

A camera on a microscope was used to photograph the
freezing interface and the ice before and after removal of the
Pyrex tube, at a magnification of 1 to 7. After freezing, the
ampoule was quickly taken out and a photograph was taken
of the region near the interface. A small hammer was used to
break off the glass, taking care not to disturb the outer surface
of the ice. To show a cross section of the sample, the ice was
carefully cut with a knife. Thereby both longitudinal and cross-
sectional views were photographed.

A laser light-cut technique was used to observe convection
in the water near the solid—liquid interface. Figure 2 shows
the set up. A vertical sheet of laser light in the water was
created with a glass rod placed horizontally in front of a laser
beam. Very small guanine particles®! were stirred in the water.

Particle-tracking velocimetry was used to measure particle
velocities throughout the viewing field, for about 3 mm above
the interface. Using a frame grabber and image analysis
software, each particle’s velocity was calculated from the
distance it moved between frames divided by the time span.5?

3. Experimental Results

In all of the experiments, the vertical position of the
interface did not change noticeably during solidification,
with translation rates from 0.4 to 100 mm/h. This
indicates that the freezing rate was the same as the
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Figure 2. Laser light cut technique used to observe convec-
tion.

Figure 3. Gas bubbles formed on the ampoule wall during
freezing with ampoule rotation. The water was saturated with
air and the ampoule was coated with Teflon. Freezing rate 12
mm/h, cooling bath —20 °C, heater 40 °C, ampoule rotated at
1.5 rpm, ampoule inside diameter 10 mm. The width of the
sample shown above is about 8.5 cm.

translation rate. During solidification, gas bubbles often
formed on the interface. (Gas bubble formation was
never observed in the bulk water.) Some bubbles broke
free of the freezing interface and rose quickly to escape,
while others were captured by the interface as isolated
bubbles or grew with the moving interface to form gas
tubes. A few experiments were repeated and gave the
same behavior.

3.1. Gas Bubbles and Tubes on the Ampoule
Wall. Operating conditions influencing bubble formation
and behavior included freezing rate, heater and refrig-
erated bath temperatures, the identity of the gas
dissolved in the water, and the contact angle of the
water on the ampoule wall. Under some operating
conditions, gas bubbles or tubes formed and were
incorporated in the ice only at the ampoule wall, and
not in the interior. Results did not depend on the source
or type of water used. Three kinds of regular bubbles
formed on the wall:

Isolated Gas Bubbles. Under some conditions,
bubbles forming around the ampoule wall were captured
by the interface and stayed in the solid. Figure 3 is a
photograph taken after such an experiment. These
isolated bubbles were nearly uniformly distributed along
the ampoule wall.

Long and Narrow Cylindrical Gas Tubes. Under
other conditions, the bubbles grew as the interface
moved along the ampoule wall to form long gas tubes.
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Figure 4. Gas tubes forming on the ampoule wall during
freezing. The water was saturated with air, the ampoule was
coated with Teflon, freezing rate 20 mm/h, cold bath temper-
ature —20 °C, heater temperature 40 °C, no ampoule rotation,
ampoule inside diameter 10 mm. Width of the sample shown
is about 4 cm.
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direction

Figure 5. Gas tubes on the ampoule wall after freezing.
Composite of two photographs taken after removal of the
ampoule. The water was saturated with air and the ampoule
was coated with Teflon. Freezing rate 12 mm/h, cooling bath
—20 °C, heater 40 °C, no ampoule rotation, ampoule inside
diameter 10 mm. Width shown above is 10 mm.

(Similar results were obtained with naphthalene.?0)
Figure 4 is an example during freezing at 12 mm/h, —20
°C cooling bath, 40 °C heater, and no ampoule rotation.
The almost-flat freezing interface can be seen. The
spherical portion of the gas tube above the interface
moved with the interface, so that a long, nearly cylin-
drical, gas tube formed. Figure 5 was taken after
freezing and shows a longitudinal section with gas tubes
distributed fairly regularly on the outer surface of the
sample. As discussed later, the occurrence of such
behavior seemed to depend on the rotation rate, the
freezing rate, the contact angle, and the temperature
settings, with the rotation rate being the main factor
affecting the transformation of gas bubbles to gas tubes.
Figure 6 is a cross-section of the sample shown in Figure
4. The notches distributed around the periphery of the
sample show the positions and the nearly semi-cylindri-
cal shapes of the gas tubes. Along the edge of the notch,
the contact angle on the ampoule wall was measured
as around 120°, which is almost the same as that
measured for a water drop on a coated microscope
slide.?° Such periodic gas tubes seem not to have been
reported before. The fraction of the ice surface thereby
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Figure 6. End view of a cross section of the sample shown in
Figure 4. Composite of two photographs taken after removal
of the ampoule. The water was saturated with air and the
ampoule was coated with Teflon. Freezing rate 20 mm/h,
cooling bath —20 °C, heater 40 °C, no rotation, ampoule inside
diameter 10 mm. Diameter of sample shown is 10 mm.

Figure 7. Larger gas tubes on the ampoule wall with CO;
dissolved in the water. Composite formed of several photo-
graphs taken after removal of the ampoule. The water was
saturated with CO, and the ampoule was coated with Teflon.
Freezing rate 20 mm/h, cooling bath —20 °C, heater 40 °C, no
rotation, ampoule inside diameter 10 mm. The width of the
sample is 10 mm.

detached from the ampoule wall is estimated to have
been about 60%.

Wide Gas Tubes. As shown in Figure 7, some gas
tubes grew so wide that adjacent tubes merged to form
a larger tube. The most important parameters affecting
the sizes of gas tubes was the amount of gas dissolved
in the water, as discussed later.

Although 95% detachment was achieved with a rough
nonwetting coating on the ampoule wall, under no
condition did bubbles or tubes propagate around the
wall to yield fully detached solidification.

3.2. Influence of the Contact Angle. The influence
of the contact angle on the formation and behavior of
gas bubbles can be seen in Figures 5, 8, and 9. Figures
8 and 9 are with an uncoated cleaned ampoule. Figure
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Figure 8. Gas tubes formed on the ampoule wall. Composite
of several photographs taken after removal of the ampoule.
The water was saturated with air and the ampoule was
uncoated. Freezing rate 12 mm/h, cooling bath —20 °C, heater
40 °C, no rotation, ampoule inside diameter 10 mm. Sample
width 10 mm.

Figure 9. Cross section of the sample shown in Figure 8.

5 is for an ampoule coated with Teflon, with the other
conditions being the same as Figure 8. Note that the
number of gas tubes in Figure 6 is much more than in
Figure 9.

3.3. Influence of the Freezing Rate. No gas bubble
or tube formed in the interior or on the ampoule wall if
the freezing rate was below a value that depended on
the ampoule diameter, temperature settings, rotation
rate, and the dissolved gas. When the freezing rate was
above another higher level, gas bubbles and tubes
appeared not only on the ampoule wall but also in the
interior. When the freezing rate was between these two
values, all gas bubbles appeared on the ampoule wall
as discrete bubbles or grew along the ampoule wall to
form tubes. When gas tubes formed, they were distrib-
uted fairly regularly around the periphery of the am-
poule wall. The number of gas tubes around the
ampoule wall was counted, so that the average periodic-
ity could be calculated. The period decreased as the
freezing rate was increased, as shown in Figures 10 and
11 (these two photographs were taken at the same
magnification). The quantitative relationship between
period and freezing rate is given in the next section.

3.4. Influence of the Ampoule Diameter. Gas
bubbles or periodic tubes formed on the ampoule wall
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Figure 10. Gas tubes on the surface of the ampoule. The
water was saturated with air and the ampoule was coated with
Teflon. Freezing rate 20 mm/h, cooling bath —20 °C, heater
40 °C, no rotation, ampoule inside diameter 10 mm. Sample
width ~10 mm.
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Figure 11. Influence of freezing rate on gas tube width and
spacing. Freezing rate 12 mm/h with the other conditions the
same as Figure 10. Sample width ~10 cm.
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Figure 12. Average spacing of gas tubes versus freezing rate
and ampoule diameter. The water was saturated with air and
the ampoule was coated with Teflon, cooling bath —20 °C,
heater 40 °C, no rotation. Squares for 20-mm diameter
ampoules, diamonds 20 mm, and circles 5 mm.

under proper operating conditions for all three ampoule
diameters. Increasing the ampoule diameter increased
the spacing between gas tubes. Figure 12 shows the
dependence of the average spacing L between gas tubes
on freezing rate V. and ampoule diameter D.

Linear regression analysis of the logarithms of L, D,
and V. gave:

L = 0.142D%%y, 0% (1)

with a correlation coefficient R of 0.95. The width of the
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Figure 13. Cross section of the sample shown in Figure 7.

gas tubes was about 0.65 + 0.03 mm, nearly independ-
ent of freezing rate and ampoule diameter.

3.5. Influence of Gas Dissolved in Water. At 1 atm
and 0 °C, the solubilities of O,, N, and CO; in water
are, respectively, 2.8 x 1075, 1.4 x 1075, and 1.3 x 1073
mole fraction.** Thus, the solubility of air in water is
much less than that of CO, at the same temperature
and partial pressure. Figure 7 shows the result of an
experiment for water initially saturated with CO; at 1
atm. Figure 13 is a cross section of this sample. The
fraction of detachment is estimated to have been 85%.
Figure 6 shows an experiment for water initially
saturated with air at 1 atm.

During the two experiments shown in Figures 6 and
7, the operating conditions were carefully kept the same,
except for the gas dissolved. The interface shape and
convection pattern were the same. The gas bubbles and
tubes were much larger when CO, was used. The width
of air gas tube in Figure 6 is about 0.7 mm, while the
width of the COj-containing gas tube in Figure 7 is
about 2.5 mm.

3.6. Influence of Heater Temperature. When all
of the other operating parameters were held constant,
if the temperature of the heater was below a critical
level, many gas bubbles and tubes were trapped both
in the interior and on the ampoule wall. If the heater
temperature was above a higher critical value, no
bubbles or tubes were trapped anywhere in the ice.
Between these critical values, bubbles and tubes were
trapped at the ampoule wall and not in the interior. As
discussed later, the heater temperature influences the
interface shape and the convection in the melt.

3.7. Influence of Rotation of the Ampoule. When
the ampoule was rotated about its axis, gas bubbles and
tubes were seldom observed, as shown in Figure 3. With
the other conditions the same as in Figure 3, long
cylindrical gas tubes were observed when the ampoule
was not rotated (see Figure 5).

3.8. Influence of Rough Teflon Coating. The
presence of rough particles in the Teflon coating not only
increased the contact angle but also influenced the
behavior of the gas bubbles and tubes. During freezing,
many small gas bubbles nucleated at particles at the
wall near the interface.>® When a gas tube grew near
such small gas bubbles, it absorbed them and became
irregular, as shown in Figure 14. Figure 15 is a
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Figure 14. Surface of ice frozen in an ampoule that had been
coated with Teflon containing a powder. Composite of several
photographs taken after the ampoule had been removed. The
water was saturated with air. Freezing rate 12 mm/h, cooling
bath —20 °C, heater 40 °C, no rotation, ampoule inside
diameter 10 mm. Width of sample shown 10 mm.

Figure 15. Cross section of the sample shown in Figure 14.

photograph of a cross section from an experiment
with a powder-containing coating. The periphery
was very irregular and the fraction detached was about
95%.

3.9. Freezing Interface Shape and Convection.
The temperature settings and the freezing rate deter-
mined the shape of the freezing interface and the
convection in the adjacent melt. In 10- and 20-mm
diameter ampoules an unexpected relationship was
observed between heater temperature, convection pat-
tern, and interface shape. Figure 16 shows an example
of the influence of the heater temperature on the
interface shape and convection intensity, with the
temperature of the cold bath at —20 °C. When the
temperature of the heater was 20 °C, the interface was
convex, there were two axisymmetric counter-rotating
vortices in the water, and the flow near the interface
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Figure 16. Convective velocity versus heater temperature.
The water was saturated with air and the ampoule was coated
with Teflon. Freezing rate 12 mm/h, cooling bath —20 °C, no
rotation, ampoule inside diameter 10 mm. The circles are for
a concave freezing interface and the triangle for a convex
interface (curved into the melt).

> Water

Interface

Ice

Figure 17. Convection with a slightly convex freezing inter-
face. The water was saturated with air and the ampoule was
coated with Teflon. Freezing rate 12 mm/h, cooling bath —20
°C, heater 20 °C, no ampoule rotation, ampoule inside diameter
10 mm.

was from the periphery toward the center, as shown in
Figure 17. When the temperature of the heater was
increased to 40 °C, the interface became nearly flat,
there were two axisymmetric counter-rotating vortices,
and the flow near the freezing interface was from the
center toward the periphery, as shown in Figure 18.
When the temperature of the heater was increased to
60 °C, the interface became more concave, the lower
vortex became larger and the upper vortex nearly
disappeared, as shown in Figure 19. In all prior litera-
ture, both experimental and theoretical, the flow near
a freezing interface has been found to be inward for a
concave interface and outward for a convex interface
(e.g., refs 45—48). The reverse behavior observed here
is attributed to the maximum density of water at 4 °C.
With an estimated vertical temperature gradient of 0.5
°C/mm, there was a density inversion up to about 8 mm,
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Figure 18. Convection with a very slightly concave freezing
interface. The water was saturated with air and the ampoule
was coated with Teflon. Freezing rate 12 mm/h, cooling bath
—20 °C, heater 40 °C, no rotation, ampoule inside diameter
10 mm.

¥
4* N ¥ v 4‘
R v ‘; <
4 X
f’ A v* " ‘*
*b* * A ¥
w, vi K A | Water
R v X o -
”\v v ¥ o « 4
I v ¥ 4
<+ K v > ¥ 4
v
— ¢ > > Interface
Ice

Figure 19. Convection with a concave freezing interface. The
water was saturated with air and the ampoule was coated with
Teflon. Freezing rate 12 mm/h, cooling bath —20 °C, heater
60 °C, no rotation, ampoule inside diameter 10 mm.

which is more than sufficient to strongly influence
convection. Figure 20 shows the influence of the freezing
rate on the convection velocity. In the 5-mm diameter
ampoule, we observed only a single asymmetric vortex.
The flow was always upward on the side illuminated
by the laser, indicating that heating by the laser was
the cause of the asymmetry. It is interesting that this
heating was insufficient to alter the pattern in the larger
diameter ampoules.
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Figure 20. Convective velocity versus freezing rate. The
water was saturated with air and the ampoule was coated with
Teflon, ampoule inside diameter 10 mm, cooling bath —20 °C,
heater 40 °C, no ampoule rotation. The circles are for concave
freezing interfaces (at 12 mm/h, only very slightly so), while
the triangle is for a convex interface.

4. Discussion and Conclusions

Gas bubbles and tubes at the ampoule wall did not
propagate around the periphery of the freezing inter-
face, so we must rule this out as a likely mechanism
for initiation of detached solidification. Thus, spontane-
ous detachment of high-melting materials probably
occurred because the stress caused by thermal contrac-
tion became sufficient to overcome adhesion. Why did
this not occur in ice (or naphthalene?®)? We believe this
was because these materials more readily plastically
deform, so that they did not pop free of the ampoule, at
least at the freezing interface. Furthermore, their
melting points are lower so that they undergo much less
cooling from the temperature at the freezing interface.
Nevertheless, several interesting phenomena were ob-
served in the course of the present experiments, includ-
ing a high degree of detachment when a high-solubility
gas (COy) was dissolved in the water together with a
rough, nonwetting coating on the ampoule wall.

Under proper operating conditions, isolated gas
bubbles, long gas tubes or wide gas tubes grew on the
ampoule wall and not in the interior. Within the range
of freezing rates where gas tubes formed on the ampoule
wall, eq 1 shows that decreasing the freezing rate and
increasing the ampoule diameter increased the average
spacing between gas tubes. Let us attempt to rationalize
this observation. In the absence of convection, the
diffusion length is proportional to the square root of the
time available, or to 1/\/V_C. If the spacing were pro-
portional to the diffusion length, we would predict an
exponent of —1/2 on V¢, and —1 if the spacing goes as
the diffusion area (i.e., length squared). The actual
exponent lies between these. The increase of spacing
with tube diameter may indicate an influence of con-
vection, which should increase in intensity with increas-
ing diameter. Increasing convection increases the por-
tion of the freezing interface from which the propagating
gas tube can collect dissolved gas rejected by the
interface.

Note also that the freezing rate influences both the
interface shape and the transport of dissolved gas in
the water near the freezing interface. Increasing the
freezing rate increases the segregation of dissolved gas
by the freezing interface, making it more likely for gas
bubble nucleation and growth to occur there. Increasing
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the freezing rate also causes the interface to move
downward and become less convex, thereby changing
the convection. When the freezing rate was low, the
interface and convection were as shown in Figure 17.
When the water near the interface flowed from the
periphery toward the center, this convection prevented
the segregated gas from accumulating around the
ampoule wall. When the freezing rate was increased,
the interface and convection were as shown in Figures
18 and 19. This mode of convection would enhance the
transport of the segregated gas outward to the wall and
favor the growth of gas bubbles there, provided that it
is not so vigorous as to remove segregated gas from the
neighborhood of the interface.

Ampoules of 10- and 20-mm inside diameter showed
the same convection pattern (Figures 17, 18, and 19).
We attribute the different convection pattern in the
5-mm diameter to preferential heating of one side of
system by the laser used to illuminate it.

There was an optimal heater temperature range for
the formation and growth of gas bubbles on the ampoule
wall. When the temperatures of the cold bath was kept
constant, the heater and cooler temperature influenced
interface position, shape, and convection. When the
temperature of the heater was low, the concentration
of the dissolved gas in the water was high and the
convection was as shown in Figure 17. Then bubbles
nucleated everywhere. When the temperature of the
heater was high and the convection was as shown in
Figure 19, the amount of gas dissolved in the melt was
insufficient to nucleate bubbles.

Slow rotation diminished the transformation of gas
bubbles to tubes. Rotation of the ampoule, even at these
low rates, was apparently sufficient to alter the convec-
tive transport of dissolved gas from the freezing inter-
face outward to the wall, thus preventing gas bubbles
from becoming tubes. It has been observed that the
Coriolis force strongly deflects flow in the Bridgman
technique, even at low rotation rates.*°
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