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Foreword

The 2000 Microgravity Materials Science Conference was held June 6-8 at the Von Braun Center,
Huntsville, Alabama. It was organized by the Microgravity Materials Science Discipline Working
Group, sponsored by the Microgravity Research Division (MRD) at NASA Headquarters, and hosted
by NASA Marshall Space Flight Center and the Alliance for Microgravity Materials Science and
Applications (AMMSA). It was the fourth NASA conference of this type in the microgravity materials
science discipline. The microgravity science program sponsored approximately two hundred investiga-
tions, all of whom made oral or poster presentations at this conference. In addition, posters and exhibits
covering NASA microgravity facilities, Advanced Technology Development projects sponsored by the
NASA Microgravity Research Division at NASA Headquarters, and commercial interests were exhib-
ited. The purpose of the conference was to inform the materials science community of research oppor-
tunities in reduced gravity and to highlight the spring 2001 release of the NASA Research Announce-
ment (NRA) to solicit proposals for future investigations. It also served to review the current research
and activities in materials science, to discuss the envisioned long-term goals, and to highlight new
crosscutting research areas of particular interest to MRD. The conference was aimed at materials
science researchers from academia, industry, and government. A workshop on In Situ Resource Utiliza-
tion (ISRU) was held in conjunction with the conference with the goal of evaluating and prioritizing
processing issues in Lunar and Martian-type environments. The workshop participation included invited
speakers and investigators currently funded in the material science program under the Human Explora-
tion and Development of Space (HEDS) initiative. The conference featured a plenary session every day
with an invited speaker that was followed by three parallel breakout sessions in sub-disciplines. Atten-
dance was close to three hundred and fifty people. Posters were available for viewing during the confer-
ence and a dedicated poster session was held on the second day.  Nanotechnology, Radiation shielding
materials, Space Station science opportunities, Biomaterials research and Outreach and Educational
aspects of the program were featured in the plenary talks. This volume, the first to be released on CD-
Rom for materials science, is comprised of the research reports submitted by the Principal Investigators
at the conference.
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ABSTRACT

Experiments were carried out to study the morphological stability of Bi-1atomic% Sn alloys
using the MEPHISTO directional solidification apparatus aboard Space Shuttle Columbia (STS-
87, launched November 19, 1997). The research program involved collaboration of the University of
Florida, Centre National d’Etudes Spatiales (France), NASA/Glenn Research Center, the National
Institute of Standards and Technology, and the University of New South Wales (Australia). The experi-
ments made use of the Seebeck technique to measure the interface temperature, the resistance change
across the sample for determination of the interface velocity, and Peltier current pulsing for demarcation
of the interface shape. These data were obtained in real-time during various melting/solidification cycles,
and the experiments were controlled via telecommands.

The Seebeck signal and temperature measurements in the space experiments, as well as morpho-
logical behavior of the solid/liquid interface, were found to be significantly different than those
obtained from ground-based studies. For the space-based experiments, interface breakdown was
observed at growth velocities of 6.7, 27, and 40 µm/s, but not at 1.8 and 3.3 µm/s. The results further
indicate that the morphological stability threshold for some grain orientations is significantly enhanced,
resulting in a staggered planar to cellular transition front. This report summarizes some of these findings.

This work was supported by NASA/Grant/Contract #NASA NCC3-476.

I. Background

The formation of dendrites generally follows morphological instability of a planar solid/liquid
interface [1]. The morphological stability criterion of Mullins and Sekerka [2] can be utilized to
predict the onset of instability in planar interfaces. The criterion determines the conditions for the
growth or decay of a perturbation on a planar interface under a given steady state condition. More
recent theoretical models indicate that anisotropic interfacial properties play a role in the mor-
phological stability of planar interfaces, as well as the evolution of cellular and dendritic struc-
tures, this has been predicted theoretically by Coriell and Sekerka [3] and Coriell et al. [4] by
extending the linear stability analysis of Mullins and Sekerka [2], and by Young et al. [5] in the weakly
nonlinear regime. These treatments indicate that such anisotropies tend to stabilize the growth of a planar
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interface. Experimental observations reported by Tiller and Rutter [6] for lead-tin alloys and by Trivedi
[7] and Trivedi et al. [8] for transparent organic systems have been found to be generally consistent
with the theoretical predictions.

The influence of anisotropic interfacial kinetics on the morphological stability threshold was
recently demonstrated by the present investigators for solidification of Bismuth alloyed with
0.1% Sn [9,10]. The experiments were conducted under microgravity conditions during the STS-62
flight of the space shuttle Columbia, using the MEPHISTO directional solidification facility. Similar to the
USMP-4 experiments, the experiments yielded 15 cm of three parallel-processed samples, each grown
directionally at six velocities ranging from 1.85 to 40 µm/s.  The microstructural evaluation of the space
grown samples indicated that for 1.85, 3.4 and 6.7 µm/s interface velocities, the growth occurred in a
planar mode. The microstrutural evolution at a higher velocity of 13.3 µm/s appeared to be cellular in
one grain, and planar in another, whereas for 26.9 and 40 µm/s velocities, cellular/dendritic morpholo-
gies were observed in both grains. The most interesting aspect of the planar-cellular transition at 26.9
µm/s velocity was the existence of distinct preferential breakdown in one grain versus the other. The
upper grain became cellular approximately 0.6 mm after the initiation of growth, forming cells which
were tilted about 6.5° with respect to the heat flow and growth directions. The neighboring grain on the
other hand, continued with planar growth about 12.2 mm until it became cellular, with cells parallel to
the growth direction. The cell spacing within the two grains were approximately the same, 265 and 276
µm, respectively.

II. Experimental Facility and Techniques

The MEPHISTO hardware is shown schematically in Figure 1 [9,11]. The apparatus is capable of
simultaneous processing of three rod shaped samples, each of which is approximately 900 mm in
length and 6 mm in diameter.  The central part of MEPHISTO consists of two furnaces each with a
neighboring heat sink, which is cooled by a refrigerant. One of the furnace-heat sink structures is
stationary, while the other is on a moving platform. Between these heaters special reflectors and insula-
tion are used to maintain a nearly uniform temperature. In the experiments to be described the furnaces
were heated to 750° C, while the cold zones were kept near 50° C, resulting in a molten zone in the
middle of each as illustrated in Figure 1. When the movable furnace-heat sink structure is translated
away from the fixed furnace, the extent of the hot zone is lengthened, increasing the extent of the molten
zone in the sample. Near the solid-liquid interfaces, which are located between each furnace and its
accompanying heat sink, a temperature gradient on the order of  200° C/cm is established. The furnace
heaters are in contact with cylindrical thermal diffusers made of graphite and are regulated using thermo-
couples within the diffusers. The graphite diffusers have three holes to accommodate the samples. The
uniform temperature field produces a very similar thermal profile for the three samples. In order for the
heat sinks to efficiently remove the heat from the samples, a metal seal of a low melting point (45° C)
alloy was utilized. When the heat sink reached its operating temperature, the liquid alloy made a direct
contact between the heat sink and the outer quartz wall of the samples.

The alloy used for the experiments was Bi with 1 atomic % Sn.  As shown in Figure 2, Bi and Sn form a
simple eutectic diagram, with a maximum solubility of 1.63 atomic % Sn at the eutectic temperature of
140° C. The distribution coefficient for Sn in Bi is measured to be around 0.03.  Schematics of the three
samples inserted into the MEPHISTO apparatus and their dimensions are shown in Figure 3. Each of
the three samples, which will be referred to as the “Quenching,” “Peltier,” and “Seebeck,” has a special
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purpose in the study of alloy solidification. A 2 mm ID, 3 mm OD quartz capillary is located on the
moving furnace side, which extends about 250 mm into the sample. Thin capillaries (approximately 0.6
mm OD) for the thermocouples were also inserted for the thermocouples in the Peltier and Quenching
samples.  The 3mm OD were filled with the alloy during sample preparation. The samples used in the
ground-based processing were similar except the capillaries were about 40 mm shorter.

The Quenching sample was used to measure the rate of solidification using the resistance change across
the sample during processing and to produce a short section of quenched interface at the end of the
experiments. To achieve the latter, the sample is attached to a mechanism which quickly pulls the sample
about 2 cm towards the cold zone and freezes the sample. The Quenching sample was electrically
connected for the resistance measurements, and was used to calculate the solidification rate. The Peltier
sample has connections to allow marking the sample with short electrical pulses which cause heating or
cooling at the solid-liquid interface.

The Seebeck sample is used to measure the difference between the temperature of the stationary and
moving solid-liquid interfaces. The relationship between the measured Seebeck signal and the tempera-
ture of the moving interface, T

C
, and the temperature of the stationary interface, T

D
, will be discussed

together with the experimental results. Details of Seebeck interface temperature measurement can be
found elsewhere [12].

 III. Experiments and Growth Conditions

The flight experiments were performed with the help of Société Européene de Propulsion (SEP)
by telecommanding. The experiments were initiated by heating the movable and stationary
furnaces to 750°C. This established a liquid zone approximately 340 mm long as depicted in
Figure 1. Melting and solidification experiments were performed by commanding the apparatus
to move the mobile furnace/heat sink structure. The fully open position was referenced as 1 mm and the
fully closed 150 mm. Increasing the furnace position corresponded to freezing and decreasing the
furnace position to melting.  Figure 4 is a plot of the MEPHISTO movable furnace position during the
USMP-4 mission.  Many of the experiments consisted of a freezing period where the furnace was
moved forward, a hold period where the furnace was kept stationary, and a melt period where the
furnace was moved back to the original position for the cycle with the opposite velocity of the freezing
period.  Figure 5 is an example with a start position of 115 mm, freezing for 15 mm at 13.5 µm/s, and a
hold period of 30 minutes, and then melting back to the 115 mm position at 13.5 µm/s. As shown in
Figure 4, the experiments included thirty-five freeze-hold-melt cycles during the mission and eleven
periods of final directional solidification. The experiments were performed over a range of solidification
rates from 0.74 to 40 µm/s. All of the flight experiments were commanded and controlled via telemetry
from the NASA-Marshall Payload Operational Control Center.

IV. Microstructural and Data Analysis

The micrographs in Figures 6(a)-(b) show the successive development of the microstructure as a
function of the distance and the growth velocity for the Seebeck sample. Figure 7 shows schematically a
summary of processing lengths and velocities as well as the microstructure in each section. Also shown
is the successive development of the microstructure as a function in the growth velocity. For solidifica-
tion at velocities below V2 the growth occurs in a planer mode, while cellular morphology is seen at V3
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through V6 velocities. The planar to cellular transition reveal many important aspects of the solidification
of faceted materials in microgravity as discussed in more detail in the following section. The initial (Earth
grown) microstructure of the samples is shown in Figure 8. The samples were produced from a homo-
geneous liquid through quenching. The optical micrograph in Figure 8 shows relatively uniform micro-
structure with a faceted cellular/dendritic morphology.

The development of a plane-front microstructure is illustrated in Figures 9(a)-(c) which show the
transition from a facet cellular/dendritic structure of the Earth-grown portion of the samples to a plane-
front morphology at the moving furnace interface. At all three interfaces, the initial cellular to plane-front
transition interface was sharply delineated. The optical micrographs show that only a few dominant
orientations emerge from the initial microstructure, which was found to be a common feature of all three
samples. The microstructure is characterized by a complete absence of the Sn-rich second phase
indicating plane-front solidification. It was found that the interface was associated with a sharp composi-
tional change, detected via electron microprobe analysis as presented later.

When an interface was revealed, for example during the interface breakdown, it was found that the
interface was nearly flat, with a slight curvature near the s/l/crucible triple junction. Upon closer exami-
nation, the boundary across each grain appears to be fairly flat, with the small angles between them
giving the appearance of an overall slight curvature of the interface, as shown by the micrograph of the
interface where the sample was quenched in Figure 10.

Microstructural examination of the microgravity-processed sections indicated that those regions of
samples grown at V3 through V6 velocities exhibited a morphological transition to a cellular growth
mode. The microstructural appearance of the cellular breakdown of event 15, V5 (Peltier sample) is
shown in Figure 11. A much narrower planar to cellular transition zone was seen at a higher growth
velocity (V5, V6) than that at lower growth velocity V3. More detail of the morphological transition will
be reported later.

The thermal profile in the MEPHISTO apparatus were monitored using nine thermocouples located in
each of the furnace diffusers and heat sinks. Four thermocouples were also placed inside the small
quartz capillaries within the Quenching and Peltier samples. The thermocouples in the heater and heat
sink diffusers were used to control the overall thermal conditions of the furnace. The thermal profile of
the samples, however, is not fully determined by the temperatures imposed by the diffusers, but also by
the properties of the sample to be processed. Therefore, the temperature field in the samples was
monitored using the four experimental thermocouples located within the samples. A typical thermal
measurement by three of the thermal couples is shown in Figure 12. Also shown in the figure is the
corresponding furnace position and the melting temperature. The temperature gradients in the solid and
liquid near the interface were measured as 260 and 204 K/cm for growth within the 6 mm quartz tube.

Figure 13 gives the temperature profile for ground- and space-based experiments within the
Peltier sample using thermocouple T4 in the ground-based experiment, and T4 and T6 in the space-
based experiments. (The positions of these thermocouples are marked in Figure 3.)  Note the tempera-
ture gradient for the space-based experiments within and outside the capillary for the space-based
experiments are both about 260° C/cm.  The thermal profile in the solid (below about 270° C) for the
ground-based experiments is very similar to the space-based measurements. However, the average
temperature gradient in the liquid for the ground-based mission is only about 100 °C/cm.
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A non-intrusive technique for studying interfacial undercooling is to measure the Seebeck signal gener-
ated by a solid-liquid-solid structure [13,14,15]. The technique enables a quantitative investigation of
interfacial undercooling including compositional and kinetic terms.  For the current loop pictured in
Figure 1, the Seebeck Voltage will be given by:

where w is the path, η  is the Seebeck coefficient, and ∇T is the temperature gradient. Here we have
assumed the Seebeck coefficient depends only on the phase of material, φ, the composition, c, and the
crystallographic orientation, θ.  For the equation to be valid, a necessary condition is that the integral
does not depend on the path taken within the material. This could be violated, for example, if there are
alternate paths through materials with different Seebeck coefficients. For the present setup, TA = TF
(where T refers to temperature, and the subscript the position), TB= TE, and the wires from A to B and
F to E are the same material. (The MEPHISTO apparatus can monitor and control the end tempera-
tures of the sample to within 0.01°C.) If it is assumed that the Seebeck coefficients for the solid and
liquid do not vary with concentration, temperature or structure, the resulting signal for the simplified
conditions will be:

where η
S
 is the Seebeck coefficient for the solid, and  η

L
 is the Seebeck coefficient for the liquid. Since

T
B
=T

E
, this simplifies to E

S
 = -(η

S
- η

L
)(T

D
-T

C
).  If the Seebeck coefficient of the liquid and solid are

known, then one can determine the difference in temperatures of the two solid-liquid interfaces. The
temperature at the stationary interface, T

D
, is given by the phase diagram in Figure 2. The equation

simplifies to:

where η
S/L

 is the difference in the Seebeck coefficient of the solid and liquid near the melting tempera-
ture.

Figure 5 gives the Seebeck signals acquired for a ground- and a space-based experiment. Each con-
sisted of solidification, hold, and melt period as previously described. The Seebeck signal for the
ground-based experiment rose during freezing, fluctuated around an average value for the hold, then
decreased during melting. The fluctuations in the signal are due to hydrodynamic mixing in the liquid. It
was observed that the magnitude of the fluctuations strongly depended on the maximum temperature of
the melt. The signal for the space-based experiment had an initial increase, then decreased during
freezing. After the furnace stopped, the signal increased due to the interface temperature increase
caused by the exponential decay of solute at the interface. During melting the signal decreased, then
increased back to near its initial value before the freeze-hold-melt cycle was begun. The differing
behavior of the ground- and space-based Seebeck results may be due to the differences in the amount
of solute build-up at the interfaces as well as structural changes in the solid. As such, the results can not
be explained by the above mentioned simplified equation that is based on the assumption that structure
and composition do not affect the Seebeck coefficient of the solid or the liquid. More accurate analysis
of the Seebeck data can be found in Reference [16].

A mathematical model of heat, momentum and solute transfer during directional solidification of binary
alloys in a Bridgman furnace has been developed by the Computational Fluid Dynamics Research
Group at the University of New South Wales, Sydney, Australia. The results of the calculations are
being compared with those of the experiments for the purpose of better interpretation of the data, as

Εs=� 
F 

A
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well as the determination of the property values of bismuth. The model uses a fixed grid single domain
approach (enthalpy method) to incorporate the effects of coupling with the phase diagram (a concentra-
tion-dependent melting temperature) and of thermal and solutal convection on segregation of solute,
shape and position of the solid/liquid interface.

Two numerical approaches are being employed. In the first, the primitive variable equations are solved
by a finite volume discretization, using a commercial flow code CFX 4.1. in the second, a finite differ-
ence/finite volume discretization of the vorticity-stream function formulation of the equation is solved by
an in-house code SOLCON. Figure 15 compares results of one such calculation with the experimentally
determined solute concentration at two velocities. The distribution of solute concentration in the solid
along the center line of the sample is shown in Figure 15a. Numerical solutions were obtained from the
experimental samples. Figure 15b shows the distribution of solute concentration across the solid. Both
axial and transverse numerical distributions are in very agreement with the experimental results. More
detailed comparison can be found in  Ref erence [17].

V. Summary

Many of the parameters important for studying morphological instabilities were successfully
measured during directional solidification of Bi 1 at % Sn. The Seebeck signals and calculated tempera-
ture gradient in the liquid for the ground- and space-based sets of experiments were significantly differ-
ent. The differences are consistent with strong hydrodynamic mixing in the liquid during the ground-
based experiments. The analysis of the Seebeck measurements indicate that for bismuth-based alloys,
the structure and composition of the solid alloy have strong influences on the Seebeck signal generated.
The microstructural examination of the directionally solidified samples reveals strong influences of
interfacial kinetics and anisotropy on the morphological instability of the solid-liquid interface.
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Figure 1. MEPHISTO Apparatus is shown with two furnace/heat sink structures.  The three long
cylinders going through the two furnace/heat sink structures are the Quenching, Peltier, and Seebeck
Samples.  The three samples are subjected to the same temperture field, except the Seeback sample

has additional temperture regulation to maatch the temperature at its ends.  The furnace/heat sink
structure on the left can move, causing melting or solidification at the moving solid-liquid interface.  In
the schematic of the Seebeck sample the ends marked B and E while the solid-liquid interfaces are

marked C and D.  When solidifying/melting at the moving interface, the tempertures at C and D will not
be the same due to compositional and kinetic undercooling/superheating.
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Figure 2.  Phase Diagram for the bismuth-tin system.
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Figure 3. Configurations for the Quenching, Peltier, and Seebeck  samples.  The samples consist of 5.87
mm diameter cylinders of Bi-1 atomic % Sn alloy which are contained in quartz tubing.  The four
thermocouples (the Quenching and Peltier each has two) are labeled T1, T3, T4, and T6.  The

Seebeck capillary is a 2mm  i.d  quartz tube on the left of each sample.  The triangles indicate position
of  electrical contacts.  A small cut in the capillary tube for the Peltier sample allows current to flow in

the alloy inside and outside the capillary.
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Figure 4.  The MEPHISTO moving furnace position as a function of days into USMP-4 mission.  The
velocities for V0.5, V0.6, V0.8, V1.5, V2, V2.5, V3, V3.5, V4, V5, V6 are 0.74, 1.11, 1.48, 1.85,

2.59, 3.7, 5.2, 6.7, 10, 13.3, 26.7 and 40 µms/s respectively.

Figure 5.  Seebeck signal and position for ground-and space-based experiments for solidification at
13.5 µm/s.  The moving furnace position as a function of time into the experiment is very similar  for the

two experiments.  The ground-based experiments have noticeable fluctuations inthe Seebeck signal,
presumably from hydrodynamic mixing in the melt.
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Figure 6a.  Microstructural evolution of the Seebeck sample from the Earth grown material to growth in
the capillary section.

Figure 6b. Continued microstructure of the Seebeck sample extending into the section outside the
capillary and finishing in the region where translation finished.
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Figure 8:  Detail of Earth-grown section showing a faceted cellular/dendritic structure.

Figure 7:  Summary of sample sections preserved during final solidification.  Sections with horizontal
lines indicate cellular breakdown.
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Figure 9a. Composite image of the initial growth of the quench sample.  The initial Earth-grown structure
on the left hand side shows a faceted cellular dendritic morphology.  The transition to plane-front growth

is visible in the space-grown material on the right hand.

Figure 9b. Composite image of the initial growth of the Peltier sample showing structure to the quench
sample.  The break in the micrograph is where the sample was cross sectioned.
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Figure 9c.  Composite image of the initial growth  of the Seebeck sample showing a similar structure to
the previous samples.  Twins are visible in the capillary section.
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Figure 10.  Composite micrograph of quenched section of the quench sample showing the S/L interface
shape.
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Figure 11. Detail of Peltier sample showing a V5 breakdown outside of the capillary region.
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Figure 12.  Thermal measurement by the three thermocouples.

Figure 13.  MEPHISTO thermal profile for ground and space based mission.  Above the melting point
of the liquid the temperature gradient for the ground-based experiments is significantly lower indicating

convection.  The profile is very similar inside and outside capillary  on space-based experiments.
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Figure 14.  Resistance and furnace position change as a function of processing time during event 11Q2
in  MEPHISTO  experiment.
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Figure 15 (a).  Solute concentration in the solid along the center line.

Figure 15 (b).  Solute concentration in the solid along the vertical lines.
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MORPHOLOGICAL STABILITY OF FACETED INTERFACES

R. Abbaschian1, V. D. Golyshev2, M. Gonik2, V. Tsvetivsky2, G. de Vahl Davis3,
and E. Leonardi3

1Department of Materials Science & Engineering, University of Florida
2Center of Thermophysical Research (CTR), Russia

3University of New South Wales, Australia

The major focus of this investigation is to study the fundamentals of layer spreading mechanisms
during growth of doped Ge (a facet forming material), and to determine the conditions for mor-
phological instability of vicinal solid-liquid interfaces.  The investigation will also lead to the
determination of the effect of dopants on the layer growth kinetics, step free energy, and dopant
capture by the advancing ledges.

The theoretical treatment of growth of faceted interfaces indicates that the kinetics of a step on a
growing vicinal interface considerably depends on its angle of inclination, the melt concentra-
tion, and characteristics of flow currents in the melt.  The morphological stability of the interface
also depends on these parameters, as well as on the density and spreading velocity of the steps.
However, the treatment of the instability of the interface by the layer growth mechanism is rather
difficult because it requires exact knowledge of the thermal and solutal fields, hydrodynamics of
the melt, and supercooling at the interface.  The results of recent space experiments of the princi-
pal investigator involving directional solidification of faceted Bi-Sn alloys have shown that the
morphological stability of various crystallographic orientations is significantly affected by the
anistropy in interfacial properties of the faceted alloy in general, and the interface kinetics in
particular.  These findings have also raised many important and fundamental questions, particu-
larly with respect to the behavior of interfacial steps, which need to be addressed via additional ground-
based and microgravity experiments.

For the present investigation we will use a novel crystal growth technique which provides axial heat flux
close to the solid-liquid boundary.  The Axial Heat Processing (AHP) technique allows for precise
control and determination of the heat and mass transfer close to the crystallization front, and the estab-
lishment of a planar interface over the entire cross-section of the growing crystal.

The project began in June 2000, under NASA grant # NAG8-1673.
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VIBRATIONS AND G-JITTER: TRANSPORT DISTURBANCES DUE TO RESIDUAL
ACCELERATION DURING LOW GRAVITY DIRECTIONAL SOLIDIFICATION AND

DIFFUSION EXPERIMENTS

J. Iwan D. Alexander1,2 *, J. P. Kizito2, and M. Kassemi2

1 Department of Mechanical and Aerospace Engineering, Case Western Reserve University
2National Center for Microgravity Research on Fluids and Combustion

The proposed research involves a four-year program of ground-based research leading to the
definition of a set of benchmark flight experiments. The experimental objectives are to character-
ize the response of heat and species transport in a directionally solidifying model transparent
alloy system subject to well-characterized imposed vibrations and, ultimately, to spacecraft
residual acceleration.  The experiments will:
· Quantify the effects of residual acceleration on transport during directional solidification

· Investigate, as part of the flight experiment definition, modulated 1g convective transport in
solidifying succinonitrile-ethanol (SCN-E) and succinonitrile-water (SCN-W) melts using high
and low frequency translational and rotational vibrations

· Investigate single and two-liquid phase melt responses

· Compare thermo-solutal and dominantly thermal convective responses to vibration (facilitated
by the weak dependence of SCN-W density on composition)

· Investigate the possibility of using vibration for transport control (e.g., for melt homogenization
or rehomogenization).

The candidate systems for carrying out the experiments are succinonitrile-ethanol (SCN-E) and
succinonitrile-water (SCN-W).  A generic phase diagram is shown in Figure 1.  These systems
have been chosen because, depending on composition, the melt can be single phase with two
components, or can be composed of two liquid phases and are reasonable model systems for
montectic metal alloys. Both systems have been the subject of previous holographic interferometric
studies [1-4] in which flow regimes during solidification under terrestrial conditions were qualita-
tively characterized.  For SCN-W, especially at temperatures in excess of 40°C, the change in
density due to composition is insignificant in comparison to that caused by temperature. In contrast,
compositional density changes are comparable to temperature induced density changes.  (For
example, a 10 wt.% change in ethanol concentration leads to density change of approximately 5%
while a 10°C change can lead to between 1% and 10% density change depending on whether the
melt is ethanol rich or SCN-rich.   The Prandtl number for both systems is of the order 10-1.
Further details concerning the thermophysical properties of these systems can be found in Refer-
ences. [4-7].

∗ Corresponding author
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Figure 1. Generic Phase Diagram, SCN-[W/E] [4]

The rationale for choosing these systems is that they cover a range of fluid properties including a
two-phase melt, one system exhibits a dominantly temperature dependent melt-density while the
other depends strongly on both density and composition. For dilute SCN-rich or water (ethanol)
rich systems (regions VII or I in Figure 1) this will allow comparison of the behavior of dominantly
thermal and thermo-solutal convective effects.  In the two-phase liquid regions, the effects of g-
jitter (and thermocapillary driven motions) on liquid droplet and bulk transport will be investigated.
Ground-based experiments will be conducted to determine the operating conditions suitable for the
space experiments and, as far as possible characterize, the response to g-jitter type vibrations.
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THE EVOLUTION OF DENDRITE MORPHOLOGY
DURING ISOTHERMAL COARSENING

Jens Alkemper and Peter Voorhees

Department for Materials Science and Engineering, Northwestern University
Evanston, Illinois, USA

The project studies the evolution of dendrites during isothermal coarsening for Sn-dendrites in a Pb-Sn
matrix phase. The matrix is liquid during the coarsening process to ensure significant coarsening in a
reasonable amount of time. This system has been chosen because it has been extensively studied in the
past with respect to coarsening, particularly in the Coarsening in Solid-Liquid Mixtures (CSLM) project
– see Reference [1].

The process of dendrite coarsening is crucial to all casting processes where dendrites are formed in the
early stage of the cooling process. All dendrites subsequently coarsen until the structure is completely
solidified. In order to study the effect of the coarsening process on the overall microstructure it is useful
to design the experiments so that the coarsening happens isolated from the overall solidification but still
involves a dendritic microstructure. Once the coarsening of dendrites has been studied it can be fed
back into the understanding and simulation of casting processes. The results thus will provide new
insights into dendritic coarsening as well as  guide simulations of solidification processing with respect to
coarsening.

Usually the coarsening of dendrites is evaluated using the secondary dendrite arm spacing determined
from planar sections through the microstructure – see figure 1. It has been found, that the secondary
dendrite arm spacing grows proportional to the time available for coarsening with an exponent of 1/3.
This underlines the general similarity to particle coarsening.

Figure 1.  Secondary arm spacing versus local solidification time for Al-Cu from Bower et al. [2]
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In this research the microstructures will be evaluated using a newly developed serial sectioning method.
A similar method has been employed by Wolfsdorf et al. [3] for connected particle structures in the
lead-tin system. Figure 2 shows an example from their research of a microstructure that was serial-
sectioned and then reconstructed. It gives a good impression of the possibilities using such a method.
The method, however, has been greatly improved since, allowing now to take sections as little as 2µm
apart and at a rate of ca. 15-20 sections per hour.

Figure 2. Tin particles reconstructed from 80 cross-sections. The sections were spaced apart ca. 20µm.

Measurements will be done with respect to the full three dimensional microstructure instead of the usual two-
dimensional cross-sections. This allows us to evaluate the curvatures of the dendrite surface and the genus
(see figure 3) per volume of the dendrites. The curvatures are of particular interest since they provide the
driving force for the coarsening process due to the Gibbs-Thomson effect. The role of the genus with respect
to coarsening is not clear, but it is important for the materials parameters after the process. Attempts have
been made earlier to show the link between the curvature distribution of a dendrite surface to the overall
coarsening process, but they were clearly limited by the experimental techniques available. The genus of
dendritic microstructures has not been measured at this time. In order to compare the results to existing
literature we will further determine the secondary dendrite arm spacing from two dimensional cross-sections.

Figure 3. The topological genus of various tori is given by the number of cuts with closed curve that can
be applied without splitting the torus into two parts (taken from Stereological Methods [4]).
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INTRODUCTION

Molding operations involving low-viscosity polymers are commonly used to manufacture net-
shape components quickly and inexpensively.  Molding is usually characterized by the displace-
ment of air in a cavity by a polymeric resin which is either cooled or cured to form the final solid
part.  During filling the interface between the polymer and the air, referred to as the free surface,
progresses through the cavity. The dynamics of this free surface can affect heat transfer as well as
the curing rate in the mold, and thus the mechanical properties of the molded part.  During mold
filling the bottom of the fluid front may sag due to gravity, thus forming a nonsymmetric free
surface.

The experimental and theoretical studies dealing with free surface shapes published in literature
often do not approach the problem from a mold filling perspective.  Those related to mold filling
typically neglect gravity effects on the free surface.  The most common approach in determining
the free surface shapes in molding is to assume the capillary number is high and that viscous
forces dominate surface forces.  For instance Behrens et al. [1] calculated and experimentally measured
axisymmetric free surface shapes.  In reference [1], surface effects, such as those due to surface tension
and contact angle, are ignored and the fluid front shape is completely dictated by the flow kinematics.

Other studies dealing with free surface shape include research on the motion of contact lines
[2,3].  These address the issue of the viscous stress singularity and so called slip length used in
the analysis of moving contact lines, but do not address the free surface shape over the entirety of
the free surface.  Closely related are investigations in determination of the dynamic contact
angles [4-6].  Again, the focus of such studies is on the flow dynamics near the contact point.
Blake investigated gravity effects on free surface shape in mold filling [7,8]; however this study
involves a vertically aligned cavity in which gravity does not cause an asymmetric fluid front.
Several studies have been performed which include gravity effects on the spreading of a liquid
drop on a solid surface which do include gravity effects on the shape and motion of the free
surface (e.g. Chen, et al. [9] and Hocking [10]), but not in a mold cavity.

The purpose of the current study is to experimentally study the effect of gravity on the free surface shape
during the filling of a mold cavity.  It is of particular interest to determine the important non-dimensional
parameters governing the fluid front dynamics.  Towards this end, mold filling experiments are per-
formed to characterize the spreading of the fluid front during the filling of a disk-shaped cavity.  The
effects of Reynolds, Bond, and Capillary numbers on spreading are studied.
* Corresponding author
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I. Effects of Gravity on Mold Filling

Spreading at a radial location in a centergated disk shaped cavity can be characterized by the
Reynolds, Bond, Capillary numbers and by the contact angle, α, which is assumed constant in the
current study.  For the filling of a mold, the first three non-dimensional parameters can be ex-
pressed as,

(1)

where ρ, σ, and µ are the fluid properties density, surface tension, and viscosity; L is the gapwidth; and
u is the average local velocity.  These numbers are defined at the location of the first fluid front probe
(R

 
= 2.0 inches), thus the velocity, u, represents the average velocity at R

 
 = 2.0 inches.  For macro-

scopic analysis, a Reynolds number to characterize the flow regime can be expressed in terms of the
volume flow rate as

(2)

 The dependence of spreading on Reynolds, Bond, Capillary numbers and contact angle needs to be
fully understood through carefully designed experiments.  Towards this end, the following physical
parameters can be changed in filling experiments: gapwidth, L; volume flow rate, Q; viscosity of the
fluid, µ, its density, ρ, and the surface tension, σ.  For a given fluid and the mold surface the contact
angle can be determined.  Then two of the remaining three non-dimensional parameters need to be kept
constant while changing the third one.  This requires the adjustment of all the physical parameters (i.e.,
L, Q, ρ, σ, and µ) in a unique manner.  In order to allow arbitrarily specified non-dimensional param-
eters, glycerol diluted with water is used as the filling fluid.  Different volume fractions of glycerol, f, in
the mixture yield variations in fluid properties.  Additionally, the molding setup allows the gap width and
flow rate to be varied, thus all the noted physical parameters can be controlled.

There are five unknown physical parameters for each specified set of non-dimensional values, thus the
three equations in (1) are not sufficient to determine the required experimental conditions.  However,
three of the unknowns, i.e. ρ, σ, and µ, are related in that they are physical properties of the filling fluid.
Experiments are performed to obtain the dependence of these on the volume fraction of glycerol in the
mixture, and each are expressed as functions of f.  The fluid properties are substituted into equations
(1), and manipulated to yield a single equation, leaving the volume fraction, f, as the only unknown [11],

(3)

For a desired set of non-dimensional parameters, equation (3) is solved implicitly for f.  The volume
flow rate and gapwidth are subsequently found by using equations (1).

II. Experimental Setup

An experimental molding setup for observing and characterizing flow during the filling of a disk shaped
cavity has been constructed.  The experimental setup consists of the following components: an as-
sembled mold cavity, a peristaltic pump and tubing system for fluid transfer, and a data acquisition
system.  The 9.0 inch radius centergated disk shaped mold cavity, depicted in figure1, is formed by
placing spacer plates between 1.0 inch thick Plexiglas mold walls.  Spacer plates are cut from 20x20-
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inch aluminum or acrylic sheets with an 18-inch diameter disk shaped cut from its center.  Several
spacer plates with thicknesses ranging from 1/16 to 1/2 inch are fabricated and can be combined to
provide gapwidths from 1/16 to 1 inch.  Fluid is injected by the peristaltic pump at constant flow rate
through an inlet gate with a diameter that can be varied from 0.125-0.375 inch.  Figure 1 shows the
radial locations of pressure transducers and fluid front sensors which are connected to the data acquisi-
tion system.  Figure 2 provides a closer view of the fluid front sensors and how they detect spreading of
the free surface. Figure 2a shows a typical fluid front as it might appear without spreading in the absence
of gravity, while figure 2b shows a front which has sagged due to gravity.  The sensors are mounted at
three radial locations in the disk, R

 
 = 2, 4, and 6 inches, and each consists of two small pairs of termi-

nals mounted on the top and bottom walls.  Each has a power terminal and three numbered sensing
terminals as illustrated in figure 2.

A sensing circuit in conjunction with the data acquisition system detects when the front contacts
each sensing terminal by measuring a resistance drop.  The three sharp voltage increases repre-
sent the fluid front contacting the three terminals.  The derivation for obtaining spreading based
on the fluid contact times and geometry has been calculated previously and will not be presented
here [11].  It was shown that spreading S, is the difference between the radii Rc and Rb, and is calcu-
lated using the two known radii Ra and Rb and these three fluid front contact times t1, t2, and t3 as

(4)
III. Results

Spreading results for eleven sets of experiments in which the Reynolds and Bond number are varied are
depicted in figure 3.  Each experiment in a set is repeated between four and seven times to minimize
statistical error.  There are three groups of three curves, representing the three radii, R, at each of the
three Bond numbers.  The largest errors are observed near at R = 6.0 inches at the highest Bond
number, where spreading is the highest.  In all nine curves, spreading is seen to vary linearly over the
range of Reynolds numbers studied.  In most of these experiments, two orders of magnitude change in
Reynolds number did not significantly affect spreading, as shown in figure 3.  However, Bond number is
observed to significantly affect spreading at all Reynolds numbers.  Figure 3 shows that spreading
increases by an order of magnitude due to a small increase in Bond number at all Reynolds numbers.

At Bo = 8.2, spreading is observed to be least near the inlet, and increases as the fluid decelerates
radially through the cavity.  At Bo = 5.75 however, spreading is nearly identical on the R = 2 and R = 6
in. lines, and noticeably higher at R = 4 inches.  At Bo = 4.35 the same behavior is observed at R = 4.0
inches.  The increase in spreading at R = 4 at these Bond numbers is pronounced enough to be visually
observed through the Plexiglas mold walls.  This phenomenon is believed to be due to inlet effects as
spreading is measured to be at the order of inlet diameter.

Figures 4-6 contain sets of spreading data obtained from different mold radii as a function of Bond
number.  In these figures, the error bars are the same as in figure 3, thus they are not included for clarity.
In each figure, the variation of spreading at different Bond numbers is shown for three different Reynolds
numbers.  In figure 4, inlet effects at R = 2 are observed for the lowest Reynolds number, i.e., Re =
0.04.  The spreading for Re = 1.0 and Re = 2.0 increases with Bond number and have a slightly nega-
tive radius of curvature.  These curves demonstrate the previously observed trend that Reynolds number
has minimal effect on spreading, in particular at low Bo numbers.  The Re = 0.04 curve matches the
others at the lower two Bond numbers as well, but is observed to deviate from the others as the Bond
number is increased.  This is due to the inlet effect where a very slow flow at a high Bond number runs

S =       - Rb .� Rb
2 +

(Rb
2 - Ra

2)(t2 - t1)
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along the bottom mold wall before the fluid ever contacts the top mold wall.  An interesting extension of
this behavior is observed near this range of non-dimensional parameters, when the fluid spreads several
inches along the bottom wall before the top touches, at which point the bottom of the fluid front slows
down considerably for a brief instant while the top rapidly progresses ahead.

In figure 5, spreading measurements are shown at R = 4.0 inches, farther from the inlet.  There is still a
slight inlet effect visible for Bo = 8.7, but in general the curves have condensed and are similar for each
Reynolds number.  Spreading at this radius is observed to increase by almost an order of magnitude
when the Bond number is doubled.  The curves for these Reynolds numbers are nearly linear.  The data
from R = 6.0 inches, depicted in figure 6, exhibits a similar significant increase in spreading with Bond
number, however in this case the curves are concave indicating around one-inch spreading at R = 6.0
inches.

Similar mold filling experiments are performed holding the Bond number constant at 5.75, and
the Reynolds number constant at 1.0, while varying the Capillary number between 0.006 and 0.2.
Results from these experiments are presented in figure 7, with the spreading measurements are drawn
with a 95% confidence interval.  Figure 7 displays the general trend that spreading decreases with
increasing Capillary number.  Increasing the Capillary number translates to increasing both the volume
flow rate and the fluid viscosity in terms of physical parameters.  The dependence of spreading on
Capillary number is less pronounced than the dependence on Bond number.  The reduction in spreading
is approximately 50%, as Capillary number is increased nearly two orders of magnitude.  The graphs of
spreading vs. radius demonstrate the phenomena observed in the previous data set, where spreading
increases from the inlet to a maximum at R = 4 in. at which point it begins to decrease again.
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Figure 2.  Schematic cross section of fluid front
probe and a fluid front, a) without spreading; b) with

spreading due to gravity.

Figure  5.  Spreading  versus Bond Number
for Each Reynolds Number at R=4.0 inches

with Ca=0.02.

Figure 1. Cross section of experimental mold cavity.

Figure  4.  Spreading  versus Bond Number for
Each Reynolds Number at R=2.0 inches with

Ca=0.02.

Figure 3.  Spreading  versus Reynolds
Number at Each Radius for Three Bond

Numbers with a 95% Confidence Interval.
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Figure  6.  Spreading  vs. Bond Number for
Several Reynolds Numbers at R=6.0 in with

Ca=0.02.

Figure 7.  Spreading vs. Radius for Each Capil-
lary Number with 95% confidence interval.

Re=1.0, Bo=5.75
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In the materials industry, there are several crystal growth techniques which use liquid precursors,
including the Bridgman and Czochralski techniques.  In each of these methods, a semiconductor
melt undergoes solidification, resulting in the formation of a crystalline phase.  These techniques,
however, often suffer from the disadvantage that the quality of the crystal product is adversely
affected by the presence of convection which may exist in the melt.  This convection is induced
when an enclosure of fluid is heated from below and/or cooled from above.  The temperature
gradient will cause the density of the cooler fluid at the top of the container to be greater than the
warmer fluid on the bottom; therefore, gravity will begin to pull the cooler fluid downward.  This
displaces the warmer fluid on the bottom, and the system begins to convect.  This process is
called buoyancy-induced convection or gravity-induced convection.  Microgravity has been
proposed as an environment where gravity-induced effects do not occur, and the resulting con-
vection does not develop.

The dynamic state of fluids heated from below is determined by the Rayleigh number, a dimensionless
group defined as the ratio of the buoyancy forces to the diffusion forces.  There are three important
values of the Rayleigh number at which important processes begin, and are denoted the first, second,
and third critical Rayleigh number – Rac1, Rac2, and Rac3 – and delineate the bifurcation to steady,
oscillatory, and chaotic flow.

I. Proposed Solution – Sensing Convection via Electrochemical  Measurements

An electrochemical method to visualize this convection has been developed which establishes initial and
boundary conditions for a tracer species and subsequently monitors the dynamic response (Sears et al.
1992, Prasad et al., 1999).  The solid-state electrolyte yttria-stabIlized zirconia (YSZ) are fabricated
into sensors that are attached along the periphery of the enclosure (see Figure 1).  The YSZ electrolyte
has the property that it selectively allows for the transport of oxygen into the liquid tin.  Assuming that
the flow configuration of the tin is fully developed, the now dissolved oxygen acts as a tracer specie as it
follows the path of the convective flow.  Other YSZ sensors, strategically placed along the side of the
enclosure detect the presence of the oxygen as the flow carries the dissolved oxygen.  One then obtains
a sensor response over a period of time.  Numerical calculations of convection are performed in this
work to calibrate these sensor responses.  That is, for an experiment conducted at a particular aspect
ratio and Rayleigh number, what flow configuration does one expect?  Calculations such as those
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presented in this work will serve as a benchmark in translating a particular sensor response into an actual
flow configuration.

There are several techniques for visualizing convective flows (Eisele et al. 1998); however, this electro-
chemical sensing technique is advantageous over existing methods for many reasons, the first of which is
its non-intrusiveness (the oxygen levels are typical of those present in liquid metal processing).  This
electrochemical measurement system also has the advantage that it does not require the use of tracer
particles which, if used in crystal growth experiments, would ruin the quality of any product.  Finally, this
technique is also highly adaptable to microgravity studies given power, weight, safety, and signal level
requirements.  The electrochemical method to visualize flow provides a fresh approach to a difficult
problem that has the potential not only to enhance the understanding of the fluid dynamics of low Prandtl
number fluids, but also provide a critical experimental link between computational fluid dynamics and
processed material properties.

In order to quantify the convective component accurately, an accurate assessment of the diffusive effects
must be undertaken.  Fortunately, the electrochemical measurement technique used in this study is
capable of making accurate diffusivity measurements.  To do this, an isothermal fluid is arranged perpen-
dicular to gravity and is given an initial concentration of oxygen by electrochemically titrating oxygen
from a Cu/Cu2O reference electrode.  The oxygen transports from the reference electrode, and is
dissolved into the studied fluid (for this study, tin and tin/lead alloys are studied).  A concentration
gradient is then induced by depleting oxygen from either the top or bottom of the fluid (that is, bottom-
heavy or top-heavy in oxygen).  The diffusivity can then be followed by measuring the EMF at the YSZ
sensor at the opposite end of the fluid and analyzing the results with the large-time approximation of the
one-dimensional axial diffusion equation.

Figure 1.  Prototype of Electrochemical Measurement System.
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II. Convection  Measurements – Calculations

A computational fluid dynamics model was developed for this study, using the finite-difference method of
Patankar (1980).  The modeled geometry is a three-dimensional rectangle with all no-slip walls except a
top, stress-free surface.  The top and bottom walls are taken to be isothermal, while the others are as-
sumed adiabatic.  Rectangular geometries are used in this study because their expected flow configurations
are more complex than for other co-ordinates because of the presence of corner effects, which leads to
more robust sensor predictions.  Liquid tin (Pr=0.008) was used as the model fluid for all simulations.  The
non-dimensional transport equations are

(1)
for continuity,

(2)
for momentum, and

(3)

for energy, where the Boussinesq approximation has been assumed in the body force terms of the
momentum balance.

III. Results

The results presented are limited to the oscillatory bifurcations of liquid tin at the second critical Rayleigh
number.  To determine Rac2, a calculation was performed with a Rayleigh number greater than Rac1
using converged Rac1 velocity profiles obtained previously (Crunkleton et al., 1999) as initial guesses.
If, for a particular Rayleigh number calculation, no periodic oscillations are detected, its velocity and
temperature results are used as initial guesses for the next calculation with an increased Rayleigh number.
This process is repeated until oscillations are detected.

Aspect ratio of 0.25
Using a  mesh, oscillatory convection starts at a Rayleigh number of 250,000, which is relatively close to
the first critical Rayleigh number of Rac1 

= 200,000.  Figures 2a and 2b show the oscillatory nature of
this flow for Ra = 400,000.  (The Rayleigh number is somewhat higher than Rac2 to amplify the oscilla-
tions, to be easier to visualize graphically).

A macroscopic visualization of the flow periodicity is given in Figure 3.  The flow starts in 3(a) with one
main circulation containing two small rotating cells inside this main circulation.  In addition, smaller

Figure 2.  Oscillatory flow for Ra=400,000, γ=0.25, and Pr=0.008.
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corner cells lie diagonally opposite from each other.  In Figure 4(b), the two small rotating cells have grown in size
and the velocity has increased.  The larger diameter cell has broken down into two smaller cells, and conservation of
angular momentum dictates that the velocity of the smaller cells should increase.  In Figure 3(c), the center roll begins
to develop in a diagonally-opposite direction to that in Figure 3(a).  The above description is again repeated in the next
half of the cycle.

Aspect Ratio = 1.0
Using the steady velocity profile of a single cell at a Rac1 of 3550 and a  mesh, the second critical
Rayleigh number was determined to 83,500.  The velocity components and dimensionless temperature
for Ra = 85,000 are shown in Figure 4, showing definite periodic oscillations.

Figure 4.  Oscillatory flow for Ra=85,000, γ=0.25.

(a) (b)       (c)
Figure 3.  Macroscopic visualizations of oscillatory flow for γ=0.25.
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Aspect Ratio = 2.0
With a 30x30x20 mesh, the calculated first critical Rayleigh number of 1900 predicts a double-celled pattern,
and oscillations begin at Ra = 30,000.  The oscillations that were detected, however, were not periodic, as
shown in Figure 5.  Even as the Rayleigh number was increased further, this same type of pattern was ob-
served.  We are currently studying this aspect ratio in more detail.

IV. Diffusivity Results

The results obtained for tin and tin/lead alloys obtained thus far are listed in Table 1 and clearly show that the
measured diffusivity for the top depletion arrangement is consistently larger, indicating the presence of convec-
tion in the liquid.  Currently, effort is under way to perform similar experiments of a variety of other tin-lead
alloys.

n

1.0

0.1

0.9

(a) Bottom   Depletion

(b) Top Depletion

(a) Bottom Depletion

(b) Top Depletion

(a) Bottom Depletion

(b) Top Depletion

1.69 x 10-7 exp(-3160/T)

3.75 x 10-7 exp(-3650/T)

2.08 x 10-7 exp(-3460/T)

4.84 x 10-7 exp(-4000/T)

1.97 x 10-8 exp(-2070/T)

3.25 x 10-7 exp(-4370/T)

756-1000

758-1055

772-1076

767-1028

760-959

787-956

Temp. range
(K)

D0=A exp (-B/T)
m2/s

XS

Table 1.  Diffusivity measurements.

Figure 5.  Oscillations for Ra=30,000, γ=2.0.
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V. Conclusion

The calibration of the electrochemical measurement sensor has spurred a study of the steady-oscillatory
flow transitions which occur in liquid metals and semiconductors.  In this work, the results have been
systematically characterized for a variety of Cartesian aspect ratios.  Additionally, important details
about the structure of oscillatory flows are made.  Finally, the beginning of the characterization of the
diffusivity of oxygen in liquid tin and tin-lead alloys have been made, with particular emphasis on the
evidence of convection in these measurements.
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WETTING CHARACTERISTICS OF IMMISCIBLES
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INTRODUCTION

Binary immiscible alloys form two separated liquids on melting that exist over a temperature and composition
range.  Many desirable characteristics and applications have been proposed for these alloys (1-4). For
example, some immiscible alloys show promise for use in medical applications, including use as filters for sub-
micron particulates.  Other alloys are expected to exhibit Type II superconductivity or high coercive magnetic
field strengths. In order to obtain these desirable characteristics, it is necessary to prevent the normal segrega-
tion problems that hinder the ability to form desired microstructures in immiscible alloy systems.

The most common segregation mechanism in immiscible alloys is gravity-driven sedimentation.  This difficulty
usually occurs during normal ground based processing in an attempt to form a dispersed microstructure.
Microgravity processing should provide a solution to this problem.  However, segregation has been observed
in low gravity processed immiscible alloys (5-10), as shown in Figure 1.  There are obviously some critically
important, but less studied, factors that influence segregation during microgravity processing.  These factors
include the interfacial energies between the phases (11), alloy/ampoule reactions (12), droplet migration due to
gradients in surface tension brought about by temperature and compositional inhomogeneities (10), the relative
volume fractions of the immiscible phases (7), and alloy/ampoule wetting characteristics (7, 12-14).

The wetting characteristics of immiscibles (WCI) project, which flew aboard NASA’s  fourth United  States
Microgravity Payload (USMP-4) mission in November 1997, was designed to provide new and critically
important information on the sequence of events that lead to this massive segregation.   In this investigation,
transparent immiscible metal analog samples were used in order to study how the wetting behavior between
the immiscible phases in hypermonotectic samples and the ampoule influence segregation.  During the USMP-
4 mission, the succinonitrile-glycerol (SCN-GLY) alloy system, which has been used by several researchers in
past studies, was selected because the segregation process could be directly observed.  This alloy system also
exhibits a reasonable monotectic temperature, as shown in Figure 2.  The succinonitrile-water (SCN-H20)
alloy system is also being considered as a possible system for use in future flight investigations.

Figure 1.  Early experiments carried out to form dispersed structures in immiscible alloy systems often
resulted in massive segregation of the minor phase liquid phase to the container wall.
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I. Background

While, there are several operative segregation mechanisms in microgravity processed immiscible systems, one
of the most important of these mechanisms appears to involve the wetting characteristics between the immis-
cible phases and the ampoule (7, 12-14).  When an immiscible (i.e. hypermonotectic) alloy is cooled into the
miscibility gap, droplets of one of the liquid phases will form in the other.  One theory postulates that if the
lower volume fraction immiscible phase perfectly wets the ampoule, segregation will occur.  Droplets that
touch the ampoule will immediately wet the wall and spread along it.  The flow produced in the adjacent liquid
by this spreading action brings additional immiscible liquid droplets to the wall where the process is repeated.
This sequence of events usually results in massive segregation where the low volume fraction immiscible liquid
phase is found along the ampoule wall surrounding a core of the high volume fraction phase.  Figure 3 sche-
matically depicts this series process.

There is also speculation that nucleation events may be strongly affected when the minor phase perfectly wets
the container wall.  For perfect wetting, the surface energy of the system is actually reduced once nucleation
has taken place.  This results in no surface energy barrier to heterogeneous nucleation of perfectly wetting
droplets on the ampoule wall.  Obviously, heterogeneous nucleation would also result in the minor phase being
found along the ampoule wall.

Another factor that has an influence on the segregation process is the volume fraction of the minor phase.
Alloys in which the minor phase is present at a higher volume fraction may be expected to exhibit more rapid
coalescence, as well as different wetting characteristics than low volume fraction alloys (12).  Cahn’s analysis
of wetting in immiscible systems indicates perfect wetting is anticipated between one of the immiscible liquid
phases and a solid surface for compositions near the center of the miscibility gap (16).  The range over which
this perfect wetting occurs varies with the alloy systems and with the solid surface.

Figure 2.  Partial succinonitrile-glycerol phase diagram as proposed by Kaukler (15).

Figure 3.  One possible sequence of events leading to massive segregation during microgravity solidifi-
cation of immiscible alloys when the minor phase perfectly wets the container wall.
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II. Experimental Approach

In this investigation, it was important that nucleation events, droplet coalescence and droplet migration
all be directly observable.  This requirement dictated the use of a transparent analog sample and a
transparent cell assembly of a suitable aspect ratio for experimentation.  Samples cells were constructed
from standard 25 mm x 75 mm x 1mm microscope slides, separated by a Teflon gasket, as shown in
Figure 4.  A gasket thickness of 0.13 mm was used in order to optimize optical characteristics.  Fine
gauge thermocouples (0.002 inches) were embedded in the gasket material on each edge of the cells to
monitor nucleation temperatures and verify the thermal history during processing.

For the USMP-4 mission, twelve sample cells, with compositions varying from 15 wt% GLY to 70 wt%
GLY were utilized.  For processing, the sample cells containing the SCN-GLY system were heated to
90°C using a thermal chamber. The cells were held at this temperature for 15 minutes in order for
homogenization to occur.  Once homogenized, the cells were removed from the thermal chamber and
placed on a backlit holder for observation using a microscope during cooling.  The microscope was
outfitted with a video camera.  The camera image was displayed on a lap top computer screen within
the middeck work area and was both recorded and downlinked to the ground to permit real time
observation.

With the SCN-GLY system, as samples on the glycerol-rich side of the miscibility gap cool,
succinonitrile-rich droplets were expected to form.  For compositions near the midpoint of the miscibility
gap, perfect wetting was expected to occur resulting in a succinonitrile-rich layer coating the ampoule
gasket and surrounding a core of glycerol-rich liquid.  For samples on the succinonitrile-rich side of the

Figure 4.  Sample cell assembly

miscibility gap, as the sample cools glycerol-rich droplets were expected to form.  The minor glycerol-
rich liquid phase should not wet the ampoule gasket.  As a result, a dispersion of glycerol-rich liquid
droplets in a succinonitrile-rich liquid matrix was anticipated.

III. Results from the USMP-4 Mission

In the USMP-4 investigation, twelve sample cells containing the SCN-GLY versus Teflon combination
were processed.  This combination of alloy system and gasket material resulted in a narrow perfect
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wetting range.  Perfect wetting was observed in the 45 wt% GLY and the 50 wt% GLY, which repre-
sented only two out of the twelve samples processed.  In addition, one of these two samples had
partially degraded, which negatively impacted the validity of the results.   Also, the fifteen minute ho-
mogenization time utilized during the flight appeared to be insufficient.  This difficulty resulted in the
sequence of events leading to segregation and the formation of a film of the minor immiscible phase
along the gasket surface being observed during cooling.  After processing and scanning around the
perimeter of these samples, extensive regions of perfect wetting and segregation were found (17).
Figure 5 shows still images of selected samples during processing.  Figure 5(a) shows a sample with a
dispersed structure, while Figure 5(b) shows one of the samples were perfect wetting occurred.  Figure
5(c) shows an unanticipated result, were the glycerol-rich droplets moved away from the gasket mate-
rial.

IV. Planned Improvements for the Reflight

Table 1 summarizes the difficulties encountered during the USMP-4 mission and a list of possible
solutions.  As mentioned earlier, the SCN-GLY system versus the Teflon gasket combination used in
the USMP-4 mission exhibited a short composition range over which perfect wetting was observed.
Using an immiscible system/gasket combination with a wider perfect wetting range can significantly
increase the likelihood of observing segregation events.  This approach is proposed for the WCI reflight.
The desired extended perfect wetting range can be accomplished by using a different gasket material
(i.e. Lexan ) with the SCN-GLY system or by using a different transparent monotectic system alto-
gether.

Figure 5.  Images obtained from USMP-4 sample processing.  (a)  Dispersion formation observed in a
SCN-GLY sample with a GLY content less than the critical.  (b)  Perfect wetting observed in a portion
of a SCN-GLY sample with a GLY content above the critical. (c)  Region adjacent to gasket surface

free of glycerol-rich droplets, observed in the lowest wt% GLY sample processed.

While extensive experimentation has been carried out with the SCN-GLY alloy system, samples in this
system have a shelf life at room temperature that can be as short as ten days.  Degradation occurs due
to polymerization of the glycerol by the succinonitrile and is highly temperature dependent.  Attempts to
use an inhibitor to slow the reaction have been unsuccessful to date.  However, the shelf life can be
extended to well over a month through storage at 4°C or below.  If the SCN-GLY system is used with a
new gasket material on the future reflight, then samples will either have to be processed promptly or
kept cool prior to processing.

Another alternative is to use a different transparent immiscible system such as succinonitrile and water
where degradation is not an issue.  The larger perfect wetting range anticipated for this system over the

        (a) (b) (c)
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SCN-GLY system would also provide more opportunities to study segregation processes under perfect
wetting conditions.  Another benefit is that extended homogenization times can be utilized without fear of
degradation.  Special surface treatment of the glass cell surfaces may be necessary with this system to
ensure that wetting occurs preferentially on the cell gasket instead of the glass cell walls.
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where low temperature
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 Extend homogenization times
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Approach A
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Approach B
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SCN-GLY system.

The narrow perfect wetting range
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combination allowed investigation
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Sample degradation resulted in
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compositions.  (Cabin tempera-
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perfect wetting occurred
outside the field of view for the
two pertinent samples due to
incomplete homogenization.

Table 1.  Challenges identified during USMP-4 and possible solutions.
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INTRODUCTION

The overall objective of this project is to obtain a fundamental understanding of the physics
controlling solidification processes in immiscible alloy systems.  The investigation involves both
experimentation and the development of a model describing solidification in monotectic systems.
The experimental segment was designed to first demonstrate that it is possible to obtain interface
stability and steady state coupled growth in hypermonotectic alloys through microgravity pro-
cessing. Microgravity results obtained to date have verified this possibility (1). Future flights will
permit experimental determination of the limits of interface stability and the influence of alloy
composition and growth rate on microstructure.  The objectives of the modeling segment of the
investigation include prediction of the limits of interface stability, modeling of convective flow
due to residual acceleration, and the influence of surface tension driven flows at the solidification
interface (2).

The study of solidification processes in immiscible alloy systems is hindered by the inherent
convective flow that occurs on Earth and by the possibility of sedimentation of the higher density
immiscible liquid phase. It has been shown that processing using a high thermal gradient and a
low growth rate can lead to a stable macroscopically planar growth front even in hypermonotectic alloys
(1,3).  Processing under these growth conditions can avoid constitutional supercooling and prevent the
formation of the minor immiscible liquid phase in advance of the solidification front. However, the solute
depleted boundary layer that forms in advance of the solidification front is almost always less dense than
the liquid away from the solidification front.  As a result, convective instability is expected.  Ground
based testing has indicated that convection is a major problem in these alloy systems and leads to gross
compositional variations along the sample and difficulties maintaining interface stability (4).  Sustained
low gravity processing conditions are necessary in order to minimize these problems and obtain solidifi-
cation conditions which approach steady state.

The first phase of the coupled growth in hypermonotectics (CGH) experiment flew aboard the Life and
Microgravity Spacelab (LMS) mission during the summer of 1996. Processing conditions were con-
trolled in an attempt to force the production of an aligned fibrous phase in the microstructure of pro-
cessed samples.  The Advanced Gradient Heating Facility (AGHF) was used to directionally solidify the
immiscible alloys.  Alloys in the aluminum-indium system were studied and specialized aluminum nitride
ampoules were used in order to accommodate solidification shrinkage and to control thermal end effects
(5).  Three alloy compositions were processed during the LMS mission in order to permit comparison
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Figure 1.  Phase diagram for the aluminum-indium alloy system (6).

with the model over a composition range.  Two ground based control samples were subsequently
processed under conditions identical to those of two of the flight samples in order to allow a direct
comparison of the results.

I. Background

Two-liquid immiscibility is usually associated with monotectic alloy systems.  A phase diagram
for the aluminum-indium alloy system being used in this investigation is shown in Figure 1(6).
The monotectic three-phase reaction occurs at a well defined temperature in a binary alloy and involves
the decomposition of one liquid phase to form a solid and another liquid phase, (L1 → S1 + L2).

The monotectic reaction (L1→ S1 + L2) is quite similar to the eutectic reaction (L → S1 + S2) that
occurs in many alloy systems.  In a eutectic-type system, fibrous composite structures can be formed
during directional solidification as a result of the unmixing of the liquid phase to form the two product
phases.  In this reaction, the solute rejected during the formation of one of the product phases is con-
sumed in the formation of the other.  This “coupled growth process” is also possible in monotectic alloy
systems.

It is well known that off eutectic composition alloys can be directionally solidified to produce fibrous
microstructures (7,8).  The physics controlling growth in monotectic systems are similar, implying off-
monotectic growth should also be possible. However, there has been some controversy whether off-
monotectic alloys, especially those with solute contents higher than the monotectic (i.e. hypermonotectic
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alloys), can be directionally solidified under conditions which would lead to a stable coupled growth
process and the development of a fibrous microstructure.

Interface Instability
Assuming steady state coupled growth can be maintained in an off-monotectic alloy, a solute depleted
boundary layer should develop ahead of the solidification front. The composition variation with position
in the liquid results in a variation in the temperature at which the miscibility gap would be entered.  If the
thermal gradient in the sample is insufficient to keep the local temperature above the local miscibility gap
temperature, the second phase immiscible liquid can form droplets in advance of the solidification front.
Using a simple constitutional supercooling analysis (9), the conditions that must be met in order to avoid
this interface instability are given by the relationship

(1)

where G
L 
is the temperature gradient in the liquid, V is the solidification front velocity, m

L 
is the slope of

the (L
1
 + L

2
) two-phase boundary, C

O 
is the alloy composition, C

M 
is the monotectic composition, and

D
L 
is the diffusivity of solute in the liquid.

II. Convective Instability

While the use of a high thermal gradient to growth rate ratio should make it possible to achieve
steady state coupled growth during directional solidification, the solute depleted boundary layer that
forms can give rise to undesirable fluid flow in the melt.  In almost every known immiscible alloy system,
the solute depleted boundary layer in advance of the solidification front will have a lower density than
the liquid above it.  This density variation can lead to convective flows which cause difficulties during
solidification.  In most cases the resulting convective flow can produce compositional variations that are
sufficient to prevent coupled growth over a substantial portion of the sample (4,10).  Analysis implies
that the only way to reduce convective flows to the level required for this study is to carry out directional
solidification under microgravity conditions.

III. Results and Discussion

As a first step in this investigation three alloy compositions in the aluminum-indium immiscible
system were directionally solidified during the LMS mission. These samples consisted of a
monotectic composition sample (17.3wt%In) and two hypermonotectic composition samples
(18.5wt%In and 19.7wt%In). The Advanced Gradient Heating Facility (AGHF) was used to
directionally solidify these samples at a furnace translation rate of 1.0 µm/s. Shortly after starting direc-
tional solidification of the 18.5wt%In hypermonotectic sample, all telemetry from the AGHF was lost.
Since the AGHF does not have the capability to record data, there is no solidification rate or thermal
gradient information available for this sample.  The thermal gradients obtained in the other two samples
were considerably lower than anticipated.  Gradients measured from the thermocouples attached to the
aluminum nitride (ALN) ampoules were as low as 67°C/cm for the flight samples which should be
compared to values of 80 to 85°C/cm for samples processed in the presumably identical engineering
model of the AGHF.  Due at least partially to these lower thermal gradients, interface stability was not
obtained in the highest composition hypermonotectic alloy (19.7wt%In).
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Void Formation
Radiographic analysis revealed the presence of several voids in the flight samples and one of the ground
based samples (11). A great deal of care was used in the preparation of the alloys and ampoule assem-
blies in order to minimize the presence of any free surfaces or voids in the samples during processing.  In
order to avoid free surfaces generated due to contraction of the sample during solidification, a piston
and high temperature carbon spring were utilized to compensate for the volume changes.  In an attempt
to minimize any residual gasses which could have led to bubble formation, the alloys were vacuum
induction melted.  In addition, the ampoule components were all vacuum degassed at 1250°C for more
than 6 hours.  Finally, samples were loaded into the ampoules and sealed under a vacuum of at least 1 x
10 –4 Torr.

An exhaustive analysis indicates these voids apparently occurred due to leakage of gas past the
seal at the bottom of the ampoule (12).  Each ampoule had passed helium leak testing after assembly.
However, post flight testing using a more direct technique revealed measurable helium leak rates past the
seals in the ampoules that contained voids.  It appears that changes in the integrity of the seal occurred
during subsequent handling or processing.

IV. Microstructural Differences Between Flight and Ground Samples

While the presence of voids was obviously undesirable, void-free regions of significant size were
present in all samples and permitted a meaningful metallographic analysis.  Analysis of the
18.5wt%In flight sample revealed a totally different variation in microstructure with position
than that observed on Earth.  In this sample, the first to freeze region almost immediately began
to form a fibrous structure, as shown in Figure 2.  This finding is consistent with that predicted
for substantially reduced mixing in the liquid.  As solidification progressed the microstructure
remained totally fibrous with the exception of a few irregular indium particles at a location 13
mm from first to solidify.   The formation of these indium particles coincided with the interface
passing two voids along the edge of the sample.

At a location 26 mm from the first to freeze end of the 18.5wt%In sample, the microstructure
suddenly changed from completely fibrous to dispersed. Unfortunately, data on sample tempera-
tures, growth rates and thermal gradients were lost for this sample due to the loss of telemetry
from the furnace facility.  As a result, details on the processing condition variations that may
have caused this change are unavailable.

Microstructural Differences Between Flight Samples
Interface stability was not obtained in the highest indium content (19.7wt%In) flight sample, resulting in a
microstructure that was only partially fibrous.  This finding was anticipated due to the low thermal
gradients obtained.  However, almost totally fibrous structures were obtained over significant lengths of
both the 18.5wt%In hypermonotectic sample and the 17.3wt%In monotectic sample.  This result
permitted a comparison between flight samples of two different compositions to determine how the
changes in volume fraction of the L2 phase were accommodated by the microstructure.

Quantitative stereological analysis was carried out using an automated image analysis system interfaced
directly to a scanning electron microscope.  The system was set up to make measurements over both an
entire frame, which might include grain boundaries, and in selected areas which only included the aligned
circular cross-section rods within a grain.  The parameters measured included the volume fraction of the
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rods within a grain and the overall volume fraction of the indium-rich phase in the microstructure.  In
addition, the image analysis system permitted automated determination of the areas of individual second
phase particles.  This information was used to determine the area of each of the “circular” rods within a
grain and then to calculate the diameter of each rod.  The results were then averaged and the 95%
confidence interval determined.  For the same placements, the number of “circular” rods per unit area,
NA, within a grain was determined in order to permit a comparison of changes in rod spacing.  The
results are tabulated in Table 1.  The ranges shown represent the 95% confidence limits.

It is apparent from Table 1 that when considering only the aligned circular rod regions within grains (i.e.
no lenticular rods or denuded zones at the grain boundaries) the monotectic alloy  contains a rod V

V
 of

Figure 2. Scanning electron micrograph of a fibrous growth region in a directionally solidified
18.5 wt% In immiscible alloy.

Sample
Composition

(wt % In)

VV of rods
within grains

(%)

Diameter of rods
within grains

(µµµµµm)

NA of rods
within grains

(number/mm2)

VV of rods
overall

(%)

17.3 8.24 ± 0.263 8.92 ± 0.072 1224.6 ± 63 8.04 ± 0.241
18.5 9.52 ± 0.261 9.06 ± 0.103 1352.9 ± 107 9.82 ± 0.229

    ± values represent 95 % confidence limits.

Table 1. Quantitative Stereological Analysis Results for Two Flight Samples.

Figure 3. Proposed piston design currently under evaluation.
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8.24% compared to 9.52% for the hypermonotectic alloy. This information can be taken as further
verification that interface stability was obtained in the hypermonotectic alloy. (Overall volume fractions,
i.e. not selected areas, were 8.04% vs. 9.82%).

V. Planned Improvement

Unfortunately, difficulties with void formation, loss of data telemetry, and low thermal gradients resulted
in a limited extent of aligned fibrous microstructure in all of these samples.  As a result, comparisons
between fibrous regions were only possible for two of the flight samples and only along restricted
regions within each of these samples.  It is anticipated that improvements in furnace performance and
ampoule design will permit the development of an aligned fibrous structure along the entire length of
flight processed samples.  Ampoule assembly design changes being evaluated involve modification of the
piston design and possible changes in the seal material.  Work is underway to identify a low melting
point glass that could be used to seal the AlN ampoules.  Both a low flow temperature (approximately
600°C) and a thermal expansion match with AlN are required.  The use of a reactive braze is also being
considered for the hermetic seal.  A new piston design is under evaluation that contains multiple grooves
intended to impede the movement of aluminum to the spring area due to capillary forces.  (See Figure
3.)  The above improvements should make it possible to obtain information over a range of solidification
rates as well as over a much larger composition range.

VI. Summary

To summarize the findings to date, three immiscible aluminum-indium samples were directionally solidi-
fied during the LMS mission.  Most of the samples contained voids that may have been sufficient in size
to modify solidification parameters locally during processing.  Compositional results obtained from the
initial portion of a hypermonotectic (18.5wt%In) flight sample provide evidence that steady state growth
conditions were achieved in this alloy through microgravity processing.

Microstructural analysis of the highest composition (19.7wt%In) hypermonotectic alloy revealed
that interface stability was not obtained for the thermal gradient and growth rates utilized during
processing.  Interface stability was obtained for the initial 2.6 cm of growth in the 18.5wt%In
hypermonotectic alloy.  Microstructural comparisons between the monotectic alloy (17.3wt%In)
and the 18.5wt%In hypermonotectic alloy confirm an increase in the volume fraction of the aligned
fibrous phase.  This volume fraction increase was obtained in the structure primarily by an increase in the
number of rods per unit area and not by a change in rod diameter.
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ABSTRACT

Solutions of polymers in blowing liquids are decompressed into foams in a dynamic decompres-
sion and cooling (DDC) process. Adjustment of material and process conditions has allowed
structure and properties of resultant foams to be varied substantially. The cellular structures of
the foams are open or closed, with mean densities in the range from a low to medium level. The
foamed polymers have micromorphologies of oriented fibers and fiber-networks, which tend to
strengthen the materials. It is expected that in microgravity, DDC foaming will be able to pro-
duce uniform solutions of polymer/solid, resulting in foamed composites.

I. Introduction

Polymeric foams can be produced by a number of technologies (1). Among them, the expansion
process is the most widely used technique wherein gas bubbles nucleate and expand either by
decompression or heating of the system that contains polymers and blowing agents. Its foaming
mechanism generally involves the pressure difference between the inside of the cell and the
surrounding medium. In a 1932 patent (2), Munters and Tandberg first proposed a polymer
foaming process that utilizes the expansion technique. The inventors produced polystyrene (PS)
foams using a gaseous foaming agent. Subsequently in 1950, McIntire of the Dow Co. (3) modi-
fied this batch technique into a continuous process. Rubens et al., (4) in 1962, also from the Dow Co.,
proposed another notable process for producing polyethylene (PE) foams, which employs 1,2-
dichlorotetrafluoethane as a blowing gas. Simultaneously, in the 1960s, Blades and White of the DuPont
Co. patented a different technique that employs liquids as a blowing agent (5,6). Here, homogeneous
mixtures of polymer/poor solvents are decompressed through a shaping die into a closed-cellular body.

A DDC process was proposed in 1995 by Apfel that was directed at creating bulk, open-cell
foams of glassy metals by using an immiscible pair of melt and blowing liquid (7). This tech-
nique in polymer foaming involves heating and mixing materials under pressure in the presence
of a volatile phase. Non condensable gas super-pressurizes the mixture. Homogeneous solutions
thus formed are rapidly decompressed either by opening a release valve, where foaming occurs
inside a pressure vessel, or by discharging the mixtures into the atmosphere. A sudden pressure
quench triggered by this procedure causes the liquid phase to be vaporized, expanding and cooling the
melt by taking the latent heat of vaporization from it. We have processed semicrystalline polymers of
polybutylene terephthalate (PBT) with an intrinsic viscosity of 0.66 d�/g, and low- and high-density
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polyethylenes (LDPE, HDPE) that have different melt indices (MI, g/10 min). Resultant foams are
variously characterized.

II. Morphology of DDC Foams

The DDC foaming that comprised the material inside the vessel produced both open cell foams
of PBT and PE foams of a mixed cell structure having open and closed cells. The cells had sizes
varying from 50 to 1000 µm in diameter (Figure 1). The mixed cell foams showed structural
variations. In the skin parts, more cells were open; however, in the core parts, more cells were
closed. The bubbles tended to better stabilize with decreasing MI, presumably due to increased
resistance to thinning of cell walls and to retardation of melt drainage from the membranes. On
the other hand, the foaming by discharging the melts out of the vessel generated closed cells that
had a mean size of ca. 500 µm. The closed cells were quite uniform in size but slightly collapsed. SEM
micrographs also revealed that the inside closed cell wall had various micromorphologies of granules,
sheets, and fibers, with the wall strut that included crystalline lamellae having a thickness of a few
microns.

In the DDC process, gas bubbles nucleate and grow by the non-condensable gas or the volatile
solvent phase, developing stress at the cell wall of the polymer to expand the bubbles. The cell
membrane will fail if this stress exceeds the modulus of the material. In general, LDPE, as

           (a) LDPE with MI=2.3 (b) LDPE with MI=0.22         (c) HDPE with MI=0.5

Figure 1. SEM micrographs of the DDC foams; (a)(b): The skin parts of the LDPE foams with ρf = 100
kg/cm3, (c) HDPE foam ρf = 10 kg/cm3.

compared to HDPE, exhibits high degrees of strain-induced hardening due to its molecular mechanisms,
which imparts to the polymer a better stability in film blowing and which should help stabilize bubbles in
DDC foaming as well. The open cell structure occurring at high MI, therefore, may involve the slow
hardening process associated with cooling and crystallization of the melts during foaming inside the
vessel. A mixed cell structure would be a result of partial rupture of cell membranes. The formation of
this structure in the DDC process could be related to nonuniform stresses over the material in a confined
space. Parameters such as localized liquid/liquid phase separation and varying rates of nucleation and
growth for individual bubbles could also be responsible. Bubbles nucleated in the later stage due to
transient time lag or due to different mechanisms of nucleation or bubbles grown slowly due to fluctua-
tion of the temperature may remain closed without cell failure. It seems thus that the closed cells may
result from the characteristics of the foaming process that created a rapid cooling of the melt and a
uniform distribution of the stress.
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III. Mean Density of Foams

The mixed cell foams exhibited mean densities that fluctuated considerably depending on the position of
the specimen. The skin and upper parts of the foams had higher densities than the core and bottom
parts. This local fluctuation of the densities stems from the variations of cellular structure. At high de-
compression rates (rd) above 1.5 MPa/s, the mean densities decreased with increases in the decom-
pression pressure (Pd) and temperature (Td), but the changes were marginal (Figure 2). At constant Pd
and Td, however, the mean foam densities increased considerably from 90 to 160 kg/m3 with decreases
in rd. It seems that a retarded decompression suppresses the explosive evaporation of the volatile
phase; the gaseous molecules may readily escape from the melt at relatively high temperatures, without
causing a large degree of expansion.

                       PBT (100)α Plane       PBT (010)α Plane LDPE (110) Plane

Figure 3. WAXS pole figures of open cell PBT foams and closed cell HDPE foams that were
produced by DDC foaming.

The closed cell foams were uniform in shape, with the low range of mean densities, below 10.0 kg/m3,
which tended to decrease with increases in Pd. As the solutions were discharged into the atmosphere,
the resulting foams experienced free expansion. However, at higher Pd, a sudden expansion developed
large foam cells that subsequently collapsed, yielding a tendency to increase the mean density. The
cooling rate of the melt seemed not high enough to stabilize the cells as the polymer, having a poor heat
conductivity, went through a rapid expansion process. The foam densities tended to increase with
increases in the polymer concentration.

Figure 2. Mean densities (ρf) of the LDPE foams with MI=2.3 with process conditions; (a) Mixed cell
foams at Td = 110oC and rd = 2.3 MPa/s, (b) Closed cell foams at Td = 145oC, (c) Mixed cell foams

at Td = 110oC, Pd = 3.45 MPa and Td = 110oC.
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IV. Crystalline Structure

Because the SEM micrographs revealed oriented crystals, the DDC foams were characterized further
by the wide angle X-ray scattering (WAXS) technique. In the open cell foams of PBT, the (100)α poles
concentrated in the normal direction (ND) with spread in ND-HD plane while the (010)α poles focused
primarily on hoop direction (HD) (Figure 3), which implies the presence of anisotropic texture in the
specimen. However, though the closed cell foams of the LDPE and HDPE exhibited distinct Debye
(110) and (200) rings in WAXS film photographs, distributions of their intensities were found largely
isotropic along the azimuth. The (110) pole figure also held the same tendency. The pole densities varied
marginally along the equator and azimuth.

Using the Wilchinsky’s generalized orientation mode (8), the crystalline orientation factors        were
computed through (9):

(1)

(2a)

(2b)

where,       is the second moments of the orientation distribution; I
hkl

(φ
1
,χ

1
) is the diffracted intensity

distribution in the pole figures; φ
i,j
 is the angle between the sample direction i and the crystallographic axis

j; and FD is the flow direction. As expected, the closed cell foams exhibited close to zero, suggesting
that the overall texture resembles isotropy. Seemingly this texture is responsible for the alignment of
scattering units along the circumferential direction of the cell wall, as was observed in SEM micrographs.
In contrast, the open cells of the PBT foams comprised a mild level of the chain orientation, ≤ 0.3,
where the   was higher than the     . The c-axis was found oriented more along the FD than the
HD and the a-axis, which is normal to the plane of the phenyl ring on the chain backbone, tended to align
along the ND. It appears that with DDC foaming, the PBT chains in the open cell structures tend to orient
in the FD with the phenyl rings aligning roughly parallel to the foam surface. The strong FD orientation is
probably due to the flow character of the evaporating solvent phase in a container.

V. Mechanical Properties

The mechanical properties of semicrystalline polymer foams are related in a complex manner to the
cellular morphologies of the foam and to the properties of the polymer matrix. Included in the former are
foam density, cell structure and shape, and cell size and its distributions, while the latter comprise
molecular interactions, crystalline morphology and state of molecular orientation. At comparable levels
of densities, foams with higher fractions and smaller size of closed cells are found to exhibit higher
modulus and strength in tensile and compressive testing. Increasing density, on the other hand, strength-
ens foamed polymers (10).

These previous findings are consistent with the results of the DDC foams (Figure 4). HDPE foams
revealed higher tensile strengths because of their high crystallinity. The tensile strengths were appreciably
high which tended to increase with increasing polymer concentration. However, variations in strength-to-
weight ratio were marginal. These mechanical behaviors may reflect as well the state of the chain
orientation present in the foams. The tensile drawing of oriented polymers tends to bend and stretch the
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covalent bonds of the molecules, resulting in a high Young’s modulus and strength. In unoriented poly-
mers, however, the deformation may increasingly involve the breakage of intermolecular forces, which
imparts to the samples an inferior modulus and strength.

Figure 4. Tensile properties at maximum of the DDC closed cell foams along the FD.

VI. Conclusions

The DDC process has produced polymer foams of open and closed cell structures, hierarchical or uniform,
with densities ranging from a low to medium level. The polymer phase contains the morphologies of oriented
fibers and network-like structures, which tend to strengthen foamed products. Lightweight, DDC-foamed
materials, which possess enhanced strength-to-weight ratios, will be likely fabricated in a continuous manner.
However, during foaming the solutions containing species that reveal a large difference in density tend to phase
segregate, greatly narrowing the parameter space of the DDC process.

The microgravity environment can aid in providing idealized conditions for the foaming. In particular, phase
separation as well as layering and stratification effects are minimized so that uniform initial states can be
achieved prior to decompression. Also, non-uniform heating produces convective effects which are absent in
zero-g, allowing for the study of transient processes and resulting foams, which should be isotropic. These
considerations are especially important when processing polymer blends and polymer/metal composites
intended for high temperature applications. Therefore, DDC foaming in microgravity will serve not only the
understanding of the underlying mechanisms of rapidly decompressed solid foams, but also may provide a
new approach for producing structural materials to be used in space.
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ABSTRACT

Laterally homogeneous pulsed melting of thin films is being investigated as a way to eliminate
convection and thereby determine diffusivities in refractory melts under terrestrial conditions,
providing comparison data for microgravity measurements.  The silicon liquid self-diffusivity
was determined by pulsed laser melting of 30Si+  ion implanted silicon-on-insulator thin films.
The broadening of nearly Gaussian solute concentration-depth profiles was determined ex situ using
Secondary Ion Mass Spectrometry.  Melt depth versus time and total melt duration were monitored by
time-resolved lateral electrical conductance and optical reflectance measurements.  One-dimensional
diffusion simulations were utilized to match the final 30Si+ experimental concentration spatial profile given
the initial concentration profile and the temporal melt-depth profile.  The silicon liquid self-diffusivity at
the melting point is (4.0 ± 0.5) x 10-4 cm2/s. Calculations of buoyancy and Marangoni convection
indicate that convective contamination is unlikely.

I. Introduction

Atomic transport properties of refractory melts such as Si and Ti are important from both a
technological and fundamental perspective.  We are studying both in the laboratory; here we
focus on our results for liquid Si.  The ubiquitous use of silicon in the semiconductor industry
requires many processing steps, some of which involve liquid phase transport, including
Czochralski and float-zone crystal growth, as well as pulsed laser-induced thin film crystalliza-
tion1,2. More accurate knowledge of the liquid diffusivity may therefore help in process modeling
and control.  From a fundamental standpoint, atomistic simulations of silicon systems are com-
mon, but there is a paucity of liquid-phase experimental data, the comparison to which provides a
critical test of interaction Hamiltonians and methodology.  There are currently many reports of
the simulated liquid self diffusivity which are compared only to experimental solute diffusivities
due to the absence of an experimental value for the self diffusivity.

Liquid diffusivity is a particularly challenging property to measure accurately. Two potentially
serious problems associated with liquid diffusivity measurements are convective contamination
and container wall interactions3. The elevated melting point (Tm) and high reactivity of Si exacerbate
both of these problems. Convective contamination generally occurs when there is a temperature gradient
in the liquid, creating instabilities that lead to the formation of convective currents.

The likelihood of convection is increased at high temperatures and extended times. Although it is ex-
ceedingly difficult to eliminate completely convective contamination in terrestrial diffusion measurements,
these effects are reduced by fine capillaries that make it difficult to establish convection currents. Al-
though container wall interactions have been ruled out in some diffusion experiments with low Tm

* Corresponding author
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materials4, the general concern that fine capillaries can introduce problems with wall interactions is
appropriate when working with reactive materials at high temperatures.

Liquid diffusivity measurements made by pulsed laser melting can minimize some of the difficulties in
making accurate diffusion measurements. The thin film geometry and short melt duration make it virtually
impossible to establish convection currents. The planar geometry permits accurate measurement of the
sub-micron diffusion distances resulting from the short melt duration, using techniques such as Ruther-
ford backscattering spectrometry or secondary ion mass spectrometry (SIMS). Because the melted
materials are contained by a solid of the same composition, container wall interactions are minimized.
Difficulties inherent in this method are the accurate measurement of the melt-depth vs. time profile and
the liquid temperature. The agreement between time-resolved reflectivity measurements (TRR), SIMS
concentration-depth profiles, and heat-flow simulations can minimize uncertainties in both of these
quantities.

Although there have been no reports of self diffusion in liquid Si, there have been measurements of
solute diffusivity in silicon and also molecular dynamics simulations of self-diffusion. The chemical
similarity of silicon and germanium should lead to comparable magnitudes for silicon liquid self-diffusivity
and germanium solute diffusivity in liquid Si. A Ge solute diffusivity of 2.5 x 10-4 cm2/s has been deter-
mined in studies of solute partitioning5 during rapid solidification, in which the solute liquid diffusivity is a
fitting parameter in the analysis. Molecular dynamics simulations yield silicon self-diffusivities at Tm in the
range of 0.6 - 2.0 x 10-4 cm2/s (Table I). Simulations using the classical Stillinger-Weber potential have
found a weakly activated Arrhenius-type temperature dependence of the silicon liquid self-diffusivity11,12.
This dependence can be equally well described by a linear temperature dependence over the entire
simulated temperature range (1600-1900 K).

II. Experimental

The silicon-on-insulator (SOI) samples were fabricated by sequential low-pressure chemical vapor deposition
(LPCVD) of both SiO2 and Si films onto (001) Si wafers. Ion implantation of 30Si+ at 100 keV to a dose of 4
x 1016 cm2 produced a 30Si+ peak 6 at% above the natural background of 3.1 at% at a depth of 150 nm.
The samples were irradiated by a pulsed XeCl+ excimer laser beam (308 nm, 25 ns FWHM; ~50 ns total
duration). The specimens were melted from 1 to 5 times using a nominal fluence of 0.75 J/cm2, which typically
produced a melt duration of 155 ns and a melt depth of 180 nm. The 30Si+ depth profiles were determined by
SIMS.  The 30Si+  concentration calibration was made using the ratio of the 30Si+ :28Si+ ion yield.

III. Data Analysis

The top portion of the silicon film was amorphous after 30Si+ ion implantation. The initial low-fluence
shot resulted in explosive crystallization14 mediated by a very short-lived melt, yielding a slight change in

Method
ab initio pseudopotentials
Tight-binding
Stillinger-Weber

Si liquid self-diffusivity (10-4 cm2/s)
1.9 (1800 K)a, 2.3 (1800 K)b

1.1 (1740 K)c, 1.3 (1780 K)d, 1.7 (1780 K)e

0.64 (1700 K)f, 0.65 (1683 K)g, 0.69 (1691 K)h

a. Ref.6 b. Ref. 7 c. Ref. 8 d. Ref. 9
e. Ref. 10 f. Ref. 11 g. Ref. 12 h.  Ref 13

Table I. Molecular Dynamics Simulations
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the 30Si+ concentration upon crystallization (Figure 1). This “crystallized” profile was the initial concentra-
tion profile used in all diffusion simulations.  One-dimensional heat-flow calculations15,16 using silicon
thermophysical properties17 were used to simulate the laser melt profiles. During resolidification, the
TCM melt profiles agreed well with simulated melt profiles calculated for the same laser fluence.  The
fluences used in the melt profile calculation were selected by matching the melt durations measured by
TRR. The simulated fluence was 0.01 to 0.02 J/cm2 less than the experimental fluence, most likely
resulting from variations in the sample surface reflectivity from the literature value.

The simulated silicon melt depth vs. time profile and initial solute concentration-depth profile (after
crystallization) were used in solving the one-dimensional diffusion equation18 to obtain the final solute
concentration profile. For each sample, the simulated fluence was varied from 0.74 to 0.76 J/cm2 and
the diffusivity was varied from 2 x 10-4 to 6 x 10-4 cm2/s to minimize chi-squared between the final
calculated diffusion profile and the final measured 30Si+ profile. The slight fluence adjustment was needed
to match the melt depths observed in the SIMS profiles. To account for the spatial energy variation of
the laser beam, reported diffusion profiles were a Gaussian-weighted average of a suite of diffusion
profiles calculated at the best-fit fluence ± 3% (the measured spatial variation of the laser beam).

IV. Results and Discussion

The average and standard error of the four measurements reported in Table II for the silicon liquid self-
diffusivity at the melting point are (4.0 ± 0.3) x 10-4 cm2/s.  Additional uncertainties in the melt profile
calculation and SIMS calibration increase the standard error to (4.0 ± 0.5) x 10-4 cm2/s.  In Table II,
the average experimental melt duration is the average melt duration per shot determined from reflectivity,
whereas the average simulated melt duration is the best-fit melt duration used in the diffusion calcula-
tions. An indication of the analysis sensitivity can be obtained from Figure 2, in which the 30Si+ SIMS
profile for the sample shot 2 times is plotted with diffusion simulations at D = 2, 4, and 6 x 10-4 cm2/s.
Clearly 4 x 10-4 cm2/s is the best fit of the three.

One very important parameter in reporting the diffusivity is the temperature. Heat-flow simulations were
done to determine the average liquid temperature during the course of the experiment. For small tem-
perature ranges, the temperature dependence of the diffusivity is expected to be linear. This view is

Figure 1.  Concentration depth profiles of 30Si+ from SIMS, showing as implanted profile and the
changes after a low fluence shot (0.30 J/cm2) for crystallization and a higher fluence shot (0.75 J/cm2)

typical of those used for the diffusion calculations.  The crystallized profile was used as the initial condi-
tion for the diffusion calculations.
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supported by Stillinger-Weber calculations of the diffusivity temperature dependence11,12. As shown in
Figure 3, the average liquid temperature is very near T

m
. In fact, the simulations indicate that the time-

averaged temperature ranges from T
m
+3 K at the surface to T

m
+12 K near the full-melt depth. There-

fore, the measured diffusivity should correspond to the average melt temperature, which in this case is
T

m
.

With certain restrictions, it can be shown that the effective liquid diffusivity is equal to the diffusivity at
T

m
. A flat liquid temperature distribution in z (resulting from, e.g., a virtually infinite liquid thermal con-

ductivity) and a linear melting and freezing velocity response (v ∝ [T – T
m
] where T is the crystal/melt

interface temperature) can be shown to yield a temporal temperature profile at any depth (see Figure 3)
for which the integral of the portion of the curve above T

m
 is equal and opposite to that below T

m
. This

implies that the average liquid temperature is T
m
 at all depths. If the temperature dependence of the

liquid diffusivity is linear, then the calculated diffusivity is a function of only the average temperature T
m
.

Any corrections to this model result from deviations from the above assumptions. The assumption most
likely to be in error is the lack of a temperature gradient in the liquid during melt-in.

Convective contamination is always a concern in liquid diffusion measurements. Buoyancy-driven
convection occurs as a result of temperature gradients within the specimen. Instabilities leading to natural
convection19 can occur if the Rayleigh number R > 1700. For the geometry of this experiment,
R = 6 x 10-11. Since R has a cubic dependence on the thickness of the liquid layer, the likelihood of
buoyancy-driven convection becomes significant only at melt depths > 5 mm, which is much greater
than the 180 nm melt depths observed in this work.

Number of
Shots

1
2
3
5

Average Melt
Duration

(Measured) (ns)
168
151
152
162

Average Melt
Duration

(Simulated) (ns)
160
152
156
166

Diffusivity
(cm2/s)

4.3 x 10-4

3.5 x 10-4

4.4 x 10-4

3.7 x 10-4

Figure 2.  Comparison between experimental SIMS concentration profile and simulated diffusion
profiles after 2 laser shots with diffusivities of 2, 4, and 6 x 10-4 cm2/s.

Table II. 30Si+  Liquid Self-Diffusivity Measurements
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Marangoni convection results from the temperature dependence of the surface tension and surface
temperature gradients.  Calculations of surface tension-driven convection using the Stokes solution to a
suddenly accelerated flat plate in an infinite liquid20 and the surface temperature variations identified in
the heat-flow simulations indicate that diffusive transport is 2 x 107 times faster than transport in z due to
Marangoni convection. This results primarily from the negligible overheating of the liquid but also from
the aspect ratio of the specimen, as the velocity of Marangoni-induced currents in z is reduced from the
surface radial velocity by the depth-to-width ratio of the melt.  Buoyancy- and surface tension-driven
convection currents both tend to flow in the same direction, but the probability of either contributing to
mass transport in this experiment is very low.

V. Summary

The silicon liquid self-diffusivity was determined by pulsed laser melting of 30Si+  ion implanted silicon-
on-insulator thin films. One-dimensional diffusion simulations were utilized to match the final 30Si+

experimental concentration profile given the initial concentration profile and the melt profile.  The silicon
liquid self-diffusivity at the melting point is (4.0 ± 0.5) x 10-4 cm2/s. Calculations of Marangoni and
buoyancy driven convection indicate that convective contamination is unlikely.

This research was sponsored by NASA grant NAG8-1256. The scientific insights and programming
expertise of Michael O. Thompson of Cornell University are gratefully acknowledged. The samples
were prepared at the Cornell Nanofabrication Facility with the expert assistance of Michael Skvarla.
Ion implantation was performed in the Surface Modification and Characterization Research Center at
Oak Ridge National Laboratory. SIMS measurements were made by Thomas Mates in the Materials
Department at the University of California at Santa Barbara. Howard Stone and Thomas Powers are
acknowledged for valuable discussions on convection.

Figure 3.  Liquid temperature temporal profiles at various depths determined by heat-flow calculations.
The surface (solid line) melts first and freezes last, while material at 150 nm depth (dotted curve) melts

later and freezes sooner.  When the solidification front passes a given depth, the local temperature
suddenly drops from the essentially steady-state liquid and undercooled interface value of 1660 K

during solidification (see features at 60 to 170 ns).
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The final goal of this research is to establish the liquid-state, self-diffusivity temperature dependence
D(T) for selected elements.  This requires data sets of sufficient accuracy such that a clear statistical
correlation can be drawn between these data and the (existing) theories.  At the present time, the scatter
in the data sets is too large to make any reliable prediction of the best fit.  In order to obtain the most
reliable correlations diffusivities will be determined over the majority of the elements’ liquid range (up to
1400oC).  We will then interpret the measured self-diffusivity data in terms of diffusion mechanisms and
associated liquid structures.

With increasing insight into transport and segregation in solidification and crystal growth, reli-
able data for diffusivities in liquid metals and semiconductors have become essential for guid-
ance in process development.  However, at this point even self-diffusion in elemental liquids is
not well understood.  In particular, there is little insight into the temperature dependence of
diffusivities and its correlation to the temperature-dependent liquid structure of an element.
Currently, the differences between several theoretical predictions are often less than those be-
tween different sets of data for the same system.  Hence, for both theoretical and technological
developments, there is a clear need for diffusivity measurements of improved accuracy and
precision for a large variety of elements over wide temperature ranges.

Diffusivities obtained in liquids at normal gravity are prone to be contaminated by uncontrollable
convection.  Simple scaling arguments illustrate the difficulty of obtaining purely diffusive
transport in liquids.  In a system of diffusivity 10-5cm2/sec and a typical diffusion distance of 1
cm, the characteristic diffusion velocity is of order 10-5 cm/s.  Hence, if true diffusion is to be
observed, convective flow velocities normal to the concentration gradient must be of order 10-7

cm/s or less.  Thus, in liquids, the attainment of diffusion-dominated transport over macroscopic
distances at normal gravity is obviously not a simple task.  A typical criterion for claiming that
convective contributions are negligible is when the logarithmic plot of concentration versus
distance is linear.  Our numerical modeling efforts have shown that only for extreme convective
contamination (of several hundred percent) do these plots become non-linear [1,2].

∗ Corresponding author
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We have experimentally confirmed these results using horizontally and vertically oriented ampoules.
Numerical modeling efforts in our group and others has shown that in liquid metals, with their typical
viscosities of 10-3 poise, temperature nonuniformities of a few hundredths of a degree are sufficient to
generate convective contributions equal to the diffusive flux [1].  Thus, even in systems with essentially
no measurable temperature nonuniformities, convective fluxes may be the dominant mode of transport.
Liquid metal diffusion studies conducted aboard spacecraft have demonstrated the gain in precision
afforded by a low-gravity environment [3-7].

Numerical modeling done as part of this project shows that convection, driven by spatial
nonuniformities in temperature, as small as 0.01oC across 3mm diameter samples, can lead to
measurable differences in diffusivities.  Modeling of more realistic temperature nonuniformities
of 0.05–0.10 oC across a 3 mm sample at 1000 oC, leads to predicted convective contaminations of
50-100% depending on the liquid’s viscosity.  This level of convective contamination has been seen
even when no measurable temperature differences, to 0.1 oC, were present.  In certain instances,
buoyancy-driven convection can lead to measured diffusivities that are less than the input value [8].
Since these are self-diffusivity measurements, convective contamination due to species density differ-
ences are negligible.  However, these analysis also show that conducting self-diffusion experiments in a
10-3g

0
 environment is sufficient for the convective flux to be less than 1% of the diffusive.  This indicates

that the nominal shuttle or ISS environment is sufficient for conducting a series of benchmark self-
diffusion experiments.

Based on the methodology of Codastefano, Di Russo, and Zanza [9], we have developed a technique
for the in situ measurement of diffusivities in liquids at several temperatures with one sample.  In this
approach, which circumvents solidification of the diffusion sample prior to concentration profiling, the
evolution of the concentration distribution of a radiotracer is followed in real time using two pairs of
radiation detectors.  As schematically shown in figure 1(a), we use an initially solid cylindrical diffusion
sample that consists mostly of inactive material (solvent) and a short section of activated isotope, as the
diffusant, located at one end.  After melting of the sample and heating to a uniform measurement tem-
perature T, the evolution of the diffusant concentration is monitored through the intensity of the radiation
received through two collimators in a radiation shield.  We have shown that these intensities n1 and n2
are proportional to the concentration C1 and C2, respectively [10].  The characteristic shape of the
signal traces n1(t) and n2(t) associated with the spreading of the diffusant is plotted in Figure 1(b). The
radiation collimation bores must be positioned at

z1 = L/6, z2 = 5L/6 (1)

to satisfy the requirements of the algorithm used to evaluate the diffusivity.  Here L is the sample
length at the measurement temperature.  The diffusivity D is then calculated from the difference
of the signal traces using the relation

(2)

where A is a constant that depends on the concentration profile C0(z) at the beginning of the measure-
ment.  Since the C0(z) does not explicitly enter the D-evaluation, diffusivities can be consecutively
determined at several temperatures during the spreading of the concentration profile in the same sample.
This approach is robust because essentially any starting concentration profile is acceptable.  Obviously,
before the first measurement, C0(z) must have spread enough to provide a significant signal at both

ln[n1(t)-n2(t)]=A- Dπ2  t
L2

.
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detector locations.  Equation (2) is based on the specific location requirement for the detectors given by
equation (1) with respect to the sample length L.  To use this measurement technique at several temperatures
with a single sample (i.e., beyond the original setup given in [9]), an additional pair of collimation bores and
detectors are required to account for the changes in L versus temperature.  These additional bores/detectors
are positioned such that, taking into account the thermal expansion of the sample, radiation shield and support
structure, one pair satisfies equation (1) at the lowest temperature and the other pair at the highest.  As a
consequence, for all intermediate temperatures, there is always a collimation bore above and below the exact
position required.  Thus, we are able to determine the (self)-diffusivity of molten metals at three or four
temperatures using a single sample.  These results have been reported in a previous paper [11].

The self-diffusivity has been measured, for selected elements, both on the ground and in a low-temperature
experiment performed on the Mir space station (indium only).  While the diffusivities obtained at low-gravity
were within the uncertainty range of our ground results, the results for the three runs are within 0.5 % of each
other.  This narrowing of the data range is consistent with other investigators’ results, and shows the gain in
precision afforded by a low-gravity environment.

The Self-Diffusion in Liquid Elements project has passed its Science Concept Review (SCR).  The next
review for this project is the Requirements Definition Review (RDR).  Therefore, at present the ongoing
activities are related to both continuing research activities and hardware design and prototype construction.
These continuing research activities are:

• refinement of the choice of elements for investigation.
• optimization of measurement temperatures via statistical analysis
• numerical analysis and experimental confirmation of the effect of barriers and voids causing transport

restrictions on diffusion measurements
• investigation into the use of magnetic fields to suppress convective contamination of diffusion mea-

surements.
• numerical analysis of convective contaminations due to non-isothermal voids/bubbles.

The elements were selected for this investigation based on their “expected” D(T) behavior.  Neutron, and x-
ray, diffraction studies of molten elements have shown that changes, or shifts, in the liquid structure occur for
many elements.  Elements which show a (significantly) changing liquid structure are expected to have different
temperature dependencies of their diffusivity between these regions.  How “significantly” a liquid’s structure

Figure 1.  (a) Schematic presentation of the evolution of the concentration profile and location of the
measurement positions.  (b) Time traces of the signals at the two measurement locations, and corre-

sponding presentation of the signal difference according to equation (2).
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must change for a measurable difference in its diffusivity to occur is unknown.  However, for elements where
very little structural change is seen a single temperature dependence is expected.  We have selected elements
where both behaviors are predicted.  The initial elements selected were aluminum, rubidium, gallium, cad-
mium, indium, tin, tellurium, and selenium.  All of the elements selected are x-ray (gamma) photon emitters,
with photon energies well within the capability of our solid-state detectors.  Due to difficulties with sample cost
or availability we have dropped aluminum and gallium from consideration.  In their place we have added
antimony, zinc, and ytterbium.  The neutron diffraction data for antimony and zinc indicate changes in structure
over the liquid range.  There is very little diffusion data for the lanthanides.

Typically, correlating between available data and theoretical predictions are done by a curve-fitting algorithm.
For some data sets a relatively high regression coefficient was obtained (>0.90).  However, a more rigorous
statistical approach is to calculate the “lack-of-fit” of the various theoretical predictions to the data.  Using this
approach, the presently available complete data sets give very poor correlation to the various theories.
Optimum use of a lack-of-fit analysis for correlation to a particular model depends on a unique choice of the
temperatures where the diffusivities are measured.  This spacing is unique for each model prediction.  Interest-
ingly, this type of statistical analysis shows that the traditionally used equally spaced measurement locations are
not the optimum for any of the theoretical predications.  This statistical analysis indicates that 5 or 6 measure-
ment temperatures are necessary for our final analysis.  In order to minimize the (low-gravity) experiment time
we have picked measurement locations based on two models.  These temperatures were then averaged
giving six values that were statistically valid for either model.  In doing this, we found that these points were
also valid for several other models.

If oxide layers or bubbles are present in a diffusion sample during melting, it is expected that under terrestrial
conditions, they would rise to the top or the outside walls of a vertically oriented sample.  Thus, a potential
barrier to diffusion would be displaced to the upper end of the ampoule, where at worst it could only affect
the sample length.  For post-mortem techniques, such as the long capillary method, any convection induced
by this displacement will lead to stirring of the sample and cause erroneous diffusivity values.  However, for
the real-time technique used here, this convection would be damped in a few minutes (scaling with the
viscosity), and only in a highly stirred situation would the experiment  be seriously compromised.  Note that,
given that sample temperature gradients are unavoidable, the diffusion measurements will for many liquids still
be affected by buoyant convection.  The potential that barriers to diffusion such as voids or oxide layers might
form is, nevertheless, still present in a low-gravity environment.  In fact, in a low-gravity environment, these
barriers may not be displaced during the course of an experiment.  Thus, the possibility that diffusive transport
might be retarded or even prevented by such barriers is a concern and motivated us to analyze the conse-
quences of partial blockages of the ampoule.

We have numerically examined, in 2-D, to what extent such deviations from 1-D transport, whether real or
conceived, influence the evolution of the concentration distribution in a diffusion sample.  We then evaluated
the resulting non-ideal distributions in terms of apparent diffusivities Da utilizing both the semi-infinite sample
methodology and the method of Codastefano, et al., used for our determinations [12].  In the semi-infinite
technique the diffusion sample is assumed to be infinite in one direction, i.e., with a diffusion path of length L,
the initial thickness h of the diffusant source (with uniform concentration C

0
) must fulfill the condition h<<L.

This condition results in the concentration profile at time t

(3)

Thus, a plot of lnC versus  z2 produces a straight line with the slope given by -1/(4Dt).

C(z,t) =           exp        .
�π Dt

C0 (    )-z2

4Dt
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In the Codastefano technique, as discussed above, one monitors the solute concentrations versus time
at the positions z = L/6 and 5L/6.  The resulting time traces C

1
(t) and C

2
(t), respectively, are related to

the diffusivity through a straight-line fit in the form of equation (2).

In accordance with our experiment approach, we chose a total sample length L = 30 mm, sample width
w = 3 mm, and initial diffusant layer thickness h = 1 mm.  Two different sets of conditions resulting in
deviations from 1-D diffusive transport were assumed. (a) A planar barrier in the source-solvent inter-
face, was extended from one wall to either y = 0.5, 0.75 or 0.95 w, plus additional cases of a 95%
blockage with the connected region centered about y = 0.5 and a “pepper pot” arrangement with the
repeating pattern: 0.5626 mm blocked, 0.25 mm connected, across the 3 mm cell.  (b) A 1 mm square
barrier on one wall, to simulate a void, was centered at x = 3 or x = 7 mm.  Note that these particular
positions straddle the Codastefano measurement coordinate L/6 at x = 5 mm.  A y- dependent
diffusivity case was also investigated, but it does not influence the results given here.  We used D

0
 =

10.22 x 10-5 cm2/s in all simulations, which corresponds to the self-diffusivity of indium at 900 °C 23.

The numerical simulations were performed with Adaptive Research’s CFD 2000 finite volume
code, version 3.03.  In the void and barrier cases a nonuniform grid of 62 x 30 and 61 x 40,
respectively, was used.  Doubling of the grid number in x- and y-direction in both the y = 3 mm
void and 75% barrier cases (the cases with largest concentration gradients) resulted in insignifi-
cant changes in the concentration field.  All cases were run for 10,000 seconds to obtain suffi-
cient diffusant concentrations at the 5L/6 position.  For comparison with pure 1-D diffusion an
unobstructed, uniform-diffusivity run was performed with each grid.  Diffusivities are typically
deduced from the total amount of diffusant contained in cross-sectional slices of the sample.
Evaluations using the semi-infinite sample methodology were based on the C(x,t)-profile ob-
tained at t = 2,000 s, at which time the solute barely reaches L.  The Codastefano methodology
was applied to the C(L/6,t) and C(5L/6,t) traces obtained, depending on the case, between 3,000-
5,000, and 10,000 s with samples taken every 10 s.

These results showed that only under extreme conditions, i.e., blockages exceeding 90% and voids
exceeding 40%, were measurable changes seen in the diffusivity.  Even in the case of a 95% barrier,
where there is strong retention of the solute behind the barrier the “error” is only 7% of the input
diffusivity.  However, the semi-infinite method was somewhat more sensitive than the Codastefano
method.  However, even in this post-mortem methodology the deviation is not that great until the
barriers approach 75%.  It is important to note that the effect of the barrier on the apparent diffusivity is
greatly reduced once the connected region is shifted away from the wall.  Thus, by using the
Codastefano methodology, given any reasonable blockage, the measured apparent diffusivity can be
assumed to be representative of only diffusive and convective contributions.

To verify the predictions of our models we conducted two experiments.  Figure 2 (center) shows a
cross-section of the normal diffusion sample in its ampoule and outer silica glass container typically used
for the mass diffusion determination.  The diffusion sample consists of two parts; a short radiotracer
section (about 1 mm long) and a long benign, native abundance section (about 29 mm long).  The
benign section is vacuum cast in a 3 mm i.d. precision bored BN ampoule.  The bottom of the ampoule
is closed off using a press-fit BN plug to ensure a right circular geometry.  The precast and activated
114mIn radiotracer section is then placed in the ampoule, and a close-fitting BN plunger is added.  This
plunger is held against the sample top using a low-force graphite spring, which ensures a right circular
geometry.  This assembly is then sealed in a silica glass cartridge (0.375” o.d.).  Two separate modifica-
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tions were made to the normal configuration to induce either a barrier or void.  These are also shown in
Figure 2.  In the first one the solute (radiotracer) area was reduced by using a 2 mm diameter source
pellet (contained in a 3 × 2 mm diameter sleeve) diffusing into a 3 mm diameter nonradioactive host
section.  This modeled an effective contact area of 0.1/0.225.  In the second experiment a 1 mm
diameter by 1 mm long plug was inserted into the sample approximately 7 mm from the top of the
sample.  Thus, the cross-sectional area of the void was about 15% of the sample cross-section.  Note
that this plug was positioned just after the first (L/6) measurement location.  Thus, it would be expected
that any effect that occurs should be detected (i.e., material should build up behind this location). Self-
diffusion experiments conducted in modified ampoules confirmed our simulations.  This implies that any
measurable nonuniformity in the concentration field is not due to a disruption of the diffusion path and
that the measurement methodology we employ is surprisingly insensitive to deviations from the one-
dimensional transport geometry.

Magnetic fields have been widely used for suppressing convection in conducting liquids.  How-
ever, the magnetic field only dampens the already present fluid motion.  Thus, the field strength
magnitudes necessary to suppress flows at the 10-6 to 10-7 cm/sec level are questionable.  We
have numerically modeled the convective damping effects at field strengths up to 3 Tesla.  Only
with (unrealistic) temperature nonuniformities of 0.01K were the convective flows reduced
significantly below the diffusive speed.  Experiments by Youdelis [13] showed that the field strengths

Figure 2.  Diffusion sample ampoule configurations for investigating the effects of
barriers and voids on the resultant diffusivity.  The center cross-section shows the

normal configuration.  To the left and right is schematically shown the ampoule
modifications used to induce a barrier (left view) or a void (right view).
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necessary to reduce the convective contribution to a few percent of the diffusive flux (approximately 1
T) have been shown to modify the diffusive flux itself, even in the solid state.  More recent experiments
by Lehmann [14] showed that at field strengths of around 1 Tesla the apparent diffusivity values no
longer change.  However, it is neither clear if the convective motion is totally damped nor if there is any
effect on the diffusive motion itself.  At this point it would be exceedingly helpful to have both sufficient
low-gravity and magnetically damped terrestrial values for comparison.  Thus, we have started high-
fidelity numerical modeling of the effect of a magnetic field in a convectively-driven system.  In addition,
we are doing experiments in the superconducting magnets at Marshall Space Flight Center.
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The goal of this research project is to measure the thermal and mass diffusivities of the pure
binary tellurium based II-VI semiconductors, i.e., CdTe, ZnTe and, HgTe, and various alloys.  For
the mass diffusivity determinations, in addition, the diffusivity of various, electrically active
impurities, will be determined.  Finally, the melting point expansion of these compounds will be
determined.

Buoyancy-driven convective effects often contaminate the experimental determination of trans-
port properties such as diffusivities and conductivities.  The accurate determination of transport
properties requires that convective flow velocities be eliminated or significantly suppressed to a
few percent of the characteristic velocity.  This is generally not possible under terrestrial condi-
tions.  Solutally-driven convective contributions can be sustained by much smaller (relatively)
gradients than is necessary for thermal nonuniformities only (for a discussion of this see [1] and
references therein).  While it can be argued that mass diffusivity measurement techniques such as
nuclear magnetic resonance and inelastic neutron scattering, that probe rapid molecular motion,
are insensitive to convective contributions, they are not as precise as macroscopic, averaging
techniques.  However, all macroscopic measurement techniques yield diffusivity data prone to be
contaminated by gravity-driven convection.  The use of narrow capillaries to suppress convective
transport has suggested poorly understood wall effects.  Magnetic fields, widely used for sup-
pressing convection in conducting liquids, may modify the diffusive motion itself [2].  Earlier
liquid (metal) diffusion studies conducted on spacecraft have demonstrated the gain in precision
resulting from the drastic reduction of convection in a low-gravity environment [3-7].  However,
by comparison with ground-based experiments, the most recently reported low-gravity data using
a shear-cell technique appear rather inaccurate.

Thermal diffusivity measurements in melts are also prone to be contaminated by convective
contributions.  The use of small measuring volumes increases the likelihood that asymmetries and
imperfections in the measurement apparatus itself leading to errors.  The use of larger cell volumes on
the other hand is prone to result in convective contamination.  These problems can be especially
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troublesome with II-VI semiconductors, since their thermal conductivity is smaller than that of typical
container materials.  Levitated drop techniques offer little relief of this problem due to the high vapor
pressure of II-VI compounds.  Modeling of these convective contributions is at best problematic since
the assumptions for estimating or modeling these contributions depends on ground-based data already
influenced by convection.  Again, earlier liquid thermal conductivity/diffusivity studies conducted on
spacecraft have demonstrated the gain in precision, and lower absolute values, resulting from the drastic
reduction of convection in low-gravity environments [8].  Hence, there is also a need for well-defined
thermal diffusivity studies under low gravity.

Our group has developed a novel molten-metal diffusivity measurement approach [8, also see
paper T10].  This approach is particularly suited to the limited availability of experiment time on
space flights.  Diffusivities are deduced in-situ and in real-time from consecutive concentration profiles
obtained from radioisotope emission using a multiple detector arrangement, based on the methodology
of Codastefano, Di Russo, and Zanza [10].  In this approach, which circumvents solidification of the
diffusion sample prior to concentration profiling, the evolution of the concentration distribution of a
radiotracer is followed in real time using two pairs of radiation detectors.  We use an initially solid
cylindrical diffusion sample that consists mostly of inactive material (solvent) and a short section of
activated isotope, as the diffusant, located at one end.  After melting of the sample and heating to a
uniform measurement temperature T, the evolution of the diffusant concentration is monitored through
the intensity of the radiation received through two collimators in a radiation shield.  We have shown that
these intensities n

1
 and n

2
 are proportional to the concentration C

1
 and C

2
, respectively [10].  The

radiation collimation bores must be positioned at

z1 = L/6, z2 = 5L/6 (1)

to satisfy the requirements of the algorithm used to evaluate the diffusivity.  Here L is the sample
length at the measurement temperature.  The diffusivity D is then calculated from the difference
of the signal traces using the relation

(2)

where A is a constant that depends on the concentration profile C
0
(z) at the beginning of the measure-

ment.  Since the C
0
(z) does not explicitly enter the D-evaluation, diffusivities can be consecutively

determined at several temperatures during the spreading of the concentration profile in the same sample.
This approach is robust because essentially any starting concentration profile is acceptable.  Obviously,
before the first measurement, C

0
(z) must have spread enough to provide a significant signal at both

detector locations.  Equation (2) is based on the specific location requirement for the detectors given by
equation. (1) with respect to the sample length L.  To use this measurement technique at several tem-
peratures with a single sample (i.e., beyond the original setup given in [10]), an additional pair of colli-
mation bores and detectors are required to account for the changes in L versus temperature.  These
additional bores/detectors are positioned such that, taking into account the thermal expansion of the
sample, radiation shield and support structure, one pair satisfies equation (1) at the lowest temperature
and the other pair at the highest.  As a consequence, for all intermediate temperatures, there is always a
collimation bore above and below the exact position required.  Thus, we are able to determine the
(self)-diffusivity of molten metals at three or four temperatures using a single sample.  These results have
been reported in a previous paper [11].
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The experimental measurement methodology we employ is surprisingly insensitive to deviations from the
one-dimensional transport geometry.  We have numerically [12] and analytically modeled a range of
fixed and rigid blockages and voids along the transport path.  The results of this modeling are that, using
the above real-time methodology, that blockages of up to 90% along the transport and voids represent-
ing one-third of the cross-section have little effect on the resulting diffusivity determination.  Experiments
conducted in modified ampoules confirmed our simulations.

Following the idea from the algorithm for real-time mass diffusivity measurements in long, thin,
cylinders we have developed a similar algorithm for the measurement of (thermal) diffusivities
using a flat disk geometry.  With the low thermal diffusivities of the II-VI semiconductors the
ampoule wall would provide for too great of a thermal “short circuit” in a long thin cylinder
geometry for accurate determinations.  Therefore, we finally chose a flat disk geometry for these
measurements.  For our analysis we started with an infinitely long, ideally insulated, cylinder of
radius a with an initial temperature distribution T(r), at t = 0;

T = T0 for 0 < r < p•a and T = 0 for p•a < r < a (3)

where 0 < p < 1.  The evolution of the temperature versus time at a defined r is given by the
expression [13]

using a series of, geometry independent, identities and simplifications equation (4) is reduced to

where κ is the thermal diffusivity, and µn are the roots of the Bessel function of the first kind of order 1
(J1).  Setting p, the ratio of the heated to unheated areas, equal to µ1/µ2 we obtain

with p = 0.54.  Thus, the n = 2 term of the series is set to zero.  The n = 3 terms can be set to zero by
choosing the temperature measurement locations ri to be the nodes of J

0
(µ

3
r

i
/a).  The three required

values of the ri/a’s are 0.236, 0.543, and 0.851.  Figure (1) shows the relation of the heated to un-
heated areas and the measurement locations.  Note that the second measurement location is essentially
at the border between the heated and unheated areas.  As will be discussed below, this requirement can
be relaxed considerably.  Figure (2) shows the temperature time traces at the three measurement
locations indicated above.

From these reductions we are left with a constant term, the n = 1 term, and higher order terms (n ≥ 4).
We now take the difference between two measurement locations, for example r1 and r3 to obtain

It can be shown that the difference between the higher order term in equation. (7) are less than 1% of
the n = 1 term for κt/a2 > 0.015, which is less than a second for our specific geometry.  Neglecting these
higher order terms equation (7) can then be linearized

      (8)
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This then yields an expression of the form for each pair of measurement locations
      (9)

where β is a constant that contains all the initial condition parameters including the initial applied tem-
perature.  Three values of the thermal diffusivity are obtained from the slopes of ln[∆T] as a function of
time.

Using this methodology we have numerically simulated the effects of: measurement noise, variations in
the relative size of the heated region, p, for both larger and small p’s, (p’s as small as 0.2 have been
investigated) and errors or changes in the three measurement locations.  We have found that the final
formulation is surprisingly robust against these modifications.  When the most drastic modifications are
used it takes longer for the ln[∆T’s] versus time to become linear.  However, the time frames necessary
are still practical.

We have tested this methodology measuring the thermal diffusivity of solid fine-grained graphite
and boron nitride.  The disks were 5 cm diameter and 0.7 cm thick.  For these experiments the
initial temperature profile was established by using a resistance heater compressed to one side of
the sample disk.  Both the correct and undersized heaters were used.  Fine sheathed thermo-
couples were inserted into the sample at the required positions.  The experiments were conducted
in a vacuum chamber to minimize convective heat losses.  The experimental set-up is schemati-
cally shown in Figure (3).  The results for fine-grained graphite were within 10% of reported values.
However, for boron nitride our results are about 40% of those reported.  The experimental set-up that
we employed for the graphite and boron nitride determinations does not match the starting case geom-
etry.  The starting case assumes an infinitely long cylinder heated internally.  However, by choosing the
disk to be relatively thin the time for heat to be conducted from one side to the other is small compared
to when a temperature increase is measured at the far thermocouple.  We have designed and con-
structed a cell for thermal diffusivity determinations in liquids.  Using the undersized heater, this condition
is fulfilled earlier, in fact before any increase is seen at even the innermost measurement location.  We
will take advantage of using a reduced heated area by being able to resistively heat the molten semicon-
ductors through much smaller areas than originally thought.
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Figure 1.  Isometric schematic of the heated/unheated region radii and measurement locations relative to
a disk of 1 unit radius.
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Figure 2.  Temperature time-traces at the three “correct” locations.  The dashed line at 1 second
indicates where the temperatures coincide using the reduced and complete equations.

Figure 3.  Schematic of experimental setup for thermal diffusivity determinations.
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INTRODUCTION

In the past few decades, several investigators have focused their efforts to correctly predict the solidifi-
cation velocity as a function of undercooling for many materials.  Though significant progress has been
made in this area of research, there have been difficulties in unifying theoretical models with the ever-
increasing volume of measured solidification velocity data.

The theory for relating the solidification velocity to undercooling developed by Boettinger, Coriel, and
Trivedi1 (the BCT theory) has been the most successful and most widely accepted theory to date.  The
BCT theory is based on the early work of Ivantsov2, who approximated the growth of a single dendrite
as a paraboloid of revolution.  Despite the many successes of the BCT theory, the model appears to
breakdown at large undercoolings.

The focus of this work is to further expand the understanding of the solidification process by measuring
the solidification velocity as a function of undercooling in dilute alloys, and then using this data along with
microstructural analysis to further develop the models for solidification kinetics.  In order to characterize
the parameters that influence the solidification process, several metallic systems are being investigated.
The selected alloy systems include those systems that have a wide range of partition coefficients and
differing liquid diffusion coefficients.  By bracketing these parameters it is hoped that further understand-
ing of the solidification process in alloys will be attained.  The alloy systems that have been selected for
this study are: Ni-Ti, Ni-Si, Ni-Sn, Ti-Ni, and Ti-Al.  In addition, measurements in the Ti-Al intermetallic
system, containing small additions of vanadium and niobium are of interest.

The solidification velocity is measured using a 1 MHz thermal imaging system (HSDA 96)3 to track the
solid/liquid interface as it proceeds across an electro-magnetically levitated drop.  Simultaneously, the
undercooling temperature is recorded using an optical pyrometer.  This technique and the subsequent
data analysis have been well established at Vanderbilt University.  Microstructural analysis of the pro-
cessed droplets is an important part of understanding the mechanisms involved in the solidification
process.  Optical microscopy and SEM imaging is used to characterize the dendritic growth, while
microprobe analysis is employed to characterize the solute distribution after solidification.

I. Background

The BCT theory, which is commonly used to predict the solidification velocity of undercooled metals
and alloys, does not correlate with the true functional dependence, particularly at high undercoolings.
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The theory for solidification velocity is developed based on the development of the thermal and solutal
diffusion fields that exist at a dendrite tip.  The theory assumes that at low undercoolings, the effects of
solute diffusion dominate the solidification velocity.  At high undercoolings, the solidification velocity is
predicted to be thermally controlled.  The only limit placed on the magnitude of the solidification velocity
is the collision limit, which states that the maximum velocity is the velocity of sound in the liquid.

Though there is disagreement between the experimental data sets for pure nickel of most of the investi-
gators4-11 (Figure 1), it is apparent that there is a divergence in experimental results for the solidification
velocity from the BCT prediction at higher undercoolings, for nearly all of the results.  The exception is
the Walker5 results, which were the original solidification velocity experiments for pure nickel.  Thus, the
BCT theory has been unsuccessful in predicting the divergence in exponential behavior for the solidifica-
tion velocity as a function of undercooling.

II. Experimental Procedure

The purpose of this work is to quantify the effect of low concentrations of solute on the solidification
velocity.  Additionally, these investigations attempt to characterize the nature of the solidification velocity
plateau occurring at intermediate undercoolings and the mechanisms that cause it.  Finally, this work
hopes to provide a method of predicting this intermediate plateau, as well as to lay the groundwork for
predicting the plateau or discontinuity in the solidification velocity at higher undercoolings.

One of the materials properties which has a large impact on the theoretical prediction of the solidification
velocity is the equilibrium partition coefficient.   Hence, the initial emphasis was placed on alloys with a
wide range of partition coefficients.  Nickel based alloys were selected because of the considerable
experience by a number of investigators in the measurement of the solidification velocity of pure nickel
and its alloys.  The titanium-based alloys were selected because they provided an alternate engineering
material of interest, solidifying a primary BCC structure.

In each alloy system, the solidification velocity is measured as a function of undercooling.  The amount
of undercooling is determined using an optical pyrometer, while the solidification velocity is measured
using the HSDA 96.  The HSDA 96 is a thermal imaging system developed at Vanderbilt University,
which captures images at frame rates as high as 1x106 frames/sec.  It is composed of a parallel tapped
10x10 array of silicon photodiodes.  The parallel tapped configuration eliminates the uncertainty intro-
duced by the rastering techniques used in most digital imaging systems.

Figure 1.  Cumulative plot of solidification velocity for pure nickel.
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III. Preliminary Results

Solidification velocity data for each alloy was collected over the range of undercoolings listed in table 1.
The nickel-based alloys were processed in a He-15v/oH2 gas mixture, while the titanium-based alloys
were processed in ultra-high purity He.

Table 1.  A summary of solidification velocity experiments that have been conducted.

Figure 2 is a plot of the solidification velocity as a function of undercooling for the three Ni-Ti alloys that
were investigated.  At low undercoolings (<145K) the Ni-3a/oTi results are in agreement with the two
higher concentration alloys. At higher undercoolings (>176K) the solidification velocity results for Ni-
3a/oTi are consistently higher than the Ni-5a/oTi and Ni-7a/oTi results.  For undercoolings ranging
between 146K and 176K there is an especially noticeable difference between the Ni-3a/oTi results and
the two higher concentration alloys.  There appears to be a plateau in the intermediate undercooling
range, as well as, the high undercooling range for Ni-3a/oTi. The two plateaus occur at 25m/s and 40m/
s, respectively.  The solidification velocities are similar in the two higher concentration alloys tested up to
about 176K of undercooling.  However, the Ni-7a/oTi solidification velocity results appear to be slightly
less than the Ni-5a/oTi results at higher undercoolings (>176K).  There are also two plateaus in the
solidification velocity curves for the higher concentration alloys.  The first plateau in the solidification

Ni-3a/oTi He-15v/oH
2

1708K 99K 271K
Ni-5a/oTi He-15v/oH

2
1693K 95K 288K

Ni-7a/oTi He-15v/oH
2

1633K 80K 280K
Ni-1a/oSi He-15v/oH

2
1723K 50K 290K

Ni-10a/oSi He-15v/oH
2

1623K 105K 295K
Ni-1a/oSn He-15v/oH

2
1723K 74K 279K

Ni-2.5a/oSn He-15v/oH
2

1705K 103K 255K
Ni-4a/oSn He-15v/oH

2
1683K 90K 264K

Ti-5a/oAl UHP He 1973K 141K 273K
Ti-30a/oAl UHP He 1933K 100K 296K
Ti-1a/oNi UHP He 1938K 100K 249K
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Ti-56a/oAl-8a/oV UHP He ≈1743K 94K 284K
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Figure 2.  Cumulative plot of Ni-Ti results.
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velocity occurs at ≈15m/s at lower undercoolings, while the second occurs at ≈32m/s for Ni-5a/oTi and
≈28m/s for Ni-7a/oTi at higher undercoolings.  When the alloy results are compared to the experimental
results for pure nickel processed under the same conditions, it is seen that the solidification velocity at
undercoolings less than the initial plateau are consistent with the pure nickel results but, thereafter,
solidification velocities in the alloys are less than that in pure nickel.

Two of the Ni-Sn data sets also showed a strong plateau in the solidification velocity data at high
undercoolings (Figure 3).  In the Ni-1a/oSn data the plateau occurs at ≈37m/s and 175K of undercool-
ing.  The plateau in the Ni-4a/oSn data occurs at ≈29m/s and 175K of undercooling.  In the Ni-2.5a/
oSn velocity data there is not an appreciable plateau in the solidification velocity at high undercoolings.
In general, as more solute was added to this system, the solidification velocity appeared to be reduced
at all undercoolings. The depression of the solidification velocity in this alloy system appears to be the
most severe in the range of undercoolings between 140K and 180K.  When the results from the nickel-
tin alloys are compared to the results of pure nickel, it is observed that the solidification velocity in Ni-
1a/oSn is approximately the same as that of pure nickel.  The solidification velocity results for Ni-2.5a/
oSn are less than the results for pure nickel up to approximately 200K of undercoolings.  Above 200K
of undercooling the results are similar.  For the Ni-4a/oSn alloy, the solidification velocity of pure nickel
is higher at all undercoolings measured.

IV. Analysis and Discussion

The current hypothesis for explaining the results presented here centers on the effects of solute drag on
the solidification velocity as a function of undercooling.  It is believed that the solidification velocity in the
alloys undergoes four distinct regimes.  The first occurs when the velocity is slow enough to allow time
for the solute to escape the advancing interface.  In this regime the solidification velocity behaves in the
same manner as the pure material.  The second regime involves a departure from the solidification
velocity of the pure material. This second regime occurs because the solidification velocity approaches
the diffusive speed of the solute in the liquid (i.e. solute drag slows the advancing interface with increas-
ing undercooling).  The third regime occurs when the velocity of the solid/liquid interface becomes
significantly greater than the diffusive speed of the solute (i.e. solute trapping occurs).  The final regime,
denoted by the plateau at higher solidification velocities, is still another effect of solute.  In this case,
however, a plateau is caused by solute drag from residual oxygen in the system.  Cochrane et al12

observed the effect of oxygen on the solidification velocity in pure copper, while Bassler4 observed the
effect in pure nickel.  For extremely large undercoolings the solidification velocity can become high
enough to overcome the effects of solute drag caused by residual oxygen.  This was observed in the Ni-

Figure 3.  Cumulative plot of Ni-Sn results.
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Sn results.  An effect of oxygen would explain the considerable disagreement between the pure nickel
solidification velocity measurements between various investigations.

To show the behavior in solidification velocity described above as a function of undercoolings one can
examine the Ni-5a/oTi results.  Figure 4 shows a separate plot of experimental results along with the
BCT calculations for pure nickel and Ni-5a/oTi.  The four regimes mentioned previously are denoted on
the plot.  It is observed that at low undercoolings (<146K) the solidification velocity agrees with the
pure nickel calculation, which corresponds to the first regime.  At intermediate undercoolings (between
176K and 220K) the solidification shows agreement with the alloy calculation.  Neither of the BCT
calculations address the transition at intermediate undercoolings or the plateau at higher undercoolings.

V. Future Work

This investigation is a work-in-progress.  There are a number of alloy systems that need to be studied.
For alloys already processed, microstructural characterization of the droplets is needed.  This includes
SEM analysis and optical microscopy.  In addition, microprobe analysis is needed to characterize the
concentration gradients in the processed droplets.  This will aid in developing a numerical model to
describe the concentration gradients ahead of the solid/liquid interface.

It has been observed that the amount of stirring can effect the diffusion of solute in the liquid13.  It is,
therefore, necessary to conduct experiments in the electrostatic levitator (ESL) at the Marshall  Space
Flight Center.  The discontinuities in solidification velocity may be different when processed in an ESL,
as compared to the EML.

Finally, it is necessary to perform modeling of these particular systems and the experimental conditions
regarding the effects of the thermal and solutal diffusive fields.  Proper modeling could further increase
the understanding of the observed relationships between undercooling and solidification velocity.
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OBJECTIVES

The objective of the research is to quantitatively determine and understand the fundamental
mechanisms that control the microstructural evolution during equiaxed dendritic solidification.  A
microgravity experiment will be conducted to obtain benchmark data on the transient growth and
interaction of up to four equiaxed crystals of a pure and transparent metal analog (succinonitrile,
SCN) under strictly diffusion-dominated conditions.  Of interest in the experiment are the tran-
sient evolution of the primary and secondary dendrite tip speeds, the dendrite morphology and
solid fraction, the tip selection criterion, and the temperature field in the melt for a range of
interaction “strengths” between the crystals.  The experiment extends the microgravity measure-
ments of Glicksman and co-workers isothermal dendritic growth experiment (IDGE) for steady
growth of a single dendrite to a case where growth transients are introduced due to thermal interac-
tions between neighboring dendrites – a situation closer to actual casting conditions.  Correspond-
ing Earth-based experiments will be conducted to ascertain the influence of melt convection.  The
experiments are supported by a variety of analytical models and numerical simulations.  The data
will be used to develop and test theories of transient dendritic growth and the solidification of
multiple interacting equiaxed crystals in a supercooled melt.

I. Need for Microgravity

Experimental validation of present equiaxed dendritic solidification models is very limited, with
only a few bulk solidification experiments conducted (on Earth) using metal alloys.  There are
basically four issues that have hampered the testing of such models:  (i) the inability to control
and quantify nucleation, (ii) the presence of uncontrolled, gravity-driven melt convection and
crystal movement, (iii) the difficulty to observe growth in metallic systems, and (iv) the compli-
cations associated with coupled thermal and solutal undercoolings when using alloys.  The
Equiaxed Dendritic Solidification Experiment (EDSE) is designed to be simple, yet overcomes
all of these limitations.  In particular, gravity-driven convection can only be minimized in a
microgravity environment.  Due to our inability to analyze solidification microstructure evolution
in the presence of this convection, it is important to first generate benchmark data for the diffu-
sion limit.
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II. Results

The research to date has concentrated on development of the science requirements for the pro-
posed microgravity experiment; design, construction, and testing of a ground-based version of
the experiment; and modeling of the growth of an assemblage of equiaxed dendritic crystals.
These efforts have culminated in the passing of the Science Concept Review (SCR) in February
of 1998.  The research team is now preparing for the Requirements Definition Review (RDR).
Some of the experimental and theoretical research has been published and is described briefly
below.

III. Ground-Based Experiments

We have conducted preliminary experiments involving an assemblage of equiaxed crystals using a
setup that is functionally similar to the planned EDSE. A schematic of the setup together with a
photograph taken during an experiment is shown in Figure 1.

Figure1.  Schematic of the equiaxed dendritic solidification apparatus and a photograph showing
the tetrahedron arrangement of the dendrites.

A glass growth chamber is contained within a temperature-regulated bath.  Four CCD cameras,
with light sources, provide orthogonal images from four sides.  The growth chamber contains pure
SCN, several thermistors, and four stingers on which the dendrite growth is initiated.  The tips of
the stinger tubes are located at the corners of a tetrahedron with edge lengths, and hence spacing
between the tips, of 10 mm.  Thermoelectric coolers are mounted on the stinger ends opposite to
the tips.  An experiment starts by melting the SCN, then cooling the liquid to establish the desired
supercooling in the growth chamber.  The thermoelectric coolers are initiated and, after some time,
dendrites start to emerge at the stinger tips.  Although the present setup does not yet allow for a
quantitative evaluation of the growth phenomena, we have performed image analysis in order to
demonstrate some of the measurement techniques [1, 2]. We are presently using this setup to
examine numerous issues regarding the design of the planned microgravity experiment, including
dendrite initiation, imaging methods, stinger design, and others.
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IV. Modeling

The proposed microgravity experiment is supported by several modeling efforts. The models are
not only intended to provide the theories that will be tested using the microgravity data, but will
also be used to simulate the experiment.

In one of the models, the thermal interactions between the equiaxed crystals are fully accounted for
by numerically calculating the three-dimensional, transient temperature field in the supercooled
melt.  The shape evolution and crystallographic orientation of the crystal envelopes are calculated
by linking the numerical solution with a local analytical solution for the dendrite tip speeds.  A
representative simulation result for a single equiaxed crystal is shown in Figure 2 [3]. This
mesoscopic model was validated for the steady growth of a single crystal using IDGE data.  The
full model is used to establish the requirements and parameters for EDSE.  Ultimately, we also plan
to use the model to simulate the microgravity tests, in order to quantify the thermal field in the
growth chamber.

Figure 2. Mesoscopic simulation of equiaxed dendritic growth: the surface represents a confocal
envelope around the dendrite arms, while the colors indicate the temperature on the envelope.

We have also performed direct numerical simulations on a microscopic scale using the phase-field
model to study the growth interactions of equiaxed dendrites and the resulting transients in the
dendrite tip speeds and radii. While simulations cannot yet be achieved for the conditions of the
planned experiment, they do provide fundamental insight into issues such as dendrite tip operating
point selection in the presence of growth interactions and transients. A major accomplishment has
been the inclusion of melt convection in the phase-field model [4-6]. Figure 3 shows a representa-
tive simulation result where a uniform flow enters from the top of the domain. The selection of the
velocity and shape of the dendrite tip was investigated as a function of flow rate, growth direction
relative to the flow, and anisotropy strength [6].
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Figure 3. Two-dimensional phase-field simulation of dendritic growth with convection; the black
contour line is the solid-liquid interface, the colors indicate temperature, and the light interrupted

lines are streamlines (at unequal intervals).
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INTRODUCTION AND OBJECTIVES

A space experiment, and supporting ground-based research, is proposed to study the microstruc-
tural evolution in free dendritic growth from a supercooled melt of the transparent model alloy
succinonitrile-acetone (SCN-ACE). The research is relevant to equiaxed solidification of metal
alloy castings. The microgravity experiment will establish a benchmark for testing of equiaxed
dendritic growth theories, scaling laws, and models in the presence of purely diffusive, coupled
heat and solute transport, without the complicating influences of melt convection. The specific
objectives are to:

• determine the selection of the dendrite tip operating state, i.e. the growth velocity and tip
radius, for free dendritic growth of succinonitrile-acetone alloys

• determine the growth morphology and sidebranching behavior for freely grown alloy
dendrites

• determine the effects of the thermal/solutal interactions in the growth of an assemblage of
equiaxed alloy crystals

• determine the effects of melt convection on the free growth of alloy dendrites
• measure the surface tension anisotropy strength of succinonitrile-acetone alloys
• establish a theoretical and modeling framework for the experiments.

Microgravity experiments on equiaxed dendritic growth of alloy dendrites have not been per-
formed in the past. The proposed experiment builds on the Isothermal Dendritic Growth Experi-
ment (IDGE) of Glicksman and coworkers, which focused on the steady growth of a single
crystal from pure supercooled melts (succinonitrile and pivalic acid). It also extends the Equiaxed
Dendritic Solidification Experiment (EDSE) of the present investigators, which is concerned with
the interactions and transients arising in the growth of an assemblage of equiaxed crystals
(succinonitrile). However, these experiments with pure substances are not able to address the
issues related to coupled heat and solute transport in growth of alloy dendrites.

I. Review of Previous Research

Chopra et al. [1] have conducted Earth-based experiments on free dendritic growth into a super-
cooled melt for the SCN-ACE system. Representative results, carefully extracted from the paper
of Chopra et al., for the measured dendrite tip velocity, V, and radius, R, as a function of the solute
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concentration, C0, are shown in Figure 1 (symbols) for three different supercoolings, ∆T (0.1, 0.5,
and 0.9 K). At all supercoolings, the growth velocity shows a maximum at around 0.1 mol%
acetone, while the radius reaches a minimum. This behavior can be explained by the competition
between thermal and solutal effects. Small solute additions destabilize the tip, making it sharper
(smaller radius) and thereby increasing the growth velocity. On the other hand, the solute diffuses
about 100 times slower than heat, resulting in a decrease in the growth velocity at higher concen-
trations.

Early models of free dendritic growth into a supercooled alloy melt have been proposed by Langer
[2], Lipton et al. (LGK) [3, 4], and Karma and Langer [5]. These models all use marginal stability
theory to determine the operating point of the tip through the introduction of a stability constant σ*.
Lipton et al. (LKT) [6] generalized the LGK model and extended it to high growth rates. The LKT
model (or LGK model in the low growth rate limit) is now the most commonly used model for
dendritic growth from a supercooled alloy melt, and is reviewed in greater detail next. In 1985,
Karma and Kotliar [7] developed the first microscopic solvability theory (MST) for the alloy case
based on a boundary layer approximation for the thermal and solutal diffusion fields. Ben Amar
and Pelce [8] generalized this theory to a fully non-local model for alloy dendrites at low
supercoolings. MST is a more self-consistent solution to the dendrite problem than marginal
stability theory, but gives the same results except that the parameter σ* is a function of the interface
energy anisotropy.

In the LGK/LKT model, the heat and solute diffusion field around the tip is obtained from the
Ivantsov solution for a parabolic needle crystal. Then, the total supercooling ∆T (including the
capillarity correction) can be related to the thermal (Pt=VR/2α) and solutal (P=VR/2D) Peclet
numbers through

(1)

where ∆H is the latent heat of fusion, cL
 
is the liquid specific heat, k is the partition coefficient, ∆T0

is the equilibrium freezing temperature range, Iv is the Ivantsov function, D is the liquid mass diffusivity,
α is the liquid thermal diffusivity, and Γ is the Gibbs-Thomson coefficient. The above equation only
provides the product of V and R as a function of the supercooling. A unique tip operating state (i.e.,
tip radius) can be obtained from the following tip selection criterion for low Peclet numbers [3, 4, 6]

(2)

where σ* is the stability or selection constant, and β is approximately unity. As used in equation
(2), σ* is independent of the tip speed and solute concentration [9].

Results of applying the LGK/LKT model to the experiments of Chopra et al. [1] are shown as
solid lines in Figure 1. For these calculations, the value of σ*=0.02 was used. It can be seen that
the theory correctly predicts the measured velocity maximum at around 0.1 mol% acetone. How-
ever, there is poor quantitative agreement otherwise. The differences at vanishing solute concentra-
tion (C0=0, pure SCN) can be attributed to buoyancy-driven thermal convection effects, which
diminish as the supercooling approaches 0.9 K (lower panels). At finite solute concentrations, the
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agreement between the Earth-based experiments and the LGK/LKT model is poor even at the
higher supercooling (0.9 K) where thermal convection is not important for pure SCN. Chopra et al.
attribute this disagreement at higher solute concentrations to the effects of buoyancy-driven solutal
convection.

The issue of measuring the selection constant σ* for succinonitrile-acetone alloys is examined in
greater detail in Figure 2. To obtain this figure, we used the V and R data from Chopra et al. [1]
and substituted them into equation (2) to determine σ*. It can be seen that despite the presence of
thermal convection, the value of σ*=0.02 for pure SCN (C0=0) is reasonably well verified for all

Figure 1.  Comparison of LGK/LKT theory (with σ*=0.02) with the ground-based tip
velocity and radius measurements of Chopra et al. [1] for succinonitrile-acetone.



89

three supercoolings. The IDGE microgravity experiments for pure SCN have yielded a very
similar value. It is interesting to note that thermal convection in the pure SCN experiments appar-
ently does not influence significantly the selection constant, because σ* is approximately the same
at all three supercoolings.

Figure 2.  Selection constant σ* as a function of solute concentration obtained from
the LGK/LKT selection criterion [equation (2)] using tip velocity and radius data
from the ground-based experiments of Chopra et al. [1] for succinonitrile-acetone.

For solute concentrations beyond 0.05 mol% acetone, the measured σ* values in Figure 2 experi-
ence an abrupt rise. Furthermore, at a given concentration the σ* values for the three different
supercoolings are widely scattered. It is important to realize that the measured variation of σ*
with concentration is not in agreement with LGK/LKT theory, which states that σ* as defined in
equation. (2) is independent of concentration (and should thus remain at 0.02). This disagreement
with theory forms the main starting point for the proposed microgravity experiment, and the fol-
lowing additional observations can be made:

• Buoyancy-driven solutal convection could be responsible for the disagreement; however, as
noted above thermal convection does not cause such significant variations in σ*. Also, the
fact that at a given solute concentration the σ* value for ∆T=0.9 K is sometimes above and
other times below the value for ∆T=0.1 K, while the value for ∆T=0.5 K is always below
the other two values, cannot be explained by solutal convection alone.

• It is possible that the anisotropy strength of the surface tension depends on the solute
concentration. Then, MST would predict a variation of σ* with concentration (even though
only the surface tension anisotropy of the pure solvent enters into MST). Unfortunately, the
surface tension anisotropy has not been measured as a function of concentration for
succinonitrile-acetone alloys.

• The experiments of Chopra et al. [1] show a change in the dendrite morphology with solute
concentration. The sidebranches move up toward the tip, as the concentration is increased
initially and then recede backwards along the dendrite when the concentration is increased
further past the point of maximum velocity. These strong variations in sidebranch activity
with solute concentration could be responsible for the disagreement of the σ* measurements
with theory. Also, Chopra et al. observed occasional tip splitting at around the maximum
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velocity point, which cannot be explained by present theories. Both of the changes in the
dendrite morphology with concentration are likely due to the large disparity in the thermal
and solutal diffusion lengths around a growing alloy dendrite.

Current theories attribute sidebranching to the amplification of thermal noise along the sides of
dendrites [10]. Moreover, it has recently been shown that the rate of amplification is very sensi-
tive to the tip morphology, and in particular to its non-axisymmetric departure from a paraboloid
of revolution as recently emphasized [10]. Therefore there is the interesting, but yet untested,
possibility that the enhancement of sidebranching by a dilute impurity is due to a change of tip
morphology. Accurate measurements in the absence of convection effects (i.e., in microgravity)
will allow us to correlate the level of sidebranching activity with the tip morphology and thus to
test this hypothesis, adding in an important way to our fundamental understanding of the
sidebranching mechanism in alloy systems.

II. Proposed Research

The proposed experiment will be performed using the transparent model alloy succinonitrile-
acetone, which has been characterized extensively in previous Earth- and space-based experiments.
Similar to IDGE and EDSE, the dendrites will be grown from stinger tips inside a temperature
controlled growth chamber. First, a series of tests is planned for the steady growth of a single
dendrite into an essentially infinite alloy melt. The initial thermal supercooling and the alloy con-
centration will be varied. Changing the alloy concentration in space will require some modification
of the EDSE hardware. Optical imaging will be used to measure the dendrite tip speeds and radii,
as well as microstructural parameters related to the dendrite sidebranches. Then, in a similar man-
ner as in EDSE, experiments will be performed with multiple crystals growing from separate
stingers in order to study thermal and solutal growth interactions and transients. This can be accom-
modated in the same growth chamber. While this represents an ambitious experimental program, it
is believed that it can be accomplished in the long-duration microgravity environment available on
the International Space Station.   A corresponding set of Earth-based experiments will be per-
formed to help in the design of the flight hardware and to establish benchmark data in the presence
of convection effects. The surface tension anisotropy strength of succinonitrile-acetone alloys will
be measured in specially designed Earth-based experiments.

Extensive theoretical analysis and numerical modeling will support the space experiment. Simula-
tions will be performed of the free growth of alloy dendrites using the phase-field model as well as
a novel mesoscopic modeling technique developed within the EDSE project. Melt convection will
be modeled in some simulations in order to help understand its effect. In addition, new analytical
models for the growth of single and multiple equiaxed alloy dendrites will be developed.
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INTRODUCTION

Transport phenomena in microgravity and their influence on the microstructure of alloys  during
solidification have been studied by a number of researchers using either carefully crafted experi-
ments or numerical computations. Novel experimental and numerical methods are applied in this
work to study solidification processes in order to produce an improved fundamental understanding
of solidification processes, including the role played by buoyancy-driven convection phenomena in
determining the microstructure. A brief overview of our new program and the expected results are
provided below.

The experimental work consists first of making quantitative measurements of the velocity field, and
subsequently temperature field, during the solidification of an optically transparent analog of a
binary metallic alloy. A novel Molecular Tagging Velocimetry (MTV) technique is used to perform
the velocity field measurements.  Attempts will also be made to combine MTV with Laser-Induced
Fluorescence (LIF) in order to perform simultaneous temperature and velocity measurements. Such
quantitative measurements during the solidification process will enhance our understanding of the
diverse transport phenomena occurring during solidification and permit the refinement of the
phenomenological models used in averaged transport equations. The experimental data will be
compared with the results of solving the averaged governing equations.

The objectives of the numerical research are to use a fictitious domain approach to solve averaged
governing equations describing the overall solidification process. The use of this method will
reduce the time required to generate models by eliminating the need for cumbersome mesh genera-
tion. The method is also highly efficient for large problems. The model will be tested against the
experimental data, as they become available, and improved as needed.  In the following, a brief
description of the numerical and experimental aspects of this work is provided.

I. Background on Solidification Processes with Convection

A significant amount of literature is now available concerning the solidification of an alloy with
thermosolutal convection. It has been studied analytically using linear stability analysis (e.g.
Worster (1997)), numerically (e.g. Neilson and Incropera (1991)) and experimentally (e.g. Prescott
and Incropera (1996)).  Complex numerical models of solidification processes have started to
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emerge over the past fifteen years and experimental studies have been performed on alloy solidifi-
cation to verify various aspects of the simulations, using qualitative methods mostly, or using
punctual measurements. It is now possible, with the increase in computer power available, to
incorporate a number of important physical aspects of alloy solidification into a numerical model
and there is an ongoing interest in developing more sophisticated models.

Figure 1.  Observation of convective plumes emerging from the mushy zone during the
solidification of an ammonium chloride solution.

There are, however, a number of issues such as nucleation, turbulence, or settling of dendrites, that must
still be addressed before models can provide accurate quantitative predictions of such complicated
phenomena. Software that incorporates many but not all of these features is presently available, but
results from these simulations have been verified experimentally only with limited data. Typically,
commercial codes are capable of 3-D simulations of solidification processes without turbulence, and
kinetics effects (nucleation, growth of equiaxed dendrites) are not always included. Also, a significant
meshing effort is always required to describe the geometry of the part, especially in 3-D.

To address these problems, the PIs propose to pursue a unique combined numerical and experimental
work. The numerical work will be based on a numerical model and solution strategy that:

• Requires no underlying mesh for performing the computations, resulting in significant time
savings during the overall modeling (this is especially important during a design phase)

• Is capable of handling complex transport phenomena for 3-D complex geometries without
meshing effort

• Will be verified experimentally with in-situ dynamic measurements of the entire velocity and
temperature fields.

The experimental work will use a new technique that:
• Allows in-situ dynamic measurements of whole temperature and velocity fields in samples of

various sizes
• May result in simultaneous velocity and temperature measurements
• Has the potential for a scaled-down experimental setup sufficiently small to allow similar

measurements in space.

II. Computational Aspects of the Proposed Work

A number of approaches have been presented in the literature to describe the relevant transport
phenomena associated with solidification. Most notable are the works of Bennon and Incropera
(1988), Rappaz (1989), Ni and Beckerman (1991), Ni and Incropera (1995), Beckermann et. al.
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(1993, 1996) and Krane and Incropera et al. (1997a,1997b). Two- and three-dimensional simula-
tions were performed in which continuity, momentum, mass diffusion, and the energy equations
were solved to obtain a description of the solidification process.

In this work, it is proposed to implement a model based on a volume averaging procedure in order
to study the characteristics of channel formation in the mushy region formed by the dendritic
growth process under the influence of gravity.  It will also be used to study the effect of scaling the
mold size on the channel formation, and the orientation of the gravity field with respect to the
chilled side. More complexity can be added to the macroscopic model in order to simulate the
coarsening process in the mushy zone with time and the effects on the permeability.

The governing equations derived with the volume averaging procedure can be solved using
standard methods such as finite elements or finite volume methods provided that the domain  is
appropriately described with an accurate mesh. This is not easy to do when the geometry is as
complex as illustrated in Figure 2.

Figure 2.  The fictitious domain method consists of embedding a complex geometry into a simpler
auxiliary domain and using a periodic extension of the fictitious domain to allow the use of peri-

odic functions such as wavelets.

This is where the introduction of a new set of approximations for the unknowns can help. Ideally,
one would want to use functions that can be expressed without need for an underlying, structured
mesh. Yet these functions must be able to localize values of u, the velocity for example, at the
boundary (so that boundary conditions may be applied).  Finding such functions is of course very
difficult. What one can do instead is to introduce a fictitious domain  ΩΩΩΩΩ FD that encloses the true
domain but has a much simpler geometry (ΩΩΩΩΩ FDis in fact a square in R2 or a cube in R3) as
illustrated in Figure 2. The goal is to solve a problem in some sense equivalent to the original
problem, but defined on the much simpler domain ΩΩΩΩΩ FD.  This is the so-called fictitious domain
problem.

In the fictitious domain problem we look for  the unknows, e.g. uFD ,   p FD , T FD , and  C FD defined
over the whole ΩΩΩΩΩ FD, such that it is expected that they will provide a good approximation to the
governing equations defined on the original problem, and that  u FDΩ → u i.e., that the restriction
of the fictitious domain solution to converge to the solution of the original problem. Admittedly, the
formulation of a successful fictitious domain approximation is delicate and there are a number of
issues unresolved in the literature e.g. mixed boundary conditions, or the application of boundary
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conditions of the third kind (other b.c.s can be accommodated). The treatment of boundary terms
requires special attention for the conversion of terms such as

We recognize these difficulties but point out that there are hopeful signs that the strategy will
succeed for all types of boundary conditions.  Fictitious domain methods have been applied with
success in a number of  contexts, to solve problems in heat conduction, elasticity, heat transfer, and
flow problems e.g. Bertrand et al. (1997), Diaz and DeRose (1998).  Particularly relevant to this
work are the results presented by Glowinski et al, (1998) where the integrals over the embedded
domain boundaries are converted into volume integrals using measure theory and wavelet approxi-
mations

Once the problem is cast over the fictitious domain, it is easier to introduce approximations of uFD

and pFD that require no structured mesh.  To facilitate computations we will explore the use of ΩΩΩΩΩ FD

periodic functions.  A particularly effective way to discretize the new fictitious domain formulation
is to express dependent variables such as uFD, pFD, TFD and CFD using wavelet  bases.  As wavelet
functions localize behavior in both frequency and space domains,  wavelet bases have a built-in
mechanism to accommodate multiple scales in the geometry of the original problem, as well as in
the physics of the problem.

III. Experimental Aspects of the Proposed Work

Semi-transparent analog alloys have been used for experimental studies because they permit optical
access to the sample, which has proven useful for flow visualization and morphological studies. Aque-
ous ammonium chloride is such a system and has been used rather extensively because of its convenient
freezing range and its crystallographic similarity to most metals (dendritic morphology) (Prescott and
Incropera, 1996). Another advantage is that the thermophysical and transport properties are well known
(e.g., Beckermann and Wang, 1996) and that the system behaves in a very similar manner to metallic
alloys, even though their Peclet numbers are different (convection will have a different importance with
respect to molecular transport processes).

The system configurations studied include a comparison of experimental data and numerical predictions
for unidirectional solidification in a bottom-chilled, and 2-D rectangular cavity configuration (Magirl and
Incropera (1993)).  Christenson et al., (1989) compared experimental data and numerical predictions for
a side-chilled, rectangular cavity configuration and they found qualitative agreement between experi-
ments and computations. Most notably, the initial conditions were found by Christenson et al., to have a
very strong influence on the outcome of the computations, especially the initial concentration. The
advantages offered by optical access will be further leveraged in the proposed work by applying MTV
to quantify velocity fields during solidification.

A molecular complex is suitable for molecular tagging applications if its lifetime as a tracer is long
enough relative to the flow convection time scale to allow sufficient displacement of the tagged regions.
Since the typical velocities associated with solidification are relatively small (10 mm/s for plumes
(Magirl and Incropera (1993)) a long lifetime tracer is required. Two possible tracer candidates are
recently-designed supramolecular complexes (Gendrich et al., (1997)) and caged fluorescein. Examples
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of velocity field measurements that can be obtained with MTV are shown in Figures 3.1 and 3.2.
We have performed a number of preliminary experiments relevant to this work. A simple version of
the Magirl and Incropera (1993) bottom-chilled solidification system was constructed in our labora-
tory. We were able to use MTV to measure velocity in a sample of aqueous ammonium chloride,
and this is shown in Figure 4 (Wirtz (1998)). This allowed determining the velocity within and
around a plume located above a chimney. Notice that the 1mm plume diameter is very well cap-
tured with MTV.

Figure 4: Velocity field measured from the displacement of the line by fluid motion 1 mm
above a chimney [Wirtz et al (1998)].

IV. Summary of the Benefits of this Work

Some of the short-term benefits of the combined work are:
• The capability to “simultaneously” measure local temperature and velocity makes it pos-

sible to determine to what extent local thermodynamic equilibrium can be assumed at any
location within the system.

• The porosity of the mushy zone is an important modeling parameter that cannot be deter-
mined easily. Detailed velocity field, including that close to the solid/liquid interface can be
used in conjunction with modeling and inverse methods to infer the mushy zone porosity
for defined situations of interest.

Figure 3.1                                                              Figure 3.2

Figures 3.1 and 3.2. Example of an undistorted grid (3.1 a) and a distorted grid at two delay times
(3.1 b and c) along with the velocity field deduced from these data (3.1 d);  the instantaneous

whole-field measurement (3.2) of two components of the velocity vector over a plane.
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• The ability to quantify the local velocity and temperature in the immediate vicinity of
crystals growing or shrinking in an equiaxed fashion would be important relative to recent
modeling research (Wang et al (1995)).

• Detailed local velocity and temperature field measurements at the solid/liquid interface at
early stages of solidification would provide important experimental details related to stabil-
ity analyses.

• The development of a code that can perform rapid simulations without having to mesh
complicated geometry will result in significant reductions of the design cycle.

• It will be possible to assess the validity of the codes and models by using the quantitative
information obtained from the measurements at any time as initial conditions and compare
the solution with measurements at a later time.

• New algorithms and computational methods will result from this work.

The long-term benefits of the proposed work are also important as it may be possible to modify
existing setups on-board the experimental space station and study quantitatively a multitude of
ground-based or space-based manufacturing processes. It will be possible to study a wide-range of
microscale and macroscale phenomena not necessarily related to solidification.
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INTRODUCTION

The thermodynamic properties of protein solutions are important in many industrial, scientific,
pharmacological and pathophysiological applications.  These applications include the large scale
separation of genetically engineered proteins, the production of crystals of biologically important
proteins for the determination of their three-dimensional structure, the stability of highly concen-
trated pharmacological solutions of biological macromolecules and the inhibition of phase
separation in protein condensation diseases.  In all such applications the fundamental information
required is the phase diagram of the macromolecule in question at various values of ionic
strength, pH and temperature.  Furthermore, it would be extremely valuable to be able to predict,
even approximately, the location of the relevant phase boundaries. For this purpose it is highly
desirable to establish the generic features of the phase diagram of protein solutions.

Phase diagrams have proven to be vitally important tools in the processing of a large variety of
organic and inorganic materials, including metals, alloys, colloids and synthetic polymers.  The
phase behavior of protein solutions shares some general features with these systems. However,
there are aspects of the phase behavior which make protein solutions unique.  Proteins exhibit
phenomena such as metastable liquid-liquid phase separation, aggregation, self-assembly, and
gelation which are not seen in atomic and molecular systems. Our central objective is to investi-
gate the phase behavior of protein solutions so as to effectively facilitate their materials process-
ing.

We have been using a combination of experimentation, computer simulations and analytical
theory to discover the factors which determine the location of the phase boundaries of protein
and colloidal solutions.  We have recently succeeded in demonstrating that, for a sufficiently
short range of interaction, liquid-liquid phase separation becomes metastable with respect to
crystallization.  We have observed experimentally the metastability of liquid-liquid coexistence
in the γ-crystallins, a family of proteins whose phase transitions are implicated in cataract formation.

Over and above this, we have discovered that the experimentally determined coexistence curves and
solubility (or liquidus) lines differ significantly from those calculated using only isotropic short-range
intermolecular potentials. We are able to explain the discrepancy between the experimental observations
and the predictions based on isotropic interactions by including a hitherto neglected feature: the very
large anisotropy in the interaction between proteins. Such anisotropy also appears to be crucial for



99

amorphous aggregate formation, which is of paramount importance for the practical use of proteins. We
believe that our approach sheds light on the phenomenon of protein aggregation. Of course, for a
complete description of protein aggregation, an understanding of the kinetic behavior of protein solutions
is needed.

The formation of new phases is known to be strongly influenced by the phenomena of gravity-
driven convection and sedimentation [1,2].  This is especially true for proteins, since they are
large particles with slow kinetic behavior. Under microgravity conditions the effects of convec-
tion and sedimentation are greatly reduced, and thus transformations which are usually masked
by the presence of gravity can be observed.  Indeed, it has been recently found that glassy colloi-
dal suspensions which did not crystallize on Earth for over a year formed crystals in microgravity
conditions within a matter of days [3]. Microgravity conditions will similarly elucidate the
variety of condensed phases possible in protein solutions and provide important checks on the
model for the protein interactions which we investigate.

Results

We have developed an innovative Monte Carlo algorithm to analyze the liquid-liquid coexistence
curves of the  -crystallins [4].  Our Monte Carlo method uses analytic extrapolation techniques, in
addition to simulation, to reconstruct the liquid-liquid coexistence curves.  Our results are in perfect
agreement with those obtained by more traditional Monte Carlo algorithms [5-7], but our scheme, by
the economy of its design, dramatically reduces the computational time required to efficiently obtain the
coexistence curves for the short ranges of interactions appropriate for protein solutions.  Our Monte
Carlo procedure also permits us to determine the solubility curves, since we are able to calculate the
chemical potential of the liquid phase.  The chemical potential of the solid phase is obtained using the
Lennard-Jones Devonshire cell model [8].

Until recently, the only simulations available were those based on the assumption of isotropic
interactions between the proteins.  As we have stated in the introduction, in order to accurately
describe the locations of the phase boundaries, the protein interactions should be modeled as both
short-range and anisotropic (“aeolotopic”). We use a simple model in which the energy of each
particle depends only on its position relative to other particles and on its own orientation, but is
independent of the orientation of other particles. A protein molecule is represented by a spherical
particle with a “map” of attractive regions covering a fractional area a of the surface. In our work
maps consisted of s non-overlapping spots of equal area on grids formed by equidistant meridional lines
intersected by lines of constant latitude. As in the isotropic square well [9], particles i and j are said to
be neighbors if the distance rij between the centers of the two particles lies within   σ< rij <λσ    (where
λ is the reduced range of interaction and σ is the diameter of the hard core). A particle i is said to make
a contact with its neighbor j if the vector  rij passes through an attractive spot on protein i.  The energy
is defined as - ε /2 times the number of contacts made by the particle.

When the interactions between proteins cannot be averaged over orientations, the aeolotopic
nature of these interactions becomes essential. We have argued that this happens when a particle
cannot make all contacts with its neighbors (except, perhaps, in a very few special orientations)
[10]. In Figure 1a we show the results of our simulations for the probability p

n
 that a particle cannot

make all contacts with n randomly located neighbors for n=3 (squares) and n=5  (circles). Each point
represents the results for a different map. As expected, maps with different patterns of the attractive

γ

.
.. .

.
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spots, but the same s and a, have similar  probabilities. The lines are the theoretical predictions [10].
When p

n
    1, only very specific configurations of neighbors allow contacts with all neighbors and the

potential is not averageable, whereas when p
n
    0, all contacts are made in numerous orientations and

the aeolotopic potential is averageable. In Figure 1b we present the simulation results for  p
n
(s,a)=0.5

for n=3 (squares) and n=5 (circles). For maps whose s and a fall significantly above the open symbols
(i.e. p

n
 < 0.5) the potential is averageable, below it is not. The lines are the theoretical results [10]. The

solid triangle in  Figure 1b corresponds to the parameters of the map we have used in Figure 2 (s=25,
a=0.01).

The key parameter which determines whether an average potential can be used instead of an
aeolotopic one is the number of neighbors n. Interactions which are averageable near the liquid-
liquid critical point, where n is approximately three [4], may no longer be averageable in the
crystal, where n > 5. Thus it is not always appropriate to use the same effective potential to
describe both the liquid and solid phases.

This conclusion is borne out when we analyze the phase diagram of globular protein solutions. In Figure
2 we show as open symbols the liquidus line (squares) and coexistence curve (circles) measured for the
protein γ IIIb-crystallin [11,12]. We have previously shown that the isotropic square well model with a
reduced range of interaction λ  =1.25 produces the correct coexistence curve (blue coexistence curve),
provided that the depth of the potential has the appropriate temperature-dependence [4]. However the
liquidus line predicted using the same potential in the solid (dashed red line) differs significantly from the
experimental results [8]. The aeolotopic model provides a much more accurate representation of the
liquidus line (blue liquidus line), and accounts in a natural way for the difference in the apparent poten-
tials in the liquid and solid phases.
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Figure 1. (a) The probability p
n
 of not making all n contacts. The open symbols are the simulation results for

n=3 (squares) and n=5 (circles). The theoretical results for n=3 (solid line) and n=5 (dashed line) are also
shown. (b) The boundary for averaging the potential. The open symbols are the simulation results for n=3

(squares) and n=5 (circles). The lines are the theoretical results expected for n=3 (solid) and n=5 (dashed).
The solid triangle corresponds to the parameters of the aeolotopic model used in Figure 2.
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Figure. 2. The phase diagram of  γ IIIb-crystallin. The open symbols are the experimentally determined
liquidus line (squares) and coexistence curve (circles). The green lines are the predictions for the bound-

aries assuming temperature-independent isotropic square well interactions. The blue lines are the
predictions of the aeolotopic model.
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Carbon nanotubes are perhaps one of the more interesting of the new materials to emerge from
recent scientific research. This excitement and interest derives largely from the unusual mechanical
and electrical properties of nanotubes, which should allow for unique applications of interest to
NASA. For example, nanotubes are predicted to be superstrong, lightweight fibers with remarkable
resilience to strain. Nanotubes may therefore provide the basis for a new class of composites, as
well as providing a fundamental structural component at the nanometer length scale. Turning to
their electronic properties, nanotubes may be either metallic or semiconducting, and therefore have
the potential of forming the basis of a future, all-carbon nanotube-based microelectronics. On our
presentation, we will give a brief description of our theoretical investigations of nanotubes, with a
focus on their mechanical and electrical properties. The studies were carried out with a series of
complementary numerical methods covering different length and time scales, including ab initio
and classical molecular dynamics simulations methods.

While the outstanding mechanical properties of carbon nanotubes have already been explored
theoretically, there has been, until recently very little understanding of the microscopic origins of
these mechanical properties. Our studies show that it is the high strength of the sp2 bond, combined
with the remarkable flexibility of the hexagonal network that plays a crucial role in these enhanced
properties.  Detailed classical and quantum simulations of the strain release mechanisms of
nanotubes under tension show that the excess strain is released by the formation of a (5-7-7-5)
defect via the rotation of a carbon-carbon bond about its center [1].  Such a defect is formed
spontaneously under tensions of 5 %, or more and marks the onset of further transformations, either
via plastic transformation (separation of dislocation cores) or brittle (crack formation and exten-
sion). Because of the anisotropic nature of the graphene sheet comprising the nanotubes, the
specific response of the nanotube depends on the helicity of the nanotube - i.e., the way in which
the graphene sheet is rolled. We have therefore calculated a map of the different response of the
nanotubes towards strain [2], shown in Figure 1. Roughly speaking, ductile behavior is associated
with armchair (n,n) nanotube, while brittle behavior is characteristic of (n,0) zigzag tubes.

To the best of our knowledge, this is the first such classification of the material properties of a such a
material.
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Furthermore, we have also investigated the mechanical properties of nanotubes in the presence of
ad-atoms and ad-dimers [3]. Most interesting, in the presence of ad-dimers a new set of defects
form which consist of rotated hexagons separated from the rest of the nanotube via (5-7) pairs, as
shown in Figure 2. Under tensions of 5-10 %, it is favorable for the number of hexagons in these
extended defects to increase ultimately forming a small tube segment having a different helicity
thereby allowing for the natural formation of different electronic heterojunctions. Our studies
indicate that the formation of such structures is most favorable for zigzag tubes. Thus, ad-dimers
induce plastic behavior on tubes that are otherwise brittle in a controlled manner, as shown in
Figure 3.

Since identification of the different defect structures will mostly be via scanning tunneling micros-
copy (STM), we have simulated images of these native defects on carbon nanotubes using a
standard tight-binding model [4]. For the most part, the simulated STM images show a strong
correlation with the underlying atomic structure. The images are for most part unique, and are
dominated by “rings” that are associated with the pentagons inside the defect. We have also simu-
lated STM images of different electronic heterojunctions, such as quantum dots and MIMs of

Figure 2. Sample configurations showing the time evolution of a carbon ad-dimer on a (10,10)
nanotube under 3% strain: (a) (7-5-5-7) defect forms after 4 ps; (b) bond rotation leads to defect

with one rotated hexagon at 346 ps; (c) two hexagons at 421 ps; and (d) three hexagons at 2.35 ns.

Figure 1. Ductile-brittle domain map for carbon nanotubes with diameters up to 13
nm. Different shaded areas correspond to different possible behaviors, as discussed

in detail in Reference [2].
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various sizes. These images are for the most part dominated by the (5-7) pairs at the edges of the
defects: the sandwiched tube only becomes apparent when the structures are sufficiently elongated.
An example of such an STM picture is shown in Figure 4.

Turning to the electronic properties of carbon nanotubes, it has already been noted that nanotubes
have the potential of forming a microelectronics. Progress has been rapid, and some prototypical
devices have already been explored with nanomanipulators. In order to investigate the conductance
of nanotubes, one of the key components needed to calculate I-V curves at the nanometer length
scale, we have combined standard tight-binding formalism and an orbital-based ab initio approach
[5] with a Green’s function based formalism and used the Landauer formula to calculate conduc-
tances [6].

Figure 3.  Time evolution of a (17,0) nanotube with an ad-dimer under 7.5% strain at 3000 K, illustrating
the spontaneous winding of the defect around the tube: (a) the initial configuration consisting of a single

turn, and (b) the final configuration corresponding to about  three turns after 1 ns.

Figure 4.  STM images of (17,0)/(8,8)/(17,0) carbon nanotube heterojunction: (a) and (b) show the
STM image and the corresponding atomic geometry; (c) and (d) the same for the heterojunction

with the (8,8) section artificially enlarged. For more details, see Reference [4].



106

Initially, our studies have focused on the strain-induced defects discussed previously [1-4], both on
pristine tubes and in the presence of ad-dimers. We find that the effects of the defects on the con-
ductance is relatively modest, so that it is unlikely that one can associate a specific conductance
signature with any given defect. As expected, defects usually decrease the conductances because of
enhanced backscattering effects.  Many of the defects also lead to significant “dips” in the conduc-
tance, either slightly above or below the Fermi level. These effects are due to defect-induced
localized states, which show up as peaks in the local density of states, and as the rings associated
with the STM images already mentioned. Concerning transport through the different electronic
heterojunctions, there was no DC transport through the specific structures examined, without
significantly shifting the bias voltages, despite the significant number of states that are induced
within the gaps [4]. We have also examined much more distorted geometries such as bent carbon
nanotubes [7]. Bent armchair nanotubes keep their metallic character for most practical purposes,
even though there is an opening of a small symmetry-related pseudogap for small diameter tubes.
Metallic chiral nanotubes undergo a bending-induced metal-semiconductor transition that manifests
itself in the occurrence of effective barriers for transmission, while bent zig-zag tubes were always
found to be semiconducting for the diameters considered. Topological defects were always found
to increase the resistance of the metallic nanotubes to an extent that is strongly dependent on their
density per unit length. Finally, open-ended nanotubes that are put in close proximity with each
other were found to rebond and form conducting electrical contacts [7]. These results provide a
clear interpretation of some recent experimental findings, and suggest avenues for their uses as
devices.

Figure 5. Conductance of a bent (6,3) chiral nanotube. Different curves correspond to different bending
angles: 6o, 24o, and 42o as shown in the legend. Inset: conductance of a bent (12,6) chiral nanotube for

0o, 12o angle. The Fermi energy is taken as reference. For more details, see Reference [7].

In addition to the DC conductances of carbon nanotubes, we have also studied their dynamic
conductances, i.e., the conductance in the presence of AC fields [8]. The AC response of the
nanotubes is, of course, complicated, because the time-dependent fields can take the system out of
equilibrium. Under AC conditions, electrodynamics shows that displacement currents are induced,
which can substantially alter the transport properties of the system. It is absolutely crucial to include
the effects of these displacement fields for two fundamental reasons. First, they are needed to
ensure conservation of the total current; second, quantum transport must be gauge invariant, which
implies that physics depends only on voltage differences. Another important phenomena associated
with the AC response of a conductor is that of photon-assisted tunneling: in the presence of a time-
varying potential, electrons can absorb photons and thereby inelastically tunnel through other
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levels. To investigate AC response of nanotubes, we have used the nonequilibrium Green’s func-
tion formalism combined with simple tight-binding models. Specifically, the AC response of tubes
of different helicities, both with and without defects, and an electronic heterojunction were investi-
gated. Because of the induced displacement currents, the dynamic conductance of the nanotubes
differs significantly from the DC conductance displaying both capacitive and inductive responses.
The important role of photon-assisted transport through the nanotubes is revealed, and its implica-
tions for experiments discussed.

Finally, we have examined spin-coherent quantum transport through a carbon-nanotube based
magnetic tunnel junction device, as shown in Figure 6 [9]. This project is based on a recent experi-
ment [Tsukagoshi, Alphenaar and Ago, Nature 401, 572 (1999)],  in which nanotubes were
contacted to ferromagnetic Co leads. The data showed that the nanotubes have a very long spin-
coherence length  which was estimated to be about 130 nm. Nanotubes may therefore be ideal
candidates for achieving molecular scale magnetoelectronics in which both the charge and spin-
degrees of freedom are used in the operation of a functional device. In order to understand these
devices, we first studied the behavior of finite-sized nanotubes coupled to metallic jellium leads.
The observed behavior is strikingly different from the previous results in that transport is now
dominated by length-dependent resonant tunneling, as shown by the sharp conductance peaks of
Figure 6. Physically, this resonance behavior may be attributed to scattering at the contacts between
the nanotubes and the leads. When the nanotube is contacted by ferromagnetic leads, we find clear
evidence of length-dependent spin valve effect of up to 20%. This is shown in Figure 7, which
displays the resistance as a function of the magnetization angle of the second lead: when the two
magnetizations are parallel, then the resistance is low; when the magnetization is antiparallel, the
resistance is high. These results are in complete agreement with the experiments and point to the
possibility of forming nanotube based spin-valve transistors at the nanometer length scale, as
already achieved in conventional multilayer technology.

In summary, we have examined both the mechanical and electronic properties of carbon nanotubes.
The mechanical behavior is dominated by the formation of a (5-7-7-5) defect, which forms sponta-
neously when the strain is 5 % or more. This defect governs the initial response of the nanotube,

Figure 6. (a) Schematic plot of the nanotube magnetic tunnel junction with ferromagnetic elec-
trodes whose moments point in different directions. (b)-(d) Conductances (solid line) and local

density of states (dashed line) for (5,5) nanotubes as a function of electron energy. Here, (b) is for
length N=5; (c) N=6; and (c) N=7. For more information about the length-dependence of the

nanotubes, see Reference [9].
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and because of the anisotropy of the graphene sheet, determines the brittle versus ductile behavior
of the nanotubes. In the presence of strain and addimers, a new set of extended defects form that
ultimately can be used to form different electronic heterojunctions on the (n,0) zigzag tubes. To aid
in the identification of these defects, we have simulated their STM signatures, which shows their
experimental identification should in principle be straightforward. Turning to the electronic proper-
ties of nanotubes and their devices, we have investigated their conductances with a Green’s func-
tion based formalism. Transport properties of defective and bent nanotubes were studied, along
with the AC response of nanotubes. Finally, we have also invested the properties of nanotubes that
are contacted to ferromagnetic leads. Such devices display a clear spin-valve behavior, which
should allow for the formation of interesting spin-based devices.
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Figure 7.  Conductance of (5,5) nanotube device for different coupling parameters and tube
lengths, as a function of magnetization angle, as shown in Figure 6a. Results are: (a) for N=5; (b)

N=6; and (c) N=7 devices. Note the clear length-dependence of the spin valve effect. Here (d)
shows similar results for defective (10,10) nanotubes: lower curve – a (7-5-5-7) defect; upper curve

– a (5-7-7-5) defect. See Reference [9] for more information.



109

DISPERSION MICROSTRUCTURE AND RHEOLOGY
IN CERAMICS PROCESSING

J. F. Brady

Division of Chemistry and Chemical Engineering, 210-41
California Institute of Technology

Pasadena, CA 91125 USA
Phone:  626-395-4183

Fax:  626-568-8743
email:  jfbrady@caltech.edu

Ceramics provide a potentially very useful class of materials owing to their physical properties;
they are light, hard, resistant to abrasion, chemically inert, stable at high temperatures, and
excellent thermal and electrical insulators [1]. Further, by casting from a liquid suspension and
subsequently sintering, many complex parts and shapes can be fabricated [2]. Although the
resultant properties of ceramics can be outstanding, they often suffer from extreme brittleness.
This brittleness is caused by the propagation of cracks, which is in turn due to microstructural
defects. These defects may be caused by a number of different factors, such as particle agglom-
eration, migration or segregation prior to sintering, or due to inhomogeneous volume change
upon sintering. If a ceramic’s microstructure can be controlled and rendered homogeneous prior
to (and after) sintering optimal material properties may be realized in an economic way.

Typically, high-performance ceramics are produced using monodisperse submicron-sized particu-
late suspensions from which the ceramics are cast. By controlling the size and processing a dense
uniform microstructure may be formed prior to sintering. This route has met with limited success
even though the maximum volume fraction of ceramic particulates that can be achieved prior to
sintering is 0.74. The limited success may stem from the fact that a perfect crystal of mono-sized
particles has slip planes that yield easily, and from the fact that there is still a large amount of
void space that must be eliminated upon sintering.

An alternate approach is to use a mixture of particle sizes [3,4]. It is well know that solids frac-
tions of 90% can be obtained with a bidisperse suspension of spherical particles. And even
greater loadings are possible with tridisperse systems. Crystalline slip planes can be eliminated
with a mixture of particle sizes. In addition to achieving high solids fractions, and therefore
reducing potential sintering inhomogeneities, a mixture of two different types of particles can
also impart desirable properties in a ‘composite’ ceramic. For example, zirconia in alumina has
been used to arrest crack propagation owing to the transformation toughening of zirconia under
stress [5].  Of critical importance for processing is the fact that particles that differ in size or
composition are subject to gravitational phase separation. Hence, processing in a gravity-reduced
environment offers substantial benefits.
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For bi- or poly-disperse suspensions to be successful, the microstructure must be controlled during
processing.  It has been observed experimentally that for the same total volume fraction, a mixture
of two particle sizes leads to a reduction in the suspension viscosity, with obvious advantages for
ease of processing [6-14] .  Although there are several heuristic models to explain this viscosity
reduction phenomena, there is no fundamental explanation and very little theoretical work has been
done. Furthermore, the viscosity reduction is only one factor. Of much greater importance is the
microstructure formed during processing, for this determines the ultimate success or failure of the
ceramic.  As an example of the importance flow has on microstructure, figure 1 shows the flow-
induced ordering that can occur in bidisperse Brownian suspensions.  To date there have been no
experimental studies of microstructure formation during flow of bidisperse suspensions and the
results of this study open up the intriguing possibility that one can form highly ordered states by
processing.  The results in Figure 1, do not include hydrodynamic interactions between particles
and it is an open question whether the order will be destroyed upon the inclusion of hydrodynam-
ics.

Figure 2 shows results for the zero shear viscosity of a bidisperse suspension of Brownian hard-
spheres at a total volume fraction of 0.45 determined by Brownian Dynamics.  The size ratio is 2
to 1.  The figure shows the variation in the viscosity as a function of the fraction of small par-
ticles, Xs, compared with the experimental results of Shikata, et al [15].  The comparison is quite
encouraging and shows that the simulations are capable of quantitative predictions.

Future work will be to extend the simulations to a greater range of volume fractions and size
ratios.  Over what range does the ordering persist?  Can one see evidence of phase separation by
depletion forces?  And how is this influenced by flow?  Also, the simulation results are for
Brownian particles that do not interact hydrodynamically.  For the shear thinning behavior shown
here, it is known that hydrodynamic interactions have only a quantitative, and not qualitative,
effect on the results.  Does this carry over to mixtures as recent experiments suggest?  At high
shear rates, however, hydrodynamically interacting hard-spheres show shear thickening due to
the formation of lubricationally bound clusters of particles.  Will these clusters be disrupted by
the addition of small particles that can get into the lubrication gaps between the large particles
and break the connectivity and thereby prevent shear thickening?  To answer this question, we
will need to improve the speed of the simulation of hydrodynamically interacting particles and
work is in progress in developing a fast O(N ln N) Accelerated Stokesian Dynamics simulation
capability.  Figure 3 shows that we have a method that scales linearly with the number of par-
ticles.  This method is currently being extended to bidisperse suspensions.
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Figure 1. 3-D location plots and 2-D density plots of the large particles in a bidisperse suspension
of Brownian hard spheres without hydrodynamic interactions at a total volume fraction of 0.45 for
different Peclet numbers (dimensionless ratio of shear to Brownian forces).  The size ratio is 2:1

and 75% of the particles are large. The plots display the view looking down the velocity gradient-
vorticity plane – the flow is coming out of the page. On the density plots, green color denotes the

maximum likelihood of locating a (large) particle at that position while orange designates the
lowest probability. As the flow strength is increased the large particles order into flowing strings,

which are arranged in an hexagonal pattern.  The small particles are located between the strings but
are not ordered.
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Figure 2. Plot of the dependence of reduced zero-shear viscosity on Xs, the ratio of solids volume
fraction occupied by small particles to the total solids volume. The simulation data (bars) are
displayed along with a polynomial fit, and the experimental results of Shikata et al (1998).

Figure 3.  Plot of the CPU time vs. the number of particles in the simulation for the new version of
Stokesian Dynamics – Accelerated Stokesian Dynamics (ASD).  In ASD full hydrodynamic

interactions are included with the same accuracy as conventional SD.
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Transition metal nitrides have become increasingly attractive for their distinctive thermodynamic, me-
chanical, electrical, magnetic and superconducting characteristics; the high degree of melting tempera-
ture, hardness, electrical resistivity and magnetic susceptibility are comparable to the corresponding
transition metals.  In particular, nitrides of the group IV metals in the periodic table, including titanium,
represent higher melting temperatures and chemical stability than those of the transition metals in other
groups, mainly due to the unique bonding structure between the solid metal and nonmetal components.
Accordingly, a detailed experimental study of the self-propagating high-temperature synthesis (SHS) of
titanium nitride was conducted to improve the conversion yield and illustrate the mechanism of formation
of this representative transition metal nitride.  Further investigations are currently under way to apply and
build upon the same techniques used for the synthesis of titanium nitride in the SHS of other transition
metal nitrides, such as molybdenum nitride and niobium nitride, as well as several carbides produced in
solid-solid SHS.

The conditions of the titanium nitride investigation were atmospheric pressure, room temperature and
normal-gravity in a fluidized bed of gaseous nitrogen (99.995%) and solid, spherical titanium particles of
approximately 50 microns in diameter.  Several parameters, such as the strength of the random motion
of the fluidized particles, particle size, thermodynamic properties of the fluid and thermodynamic proper-
ties of the circulating particles were proven to cause considerable variance in the ignition characteristics
of the fluidized bed.  For the fluidized bed combustion system, a homogenous dispersion of the titanium
particles in the freeboard was necessary.  A nitrogen-purged, dual-syringe particle injection system was
devised to aid in creating the desired particle distribution and facilitate ignition, Figure 1.  The titanium
particles were successfully ignited to attain a high conversion yield at the atmospheric pressure condi-
tion. This is in contrast to previous investigations in which high-pressure conditions were utilized to aid in
ignition and increase the conversion yield.

From this atmospheric system, a maximum conversion yield for the combustion synthesis of
titanium nitride of approximately 60% was obtained at a feed rate to the freeboard of 27.0 g/min, Figure
2.  The yield decreases from its maximum with both a decrease and increase in feeding rates.  The
highest conversion yield was ascribed to increased nitrogen accessibility to the precursor particle surface
by increasing the interstitial distances between particles in the fluidization to an optimal distance under
these conditions.
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Analysis of the product composition was performed both qualitatively and quantitatively utilizing several
techniques including scanning electron microscopy (SEM), energy dispersion spectroscopy (EDS) and
X-ray diffraction.  Using the Debye-Shearer method of X-ray diffraction, the product was confirmed to
be within 5% of stoichiometric titanium nitride.  The X-ray diffraction results also indicated that some of
the product nitride contained high concentrations of pure titanium metal, while other product spheres
were pure titanium nitride, as indicated by a few intense diffracted rays at the proper Bragg’s angle for
pure titanium.  This was confirmed through analysis of a cross sectional slice of the product nitride.  In
analyzing a size distributed series of product, two unique morphologies were obtained.  Smaller diam-
eter product particles were indeed pure nitride, indicating close to 100% conversion.  As particle
diameter increased, a residual titanium core appeared that increased in size with a corresponding
increase in product particle diameter.  This observation of a titanium core was further confirmed by both
visual and analytical techniques.  Under a high power light microscope, a silvery metallic inner core
appeared to be surrounded by a porous gold shell.  EDS confirmed the presence of a titanium nitride
outer shell and a pure titanium inner core.

The fluidized bed combustion apparatus was applied to the examination of the synthesis of
several other transition metal nitrides including niobium nitride and molybdenum nitride. Similar
results for each of these nitrides were obtained.  No data was confirmed for the yield of these
systems due to added ignition sources, such as titanium and sodium azide. There is no published
literature on the combustion synthesis of these materials under atmospheric conditions.

Similar trends in morphology for the niobium and molybdenum nitrides to those for titanium
nitride were found and confirmed.  Size distributions were analyzed and trends also similar to
those in the titanium nitride investigation were seen, although the thickness of the nitride shell
layer was not as large.  This finding indicates that the conversion yields of these transition metal
nitrides were probably lower than those of titanium nitride.

Solid-solid combustion synthesis investigations have also been conducted with the fluidized bed
apparatus and are currently being continued.
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Figure 1.  A nitrogen-purged, dual particle injection system.

Figure 2.  Maximum conversion yield for the combustion synthesis of titanium nitride obtained at a feed
rate to the freeboard of 27.0 g/min.



116

STUDY OF DEVELOPMENT OF POLYMER STRUCTURE
IN MICROGRAVITY USING ELLIPSOMETRY

Georgi Georgiev, David Berns and Peggy Cebe

Tufts University
Department of Physics and Astronomy

Science and Technology Center
Medford, MA  02155

Crystalline or liquid crystalline polymers processed from solution or from the quiescent melt exhibit
optical birefringence as a result of formation of superstructures, such as spherulites, axialites, dendrites
or liquid crystalline phases.  In other types of processing, stresses imposed on the polymer during
processing result in anisotropic alignment of the polymer chains, leading again to birefringence.  The first
objective of this investigation is to provide a method for real-time, in-situ characterization of optical
anisotropy which can develop in polymeric materials processed or treated in the microgravity environ-
ment.  Our method of choice for optical characterization is a variation of ellipsometry based on Stokes
analysis [1,2].  We use ellipsometry to measure the retardation and azimuthal angle of optically anisotro-
pic polymeric materials in real-time, during processing or treatment.  In addition, the embodiment of the
method provides two-dimensional, i.e., spatially resolved, information about the optical parameters
across the field of view.  Unlike conventional reflection ellipsometry with coherent light sources, our
method uses transmission of monochromatic, incoherent, light for image analysis.  High speed detection
allows image collection at video rates.  A second objective of the work is to apply this novel instrument
to ground-based studies of the development of structure in polymeric, and liquid crystalline polymeric
(LCP), materials.  We aim to provide fundamental information about the formation of optically anisotro-
pic structure, including measurement of phase transformation kinetics and development of textures.

The construction of the instrument has now been completed.  As shown in Figure 1, the instrument
consists of the following components: (1) monochromatic, incoherent light source; (2) heat absorber; (3)
interference filter; (4) mirror; (5) fixed-orientation linear polarizer; (6,7) precision universal compensator
comprising two voltage-controlled liquid crystal variable phase retarders; (8) sample mounting stage
with manual translation and rotation; (9) long working distance objective lens; (10) left circular analyzer;
(11,12) CCD camera; and, (14) computer for data collection and analysis of images with frame grabber
card and software.  For high temperature work, a Mettler hot stage (8) and its controller (13) are used.

The variable phase retarders and the camera have been interfaced to the computer.  Computer pro-
grams have been written to vary the voltage, hence the phase, of the retarders systematically, so the
polarization state of the incident light passes through four well-defined states of ellipticity.  Intensity is
collected and analyzed at every pixel in the camera’s CCD array.  Computer programs have been
written for intensity collection and analysis.  A set of four equations, based in Stokes analysis [1], is
solved simultaneously and the result gives the sample retardation, δ (where δ= (2π/λ) d∆n, and λ is the
incident light wavelength, d is the thickness of the sample, and ∆n is the sample birefringence) and the
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azimuthal angle, φ.  The retardation is obviously known only to within factors of 2π.  The azimuthal
angle relates the position of the sample’s uniaxial optic axis to the laboratory reference state of initial
linear polarization.

For test measurements, a cell comprising a uniaxial liquid crystal (LC) display was studied [3].  Two
Indium-Tin-Oxide (ITO) coated glass slides were coated with a polymer alignment layer by spin casting.
The conducting but transparent ITO allows a voltage to be applied across the cell without deteriorating
the transmitted optical signal.  The cell gap was established by using microrod spacers in a UV curable
epoxy.  Nematic liquid crystals filled the cell by capillary action.  An alternating sinusoidal voltage was
supplied to the cell by a frequency generator, at oscillation frequency of 1kHz.  The oscillatory voltage is
used in preference to dc in order to avoid degradation of the electric field caused by mobile ionic
impurities which tend to plate out at the electrodes.  Initially, with no voltage applied to the test cell, the
optic axis of the nematic liquid crystals lies nearly perpendicular to the travel direction of the incident
radiation (perpendicular to the surface normal of the LC cell).  As voltage is applied, the optic axis
rotates as the individual liquid crystal molecules behave as dipoles in the applied field.  With increasing
applied voltage, the optic axis becomes aligned more nearly parallel to the travel direction of the incident
radiation (parallel to the surface normal of the LC cell).

As shown in Figure 2, with our instrument, we track the orientation of the uniaxial optic axis, and the
sample retardation, as voltage increases from 0 to10.0 volts in steps of 0.1 volt.  The retardation of the
test cell cycles through 10π radians over this range of applied voltages.  The retardation is resolved to
0.02π radians, or ~11nm for light of wavelength 550nm.  In this test cell, the thickness does not vary as
a function of voltage.  Therefore, the measured retardation can be assigned solely to the variation in ∆n.
As the extraordinary axis aligns through its 90° rotation (from perpendicular to parallel to the cell’s

Figure 1. Experimental set-up for the Spatially Resolved Transmission Ellipsometer.
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surface normal), the LC cell behaves as a variable retarder, providing retardation from 0 to 10 π
radians.  Here, with knowledge of the initial state of zero birefringence at zero voltage, we are able to
calibrate the retardation changes exactly.

Figure 2. Retardance versus voltage calibration curve for the Liquid Crystal cell.  The retardance changes
over a range of 10 π radians as applied voltage changes from 0 to 10 volts (at a frequency of 1kHz).

Figure 3. Area of the sample near the advancing neck of drawn sample of metalocene polyethylene. The
orientation of the polarizer and the analyzer is +/- 45° to the vertical and the direction of the applied drawing

stress is vertical. The arrows indicate an area for which the retardance is mapped in Figure 4.
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Next, we demonstrate the measurement of retardation in a drawn sample of polyethylene film.  Thick
films were made by compression molding pellets of metallocene polyethylene (m-PE) at 200°C between
KaptonTM-covered ferrotype plates [4].  The m-PE pellets were Exceed 350D60, from EXXON.  The
melt flow index was 1.0 g/10min., and the material had M

n
=43,390 and M

w
=112,600 [5].  Films were

cut into thin strips and subjected to zone-drawing at elevated temperatures following the zone-drawing
technique of Kunugi’s group [6].  The sample studied here was drawn at 30°C, with a dead weight of
500g producing a drawing stress of 3.3MPa.  Fiduciary marks on the sample allowed the draw ratio
(final length/initial length) to be calculated at 1.4.  When examined between crossed polarizers, as
shown in Figure 3, the sample exhibited a very irregular pattern of birefringence in the portion of the film
near the advancing neck.  The direction of the applied drawing stress is vertical in the Figure, and the
polarizer and analyzer are oriented at +/- 45° to the vertical.

Figure 4. Three-dimensional retardance map of drawn sample’s section shown in the area between the
arrows on Figure 3.

Between the undrawn material at the top of the Figure, and the fully drawn material at the bottom, there
is a zone of high birefringence indicated by alternating light and dark stripes across the sample.  As seen
from the Figure, the width of the sample (and the thickness, which cannot be seen directly) is decreasing
from top to bottom.  Polymer chains of m-PE are becoming oriented along the draw direction under the
applied stress.  The combined effects of thickness decrease and chain orientation result in the observed
birefringence.

Figure 4 shows the three-dimensional retardance map of the same sample shown in Figure 3.  The 3-D
view is slightly from above the plane, and corresponds to looking from right to left in Figure 3, with the
vertical draw direction indicated.  Cyclic variation of retardance is observed.  In actual fact, the retarda-
tion is steadily increasing.  The value of retardation, δ, is known only to within factors of 2π radians and
this results in the cyclic variation seen in Figure 4.  Knowledge of the initial (undrawn) and final (drawn)
birefringence would be needed to resolve the retardance, in cases such as the present one in which
extremely large values of retardance are seen.
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While the initial study, including instrument construction, is a ground-based investigation, we anticipate
that the instrument will be readily prototyped for operation in the microgravity setting.  The instrument
contains no moving parts and is therefore very robust.  The instrument offers several unique advantages
over other forms of ellipsometry: it operates in transmission mode; thin films or bulk samples can be
investigated; two-dimensional, spatially resolved images are obtained; the optical anisotropy is quantified
in terms of retardation and azimuthal angle; temporal resolution of these properties at video rates is
possible.  Polymer processing from melts or from solution, including crystallization kinetics or polymer-
ization kinetics will be able to be monitored with this instrument.  Furthermore, the ground based studies
will lead to a fundamental understanding of the formation of optical anisotropy during processing in the
gravity environment, with extension to the microgravity environment.  This instrument would also be
useful in studies of other types of macromolecules such as biological proteins.
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INTRODUCTION

The three-dimensional (3-D) motion of melts is an unavoidable intrinsic problem that arises in
crystal growth.  It may be the most important physical property, which needs to be accurately
characterized for optimization of the processing.  The velocity fields are induced even in
microgravity space experiments owing to residual gravity and g-jitters.  The induced convection
can affect the solidification phenomena in various detrimental manners, which causes solute
concentration redistribution including end-to-end macro-segregation and radial segregation as
well as undesirable temperature variations in a melt.  Crystal growth poses challenging experi-
mental restrictions in flow diagnostics, inhibiting the application of conventional planar and
point probes.  At the current state of both ground- and space-based experiments, appropriate
optical diagnostic techniques are thus very necessary to identify the convective velocity effects
on crystal growth.  The experimental velocity characterization is also vital to the validation and
improvement of numerical modeling capability.  The goal of this investigation was to develop
two unique experimental techniques for measuring 3-D velocity fields closer to a practical state
appropriate for microgravity experiments and to apply them to real experimental measurements
including a Bridgman crystal growth configuration.  The Bridgman configuration is one of the
most important basic arrangements and its velocity measurement is of great technological impor-
tance.  Eventually, application of these techniques can be extended to other space-based experi-
ments through technology perfection and hardware miniaturization, not only for crystal growth
but also for other allied areas.

In the proposed research, two major efforts were pursued for detecting 3-D three-component
velocity fields: that is, development of stereoscopic imaging velocimetry (SIV) [1,2] based on
dual CCD sensor observation and holographic diffraction image velocimetry (HDIV) [3,4] based
on double-reference-beam holographic recording.  For these techniques, the velocity is detected
by observing the motion of fine marker particles, which are dispersed in the fluid and follow the
flow streams.  The strengths of these two techniques include greater experimental freedom in
illuminating and observing convective flow fields.  The volumetric illumination for capturing 3-
D fields can be arbitrary in direction and cross-sectional shape.  The observation direction also
does not impose restriction.  These two techniques are complementary in nature.  SIV is advanta-
geous in system simplicity for building compact hardware and in software efficiency for con-
tinual near-real-time monitoring.  It, however, exhibits weaknesses of low detection resolution of
CCD sensors, causing limitations in spatial resolution, detection area, and dynamic range.  The
HDIV approach releases these limitations.  It is effective for obtaining good spatial resolution
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and wide dynamic range from a single observation direction.  However, the velocity extraction is rather
involved and allows only slow post-processing.  Its setup is also complex and its development is less
mature than SIV.  It is believed that these complementary techniques together can eventually cover a
broad range of space experiment requirements including complex or transient phenomena.

I. Description of the Methods and Experimental Results

For SIV, images of individual particles or equivalently data points are not completely recover-
able.  The data loss mostly occurs during the processes of centroid identification of overlapping
particles and particle tracking of crisscrossing tracks.  The loss becomes more prominent as the particle
density increases.  In order to maximize the data recovery and to enhance the measurement accuracy,
artificial neural networks were implemented in these processings.  Since the previous 1998 NASA
Microgravity Materials Science Conference [5], new algorithms have been developed to make the
technique more widely applicable.  These include new methods for robust camera calibration as well as
for tracking of small particle images based on the Hopfield neural networks in global optimization.  For
tracking, stochastic networks have also been investigated by adding time-decreasing white Gaussian
noise based on the independent Wiener processes.  The Hopfield networks may take a number of
iterations to be able to arrive at a stable state.  The networks use essentially a gradient-descent method
for the minimization of error energy, and such methods do not usually reach a global minimum.  In an
effect to achieve enhanced global optimization, stochastic neural networks (diffusion machine) were
applied by adding white Gaussian noise based on the independent Wiener process [6,7].  Our two
tracking algorithms based on both the Hopfield neural networks and stochastic neural networks were
tested with the synthetically generated data of a known flow field.  The results were then compared with
the output, which was obtained from the original tracks of the known flow field.  To study the effects of
particle density in the tested flow, the particle population was increased gradually.  Table 1 shows the
results of particle tracking. The success rates for tracking were 100%, 99.0%, and 98.3% with 200,
400 and 600 particles, respectively, in the field.  The successful recovery rates were very high for both
methods but the stochastic neural networks performed better.  To investigate and test the performance
in a more realistic manner, laminar water jets emerging from a circular and square tubes as well as the
flow inside the tubes were measured.  The tip velocity profiles were in good agreement with the analyti-
cal predictions.  Figure 1 is the plot of the tip velocity of the circular tube.

The HDIV technique was tested with a breadboard setup for various situations and operational
modes for fundamental investigations to characterize important experimental parameters as well
as to identify some remedial solutions in addition to those previously reported [5].  3-D flow
measurement and testing was continued with the flow field generated by a falling ball in a verti-
cal test section.  A double-pulsed laser was employed to holographically record the horizontally
illuminated volume field.  An example of the additional velocity field analyzed at a typical
section is shown in Figure 2.  More accurate methods for out-of-plane component velocity extraction,
as compared with the previous developed image correlation approach [3], have been investigated based
on two approaches: that is, statistical correlation of image intensity deviations through maximum likeli-
hood estimation and optical Young’s fringe analysis [4].  For the correlation approach, the intensity
variances of the diffraction images of individual particles were compared.  The computer simulation and
actual experiments produced comparable results.  Figure 3 shows a typical plot of standard deviation
(SD) of image intensities.  The location where the maximum SD matches is the displaced field position.
The approach appears to warrant further investigation to provide the measurement accuracy better than
the previous value of 0.2d2/λ where d and λ are the image element size and laser wavelength, respec-
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tively.  The Young’s fringe approach utilizes phase-shifted fringe spacing in the Fourier transform do-
main.  It is still in refinement process.

The experimental investigations that have been conducted to measure 3-D flow phenomena with
SIV and HDIV techniques allowed performance assessment under realistic environments since
the characteristics of these flows have been well understood.  Currently, directional solidification
under a Bridgman configuration is being experimented with a transparent metal analog as de-
picted in Figure 4.  In the future, all the results from the experiments will be compared with computa-
tional modeling and other important parameters will also be extracted.

II. Conclusion

Our theoretical, numerical, and experimental investigations have proven SIV and HDIV to be
viable candidates for reliable measurement of 3-D flow velocities for material processing in
space or on ground.  The strengths of these techniques include greater experimental freedom in
volumetric field illumination and observation, both of which impose no restriction in direction
and cross-sectional shape unlike conventional particle image velocimetry and holographic techniques.
For SIV, the results have demonstrated significant advantages in using the neural networks.  For HDIV,
no specific particle focusing is required and seeding of higher particle concentration is possible during
recording unlike other two-dimensional techniques.  The results have demonstrated good agreement
between the experimental and analytical velocity profiles.  With current activities focused on further
improving the processing efficiency and overall accuracy and automation, it is believed that these
techniques can become important flow diagnostic tools to meet the increasing demands for measuring
flow velocity and particle size in crystal growth and material processing.
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Table 1. Successful recovery rates of the tracking methods based on neural networks.

Figure 1 .Three-dimensional velocity field obtained with SIV.

200 200 0 100% 200 0 100%
300 299 0 99.7% 298 0 99.3%
400 394 6 98.5% 396 1 99%
500 493 6 98.6% 495 4 99%
600 586 14 97.7% 590 5 98.3%
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Figure 2. Typical plot of in-plane velocity components for the 3-D flow around a sphere at the center.

Figure 3. Plot of standard deviations of image intensities.
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Figure 4. Setup for velocity measurement of directional solidification in a Bridgman  configuration.
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INTRODUCTION

The general objective of this work is to obtain fundamental insight into the onset and develop-
ment of morphological instability on stepped crystal interfaces. This problem is part of the
general studies of the onset of pattern formation and other self-organizational phenomena in a
variety of systems.  This phenomenon has added importance as it essentially determines the
structure and perfection of the grown crystals. Despite extensive observations and discussions of
step bunches, neither their origin, nor their development have thus far been experimentally
addressed in a quantitative manner.

I. Basic Concepts

In contrast to rough surfaces that loose stability by forming cellular structures, stepped interfaces
loose stability by forming step bunches (see refs 1-5 for summary). To summarize the basic
morphological stability concepts consider an ideal vicinal face i.e., a surface deviating from a singular
crystallographic orientation by a small angle (Figure 1a) [6-10]. Such a surface is built of elementary
steps separated by singular terraces of uniform width. During growth, the steps move in the same
direction at a velocity v. The growing vicinal face is called morphologically stable if it remains micro-
scopically flat, i.e., the steps remain essentially equidistant. The face is said to be unstable if occasional
ripples, i.e., step bunches (Figure 1b) develop. The critical wavelength for stability loss is defined as the
threshold discriminating between increase and decrease of the perturbation amplitude in time. For a
given initial set of unperturbed slope p, normal average growth rate V and shear liquid flow rate S, the
stability condition determines the critical perturbation wavelength, 2π/kx (kx is the perturbation
wavenumber, Figure 1b).

The risers of step bunches are built of elementary steps separated by smooth singular terraces of a
noticeably smaller width than the terraces between bunches and elementary steps. Thus, the competition
between the elementary steps for solute supply via diffusion is more severe within bunches. This leads to
the bunch phase velocity (vx in Figure1) being lower than for widely separated elementary steps. Be-
cause of both the lower propagation rate and shorter terrace exposures, bunches trap impurities in
amounts different from those trapped by widely separated elementary steps. This leads to internal
impurity rich striations propagating through the crystal as it grows [11-12]. Step bunching may also lead

* Corresponding author. Email: Alex.Chernov@msfc.nasa.gov
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to the trapping of macroscopic inclusions by the growing crystal. Both striations and inclusions are
generally detrimental to the perfection of a given crystal and hence impact on its usefulness e.g., its
ability to diffract to high order.

Figure 1. Profile of the (a) unperturbed and (b) periodically perturbed vicinal surface growing at a rate
V in the z direction. Asymmetry of the step orientation and thus step motion to the left (at a velocity of
v) on the unperturbed face gives rise to a variation in the step density on the perturbed surface. The

clouds of  “+” and “-” symbolize regions of enriched or depleted solute, respectively, resulting from the
variation in step density. The phase shift � of the concentration perturbation relative to the interface
perturbation is shown in (c) and is responsible for stabilization or destabilization; vx is the tangential

velocity of the step bunches.

Of particular interest is the effect of the direction of solution flow over a surface. Predictions
from linear stability theory indicate that a solution flowing above a vicinal face of a crystal can
either enhance or prevent the development of step bunches, depending on the direction of the
steady shear flow in relation to the direction of step motion; this has also been observed in
experiments. Phenomenologically this flow induced stabilization and destabilization is a result of
broken symmetry of a vicinal face. The mechanism for this is currently understood as follows:
Occasional step bunches caused by various kinds of fluctuations induce decreases in the concen-
tration (and/or temperature rise) in the solution about these bunches. In Figure 1 a simple periodic
perturbation (Figure 1b) of an initially flat vicinal surface (Figure 1a) is shown together with the corre-
sponding concentration profile. The less supersaturated clouds (Figure 1b) of the solution are dragged
by the flow either up or down the step flow stream, depending on the flow direction. If dragged up-
stream, the depleted solution comes first to a valley on the perturbed surface and thus causes stabiliza-
tion. If dragged downstream destabilization is enhanced.

An oscillating flow field will change the concentration above the surface. A quasi-static approxi-
mation to the effect of an oscillating flow on the stability of vicinal face has been discussed by
Potapenko [13]. A number of crystal growth experiments have demonstrated that alternating
fluid flow, i.e. solution mixing, essentially diminishes the creation of macrosteps and thus improves
crystal homogeneity, eliminating e.g. inclusions trapped by these macrosteps. However, step bunches
and macrosteps still exist on the crystal surface and the controlled elementary step flow has not yet been
achieved. Therefore the question remains how the alternating fluid flow above the growing crystal face
influences its stability with respect to step bunching.
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II. Experimental Technique

The experimental setup for these studies centers around a phase shifting Michelson interferometer with
the growing crystal face being used as one of the two reflecting surfaces. A schematic diagram of our
experimental setup is shown in Figure. 2. The crystallization subsystem consists of a thermostated
solution circulator, connecting tubing and a crystallization cell. Temperature in the solution circulator is
kept constant within 0.02°C by the attached controller linked to a temperature sensor and resistance
heater inserted directly in the solution. The solution is circulated through the crystallization cell by the
centrifugal pump that allows both flow rate and direction variations. The optical subsystem differs from
the classical Michelson interferometry setups by its use of a phase shifter placed between the beam
splitter and reference mirror. Phase differences introduced in the reference beam allow the collection of
a series of interference images of an object with controlled shifts of the interference fringes. By the use
of a suitable algorithm each series of images can be processed to restore the phase of the interference
signal and from it evaluate the morphology of the surface. The method of processing the images is
described in the Data Analysis section below. The video subsystem consists of a digital camera
(Megapixel, 12 bit) capable of collecting 60 images a second interfaced via frame grabbers to a com-
puter.

Figure 2. Schematic diagram of the experimental and data collection equipment.
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The time to collect a set of phase-shifted images can be estimated as follows. We choose to use a 5-
image scheme with a phase difference of �/2 between images, the fifth being identical to the first. The
time required for the phase shifter to acquire a p/2 phase change and for the camera to capture an image
is around 30 milliseconds, hence the time to collect the 5-image sequence is ~0.15 seconds. A step
moving at around 1µm/s passes a distance of 0.15�m for this time. This size is comparable to the size
on the crystal surface corresponding to one pixel. Therefore we have the potential to be able to resolve
groups of steps consisting of two or three elementary units.

III. Data Analysis

The processing of the series of phase-shifted images is illustrated in Figure 3. Phase shifting interferom-
etry is based on the fact that the phase at a pixel in an interferometric image is proportional to the
relative height of the surface area imaged by this pixel. Thus the surface features are averaged over the
area corresponding to the pixel, i.e. the lateral resolution is determined by the magnification and the pixel
size. In the 5-image algorithm that we choose the phase, �, and the relative height, h, at each pixel are
calculated from the five intensities according to the formula shown in Figure 3. In this formula, λ is the
wavelength of the laser, n is the refractive index of the solution, I i are the pixel intensities of the ith image,
i=1,2,3,4,5. Since the arctangent function takes values in the range (-�/2, π/2) the initial relative surface
height profile displayed in Figure 3a breaks at height corresponding to the limits of this range. An
algorithm is used to connect the segments and provide a continuous profile as in Figure 3b. The profile
in Figure 3c was obtained by subtracting the average slope from the trace in Figure 3b. This shows
clearly the variations in local slope across the surface. By repeating this process for every line of data
that constitutes the image one can produce a grey scale map of the surface as shown in Figure 4. For
the case of the test results from a flat mirror we are able to see the surface roughness of the reflective
surface. When applied to a growing crystal face we hope to be able to clearly resolve and trace the
progress of macrosteps across it.

Figure 3. Illustration of the processing of the 5 phase shifted images to obtain surface morphology of a
test object (glass mirror).
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In cooperation with Drs. B. T. Murray, S. R. Coriell and G. B. McFadden theoretical analysis of an
alternating solution flow on the vicinal faces stability has been performed. It was found that the solution
flowing over a face parallel to it and alternatively in and counter the direction of the step motion, de-
creases both the stabilizing and the destabilizing effect of the steady state flow. This alternative flow
influences the steady state flow effect when the amplitude of solution oscillations at the distance that the
concentration wave induced by the vicinal stepped surface perturbation penetrates is comparable to the
perturbation wavelength. This condition provides the criterion for the efficient flow oscillation frequency.

V.  Conclusions

We have constructed an experimental setup capable of observing in-situ crystal growth. While still in
the preliminary stages of operation we are confident that the potential outlined in Experimental Tech-

IV. Experimental Results

After performing extensive tests we are satisfied that all the experimental subsystems are functioning as
intended and we are able to collect repeatable results. Therefore we have commenced studies using a
growing potassium dihydrogen phosphate (KDP, formula KH2PO4) crystal, images from the first
experimental run are shown in Figure 5. The analysis of these results is ongoing.

Figure 4.   This illustrates a surface plot obtained by repeating the process outlined in Figure 2 over the entire
surface. The plot shows the surface roughness of the mirror test surface with an estimated vertical resolution of
around 30 angstroms. The image represents a 3 mm x 3 mm square in real space on the surface of the mirror.

(a)

(b)

Figure 5. (a) Shows the five individual interferograms from a (101) face of a KDP crystal. The result of
the 5-image algorithm is shown in (b). Each image represents a 3 mm x 3 mm square in real space.
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niques and Data Analysis. The results of theoretical work have suggested that flow oscillations are
important when stability is determined mainly by anisotropy of interface kinetics rather than by surface
energy.
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FORCES DURING MANUFACTURE AND ASSEMBLY OF MICROSCALE
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The proposed research in hybrid assembly will focus on electronic/optical component surface
mount challenges for the next century.  Discrete components are rapidly decreasing in dimension.
Some components are becoming so small that the assembly processes used to mount them must
account for static electric charge, van der Waals forces acting through surfaces, other adhesion
forces, and, in the not too distant future, Brownian dynamics.  Optical system assembly will
present the same challenges with the added requirement of ultra precision placement.  The
dimensions and masses of these components place them at the boundary between ballistic enti-
ties (subject to gravity), electrostatic bodies (subject to static surface charge forces), and colloidal
bodies (subject to surface and Brownian forces).  The assembly processes are also subject to
static charge in dielectric media such as air.

The research program will demonstrate controlled electrostatic and electrophoretic forces and the
use of radiation pressure for the assembly of small components.  Printed areas of electrostatic
charge or patterned electrode areas with applied potential will be used to attract charged compo-
nents to a target.  The electric field between the part and target will provide the force necessary to
accurately direct the component to its correct position for final placement.  The radiation pressure
provided by the focused laser beam will be used to direct the component as it moves through air
or a liquid medium toward the electrode.  The final orientation of the component at the target
area will be determined by the shape of the target area on the substrate.  This latter feature is a
“lock and key” type mechanism like that used with fluidic self-assembly processes.

Both dry and wet assembly methods will be explored.  These methods are referred to as electro-
static/shape assembly and electrophoretic/shape assembly, respectively.  Electrostatic/shape assem-
bly uses electric charge in much the same way as modern xerographic applications which attract
charged toner particles towards charged areas on a photoconductor to create an image.  The static
charge that can be generated on a free surface in air limits the total charge that can be applied to a
component.  This limitation occurs because of dielectric breakdown of air (or the ambient gas used
in the experiment).  An electrical ground plane opposite the charged surface allows image charges
to balance the surface charge, so that the electric field is contained almost entirely within the
dielectric.  Thus the surface charge density that may be applied to a target area on a thin, electri-
cally grounded dielectric substrate, is limited by the dielectric strength of the substrate, allowing a
much higher surface charge to be deposited.
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Some initial experiments in which a grounded silica substrate is charged with a corona discharge
device show that a surface charge of approximately 200 µC/m2 may be deposited.  The decay
time of this charge appears to be on the order of hours.  The ability to create patterned areas of
surface charge on a silica substrate has also been investigated.  The silica surface was coated with
a thin layer of gold, leaving a 4 mm square area exposed.  The surface was uniformly charged
with a corona discharge device.  The conductive area was then grounded briefly to allow the
charge to dissipate, while the uncoated silica region was expected to retain its charge.  The
approximate charge measured on the uncoated square was 40 µC/m2.  The field created by the
charged target area must be sufficient to overcome friction should the part land outside of the
target area.  Calculations show that friction will be difficult to overcome for parts less than 10
microns in size.  Thus, electrophoretic positioning in an electrolyte will be used for particles in
the 0.5 to 10 micron range.

The in-plane Brownian motion of micron scale silica particles on a silica surface in water have
been observed.  Illumination with a diffuse laser beam allowed the motion of the particles to be
tracked in situ.  Particle motion was recorded using a video system and was later analyzed using
image processing techniques.  The diffusion of particles on the surface was observed in the
absence of any applied electric field or radiation pressure.  This technique was used to investigate
the motion of particles during assembly onto a lithographically patterned substrate for a photonic
bandgap application.  These results were compared with the electrophoretic mobility of particles
subject to an in-plane field applied between patterned gold electrodes.  The effect of field
strength on mobility was considered for several different electrode geometries.  Additional
experiments will focus on the use of the field to manipulate the particles and cause them to
assemble in a desired pattern.

Basic measurements and demonstrations of electrostatic/shape assembly and electrophoretic/shape
assembly are compromised because of gravitational forces on either the part or the media in which
the part is immersed.  Gravitational forces are on the order of the coloumbic and van der Waals
forces acting on the particle in an air or fluid medium.  Thus, part trajectories are influenced by
gravity.  The friction between the part and the surface on which it rests will also be affected by the
gravitational component normal to the substrate.  Electrostatic/shape assembly requires that the
charged part be moved sufficiently close to the target area so that it can experience the field neces-
sary to move it toward the target.  This capture distance is limited by gravity since it is the other
dominant body force.  Electrophoretic/shape assembly is limited by convective flows in the media.
Microscale particles are observed to exhibit mixed Brownian and ballistic behavior.  Additional
movement is also observed since the media is never really quiescent in a terrestrial experiment.
Small thermal gradients are inevitable in the illuminated stage of a microscope and can consider-
ably compromise the interpretation of the experiments.  Microgravity conditions are therefore
necessary to isolate and fully characterize the forces involved during assembly.



135
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ABSTRACT

Melts that contain multiple cations can be forced to undergo a dynamic reduction reaction, given
appropriate control of the activity of oxygen of the process environment.  In the case where a
transition metal oxide component is a constituent of the melt, such that the melt becomes a
small-polaron-type semiconductor, the reaction dynamic can produce a uniform distribution of
metal—either as fine crystals or as fine, discrete droplets, depending on the temperature—within
the melt.  (The metal that is produced is the one having the smallest, i.e., least negative, ∆Go of oxida-
tion.)  These metal precipitates, which should prove distinctly resistant to coarsening, can subsequently
serve as substrates for the heterogeneous nucleation of crystalline oxides during cooling of the reacted
liquid.

For a p-type oxide melt, the kinetics of the reduction reaction involves (1) the ablation of O2–

from the surface (via acceptance of electron holes—2h•—from the melt; i.e., O2– + 2h• = ½O2(g) at the
free surface), (2) the diffusion of cations from the free surface inward, charge-compensated by a
counterflux of h• and (3) reaction at an internal front in which metal is produced by the acceptance of
electrons (i.e., the creation of h•) from the component transition-metal cation(s).  The dynamic is seen as
a “mirror image” of that for the internal oxidation of alloys.

We have pursued experiments on dynamic reduction of a synthetic Fe2+-bearing magnesium
aluminosilicate melt.  Experimental conditions included temperatures ~1400oC and an oxygen
activity of 10–13, controlled dynamically by flowing CO:CO2.  The experiments are designed to precipi-
tate crystalline iron from the melt.  The reaction morphology seen includes the formation of distinctly
faceted Fe crystals on the free surface, at a scale ~5µm, and internal precipitates of iron at a scale of
~10–40 nm.  In addition, the precipitation of Fe affects the polymerization (molecular structure) of the
remaining aluminosilicate melt and, with it, physical properties such as the viscosity.

The research has both engineering and scientific application.  From an engineering perspective,
there exists at present no successful way to create a fine-grained, dense refractory oxide ceramic (e.g.,
α-Al2O3) via solidification of an inviscid (i.e., non-glass-forming) melt.  Distribution of internal heteroge-
neities—specifically colloidal metal—in the melt allows extrapolation of glass-ceramic processing ideas

Corresponding author: cooper@engr.wisc.edu; (608) 262-1133
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to inviscid melt systems.  These process requirements involve containerless processing in that (1) one
must control carefully the oxygen activity at the surface of the melt and (2) containers offer potent
(competitive) sites for heterogeneous crystalline nucleation; microgravity is necessary both (1) for
quiescence during the reduction reaction (convection in the melt must be avoided to control the reaction
morphology) and (2) to avoid buoyancy-driven separation of metal and inviscid ceramic phases.

I. Introduction and Theoretical Background

Because of the difficulty of gaining a very-high density of internal sites for crystalline nucleation, it is all
but impossible to create dense, fine-grained polycrystalline ceramics by solidification.  The one excep-
tion are glass-ceramic materials [1], in which viscous, glass-forming (“strong”) melts are doped to
promote stable or metastable liquid-phase immiscibility on a 1–10 nm scale; post-“casting” thermal
treatment results in highly uniform, internal nucleation and a final grain size that can be as fine as 100 nm
(arising from ~1015 nuclei/cm3).  Because of the liquid viscosity requirement, though, glass-ceramic
materials are limited primarily to silicates.  Fusion-cast refractory oxides, e.g., Al2O3, MgO, MgAl2O4,
etc., are not amenable to such processing because the liquids are far too inviscid.  The engineering goal
of this research to identify and develop such a process; our approach has emphasized dynamic redox
reactions that cause internal structural change in the melt.

An internal chemical reaction mechanism that is rate-limited by bulk diffusion should inherently result in
an even distribution of product phase that could serve as nucleation sites.  Because melt structure is a
function of cation valence and is an important factor in its nucleation behavior, redox reactions are useful
for understanding internal reactions and subsequent nucleation within the melt.  Our group has studied
oxidation of Fe-bearing magnesium aluminosilicate (Fe–MAS) melts and glasses, demonstrating an
internal reaction where fine-scale ferrite phases form internally, uniformly [e.g., 2, 3]; in the case of melts
an “isothermal undercooling” is developed through shifts in the phase diagram as a function of the
activity of oxygen.  The oxidation experiments have a drawback, however, of the coarsening (ripening)
of the precipitated ferrite phase.  This disadvantage can perhaps be eliminated in a reduction reaction,
i.e., where a metal colloid is formed internally, due to the activation barrier of the required valence
changes (i.e., from metal to ion and back) required for chemical diffusion through the ionic melt “ma-
trix.”  The physics of dynamic reduction can perhaps be exploited to produce a finely dispersed metallic
second phase that is resistant to coarsening and serves, thus, as heterogeneous nucleation sites for
crystallization of the residual—though majority—ionic melt.

We have pursued the reduction studies again concentrating on iron-bearing aluminosilicate melts.  The
material studied was selected for two purposes: (1) the temperature capabilities of experimental appara-
tus available and (2) the broader application to microgravity science of the experiments.  With respect to
the latter, the study of dynamic reduction not only has implications for the materials community but also
the planetary science/astrophysics community.  These implications lie in the fact that the structures
formed in these reduction experiments in silicate melts resemble structures observed in primitive chon-
drules in meteorites [e.g., 4].  Thus, an understanding of the dynamics involved in the reduction of these
experimental silicate compositions provide insight into the thermodynamic conditions and kinetic con-
straints of processes in the protosolar nebula—microgravity science, indeed!

Internal Reduction and its Application to the Amorphous State

Schmalzried [5, 6] summarized the characteristics of both internal oxidation and reduction reactions in
crystalline metallic and oxide alloys (solid solutions).  The typical reaction morphology has both an
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internal reaction front and a reaction occurring at the surface with a region of chemical diffusion between
the two.  The thermodynamic and kinetic requirements for a reaction to occur internally (as opposed to
solely free-surface reactions) include: (1) that one species should be more noble than the other (e.g.,
∆G°

AO
<<∆G°

BO
), (2) that the transport coefficient for cations be greater than that for any oxygen

species (e.g., c
o2

-D
o2

-<<c
M2+

D
M2+

), and (3) that the semiconductor condition be satisfied (e.g., for a p-
type material, c

h
. D

h
. >>c

M2+
D

M2+
, where h• are electron holes).  As for the third criterion, rapidly

mobile electronic defects serve to decouple the motion of ions in the melt by providing local charge
neutrality [cf. 3].

An Fe–MAS composition was chosen to initiate this study of internal reduction in melts.  This composi-
tion fulfills all of the requirements stated above: (1) the iron in this glass is much more noble than any of
the other cations, that is, ∆G°FeO<<∆G°MgO; (2) the divalent (network-modifying) cations are
more mobile than either anionic or molecular/atomic oxygen; (3) the semiconductor condition is satis-
fied.  The fulfillment of these last two criteria is demonstrated in the oxidation experiments on the same
composition [3].

A dynamics model of the proposed internal reduction reaction is shown in Figure 1.  The internal
reaction (at interface ξ′′) produces metallic iron and electron holes while, at the free surface (interface
ξ′), ionic oxygen transforms to molecular oxygen via consumption of h•.  In between ξ′′ and ξ′, h•

diffuse towards the surface, charge-balanced by a counterflux of divalent cations (predominately Mg2+).
The increase of cation concentration internally forces internal reduction.  The extraction of Fe at ξ′′
makes the silicate “matrix” nominally iron-free (i.e., ionic Fe in the silicate melt exists at a concentration
level associated with point defects in crystalline solids); as such, interdiffusion of Mg2+ and Fe2+ beyond
ξ′′ (i.e., at greater depth) becomes critical in supplying Fe2+ to the metal-producing reaction at ξ′′.

The dynamics overall involve two reactions and two steps of chemical diffusion.  Studies of oxidation
behavior (the mirror-image, kinetically, of the reduction reaction) have demonstrated parabolic kinetics,
proving that it is the chemical diffusion of the divalent, network-modifying cations that is rate limiting.  In
crystalline oxide solutions (e.g., [Mgx,Fe1–x]O with the rocksalt structure) the dynamic is accomplished
by the coupled diffusion of cation vacancies and h• [5].  In the amorphous state it is difficult to articulate
a point-defect thermodynamics; nevertheless, the phenomenology of these dynamic redox reactions
opens the way to approach such a description [e.g., 2].

Figure 1. Schematic of the dynamic reduction process operating in a melt exposed to a highly reducing
atmosphere: fine metal precipitates are produced at an internal front, ξ′′.
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This report outlines our experimental effort to discern the validity of this model for reduction and internal
formation of colloidal metal and, further, its impact on control of internal nucleation of the residual ionic
melt.

II. Experimental Approach

The Fe–MAS material was prepared so that its nominal MAS composition lies along the cordierite-
enstatite-liquid divariant but with a ~20 mol% substitution of Fe2+ for Mg2+; as prepared, the composi-
tion is (mol%; X-ray fluorescence analysis) 59.3 SiO2; 9.1 Al2O3; 26.0 MgO; 4.7 FeO; 0.8 Fe2O3.
The initial melt was prepared from the fusion of mixed oxide powders of “AR” grade or higher; the melt
was rapidly quenched to a homogeneous glass.

The reduction experiments were conducted in a vertical tube furnace by suspending a ~2 mm cube cut
from the glass and wrapped in an iron (99.99% metals basis) wire cage.  At temperature, the melt was
held in the wire cage by surface tension.  The samples were reacted at temperatures ranging from 1380
≥ T(oC) ≥ 1290.  The temperature was monitored by a type C (W/W–26at% Re) thermocouple no
more than 1 cm away from the sample; T variation in an experiment was ±2oC.  The partial pressure of
oxygen (p

O2
) in the furnace was controlled by a flowing gas mixture of CO2 and CO mixed at a ratio of

1:240; the gas reaction creates an equilibrium pO2 some 103 lower than the quartz-iron-fayalite (“QIF”
[7]) buffer, specifically the pO2 ranged from 10–14 atm at 1290oC to 10–13 atm at 1380oC.  The pO2 was
monitored actively by a Y2O3-stabilized ZrO2 oxygen sensor located inside the furnace tube at the same
level as the sample.

The sample cage was suspended between two molybdenum wires by a tungsten filament.  When
the reaction time was over, the sample was dropped out of the hot zone of the furnace by apply-
ing a voltage across the Mo wires and burning the W filament.  This approach produced nearly
instantaneous quenching of a specimen.  The resulting samples were stored in a desiccator to slow any
further reaction with the ambient air.

III. Experimental Results

The reacted melt droplets were viewed using light and electron microscopies.  The exterior of the
droplets, seen in Figure 2 in a secondary electron image (scanning electron microscopy), display a

Figure 2. Secondary electron image of the free surface of a quenched Fe-MAS droplet processed at
T = 1380oC and pO2 ≈ 10–13atm for 1 h.  Faceted iron crystals, most with (111) exposed, are

evident.  These coarsen via vapor-phase transport of Fe.
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uniform distribution of faceted crystals over the surface.  The facets correspond to a cubic symmetry
with (001) and (111) faces intersecting the surface of the droplet.  These surface crystals demonstrate
coarsening as a function of time at temperature.  Wavelength dispersive X-ray spectroscopy (electron
microprobe) was used to verify the composition of the crystals: they are predominately iron but demon-
strate, too, an increasing degree of oxidation on the surface corresponding to the age of the sample at
the time of its analysis.

When the droplets are sectioned and imaged in transmitted light, the reacted zone is clearly visible with a
distinct color change from dark brown to nearly clear or light blue-green as shown in Figure 3.  This
color change delineates clearly the location of the internal reaction front, ξ′′.  The four large, opaque
spots are pieces of the iron wire cage.  The internal reaction front appears to be indented near the
pieces of wire; the distance between the internal reaction front and the iron wire is roughly equivalent to
the distance between the free surface and the internal reaction front, i.e., as measured as far away from
the wires as possible).

Transmission electron microscopy revealed non-faceted particles (approaching spherical) having diam-
eters in the range 10-40 nm (Figure 4).  These were too small to be probed uniquely by x-ray spectros-
copy (i.e., one cannot isolate the particles in the electron beam).  Nevertheless, the scattering contrast
used to create the image confirms the particles as (at least) iron-rich.  One sees, too, that these particles
have begun to cluster and sinter together.

IV. Discussion/Commentary

Clearly the results of the experiment are in agreement with the ideas presented in the Introduction as
well as the schematic model presented as Figure 1: the reduction reaction proceeds internally and finely
divided metallic precipitates result.  The spatial scale of the reaction (Figure 3) is consistent with its
being rate-limited by chemical diffusion of the network-modifying cations, though we are still engaged in
a quantitative analysis of the kinetics.

Figure 3. Transmitted light micrograph of a sectioned droplet processed at 1380oC,
pO2 ~10–13atm for ½ h. The darker brown color in the center is the original color of the glass;

the change from nominally clear to brown occurs at ξ′′ (cf. Figure 1).  Within the clear area are
found the fine precipitates of Fe (Figure 4).  The four large black spots are remnants of the iron

wire cage used to suspend the droplets.
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Figure 4. A zero-loss (scattering contrast), transmission electron microscopy image of a (1380oC; p
O2~10–13atm; 1 h) droplet between ξ′ and ξ′′.  The dark phase is (at least) iron-rich; consistent with the

optical properties of the processed glass (cf. Figure 3), these precipitates are probably Fe metal.  The
size distribution is uniform throughout the reacted region; coarsening as seen on the free surface is not

encountered.  The clustering is curious and is a point of current study.

Following the cation-diffusion idea, the reactions at ξ′ and ξ′′ (Figure 1) can be articulated in a structural
context that reveals something of the chemical diffusion response.  Specifically, we employ the notation of
Hess [8], which scrutinizes the bonding environment of the O2– in the melt.  Thus, at the free surfaceξ′:

(1)

and, at ξ′′:
(2)

Here, for example, 2SiOM0.5 (M ≡ Mg, Fe) is a network-modifying divalent cation, 3SiOFe0.33 is a net-
work-modifying Fe3+ (≡ h•) [cf. 3].  All mass and charge balances apply to these reactions.  What one sees is
a depolymerization (i.e., an increase in modifying-cation/oxygen ratio) at the free surface and a
repolymerization at the reduction front, ξ′′.  Thus the arrows shown in Equations. (1) and (2) indicate the
mobile species between ξ′ and ξ′′.  As one can calculate the concentrations of these species using solution
models [cf. 9], a “point-defect” perspective for diffusion-accomplished reactions in the amorphous state is
clearly suggested.  Such theoretical developments, as well as an analysis of the usefulness of the fine metal
precipitates in heterogeneous nucleation of the ionic melt are subjects of our continuing research.
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SEDIMENTATION AND MACROSEGREGATION IN QUIESCENT MELTING AND
LIQUID PHASE SINTERING

T.H. Courtney, Y. Du, and S.Z. Lu
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ABSTRACT

There are several existing explanations for the cause for the solid-phase sedimentation often ob-
served during liquid phase sintering (LPS). An alternative cause - macrosegregation during  melt-
ing and long-range liquid concentration gradients accompanying this segregation - is offered here.
Macrosegregation during LPS (or melting) can arise if the densities of the alloy components differ.
For example, in melting if the higher-melting component is not present in amounts sufficient to
develop an interconnected structure, this component can sink (assuming it is more dense than the
liquid) to the crucible bottom. This produces a liquid head consisting of (to a first approximation)
the pure lower-melting component. The segregation takes considerable time to eliminate as it exists
over a macroscopic distance (the initial particle-settling distance).  Similar considerations apply to
LPS. Elimination of macrosegregation proceeds in stages. Following initial settling, the liquid in
the liquid-plus-solid zone formed by the settling attains its equilibrium composition. Elimination of
the long-range liquid concentration gradient takes place subsequently. The tendencies for
macrosegregation and the structural evolution in melted/sintered materials can be summarized in a
melting map which has axes of alloy and alloy liquidus compositions. Estimated times for the
various melting stages can be placed on such a map. The scenario described here is supported by
experimental studies of LPS in Pb-Sn alloys.

I. Introduction

Metallurgists usually think in terms of “solidification” when considering liquid/solid transforma-
tions. We are less often concerned with what “goes on” during melting. There is reason. Commer-
cial melting operations usually involve turbulent liquid flow which produces a melt uniform in
composition prior to its being cast. As a consequence, the structure and properties of the casting/
ingot are dictated by the solidification process.

Melting need not involve turbulent flow. Such quiescent melting is common to many laboratory
operations; for example, if a resistance furnace is used for the heating, turbulent flow can be
avoided. Quiescent melting can result in macrosegregation due to the effects of gravity. When the
temperature exceeds the melting temperature of the lower melting component, the unmelted solid
may either sink (or float) to the crucible end prior to dissolving in the liquid. If such settling occurs
(there are situations where it does not), macrosegregation results.1 Such macrosegregation can also
occur during LPS. Later, we present experimental results demonstrating this.
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II. Some Thought Experiments

We begin with a thought experiment. Consider a binary isomorphous system (Figure 1) in which A
melts at a lower temperature than B. The density of solid B as greater than that of liquid A. Take a
cylinder of A and place it within a crucible; place a like cylinder of B above it. The relative
amounts of A and B are chosen so that equilibrium corresponds to a fully liquid state. Heat the
container to a temperature above A’s melting temperature but below that of B. On doing this, the
solid cylinder of B sinks to the crucible bottom, and a head of liquid A lies above it. Melting in this
case requires long-range diffusion. The “melting time” is on the order of the square of the solid
length divided by D

L
, the liquid diffusion coefficient.  This scenario is so simple that it is obvious.

However, much the same thing can happen  in conventional quiescent melting operations.

We now consider this kind of melting and extend the description to LPS; only details differ be-
tween the processes. We describe a melting scenario, presenting at each stage of the process the
anticipated structure, and provide approximate times for the several melting stages.2

We consider compositions in atom fractions and take the elemental atomic volumes as equal. They
are not, but the assumption reduces the complexity of the description while maintaining focus on
the physics of the process. The corrections required due to the differing elemental atomic volumes
are straightforward [2]. We prepare a macroscopically homogeneous mixture of A and B in the
form of granules, pellets, or powders and heat the mixture above A’s melting temperature but below
B’s.3   We first consider alloy compositions c

1 
(cf. Figure 1) less than the liquidus (c

L
.) At equilib-

rium this material is a homogeneous liquid of composition c
1
. Thus, this is a melting operation.

When A melts, the B particles may sink to the container bottom. Whether this happens depends on
the initial B volume fraction. If it exceeds a critical value (V

cs
) the amount of B present is sufficient

to establish an interconnected solid. Then initial settling does not occur. We treat V
cs
 as a system-

dependent parameter with a value lying between ca. 0.2 to 0.6 [3-5].

If the B volume fraction is less than V
cs
,  the B particles settle at a velocity on the order of the

Stokes velocity [2,3]. Settling continues until the solid-phase volume fraction reaches V
cs
 near the

container bottom. If this settling is rapid enough (it usually is), B does not dissolve in A during the
settling. Thus, the resultant structure (Figure 2a) consists of a pure A liquid head situated above a
“mushy zone” of pure solid B immersed in pure liquid A.

Figure 1.  Binary isomorphous system used to discuss macrosegregation in melting and LPS.
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The B particles in the mushy zone then dissolve in the liquid there until the liquid mushy-zone
composition reaches c

L
. The time for this is on the order of r2/D

L
, where r is the solid-particle

radius. The mushy zone may persist following this stage if the average B concentration there
remains above c

L
. The particle solution causes a recession of the mushy zone since the solid par-

ticle volume fraction is reduced by the solution whereas the stipulation of a critical V
cs
 remains.

Thus, following this second melting stage the sample consists of a liquid head of pure A (existing
over the initial settling distance), a second liquid zone having composition c

L 
(caused by the reces-

sion of the mushy zone), and a mushy zone of length less than the initial one. This mushy zone
now contains pure solid B and liquid of composition c

L 
(Figure 2b).

Two other processes follow. First, the solid in the mushy zone incorporates A as it attempts to reach
the solidus composition. The time for this is about r2/D

s 
(D

S
 = a solid-state diffusion coefficient). D

s

values are often about 10-4 D
L 
so  this homogenization takes place relatively late in the process.

However, solid-state homogenization does not alter our “story.”   While  incorporation  of A into
the  solid  increases  the mushy-zone solid volume fraction, V

cs 
is a minimum volume fraction, and

the mushy zone can incorporate a solid volume fraction greater than V
cs
. Thus, during solid-state

homogenization the interface between the liquid and the mushy zone remains fixed even as the
solid volume fraction in the mushy zone increases. Finally, solid-state homogenization is pertinent
to liquid-phase sintered structures. For alloys that melt (c

1 
< c

L
), the solid usually completely dis-

solves before appreciable solid-state diffusion occurs.

The second  later process is final melting (if c
1 
< c

L
 ). It is achieved by long-range diffusion of A

from the liquid head to the mushy zone (and reverse diffusion of B). This leads to further solid
dissolving in the mushy zone. Equilibrium is reached when a liquid of uniform composition c

1 
 is

attained (Figure 2c(i)). This equilibration time is on the order of the square of the original liquid
head length divided by D

L
. This time is usually orders of magnitude greater than the time to pro-

duce a uniform liquid composition in the mushy zone.

There are two differences in treating LPS (c
1
 > c

L
). First, the equilibrium structure now contains a

mushy zone (Figure 2.c(ii)). And, since a solid phase is present at equilibrium, equilibrium is not
reached until the solid composition is adjusted to c

S
.

III. The Zone Sizes and Melting Maps

In [2] we showed that initial settling (i.e., x
o
/L > 0; Fig. 2a) occurs only if c

1
 < V

cs
. This was done

by an atom balance. Additional atomic balances can be used to determine the relative extents of the
different zones illustrated in Figure 2 [2]. The results are summarized in Table 1. They apply to a
system in which the elemental atomic volumes are the same. However, as noted previously, conver-
sion to a situation where this is not the case is straightforward.

The relationships among  the different liquid zone lengths and c
1
, c

L
, and V

cs
 are linear. They can

be represented in a “melting map” which has axes of c
1 
and c

L 
and is constructed for a specific

value of V
cs
. A map for V

cs
 = 0.6 is shown in Figure 3a . One way of viewing such a map is to

divide it into two regions; one for melting (c
L 
> c

1
) and one for LPS  (c

L 
< c

1
).

Three subregions - xy1, x11, and 011 - are shown in the “melting” area 
 
of Figure 3a. The designa-

tions correspond to the values of x/L at the completion of each of the three melting stages. Thus,
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the last 1 in the sequence signifies that the final state is fully liquid. An x as the first letter in the
sequence (as opposed to a 0) means that initial particle settling occurs. Thus, the boundary between
xy1 (and x11) and 011 is established at c

1
 = V

cs
.

When x
o
/L > 0, the structure following initial settling consists of a liquid head (pure A) and a

mushy zone (pure solid B plus pure liquid A).  Subsequently B dissolves in the mushy zone  and
the structure in a sample designated xy1 now  consists  of a  zone of pure liquid A (occupying the
fractional distance x at the sample top), a liquid region of composition c

L 
over the fractional dis-

tance y-x, and a mushy zone containing pure B immersed in liquid of composition c
L
. Following

solution of B for a sample designated x11, the sample is completely liquid. However, two liquid
regions exist; one is pure A (near the sample top) and the other (near the sample bottom) has
composition c

L
. Thus, compositional equilibrium in alloys denoted x11 and xy1 requires long-

range liquid diffusion.

Only 011 compositions undergo “normal” melting. In them, dissolution of solid B takes place
uniformly over the sample length and, at its completion (the first 1 in the designation), the liquid is
of uniform composition c

L
. Such alloys require no long-range liquid diffusion to homogenize them.

Heating a mixture of A and B above B’s melting temperature does not necessarily prevent
macrosegregation. That is, for compositions prone to settling, B particles can do so during the time
spent in increasing the temperature from the  melting temperature of  A to that of B, a heating rate
on the order of several hundred K/s may be needed to melt B before it settles to the crucible bottom
[2].

There are also three subregions -  xyz, 0xx, and 000 - in the LPS regime of Figure 3a. Initial
settling occurs for xyz compositions. These alloys the mushy zone recedes during dissolution of
solid B. Thus, these alloys develop long-range liquid concentration gradients. When these are
eliminated, the liquid has translated to a fractional  position z. Alloys noted 0xx do not undergo
initial settling. However, during solution of B in the liquid, a fully liquid zone forms. But this zone

Figure 2. Schematics of structural development in melting and LPS when gravity instigated
macrosegregation occurs. Details of the processes are described in the text.
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has composition c
L
 and, therefore, liquid compositional uniformity is reached at the end of the B

solution stage (hence the double x). The situation does not differ much for 000 compositions. Here,
however, the overall B content is high enough so that a mushy zone occupies the whole of the
sample length throughout LPS. During the B solution stage, though, the average solid content in
the mushy zone is reduced.

Figure 3a can also be viewed as defining whether or not long-range liquid concentration gradients
develop during melting/LPS. Compositions  not displaying initial settling do not develop such
gradients, and vice-versa. The differences in the liquid compositional equilibration times for the
situations are striking. The times for each of the melting stages are known approximately [2]. This
permits liquid compositional equilibration times to be displayed on a melting map, as is done in
Figure 3b for a system for which V

cs
 = 0.6. The times shown were determined as follows. If c

1
 >

V
cs 

there is no initial settling; liquid compositional equilibrium is attained following solution of B in
the mushy zone and the times shown on the map are the B solution time (on the order of (r2/D

L
)c

L
;

system parameters used in calculating times are given in [2]). These times are short (although they
are typically longer than initial particle settling times). As a consequence, liquid compositional
uniformity in LPS and melting is attained quickly when c1 > V

cs
. For alloys displaying initial

settling and, therefore, long-range liquid concentration gradients, the time required to eliminate
these is about x

o
2c

L
/D

L
.  Chemical equilibrium during LPS also requires the solid to have the

composition c
S
. The time to achieve this is about (r2/D

S
)(1-c

S
). This time is considerably longer than

the B solution time. The solid-state homogenization time could be estimated were D
s 
known, and

this time could also be displayed in Figure 3b. However, it is probably just as convenient to add the
solid-state homogenization time to the times displayed in Figure 3b.

The ideas put forth here are fairly simple. But that does not mean they are readily absorbed at first
reading. In [2] we have included a table that might help in this regard. It summarizes equilibration

Table 1.  Structural evolution during melting and liquid phase sintering.
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Figure 3.  (a)  A melting map illustrating the evolution of structure during melting/LPS.  (V
cs 

= 0.6 for the
situation here).  (b) Liquid compositional equilibration times superimposed on the melting map.
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times for melting/LPS and structural evolution during processing. The various times associated
with the several processes are also provided.

IV. Some Experimental Results

We have conducted a number of experiments employing two model systems (Pb-Sn and Ni-W).
The results suggest the above scenario is followed. A paper is currently being written that provides
details [6]. Here we use one Pb-Sn alloy composition as an illustrative example. The Pb-Sn system
is a simple eutectic (eutectic composition of 71.9 at. % Sn). Before proceeding, though, some
comments on how melting and liquid-phase sintering differ in a eutectic and in a binary isomor-
phous system are in order.

Consider melting of a eutectic alloy. The original solid consists of equiaxed α and β grains, and the
phase compositions are equilibrated at a temperature slightly below the eutectic. The alloy is now
heated above the eutectic. The reaction is

α + β -> L
Melting takes place at the interface between the two solid phases.  The liquid interfacial composi-
tions are the equilibrium ones. That is, one composition is hypo- and the other hypereutectic;
however, the average liquid composition is the eutectic. As melting proceeds, the steric hindrance
provided by the solid phases to their sinking/floating is removed.  Then α particles sink to the
container bottom (α is the denser phase) and β particles float to its top. Eventually a skeletal solid
forms at both locations. At the end of this stage we anticipate that the mushy zones contain solid
particles imbedded in a liquid of eutectic composition.  The liquid between the zones also has this
composition. Liquid compositional equilibrium is then established in the mushy zones; i.e., the
liquids there attain the respective equilibrium liquidi. This is accompanied by solid phase dissolu-
tion in the zones and concurrent sedimentation. A long-range concentration gradient across the
liquid zone is simultaneously established. Nearer the container top the liquid has composition cLβ;
nearer the bottom it has composition cLα.  As the long-range composition gradient is reduced,
additional solid dissolves in both mushy zones and the zones further recede. Melting is complete
when the mushy zones disappear. However, a long-range concentration gradient may persist even
after the structure is fully liquid. Clearly, the stages of melting of a eutectic parallel those of melting
of a binary isomorphous alloy.

A hypereutectic Pb-78 at. % Sn alloy heat-treated at 186o C (3o C above the eutectic), is used to
illustrate. Starting materials were prepared by melting the elements and shaking the alloy vigor-
ously prior to solidification. The alloy was then swaged. Prior to heat-treating, the structure con-
sisted of equiaxed α and β grains.

Optical micrographs of this alloy after heating for 1 hr and 40 min are shown in Figures 4a-e. A
schematic of the macrostructure is also shown in Figure 4. Five zones can be distinguished. A Sn-
rich mushy zone is found near the sample top. Below this is a zone containing β dendrites (Figures
4b and c); thus, at the heat-treatment temperature this zone was a hypereutectic liquid. A region of
almost fully eutectic structure (bottom of Figure 4c) separates this region from one in which pri-
mary α dendrites are present (Figure 4d). Thus, the liquid in this zone was hypoeutectic. Finally, at
the sample bottom a Pb-rich mushy zone is observed (Figure 4e). When the heat-treatment time is
extended to 6 hr and 40 min, macrosegregation persists but to a lesser degree (Figure 5a-c). For
example, a Pb-rich mushy zone is no longer present, and the region containing α dendrites is
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Figure 4.  Microstructures [(a)-(e)] and schematic macrostructure (left) of the 78 at. % Sn alloy
heat-treated for 1 hr and 40 min at 186º C.  The sequence (a) to (e) is from sample top to bottom

and clearly indicates that macrosegregation is present in the sample.

Figure 5.  Microstructures [(a)-(c)] and schematic macrostructure (left) of the 78 at. % Sn alloy
heat-treated for 6 hr and 40 min at 186º C.  The sequence (a) to (c) is from sample top to bottom.

Macrosegregation is reduced compared to what is displayed in Figure 4.
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reduced. Likewise, the Sn-rich mushy zone is less pronounced. Similar macrosegregation has been
observed in a series of hypo- and hypereutectic Pb-Sn compositions. All respond similarly to a LPS
treatment. Results of this work are being readied for publication.

V. Summary and Conclusions

When two-phase solids are melted or liquid-phase sintered, long-range liquid concentration gradi-
ents can develop as a result of particle settling. The settling can lead to further particle sedimenta-
tion that comes about as the liquid composition becomes uniform.  We have shown, by concept
and examples, how initial settling can lead to particle sedimentation. On this basis, “true” sedimen-
tation cannot be studied prior to elimination of the long-range liquid concentration gradient. “Melt-
ing maps,” which illustrate the proclivities of a given alloy composition for sedimentation, are
convenient guides to the phenomenon. Times for compositional equilibrium can be approximately
calculated and  superimposed on such maps.

VI.  End Notes

1 - This is the “melting” equivalent of dendrite settling that can give rise to macrosegregation
during solidification [1].
2 - We realize there is overlap between/among the stages. However, it is not only convenient to
consider the stages sequential but, in many instances, the durations of the stages differ considerably
thereby justifying considering them sequential.
3 - The situation of heating above B’s melting temperature is a  “limiting” case, discussed later.
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Accurate nuclear interaction data bases are needed for describing the transport of space radiation in
matter including space craft structures, atmospheres, and tissues.  Transport models support the
identification and development of new material concepts for human and electronic part protection.
Quantum effects are manifested in nuclear reactions in several ways including interference effects
between terms in the multiple scattering series, the many-body nuclear wave functions (for e.g. the
roles of shell structure and Fermi momentum) and nuclear clustering.  The quantum multiple
scattering fragmentation model (QMSFRG) is a comprehensive model for generating nuclear
interaction databases for galactic cosmic ray (GCR) transport.  Other nuclear databases including
the NUCFRG model and Monte-Carlo simulation codes such as FLUKA, LAHET, HETC, and
GEANT ignore quantum effects.  These codes fail to describe many important features of nuclear
reactions and are thus inaccurate for the evaluation of materials for radiation protection.  Previously
we have shown that quantum effects are manifested through constructive interference in forward
production spectra, the effects of Fermi momentum on production spectra, cluster nuclei knockout,
and the nuclear response function.  Quantum effects are especially important for heavy ions with
mass numbers less than 20 that dominate radiation transport in human tissues and for the materials
that are expected to be superior in space radiation protection.

We describe the integration of the QMSFRG model into the HZETRN transport code.  Integration
milestones include proper treatment of odd-even charge-mass effects in nuclear fragmentation and
the momentum distribution of nucleon production from GCR primary heavy ions.  We have also
modified the two-body amplitudes in the model to include nuclear medium effects.  In order to
include a comprehensive description of the GCR isotopic composition in materials, we have
described the isotopic composition of the GCR by extending the 59-isotope version of HZETRN
to an 120-isotope version.  The isotopic composition of most primary GCR elements (including H,
He, C, N, O, Ne, Mg, Si, Ar, Ca, Cr, and Fe) are included in the extended model.  We discuss
results for the high-energy neutron composition inside materials, and the charge and mass distribu-
tion for benchmark GCR problems.

*  The full report for this project was not included due to image complications.  Please contact Dr.
Cucinotta for more information on this project.
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Modeling solidification microstructures has become an area of intense study in recent years. The
properties of large scale cast products, ranging from automobile engine blocks to aircraft compo-
nents and other industrial applications, are strongly dependent on the physics that occur at the
mesoscopic and microscopic length scales during solidification. The predominant morphology
found in solidification microstructures is the dendrite, a tree-like pattern of solid around which
solidification proceeds. The microscopic properties of cast products are determined by the length
scales of these dendrites, and their associated segregation profiles. For this reason understanding
the mechanisms for pattern selection in dendritic growth has attracted a great deal of interest
from the experimental and theoretical communities.

In particular, a great deal of research has been undertaken to understand such issues as dendrite
morphology, shape and growth speed. Experiments on dendrite evolution in pure materials by
Glicksman and coworkers on succinonitrile (SCN), and more recently pivalic acid (PVA), as well
as other transparent analogs of metals, have provided tests of theories for dendritic growth, and
have stimulated considerable theoretical progress [5, 7]. These experiments have clearly demon-
strated that in certain parameter ranges the physics of the dendrite tip can be characterized by a
steady value for the dendrite tip velocity, radius of curvature and shape. Away from the tip, the
time-dependent dendrite exhibits a characteristic sidebranching as it propagates, which is not yet
well understood. These experiments are performed by observing individual dendrites growing
into an undercooled melt. The experiments are characterized by the dimensionless undercooling.
Most experiments are performed at low undercooling.

The geometric complexity of dendritic microstructures has greatly hampered further theoretical
progress. Several numerical calculations of evolving dendrite shapes have been attempted. The
goal of these calculations is to test the theory by comparing computed dendrite shapes and
scaling laws with experimental observations. The solution of the dendrite growth problem has
been made more tractable with the introduction of the phase field model [8]. The phase field model
avoids the problem of front tracking by introducing an auxiliary continuous order parameter that
couples to the evolution of the thermal or solutal field. The phase field interpolates between the
solid and liquid phases, attaining two different constant values in either phase, with a rapid transi-
tion region in the vicinity of the solidification front.



151

The price to be paid for the convenience of using the continuous order parameter is the introduction
of a new length scale W which represents a boundary layer over which the order parameter
changes sign. This distance is referred to as the interface width. One requirement of the phase field
model is to recover the Stefan limit in a manner that is independent of the interface width as W
approaches some appropriate limit.

While expanding the horizon of solidification modeling, phase field modeling has still been
limited to small systems sizes. The main problem is the requirement that the interface region
must be resolved to order of the capillary length, within a domain whose size is set by diffusion.
For small dimensionless undercooling, the ratio of the system dimension to this minimal grid
spacing can be greater than 100,000. Our research has focused on extending the computationally
tractable regime for phase field models to low undercooling. What is needed to go beyond the
high undercooling limit is an effective adaptive technique which dynamically coarsens the grid
spacing away from the front.

We have developed a new, computationally efficient adaptive-grid algorithm for solving a class of
phase field models suitable for the study of phase-boundary evolution. We study two-dimensional
dendritic solidification modeled using two coupled fields, one for the order parameter and the
other for the thermal or solute field. Our algorithm effectively combines and implements ideas of
adaptive-mesh refinement in the context of dynamic data structures, allowing us to enlarge the
window of large-scale solidification modeling.

This new approach has allowed us to explore numerous new problems in solidification. Space
does not permit a complete description of all of the work which we have done since the last
report in this series. Instead, we highlight work which we did in collaboration with Prof.
Glicksman and Dr. Koss of Rensselaer Polytechnic Institute to examine some of their experimen-
tal observations. The following report was derived from our paper on this subject in Physical
Review Letters. [13]

We explore dendritic growth dynamics at low undercooling, using the full diffusion equation
dynamics. We find that the time-dependent evolution of 2-D dendrite profiles is self-affine in time,
generalizing the results of Ref. [1] for the case of growth with a non-constant flux. Underlying
this scaling behavior is a power law dependence on time of the dendrite tip position and maxi-
mum dendrite width. We find that scaling of these quantities displays a cross-over from a growth
regime different from that of Hele-Shaw flow, to one characterized by steady-state tip growth.
Meanwhile, comparison of our low undercooling simulations with microscopic solvability theory
gives good agreement for the value of the so-called stability parameter. We also examine scaling
in 3-D dendrite data on pivalic acid obtained from NASA’s fourth United States Microgravity
Payload (USMP-4) Isothermal Dendritic Growth Experiment (IDGE), also finding self-affine
scaling in the global time-dependent PVA dendrite profiles.

The simulated dendrites are modeled using the phase-field model employed in [6]. Temperature T
is rescaled to U = cP (T − TM ) / L, where CP 

is the specific heat at constant pressure, L is the latent
heat of fusion and T

M
 is the melting temperature. The order parameter is defined by φ with φ =1 in

the solid, and φ = − 1 in the liquid, and the interface defined by φ = 0. In what follows time is
rescaled by the time scale�τo characterizing atomic movement in the interface, and length by the
length scale Wo characterizing the width of the liquid–solid interface. The model is given by
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     (1)

where D = ατo/W2
o, α is the thermal diffusivity, and λ controls the coupling of U and φ.  Anisot-

ropy has been introduced in Equation (1) by defining the width of the interface to be W (n) =
WoA(n) and the characteristic time by τ (n) = τoA2(n) [6], where A(n) ��[0,1], and A(n) = (1-3ε)

[1+ ].  The vector n = (φ,xx + φ,yy)/(φ2
,x +φ2

,y)1/2 is the normal to the contours of φ,
and φ,x and φ,y represent partial derivatives with respect to x and y. The constant ε parameterizes
the deviation of W( n ) from Wo. We expect the results to be similar for other definitions of anisot-
ropy [4]. The parameters of Equation (1) are related to the appropriate Stefan problem using the
relationships given in [6]. In particular, W, τ, λ and D may be chosen to simulate an arbitrary,
anisotropic capillary length d( n ), and interface attachment coefficient β( n ), which we chose here
as β=0, a limit appropriate for SCN and PVA.

                          Table 1: Parameters for simulated dendrites. The time t*=255622.4

Simulated dendrites were computed by solving Equation (1) using the adaptive-grid method of
Reference [11, 12]. Simulated dendrites were grown in a 2-D quarter-infinite space using zero-flux
boundary conditions along the sides of the system. Growth was initiated by a small quarter disk of
radius R0 

centered at the origin. The preferred growth directions are along the x and y axes,
making these the directions of growth of dendrite branches. The order parameter is initially set to
its equilibrium value φ0(x) = -tanh((�x� - R0)/         )  along the interface. The initial temperature
decays exponentially from U = 0 at the interface to its far-field, undercooled value -∆ as x ���.
Simulation data presented in this paper were obtained for three undercoolings: ∆ = 0.25 and 0.1
and 0.05.  Details of these data are presented in Table 1. The two data sets for ∆ = 0.1 correspond
to different minimum grid spacings ∆xmin [11, 12]. Seed radii used in our simulations were R0=
8.5, 15, 30, 30 for  ∆ = 0.25, 0.1(A), 0.1 (B), 0.05, respectively. In all cases R0

 is smaller than the
thermal diffusion length by a factor of 20 or greater.

The results of our low undercooling simulations are also contrasted here with new experimental
data obtained from PVA dendrites. These experiments were performed by four of the authors
(LaCombe, Lupulescu, Koss and Glicksman) during NASA’s USMP-4 Isothermal Dendritic
Growth Experiment (IDGE). This experiment is described in detail elsewhere [7]. The IDGE
experiment is designed to study dendrites grown under microgravity conditions, where transport in
this particular process is considered to be conduction-limited. The crystals are grown in an under-
cooled melt, controlled to within 0.001K. Growth is monitored thermometrically, while images are
obtained from two perpendicular directions using video and still cameras (electronic and film).

�U
dt

= D�2U +
1
2

�φ
���t

= ����(A2( n )�φ) + (φ - λU(1 - φ2))(1 - φ2)�
A2( n )� �φ

dt

+ (        ) + ( ) ,���
��x

��φ�2 A( n )� ���
��y

��φ�2 A( n )��� A( n )
� φ,x

� �A( n )
� φ,y

�

�

� �� � �

4ε
1-3ε

(φ,x)4+(φ,y)4

��φ�4
^ ^�

�

� �

∆
0.25

0.1(A)
0.1(B)

0.05(t < t*)
0.05(t > t*)

ε
0.05
0.05
0.05
0.025
0.025

∆xmin
0.78
0.78
1.56
1.56
0.78

∆ t
0.048
0.08
0.08
0.03
0.03

D
13
13
30
40
40

d0
0.043
0.043

0.01846
0.01385
0.01385

Lx
12800
102400
102400
102400
102400

Ly
6400
51200
51200
51200
51200

�2� �

�
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Experimental results presented here were compared with four independent data subsets for den-
drites grown at undercoolings of 0.58K, 0.63K, and 0.47K. We present the results from experi-
ments corresponding to ∆ = 0.052. These data were captured at times t1 = 42.48, t2 = 62.73, and t3
= 82.98 seconds after the dendrite was detected. The anisotropy for PVA was estimated at εpva =
0.025 [10].

We found the individual primary arms of our simulated dendrites to be self-affine, beyond some
transient time, at all undercoolings examined. Figure 1 shows the (∆-dependent) scaling profile for
2-D dendrites grown at ∆ = 0.05 and ∆ = 0.25, respectively. The global scaling profile is obtained
by scaling the x-direction by (x- xb)/Xmax, where Xmax(t) is the distance from the tip xtip(t) to the
base xb(t) of the dendrite arm, and the y-direction by y/Ymax(t), the maximum half-width of the
lateral dimension of the primary dendrite arm. The tip and transverse directions were found to scale
as Xmax~ tβ and Ymax~ tγ , where for ∆ = 0.05, 0.1A, 0.1B and 0.25, β= 0.0.73, 0.73, 0.78, 0.97,
and γ = 0.43, 0.43, 0.45, and 0.55, respectively. For the ∆ = 0.25 data, which at late times con-
tained sidebranching induced by lattice-noise, we define Ymax(t)  using the mean interface position,
obtained by smoothing the data. This definition of the sidebranch envelope gives different results
than using the maximum of the sidebranch envelope [3,9].

At low undercooling, long-lived transient interactions between neighboring primary dendrite arms
causes their velocity and tip radius to deviate (within simulation time scales) from their steady-state
values predicted by solvability theory [11]. However, we do find that the stability parameter σ* =
2doD/V R2, where V and R are the time-dependent velocity and tip radius, agrees well with the
value predicted by solvability theory. Figure 2 shows σ∗ vs. time from our simulations at ∆ = 0.25,
0.1 and 0.05. Error bars were estimated using ∆V, the fluctuations in velocity, and ∆ R, deviations
in radius of curvature. The radius was obtained by fitting to a second order polynomial near the tip.
Deviations in the fit gave an estimate for ∆ R. Data for ∆ = 0.1 set B, omitted for clarity, converge

Figure 1.  Comparison of scaled dendrite profiles for ∆ = 0.05 and ∆ = 0.25.  For ∆ = 0.25,
nine times are plotted, spaced between 28643 < t < 66083.  For ∆ = 0.05, there are six times in

the range 222022 < t < 279622.
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to approximately the same σ∗ as the ∆ = 0.1 set A data, but display somewhat larger fluctuations
around the mean, due to the larger grid spacing used.

The time-dependent behavior of the tip position and lateral growth rate of our 2-D dendrites are
characterized by the scaling of Xmax(t) and Ymax(t). Figure 3 shows Xmax and Ymax scaled onto
respective crossover functions of the form

Xmax(t)/L
D
 = 

  t  F
X
(t/τ

D
),                               (2)

and
Y

max
(t)/L

D
 = (  t  )1/2F

Y
(t/τ

D
),                                (3)

The parameters LD and τD are effective diffusion length and time scales characterizing the interme-
diate regime, and are fit to give collapse of the Xmax and Ymax data. The data for FX(z) show a
crossover scaling from fit to approximately FX(z) ~ z-0.25 at early times to FX(z) ~ z-0.03 in the steady-
state regime. The cross-over in FY(z) is given by FY(z) ~ z-0.07 at small z to FY(z) ~ z0.05 at large
arguments of FY(z). Exponent errors were approximately �0.02, except for the ∆ = 0.25 data at late
time, where they were �0.05. These asymptotic limits are demonstrated by the leveling off of
FX(�) and FY(�)  as �= t/τD becomes large.

We note that our scaling of the data is different from that of Almgren, et al. [2], who scaled their
dendrite shapes on the tip position measured from the origin, rather than the root. We do this
because our method produces better data collapse over the entire dendrite arm. However, this
approach necessarily results in different numerical values for the exponents.

Self-affine time-dependent scaling was also found in the mean dendrite profiles of the new 3-D
IDGE PVA data. Figure 4 shows the scaled PVA data for t = t1,t2, t3. For comparison these data
are superimposed on our 2-D simulation data for ∆ = 0.05, ε = 0.025. There is a slight asymmetry
in the PVA data, likely due to interactions with other dendrite arms. For this reason, we scaled with

Figure 2. Simulation data of σ* vs. time for ∆ = 0.25,0.1 (set A) and 0.05.  For clarity, the ∆ = 0.1 and
0.25 data have been shifted along the y-axis by 0.04 and 0.02, respectively.

�
D

�
D
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respect to the top side the dendrite profile. Similar scaling was observed in all four IDGE data sets.
The experimental and simulated profiles show clear differences near the tip, as one would expect.
Curiously, however, the profile shapes are in good agreement away from the tip. Similar results
were also found in our ∆ = 0.1 data. The reason for this is illustrated in Figure 4, which shows that
the difference in 2-D dendrite profiles is small away from the tip.

As plausible explanation for the apparent agreement between our low undercooling 2-D simula-
tions and our 3-D experimental data, we note that away from the tip, the diffusion field is more
cylindrically symmetric than at the tip because the local diffusion length is larger. Thus diffusion of
heat away from the interface is better approximated by the 2-D diffusion equation. We hope to
examine this idea critically, as well as to accurately determine the experimental scaling behavior in
future publications.

We thank Wouter-Jan Rappel for the code to obtain solvability results, Terry Chay for useful
discussions. We also thank Julie Frei, and Douglas Corrigan for assistance in obtaining the PVA
dendrite profiles. This has been supported by the NASA Microgravity Research Program, under
Grants NAG8-1249, and NAS3-25368.
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PHASE FIELD MODELING OF MICROSTRUCTURE DEVELOPMENT IN
MICROGRAVITY

Jonathan A. Dantzig1 y and Nigel Goldenfeld2
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University of Illinois at Urbana-Champaign

This newly funded project seeks to extend our NASA-sponsored project on modeling of dendritic
microstructures to facilitate collaboration between our research group and those of other NASA
investigators. In our ongoing program, we have applied advanced computational techniques to
study microstructural evolution in dendritic solidification, for both pure isolated dendrites and
directionally solidified alloys. This work has enabled us to compute dendritic microstructures
using both realistic material parameters and experimentally relevant processing conditions, thus
allowing for the first time direct comparison of phase field computations with laboratory obser-
vations.

This work has been well received by the materials science and physics communities, and has led
to several opportunities for collaboration with scientists working on experimental investigations
of pattern selection and segregation in solidification. While we have been able to pursue these
collaborations to a limited extent, with some important findings, this project focuses specifically
on those collaborations.

We have two target collaborations: with Prof. Glicksman’s group working on the Isothermal
Dendritic Growth Experiment (IDGE), and with Prof. Poirier’s group studying directional solidi-
fication in Pb-Sb alloys. These two space experiments match well with our two thrusts in model-
ing, one for pure materials, as in the IDGE, and the other directional solidification. Such collabo-
ration will benefit all of the research groups involved, and will provide for rapid dissemination of
the results of our work where it will have significant impact.
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KINETICS OF NUCLEATION AND CRYSTAL GROWTH IN GLASS FORMING
MELTS IN MICROGRAVITY (NASA GRANT: NAG8-1465)

Delbert E. Day and Chandra S. Ray

Ceramic Engineering Department and Graduate Center for Materials Research
University of Missouri-Rolla, Rolla, MO 65409

(573) 341 - 4354 (tel), (573) 341 - 2071 (fax), day@umr.edu/csray@umr.edu

INTRODUCTION

This flight definition project has the specific objective of investigating the kinetics of nucleation
and crystal growth in high temperature inorganic oxide, glass forming melts in microgravity.  It is
related to one1 of our previous NASA projects that was concerned with glass formation for high
temperature containerless melts in microgravity.  The previous work culminated in two experi-
ments2,3 which were conducted aboard the space shuttle in 1983 and 1985 and which consisted of
melting (at 1500o C) and cooling levitated 6 to 8 mm diameter spherical samples in a Single Axis
Acoustic Levitator (SAAL) furnace.

Compared to other types of materials, there have been relatively few experiments, 6 to 8, con-
ducted on inorganic glasses in space.  These experiments2-11 have been concerned with mass
transport (alkali diffusion), containerless melting, critical cooling rate for glass formation, chemi-
cal homogeneity, fiber pulling, and crystallization of glass forming melts.  One of the most
important and consistent findings in all of these experiments has been that the glasses prepared in
microgravity are more resistant to crystallization (better glass former) and more chemically
homogeneous than equivalent glasses made on Earth (1g).  The chemical composition of the melt
appears relatively unimportant since the same general results have been reported for oxide,
fluoride and chalcogenide melts.  These results for space-processed glasses have important
implications, since glasses with a higher resistance to crystallization or higher chemical homoge-
neity than those attainable on Earth can significantly advance applications in areas such as fiber
optics communications, high power laser glasses, and other photonic devices where glasses are
the key functional materials.

The classical theories for nucleation and crystal growth for a glass or melt do not contain any
parameter that is directly dependent upon the g-value, so it is not readily apparent why glasses
prepared in microgravity should be more resistant to crystallization than equivalent glasses
prepared on Earth.  Similarly, the gravity-driven convection in a fluid melt is believed to be the
primary force field that is responsible for melt homogenization on Earth.  Thus, it is not obvious
why a glass prepared in space, where gravity-driven convection is ideally absent, would be more
chemically homogeneous than a glass identically prepared on Earth.  The primary objective of the
present research is to obtain experimental data for the nucleation rate and crystal growth rate for
a well characterized silicate melt (lithium disilicate) processed entirely in space (low gravity) and
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Table 1.  Experimental plans for measuring nucleation rate (I) for a LS2 glass in space (samples are
doubly sealed in platinum capsules).

compare these rates with the nucleation and crystal growth rates for a similar glass prepared identi-
cally on Earth (1g).  The nucleation and crystal growth rates for a melt prepared in space have
never been measured directly, but such data are expected to explain (at least partially) these puz-
zling, but extremely interesting results that have great scientific and practical relevance to the
development, manufacturing, and use of inorganic glasses, glass-ceramics, the new bulk metallic
glasses (BMG), and other solids derived from a melt.

I. Experiment

The present paper describes our overall plan for measuring, for the first time, the nucleation rate (I)
and the crystal growth rate (U), each at three different temperatures, for a Li

2
O.2SiO

2
 (LS

2
) glass

prepared in space, see Tables 1 and 2.  The glasses prepared in space will be made by remelting a
glass prepared on Earth.  A glass cylinder contained in a doubly sealed platinum cylinder (2.5 cm
long and 1.0 cm in diameter) will be melted at 1400o C for 3 h and quenched to glass at an appro-
priate cooling rate.  After melting and cooling, the encapsulated glass samples will be given a
nucleation heat treatment at either 440, 455, or 470o C for 1 to 5 h and a crystal growth heat
treatment at 590, 610, or 630o C for 10 to 30 min.  The samples heat treated in space will be
analyzed on Earth to determine I and U which will be compared with the I and U values for
glasses melted and heat treated (for nucleation and crystal growth) identically on Earth.

Crystal
Development
Temp./Time

600 �C/20 min

None

Sample
Type

A

A

A,B

Melting in
Space

Temp./Time

1400 �C/3h

None
(Melted on Earth)

1400 �C/3h None (A-N, B-N)

Nucleation

Temp.  �C
440
455
470
440
455
470

Time, Hour
1
�
�
�
�
�
�

3
�
�
�
�
�
�

5
�
�
�
�
�
�

Nucleation
Temp./Time

455 �C/30 min

455 �C/30 min

Sample
Type

A

A

A,B

Melting in
Space

Temp./Time

1400 �C/3h

None
(Melted on Earth)

1400 �C/3h None (A-N, B-N)

Crystal Growth

Temp.  �C
590
610
630
590
610
630

Time, Min
10
�
�
�
�
�
�

20
�
�
�
�
�
�

30
�
�
�
�
�
�

A, Glass premelted on Earth.
B, Glass premelted on Earth with a colored spot.
A-N, B-N: Melted in space, but no nucleation or crystal growth heat treatment in space.

Table 2. Experimental plans for measuring crystal growth rate (U) for a LS2 glass in space
(samples are doubly sealed in platinum capsules).
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The traditional method12, 13 , which requires measuring the number or size of crystals by optical micros-
copy on polished sections of the heat treated samples, will generally be used to determine I and U.  A
newly developed alternative method14 which uses differential thermal analysis (DTA) and which has
several advantages (faster, smaller amount of samples, less complexity for sample processing) over the
traditional method will also be used for measuring I and U.  As shown in Figures 1 and 2, the values of I
or U for a LS

2
 glass determined by the present DTA method are in excellent agreement with the I and U

values determined by the more time consuming, traditional method.

Some of the glass samples melted in space in platinum capsules will be returned to Earth in their as-
quenched condition (i.e., without any heat treatment for nucleation and crystal growth in space) for
structural evaluation, measuring specific properties, and determining the concentration of quenched-in
nuclei (Nq) in these glasses (samples in the bottom row of Tables 1 and 2).  A comparison of Nq in the
space and Earth melted glasses will provide qualitative information on the degree of chemical homoge-
neity in these glasses. A glass containing a colored (blue) spot on its surface (sample B in Tables 1 and
2) will also be remelted in space for assessing the extent of fluid flow in high temperature melts in
microgravity.  Any movement of the blue spot in the melt will leave a blue trail in the melt.

II. Hypothesis

The reason why space glasses appear to be more resistant to crystallization than identical glasses pre-
pared on Earth is not known at this time, but “shear thinning” is suspected to be a likely reason.  “Shear

Figure 1. Nucleation rate  (I) for Li2O.2SiO2 glass as a function of temperature.

Figure 2. Crystal growth rate (U) for Li2O.2Sio2 glass as a function of temperture.
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thinning” is the reduction in viscosity, which occurs with increasing shear rate in non-Newtonian liquids
at a constant temperature as shown in Figure 3.  Such a reduction in viscosity with increasing shear rate
has been reported for several commercial glasses15 - 17, including the lithium disilicate (LS

2)
 composi-

tion18, 19 that will be used in our space experiments.  The reported17, 18 decrease in viscosity with increas-
ing shear rate for a LS

2
 glass is shown in Figure 3.  Our hypothesis is that the gravity-driven convective

flow that is normally present to some degree in a melt on Earth will be much smaller or ideally absent in
the same melt in space.  Thus, the nearly stagnant melt in space should experience a smaller (or negli-
gible) shear rate and, consequently, have a higher viscosity (less shear thinning) than a melt on Earth at
the same temperature as schematically shown in Figure 4.  A higher viscosity for the space glass would
be expected to make it more resistant to crystallization because of the smaller nucleation and crystal
growth rates, see Figure 4.

Figure 3. Change in the effective viscosity (η
eff

 with shear rate γ  for a Li
2
O.2SiO

2
 glass at 483oC

(η
�
�	 2.24 x 1010 Pa.s). From reference 18.




Figure 4. Schematic representation of the anticipated viscosity (η), nucleation rate (I), and
crystal growth rate (U) for a melt in space and for the identical melt on Earth based on

“shearing thinning.”
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Computer modeling for the rates of fluid flow and shear across a LS
2 
melt of the same shape and

size (cylindrical, 2.5 cm long and 1.0 cm in diameter) as those proposed for the flight experiments
were performed in collaboration with Drs. N. Ramachandran of USRA and E. Ethridge of MSFC,
NASA.  The results show that the shear rate scales linearly with the gravity level for a constant
temperature gradient across the melt and increases with increasing temperature gradient, see Figure
5.  This means that the shear rate for a glass prepared in space (< 10-4 g) will be at least four orders
of magnitude less than that in the same glass prepared at 1g.  Data for glasses such as LS

2 
indicate

that a reduction of four orders of magnitude in the shear rate for the space glass could cause the
viscosity to increase from 2 to 10 times.  Such an increase in viscosity could decrease the crystalli-
zation tendency (or increase the glass forming tendency) by factors from 16 to 10,000 compared to
an identical glass prepared on Earth.

III. Comments

If the values for I and U for the LS
2
 glass prepared in microgravity are indeed found to be smaller

than the glass made on Earth, then our understanding of the fundamental processes for nucleation
and crystal growth in glasses will be greatly improved.  The classical equations for I and U will
have to be modified to account for differences in gravity through the viscosity term in these equa-
tions.  This enhanced understanding of the fundamental mechanisms for glass formation, nucle-
ation, and crystallization could lead to improvements in present-day glass processing technology on
Earth, thereby, improving our ability to produce glasses of higher quality and improved properties.
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RECOVERY OF MINERALS IN MARTIAN SOILS VIA SUPERCRITICAL
FLUID EXTRACTION

Kenneth A. Debelak* and John A. Roth

Department of Chemical Engineering
Vanderbilt University
Nashville, TN 37235

We are investigating the use of supercritical fluids to extract mineral and/or carbonaceous material from
Martian surface soils and its igneous crust.  Two candidate supercritical fluids are carbon dioxide and
water.  The Martian atmosphere is composed mostly of carbon dioxide (~95.3%) and could therefore
provide an in-situ source of carbon dioxide. Water, although present in the Martian atmosphere at only
~ 0.03%, is also a candidate supercritical solvent. Previous work done with supercritical fluids has
focused primarily on their solvating properties with organic compounds. Interestingly, the first work
reported by Hannay and Hogarth (1) at a meeting of the Royal Society of London in 1879 observed
that increasing or decreasing the pressure caused several inorganic salts e.g., cobalt chloride, potassium
iodide, and potassium bromide, to dissolve or precipitate in supercritical ethanol. In high-pressure
boilers, silica, present in most boiler feed waters, is dissolved in supercritical steam and transported as
dissolved silica to the turbine blades. As the pressure is reduced the silica precipitates onto the turbine
blades eventually requiring the shutdown of the generator. In supercritical water oxidation processes for
waste treatment, dissolved salts present a similar problem. Figure 1 shows the solubility of silicon
dioxide  (SiO2) in supercritical water (2) The solubility curve has a shape characteristic of supercritical
systems. At a high pressure  (greater than 1750 atmospheres) increasing the temperature results in an
increase in solubility of silica, while at low pressures, less than 400 atm., the solubility decreases as
temperature increases.  There are only a few studies in the literature where supercritical fluids are used
in extractive metallurgy.  Bolt (3) modified the Mond process in which supercritical carbon monoxide
was used to produce nickel carbonyl (Ni(CO)4). Tolley and Tester (4) studied the solubility of titanium
tetrachloride  (TiCl4) in supercritical CO2. They reported complete miscibility of TiCl4 with supercritical
CO2 (infinite solubility). At 1500 psig, TiCl4 and CO2 form a single liquid phase below 50 oC. Tolley et
al. (5) also reported on the solubility and thermodynamics of tin tetrachloride in supercritical CO2.
Some of their data for TiCl4 are shown in Figure 2. Three criteria have been suggested to predict which
materials are suitable for supercritical extraction  (6):

1. Hydrocarbons or lipophilic compounds of low molecular weight and polarity are easily
extracted with supercritical CO2.

2. Compounds with polar groups are not easily extracted with supercritical CO2.
3. Separation of mixtures is facilitated if components differing mass, vapor pressure, or polarity.

Materials which meet these criteria of supercritical fluid extraction are volatile metal chlorides such as
germanium and titanium tetrachloride, and metal carbonyls such as Ni(CO4) and cobalt carbonyl.  We
propose to capitalize on the increased solubility and transport properties of minerals, salts and/or
organic material in either supercritical carbon dioxide to recover these materials for use on Mars.  We
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will perform experiments to determine the solubilities and the recoverability of minerals and salts in
supercritical carbon dioxide. Although ample solubility data exist for organic compounds, virtually no
data exists for inorganic compounds. In addition, the criteria stated above have been developed for
organic compounds. Criteria for predicting solubility of inorganic compounds is non-existent.

The solvating strength of a supercritical fluid is directly related to the density, which can be varied and
controlled by regulating pressure, temperature, or both. Supercritical fluids have densities and solvating
properties similar to liquid solvents, but have extremely rapid diffusion characteristics, and viscosities
closer to those of gases (7). We plan to take advantage of these solvating properties to extract mineral
and/or carbonaceous material from Martian surface soils and its igneous crust We will vary the tempera-
ture and pressure to determine the maximum solubility in supercritical CO2. The experimental setup will
use a flow-through system as shown in Figure 3.  Materials to be extracted are contained in the extrac-
tion vessel. Supercritical CO2 or supercritical water will flow through the extractor continuously remov-
ing the materials. The effluent stream will be monitored for the materials. The effluent stream will be sent
to a separator where the temperature and pressure will be reduced to separate the materials from the
CO2 or water fluid. The CO2 or water stream can then be reused.  The minerals will then be recovered
for further processing.

The Viking Lander missions have provided in-situ data for elemental analysis of the composition of
Martian soils. The elemental analysis was performed by X-ray fluorescence spectroscopy. However all
mineralogical information must be inferred based on the constraints placed by the concentrations of
elements and other observations. The chemical analysis of the Martian soil by XRF has been reported in
several publications (8-11). The Viking XRF experiments were limited in that they could not detect
elements of atomic number less than 12. Therefore, the elements C, N, and Na which are important in
mineral formation could not be detected. Table 1 shows the elemental concentration of the Martian soil
determined by the Viking X-Ray Fluorescence, reported as oxides of the elements detected (8).

The solubility of a material in a supercritical fluid or in a mixture containing a supercritical component is
essential for evaluating the viability of a minerals recovery process. Predictive procedures continue to
improve, but require physical properties of both the solute and solvent along with an equation of state.

Table 1.  Average Weight % Composition of Sediments Determined by
the Viking Lander X-Ray Fluorescence Spectrometers (7)

SiO2
TiO2
Al2O3
Fe2O3
MgO
CaO
K2O
SO3
Cl
Other
Total

Viking Lander I

44
0.62
7.3
17.5

6
5.7

<0.5
6.7
0.8
2
91

Viking Lander II

43
0.54

7
17.3

6
5.7

<0.5
7.9
0.4
2
90
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The cubic equations of state, Redlich-Kwong or Peng-Robinson, which include parameters, which
describe the temperature dependence of the attractive terms, have proven most useful. However, the
interaction parameters have been determined mostly from experimental data, and only after proper use
of mixing rules and the assignment of the interaction parameters. Carleson, et al, (14) have recently
developed a group contribution method to predict interaction parameters in the absence of experimental
data. However, even modified cubic equations of state are poor predictors. We will use either the
Redlich-Kwong or the Peng-Robinson equation of state along with van der Waals type mixing rules to
correlate the solubilities of the minerals. Brennecke and Eckert (15) reviewed the various equations of
state and concluded that the Peng-Robinson may be as good as more complicated equations. The
constants a and b in the Peng-Robinson equation are determined from critical constants and acentric
factors for the pure compounds. In mixtures, the constants are determined using Van der Waals mixing
rules.

The mixture parameters a and b are related to the pure component terms ai and bi by
          1

3

                                                                   a
ii
=a

i
4

xi are  mole fractions, ai are pure component constants, and kij is the interaction parameter. The fugacity
coefficient can be related by

5

6

Ni is the moles of component i and Z is the compressibility. The Peng-Robinson equation of state relates
pressure and volume to Z, and by using the mixing rules, the fugacity coefficient is determined in equa-
tions 5 and 6. The relation between A and B and the compressibility is given by

Z3 - (1 - B)Z2 + (A - 3B2 - 2B)Z - (AB2
B
 - B3) = 0                                     7
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Terrestrial extractive metallurgy has made use of the solvating power of water to recover different types
of minerals. The availability and solvating power of water has made it the ubiquitous solvent of choice.
On Mars carbon dioxide is the ubiquitous material. Water is available but not near as abundant. We are
proposing to determine if supercritical carbon dioxide can be used to extract mineral matter from
Martian soils. It is available in abundance.  We will investigate the feasibility of the initial process or
processes used to separate minerals for further processing. It may be possible to recover water, oxygen,
and carbon from oxides, carbonates, and bound water using supercritical extraction and/or additional
processing. The solubility of the mineral matter from Martian soils could also be the basis for an analyti-
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cal instrument to be included on a future Mars probe. Currently available from several manufacturers are
supercritical chromatographs. A system suitable for inclusion on a future Mars probe could be designed
to solubilize and concentrate minerals for further analysis or even return to Earth.
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Figure 1.  Solubility behavior of solid silica in supercritical water (Kennedy, 1950).

Figure 2.  TiCl
4
 solubility in CO

2
.
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Figure 3.  Schematic diagram of the experimental setup.
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FIRST PRINCIPLES CALCULATIONS OF MOLTEN II-VI COMPOUNDS AND THEIR
SOLIDIFICATION BEHAVIOR

J.J. Derby ∗ and J.R. Chelikowsky

Department of Chemical Engineering and Materials Science, University of Minnesota

The goal of the ground-based research proposed here is to employ first-principles atomistic
simulations to obtain a more fundamental understanding of the physical behavior of molten
binary and ternary alloys of the group II elements cadmium (Cd), mercury (Hg), and zinc (Zn),
and group VI elements tellurium (Te) and selenium (Se).  Specifically, we will employ atomistic
simulations with fully quantum mechanical forces.  This procedure allows a parameter-free
description of the liquid state and has been applied to liquid silicon, germanium and gallium
arsenide; the resulting descriptions are in good agreement with existing experimental data.  Other
than our previous studies of liquid CdTe, no comparable simulations have been performed for II-
VI semiconductors.

These materials are employed in a variety of technologically important electronic and electro-
optical devices; however, the growth of high-quality, single-crystal substrates of these com-
pounds has typically proven to be extremely difficult under terrestrial conditions.  As such, they
present ideal model systems to probe using microgravity techniques.  Indeed, many ongoing,
NASA-funded space-flight and ground-based experiments are studying several technologically
significant and scientifically interesting II-VI semiconducting alloys.  For example, complicated
segregation behavior in ternary II-VI systems is being studied by groups at NASA Marshall
Space Flight Center, and recent growth experiments of CdZnTe in a microgravity environment
aboard the First United States Microgravity Laboratory resulted in material which was far superior in
structural perfection compared to Earth-grown material under similar conditions.  We seek to obtain a
more fundamental understanding of the properties of these molten liquids so that the physical mecha-
nisms acting during crystal growth can be elucidated.  An additional significant outcome of this work will
be the theoretical prediction of valuable physical properties, such as diffusivities, which are not currently
known and are very difficult to measure accurately via experiments.  Such predictions will be extremely
useful for use in macroscopic process models and for comparison with NASA-funded experimental
property measurements of II-VI compounds.

We anticipate that this work will provide a more fundamental understanding of molten II-VI
semiconductor alloys and their behavior during crystal growth.  This knowledge will significantly
complement ongoing NASA-funded research on the growth of these compounds, specifically by
identifying unambiguously the factors responsible for II-VI growth under microgravity and
ground-based growth conditions.  In addition, the proposed research will be carried out in col-
laboration with ongoing modeling of macroscopic transport in melt growth systems, both under
micro-gravity and terrestrial conditions, by the Derby research group at the University of Minne-
sota.  The unraveling of the mechanistic couplings between atomistic events and macroscopic
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transport in crystal growth systems poses intellectual challenges comparable to the “Grand Challenge”
supercomputer problems of the pure physical sciences and is perhaps even more compelling due to the
tremendous economic value associated with the manufacturing of advanced crystalline materials.  This
contention is bolstered by a recent DOE/NSF study which has identified computational materials
research as an activity which can strongly enhance U.S. industry’s competitive edge.  Ultimately, our
goal is the ability to link crystal properties and device performance with growth conditions and the
macroscopic factors which influence them.
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THEORETICAL ANALYSIS OF 3-D, TRANSIENT CONVECTION AND SEGREGATION
IN MICROGRAVITY BRIDGMAN CRYSTAL GROWTH

J.J. Derby* and A. Yeckel

Department of Chemical Engineering and Materials Science
University of Minnesota

Key to the advancement of crystal growth processing is a better understanding of the dominant
influence of buoyancy-driven convection on segregation and morphological stability during
crystal growth on Earth.  Since these effects in turn play a critical role in establishing the structure and
properties of grown materials, considerable interest has developed for their study by use of the
microgravity environment provided by space flight.  However, space flight experiments are still subject
to accelerations that rapidly vary in magnitude and direction, and such variations complicate experiments
by the introduction of significant transient and three-dimensional effects.  We are developing rigorous
process models that account for such three-dimensional, transient phenomena during melt crystal growth
under microgravity conditions.

There has long been interest in employing the microgravity environment of space to process advanced
materials.  Growing crystals in space has the alluring potential to reduce convective flow velocities to the
point where diffusion-controlled growth is possible, thus promoting the growth of higher quality crystals
and enabling the detailed study of segregation phenomena.  Early space experiments confirmed that
microgravity processing could significantly reduce the level of melt convection.  Uniform doping was not
achieved, however, indicating that convection was not completely damped in the melt.  Recent experi-
ments conducted on the first United States Microgravity Laboratory also indicated that convection was
not totally damped.  Clearly, reducing the magnitude of the gravitation force alone was not sufficient to
achieve diffusion-controlled growth in these experiments.  Other effects can also complicate the
microgravity environment, especially those associated with time-dependent changes in the direction and
magnitude of the gravity vector (g-jitter).  These effects induce flow in the melt that is three-dimensional
and time-dependent.

Previous attempts to model the effects of g-jitter have relied on an assumption of 2-D, axisymmetric
behavior that greatly simplifies analysis.  This work will directly address the limitations of such models.
The rigorous simulation of three-dimensional, transient effects will allow, for the first time, quantitative
analyses of segregation phenomena in microgravity systems.  This capability will be extremely important
for the unambiguous interpretation of flight experiments, and, perhaps more importantly, will provide a
tool to design the conditions needed in future flight experiments to best study the effects of microgravity
on segregation theory.  We will report on progress made in several areas.

While the pseudo-binary assumption has frequently been applied to study segregation in ternary sys-
tems, the behavior of multicomponent diffusion in a truly ternary system is considerably more compli-
cated.  We present initial results on the the application of the Stefan-Maxwell equations to describe

* Corresponding author
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multicomponent mass transfer and segregation during growth of a ternary alloy.  This nonlinear, transient
problem is solved using a two-dimensional finite element method which rigorously accounts for heat
transfer, mass transfer, fluid mechanics, and the position of the solid-liquid interface.  We present results
to demonstrate how coupling between components can lead to retrograde concentration profiles in the
diffusion layer, where, in stark contrast to the simple Fickian diffusion predicted by pseudo-binary
models, a component diffuses against its activity gradient.  Such behavior may have significant conse-
quences in setting compositional profiles during the growth of II-VI alloys.

Buoyancy-driven melt convection dominates mass transport in many crystal growth systems,
thereby having a critical effect on solute segregation.  Since segregation in turn plays a key role
in determining the properties of grown materials, there is widespread interest in the application
of various methods to modify or suppress convection.  We present detailed theoretical analyses of
several such methods applied to vertical Bridgman crystal growth.  These include processing in
the microgravity environment provided by space flight, application of a magnetic field, and
steady crucible rotation, all of which tend to reduce buoyancy-driven convection.  Also consid-
ered is accelerated crucible rotation, which has the opposite effect of the other methods: it tends
to promote melt mixing by enhancing convective transport.  Our analyses show that buoyancy-
driven convection persists in dominating mass transport in all cases considered.  Indeed, in some
cases segregation is worsened by use of these methods.  Furthermore, all of these methods can
induce significant transient and three-dimensional effects, which greatly complicate the analysis
of these systems.

Finally, our fully 3-D modelling approach will be discussed.  We provide an overview of finite-element
models employed to simulate melt and solution crystal growth, emphasizing the challenges of modeling
three-dimensional, transient phenomena and interfacial effects with moving boundaries.
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ATOMISTIC SIMULATIONS OF CADMIUM TELLURIDE: TOWARD
UNDERSTANDING THE BENEFITS OF MICROGRAVITY CRYSTAL GROWTH

J.J. Derby ∗ and J.R. Chelikowsky

Department of Chemical Engineering and Materials Science, University of Minnesota

Progress in crystal growth on Earth or in space will depend on a more fundamental understanding of the
important coupling between atomistic-scale processes which control the properties of grown crystalline
material and the macroscopic transport conditions imposed by the growth system.  Our long-term goal
is to understand the mechanisms which influence crystal quality through the hierarchy of length and time
scales relevant to these atomistic-scale and macro-scale processes.  The immediate goal of the research
summarized here is to employ atomistic simulation to understand better the melt growth of cadmium
telluride (CdTe) and its alloy cadmium zinc telluride (CdZnTe).  These materials are employed in a
variety of technologically important electronic and electro-optical devices; however, the growth of high-
quality, large-area single crystal substrate has proven to be extremely difficult under terrestrial condi-
tions.  We seek to obtain a more fundamental understanding of the properties of cadmium telluride so
that the physical mechanisms responsible for growth can be elucidated.  A secondary objective of our
work is the prediction of high-temperature thermophysical properties of liquid and solid CdTe.

The primary thrust of this work will be to clarify the role of microgravity in interpreting the
growth of CdTe and its alloys; however, this work promises to support future microgravity
research in other substantial ways.  Atomistic simulations will provide predictions of the high-
temperature thermophysical properties.  Accurate high-temperature properties are needed for
reliable materials processing models, but such data are extremely difficult to obtain from experi-
mental measurements (many of which have been undertaken in microgravity environments).  The
prediction of these properties using atomistic simulation clearly complements ongoing and future
microgravity process modeling and experimental property measurement efforts.  Another likely
benefit from this work is that a more complete understanding of the structure of molten CdTe and
alloys will aid the development of seeding procedures for melt growth.  For Earth-based processes,
reliable seeding techniques have not yet been developed for these materials, yet such procedures have
been identified as one of the most needed process improvement to increase yields.  Undoubtedly, as
further microgravity experiments on the melt growth of CdZnTe are performed, seeded growth experi-
ments will be desired and the knowledge obtained from atomistic simulations will be invaluable.

We have successfully employed ab initio pseudopotentials to compute the electronic structure of solid
and liquid CdTe.  Subsequent work focused on performing first principles molecular dynamics simula-
tions on the liquid state using interatomic forces between atoms to calculate the  atomic trajectories and
integrate the equations of motions to simulate the liquid.  The liquid was modeled by considering a 64
atom unit cell with periodic boundary conditions; the atoms were randomly placed  in this cell and
initially heated to a very high temperature.  After cooling the system to a temperature slightly above the
melting temperature, we analyzed the resulting liquid.

* Corresponding author
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We have determined the pair correlation function, the self-diffusion of the Cd and Te atoms, and have
performed an analysis of the liquid structure.  We compared the theoretical results for the pair correla-
tion function to experimental x-ray and neutron work.  Our initial comparisons are quite encouraging; the
predicted and experimental distributions are quite similar.   Likewise, our computed diffusion coefficients
are consistent with experiments.

Of particular interest is the theoretical confirmation that CdTe is a molten semiconductor.  All
semiconductors of IV row, such as silicon, and III-V materials, such as gallium arsenide, assume
metallic behavior when melted.  This is in contrast to some II-VI semiconductors such as CdTe
which retain their semiconducting behavior in both the liquid and the solid state.  In order to
understand this difference, we have performed ab initio molecular dynamics simulations of liquid
GaAs and CdTe.  Using the Kubo-Greenwood formalism, we predict the conductivity of both
liquids and confirm the differences observed experimentally.  We relate the conductivity differ-
ences between II-VI and III-V semiconductors to strong structural differences occurring within
the melt.  These melt structures may also be responsible for the difficulty in growing single-
crystalline CdTe from the melt.
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REAL-TIME OPTICAL MONITORING OF FLOW KINETICS AND GAS PHASE
REACTIONS UNDER HIGH-PRESSURE OMCVD CONDITIONS

N. Dietz *, S. McCall and K.J. Bachmann

Department Materials Science & Engineering,
North Carolina State University,  Raleigh, NC 27695

ABSTRACT

This contribution addresses the real-time optical characterization of gas flow and gas phase
reactions as they play a crucial role for chemical vapor phase depositions utilizing elevated and
high pressure chemical vapor deposition (HPCVD) conditions.  The objectives of these experi-
ments are to validate on the basis of results on real-time optical diagnostics process models
simulation codes, and provide input parameter sets needed for analysis and control of chemical
vapor deposition at elevated pressures.  Access to microgravity is required to retain high pressure
conditions of laminar flow, which is essential for successful acquisition and interpretation of the
optical data.  In this contribution, we describe the design and construction of the HPCVD system,
which include access ports for various optical methods of real-time process monitoring and to
analyze the initial stages of heteroepitaxy and steady-state growth in the different pressure
ranges.  To analyze the onset of turbulence, provisions are made for implementation of experi-
mental methods for in-situ characterization of the nature of flow.  This knowledge will be the basis for
the design definition of experiments under microgravity, where gas flow conditions, gas phase and
surface chemistry, might be analyzed by remote controlled real-time diagnostics tools, developed in this
research project.

I. Introduction

In this paper we describe our process in work on the real-time optical monitoring of high-pressure
chemical vapor deposition, building on previous research presented elsewhere1,2.  The objective is to
study the kinetics of nucleation and coalescence of heteroepitaxial thin films, which is an important step
of chemical vapor deposition since it defines the perfection of the heteroepitaxial film both in terms of
extended defect formation and chemical integrity of the interface.  It also defines the film quality during
the later stages of film growth.  Present growth efforts focus on low pressure processing to minimize the
influence of flow dynamics on process uniformity and favors for III-V compounds organometallic
chemical vapor deposition (OMCVD).  However, the extension to above atmospheric pressures is
necessary for retaining stoichiometric single phase surface composition for materials that are character-
ized by large thermal decomposition pressures at optimum processing temperatures.  For example,
Ga

x
In

1-x
N heterostructures have been identified as an important basis for manufacturing of optoelec-

tronic and microelectronic devices, such as, light sources, detectors and high power microwave devices
for which large potential markets can be identified.  Due to the high thermal decomposition pressure of
InN, these devices are at present limited to gallium-rich compositions.  High nitrogen pressure has been
demonstrated to suppress thermal decomposition of InN, but has not been applied yet in chemical
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vapor deposition or etching experiments.  Because of the difficulty with maintaining stochiometry at
elevated temperature, current knowledge regarding thermodynamic data for InN, e.g., its melting point,
temperature-dependent heat capacity, heat and entropy of formation are known with far less accuracy
than for InP, InAs and InSb.  Gaining access to these data will require the development of new real-time
optical diagnostics, capable of obtaining sufficient accurate data on flow conditions, gas phase reactions
as well as on the surface reaction kinetic to support modeling and simulations of thin film growth under
laminar and/or turbulent  flow conditions at sup-atmospheric pressure.  The present focus is on the
heteroepitaxial growth of group III-nitrides/phosphides.

II. Properties of Group III Nitrides and Methods of Heteroepitaxy

Group III nitride films have been grown on a variety of compound substrates by several vapor growth
methods, such as, halide transport3 plasma-assisted OMCVD3 and gas source molecular beam epitaxy
of GaN on 6H-SiC on (11.0) and (00.1) misoriented by 4° off the singular surface toward [11]4,5, and
conventional OMCVD on AlN coated sapphire using ammonia as nitrogen source6,7. A two-step
OMCVD process8,9, growing first a buffer layer at low temperature (1073 K) followed by high tem-
perature (1273K) GaN growth, allows suppression of three-dimensional growth.  A trade-off is made
in this method between promoting continuous film growth and  preserving surface stoichiometry, favoring
growth at relatively high pressure10.

The p - T - x relations in the indium - nitrogen system are not known at present, but studies of the
nitrogen pressure needed to prevent thermal decomposition of bulk InN according to

(1)

results in the p – T-1 relation shown in Figure 111. We note that since reversibility has not been shown by
McChesney et al., the interpretation of the linear relation between p and T according to the equation

(2)

obtained by integration of van t’Hoff’s reaction isobar is not reliable.  However, for the purpose of our
study this is not important since it suffices to know that in the range p

N2

102 atm at substrate temperature

� 900 K surface decomposition of InN will be effectively suppressed.  In view of the higher melting
temperature of InN (~1200oC) as compared to InP (1062oC) this appears to be a minimum require-
ment for the growth of high quality epitaxial InN heterostructures.  Most low pressure OMCVD studies
of InN employ substrate temperatures of ∼∼∼∼∼ 773K, which in the case of ALE has been extended to
823K, where difficulties with loss of indium from the surface and formation of indium droplets in the
epilayer becomes severe 12.

The problem of turbulence in high pressure vapor deposition of thin film heterostructures for large
Reynolds number flows is an impediment to the successful processing of advanced materials for micro-
electronics and optoelectronics applications, such as InN and its solid solutions, which are characterized
by thermal decomposition pressures exceeding atmospheric pressure at their optimum processing
temperature.  Control of defect formation mandates operating temperatures in excess of 600°C, and
requires a nitrogen pressure of 
 100 atm to avoid surface decomposition.  In order to address the
problem of materials processing at super-atmospheric pressure by high pressure organometallic chemi-
cal vapor deposition (HPOMCVD) additional insights can be provided by real-time process monitoring
using optical real-time diagnostics.
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III. Reactor Design and Implementation

The reactor design is aimed at analyzing  gas phase and surface kinetic reactions parameter during
HPCVD gas flow and film growth under normal and reduced gravity conditions.  As depicted in Figure
2, the design employs machined inner walls grading in and out of the entrance and exit ports such that
the flow channel formed does not change in cross section from entrance to the exit.   The substrate
blocks are incorporated symmetrically in the upper and lower channel walls. Thus the bifurcation of
nutrient fluxes to the top and bottom channel walls is symmetric to the center-line.  Thus well behaved
flow and deposition can be expected to prevail at < 10-4 g gravity in the targeted pressure range.  A
fully machined and assembled half-part of this reactor system is shown in Figure 3.  Two of these inner
parts together form the inner shell of the HPCVD reactor, which will be inserted in a 6-inch diameter
pressure confinement shell that withstands pressures up to 100 atm.

Figure 4 shows schematically a cross-sectional cut along the optical probe axis and perpendicular to the
flow axis - of the inner reactor system, where the two half-parts are put together and the optical sap-
phire rods are attached.  Because of the symmetry of the lay-out of the top and bottom channel walls
with regard to the channel center line and a coupled control of substrate heating, we expect under
conditions of laminar flow equivalent nucleation and overgrowth kinetics on both substrate surfaces.
Both inner half parts are identical with exemption of the angle of incidence for principal angle reflectance
spectroscopy (PARS), which have been chosen 28 deg and 30 deg for the upper and lower part,
respectively.  As schematically depicted in Figure 5a, PARS utilizes p-polarized light impinging the
substrate-ambient interface near the principal angle ϕP.  The angle of total reflection, ϕT, is approxi-
mately 5 deg above ϕP.

Figure 1.  Thermal decomposition pressure vs. reciprocal temperature for AlN, GaN and InN. After
McChesney et al.11.
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The wavelength dependency of the principal angle is shown in Figure 5b with a calculated shift of more
than 2 deg in the wavelength range of 200 nm and 1700 nm.  The temperature shift is in the order of 0.2
deg between room temperature (RT) and 1000°C.  Utilizing these two angles of incidence, two inde-
pendent but complementary measurements can be performed at the same time.  The entrance- and exit
ports for PARS, together with the normal incidence access port, will be also used Raman spectroscopy.

 Figure 2. Schematic perspective outline of the inner HPCVD reactor. The design provides optical
access ports for real-time gas-phase and surface diagnostics.

Figure 3.  Perspective view of one of the machined and assembled inner half-parts of the HPCVD
reactor.  The transparent sapphire substrate allows a view on the heater element as well as to the optical

ports entering from the back.
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For flow visualization, analysis of flow dynamic, as well as for studies of gas phase reactions, optical
access ports are integrated perpendicular to the flow axis.  Rayleigh scattering13 has been utilized widely
in detecting turbulent flow (see refs.14,15 for recent reviews). Operation at high frequency ν is desirable
since the Rayleigh scattered intensity I

R
(ν) is proportional to the fourth power of ν.   Limits in the useful

range of ν are imposed by effects on gas phase chemical kinetics, so that tradeoffs between sensitivity
and control of chemical mechanisms must be made.   Etalons have been used to advantage in analyses
of flow dynamics based on quantitative analyses of contributions of molecular motion to the line shape
for Rayleigh-Brillouin scattering16,17 and for achieving high resolution in Raman line shape analysis.  At
low pressure and high temperature, where thermal motion is described by the Maxwell-Boltzmann

Figure 4. Schematic cross-sectional view of the inner HPCVD reactor. Optical access to the growth
surface is provided by optical rods through the back-side of the substrate for PARS, Raman and

normal-incidence reflectance.

Figure 5.  a. Angle dependency of reflectance for p- and s- polarized light at the interface sapphire
ambient. Depicted are the characteristic angles: principal angle ϕP and total reflection angle ϕT.

b. Wavelength dependency of the p-polarized reflectance component and shift in the principal angle ϕP
in the wavelength range of 200 nm and 1700 nm, calculated for the sapphire ambient interface.
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distribution, a Gaussian line shape is observed for the Doppler-shifted intensity.  However, at high
pressure, the Gaussian line shape is altered by superposition of Lorentzian components associated with
collective motions, such as, thermal diffusion and Brillouin scattering from acoustic waves14.  Because of
the relatively small solid angle for collection of incoherently scattered radiation it may be necessary to
add absorption spectroscopy at specific energies in resonance with vibrational-rotational signatures for
the most important molecular fragments diffusing toward the surface of the growing film.  Simultaneous
monitoring of Raman scattering, absorption spectroscopy, Rayleigh-Brillouin scattering, and PARS,
provides information on temporal and spatial temperature fluctuations, variations in flow velocity com-
ponents, and variations of concentrations of specific constituents in the vapor phase.  In conjunction with
the results of process simulations these experimental data provide all necessary experimental input
needed for flow simulation and process control.
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HIGH TEMPERATURE PHASES AND PHASE EQUILIBRIA
IN REACTIVE MOLTEN METAL–BASED SYSTEMS

E.L. Dreizin

New Jersey Institute of Technology

INTRODUCTION

Recently, the high-temperature portions of metal-gas phase diagrams (specifically, Al-O, Mg-O,
Cu-O, Zr-O-N, Ti-O-N, B-C, and B-O) have been used to interpret previously poorly understood
metal combustion processes such as explosions of burning metal particles and brightness jumps
observed in burning metal particle streaks [1-7].  It was recognized that phase transitions occurring
in molten metal-gas systems could be the causes of these dramatic changes in the metal combustion
scenario.  The composition and phase changes in these analyzed particles correlated with the
observed combustion behavior.  However, most of these phase transitions are not well character-
ized, and the basis on which they are proposed is the elemental analysis of partially burned and
rapidly quenched metal particles. This new research is aimed at exploring and characterizing some
of these phase changes and, more generally, at addressing high-temperature phase equilibria in
reactive, molten, metal-based systems.

Below, specific hypotheses in need of experimental test will be discussed for two particular sys-
tems of interest in this program.

A. Zirconium-Oxygen-Nitrogen System

Experiments in which zirconium particles burned in air [6] indicated that both oxygen and nitrogen
are dissolved in pure molten zirconium.  The particles which burn in the 2400-2700 K temperature
range (higher than the Zr melting point of 2125 K), were quenched by impinging onto aluminum
foil.  This method gives a rapid cooling rate (~105 K/s) and minimal particle deformation. The
internal composition history of burning Zr was determined by analyzing many identically produced
and ignited particles that were quenched after different combustion times.  The quenched particles
were fairly uniform in morphology and composition indicating that the rapid cooling rate sup-
pressed phase separation and, essentially, froze the composition of the burning liquid particle.  The
particle composition history indicates that the rate of nitrogen dissolution was initially higher than
that of oxygen.  The decrease in the dissolved nitrogen concentration indicates a solubility limit for
nitrogen in the molten Zr-O-N system which has not been reported in the literature.  At a tempera-
ture close to 2340 K, the eutectic transition in the binary Zr-O system, the burning particles ex-
ploded with a popping sound indicative of gas release.  After explosion, stoichiometric ZrO2 is
found in the fragmented combustion products. Based on the experimental observations summarized
above, the following scenario was hypothesized: both oxygen and nitrogen dissolve in molten
zirconium and produce a liquid solution in which the solubility limits for oxygen and nitrogen are
different.  At a temperature close to the eutectic in the binary Zr-O system (2340 K), a non-variant
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phase transition occurs in the Zr-O-N system producing a solid zirconium-oxygen solution, nitro-
gen gas and zirconium oxide:

B. Boron-Oxygen-Carbon System

A recent study of ignition and combustion of electrically heated boron filaments [8] showed that
they burned in two distinct stages, consistent with earlier boron particle combustion studies [9, 10].
The onset of stage one combustion always occurred in the same narrow temperature range of
1770±70 K.   It is known that two phase transitions, amorphous to ß and ��to ß, rhombohedral
boron structures occur in pure solid boron in the same temperature range.  Surprisingly, analyses of
the filaments quenched at the instant they reached 1770 K showed (Figure 1) spherical voids
indicative of the production of both liquid and gaseous phases even though the boron melting point
of 2350 K has not been reached. The compositions measured in the cross-sections included boron,
oxygen, and carbon (present in the original boron as an impurity). It is thus hypothesized that the
presence of oxygen and carbon affects the phase transitions occurring in pure boron and results in
the production of new liquid and gaseous phases.  In addition, significant amounts of dissolved
oxygen were detected in the interiors of partially burned and quenched boron filaments. These
findings are interpreted as indicating that oxygen dissolution occurs in heterogeneous boron com-
bustion in oxygen.  They also suggest that the oxygen solubility limit was reached and exceeded so
that a phase transition accompanied by the gas (e.g., BO2 and/or BO) release occurred and pro-
duced large voids.

In both of the above examples, the (currently unknown) phase equilibria occurring in molten metal
based systems were hypothesized to interpret combustion phenomena.  A literature search has
shown a lack of information on phase equilibria for these two and for many other systems all of
which:

a) consist of components with vastly different melting points and
b) have a high chemical reactivity at elevated temperatures.

ZrO
x
N

y
liquid α Zrsolid_solution + ZrO

2
solid + N

2
gas2340K

Figure 1.  SEM image of the cross-section of a boron filament heated in air and quenched at the moment
of stage one combustion onset (when heated to 1770K) [8].  Spherical voids visible within the filament

cross-section indicate production of both liquid and gaseous phases at temperatures below the boron
melting point.
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Examples include Al/Al2O3, Mg/MgO, Zr/ZrO2/ZrN, Ti/Ti2O3/TiN, B/B2O3, B4C/B2O3, etc.
One reason for the lack of data on high temperature phase equilibria in such systems is that experi-
mentally complicated containerless methods are needed for material processing since these materi-
als will react with essentially any container material at high temperatures.  Moreover, a phase
segregation will inevitably occur even if a containerless experiment is carried out in normal gravity
in which two materials having different melting points and densities are heated and melted (i.e., a
lower melting point phase would drip off or accumulate at the bottom of the more refractory
phase). Such a phase segregation does not allow one to experimentally characterize the phase
equilibria of interest.  These are the important factors showing that the microgravity environment is
uniquely suitable for an adequate experimental study.

I. Research Objective and Value

The general research objective is to experimentally characterize the high-temperature phase compo-
sitions and phase equilibria in molten metal-based binary and ternary systems.  Boron-carbon-
oxygen and zirconium-oxygen-nitrogen systems have been chosen as the first two systems ad-
dressed in this project.  This selection is based on the applications that we are most familiar with
(i.e., high-energy density materials) and also on the materials science literature that we are aware of
that describes materials currently being actively investigated for other applications.

The results of this research are expected to be compiled and presented as phase diagram cross-
sections (at selected temperatures) for the materials explored.  This information will be valuable for
both fundamental understanding of the nature of these materials and also for their practical use in
many areas.  New high-energy density metal-based materials will be developed that will consist of
metastable metal-oxygen (e.g., Zr-O, B-O, Al-O, etc.) solutions.  In such materials, fuel and
oxidizer will be premixed on the atomic level to provide a fast combustion rate and a significantly
enhanced performance of propellants, explosives, and incendiaries.  The performance enhancement
will be achieved by exploiting phase transitions occurring in the liquid, high-temperature, igniting
or burning metal-gas systems.  Thus, reliable information on the phase equilibria and transitions
occurring in such systems will lead directly to better performance control of the presently available
metallized energetic materials and to the design of new, more effective compositions.  Similar
information on the high-temperature phase equilibria becomes vital for many rapidly developing
technological areas.  New ionic conductors based on zirconium oxynitrides and doped zirconium
oxides are being developed for use in oxygen sensors and fuel cells [11, 12].  These devices are
often employed at elevated temperatures at which the stability of the known oxynitride phases is
not well known. The high-temperature equilibria addressed in this research will provide informa-
tion needed to assess their phase stability, predict the stable and metastable phases that can be
formed, critically evaluate and modify the material synthesis and processing techniques. Knowl-
edge of the high-temperature phase equilibria for the boron-oxygen and boron-carbon-oxygen
systems is essential for development and fabrication of many new semiconductors, glasses, and
ultra-hard materials (e.g., [13, 14, 15]).

II. General Approach

Containerless microgravity experiments will be conducted in which solid components (e.g., pow-
ders) premixed at room temperature will be heated in a controlled pressure inert gas or vacuum
environment, kept at a high temperature for a period of time, and rapidly quenched.  The initial
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components will include pure metals, solid metal–gas solution phases (e.g., αZr produced by the
annealing of a pure metal in an oxygen and/or nitrogen environment), carbon and metal carbides, oxides,
and nitrides.  Xenon lamp will be used to heat the sample pellets.  The gas environment is expected to be
inert because the focus of this research is at the condensed phase equilibria.  However, the experimental
design will be modified (i.e., a reactive gas component such as oxygen or nitrogen will be added) should
the need to address phase equilibria with gas phase species, e.g., BO2 will be identified in our experi-
ments.  The rate of the sample heating, the maximum temperature, and the time at the maximum tem-
perature will be the parameters varied independently in the microgravity experiments. A rapid quenching
technique, splat quenching, will be employed to achieve a fast cooling rate.  Phases produced at the high
temperatures will be analyzed using both real time observation of the sample behavior, optical tempera-
ture measurements, and, most importantly, detailed analyses of the quenched samples.  Quenched
samples will be subjected to various annealing cycles to address the stability of the detected phases at
different temperatures.

III. Relevant Research

Equilibria in metal-based systems at elevated temperatures are being actively explored (see for example
reference books [16, 17], an article [18], and current microgravity research [19-24].  However, equilibria
existing in the molten metal-based binary and ternary systems are not well known and research efforts in
that direction are very limited.  The phase equilibria existing in liquid phases are important for many
material processing and, especially, welding and joining technologies. Also, many examples exist of
high temperature melts that can be rapidly quenched to produce metastable phases with unique proper-
ties beneficial for practical applications.  Familiar examples are metal glasses and nanocrystalline materi-
als [25].

The current microgravity materials science projects address various aspects of the phase equilibria in
high-temperature condensed systems, such as microstructure evolution in two-phase systems [19, 20],
non-equilibrium structure and glass formation in oxide melts and semiconductors [21, 22, 23]. These
studies focus more on the structure formation in the crystallized materials rather than on the phase
equilibria existing in the molten systems.  In some projects, phase separation in immiscible alloys is
addressed [19, 20] and phase diagrams for liquid metal-metal and oxide-oxide systems are being investi-
gated [21, 22].  In this program, a different class of molten systems is addressed, namely metal-based
systems that contain chemically active components with greatly different melting temperatures.  Reliable
thermodynamic information describing such systems is crucial for understanding of fundamental metal
combustion mechanisms and for designing new metal-based high energy density materials.  Research
has also been active in the area of zirconium-oxygen-nitrogen compounds as prospective ionic conduc-
tors for fuel cells and oxygen sensors [11, 12].  Gas sensing elements are also being developed based on
boron oxide [14]. Their processing, stability, and joining all involve high temperatures and it is important
to know which phases could form in a particular temperature range.

Binary Zr-O and Zr-N phase diagrams are known fairly well [16, 17], however, information is scarce on
phase equilibria in the ternary Zr-O-N system. While both zirconium oxide and nitride are refractory
(melting points are 2983 and 3233 K, respectively), zirconium melts at a lower temperature, 2128 K,
which makes the compounds containing Zr metal as a precursor much more difficult to study than the
pseudo-binary ZrO2-ZrN compounds used more often.   It is known that ZrN can be oxidized to ZrO2
in an oxygen environment [26], however, the solubility limit of nitrogen in zirconium-oxygen liquid
solutions is not known.  It will be determined in this program.
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The boron-oxygen binary phase diagram is essentially unexplored, largely due to the difficulties in
handling molten boria.  Boria melts at 723 K, a temperature much lower than the melting point of boron,
2350 K [27].  Molten boria is extremely reactive and thus experiments are often contaminated by the
container materials.  In addition, in normal gravity experiments, molten boria cannot be maintained
uniformly mixed with refractory boron and forms a drop or a pool at the bottom of the sample.  This
great difference in the boron and boria melting points makes the normal gravity containerless experi-
ments (e.g., electro- and aero-acoustic levitation) unsuitable for this system.  The boron-carbon phase
diagram and solid phases have been explored for several decades [16, 28, 29]. A number of boron-rich
compounds, such as B12C, B9C, B8C, B15C2, B13C2 are described [28, 29].  It has also been shown
that oxygen can readily substitute for some of the carbon atoms in a crystalline lattice, forming, for
example, a B8C1-xOx phase.  However, equilibrium compositions existing in the liquid phase are not
well known.  Some of the specific features of the B-C-O systems expected to be investigated in this
project are effects of oxygen and carbon on the phase transitions occurring in pure boron, namely
amorphous to  ß and ß to � rhombohedral phases known to occur in the range of 1623 - 1923 K.  In our
recent research addressing the mechanism of boron filament ignition, an intriguing correlation between
the distribution of carbon impurity and oxygen was observed [8].  A phase transition from ß to a boron
seemed to be affected by both carbon and oxygen presence.  Also, spherical voids indicative of a gas
release in a liquid phase were observed in samples pre-heated in air to ~ 1770 K (a temperature much
lower than the pure boron melting point) and quenched.
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REACTIONS AND SURFACE TRANSFORMATIONS OF A BIOACTIVE
MATERIAL IN A SIMULATED MICROGRAVITY ENVIRONMENT:

AN EXPERIMENTAL AND NUMERICAL STUDY

P. Ducheyne, S. Radin, P.S. Ayyaswamy, H. Gao

Center for Bioactive Materials and Tissue Engineering
School of Engineering and Applied Sciences, University of Pennsylvania

Simulated microgravity (µg) conditions of NASA designed Rotating Wall Bioreactor Vessels (RWVs)
have been found favorable for the growth of in vitro 3-D bone-like tissue [1]. Such 3-D tissue growth
could have wide clinical applications. The 3-D bone growth in RWVs is facilitated by the use of
microcarriers which provide structural support [1-3]. Microcarrier materials which promote cellular
function (bioactive materials) not only provide structural support but also enhance 3-D bone tissue
formation. Based on extensive physico-chemical and biochemical analyses [4, 5], bioactive glass (BG)
has been demonstrated to be an attractive candidate for use as bioactive microcarrier material. BG
surface reactions are closely related to its stimulatory effect on bone cell function [4]. Since the nature of
BG reactions under the simulated µg conditions of RWVs is unknown, the objective of this study is to
analyze the BG behavior in the RWV environment using experimental and numerical methods.

BG behavior upon immersion in the RWV environment was tested and compared with that at static
conditions at normal gravity. The most reactive among bioactive glasses BG 45S5 [6] (W, %: 45.0 %
SiO2, 24.5 % CaO, 24.5 % Na2O and 6.0 % P2O5

;  
MO-Sci Co., Rolla, MO) was used for the study.

A High Aspect Ratio Vessel (HARV-50 ml, Synthecon, Houston, TX) which rotates around a horizon-
tal axis was used to simulate the µg-environment. Based on our previous numerical analysis [7], a
rotational speed of 10 rpm, and size of granules in the range 40-70 µm were employed to maintain
simulated µg-conditions (∼ 0.01 g) for the BG granules loaded in the HARV. The following physiologi-
cal solutions (pH 7.4 at 370C) were used for the immersion experiments:
tris(hydroxylmethyl)aminomethane buffered solution (T), this solution complemented with electrolytes
typical for plasma (TE), this last solution with serum (TES). The duration of immersion in T was set at 1,
3, 6, and 24 hours. The immersion time was also extended to 48 hours in TE and TES. Post-immersion,
the material surfaces were analyzed using Fourier Transform Infrared (FTIR) spectroscopy. Changes in
the solution composition were determined using atomic absorption spectroscopy (AAS) and colorim-
etry.

Changes in the concentrations of Ca-, P- and Si-ions as a function of immersion time in T, TE and TES
are shown in Figures 1, 2, and 3 respectively. The time-dependent changes in the ion-concentrations
indicate that at both static and HARV conditions, BG reactions in solutions include initial leaching of all
ions, followed by P-uptake and a slow down in the Si- and Ca-release. The data suggest a two-stage
process, an initial BG dissolution followed by the formation of Ca-P phases. Although the sequence of
the reactions was similar under both testing conditions, the kinetics of the BG reactions were remarkably
enhanced in the HARV environment for all solutions tested.  As shown in Table 1, in the ion- and
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serum-free T, the rates of the initial Si-, Ca- and P- release in the HARV were 2.5, 3.2 and 6 times
greater than those under static conditions. The release rates were also enhanced in the presence of
electrolytes and serum (TE and TES). This enhancement in the initial ion-release in the HARV dramati-
cally affected the subsequent reactions. In fact, as a result of the increased Si-release, saturation with
dissolved silica was reached in the HARV while the solution remained undersaturated at static condi-
tions within the time frame of the experiment. Moreover, as shown in Table 2, the enhanced release of
Ca- and P-ions in HARV led to a 10-fold increase in the [Ca]x[P] ionic product (indicative of solution
saturation with Ca-P phases). This increase resulted in faster and greater P-uptake during the subse-
quent stage of precipitation. Actually, the 10-fold increase in the ionic product in the HARV led to a 10-
fold increase in the total amount of P-uptake (Table 2). The increased amount of P-uptake indicates an
increase in the amount of Ca-P precipitation at the BG surface. Thus, the data suggests a direct relation-
ship between the enhanced initial Ca- and P-release from BG in the HARV and the enhanced formation
of the Ca-P layer at the BG surface. FTIR analysis confirmed that the amount of the Ca-P phases at the
BG surface was greater in the HARV than under static conditions.

Table 1.  Initial rates of Si-, Ca- and P-release from BG immersed using HARV and static conditions.

Table 2.  [Ca]x[P] ionic product resulting from Ca- and P- release and the total amount of subsequent
P-uptake in T under HARV and static conditions.

HARV

50.0

60.0

nd

static

10.0

14.0

nd

HARV

50.0

55.0

7.0

static

25.0

14.0

0.7

HARV

50.0

80.0

12.0

static

20.0

25.0

2.0

T TE TES

Ion

Si

Ca

P

Release rate, µg/mg h-

Note: * release rates are normalized by weight of immersed BG
           * nd: not determined

Reaction product HARV static

[Ca]x[P], mM 1.04 0.11

P-uptake, mM 0.35 0.03
Note: P-uptake was determined as a difference between
the [P]max and [P]min within 24 hours of immersion
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Numerical models were developed to simulate the mass transport of chemical species to and from the
BG surface under static and HARV conditions. It was determined that under static conditions, diffusion
is the mass transfer mechanism, while under simulated µg-conditions of the HARV, mass transfer
involved both diffusion and convection. As shown in Figure 4, the numerical results for time-dependent
changes in the ion concentrations showed an excellent agreement with the experimental data at both
static and HARV conditions. The numerical study suggests that the lack of sedimentation and the dual
mechanism of the mass transport – diffusion and convection – are at the basis of the enhanced BG
reactions and surface transformations under the simulated µg-conditions of the NASA-designed rotating
wall vessel bioreactors.

REFERENCES

1. L. E. Freed and G. Vunjak-Novakovic, Cultivation of cell-polymer constructs in simulated microgravity,
Biotech.Bioeng, 46: 306, 1995.

2. P. J. Duke, E. L. Daane and D. Montufar-Solis, Studies of chondrogenesis in rotating systems, J. Cell.
Biochem. 51:274, 1993

3. Q. Qiu, P. Ducheyne, H. Gao, and P. Ayyaswamy, Formation and differentiation of three-dimentional
rat marrow cell culture on microcarriers in a rotating-wall vessel, J.Tissue Eng., 4:19-34, 1998

4. P. Ducheyne, ch. 9 in: “Hip surgery: New materials and developments,” eds. L.  Sedel & M. Cabanela,
Martin Dunitz, London, 1998.

5. S. Radin, P. Ducheyne, B. Rothman, A. Conti, The effect of in vitro modeling conditions on the surface
reactions of bioactive glass, J. Biomed Mat. Res., 37: 363-75, 1997

6. L.L. Hench, Bioceramics: from concept to clinic, J.Am.Cera.Soc., 74: 1487-510, 1997
7. H. Gao, P. S. Ayyaswamy, and P. Ducheyne, Dynamics of a microcarrier particle in the simulated

microgravity environment of a rotating-wall vessel, Microgravity Sci. Technol., X/3, 154-165, 1997.



191

Figure 1.  Changes in the [Ca], [P] and [Si] as a function of immersion time in ion- and serum free T
solution under the HARV and static conditions.
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Figure 2.  Changes in the [Ca], [P] and [Si] as a function of immersion time in  serum-containing TES
under the HARV and static conditions.
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Figure 3.  Changes in [Ca] and [Si] concentrations as a function of immersion time in electrolyte- and
serum-containing TES under the HARV and static conditions.

Figure 4.  Numerical and experimental data for time-dependent Si-release in T solution under the
HARV and static conditions.
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I. Research Objectives and Relevance to Microgravity

The objective of the research proposed here is to carry out detailed studies of defect and general
distortion distributions in crystals grown in both microgravity and ground based environments (e.g. using
modified Bridgman, Vapor Transport or Traveling Heater Method techniques) using a combination of
synchrotron white beam X-ray topography (SWBXT)1 and high resolution triple crystal X-ray
diffractometry (HRTXD).2 This unique combination of techniques is expected to reveal detailed differ-
ences between crystals grown in these two different environments and to enable meaningful assessment
to be made of the influence of a microgravity environment on various aspects of the quality of crystals
grown therein. SWBXT and HRTXD are complementary analytical techniques which are most sensitive
and useful at contrasting ends of the “scale” of defect densities in crystals. By applying both techniques
to the same crystals, it will be possible to provide detailed and quantitative assessments of the defect
structure from regions that range from highly perfect (where SWBXT is expected to be the superior
characterization tool) to highly imperfect (where HRTXD should be the superior method). This unified
and continuous view of the defect structure should lead to valuable insights into the effect of growth
conditions on the defect generation process. This research program draws upon the extensive experi-
ence that has been gained at the State University of New York - Stony Brook and University of Wis-
consin - Madison in the analysis of defects in semiconductors using advanced methods of X-ray diffrac-
tion. Prof. Michael Dudley of SUNY - Stony Brook has worked closely with the crystal growth com-
munity at NASA’s Marshall Space Flight Center (MSFC) in applying methods of SWBXT to numerous
semiconductor crystals grown both on Earth and in microgravity. His counterpart, Prof. Richard Matyi
of UW - Madison, has been actively engaged in demonstrating the capabilities of HRTXD to a variety
of semiconductor materials. By combining these complementary techniques it should be possible to
obtain a deeper understanding of the process of defect generation than would be possible with either
technique alone, or perhaps by any structural probe.

The significance of the research described here is that it will directly determine the influence of a
microgravity environment on the detailed defect and distortion distribution in crystals produced in flight
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experiments, and will enable direct comparison to be drawn with crystals produced in ground based
experiments. Confirmation has already been obtained that effects resulting from the limited flight times
available for microgravity crystal growth experiments can exert control over the microstructure of the
crystals grown, potentially detracting from the intended assessment of the influence of the magnitude of
the gravity vector on these processes. Determination of the influence of cooling rate on the defect
microstructure of crystals is crucial for selection of experimental conditions under which the effects of
the gravity vector on crystal growth quality can be usefully investigated. Once such selection has been
optimized, differences in microstructure observed in microgravity grown crystals may be safely attrib-
uted to the influence of the gravity vector and not to artifacts related to compressed growth schedules.

II. Significant Results to Date and Future Plans

To date, cooperative studies have been carried out on the following materials: flight and ground
based CdZnTe (4% Zn), grown by Dr. D. Larson at Stony Brook, ground-based CdTe grown by
Dr. W. Palosz at Marshall Space Flight Center (MSFC); ground-based ZnSe, grown by Dr. C.-H.
Su at MSFC, ground-based Hg1-xCdxTe, grown, in the presence and absence of a rotating magnetic
field, by Dr. D.C. Gillies at MSFC; and ground-based and flight-based Hg1-xCdxTe grown by Dr. D.
Gillies (USMP2). Selected results from flight-based Hg1-xCdxTe, and ground based CdTe are discussed
here. Results from other materials have been discussed in previous reports.3-9

For the case of the Hg1-xCdxTe flight samples, wafers cut parallel and perpendicular to the growth axis
were examined. An example is shown in figures 1 and 2. SWBXT showed that this flight sample con-
sisted of three grains, one of which is twinned. Figure 1 shows a reflection topograph, recorded from
the largest of these grains, in which there is no orientation contrast between the matrix and twinned
regions.

Figure 1. MCT 27Q 106-11S Reflection topograph: Grain 1 (Matrix + Twin). SB is subgrain boudary,
P is precipitate.

Figure 2 shows the matrix region only. Both the matrix and twinned regions are composed of fairly large
subgrains (200-1000 µm) separated by misorientations ranging from 5-70 arc seconds. Interior of the
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subgrains appears to be of fairly good crystalline quality. Circular regions of white contrast are observed
in some regions. These could be inclusions of Te. Extremely high crystal quality was revealed in the early
stages of growth, with very low dislocation densities (of the order of 104cm-2 in regions) and small angle
boundary densities being evident. Such quality is unprecedented in ground-based crystals. HRTXD is
currently being carried out on these crystals.

Figure 2. MCT 27Q 106-11S Reflection topograph: Grain 1 (Matrix)

For the case of the CdTe grown by Dr. W. Palosz of MSFC, the goal of the project was to investigate
the effect of post-growth cool-down conditions on the crystallographic quality of the crystals.  The
crystals were grown by “contactless” Physical Vapor Transport using the Low Supersaturation Nucle-
ation technique. The growth ampoule contained a small amount of excess tellurium and hydrogen.  The
crystals grew on a silica glass pedestal without contact with the side walls of the ampoule. In one case
the crystal was allowed to get in contact with the wall later into the growth process. The source tem-
perature was about 930°C, the undercooling up to 10-15°C, the growth rate a few mm per day.  After
growth the ampoules were cooled down at different rates, from very fast to very slow. For those
crystals where wall contact was avoided, those which were subjected to the fastest cooling rates
exhibited the highest defect densities, as expected. Polygonized dislocations structures comprising
numerous small angle boundaries were observed, as shown in Figure 3.

Similarly the samples subjected to the slowest cooling rates exhibited the lowest defect densities, as
shown in the high magnification topograph presented as figure 4, where individual dislocations can be
clearly resolved. For those crystals where wall contact was not avoided, higher defect densities and
severe lattice distortion were observed. This work serves as an excellent demonstration of the influence
of the post-growth cooling environment on the defect structures of crystals. It also underlines the
significance of the role of wall contact on determining the overall final crystal quality. HRTXD is currently
being carried out on these crystals.

In future work, a complete description will be sought of the type and distribution of all defects present in
the crystals to be examined. Crystals will initially be examined in boule and then wafer form using both
SWBXT and HRTXD in order to reveal the overall distribution of defects and distortion in the crystals
and to relate this distribution to growth conditions.
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INTRODUCTION

Microporous materials include a large group of solids of varying chemical composition as well as
porosity.  These materials are characterized by channels and cavities of molecular dimensions.
The framework structure is made up of interconnecting T-O-T’ bonds, where T and T’ can be Si,
Al, P, Ga, Fe, Co, Zn, B and a host of other elements. Materials with Si-O-Al bonding in the
framework are called zeolites and are extensively used in many applications.  Ion-exchange
properties of these materials are exploited in the consumer and environmental industries.  Chemi-
cal and petroleum industries use zeolites as catalysts in hydrocarbon transformations.  Synthesis
of new microporous frameworks has led to the development of new technologies, and thus
considerable effort worldwide is expended in their discovery.  Microporous materials are typi-
cally made under hydrothermal conditions. Influence of nature of starting reactants, structure
directing agents, pH, temperature, aging all have profound influence on the synthesis process.
This is primarily because the most interesting open frameworks are not necessarily the stable
structures in the reaction medium.  Thus, the discovery of new frameworks is often tied to finding
the right composition and synthesis conditions that allow for kinetic stabilization of the structure.
This complexity of the synthesis process and limited understanding of it has made it difficult to
develop directed synthesis of microporous materials and most advances in this field have been
made by trial and error.  The basic issues in crystal growth of these materials include:

• Nature of the nucleation process
• Molecular structure and assembly of nuclei
• Growth of nuclei into crystals
• Morphology control
• Transformation of frameworks into other structures.

The NASA-funded research described in this paper focuses on all the above issues and has been
described in several publications. 1-6  Below we present the highlights of our program, especially
with the focus on possible experiments in microgravity.

I. Results and Discussion

A.  Reverse Micelle Based Synthesis
Our primary focus in developing this area of research has been to investigate if we can take advan-
tage of the considerably lower rates of sedimentation in microgravity.
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Synthesis Process
Conventional synthesis of microporous materials usually involves mixing together reactants in an
aqueous medium and results in immediate formation of an amorphous precipitate, often referred to
as the gel.  Crystal growth proceeds from the gel. Several experiments have been reported using
such procedures under microgravity conditions.  Because of the presence of the gel, it is difficult to
analyze the reaction process. Our approach has been to develop a new method of microporous
materials synthesis that avoids the formation of the gel and makes the system more amenable to
analysis during crystal growth.  The microporous materials that we focus on are zincophosphates,
and we refer to them as ZnPO.  Reverse micelles have been demonstrated over several decades to
be a unique reaction medium for synthesis of nanoparticles of a wide class of materials.  We were
the first to report that microporous materials can also be synthesized under the appropriate condi-
tions from reverse micellar reactants.  The metastable nature of microporous materials requires a
well-controlled compositional environment for synthesis and the particular reverse micelle needs to
be chosen carefully.  Thus, the open-pore framework zincophosphate X (ZnPO-X) with a faujasite
structure could not be synthesized with AOT reverse micelles, because the high levels of Na+ in the
water pool thwarted the nucleation of ZnPO-X and promoted the formation of a more condensed
structure zincophosphate sodalite (ZnPO-S).  Figure 1 compares these two frameworks.  Under-
standing the reasons for failure of AOT reverse micelles in growing ZnPO-X led to the examina-
tion of cationic reverse micelles, especially the two-tailed surfactant dimethyldioctylammonium
chloride (DODMAC), and its use resulted in the successful synthesis of ZnPO-X.

Crystallization Pathways
We have examined the nucleation and crystal growth process of ZnPO-X and ZnPO-S from
reverse micelles in detail.  The important step in formation of crystal nuclei involves exchange
processes between reverse micelles, as depicted in Figure 2.  If reactant composition is chosen such
that only a small fraction of the micelles have the right supersaturation to form nuclei, then these
nuclei can commence crystal growth using up the non-nucleated reverse micelles.  After the crys-
tals reach a certain size, they begin to settle via gravity, avoiding further growth in size.  This
process of crystal nucleation, growth and settling process can continue for days.  On the other
hand, if the reactant composition is such that supersaturation is exceeded in a large fraction of the
micelles, then rapid precipitation of an amorphous solid can occur, resembling the conventional
synthesis.  This control over crystallization pathways by minor changes in the reactant composition
is unique to the reverse micellar medium.

Sedimentation Control
The observation that crystal growth ceases on settling led us to examine ways to keep crystals
suspended in the reaction medium.  We have used rotation cells, which by gentle centrifugal forces
can counteract gravity. Both ZnPO-S from AOT detergent system as well as ZnPO-X using
DODMAC were examined.  Unfortunately, aggregation of crystallites occurred, leading us to the
conclusion that although the crystals could be suspended for longer periods of time in rotating cells,
the experimental results were not meaningful.

Another approach we have developed for controlling crystal size is via a seeding process.  We had
observed that the yields of the ZnPO-X produced by the reverse micellar reaction were in the range
of 15-20%, indicating that a significant fraction of zinc and phosphate species were still present in
the organic medium.  We rationalized the reason for the low yields on the basis of the micellar
exchange process discussed earlier (Figure 2).  As crystal growth occurs from nucleated reverse
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micelles, the composition of the non-nucleated reverse micelles also change with time via collisional
exchange, and eventually more of these have the right composition to form nuclei.  However, this leads
to a decrease in non-nucleated reverse micelles that are the source for nutrients available for growth.
Eventually the reverse micelles with nuclei have no source of remaining nutrients and the crystal growth
stops.  However, this solution with nuclei acts as an excellent seed system for growth of new crystals if
provided with a source of reverse micelles as nutrients.  The seed solution was added to a reverse
micelle system that provided a source of nutrients, in narrow columns of varying lengths.  Three such
experiments were performed with columns of height of 0.71, 1.78 and 2.62 meters.  Products were
collected from the bottom of the column after one day for the two shorter columns and after two days for
the longer column.  From the SEM images shown in Figure 3, we observed an average size of 3, 6 and
15 µm with increasing column height, respectively.  The size of the crystals was increased by controlling
the time they spend in the medium, which depended on the length of the column.

B.  Morphological Control and Crystal Dissolution Pathways
A second emphasis of our research program has been to develop experiments that take advantage of the
decrease in buoyancy-driven convection in microgravity.  This has focused on developing synthetic
strategies to modify morphology and examine crystal transformation of different frameworks.  Morpho-
logical control of microporous crystalline materials via synthetic routes is important for several reasons.
For instance, it provides information about parameters that control nucleation and crystal growth,
thereby illuminating aspects of the synthesis mechanism.  Also, control of morphology is important for
targeting various applications.  We have shown that by altering composition, the morphology ZnPO-X
could be changed.  Previously reported synthesis of ZnPO-X at 4oC led to the formation of crystals with
the characteristic octahedral morphology of faujasitic structures.  Sizes of these crystals are in the <10
�m range.  We found that by increasing the TMAOH/H3PO4 and Zn2+/Na+ ratios, the morphology was
drastically altered to produce large hexagonal platelet type crystals with diameters around 100 �m.
Figure 4 demonstrates the morphological change.  Based on electron microscopy data, we concluded
that the presence of twin planes was leading to crystals with the platelet-like morphology.

The possibility of synthesizing reasonably large flat crystals of ZnPO-X has made it feasible to do
detailed Raman microprobe spectroscopic experiments.  In particular, we have focused on microprobe
Raman spectroscopy and examined how dissolution of ZnPO-X crystals occurs as a function of differ-
ent monovalent cations in the medium.  The vibrational information obtained from Raman spectroscopy
made it possible to analyze the structural changes at the molecular level.  In the presence of H+, at a pH
of 3, the vibrational bands due to ZnPO-X disappeared completely in 12 minutes.  These were replaced
by Raman bands of hopeite, Zn3(PO4)2, a condensed form of zincophosphate.  Electron microscopic
experiments showed that the ZnPO-X was gradually getting covered with a film of hopeite.  If, instead
of H+, Li+, or Cs+ were used, then the ZnPO-X gradually converted to framework structures of
LiA(BW) and CsZnPO4, respectively. How H+, Li+ and Cs+ destabilize in the ZnPO-X structure was
also manifested in the vibrational band of tetramethylammonium (TMA) ions trapped in the sodalite
cages of ZnPO-X. Upon exchange with H+, Li+, and Cs+, prior to collapse of the ZnPO-X and loss of
TMA from the Raman spectra, there is a significant broadening of the TMA band at 765 cm-1.  The
bandwidth changes from ~ 6 cm-1 for Na+ to 11,12 and 16 cm-1 for H+, Cs+ and Li+, respectively.  Our
interpretation is that, upon ion exchange with these cations, there is a distortion of the ZnPO-X frame-
work, which makes the framework more susceptible to hydrolysis.
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Influence of Framework Topology on Crystal Dissolution
Our primary interest is a fundamental understanding of the molecular assembly of microporous materi-
als.  Can that goal be attained by examining crystal dissolution?  We believe that to be the case for
several reasons.  First, the most interesting microporous frameworks are metastable structures and evolve
to more condensed topologies with time.  Second, clues regarding the complexity of the dissolution
fragments of different frameworks provide information about the stability of the building units.

In addition to Raman spectroscopy, we are developing several other techniques using to study the crystal
dissolution process.  The UV-Visible spectroscopic technique involves use a pH sensitive dye.  The
dissolution of sodalite and ZnPO-X at low pH and the deposition of hopeite changes the Zn/P ratio, thus
releasing the phosphate ions in solution which increases the pH of solution close to the surface.  We
have monitored this pH change with a colorimetric dye. Figure 5 shows the change in UV-visible
spectra around a dissolving ZnPO-S crytal with time.  We are planning to extend this study to use
fluorescence microprobe techniques for better spatially sensitive measurements.  These studies are
providing us useful data for developing mathematical models of the crystal dissolution process.  Influ-
ence of buoyancy-driven convection on the dissolution process is expected to be different for frame-
works of different topologies.

C.  Proposed experiments in Microgravity
There are two aspects of microgravity that we want to exploit.  These include lack of sedimentation
and absence of buoyancy driven convection.  As we have demonstrated, under particular condi-
tions of reverse micelle composition, crystal growth occurs in a layer-by-lay fashion.  Avoiding
sedimentation in these systems will lead to the growth of larger crystals.  Light scattering will be
used to follow the growth of crystals in microgravity.  Seeding experiments to grow larger crystals
is also possible, something that has not been accomplished in conventional synthesis.

The second aspect of the microgravity experiments will focus on microprobe Raman studies and
absorption/fluorescence microscopy based on pH sensitive dyes.  By comparing results in 1g and
microgravity, we will discover if different surface intermediates are present during dissolution of
different frameworks.
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Figure 4.  Scanning electron micrograph of ZnPO-X dissolving crystals obtained via control of
composition.

        Figure 1. Microporous frameworks of interest to this study.

Figure 2. Exchange processes in reverse micelles.

(a) (b)   (c)
Figure 3. The scanning electron micrograph of ZnPO-X crystals obtained via the reverse micelle
experiment from columns of various length, (a) after 1 day from a height of 0.71 meter reaction
mixture, (b) after 1 day from a height of 1.78 meter reaction mixture and (c) after 2 days from a

height of 2.62 meter reaction mixture.

Figure 5. pH change around a ZnPO-S crystal with time as measured by the spectrum of dye.
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INTRODUCTION

This research project is focused on two interrelated processes that can be affected by microgravity: 1)
Vapor-to-liquid homogeneous and ion-induced nucleation, and 2) Polymerization and nanoparticles’
formation from the gas phase. In the nucleation research we focus on three important areas. The first is
the effect of carrier gas pressure on the rate of homogeneous nucleation from the vapor phase. The
second and third areas involve studies of oscillatory and ion-induced nucleation, respectively. In the
polymerization studies, we provide evidence for the initiation of gas phase polymerization of isoprene
and propene using direct and coupled charge transfer mechanisms from the benzene radical cation.

I. Vapor Phase Nucleation Studies

Nucleation is one of the most ubiquitous and important phenomena in science and technology [1]. The
nucleus for homogeneous nucleation remains one of the most elusive entities known in chemical physics,
and has never been observed directly [1]. Only the consequences of its presence, e.g., droplet forma-
tion, precipitation, etc. are observed. The typical measurements of vapor to liquid nucleation rates
involve light scattering from liquid droplets that fall, under the influence of gravity, from the supersatu-
rated vapors. The development of the thermal diffusion cloud chamber (DCC) has provided the founda-
tion for significant advances in the study of the nucleation phenomenon from a supersaturated vapor
[2,3]. The DCC is a reliable tool for the production of supersaturated vapors, and is applicable to a
wide variety of nucleation studies including homogeneous, photo- induced and ion-induced nucleation
studies. Detailed description of the DCC and its principles of operation are given elsewhere [2,3].

One of the important current issues in nucleation research is whether the observed effect of a carrier gas
is due to convection and instability in the operating conditions of DCC under 1-g or if it actually repre-
sents a real contribution to the nucleation process. There is no other way to answer this question except
by complete elimination of the convection and other instability conditions by carrying out the nucleation
experiments in microgravity. Recent measurements of critical supersaturations for the vapor phase
homogeneous nucleation of several substances using the DCC technique exhibit a dependence on the
pressure of the carrier gas used in the experiments [2,3]. Since pressure effects on homogeneous
nucleation have most commonly been observed in DCC experiments, it is possible that these effects are
mainly related to the nature of the experimental technique. One of the major limitations of the current
nucleation experiments is the coupling between nucleation and growth. The nuclei, which typically have
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radii on the order of nanometers, are transient and once formed continue to grow. Nucleation experi-
ments rely on light scattering from macroscopic droplets to detect the nucleation events. This permits the
detection of particles no less than a few microns in diameter. Since the droplet must grow several orders
of magnitude prior to detection, it is necessary to consider the possible roles of the droplet growth and
motion on the experimental results. We have presented a model of the droplet growth and motion in a
DCC to explain the pressure dependent results. The model demonstrates that at higher carrier gas
pressures the growth of the droplets is retarded and the optical scattering signal from the particles is
reduced. It is concluded that the observed effect may not result from a pressure dependence of the
nucleation rate, but from a pressure dependence of the droplet growth and motion. If it is possible to
increase the time required for the droplet to travel to the bottom surface of the chamber then it may be
possible to study the role of the carrier gas pressure in the absence of the limiting factors affecting the
droplet growth and motion. The primary forces that act to accelerate the droplet in the DCC are the
gravitational force, the thermophoretic force and the drag force. Thermophoretic force acts in the
direction of decreasing temperature, which is upward since the temperature decreases linearly from the
bottom to the top of the chamber. The drag force always acts in a direction opposite to the velocity of
the droplet. So the primary force responsible for the acceleration of the droplets toward the bottom
surface of the chamber is the gravitational force.

Using the model presented in Reference 2, the effects of reduced gravity on the growth and motion of
droplets were investigated. The results of model calculations for the growth and motion of droplets
under several different gravitational forces are shown in Figure 1. When the acceleration of gravity is
reduced to 10-3 g, the lifetime of the droplets in the chamber increases drastically to nearly 3 seconds.
This allows enough time for the droplets to grow to greater than 30 microns in radius. At a gravity force
of 10-6 g, the droplet grows to greater than 0.5 mm and survives in the chamber for more than five
seconds. Because of the low pressure of these simulations the droplets are removed to the upper
surface of the chamber by the thermophoretic force. However, at higher pressures (> 1 atm) this force
will be negligible. This suggests that a long duration, high quality microgravity environment may be ideal
for the study of the pressure effects of the carrier gas on the nucleation kinetics and the growth and
motion of droplets.

Figure 1. Model simulation of the growth and motion of 1-propanol droplets for different gravity fields in
the diffusion cloud chamber at T (bottom plate) =303 K, T (top plate) = 258 K and a total pressure of

100 kPa.

At relatively high supersaturation, corresponding to high rates of nucleation, nonlinear effects can result
in the breakdown of the steady state condition usually assumed in the use of the DCC for nucleation



206

studies. The system undergoes a transition from steady state behavior to stable oscillatory behavior [4].
In this project, we use the DCC to study the oscillatory nucleation in supersaturated vapors of
dodecane, hexadecane and octadecane, and correlate the frequency of oscillation with properties of the
condensing vapor. Figure 2 displays the scattered light intensity versus time along with the Fourier
transform power spectra for the studied higher alkanes at the experimental conditions corresponding to
the oscillatory regime in the DCC. It is clear that the fundamental frequency of the oscillatory nucleation
decreases from dodecane to hexadecane to octadecane. This is also the order of increasing molecular
weight, normal boiling point, critical temperature and the enthalpy of vaporization among the three
alkanes.

Figure 2. Oscillatory nucleation of dodecane, hexadecane and octadecane.

The nucleated droplets regulate their own formation by depleting, through condensation, the concentra-
tion of the monomer species until a sufficient number of droplets are removed to allow the monomer
concentration to build up again. The nonlinear effects in nucleation and growth are general manifestation
of the inhibitory feedback control. We are currently developing a model to explain the oscillatory
nucleation and predict the frequency of oscillation.

We are also studying the phenomenon of ion-induced nucleation that is of great importance not only as a
subject for basic scientific inquiries of complex phenomena in chemical physics but also for many
atmospheric and environmental implications. Recently, we have demonstrated the first application of
Resonance Enhanced Multiphoton Ionization (REMPI) to selectively generate molecular ions within a
supersaturated host vapor and study their nucleating behavior [5-9]. Our approach is based on the
selective ionization by REMPI of a chromophore molecule present at a dilute concentration within a
supersaturated host vapor. The experiment uses a DCC to produce a steady-state supersaturated
vapor. Selected ions generated within the supersaturated vapor, cluster with the vapor molecules
forming condensation nuclei which rapidly grow within the supersaturated vapor to macroscopic liquid
droplets that can be detected by light scattering. The method has tremendous amplification and detec-
tion capabilities and is expected to provide a valuable and new analytical tool for the identification of
trace components in the vapor phase. We have presented the application of the REMPI nucleation
technique for the measurements of the mobility of solvated and precritical cluster ions in supersaturated
vapors under well-defined nucleation conditions [9]. The results verify the trend predicted by
Thomson’s model of increasing the size of the solvated cluster ion by increasing the vapor supersatura-
tion. With this method, it is now possible to compare the mobility of precritical clusters containing
positive or negative ions. This will provide the critical data necessary in order to resolve the long-
standing question regarding the effect of the charge sign on the rate of ion-induced nucleation.
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II.Gas Phase Polymerization Studies

Despite the fact that solutions and bulk liquids are the preferred medium for many industrial and labora-
tory polymerization processes, our fundamental understanding of the polymerization reactions in solution
remains limited. Under normal circumstances, polymerization is conducted in condensed systems
(monomer liquid or solution) in which multiple reactions (initiation, propagation, chain transfer, termina-
tion, etc.) are occurring simultaneously. Information regarding the exact nature of each mechanistic step
and understanding of elementary events occurring in the course of polymerization remain largely unavail-
able. In solution the problem is further complicated by reactions within the solvent. In the gas phase, it is
possible to observe the direct formation, in real time, of product polymeric radicals, cations or anions of
a chosen size. In contrast, in the liquid phase, one is usually forced to infer what has happened by the
qualitative and quantitative analysis of the products. From a practical point of view, gas phase polymer-
ization can lead to the synthesis of defect-free, uniform thin polymeric films of controlled morphology
and tailored compositions with excellent electrical and optical properties for many technological applica-
tions such as protective coatings and electrical insulators. For example, the polymeric species could be
deposited from the gas phase in a size-selected manner on metal or semiconductor surfaces.

Unfortunately, the achievement of true homogeneous gas phase polymerization for the synthesis of high
molecular weight polymers is very difficult, and has not really been accomplished successfully in the
past. The main problem is the extreme involatility of the large polymers, rendering it impossible to keep
them in the gas phase. The application of microgravity to the study of gas phase polymerization is
expected to result in a better control of the process and may also lead to important technological
advances.

The ion chemistry of the olefins and diolefins plays an important role in the gas phase polymerization
process [10-14]. These monomers can be induced to oligomerize and/or polymerize through bimolecu-
lar ion-molecule reactions in the gas phase [10-14]. In this project, we study the laser-initiated, gas
phase oligomerization of isoprene and propene. The initiation reactions involve a direct or a concerted
charge transfer process from the benzene radical cation (C6H6

+•) generated by multiphoton ionization.
In order to establish the mechanistic features of the initiation process, selective ionization of the aromatic
component is necessary to avoid direct ionization of the olefin monomer. For this reason, we use
Resonant-Two- Photon-Ionization coupled with High Pressure Mass Spectrometry (R2PI-HPMS)
where the mode of ionization is selective for the aromatic component [15]. In these experiments, no
direct photoionization of isoprene was observed in the absence of C6H6 in the reaction mixture. Figure
3 displays the R2PI mass spectrum obtained for a mixture of benzene and isoprene in N2 carrier gas at
a source pressure of 0.042 torr.

Figure 3.  Mass spectrum obtained in a benzene/isoprene/ N2 mixture.
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Since the ionization potential, IP(isoprene) < IP(benzene), direct charge transfer from benzene +• to
isoprene takes place according to Reaction 1.

      C6H6
+•        +      C5H8       →         C5H8

+•       +       C6H6               (1)

Following the generation of C5H8
+•, it undergoes a series of well known addition and elimination

reactions with neutral isoprene which produce the ion sequences CxHy with x =6-13 and y>x.3 By
increasing the concentration of isoprene in the reaction cell, ions corresponding to isoprene oligomers
(C5H8)n

+•  up to n=4 could be observed.

In the benzene (C6H6) /propene (C3H6) system, the aromatic initiator (C6H6) has an IP between the
reactant’s monomer (C3H6) and its covalent dimer (C6H12), i.e.; IP(C3H6) > IP(C6H6) > IP(C6H12).
Therefore, direct charge transfer from C6H6

+• to C3H6 is not observed due to the large endothermicity
of 0.48 eV and only the adduct C6H6

+•(C3H6) is formed. However, coupled reactions of charge
transfer with covalent condensation involving the C6H6

+• ion and two C3H6 molecules are observed
according to the overall process:

        C6H6
+• +       2 C3H6   →    C6H12

+•     +      C6H6 (2)

This reaction represents an initiation mechanism for the gas phase polymerization of propene since it
results in the formation of the dimer radical cation (C6H12

+•), which can sequentially add several
propene molecules. At higher concentrations of propene, the reaction products are the propene oligo-
mers (C3H6)+•

n with n = 2-7 and the adduct series C6H6
+•(C3H6)m with m≤6. Figure 4 displays the

time profiles corresponding to the sequential generation of the (C3H6)+•
n series with n up to 5 (denoted

as P2, P3, P4 and P5, and B for benzene).

Figure 4. Time profiles for the generation of the gas phase propene oligomers.

The significance of the coupled charge transfer/covalent condensation reactions is that the overall
process leads exclusively to the formation of condensation products (C3H6)+•

n and avoids other
competitive channels in the ion-molecule reactions of propene. For example, the reactions of C3H6

+•

with neutral C3H6 involve several channels starting with the formation of the C3H7
+, C4H7

+ and C4H8
+•

ions and their association products.
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III. Implications for Gas Phase Polymerization in Microgravity

Gas phase polymerization can be initiated by photon irradiation or electron beam ionization of the monomer
vapor. Another initiation method may involve plasma polymerization. The size of the product polymer particles
is limited in normal gravity by gravitational settling. Polymerization can be terminated by recombination, or by
the injection of inhibitors. In the microgravity experiments, polymerization will be initiated by irradiation by a
high-pressure Hg / Xe UV lamp, or by electron irradiation using an electron gun based on a hot filament, or
by plasma ionization using RF-field between two electrodes. The growth of the particles will be monitored by
scattering of a test laser beam introduced perpendicular to the photoinitiating UV light or by a CCD camera.
The product particles will be collected and the particle size distribution will be analyzed microscopically.

IV. Summary and Conclusions

The growth of nuclei in supersaturated vapors under microgravity conditions is expected to provide a more
accurate and reliable picture of the growth process that can now be used to test the validity of different
nucleation theories.

The study of gas phase polymerization is an important intellectual and technological frontier, which promises
unique results not only for a fundamental understanding of polymerization reactions, but also for the develop-
ment of new materials with unique properties. In the past it has been almost impossible to study gas phase
chain polymerization because the involatile product molecules condensed out of the gas phase. The applica-
tion of microgravity to the study of gas phase polymerization is expected to result in a better control of the
process and may also lead to important technological advances.

The current research also involves the synthesis semiconductor, metallic and intermetallic nanoparticles.
Recent experiments on the growth of the nanoparticles into treelike aggregates in the gas phase will be
presented and some unique properties of the FeAl and TiAl intermetallic nanoparticles will be discussed.
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MECHANISMS FOR THE CRYSTALLIZATION OF ZBLAN

Edwin C. Ethridge and Dennis S. Tucker

NASA/MSFC, Huntsville, AL 35812

The heavy metal fluoride glasses represent a class of  reasonably good glass forming compositions with
very unique infrared optical properties that have been of interest to researchers for 20 years1.  The most
extensively studied glass with the most potential for practical applications is ZBLAN which contains the
fluorides of zirconium, barium, lanthanum, aluminum, and sodium. It has a broad transmission range
(0.3-6 um), low index of refraction (~1.43), low dispersion, low Raleigh scattering, ultra-low thermal
dispersion, and potential ultra-low signal attenuation2. Potential applications include fiber amplifiers, fiber
optic gyroscopes, delivery systems for laser cutting, drilling and surgery, radiation resistant data links,
nonlinear optical systems, and ultra-low-loss repeater-less transcontinental and transoceanic optical
fiber.  Potential markets for these materials are in the tens of billions of dollars per year3.

Optical fiber from this system possess excellent transmission characteristics in the IR, but the glass is
somewhat susceptible to nucleation and crystallization. The theoretical intrinsic loss coefficient for
ZBLAN at 2 microns is 0.001 dB/Km.  Extrinsic losses, however,  cause significant attenuation.  The
lowest loss coefficient measured is  0.7 dB/Km.  This compares with the loss coefficient for fiber optic
grade fused silica glass of 0.2 dB/Km.  The extrinsic losses in ZBLAN have been attributed to 1)
impurities which might be lowered by containerless processing and  2) to scattering from micro-crystal-
lites that form during glass preform production or during fiber drawing.

A number of experiments have been performed with glass forming materials in space that provide
evidence of enhanced glass formation for glasses prepared in space.  These experiments have been of
two types, crystallization studies and diffusion studies.  In general, the glasses have been shown to have
much more homogeneous compositional distribution4 than terrestrial samples and the glasses have been
shown to be more resistant to crystallization5,6.   Two groups have even reported that the crystallization
of ZBLAN is reduced by processing in low-g.  This investigation will examine the effects of  vibration
and shear on the crystallization of ZBLAN.  This will be accomplished by comparing quiescent experi-
ments with those under controlled vibration and to compare 1-g experiments with those in low-g and 2-
g KC 135 aircraft experiments.

It is known that flow in undercooled polymer melts initiates crystallization7.  It is also known that extru-
sion processing of glass-ceramic glass-forming melts catalyses the nucleation and growth of crystals8.
Relatively high growth and nucleation rates have been reported in lithium di-silicate melts extruded at
5400C where steady state nucleation and growth are practically zero for non-stressed samples9.  Even
though under most conditions glasses exhibit Newtonian viscous flow, non-Newtonian viscous flow is
known at high strain rates in highly viscous melts10,11.   A number of  glass forming liquids have been
shown to exhibit shear thinning with an order of magnitude lowering of the viscosity.  This is attributed to
structural rearrangements in the liquid, and in particular to the orientation of anisometric, chain like flow
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units12. In phosphate melts, evidence of anisotropic behavior in sheared glass melts is indicated at
viscosities less than 106 poise, being attributed to the “orientation of the phosphate tetrahedra chains”13.
Shear thinning in lower viscosity liquids is indicated by molecular dynamics studies of a simple Lenard-
Jones liquid consisting of spherical hard spheres. A tendency of the molecules to order themselves into
layers parallel to the flow was indicated.  The “stresses enhance the fluidity and create a liquid which has
directionality”14 .

If shear thinning does occur, one can predict the effect on crystallization9. Viscosity is the only directly
measurable kinetic parameter used in crystal nucleation and growth equations. In the classical treatment
of crystallization15 the nucleation rate, I, and crystal growth rate, U, are both inversely proportional to
viscosity, η,  with the viscosity term appearing in the pre-exponential factor.

   I = (k
n
/η) exp[-bα3βT

m
/T(1-T

r
)2]

  U = (k’
n
/η) [1-exp(-β(T

m
-T/T)]

Where T
m
 is the melting temperature, T is the absolute temperature, and T

r
 is the reduced temperature.

The kinetic constants k
n
 and k’

n
, shape factor, b, and dimensionless parameters related to the liquid-

crystal interfacial tension, α, and entropy of fusion, β, are described elsewhere15.

The fraction of glass crystallized, X, with time at a given temperature16 is a function of the rate of nucle-
ation, the third power of the growth rate, and the fourth power of time.

   X = π/3(IU3t4)

Under conditions of shear thinning, the effective viscosity decreases with increasing shear rate so that the
viscosity can be expressed as a function of shear rate.

   η = η(ε)

The crystallization parameters such as the nucleation rate will also be a function of shear rate.

   I(ε) = (kn/η(ε))exp[-bα3βTm/T(1-Tr)
2]

Low g-processing is known to greatly reduce convection, which reduces shear in the liquid. This would
reduce any shear thinning in the liquid subsequently increasing the viscosity of the liquid, thereby reduc-
ing nucleation and growth rates. For an increase in viscosity by a factor of 2, the nucleation and growth
rates each are reduced by half, but the fraction crystallized is reduced by a factor of 16. Since shear in
liquid occurs as a result of fluid flow and fluid flow is greatly reduced in low gravity, we have crystalliza-
tion equations which are affected by gravitational effects.

I. Experimental Method

We will utilize a rapid thermal analyzer method developed by the PI17 to examine the crystallization of
ZBLAN.  The system involves the suspension of a sample on a thermocouple which is rapidly heated by
a radiant source.  Because of the low thermal mass of the system, it is suitable for collection of thermal
data during rapid heating and cooling.  It was utilized for studies of the heterogeneous nucleation of
reluctant glass formers18.  Data will be collected for a range of heating and cooling rates.  Time-tem-
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perature-crystallization diagrams can be determined from the quenching data from which critical glass
cooling rates can be determined.

Initial experiments will be processed under quiescent conditions.  Once the system is characterized and
materials properties are determined, experiments will be repeated under conditions of controlled fre-
quency and amplitude of oscillation to determine the sensitivity of crystallization to the level of shear in
the liquid.  Once small amplitude oscillation methods are fully established, experiments will be performed
on the KC-135 under low-g and 2-g for comparison with 1-g experiments

The viscosity of ZBLAN is fairly well characterized over the entire temperature range with data from
around the melting temperature, around the glass transition temperature, and some measurements in the
intermediate range.  We would also like to determine if it is possible to observe shear thinning in
ZBLAN melts at low shear rates.

II. Value of Experimental Research

By performing the experiments and meeting the objectives, we will gain valuable insights for the under-
standing of the mechanisms of  crystallization and glass formation in low gravity.  The establishment of a
new mechanism for enhanced glass formation would stimulate more interest from the glass research
discipline.
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EXPLOITING THE TEMPERATURE DEPENDENCE OF MAGNETIC SUSCEPTIBILITY
TO CONTROL CONVECTION IN FUNDAMENTAL STUDIES OF SOLIDIFICATION
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1University of California, Berkeley
2NASA, Marshall Space Flight Center

3Motorola, Adv. Prod. Tech. Center

It is well known that convection is a dominant mass transport mechanism when materials are solidified
on Earth’s surface. This convection is caused by gradients in density (and therefore gravitational force)
that are brought about by gradients in temperature, composition or both. Diffusion of solute is therefore
dwarfed by convection and the study of fundamental parameters, such as dendrite tip shape and growth
velocity in the absence of convection is nearly impossible. Significant experimental work has therefore
been carried out in orbiting laboratories with the intent of minimizing convection by minimizing gravity.
One of the best known experiments of this kind is the Isothermal Dendritic Growth Experiment (IDGE),
supported by NASA. Naturally such experiments are costly and one objective of the present investiga-
tion is to develop an experimental method whereby convection can be halted, in solidification and other
experiments, on the Earth’s surface. A second objective is to use the method to minimize convection
resulting from the residual accelerations suffered by  experiments in microgravity.

The method to be used to minimize convection relies on the dependence of the magnetic susceptibility of
a fluid on temperature or composition (whichever is driving convection). All materials experience a force
when placed in a magnetic field gradient. The direction and magnitude of that force depend on the
magnetic susceptibility of the material. Consequently the force will vary if the susceptibility varies with
temperature or composition. With a magnetic field gradient in the right direction (typically upward) and
of the right magnitude, this variation in the magnetic force can be made to exactly cancel the variation in
the gravitational force.

Figure 1 is a cartoon illustrating this principle (and the geometry of the experiment described below. A
fluid between a cold wall and a hot wall is experiencing a downward gravitational force and an upward
magnetic body force. The former force (per unit volume) diminishes towards the hot wall where the fluid
is less dense. In the absence of other forces, this would bring about the usual natural convection (flow
down the cold wall, from left to right across the bottom, up the hot wall and back across the top). The
buoyancy that brings about this flow is represented by the differences in the arrows representing the
gravitational force, i.e. the upward pointing arrow near the hot wall. If the susceptibility of the fluid is
temperature dependent (e.g. a paramagnetic liquid) then there is a difference between the magnetic
body force in the vicinities of the hot and cold wall. This is labeled a “magnetic buoyancy” in the car-
toon. If the magnetic field gradient is adjusted to the right value then this magnetic buoyancy exactly
counters the normal buoyancy.

∗ Corresponding author
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The total body force acting on the fluid is

where χ is the susceptibility, B the magnetic flux density, ρ the density, g the gravitational acceleration
and µ

0
 the permeability of free space. At a critical magnetic field gradient given by

the body force becomes independent of temperature (T).

To demonstrate the principle, a solution of MnCl2 in water has been used. First the variation of the
susceptibility of this paramagnetic solution with temperature and concentration was measured. Then a
“cell,” containing this solution and 50 mm long by 15 mm high by 155 mm wide, was placed in a super-
conducting magnet at Marshall Space Flight Center. The magnetic field was measured at various posi-
tions within the bore of the magnet using a Hall effect probe. In this way, a position was found where the
magnetic field gradient was predominantly upward; the magnitude of the gradient could then be adjusted
by adjusting the current of the magnet. The ends of the cell consisted of machined copper blocks
maintained at controlled temperatures by circulating water from constant temperature baths. The walls
of the cell were of rectangular section glass tubing so that the cell contents could be seen. Velocities
arising from thermal gradients within the cell were measured by particle image velocimetry (PIV).
Particles used for this purpose were silver-coated hollow glass spheres of 11 micrometers  mean
diameter and nearly the same density as the solution. A central vertical plane of the cell was illuminated
by a laser beam passing through a cylindrical lens. Digital images of the particles were captured on a
CCD camera and fed to a computer so that frame-to-frame movements of particles traveling with the
fluid were captured. These images were employed to compute velocity maps using commercial PIV
software.

In a typical experiment the cold end of the cell was maintained at 100C and the warm end at 300C.
Results are seen in Figure 2 where (in accordance with expectations arising from the second equation
above) the velocity has been plotted versus the square of the current through the superconducting
magnet). With no current in the magnet, i.e. with only natural convection allowed to occur, the fluid was
observed to circulate with a maximum measured speed of 1.15 mm/s. It was visually apparent that this
circulation was diminished as the current was increased. At currents of approximately 20A the flow was
halted, to within the precision of the PIV measurements. At yet higher currents the convection was
reversed with the hotter solution sinking and the cooler solution rising. At 40A this reversed convection
had a maximum measured speed of 1.37 mm/s.

The measurements of susceptibility and density allow an estimate of the field gradient necessary to halt
convection in the experiment. That estimate was 7.8T2/m and the convection was observed to halt in the
magnet at a current giving 7.2T2/m from the magnetic field measurements. Calculations of the flow have
been carried out using the computational fluid dynamics software FLUENT and show good agree-
ment with the measurements.

A more limited number of measurements has been carried out with the manganese chloride solution in
the process of solidifying. The cold end of the cell was maintained at -100C while the other end was at

χ
2µ0

�(B2)-ρg

�(B2)C=2µ0g
dχ/dT
dρ/dT
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00C. In this case too it was possible to find a current at which the field produced by the magnet was
able to virtually halt convection. The work is part of  a continuing investigation now entering the third of
its four years with support from NASA.

Figure 1.  Illustration demonstrating the halting of natural convection by countering normal buoyancy
with a “magnetic buoyancy”.

Figure 2.  Velocity of the fluid at two different points in the cell were measured and plotted at different
currents in the magnet.  As can be seen in the graph, the flow was halted at approximately 20 Amps,

corresponding to 7.2 T2/m.
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INVESTIGATION OF VIBRATIONAL CONTROL OF CONVECTIVE FLOWS OF THE
BRIDGMAN CRYSTAL GROWTH TECHNIQUE

Alexandre I. Fedoseyev

Center for Microgravity and Materials Research
University of Alabama in Huntsville

INTRODUCTION

The character of natural buoyant convection in rigidly contained inhomogeneous fluids can be
drastically altered by vibration of the container. For certain experiments and operating conditions,
vibrations are expected to have a significant influence on heat and mass transfer on board the Interna-
tional Space Station (ISS). Furthermore, it appears that g-jitter vibrations will exist on ISS over a wide
range of frequencies [1]. In general, vibrational flows are very complex and are governed by many
parameters. This complexity makes it almost impossible to correctly predict vibrational effects empiri-
cally. Thus, a careful theoretical approach combined with numerical modeling is essential. Available flight
experiment data clearly show that, once initiated by “g-jitter”, the effects of convective flows can persist
for long times even when the g-jitter disturbance (and consequent flow) were short-lived [2-7].

In many terrestrial crystal growth situations, convective transport of heat and constituent compo-
nents is dominated by buoyancy driven convection. Control of convective transport continues to
be an important aspect of crystal growth research. Several groups are actively pursuing control of
convection using static and rotating magnetic fields.  Magnetic fields cannot be used for flow
control in melts and solutions that are poor conductors. Flow suppression through vibration or
vibro-convective mixing may offer an attractive alternative in such cases.

Recent work has shown that the character of natural buoyant convection in non-uniformly heated, rigidly
contained inhomogeneous fluids can be drastically altered by vibration of the container. A review and
relevant theoretical and experimental research can be found in publications [1-13]. Thus, vibrational
induced flow can potentially be used to influence and even control transport in some crystal growth
situations. A practical quantitative understanding of vibrational convection as a control parameter in
crystal growth situations is currently not available. The objective of the work is to assess the feasibility of
the use of vibration to suppress, or control, convection in order to achieve transport control during
crystal growth.

Buoyancy driven vibro-convective motion occurs when oscillatory displacement of a container
wall induces the acceleration of a container wall relative to the inner fluid. The vibration may be
viewed as a time-dependent modulation of steady gravity. In a closed container the fluid will
move as a rigid body with a container. If, however, the fluid density is nonuniform, fluid motion
may ensue. The magnitude of this motion, of course, depends on the orientation of the vibrational
direction with respect to the local density gradients. Note that, similar to Rayleigh-Benard configura-
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tions, there may be a “critical” threshold for the coupled vibrational frequency and amplitude, to cause
convection. Interestingly, it should be noted that in case of a constant density fluid subject to spatially
nonuniform vibration, fluid motion can also occur (for example, angular vibration [11]).

To properly investigate influence of translational, circularly polarized and rotational (angular)
vibration necessitates the use of the full 3-D equations governing the transport of heat, mass and mo-
mentum. Selected examples of our ongoing work on this topic are outlined below.

We consider a purely thermovibrational convection in a differentially heated cylindrical cavity with no
consideration of solidification. The fluid is taken to be Newtonian and the Boussinesq approximation is
assumed to hold. The calculations were performed for identification and characterization of
thermovibrational flow and are part of an ongoing project involving flow visualization model experiments
being conducted by Feigelson [10].

I. Mathematical Model for Translational and Polarized Vibration

Translational vibration corresponds to a linear displacement such as, for example,  u=d cosωt, where d
is a real vector giving the displacement magnitude and ω is the frequency.  In this case the ampoule is
displaced back and forth upon the same line. Polarized vibrations are characterized by a displacement
u=Re{deiωt} where 

 
d=d

1
 - id

2
 (see Figure 1(a,b)).  Here the instantaneous vibration direction rotates in

the polarization plane defined by the real vectors d
1
 and d

2
.  A sketch showing both translational and

circular polarized vibrations is presented in Figure 1. In a reference frame fixed to a vibrating ampoule,
the momentum equation is

(1)

where length, time and velocity are scaled by R
0
, R

0
2/κ and κ/R

0
. Here R

0
 is the ampoule radius and κ is

the thermal diffusivity. The nondimensional concentration and temperature, are given by Θ, and C,
respectively.  The function  f (Ω, t) is the acceleration of the vibrating ampoule and Ω=ω R

0
2/κ  is a

dimensionless frequency. The continuity and heat-mass transfer equations complete the problem formu-
lation. The Prandtl, Schmidt, thermal and vibrational Rayleigh numbers and the buoyancy ratio are given
by

(2)

Here β and βc are the thermal and solutal expansion coefficients and ∆Τ, c
oo
, g, d, ω, k, ν, D are the

characteristic longitudinal temperature difference, reference concentration in the melt, gravitational
acceleration, vibrational displacement amplitude and frequency, direction of gravity, kinematic viscosity
and solute diffusivity, respectively.  The dimensionless number Ra*T is the vibrational Rayleigh number
and Ra*s = α Ra*T.  Equation (2) is solved together with the equations governing heat and species
transfer and the continuity equation.

II. Rotational Vibration

The equations of motion for angular vibrations take on a more complicated form (see Figure 1c). A
container of length L is subjected to an angular displacement θ(t) in the x1*-x3* plane. Here the coordi-
nates x* are referred to a fixed laboratory frame of reference. The position vector to the mass center of
the cylinder is parallel to the side of the cylinder and is given by q* = R0[-sinθ  i1* + cos θ  i3*] where
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R0 is the distance from the origin 0* to the mass center of the cylinder and θ (t) = ε sinΩ0t. In a frame
of reference moving with the container, the equations of motion have the form

(3)

where D/Dt denotes the material derivative, v is the velocity of the fluid relative to the moving reference
frame, ρ is the density of the fluid,      is the rate of rotation tensor for the moving frame with respect to
the fixed frame of reference,       is its time derivative and T is the Newtonian stress tensor for the fluid.
The dimensionless equations governing the transport of momentum, mass and heat in the cylinder are
obtained after using L, L2/κ, κ /L, and ∆ T =TH - TC to scale, respectively, length, time, velocity and
temperature. The governing dimensionless parameters are the dimensionless frequency Ω = Ω0L

2/κ, the
dimensionless container radius, ϑ = R0/L, the Prandtl, Pr, and the Rayleigh, Ra, vibrational Rayleigh
RaΩ, and Ekman, E,  numbers.  The latter are given by

(4)

where β, ν, g and κ are the coefficient of thermal expansion, kinematic viscosity, gravitational accelera-
tion and thermal diffusivity, respectively. This system of equations differ from the usual equations in the
absence of rotation in that additional terms are present; the Coriolis term which is proportional to εPr/E,
and the centrifugal term which is proportional to ε 2ϑ RaΩ Pr and varies with linearly with position in the
ampoule. The importance of the latter term depends on the dimensions of the amplitude of the angular
vibration, ε, and the ratio ϑ.  The rocking motion of the angular vibration under consideration means that
centrifugal terms give rise to a periodic forcing that fluctuates about the mean value at twice the period
of the angular vibration.

Since the above system of equations has not been well studied, a conservative approach was adopted
for the study of angular vibrations and we confine our investigation to a parametric study of flow regimes
and transitions for thermo-vibrational situations in the absence of solidification.

III. Solution Method

The equations are solved in primitive variable form using a Finite Element Method code
FEMINA/3-D developed by the PI [14]. The continuity equation and momentum equations are consid-
ered simultaneously at each time step. This eliminates many problems related to boundary conditions
and places only slight limitations on the time step size for transient problems. The regularization for the
incompressibility condition makes the solution procedure more efficient, and allows the same order finite
element approximation for both the velocity and pressure [15]. This approach makes it possible to solve
large 3-D time-dependent problems (up to 300,000 unknowns) on a SGI O2 workstation with reason-
able computation times.

We implemented the above 3-D models of convective buoyancy-driven melt flow in differentially heated
cylindrical containers using the FEMINA/3D code. This code was carefully tested on benchmarked
experimental and numerical data for a variety of 2-D/3-D viscous and thermo-convective flow problems
and flows under magnetic field [15,16,19].

For rotational vibrations the Ekman number can be of the order 10-4 to 10-5 for frequencies on the
order of 1Hz. This results in large coefficients, Pr/E, for the Coriolis terms in the governing equations
and causes difficulties in the numerical solution. To resolve this we implemented a high accuracy solution
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method using preconditioning by high order incomplete decomposition (accuracy up to 10-9).  The
computation times reduced by one to two orders of magnitude and the memory size by a factor of 8 for
3-D flows compared to currently available commercial codes (e.g., CFD2000).  A typical solution time
for a transient problem is about two hours on a SGI O2.

IV. Results and Discussion

We verified the validity of the Boussinesq model for semiconductor and oxide melts under microgravity
conditions. This topic has been discussed recently by Perera, Sekerka [17], Pukhnachev [18] and Gershuni,
Lyubimov [11].  If the nondimensional criteria, proposed by Pukhnachev, Pu = gL3ν-1κ-1 is less than 1, then
the Boussinesq model for thermal convection may not be valid. Our estimates show that the Boussinesq
model is quite adequate for  a differentially heated closed ampoule and the range of parameters and material
properties under investigation. The values of Pu are of the order 104 to 105 for semiconductor and oxide
melts for g/g0 = 10-5 to 10-4, clearly well above 1.

A parametric study of translational and rotational vibrations under typical microgravity and terrestrial condi-
tions for typical semiconductor melts was performed. A snapshot of a typical flow pattern for translational
vibration is presented in Fig. 2(a). Even in the total absence of gravity the vibrations have resulted in detect-
able flows. For the cases examined, the temperature distribution remains almost unperturbed (due to the low
Pr and weak flow strength).

The angle between the direction of vibration and the ampoule has been studied for translational vibrations in
the presence of an axial temperature gradient. At high frequencies and when the angle is zero, no influence of
the vibration on the flow was observed, even when vibrational the Raleigh number is very high.  The maximum
observed effect corresponds to an angle of 90 degrees. Here transport is significantly enhanced.

Typical flow patterns for rotational vibrations flow regimes are presented in Figure 2(b).  Maximal velocity
values are observed at the end of the ampoule that is farthest from the rotation origin.

The influence of vibrations on heat and mass transfer becomes significant for oxide melts due to their low
thermal diffusivity (Pr ~ 10). These flow patterns are shown in Figure 3(a) for the case of circular polarized
vibration.  Initially (at time t = 0), the species concentration was c=1 at the lower quarter of the cylinder and c
= 0 elsewhere. The evolution of the species concentration (process of mixing) and velocity (minimal and
maximal values of Vz) is shown in Figure 3(b,c). Complete mixing occurs in about ten seconds. The heat
transfer (local Nusselt number at the top and the bottom) is also enhanced by about an order of magnitude. If
the frequency of vibration is high, of the order of 100Hz (for fixed RaΩ), then the changes in heat and mass
transfer due to vibrations become less significant. This corresponds to earlier experimental observations [7, 8].

Our results show that both translational, circular polarized and angular vibration can cause average melt flow
for a range of parameters typical of practical semiconductor growth. For a given vibration amplitude and
frequency, circular polarized and rotational (angular) vibrations result in more intensive melt flows than transla-
tional ones.

The influence of forced vibration on g-jitter induced flows using the Space Acceleration Measurement System
microacceleration data from the Second United Microgravity Laborotory (USML-2) mission was also
investigated [13].  Motivated by the predictions of the averaged equation theory presented in Ref. [11],
translational vibration was applied parallel to the ampoule axis (and thus, the temperature gradient) in an
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attempt to damp unwanted irregular time-dependent flow caused by g-jitter.  While the flow variation
with time becomes more regular, we did not succeed in completely suppressing the g-jitter flow. We
found that the use of the same amplitude vibration in the direction orthogonal to the ampoule axis is
more effective. This induces intensive thermal vibration flows and flow disturbances due to g-jitter
become practically insignificant.

V. Summary

The influence of translational, circularly polarized and rotational (angular) vibration in analysis in a model
Bridgman melt growth configuration was investigated. The nature of the flows produced by the types of
vibration under consideration necessitated the use of the full 3-D equations governing the transport of
heat, mass and momentum. The governing equations were solved numerically. Flow patterns for transla-
tional, circular polarized and rotational (angular) vibrations and g-jitter microaccelerations were ana-
lyzed. For translational vibration, thermovibrational flow is strongly dependent on the angle between the
vibration direction and temperature gradient. Circular polarized and rotational vibrations result in more
intensive melt flows than translational ones. The simultaneous action of vibrations and magnetic field [19]
is currently being studied.

REFERENCES

1.    Don Hurle (Ed.), Proc. of the Physical Sciences Working Group Workshop on g-sensitivity of
       planned experimentation on ISS, Microgravity Sci. Technol., 11, 2/3 (1998).
2.    J.I.D. Alexander, J-P. Garandet, J.J. Favier, A. Lizee, J. Cryst. Growth, 178 (1997) 657-661.
3.    J.D. Trollinger, M. Rottenkolber and F. Elandalouss, Meas. Sci. Technol , 8 (1997) 1573.
4.    J.D. Trollinger, R. Ranel and R.B. Lai, Appl.  Opt. 35, (1996) 681-689.
5.    R. Naumann, AIAA 99-1028, Proc. 37th AIAA Meeting, Reno, 11-17 Jan. 1999.
6.    Y-C. Lu, J.-J. Shiau, R.S. Feigelson and R.K. Route, J. Cryst. Growth, 102 (1990) 807.
7.    R.C. DeMattei and R.S. Feigelson, J. Cryst. Growth, 128 (1993) 1062-1068.
8.    W-S. Liu, J. F. Wolf, D. F. Elwell, R. S. Feigelson, J. Cryst. Growth,  82 (1987) 589-597.
9.    E.V. Zharikov, L.V. Prihodko, N.R. Storozhev, J. Cryst. Growth, 99 (1990) 910-914.
10.  R. Feigelson and E. Zharikov, NASA/CP 1999-209092, 1999.
11.  G. Gershuni, D. Lyubimov, Thermal Vibrational Convection, Wiley, N.Y., 1997
12.  A. Lizee, J.I.D. Alexander, Phys. Rev., E 56 (1997) 4152.
13.  A.I. Fedoseyev, J.I.D. Alexander, J. Cryst. Growth, 211 (2000), 34-42.
14.  V.I. Polezhaev, A. I. Fedoseyev at al. Mathematical Modeling of  Convective Heat and Mass
       Transfer on the Basis of Navier-Stokes Equations,  Nauka, Moscow, 1987.
15.  A.I. Fedoseyev, CFD Journal, No. 1, 9 (2000), to appear.
16.  A.I. Fedoseyev, E.J. Kansa, C. Marin, M.P. Volz, A.G. Ostrogorsky, AIAA-2000-0859.
17.  P.S. Perera and R.F. Sekerka, Physics of Fluids, 9 (1997) 376-391
18.  V. Pukhnachev, Microconvection in a vertical layer, Fluid Dynamics, 5 (1994) 76-84.
19.  A.I. Fedoseyev, J.I.D. Alexander, AIAA-2000-0698, Proc. 38th AIAA Meeting, Reno, 2000.



221

Figure 1.  Translational vibration (a), d
1
 or d

2
 = 0; polarized vibration (b), d

1
, d

2
 � 0; ϕ  is the angle

between gravity vector and the ampoule axis, α is the angle between the vibration direction and the
ampoule axis; (c) rotational (angular) vibration.  The container is rotated at an angle θ(t) about a center
of rotation at x* = 0.  The vector q* connects the center of rotation to the mass center of the container.

Figure 2.  (a) Instantaneous 3D flow patterns for a lateral translational vibration at 0g, Ra = 0, Ra
T
 =

7.25�104, Pr = 0.01, ω = 100Hz.  The velocity components are V
x
, V

y
, V

z
, P is the pressure, T is the

temperature, ∆T is the temperature disturbance and �V� - velocity magnitude.  The grayscale range
corresponds to maximum values (white) of the velocity, temperature and pressure variables to their
minimum values (black).  Vibrations are applied along the horizontal (x-direction); (b) 3-D melt flow

patterns for angular vibration at zero-g, Ra = 0, RaΩ = 4.6�105, Pr = 0.01, ω = 100 Hz.

Figure 3.  (a) 3-D flow patterns for circularly polarized vibration, Ra = 7.25�103, Ra = 7.4�106, Pr =
15, ω = 10Hz, C is the concentration; (b) Temporal evolution of velocity extrema Vz, and (c) species

concentration C.
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INVESTIGATION OF THE CRYSTAL GROWTH OF DIELECTRIC MATERIALS BY
THE BRIDGMAN TECHNIQUE USING VIBRATIONAL CONTROL

R.S. Feigelson1 and E.V. Zharikov2

1Stanford University, Stanford, California
2General Physics Institute, Moscow, Russia

INTRODUCTION

The principal goal of this ground-based program is to investigate the influence of low frequency vibra-
tions on the fluid flow and quality of dielectric oxide crystals grown by the vertical Bridgman method.
This experimental program, a collaborative effort between Stanford University and the General Physics
Institute of the Russian Academy of Sciences in Moscow, includes a strong emphasis on both physical
modeling and the growth of some technologically important materials. The program involves a study of
vibro-convective buoyancy-driven flows in cylindrical configurations with the expectation of being able
to use vibrational flows to control buoyancy driven fluid transport to off-set the effect of “g-jitter” during
microgravity Bridgman crystal growth.  This program together with theoretical and numerical investiga-
tions of vibrational control will lead to a new parametric control variable which can be used to either
suppress or control convection, and thereby heat and mass transport during Bridgman crystal growth. It
is expected to be effective in either a terrestrial or space environment.

The following primary objectives of the research have been accomplished.

1) The most appropriate methods for introducing vibrations into the melts have been determined.
In this research, forced convection can be introduced into the melt by a number of techniques
involving either external or internal forces.  Research being carried out at the General Physics
Institute has focused on introducing forced convection internally, and work being done at
Stanford University has focused on externally induced convection.

2) The vibration induced flows have been correlated with interface shape and position, growth
rate, crystal perfection, and dopant distribution in NaNO3 growth systems.

3) The effects of low frequency vibrations on fluid flow in Bridgman type crystal growth processes
have been studied.  Flows were examined in both non-crystallizing water/glycerin mixtures and
the low melting temperature NaNO3 system.

I. Internal Vibrations

At the General Physics Institute, an axially vibrating disk suspended in the melt is used as the source of
internal vibrations.  Crystal growth was conducted in quartz ampoules (d=13 mm) in a transparent
multizone quartz furnace. The system provided visual observation of both an interface and flows in a



223

melt. The furnace heaters, translation mechanisms and vibrator were controlled using a personal com-
puter and CAMAC crate. This setup allowed for setting a necessary temperature profile to be main-

tained within an accuracy 0.3 K. Translations were conducted by two step-servo motors working in the
speed range from 0 up to 34 mm/h. The electromagnetic transducer controlled by PC sound card generated
the low-frequency (LF) oscillations. The oscillating body was a quartz disk (d = 11 mm) submerged into the
melt and located above the interface. An analog videocamcorder was used for observation of melt flows and
interface shape. The signal from the camcorder was transferred to the PC. If necessary, videocapture and
digitization  was used for the most characteristic moments of the growth process. To visualize the flows, the
tracers made from aluminum particles by the size 20-40 microns were added into the melt.

Special software was designed and used for processing the video images. Figure 1 shows the user interface of
the program.  A sequence of video frames (real-time AVI-format movie playing in area 3 on Figure 1) were
captured and digitized. Then the frames were placed one over another to form a map of the flows (area 10 on
Figure1). The combined image was filtered to remove steady objects like the heating spiral, splotches, non-
moving particles, etc. The map demonstrates the stop image of the flows similar to the streaks seen in a long
exposure photograph. Then the flow velocities in different parts of the melt were calculated producing a
dynamic image of the flows.  Using the data obtained and physical properties of the melt, the hydrodynamic
properties of the melt were calculated.

The solid-liquid interface curvature for the NaNO3 growth system was measured as a function of vibrational
parameters. (Figure 2)  Under constant vibrational frequency, two dependences of interface curvature vs.
frequency amplitude could be observed.  At first an amplitude increase results in a weak increase of interface
convexity. Further amplitude increase results in an extreme change of the interface curvature and it becomes
strongly concave. For every frequency, an amplitude exists at which the interface is flat.  An amplitude which
corresponds to the flat interface at 50 Hz was used with a growth rate of 10 mm/h and proceeded to grow
the same quality of single crystals as for non-vibration controlled  growth at 2 mm/h.  Crystal quality was
determined through measurements of light scattering and dislocation densities.

 Figure 1.  User interface of the program for melt structure visualization
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Another part of the NaNO3 study dealt with doped crystals and the effect of fluid flow on segregation
coefficients.  Silver ions in the form of AgNO3 were used as the dopant and were measured using
electron microprobe analysis (Camebax, France).  The Ag concentration profiles for different growth
conditions can be found in Figure 3 (radial profile) and 4 (axial profile). It should be noted that in this set
of experimental conditions the non-vibrating crystal was grown at 2 mm/h because single crystals would
not grow at higher rate without vibrations.

The “vibrational” crystal grown with a flat interface (A = 0.2 mm) shows a Ag deviation from the
average value of ~11 rel% in the radial profile (Figure 3).  The traditionally grown crystal (no vibrations)
shows a deviation of ~17rel%, and the worst results (~49rel%) were seen for the “vibrational” crystal
with a convex interface (0.15 mm).  The sharp drop in dopant concentrations along the axial direction
(Figure 4) for the “vibrational” crystals corresponds to the position where vibrations were initiated.

The effective distribution coefficient of Ag dopant came nearer to the equilibrium value with increasing
vibrational amplitude and decreasing interface curvature.  For “non-vibrating” crystal, KAg

eff = 0.88,
while for the crystal grown at F=50 Hz, A=0.2mm (flat interface), KAg

eff= 0.78.  The equilibrium
distribution coefficient (KAg

eq.
) is equal to 0.76 according to T-x diagram of quasibinary system

NaNO3 - AgNO3.

Figure 2.  Curvature of crystal-melt interface vs. vibrational Reynolds coefficient

Figure 3.  Radial Ag profile of doped NaNO3 crystals
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II. External Vibrations

The externally induced forced convection being studied at Stanford is applied through a technique called
Coupled Vibrational Stirring or CVS.  CVS is a mixing technique which uses orthogonally coupled transverse
vibrations to move the crucible around an axis other than that of the crucible.  This motion forms a surface
wave in the melt which drives fluid flow.  Flow has been observed to spiral slowly down the crucible wall and
move up the center in a tight vortex.

The Stanford group has focused mainly on studying flow visualization and mixing behavior of the non-crystal-
lizing water/glycerin system. The data obtained through such experiments will be used to determine the optimal
operating conditions for actual crystal growth systems.

The first set of experiments conducted using the non-crystallizing system involved measurements including the
mixing time and wave height as a function of the ampoule diameter, aspect ratio, viscosity of the fluid, and
frequency of vibration.  Flows were characterized by using either dyes injected at the bottom of the crucible,
neutrally buoyant particles mixed into solution, or a combination of the two.  Typical operating parameters of
the flow modeling were: frequencies in the range of 0-10 Hz, amplitudes in the range of 0.7-2.0 mm, viscosi-
ties of 1, 5, 10, 15, and 20 cp, ampoule diameters of 1.6, 2.2, 3.2, 4.4, and 5.7 cm, and aspect ratios
between 1-5.

The generation of a surface wave was found to be the driving force for all fluid flow in this system.  Fluid flow
was easily observed at frequencies as low as 1 Hz in systems with a free surface.  In several experiments the
surface wave was surpressed by using a piston-like clamp.  The elimination of the surface wave caused no
fluid motion to be observed regardless of vibrational frequency or amplitude.  However, if a small air bubble
was present under the clamped surface fluid flow was observed.  In a free surface system, a typical surface
wave would measure 1 cm from the surface’s rest position if a 4.4 cm diameter ampoule for a 1cp solution at
a frequency of 4 Hz and a vibrational amplitude of 1.5 mm.

Particle velocities were measured using streak photography.  The length of a streak on an exposure produced
by a moving particle coupled with the shutter time of the camera were used to estimate the velocities.  As an
example of data obtained, a 3.2 cm diameter ampoule filled to an aspect ratio of 3 with a 1 cp solution had an
estimated particle velocity of 6.2 cm/s when the vibrations were set to a 5.8 Hz frequency and a 1.5 mm
amplitude.

Figure 4.  Axial Ag profile of doped NaNO3 crystals
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A couple of important issues uncovered during this series of experiments included the collapse of the
driving wave above certain resonance frequencies, and the possibility that the induced flows would not
circulate through the entire melt if the parameters were not adjusted properly.

The surface wave was found to collapse with increasing frequency in the large diameter ampoules (3.2,
4.4, and 5.7 cm).  The frequency at which the wave vanished depended not only on the ampoule
diameter, but on the previous history of the fluid.  If a frequency was placed on a fluid that was initially at
rest (dead start) then the wave would collapse at a much lower frequency than that of a fluid in which
the frequency was slowly ramped up. A typical result can be seen in figure 5.

The depth of fluid motion below the driving surface wave becomes an important factor in determining
what frequency of vibration should be set for the real growth systems.  If the flows do not reach the
growth interface, then the vibrational mixing will be ineffective.  The depth of motion was measured by
observing the motion of neutrally buoyant particles and was found to be strongly dependent on fre-
quency and viscosity. (Figure 6)

Figure 6.  Motion depth versus frequency of vibration (dia=2.2cm, amp=0.15cm)

Figure 5.  Comparison of wave height vs frequency for ramp up and dead start data (visc=1cp,
dia=6.98cm, ht=12.6cm, amp=0.15cm, AR=1.80)
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III. Summary

The growth of NaNO3 crystals under the influence of internal vibrations has been performed in
Bridgman systems.  Interface shape and curvature was measured along with flows in the melts
using videocapture techniques.  Doping experiments were performed with AgNO3.  As a result of the
doping experiment, it was determined that variation of the vibration parameters can control the effective
distribution coefficient and control the concentration distribution along the crystal.

Flows generated in the CVS system have been studied using water glycerin solutions.  Wave
height, mixing time, particle velocities, etc. were measured as a function of ampoule diameter,
vibrational amplitude and frequency, fluid viscosity, and aspect ratio.

A low temperature growth furnace incorporating CVS has been designed, fabricated, and tested.
Several NaNO3 crystals of the same quality of the GPI group have been grown.  Experiments to
parallel the particle velocity and dopant experiments carried out in Moscow will be performed in the
near future with this external vibration growth system.



228

THE ROLE OF CONVECTION AND GROWTH COMPETITION IN PHASE SELECTION
IN MICROGRAVITY:  CONTROLLED CONVECTION IN THE CONTAINERLESS
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D.M. Matson1*, W. Löser2, J.R. Rogers3, and M.C. Flemings1
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2 Institute of Solid State and Materials Research, Dresden Germany
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ABSTRACT

Containerless processing using electromagnetic levitation (EML) is a powerful technique in the
investigation of reactive molten metal systems.  On ground, the power required to overcome the
weight of the sample is sufficient to cause significant heating and induce substantial melt convec-
tion.  In microgravity, the heating and positioning fields may be decoupled and the field strength
may be varied to achieve the desired level of convection within the limits set by the geometry of
the levitation coil and the sample size.

From high-speed digital images of the double recalescence behavior of Fe-Cr-Ni alloys in
ground-based testing and in reduced-gravity aboard the NASA KC-135 parabolic aircraft, we
have shown that phase selection can be predicted based on a growth competition model.  An
important parameter in this model is the delay time between primary nucleation and subsequent
nucleation of the stable solid within the liquid/metastable solid array.  This delay time is a strong function
of composition and a weak function of the undercooling of the melt below the metastable liquidus.
From the results obtained during the first Microgravity Sciences Laboratory (MSL-1) mission, we also
know that convection may significantly influence the delay time, especially at low undercoolings.  Cur-
rently, it is unclear what mechanism controls the formation of a heterogeneous site that allows nucleation
of the austenitic phase on the pre-existing ferrite skeleton.  By examining the behavior of the delay time
under different convective conditions, we hypothesize that we can differentiate between several of these
mechanisms to gain an understanding of how to control microstructural evolution.  We will anchor these
predictions by examining samples quenched at different times following primary recalescence in
microgravity.

A second important parameter in the growth competition model is the identification of the
growth rate of the stable phase into the semi-solid array that formed during primary recalescence.
Current dendritic growth theory is inadequate in predicting solidification behavior under these
conditions as metallographic analyses show that stable phase growth proceeds along the interface
between the metastable solid and residual liquid.  Since growth velocity is independent of the
initial undercooling relative to the metastable liquidus, we hypothesize that purely thermal effects
can be separated from other important growth model parameters by careful selection of the liquid
composition in a ternary system.



229

I. Background

Ground-based research on levitation melted samples and on rapidly solidified atomized droplets
has shown the strong influence of processing conditions on the selection between bcc-ferrite
(delta) and the fcc-austenite (gamma) in Fe-Ni and Fe-Cr-Ni alloys.  Early work on metastable
formation in Fe-Ni alloys was accomplished by investigation of the solidification behavior of
fine powders including the work of Cech [1], Kelly and VanderSande [2], and Thoma and
Perepezko [3].  The metastable phase formation was identified using a metallographic technique.
With the addition of chromium, the ternary alloy must be investigated using a containerless
technique to limit the potential for contamination of the melt through interaction with crucible walls [4].

During double recalescence, the temperature of the sample rises during ferrite growth followed
by a second thermal rise as the austenite grows into the liquid-solid mixture that formed during
primary recalescence.  In separate investigations, Koseki and Flemings [4], Loser [5], Moir [6]
and Volkmann [7-9] found that in order to obtain double recalescence events, a composition
specific critical undercooling must be achieved.  When velocity was plotted as a function of
undercooling, this critical undercooling also corresponds to a point where a sudden decrease in
the array growth velocity is observed.  The value of the critical undercooling was seen to be
depressed significantly below the extension of the metastable solidus in the equilibrium phase
diagram.  This phenomenon was attributed to a nucleation controlled phase selection mechanism
[6-9] best described using the Diffuse Interface Theory (DIT) [10] with an optimized nuclei
composition.

Experimental evidence contrary to these results was obtained using a high-speed digital imaging
technique.  The enhanced spatial resolution of the technique allows for analysis of small (less
than 180 microns square) discrete surface elements across the entire visual surface of the droplet
instead of an average signal obtained over a wide target region (4 mm diameter)[11].  Images
taken at acquisition speeds of up to 40,500 frames per second both in ground-based testing [12]
and using a pyrometry technique in microgravity [13-15] showed that the occurrence of the
double recalescence phenomena extends to temperatures slightly above the metastable extension
of the solidus of the ferrite equilibrium phase diagram.  A mosaic of images taken during growth
from a trigger is shown in Figure 1(a) and a series taken from spontaneous heterogeneous nucle-
ation from a site on the surface of the levitated melt in Figure 1(b).  Both image series were
obtained in ground-based experiments.

Using a containerless processing quench technique, Koseki [16] showed metallographic evidence
indicating that growth of the austenitic phase proceeds around the existing metastable ferrite
dendritic array and along the solid-liquid interface which formed during primary recalescence.
Investigators from MIT found that in ground-based EML experiments three possible secondary
nucleation initiation site categories exist.  The nucleation of the second phase occurs either at the
same site as primary nucleation, located at some unrelated point within the semi-solid, or along
the edges of the growing metastable array [13].  The delay time between recalescence events is a
weak function of undercooling, as shown in Figure 2, and appears to be significantly longer in
microgravity experiments conducted as part of the MLS-1 mission.
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Figure 2.  Delay time as a function of undercooling for Fe-12Cr-16Ni alloy

The growth rate as a function of phase and undercooling is shown in Figure 3 for a Fe-12wt%Cr-16
wt% Ni alloy[15].  Note that the metastable phase grows at a lower rate than the stable phase at all
temperatures where simultaneous growth occurs and that the stable phase growth rate is independent of
the primary phase undercooling.  This occurs because the temperature is relatively constant following
primary solidification and subsequent growth must always occur into an array at the same temperature
(and thus the undercooling and the driving force are constant and a strong function of alloy composi-
tion).

If the results of previous investigators are re-interpreted in light of the growth competition model [13],
the existence of an apparent depression of the critical undercooling may instead represent an indirect
measurement of the critical velocity. This velocity is defined as the crossing point where the growth rate
of the metastable phase into the liquid equals the rate of growth of the stable phase into the semi-solid
under conditions of competitive growth [15].  This hypothesis must be checked by comparison to direct

Figure 1.  A series of digital images of double recalescence in Fe-12Cr-16Ni (wt%)
(a)   Growth from a nucleation stimulation trigger for velocity measurement.

(b)   Spontaneous primary nucleation with subsequent multiple secondary nucleation.
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measurements obtained using a video analysis technique.  A comparison between direct and indirect measure-
ment techniques is shown in Figure 4 where the growth rate of the stable phase into the array is plotted as a
function of a measure of the thermal driving force, ∆To = To

fcc - To
bcc, the difference in critical temperatures.

Many other investigations into verification of experimental and theoretical approaches to quantifying the
influence of convection on dendritic growth and microstructural development have recently been published
[17-20] and have application to our proposed microgravity experiments.

II. Controlled Convection in Microgravity

In order to investigate the role of convection on the mechanism for stable phase nucleation within the
metastable array, the flow condition must be known and constant.  As part of the MSL-1 mission,
Hyers and Trapaga [21] developed a method to quantify magnetically driven flows by evaluating the
magnetic forces along the surface of the droplet and then using a commercial finite element fluid dynam-
ics program to predict flow conditions as a function of coil geometry.  In ground-based testing, an
electromagnetically levitated 7-millimeter diameter droplet with no rotation or translation is predicted to
develop a maximum steady-state flow on the order of 50 cm/sec at the equilibrium melting temperature.
Since heating and levitation are accomplished with the same coil, we cannot decrease the field strength
without catastrophically terminating the test.

Figure 4. Growth rate of stable phase into the metastable liquid-solid array formed during primary recales-
cence as a function of the difference between critical temperatures ∆T= T fcc-To

bcc; Circles represent direct
measurements using a video technique, other symbols represent an indirect extrapolation from the data on

critical undercoolings measured by  other investigators.

Figure 3. Growth rate as a function of phase and undercooling as measured in ground-based electro-
magnetic levitation testing.



232

Maximum fluid flows within the droplet may be reduced to a lower limit on the order of  5 cm/sec using
the TEMPUS facility in microgravity at a nominal positioning control setting of  4 volts as shown in
Figure 5 [22].  Below this limit, sample stability within the coils is potentially compromised.  If it is
desirable to increase the recirculation flows within the droplet, both the quadrupole positioning coil and
the dipole heating coil may be independently adjusted to provide the desired increase in convection.

Figure 5.  Convection conditions achievable in a 7mm droplet of molten steel using the TEMPUS STS-
94 coil system [22] (Hyers, 1999)

The calculation of the flow conditions within the droplet can only be accomplished for quiescent condi-
tions and thus the high-quality microgravity environment available in Spacelab or the International Space
Station (ISS) is required so that we can select and control convection within the sample.  Since we are
interested in nucleation phenomena which show an appreciable change in behavior within the range 5 <
v < 50 cm/sec, we can use TEMPUS to investigate the flow conditions between these two extremes.
By careful selection of operating parameters and sample size, we will be able to control the cooling rate
and the Reynolds number independently and decoupled each from the recirculation velocity.  It is also
desirable to conduct experiments where no electromagnetically induced flows exist.  These experiments
are currently under preliminary investigation using the NASA/MSFC Electrostatic Levitator (ESL).

Thus, the purpose of this program is to develop a better understanding of how nucleation and growth of
the austenitic phase affect phase selection in ternary steel alloys following formation of a primary meta-
stable dendritic array.  Two major objectives will be addressed.  We will :

(1) investigate the mechanism for stable phase nucleation by defining how convection influences the
delay time in microgravity over a broad range of fluid flow conditions;

(2) examine the relationship between alloy composition and the growth rate of the stable phase
within  the metastable array following primary recalescence.

The value of this research is that the results have application to welding operations in microgravity and
the design of industrial spray forming and strip casting operations for a commercially important class of
structural materials.  In addition, this research addresses fundamental issues relating to rapid solidifica-
tion behavior, metastable phase selection and analysis of the processes governing microstructural
evolution.
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INTRODUCTION

The goal of our research is to develop a new class of anionic polymer electrolytes for use in organic solid
state batteries. The resulting devices are expected to be lightweight and non-toxic with applications in
energy storage and power supply for the human exploration and development of space, as well as for
communications devices on Earth. Critical characteristics for successful ion-conducting materials are high
cation mobility, electrochemical / chemical stability, and high charge density. Here we report progress
toward organic solid state electrolyte systems which are designed to satisfy these requirements.

The key feature of our electrolyte design is the identity of the charged groups, which affect the mobility of
counterions. We have selected the diffuse spherical closo-boron clusters, B

10
H

10
2- and B

12
H

12
2-, which

contain boron and hydrogen, and the monocarbaborate cluster, CB
11

H
12

1-. These clusters carry delocal-
ized charges and may be derivatized or be covalently attached into a polymeric structure. The spherical
electrostatic field generated by the clusters can stabilize nearby positive charges, potentially promoting high
mobility of cations (especially Li+) in polymer solutions. Another important structural feature of materials
appropriate for polyelectrolytes appears to be flexibility and a high oxygen-to-carbon atom ratio.1  In
compliance with this empirical requirement, we have incorporated oligoethylene glycol chains, which
promote conductivity of ions, into all of our polymers. To simplify polymer purification and processing, the
polymers or copolymers should be soluble, have a reproducible distribution of molecular weights, and the
polymerization conditions should be tolerant of charged groups. Given these restrictions, we chose to begin
our investigation with polymers formed by ring opening metathesis polymerization (ROMP) of 7-
oxabicyclo[2.2.1]-hept-2-ene derivatives (oxanorbornenes) such as 1a. ROMP may be carried out in
either aqueous or organic solutions, and results in low polydispersity, stable polymers with semi-rigid
backbone structures.2  Established ROMP methodology (Scheme 1) to form poly(1a) and derivatives, as
well as emerging understanding of the resulting polymer microstructure, make this backbone structure ideal
for our purposes. Appropriate derivatives of poly(1) have the potential to be soluble, non-toxic, stable
polymers with a variety of charged groups, and are expected to be good candidates for battery materials.

Two approaches to boron-containing solid-state electrolytes were pursued using the general strategy
described above. A polymer electrolyte design relies on the doping of lithium salts of boron clusters into
homopolymer poly(1b). The polyelectrolyte design incorporates boron clusters into the poly(1c) polymer
through covalent bonding.
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Scheme 1.  ROMP synthesis of poly(1) and several derivatives of interest.

I.  Monomer Synthesis and Properties

Scheme 2 summarizes the synthesis of monomers used in the study. To access the symmetrical diether
1b, classical Diels-Alder adduct 2 was reduced to 3, then  reacted under Williamson ether synthesis
conditions with MeOCH

2
CH

2
OCH

2
CH

2
OTs. Also beginning with 3, literature procedures3 were used

to obtain 4, and subsequently, unsymmetrical ether 5.4 Treatment of 5 with NaI in acetone, followed by
Li

2
CB

11
H

11
 resulted in the carbaundecaborate derivative (1c). Both the symmetrical and unsymmetrical

ether syntheses were complicated by incomplete formation of diethers, even under conditions of el-
evated temperature, and thus required difficult separations. Of the monomers studied, only 1b and 3
were found to be significantly soluble in water. These and most other monomers are hygroscopic, and
some contained water or THF even after rigorous purification.

Scheme 2.  Synthesis of neutral and charged monomers.

En route to the monomers described in Scheme 1, four 5,6-disubstituted-7-oxabicyclo[2.2.1]hept-2-
enes were synthesized on a large (³0.1 mol) scale. In order to assess the thermal stability of the mono-
mers for purification by distillation, the retro Diels-Alder (rDA) decomposition of selected derivatives
(Scheme 3) was studied experimentally and computationally.5

Thermal gravimetric analysis of 1a and 2-4 demonstrated rapid and complete weight losses at onset
temperatures ranging from 147 oC to 217 oC (Figure 1). The kinetics of the rDA of 1a were measured
using integration of selected 1H NMR peaks belonging to the starting material and one product.  The
first order rate constants were k = 1.91-14.2 x 10-5 s-1 when measured at four temperatures between
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124 and 150 oC (Figure 2). These were used to calculate the Arrhenius activation parameters Ea (34.5
± 0.5 kcal/mol) and ln A (1.77 ± 0.03) x 104).

Figure 1.  Thermal Gravimetric Analysis of 1a and 2-4.

Figure 2.  Kinetic data for decomposition of 1a at four temperatures.

Scheme 3. Reagents and products of the retro Diels-Alder reaction of 1a, 2, 6, and 11.
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Modeling of the activation parameters found for 1a with density functional theory (DFT) calculations for
similar compounds gave close quantitative correlations for ∆H‡, ∆G‡, and ∆S‡ as shown in Table 1.

Table 1. Experimental and Calculated (B3LYP/6-31G*) Thermochemical Parameters for the Retro
Diels-Alder Reaction.a

a ∆G and ∆H are in units of kcal/mol; ∆S is in units of eu. The temperature for the gas-phase calculated
values is 298 K. Experimental data are in parentheses.  b Reference 6.  c Diether 1a.  d Data quoted in
Vogel, P.; Cossy, J.; Plumet, J.; Arjona, O. Tetrahedron 1999, 55, 13521-13642.

The observed activation energy was significantly larger (by 9.5 kcal/mol) than that previously measured6

and calculated7 for 2. This energy difference, illustrated in Figure 3, is attributed to the lower LUMO
energy of maleic anhydride (8) as compared to 10. All the reactions examined were entropy driven.

Figure 3.  B3LYP/6-31G* Gibbs free energy change calculated for the retro Diels-Alder reaction
coordinate for 2 and 6.

II. Polymer Synthesis and Properties

Homopolymerizations (of 1a, 1b, 1c, and other monomers) and copolymerizations (of 1a or 1b with
charged monomers or other neutral monomers) were carried out in deoxygenated water solutions
containing RuCl3 

catalyst (Scheme 1). The resulting polymers had soluble fractions, and poorly soluble
fractions with a tendency to swell in polar organic solvents. Poly(1b) is unusual in that it is soluble in
common organic solvents of medium and high polarity, facilitating the casting of films from THF solu-
tions. The adhesive and mechanical properties of these films appear to be favorable for device applica-
tions and will be studied in the future.
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Monomers such as 1a that were sparingly soluble in water produced a significant amount of poorly
soluble polymer of higher molecular weight  (Mn = 2.6-37 x 105) and narrower polydispersity5 than
water-soluble 1b. Polymer thermal properties included Td onsets between 264 oC and 467 oC. Among
the high molecular weight polymers and copolymers of poly(1a), a polymer with a high Tg (192 oC),
another with a Tm (195 oC), and one with a Tc (34 oC) were observed. Extraction of poly(1b) with
organic solvents resulted in three broad polymeric fractions. Each was rubbery, but had no discernible
phase transitions in the range of 30 oC to 300 oC. For polymers mixed with hygroscopic lithium salts,
Differential Scanning Calorimetry showed an endotherm at ~150 oC, but this disappeared when the
samples were dried in a vacuum oven.

III. Conductivity Measurements

Preliminary measurements using the four-point probe technique on 10-40 µm films of poly(1b) as solid
solutions with alkali metal salts of boron clusters (LiClO

4
, Li

2
B

12
H

12
, Li

2
B

10
H

10
, Na

2
B

10
H

10
, Na

2
B

12
H

12
)

resulted in increases in conductivity when compared to pure polymer. Conductivity in poly(1b) in-
creased up to two orders of magnitude for the salts tested when polymer and salt were combined in the
ratio of one equivalent of Li for every 8 oxygens within the polymer. However, neither the expected8

linear dependence of conductivity on temperature, nor a clear dependence on concentration were
observed for poly(1a), poly(1b) or poly(ethylene oxide) mixtures with salts.

IV. Conclusions and Future Work

The second phase of research has begun with the measurement of film conductivities of poly(1b) mixed
with lithium salts of boron clusters. The increases in conductivity for solid solutions of boron clusters in
poly(1) are smaller than expected and are not directly comparable to literature measurements. Future
work will include impedance measurements on solid solutions of poly(1b) over broad frequency and
temperature ranges for a variety of concentrations of salts. These results will be compared to measure-
ments on poly(1c) and poly(ethylene oxide) with standard lithium salts such as LiClO4 for reference.
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ABSTRACT

Liquid phase sintering (LPS) is used to fabricate high-performance, net-shape structures from
powders. The powders are shaped into an oversized structure that densifies to a target size. When
a liquid forms during sintering, it generates a capillary stress that combines with rapid atomic
motion to densify the structure. Models for LPS treat the pores between the powders as perme-
able balloons in the microstructure that progressively fill by atomic diffusion. Density differences
between the solid, liquid, and pore phases result in phase separation resulting in different compo-
sitions and properties between the component top and bottom. Along with phase separation,
gravity also causes shape distortion, which denies the benefit of net-shape processing. To avoid
these problems, industry restricts the use of LPS to compositions with high solid contents. Con-
sequently, the property ranges attainable via LPS are constrained by gravitational effects. If these
problems could be solved, then many useful materials and devices would be fabricated net-shape
by LPS. Examples opportunities are seen in high thermal conductivity heat sinks for computers,
tougher cutting tools for machining, high precision automotive transmission gears, and more
corrosion and wear resistant molds for plastic shaping.

I. Background

Among the liquid phase sintering compositions, tungsten heavy alloys are recognized as the
model system. These are typically W-Ni-Cu or W-Ni-Fe alloys. For our studies, these heavy
alloys are beneficial because of the large density difference between liquid and solid phases that
exacerbates gravity effects in small samples. On Earth, tungsten heavy alloys sinter to full density
in about 30 min after liquid formation, but the amount of liquid cannot exceed roughly 25 vol.%
to avoid distortion and solid-liquid separation. At lower liquid contents, the solid skeleton re-
duces distortion, but densification becomes difficult because of this same rigidity. Thus, because
of gravity effects, LPS is only successful over a limited range of compositions.

Microgravity LPS evidences very different behavior, with incomplete densification and more
distortion. The lack of pore buoyancy and a lower solid skeleton rigidity (no gravity-induced
grain contacts) allows for pore coarsening, giving less densification and lower dimensional
precision. It is this pore stability that is a critical difference between 1g and µg LPS conditions.
Theory fails to predict a gravity effect. Thus, an improved understanding of gravity-porosity
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effects on microstructure and macrostructure are needed as related to densification and distortion.
Accordingly, experiments are planned for a range of compositions and initial pore structures.
These experiments will use powder compacts with intentional variations in pore size, porosity,
solid content, dihedral angle, and isothermal hold time, allowing observation on microstructure
evolution, strength, viscosity, density, and distortion. From the experiments we will extract the
gravity-porosity relations with respect to microstructure, rheology, densification, and distortion.

II. Research Concepts

Findings from this research will quantify the gravity-porosity effects on system rheology during
liquid phase sintering, and will isolate the role of grain contacts and pores on densification and
distortion. These data will enable creation of models to predict composition, microstructure, or
processing effects on performance (density) and precision. A rheological response model has
been constructed for the gravity effect in solid-liquid-pore structures. It requires experimental
data to answer questions on key interactions. The time dependence of distortion and densification
depend on component strength and viscosity, which are determined by the microstructure evolu-
tion. These parameters will be determined using axial video imaging and captured in samples
retrieved after selected sintering times in parallel microgravity and ground-based experiments. In
turn the knowledge from these studies will expand the range of compositions and devices that
can be produced by this cost-effective, net-shaping technology.

To achieve the objectives, microgravity sintering is required with composition changes to adjust
the solid:liquid ratio (via changing the initial tungsten content from 60 to 97 wt.% W). Matrix
composition changes (Ni-Fe, Ni-Cu, or Cu-Ni alloys) will be used to vary the dihedral angle and
solid solubility in the liquid. Variations in porosity and pore size will be induced by use of a
fugitive polymer added to the powder in compaction and extracted in a hydrogen-vacuum
presintering treatment. The high strength after presintering will ensure survival of launch and
handling. Porosity levels of 30 or 70% (range possible by compaction) and pore sizes of 7 or 60
µm (smaller and larger than 12-15 µm solid grains) will be created by changing the amount and
size of the added polymer. Test compacts will be cylinders about 12 mm in diameter and 12 mm
in height. They will be heated at a target of 10oC/min and initially cooled at 3oC/min. One sample
will be visualized using remote imaging, while the other samples will be obscured, but will
undergo the same thermal cycle. Isothermal sintering holds from 1 min to 120 min will be per-
formed at 1050, 1300, 1400, or 1500oC under vacuum in both ground and microgravity condi-
tions.

Sintering runs will be performed in both gravity conditions. Acceleration records are desired
during the microgravity cycles. Video imaging will provide close time resolution on sintering
events, allowing clarification of factors such as the location of first melt formation, densification
kinetics, distortion onset, pore closure, and distortion kinetics. Post-sintering analysis will focus
on density, dimensions, weight, pore size distribution, and microstructure, including gradients in
the sintered compacts.

Findings from this research will be used to improve modeling of LPS by including gravity-
porosity effects with attention to two roles from gravity. One is related to grain structure connec-
tivity as it impacts on system rigidity (strength and viscosity). The second is related to porosity
effects on viscosity during sintering. A time dependent rheological model for densification and
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distortion has been formulated that includes gravity effects in the contiguity and connectivity (solid-solid
connections in the microstructure) and solid-liquid-pore interactions. This model lacks verification, yet
provides an important conceptual base for analyzing the results.

Already, new insight on densification and distortion is possible using newly developed in situ
video imaging. The results to date using 1g experiments show densification and distortion are
sequential events. Distortion is inhibited until the structure has nearly densified. Consequently,
shape loss occurs after most of the pores are filled with liquid. One implication for improved
dimensional control is to under-sinter the component, giving up on performance.

Microgravity and ground-based measurements on 88 wt.% W heavy alloys both showed distor-
tion increases over time. When extrapolated to zero time, there is still substantial distortion
associated with liquid formation. The time dependent distortion has been modeled using viscous
flow concepts, but with guesses on the viscosity and strength. When sintered under µg condi-
tions, high liquid content alloys exhibit distortion, usually more than observed on Earth. This
distortion is large in the first minute, but continues during sintering. Experimental results show
near zero strength during densification that allows weak surface tractions to induce distortion.
Based on observations with an alloy of 88 wt.% W, the strength is estimated from the distortion
profiles as approximately 0.4 kPa. Thus, a new rheological model is emerging that treats strength
evolution and viscosity as time-dependent events that link to the microstructure. In turn, porosity
affects both parameters and since pores are subjected to buoyancy effects on Earth, microgravity
experiments are needed to isolate pore structure effects on densification and distortion, with
fundamental links to the strength and viscosity.

Confirmation of the strength loss on liquid formation is evident by the distortion of samples previously
liquid phase sintered to full density. Upon reheating in µg the compact reshaped toward a sphere from its
original cylinder shape. The sintered structure consisted of solid-solid bonds, yet grain boundary pen-
etration by newly formed liquid resulted in a loss of strength. Earth-based experiments with a variety of
alloys correlated grain connectivity after sintering with shape retention. Distortion depends on the
microstructure weakness during liquid penetration of grain boundaries in low dihedral angle and high
liquid content compositions. If solid skeletal bond growth is slow when compared with densification,
then distortion occurs as the pores close. Neck growth rates are near 0.5 µm/s [60]. Bond growth
forms a rigid structure, but often after distortion. Alternatively, if solid bond growth is fast when com-
pared with densification, then shape retention is expected with slower densification. Several experiments
have been used to define the microgravity conditions and the critical experiments needed with respect to
alloy composition, sintering time, and peak temperature, allowing calculation of strength, connectivity,
and contiguity roles with respect to distortion. So far the finite element based rheological model has
proven accurate for the 1g cases, but the role of porosity and pore size is missing in the treatment of µg
LPS.
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GROWN TERRESTRIALLY AND IN MICROGRAVITY
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The purpose behind this work is to provide NASA Principal Investigators (PIs) rapid information, non-
destructively, about their samples.  This information will be in the form of density values throughout the
samples, especially within slices 1 mm high.  With correct interpretation and good calibration, these
values will enable the PI to obtain macro chemical compositional analysis for his/her samples.  Alterna-
tively, the technique will provide information about the porosity level and its distribution within the
sample.  Experience gained with a NASA Microgravity Research Division-sponsored Advanced
Technology Development (ATD) project on this topic has brought the technique to a level of maturity at
which it has become a viable characterization tool for many of the Materials Science PIs, but with
equipment that could never be supported within their own facilities.  The existing computed tomography
(CT) facility at NASA’s Kennedy Space Center (KSC) is ideally situated to furnish information rapidly
and conveniently to PIs, particularly immediately before and after flight missions.

CT scanning is based on the ability to process millions of attenuation values resulting from the interaction
of a high energy photon beam with a sample.  By changing the direction of the incident beam, the
algorithms can furnish the values for linear absorption coefficients in two dimensional space within the
slice being irradiated.  CT arrangements, including the one at KSC, typically use banks of many detec-
tors, and both translate and rotate the sample.  The technique has several important implications for use
by the MRD PIs.  First, the system is capable of examining several square feet of sample within the
narrow height selected.  This means that many samples, and of very different types, can be examined
simultaneously.  Secondly, as the absorption values can be obtained in two dimensions, it becomes
possible to obtain values while the samples are still encased.  During the ATD project, satisfactory
results were obtained for metallic samples while they were still within their protective Sample Ampoule
Cartridge Assemblies (SACAs).  Thus the technique is capable of measuring density within not only a
fused silica ampoule, but also while within the encasing inconel cartridge.  With the exception of edge
effects, the work is quantitative.  The CT system at KSC is being used with a cobalt-60 source, as
compared with the normal x-ray sources employed.  To our knowledge this feature is unique world
wide, and has the advantage of producing a monochromatic beam with no preferential absorption as
happens with the x-ray generated beams.  So-called beam hardening effects are thus eliminated.
Experience has shown that continuous operation of the CT system with translation of 1mm between
analytical slices can analyze fully a 72 mm length of sample within 24 hours.  Complete data reduction
and interpretation may take longer, but the information afforded is available very quickly, and before the
PI’s samples leave KSC.  The implications of this in the Space Station era are tremendous.  With the
need for transport of many samples to and from ISS, rapid analysis is essential to provide the required
information to the PI for any succeeding campaign on ISS.  If it is necessary for the samples to be
returned to the PI’s facility prior to reliable scientific information being obtained, there are obvious
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implications to the planning of the experiments.  CT will enable the PI to have an early assessment of the
quality of all of the samples, and with the analysis being done at KSC as soon samples are released
from the shuttle, there is the possibility of rapidly obtaining important scientific data.

The proposed work here will be predominantly a service to current and future PIs and as such “will lead
to the definition or enhance the understanding of existing or potential flight experiments in material
science.”  The ATD project referred to above was only funded for one year, and at less than a five-man
month effort, and there is a pressing need for further interpretive work on several fields.  First, there is a
need to determine the optimal technique for interpreting the histograms and statistics of the CT data.
This is particularly true for compounds, be they solid solutions or two phase mixtures.  In conjunction
with this is the need for more standards, of high purity and particularly of metallographically well charac-
terized structures.  Examination of existing PI samples will be important preparation for the future ISS
campaigns.  Secondly, there is a need to establish and implement the instrument requirements for
improving both spatial and statistical resolution.  Since the installation of the KSC CT instrument, there
have been many improvements in CT technology particularly in detector efficiency, size and resolution.
The specifications are now being sought for the procurement of the next generation of CT instrument at
KSC; it is essential that MRD has an input into these specifications.  Finally, it should be noted that this
project has implications to inject technology into the private sector.  The ability to examine a product
rapidly and non-destructively has obvious implications for industrial usage.
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FOLLOW-ON RESEARCH ACTIVITIES FOR THE
RENSSELAER ISOTHERMAL DENDRITIC GROWTH EXPERIMENT (RIDGE)

J.C. LaCombe ∗, M.B. Koss, A.O. Lupulescu, J.E. Frei, C. Giummarra, and M.E. Glicksman

Rensselaer Polytechnic Institute

The RIDGE effort continues the aegis of the earlier, NASA-sponsored, Isothermal Dendritic Growth
Experiment (IDGE) series of experiments through the continued analysis of microgravity data acquired
during these earlier space flights.  The preliminary observations presented here demonstrate that there
are significant differences between SCN and the more anisotropic PVA dendrites.  The side branch
structure becomes amplified only further behind the tip, and the interface shape is generally wider (i.e.
more hyperbolic than parabolic) in PVA than in SCN.  These characteristics are seen to affect the
process of heat transport.  Additionally, the dendrites grown during the fourth United States
Microgravity Payload (USMP-4) exhibit time-dependent growth characteristics and may not always
have reached steady-state growth during the experiment.

I. Introduction and Background

The RIDGE effort furthers the basic objectives of the earlier, NASA-sponsored, Isothermal Dendritic
Growth Experiment (IDGE) series of space flight experiments through the continued analysis of
microgravity data acquired during these earlier experiments.  The IDGE consisted of 180 experiments
on dendritic growth in succinonitrile (SCN), flown in 1994 and 1996 on the USMP-2 and USMP-3
shuttle missions, respectively, and 116 experiments on pivalic acid (PVA), flown aboard USMP-4 in late
1997.   The use of the microgravity environment permitted the acquisition of data that was largely free of
the complicated influences on the heat transfer process that acceleration-driven natural convection
creates.  Discoveries were made during each space flight concerning the dendritic growth behavior of
these pure model substances.  The USMP-4, pivalic acid data set, still requires considerable amounts of
analysis, and serves as a focal point of the RIDGE efforts.

The importance of the RIDGE studies is based in the fact that dendritic solidification is of considerable
engineering interest.  This interest is due to the role that dendrites play in forming many microstructures
and the related material properties of these processed materials [1]. Additionally, dendritic growth
serves as a model problem in the fields of pattern formation, non-equilibrium physics, and computational
condensed matter and material physics.

Most theories of dendrite crystal formation consist of two components [2, 3].  The first of these con-
cerns the transport of heat and solute from the solid-liquid interface into the melt.  The second compo-
nent involves the physics of interfacial stability, which when combined with transport theory, results in a
full solution describing steady-state dendritic growth. Until recently, neither of these two aspects of the
theory could be tested critically because of the effects of gravity-induced convection, which modifies the
transport processes, and alters the growth kinetics.  The Isothermal Dendritic Growth Experiment
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(IDGE) addressed this lack of data over the past decade by conducting measurements of dendritic
growth in low-Earth orbit, aboard three USMP shuttle missions.

As mentioned above, the USMP-2 and USMP-3 missions involved tests of the model material
succinonitrile (SCN), whereas the USMP-4 mission used the material pivalic acid (PVA).  Both of these
materials are transparent organic materials that act as models of engineering materials in that they solidify
dendritically and possess molecular fcc (PVA) and bcc (SCN) crystal structures.  Additional important
factors leading to their use was their low melting temperatures and optical transparency.  A comprehen-
sive description of the IDGE experiment setup and methodology, as well as the results of the USMP-2
flight, can be found in [4].

The present study (RIDGE) continues where the IDGE left off, with additional analysis of the
microgravity-derived experimental data produced during the earlier space flights.  The data presented
here were produced using two data sources.  The first of these is from 35mm film, which produces
images of high spatial precision, but low temporal frequency.  The second data source is electronic
video, recorded at 30 frames per second, but at lower spatial resolution.  The film data is particularly
well suited for analysis of the steady-state characteristics of the growth process.  The video data is more
suited for analysis of some transient, or time-dependent features of the growth process.  Presented here
are three key preliminary results obtained so far.

II. Transient Characteristics of Dendritic Growth in PVA

Analysis Technique

The data consists of tip positions over time, shown in Figure 1.  Dendrite tip locations were obtained
from electronic images, using a sub-pixel interpolation scheme to enhance the spatial resolution beyond
the raw measurement precision of ~22 microns (one pixel).  After image processing, dendrite tip-
position measurement precision is improved to ~2 microns (~ 1/10 pixel).

Results and Discussion

A representative microgravity growth cycle is shown in Figure 1 [5].  It represents approximately 100
seconds of tip-displacement data (as a function of time) from a typical growth.  The initial transient
behavior is thought to be indicative of the dendrite developing its own diffusion field, as it evolves from
its initial nucleus.  Later in the growth, the dendrite appears to be growing at nearly a constant rate, but
closer inspection reveals that there is still a systematic deviation from steady-state growth [6], with a
persisting, although decreasing, acceleration. The cause of the transient aspects of this process is not yet
well understood.  The persisting acceleration may simply be a continuation of the initial transient, or may
be produced by the measured dendrite’s growth away from competing crystals, which are more proxi-
mate early in the growth, while the dendrite is of comparable size to the initial nucleus.

The data later in the growth suggest that some long-range thermal influences might contribute to the
slowly diminishing acceleration.  It is possible that these dendrites were all grown within a “sufficiently
small” growth chamber. This configuration has been shown by Pines, Chait, and Zlatkowski [7] to
potentially cause a growing dendrite to accelerate as it approaches a wall at a fixed supercooled tem-
perature.  However, all the growths presented here have small thermal lengths compared to the distance
between the dendrite tip and the chamber wall.  Taking these considerations into account it is our
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Figure 1.  Tip displacement vs. time for a dendrite grown at 0.58 K supercooling.  The linear regression
was performed using data from the more steady-state portion of the growth (after~30 sec.)

present belief that this second-stage transient effect is also fundamental to isolated dendritic growth.
Since dendrites are not truly parabolic bodies of revolution [8, 9], there is no compelling phenomeno-
logical reason that dendrites should grow strictly at a constant rate.  A more complete analysis will be
performed to explore this hypothesis further.

III. PVA Side-Branch Measurements

Analysis Technique

The 35 mm IDGE negatives were analyzed using a microscope-vernier system.  The position and
amplitude of the side-branches were measured with respect to the centerline of the dendrite with the
origin at the dendrite tip (Figure 2).  The first detectable side-branch is identified as the closest measur-
able branch to the tip.  This point also defines the beginning of the uniformly spaced side branch region.
Beyond this is the coarsening region, which begins with the first side-branch with an amplitude smaller
than its tip-side neighbor.  The distance between side-branches was measured tip-to-tip parallel to the
axial centerline.  All measurements were corrected for magnification and stereographic projection.

Results and Discussion

The measurements presented here included only dendrites with isolated tips and which were orientated in
such a way as to allow accurate measurement of the side-branches, i.e., with the side-branches normal to the
imaging plane.  Brief summaries of the preliminary findings using this data are shown below.

Within the range of standard deviation, the normalized distance to the first detectable side-branch shows little
variation with supercooling (Figure 3).  This distance can be represented as

Do = CoR                                                                  Equation  (1)
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where Do is the distance to the first detectable side branch, R is the measured dendrite tip radius and Co
is the scaling constant.  The preliminary data in Figure 3 indicates a scaling constant value of Co(g=0) =
41.0 ± 4.6 relating the position of the first detectable side-branch and the applied supercooling.

Figure 2.  Side branch measurements.  The origin was fixed at the tip of the dendrite.

Figure 3.  Distance to the first detectable side-branch scaled by the tip radius for various supercoolings.

Figure 4.  Average normalized side-branch spacing within a region extending 70 radii behind the tip.
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Within ~76 radii of the tip, where the side-branch spacing is uniform and unaffected by the coarsening
process, there is no detectable variation of the normalized side-branch spacing with supercooling
(Figure 4).  The side branch spacing can be represented as

λu = CuR ,                                                              Equation  (2)

where λu is the side-branch spacing within the uniform region, and Cu is the scaling constant, with a
preliminary measured value of Cu(g=0) = 6.6 ± 1.1 (g=0 indicates it was measured in low-Earth orbit).

To characterize the shape of the side-branch envelope, the position of the side-branch tips (distance
from the tip) constituted the x coordinate, and the y coordinate was taken from the amplitude of the
branches.  These data were linearly regressed in the form,

x/R = α(y/R)β .                                              Equation  (3)

It is difficult at this stage of the analysis to determine if (and how) α and β scale with supercooling.  If
the α and β values are independent of supercooling, the preliminary regressed values of the fitting
constants to Equation 3 are α(g=0) = 2.81 ± 1.04 and β(g=0) = 1.21 ± 0.16.

Comparison with SCN

Previous work has been undertaken on the side-branch characteristics of succinonitrile under
microgravity and terrestrial conditions [10].  For comparison, the preliminary results for PVA and the
earlier reported SCN results (both obtained under microgravity conditions) are provided below in Table
1.  Comparison of these data indicates that measurable differences clearly exist between PVA and SCN
dendrite side-branching characteristics.

IV. Steady-State Growth Behavior

Analysis Technique

A test of steady-state theory requires simultaneous measurements of both the dendritic growth rate, V,
and the radius of curvature at the tip of the dendrite, R.  These measurements were obtained from the
USMP-4 pivalic acid dendrites by using the 35 mm IDGE negatives described above with electronic
image-capturing equipment as well as custom image-processing software [11].

Péclet Number Measurements

A zero-parameter test of the transport theory is provided by examination of the dependence of the
Péclet number on the applied supercooling.  The Péclet number, Pe=VR/2α, is shown in Figure 5 as a
function of the dimensionless supercooling, ∆ = ∆T/(L/cp) , where ∆T is the dimensional supercooling,
L is the heat of fusion, and cp is the specific heat.

Pivalic Acid

Succinonitrile

C
o(g=0)

41.0�4.6

11.8�1.7

λ
u(g=0)

6.6�1.1

2.98�0.32

α
(g=0)

2.81�1.04

1.81�0.13

β
(g=0)

1.21�0.16

1.174�0.071

Table 1. Comparison of Side-branch Scaling Constants.
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Figure 5 includes the experimental data points as well as transport theory predictions for a range of
interface shapes [12].  The paraboloidal interface shape (the Ivantsov model), is plotted as the solid
blue line, and is clearly not in agreement with the pivalic acid experimental measurements.  The other
theory lines represent a range of varying interface shapes extending from the paraboloid, through a set of
wider hyperboloids.  The parameter Q is used along with the radius of curvature at the tip, R, to de-
scribe the hyperboloid, (Q = 0 is a paraboloid).  As Q becomes more negative, the hyperboloid be-
comes wider.  The average value of Q measured thus far for PVA is Q = -0.0045 ± 0.001 (about 20 %
of the available data has been examined).  If the shape of pivalic acid dendrites behave similarly to
succinonitrile dendrites, this value of Q is not expected be a strong function of either the supercooling or
the convective environment [9].  When compared with the experimental data, it appears that the appro-
priate theory line for the observed interface shape agrees reasonably well with the experimentally
measured Péclet numbers, particularly at the higher supercoolings.

V. Summary

Characterization of both the steady state and transient aspects of dendritic growth in succinonitrile and
pivalic acid continues.  These preliminary observations demonstrate that there are significant differences
between SCN and the more anisotropic PVA dendrites.  The side branch structure becomes amplified
further behind the tip, and the interface shape is generally wider in PVA than in SCN.  These character-
istics affect the transport process, and additional work is under way to produce evidence that the
selection process is also affected.  Additionally, the dendrites grown during USMP-4 may not always
have reached steady-state growth during the experiment.

Figure 5.  Péclet number as a function of supercooling.  Experimental data are plotted as the
solid black points.
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Dendritic solidification is one of the simplest examples of pattern formation where a structureless
melt evolves into a ramified crystalline microstructure; it is a common mode of solidification in
many materials, but especially so in metals and alloys. There is considerable engineering interest
in dendrites because of the role dendrites play in the determination of microstructure, and thereby
in influencing the physical properties of cast metals and alloys. Dendritic solidification provides
important examples of non-equilibrium physics, pattern formation dynamics, and models for
computational condensed matter and material physics.

Current theories of dendritic growth generally couple diffusion effects in the melt with the
physics introduced by the interface. Unfortunately, in terrestrial based experiments, convective
effects in the melt alter the growth process in such a manner as to prevent definitive analysis of
convective, diffusive or interfacial effects. Thus, the effective elimination of convection in the
melt by operating experiments on orbit were required to produce high-fidelity data needed for
achieving further progress. This simple fact comprised the scientific justification for the IDGE.

I. The Isothermal Dendritic Growth Experiment (IDGE)

The IDGE consisted of a series of three related, NASA-supported, microgravity experiments, all of
which were flown aboard the space shuttle Columbia. These experimental microgravity missions were
designed and operated to grow and record dendritic solidification events in a well-characterized test
system in the virtual absence of any gravity-induced convective heat transfer. The scientific output from
these microgravity experiments comprises a wealth of benchmark-quality dendritic growth data for
critically testing solidification scaling laws [1]. The verification of these scaling laws constituted the
primary scientific goal of the IDGE.

The three successful flights of IDGE resulted in a considerable body of “primary science.” This
science, based on hundreds of experiments conducted in space, entailed delineating the steady-state
features of dendrites grown under diffusion-limited conditions. In addition to completing the primary
science tasks, however, a large collection of still-images and video data of dendrites taken on orbit has
been compiled.

The first flight of the IDGE, launched on STS-62, took place in March, 1994, as a component experi-
ment of the second United States Microgravity Payload (USMP-2). The second IDGE flight was
launched on STS-75, in February/March, 1996, on USMP-3. Both of these flights used ultra-pure
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(5-9’s plus) succinonitrile (SCN) as the dendritic test material. SCN is an organic plastic crystal that
forms dendrites similar to those of the body centered cubic (BCC) metals. SCN provides a nearly ideal
physical model for dendrites in ferrous metals. The third and final IDGE flight (USMP-4) was launched
on STS-87, in November of 1997. The last flight employed a different test material, viz., pivalic acid
(PVA) — a face centered cubic (FCC) organic plastic crystal that solidifies analogous to many non-
ferrous metals. PVA, like SCN, has convenient properties for conducting precision experiments. How-
ever, unlike SCN, PVA exhibits a large anisotropy of its solid–melt interfacial energy, which is believed
to be the key physical parameter in the subtle selection process of dendritic operating states.

The accomplishments of the IDGE series are summarized briefly herein, particularly in reference
to an analysis of Ivantsov’s thermal diffusion model [2]. Despite its simplicity, and the fact that
more elaborate models for dendritic growth exist, the Ivantsov model, when compared against an
appropriate data set, provides critical insights to dendritic phenomena. Ivantsov’s analysis identi-
fied the key diffusion phenomenon needed in any predictive model of dendritic growth. In the
simpler case of a pure material, the Ivantsov model provides an excellent framework to examine
the extent to which thermal diffusion limits dendritic growth. Additionally, Ivantsov’s model
provides a starting point — or basis solution — to begin to include other physical effects, such as
interfacial stability, which when combined with the transport of latent heat or solute results in
dendritic pattern formation.

II. USMP-2 Results on SCN

The main conclusions drawn by comparing the on–orbit IDGE data with terrestrial dendritic
growth data obtained using the same apparatus and techniques, are:  1) Convective effects under
terrestrial conditions cause growth speed increases up to a factor of 2 at the lower supercoolings
(∆T<0.5 K).  2) Convection effects remain discernible under terrestrial conditions up to
supercoolings as high as 1.7K — far higher than previously thought.  3) In the supercooling
range above about 0.47K, microgravity data remain virtually free of convective or chamber-wall effects,
and may be used reliably for examining diffusion-limited dendritic growth theories.  4) The diffusion
solution to the dendrite problem, combined with a unique scaling constant, σ*, does not provide consis-
tent prediction of the growth velocity and dendritic tip radii.  5) Péclet numbers calculated from
Ivantsov’s solution are close to but deviate systematically from the IDGE microgravity data (Figure 1).
6) The scaling parameter, σ*, is not a “universal” constant. Finally, 7) the measurements of σ* from the
terrestrial and microgravity data are in good agreement with each other, despite a difference of over six
orders-of-magnitude in the quasi-static acceleration environments of low-Earth orbit and terrestrial
conditions (Figure 2) [1].

More recently, Corrigan et. al., used these data to measure side branch characteristics, from which they
concluded that in both microgravity and terrestrial gravity, independent of supercooling, the side branch
spacing is approximately 3R, the distance to the first significant side-branch is approximately 12R,
whereas the overall dendritic envelope of a downward growing dendrite is greater under terrestrial
condition then under microgravity conditions [3].

In order to examine how the dendrite tip and its trailing side–branch structure affect the energy
transport process, LaCombe et. al., [4] applied the method of moving heat sources, a Green’s function
approach like that of Schaefer [5], to the problem of dendritic growth. The superposition of latent heat
sources is accomplished mathematically by integration, starting at the tip and extending to interfacial
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areas aft of it. When computed in this manner it is unnecessary to integrate an infinite distance behind the
tip. Instead, heat sources located far from the tip provide contributions to the tip’s temperature that
become vanishingly small.

Figure 1. Péclet number versus supercooling. The Péclet number is a zero parameter test of the Ivantsov
model as there are no adjustable parameters. The data are in approximate agreement with theory. At the

lower supercoolings chamber effects become important, whereas at the higher supercooling,
sidebranching is important.

The Green’s function model was applied to the range of Péclet numbers and supercoolings in the IDGE.
Using the upper end of the experimental Péclet range (P~0.01) the integration range was limited to the
region that is not dominated by the side branching (i.e. from the tip back to about 12R from the tip). We
find that, at most, about 75% of the tip temperature is accounted for via heat sources within 12R of the
tip. This suggests that at least 25% of the tip’s temperature derives from sources well within the side-
branch region of the dendrite- a non-steady region not described by any simple function. For the lower
Péclet numbers produced in the IDGE experiments (P~0.001), the side-branch region may contribute
as much as ca. 60% of the tip temperature.

This observation adds support to Schaefer’s original finding that under steady-state conditions interfacial
regions remote from the tip contribute to the field surrounding the tip [4]. Other analysis indicates that
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shape-corrections near the tip itself, based on reasonable estimates of the three dimensional shape, do
not significantly affect the Péclet number-supercooling curve unless side branching is taken into consid-
eration [3]. Additionally, as there is believed to be a stochastic aspect to the side branch structure, it
follows that the scatter in the IDGE might be explained by random variations in the side branch struc-
ture, and the corresponding influence that this region has on heat flow at the tip. The importance of these
non-steady state features to the evolution of the dendrite, suggests the necessity of an experiment such
as the TDSE that will help to further characterize and define the extent to which these issues impact the
growth process.

III. USMP-3 Results on SCN

The second IDGE flight, launched on USMP-3/STS-75, supported almost all the conclusions cited
above. Specifically, with sufficient repeated observations [6], it now appears that the terrestrial values of
ó * are statistically distinguishable from their value in microgravity. The second IDGE flight also clarified
issues at lower supercoolings as to the role of residual convection, wall proximity, or other factors, by
showing definitively that certain features of the growth data are not due to convection [5,7]. It appears
that quasi- steady accelerations up to at least 50 µgo can be treated as essentially zero go. It was also
argued as to what extent the effects at low supercoolings are due to wall–proximity effects. Finally, in
addition to re–addressing topics included in the first IDGE flight, the second flight also yielded sufficient
data to extract a three–dimensional reconstruction of the dendritic tip shape [8,9].

IV. USMP-4 Results on PVA

The data and analysis based on images received using telemetry from space obtained from the final flight
of the IDGE are at a preliminary stage. Dendritic growth speed in PVA as a function of the supercooling
may be compared to terrestrially measured PVA data, and to microgravity data scaled from prior SCN

Figure 2: The scaling rule versus supercooling. In spite of the large uncertainties in some of the measurements,
the scaling parameter does not appear to be a constant over the full supercooling range of these experiments.
The scaling parameter data from both microgravity and terrestrial experiments are indistinguishable from each

other here, but measurements from USMP-3 showed statistically significant differences.
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data. The results of these preliminary analyses indicate that PVA data are in good overall agreement with
the SCN data. This implies that dendritic growth in PVA, like SCN, is a diffusion limited process. Little,
if any, interfacial kinetic hindrances appear to be present.

Preliminary data assessing the nature of boundary–layer interactions in PVA shows that the velocity
levels off at its maximum steady–state value when the nearest neighbor distance (tip-to-tip) exceeds
twice the thermal diffusion distance, 2ld. Here ld =α/V (α is the thermal diffusivity and V is the tip
speed). When the nearest neighbor spacing falls below 2ld, thermal boundary layers overlap and
interact, causing the dendrite speed to fall. This particular phenomenon of neighbor interactions has
never been observed before, because convective free conditions are required to ensure that dendritic
growth is limited by thermal diffusion.

Currently, velocity and side–branching measurements are being extracted from flight videos and 35mm
film. These video sequences provide 30 frames per second images recorded at 256 gray- levels- albeit
at a much lower spatial resolution than recorded on the 35 mm still film. Efforts have centered on using
new software analysis tools developed by the Transient Dendritic Solidification Experiment (TDSE) for
video data extraction, and a corresponding examination of ground-based video data. Results thus far
indicate that there are several interesting transient aspects evident in the dendrite tip-displacement versus
time data. The first observation is that although PVA dendrites initially appear to grow at a constant rate,
they actually do not. This is evidenced by the observation that the residuals from a straight line regressed
through nearly linear displacement data have a small but persistent transient. This observation could not
be obtained at the small data rates obtained with 35 mm film. Lastly, by performing a spectral analysis
on these residuals, we find not only that they are not random, but that the tip region oscillates with a
fundamental frequency and harmonics consistent with the side branch spacing.

V. Future Activities

Despite the fact that the IDGE project has officially concluded in September 1999, new discover-
ies and ideas continue to emerge and develop from the large microgravity IDGE database. In the
future, additional details of these evolving developments may be found from the NASA-spon-
sored Follow On Activities of the Rensselaer IDGE project, a.k.a., RIDGE.
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INTRODUCTION

This work examines the diffusional growth of discrete phase particles dispersed within a matrix. Engi-
neering materials are often microstructurally heterogeneous, and the details of the microstructure deter-
mine how well that material performs in a given application. Critical to the development of designing
multiphase microstructures with long–term stability is the process of Ostwald ripening. Ripening, or
phase coarsening, is diffusion–limited and arises in polydisperse multiphase materials. Growth and
dissolution occur because fluxes of solute, driven by chemical potential gradients at the interfaces of the
dispersed phase material, depend on particle size. Competitive kinetics of these processes dictates that
larger particles grow at the expense of smaller ones, overall leading to an increase of the average
particle size. The classical treatment of phase coarsening was done by Todes, Lifshitz, and Slyozov,
(TLS)1,2 in the limit of zero volume fraction, VV =0 of the dispersed phase. Since the publication of TLS
theory, there have been numerous investigations, many of which sought to describe the kinetic scaling
behavior over a range of volume fractions. Some studies in the literature report that the relative increase
in coarsening rate at low (but not zero) volume fractions compared to that predicted by TLS is propor-
tional to V

v
1/2, whereas others suggest V

v
1/3. This issue has been addressed recently by simulation

studies at low volume fractions in three dimensions by members of the Rensselaer/MSFC team.3-5

I. Background and Objectives

Our studies of ripening behavior using large–scale numerical simulations suggest that although there are
different circumstances which can lead to either scaling law, the most important length scale at low
volume fractions is a diffusional screening length. This screening length places limits on the extent and
applicability of a mean-field description, and can result in local divergences from mean-field behavior.
The numerical simulations we employed exploit the use of a recently developed “snapshot” technique6,
and identify the nature of the coarsening dynamics at various volume fractions. Preliminary results of
numerical and experimental investigations, focused on the growth of finite particle clusters, provide
important insight into the nature of the transition between the two scaling regimes. The companion
microgravity experiment centers on the growth within finite particle clusters, and follows the temporal
dynamics driving microstructural evolution, using holography.

This research effort will extend our preliminary discoveries and develop a critical microgravity experi-
ment to observe these phenomena in a suitably quiescent environment. Work accomplished to date
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shows that the critical cross–over between the two scaling regimes (V
v
1/2 versus V

v
1/3) is a function of

both the volume fraction, which, intuitively, affects this screening length, and the cluster size, n, where n
is the number of particles comprising the cluster. Specifically, the cross–over occurs at a critical volume
fraction for which V

V ≈1/(3n2). One also expects that the volume fraction itself fluctuates from region-to-
region, because the local size and distribution of particles vary. Thus, spatial variances should arise in the
local kinetics. One of the scientific objectives of this work is to identify the nature of these microstruc-
tural fluctuations. This added level of understanding will be of importance in the development of more
predictive models for microstructural evolution in heterogeneous materials.

II. Theory

The continuity equation assumes neither nucleation nor coalescence:

Our approach in this work will seek to obtain ν(R), the time rate of change of the radius, R, of a particle,
in a given cluster. F(R,t) is the size distribution function. Source/sink strength (volume flux), Bi

TLS, is the
diffusion analog of electrostatic charge,

R* is the critical radius given by, R* = λ/ϕ∞
ϕ∞.

is the background matrix potential, assumed uniform throughout the matrix phase;

λ is a capillary length defined by

where γ is interfacial energy, Ω is molar volume, kB is Boltzmann’s constant, and T is the absolute
temperature.

Since the zero volume fraction restriction in TLS results in the total neglect of direct interactions among
particles, a more realistic approach which introduces the influence of volume fraction on coarsening
kinetics was that employed by Marqusee and Ross.7

Their approach applies spatially coarse-grained background diffusion potential:

where σ, a source/sink density in the matrix space, introduces a coarse-grained local background
potential, ϕ(r), due to droplets surrounding a coarsening droplet centered at point r in the matrix,

The volume flux, Bi, becomes

where κ = [4πNv<R>]1/2
.
represents the natural cut-off distance for direct multiparticle interactions via

the diffusion field, beyond which the particles are isolated from each other by the intervening two-phase
medium. Nv is the number of particles per unit volume, and <R> is the average droplet radius in the
cluster.
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For droplet clusters comprising finite coarsening systems, one may define physically distinct coarse-
grained length scales; among them are: (1) the diffusion screening radius, ΛD ≡ κ-1; (2) the average
droplet radius in the cluster, ΛR ≈ <R>; (therefore, Λ

D 
= [4πNv<R>]-1/2)

. 
For large ΛD.(sparse particle

density), the screened potential approaches unscreened potential. (3) The spatial extent of the total

coarsening system, Λtot , as defined for a “spherical cluster” by Λtot=  ; where n is the

total number of particles remaining at a given time. When ΛD≥ Λtot diffusion screening is not operative
as a factor.

We can now relate the time-rate of change of radius, v(R
i
)= -                 B

i
, where D is the diffusion

coefficient and c0 is the equilibrium solubility of the droplet phase, and Bi is now representative of the
volume flux of a droplet in a finite coarsening cluster. The experimental parameters for determining the
time-rate of change of each droplet within a given cluster are accessible through physicochemical
measurement and holography.

III. Experiment

Experimental objectives are:
• Measure ν(Ri) of each cluster droplet in holography cell(s).
• Determine, in mixed-dimensional system (3-D droplets undergoing 2-D diffusion), the existence

of spatial instabilities in microstructural homogeneity due to some undefined “screening length.”
• In a fully 3-D system in microgravity, verify TLS coarsening rate deviation dependence on local

volume fractions for global volume fractions less than 1%. The volume fraction for a finite
coarsening cluster is defined as,

V
v
 =               .

The experimental approach is comprised of ground-based work to extend prior mixed-dimensional
studies, and a flight experiment to study finite coarsening kinetics in three dimensions.

A. Ground-based experiment

The ground-based experimental study of diffusional coarsening has proceeded in a well-characterized
liquid-liquid two-phase system. Ideally, the experiment is performed at an isopycnic point to maximize
exclusion of gravity-induced system disturbances, such as convection flow. This allows observations for
the long times required to investigate coarsening. A holographic technique has been instrumental in prior
work, and will continue to be the primary method to study both the influence of local environmental
conditions on individual droplet size histories and measurement of global averages. Prior ground-based
coarsening work focused on two-dimensional diffusion of three-dimensional droplets attached to a glass
surface (mixed-dimensional case).4,5.Mixed dimensional work permits long-term ripening studies in 1-g,
because the dispersed phase remains attached to the test cell wall..

Holographic techniques allow measurement of the locations and sizes of individual precipitates. This
technique has proven adequate for the mixed-dimensional case. Its modification for the three-dimen-
sional case is under development. Automated numerical image analysis of the holographic images is of

(    )-1/34π
3 (    )1/3n
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v

2λDc
0
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practical important for experiments involving measurements of a large number of droplets. The investiga-
tors have also performed preliminary development in this area. The software to accomplish the data
extraction will significantly accelerate the normally tedious job of quantitatively analyzing holograms
involving thousands of droplets, where each droplet is to be identified, located, and measured, and
allow thorough analysis of the entire population.

B. Flight Experiment

A fully three-dimensional coarsening study requires long-duration quality microgravity to prevent phase
separation via Stokes settling. In this instance, there is no wall attachment to prevent sedimentation, so a
microgravity environment is an imperative. During ground-based coarsening of a 3-D dispersed droplet
phase, the dispersion would normally become rapidly depleted of larger ripening droplets. Ideal opera-
tion near the isopycnic temperature minimizes sedimentation of large droplets, but small temperature
fluctuations (± 0.001K) cause the droplets to move to the extent that their positions are not stable for
the long times required for these studies. The relative position of the droplets would also vary signifi-
cantly in time. It would not be possible to explore local microstructural effects from diffusion because
sedimentation effects would alter the droplet population more rapidly. This and other factors, such as
distortion of the diffusion field and buoyancy-driven convection obscure the basic kinetics. These factors
impose a clear imperative for microgravity investigation of three-dimensional coarsening kinetics, and
observation of evolution of microstructure under quiescent conditions.

Preparation for microgravity studies have proceeded by assessing three approaches for droplet disper-
sion:

1.   Jet break-up in microgravity to control the distribution of droplets in each cluster.
2.   Site saturation method [Nucleation of Crystals from Solution (NCS)8] for forming droplet

clusters by quench.
3.   Normal quench: A cell, filled with selected homogeneous parent phase, is quenched  below the

consolute temperature to the isopycnic temperature in the two-phase region. Ground based
testing with rotation of the two-phase isopycnic system compensates for small density differ-
ences between the phases, minimizing sedimentation during coarsening.

All three approaches have been tested, with the quench being the method of choice. For approaches 1
and 2, aside from difficulties in implementation, it is difficult to establish precisely that the two phases are
the desired equilibrium phases, because they must, of necessity, be stored separately prior to mixing.
Without knowledge of the precise solvated concentration, the discrete phase volume fraction would be
nearly impossible to determine accurately. For method 3, implementation is easier, insofar as the initial
concentration will be as precise as it normally is during laboratory experimentation, and the two phases
will be in equilibrium with each other even if temperatures are slightly different from that desired. Addi-
tionally, the “quench” approach allows for repeating the experiment using the same test cell simply by
heating above the consolate temperature, mixing and quenching again. Methods 1 and 2 are “one shot”
experiments, which is not desirable for the space flight experiment.

The rotating quench cell (RQC) design is based on the work of Roberts, et. al., to optimize the param-
eters for a rotating mixed-phase reactor 9. The RQC is designed for droplets to maintain suspension by
rotating the RQC. Although the RQC rotates at the appropriate rotational speed, suspended droplets
remain influenced by viscous drag and tend to rotate with the fluid phase. A balance of their gravitational
and centrifugal forces with viscous drag determines their motion relative to the rotating fluid. At high
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rotation rates, droplets with densities greater than the matrix fluid phase will tend to move toward the
cell walls. On the other hand, high rotation rates cause droplets with densities less than the matrix phase
to  tend to drift toward the cell longitudinal axis.

Regardless of the side of the phase diagram miscibility-gap on which the experiment is performed, the
majority phase—not the droplet phase—must preferentially wet the inside cell wall surfaces. If the
droplet phase preferentially wets, nucleated droplets will wet and spread over the cell surface, distorting
observable droplet volume fractions, introducing unknown concentration gradients at the cell surfaces,
and possibly compromising imaging processing.

Furthermore, diffusion fields associated with droplets near container walls differ from diffusion fields of
droplets situated well within in the bulk. One must be concerned with perturbations to the three-dimen-
sional diffusion field due to wall effects. The distance at which such perturbations to the three-dimen-
sional diffusion field can occur is a function of the average droplet size within a cluster of a given volume
fraction. Therefore, for a fully three-dimensional experiment, a significant droplet population should
reside near the central axis of the RQC, and outside of a diffusional screening distance,λ=(4πRN/Vv)-1/2,
due to the container walls. Our ability to operate above or below the isopycnic point on either side of
the miscibility-gap will allow flexibility in locating an adequate representation of droplets near the RQC
primary axis.

Finally, holographic imaging is the optical tool selected for observing these phenomena. Figure 1 shows
a hologram during three-dimensional coarsening of succinonitrile-water in a RQC. Figure 2 is a se-
quence of holograms during the mixed-dimensional coarsening of succinonitrile-water. Figure 3 repre-
sents an automated composite from digitized images of holograms using intensity distribution constraints.
Clearly, holography provides more data than does conventional optical imaging techniques. A recon-
structed hologram is amenable to various optical characterization techniques, e.g., in situ microscopy,
and interferometry. In particular, automated numerical image analysis of holographic images is important
for experiments such as ELMS that involve measurement of large numbers of particles. An important
aspect of the experimental study will include determining the extent of modifications required allowing
incorporation of holography within the operating envelope of the millikelvin thermostat (MITH) hard-
ware.
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Figure 1.  Hologram during three-dimensional coarsening of succinonitrile-water solution in a rotating
quench cell.

Right particle on test cell wall and in focus.

Left particle in volume of test cell and in focus.
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Figure 2.  Holograms of mixed-dimensional coarsening of succinonitrile-water system in pyrex cells:
discrete phase is succinonitrile rich.

Hologram 100 Hologram 129

Hologram 151
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Figure 3.  Automated composite of droplet spatial location and size distribution from magnified and
digitized images of holograms using intensity distribution constraints.
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INTRODUCTION

A microstructure is a collection of volumes, internal-surfaces, lines, and points. Depending on its dimen-
sionality, each microstructural feature has associated with it, size, shape, volume, surface area, curva-
ture, etc., and location. The distribution of relative locations of microstructural features is manifested in
the spatial patterns, correlations, clustering, short and long range interactions, microstructural gradients,
segregation, etc. The spatial arrangement of features in microstructure also governs particle packing,
connectivity, distribution of inter-particle contacts, etc. Evolution of spatial arrangement of microstruc-
tural features is an aspect of microstructure development that may be significantly affected by gravity,
particularly, when liquid phases are present during the evolution processes.  For example, gravity may
affect distribution of coordination numbers of grains/particles, agglomeration tendencies, spatial correla-
tions among particles sizes, etc. The objectives of this research have been to develop Stereology and
image analyses based techniques for quantitative characterization of spatial arrangement of features in
three-dimensional microstructure, and apply these techniques to quantify the effect of gravity of evolu-
tion of microstructure during liquid phase sintering (LPS). The Principal Investigator (PI) and his gradu-
ate students have successfully developed a combination of efficient montage serial sectioning and digital
image processing techniques that permits reconstruction of large volume of three-dimensional micro-
structure observed at high resolution, from a stack of large area high resolution montage serial sections
[1]. Combination of methodology to reconstruct such a large volume of three-dimensional microstruc-
ture that provides sufficiently large number of features and minimize the edge effects, and unbiased
statistical sampling using disector probe [2], yield a practical and efficient procedure for reliable estima-
tion of some important descriptors of the spatial arrangement of grains/particles in three-dimensional
microstructure. These techniques have been applied to quantify the effect of gravity the evolution of
spatial arrangement of tungsten grains in the liquid phase sintered specimens of W-Fe-Ni alloys. The
measurements have been performed on ground-based as well as microgravity environment (first
Microgravity Science Laboratory/MSL-1 and second International microgravity Laboratory/IML-2
missions) processed specimens provided by Professor R.M. German. The evolution of bivariate coordi-
nation number distribution  [3,4], first, second, and third nearest neighbor distance, and true grain size
distributions  [4] of tungsten grains have been characterized. It is observed that in both ground-based as
well as microgravity-processed specimens the tungsten grains form almost completely connected
network. Therefore, absence of gravity does not lead to a liquid phase sintered microstructure consisting
of discrete and separate tungsten grains uniformly distributed in the Fe-Ni alloy matrix. The quantitative
microstructural data have revealed interesting trends concerning the effect of gravity on evolution
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coordination number distribution and nearest neighbor distributions of the tungsten grains in these liquid
phase sintered microstructures. The digital images of three-dimensional microstructures are presented in
the next section. The quantitative microstructural data and observations are discussed in the subsequent
sections.

I. Reconstruction of Three-Dimensional Microstructure From Serial Sections

Figure1 depicts the surface rendered three-dimensional microstructure of the tungsten grains in the
specimens liquid phase sintered for 1 minute in microgravity environment. Figure-2 shows some con-
nected chains of tungsten grains. The details of three-dimensional microstructural reconstruction are
reported elsewhere [1,4].   Examination of large volumes of 3-D microstructures in all specimens
revealed that in ground based as well as microgravity processed specimens, the tungsten grains are
almost completely connected, and both the grains and the matrix are co-continuous.

Figure1. Surface rendered three-dimensional microstructure of tungsten grains in a 83wt% W-Ni-Fe
alloy specimen liquid phase sintered for 1 minute at 1507 C.

Figure 2. Surface rendering of clusters of tungsten grains extracted from 3-D-reconstruction.

II. Evolution of Coordination Number Distribution

The coordination number of a grain is the number of other grains that are in direct contact with it. In
general, a distribution of coordination numbers exists in powder-processed microstructures. The coordi-
nation number is sensitive to the size of the grain, and therefore a bivariate coordination number distribu-
tion is of interest. The bivariate coordination number distribution evolves during the liquid phase sintering
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process, and it is affected by gravity. The coordination number distribution is an important descriptor of
short range spatial arrangement of grains in liquid phase sintered microstructures, and it affects the
connectivity of the grains. The mean coordination number (often referred as just coordination number or
connectivity in LPS literature) is the average value of the coordination number distribution in three-
dimensional microstructure. In this research program, the three-dimensional bivariate coordination
number distributions have been experimentally measured from the three-dimensional microstructural
images reconstructed from 90 montage serial sections. Figure 3 depicts the bivariate coordination
number distribution of tungsten grains in one of the specimens.

Figure 3.  Bivariate distribution of three-dimensional coordination numbers of tungsten grains in a
83wt%W-Ni-Fe alloy specimen liquid phase sintered in microgravity environment for 1 minute at 1507

degree centigrade.

Figure 4.  Bivariate three-dimensional coordination number distribution of tungsten grains in a
83wt%W-Ni-Fe alloy specimen liquid phase sintered in normal gravity for 1 minute at 1507 degree

centigrade.

It is observed that for a given coordination number there is always one size class with the highest
probability of forming that number of grain contacts. As the coordination number increases, the size
class with highest probability also increases. Therefore, there is a strong correlation between the grain
size and coordination number. To quantify this correlation, from the bivariate frequency functions, one
can compute average size of the grains Dc having a specific fixed coordination number, C.  Figure 5
shows plots of   Dc vs. C for the four data sets. Observe that, the average size Dc   having C number of
contacts increases monotonically with the number of contacts.
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Figure 5. Mean size of grains having the given coordination number versus the coordination number for
four specimens of 83wt% W-Ni-Fe alloy liquid phase sintered at 1507 C.

To extract simple expression for the quantitative correlation between Dc and C, normalize both the
variables: divide Dc by the experimentally measured three-dimensional global average grain size A

  
, and

divide C  by the mean coordination number C0. The normalized plot of   [Dc/ A] 2   vs. [C/C0] for four
specimens of 83wt%W0Ni-Fe alloy are shown in Figure-6.

Figure 6. Normalized plot of  [D
c
/ A] 2   vs. [C/C

0
] for four specimens of 83wt% W-Ni-Fe alloy liquid

phase sintered at 1507 C.

Observe that,  (i) the plot is linear, indicating that  [D
c
/ A] 2  varies linearly with [C/C0] , and (ii) the data

points for all the specimens fall on a single  straight line, whose slope is one and intercept is zero. Note
that these four data sets represent specimens whose global average grain size differs by more than a
factor of two (1 min and 120 min specimens), volume fraction of tungsten grains varies from 0.59 to
0.74 (due to gravitational settling effects), mean coordination number varies from 2.9 to 4.3, and they
represent specimens processed in normal gravity and microgravity. Despite these differences in the
processing parameters, average size, amount of W grains, and mean coordination number, a single
relationship describes the correlation between grain size and coordination number. This correlation can
be expressed as follows.
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[D
c
/ A]2  =   C/C

0

The surface area of the grains is directly proportional to the square of their size. Therefore, the equation
implies that in a microstructure, although individual grains of different sizes may have the same coordina-
tion number, on the average, grains with larger surface area are likely to have a higher coordination
number, and average surface area of the grains having a given coordination number increases linearly
with the coordination number.

Table 1.  Mean three-dimensional coordination number of tungsten grains in 83wt% -Ni-Fe alloy
specimens liquid phase sintered at 1507 C. The values pertain to the regions at the specimen bottom.

Table I  gives the mean coordination numbers of tungsten grains in the specimens of liquid phase sintered
83wt%W-Ni-Fe. Note that, (i) the mean coordination number of tungsten grains in the microgravity
environment is significantly lower than that for the specimens processed in normal gravity, at both low
and high sintering times, and  (ii) the mean coordination of the tungsten grains for the specimens pro-
cessed in microgravity appears to be insensitive to the sintering time. The higher mean coordination
number for gravity sintered specimens may be partly due to gravitational settling leading to more dense
packing of the grains. There have been many observations, which show that if the density difference
between the solid grains and the liquid is high, the resulting coordination number is also high [6]. This
difference in the coordination number can be attributed to the pressure exerted by the solid grains on
each other. For the specimens processed in normal gravity, this phenomenon also results in a systematic
increase in the coordination number along the gravity direction.

III. Evolution of Nearest Neighbor Distributions

Figure 7 shows normalized distribution of the frequency function of first nearest neighbor distances; the
nearest neighbor distances are divided by their corresponding mean values. Observe that the data points
for the four specimens fall on the same curve. Similar trends are observed for the frequency function of
the normalized second nearest neighbor distances as well. These data suggest that evolution of the first
and second nearest neighbor distances of tungsten grains in this alloy is simply a scale factor change.
The effect of sintering times as well as gravity appears to reside only in the mean values.

Similar trends are observed for normalized grain size distributions of the ground based specimens, but
the normalized grain size distributions in the microgravity-processed specimens does not appear to be
time invariant. The evolution of mean grain volumes also shows some interesting trends: mean grain
volume in 83wt%W-Ni-Fe alloy specimen liquid phase sintered for one minute in normal gravity is
about two times larger than that of the corresponding microgravity processed specimen, however in the
specimens sintered for 120 minutes there is only 12% difference in the mean grain volumes of the
corresponding specimens. These differences could be due to gravitational effects on grain coalescence
[Niemi et al., 1981] as well as on grain coarsening [Liu, Heany, and German, 1997].  Experimental

  Property Specimen Normal Normal Microgravity Microgravity
gravity  gravity
1 minute 120 minute 1 minute 120 minute

3.7 4.3 2.9 2.9
Mean

 coordination
number

83 wt% W- Ni
– Fe alloy
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data on more specimens that cover a wider range of sintering times, volume fractions, and dihedral
angles is necessary to completely understand these evolution processes.
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Introduction

Macrovoids (MVs) are large (10−50 µm) pores often found in polymeric membranes prepared via
phase-inversion techniques.  They are generally considered undesirable, as they adversely affect
the permeability properties and performance of polymeric membranes for microfiltration, ultrafiltra-
tion, and reverse osmosis.  However, MVs can be useful in certain thin-film applications in which
vapor transmission is necessary, or for use as reservoirs for enzymes or liquid membrane material.
If more could be learned about the nature and causes of MV formation, it might be possible to
devise techniques to control and/or prevent MV formation that are more effective than those
currently employed.

Two hypotheses for the MV growth mechanism have been advanced. Reuvers [1] proposed that
once initiated, MV growth can be attributed to diffusion of (primarily) solvent to the MV nuclei.
Because this mechanism does not involve gross movement of the MV, the presence or absence of
body forces such as buoyancy should not significantly affect MV growth.  Moreover, Reuvers
asserts that interfacial processes (such as solutocapillary convection (SC)) do not affect MV forma-
tion.  If this is the correct mechanism, addition of a surfactant to the membrane casting solution
should not affect MV morphology.  Although originally formulated for MVs observed in wet-cast
membranes (i.e., where phase inversion is caused by contacting the polymer solution with a
nonsolvent bath), the logic used by Reuvers applies to dry-cast membranes as well (i.e., where
phase inversion is caused by evaporation of a volatile solvent from a polymer/solvent/ nonsolvent
solution).  On the other hand, Shojaie et al. [2] proposed that solutocapillary convection induced by
a steep surface-tension gradient along the MV/bulk solution interface enhances mass transfer to the
growing MV.  This interfacial convection exerts a force that pulls the growing MV downward into
the casting solution [3].  Both buoyancy and viscous drag hinder MV growth by inhibiting this
motion.  Thus, removing the buoyancy force by casting in microgravity should augment MV
growth according to this hypothesis.  Moreover, Berg and Acrivos [4] have shown that surfactants
stabilize liquid/liquid interfaces against solutocapillary flow through a phenomenon known as
surface elasticity.  If solutocapillary convection is indeed the main driving force for MV growth,
addition of a surfactant additive to the casting solution should markedly retard MV growth.

*corresponding author
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Whereas neither surface tension nor gravity has a significant effect on MV growth according to the
first hypothesis, buoyancy forces should be important if the second hypothesis is correct.  The
overall goal of this research is to test these two hypotheses in order to improve our understanding
of the MV growth process in solvent-cast polymeric membranes.  Studying MV growth in low-g
conditions is pivotal to our ability to discriminate between these two hypotheses.

I. Materials and Methods

In order to investigate the effects of buoyancy on MV growth, a set of membrane-casting experi-
ments was conducted on the NASA KC-135 aircraft [5].  These experiments used casting solutions
of cellulose acetate (CA)/acetone/water and were designed to study the effect of casting thickness
(75 or 150 µm), gravity (0-g or 1-g), composition (pure water and aqueous solutions of 300 ppm
Triton X-100 (J.T. Baker Co.) or 300 ppm Fluorad FC-170C  (3M) surfactant), and solvent/
nonsolvent (S/NS) ratio (2:1, 2.33:1, or 2.75:1 by weight).  The concentration of polymer
(Eastman 398-10 with an average MW of 40,000 and acetyl content of 39.8%) was held constant
at 10 wt%.

A separate set of ground-based experiments was performed in order to determine the effects of
surfactants on macrovoid penetration depth (MVPD).  Membranes were cast with a single initial
thickness (1.02 mm) from solutions with a single composition (10 wt% CA, 28 wt% nonsolvent,
and 62 wt% acetone).  The only variable in these experiments was the nonsolvent used (water or
water with 300 ppm Triton X-100).

Modeling studies have shown that subtle changes in gas-phase mass-transfer dynamics can have
profound effects on the morphology of dry-cast membranes [2].  Therefore, we used a membrane
casting apparatus (MCA) identical to that described by Konagurthu et al. [3] in all KC-135 experi-
ments.  Because gas-phase mass-transfer is driven by diffusion in this apparatus, it is not affected
by the presence or lack of gravity.  In contrast, the gas-phase mass-transfer dynamics associated
with membranes dry-cast via traditional techniques would be significantly altered in a low-gravity
environment.  A more traditional apparatus, identical to the one described by Shojaie et al. [2], was
used in the penetration-depth (PD) experiments.

Quantitative evaluation of the final membrane morphology was obtained from scanning electron
micrographs (SEM) [5, 6].  Computer-based analysis of these micrographs was performed to
measure the following properties: Linear MV number density (

         MV
), MV area fraction (X

MV
),

MV size ratio (MVSR) and MV penetration depth (MVPD), where

MV
 = Number of MVs / Length of cross section,

X
MV

 = Area occupied by MVs / Area of cross section,

MVSR = (Final membrane thickness × X
MV

) /     
MV

,

MVPD = Distance from membrane top surface to MV bottom surface.

The significance of the observed differences in these properties was evaluated using standard
statistical techniques.

N

N

N
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Ground-based videomicroscopy (VM) experiments were also conducted to study MV growth
during the dry casting of CA/acetone/nonsolvent solutions [5].  Solid TiO2 particles (Degussa
Aerosil P25, average primary particle size = 21 nm) were added to the casting solution to act as
tracer particles for flow visualization.  Experiments were performed with a casting solution compo-
sition of 10 wt% CA, 30 wt% nonsolvent, 60 wt% acetone, and 450 ppm TiO2.  The nonsolvent
utilized was either water or water with 300 ppm Triton X-100 surfactant.

All microscopy experiments were performed on a Nikon EFD-3 optical microscope.  Images were
recorded with a JVC-TK1270 CCD camera and ported to a computer (Apple Power Macintosh
G3) for storage and analysis (NIH Scion Image 1.62a image analysis software).  In several of the
experiments, a dark-field filter was used to enhance the contrast between MVs, tracer particles, and
the surrounding casting solution.  An infrared filter was used to avoid heating of the casting solu-
tion.  The casting solution was injected between two horizontal glass plates with a spacing of ~800
µm.  Phase separation and MV growth were caused by evaporation of acetone from the open end
of the parallel glass plates.  The VM permitted observing the advance of the demixing front, the
initiation and growth of MVs, and the flow field via the use of tracer particles.

II. Results and Discussion

No MVs were observed in any of the membranes cast with an initial thickness of 75 µm.  This is
consistent with experiments performed by Paulsen et al. [7] and demonstrates that MVs are never
present in membranes cast below a certain minimum initial thickness.  In addition, none of the
membranes cast with a S/NS ratio of 2.75:1 contained MVs.  Moreover, the final thickness of
membranes cast with an initial thickness of 150 µm often varied considerably.  Therefore, the
following discussion of the casting results only applies to membranes with a final thickness of 20-
40 µm cast from solutions with a S/NS ratio of 2:1 or 2.33:1.  Overall, in almost all cases the MVs
penetrate to the bottom surface of the membranes.  Qualitative comparison of SEM images reveals
that MVs are generally larger in membranes with an S/NS ratio of 2:1 than in otherwise equivalent
membranes with a S/NS ratio of 2.33:1.  In addition, qualitative analysis of SEM images of mem-
branes cast from surfactant-free solutions with a S/NS ratio of 2:1 (Figure 1) suggests that MV
growth is augmented in 0-g relative to 1-g.  Indeed, statistical analysis reveals that 

        MV
, X

MV
, and

MVSR are all significantly higher in membranes cast from surfactant-free solutions with a S/NS
ratio of 2:1 in zero-g than in otherwise equivalent membranes cast in 1-g.  These results provide
important evidence that solutocapillary convection does occur at the MV/solution interface and
tends to augment MV growth, at least for the particular conditions used in these experiments.

In contrast, we found that buoyancy has no statistically significant effect on     
MV

 in membranes
cast from solutions containing surfactants and/or solutions with an S/NS ratio of 2.33:1.  Moreover,
although X

MV
 was not measured for these membranes, qualitative analysis of SEM images did not

indicate any obvious, consistent differences in MV size or structure between these particular
membranes.  Thus, buoyancy has no significant effect on MV growth in membranes cast from
solutions with an S/NS ratio of 2.33:1 and/or solutions containing surfactants.  However, this
observation does not necessarily imply that the solutocapillary hypothesis is invalid.  Because
buoyancy should have no major effect on MV growth in the absence of solutocapillary convection,
it is not surprising that buoyancy had no effect on MV growth in surfactant-containing membranes,
as surfactants inhibit solutocapillary convection via surface elasticity.  Moreover, it is not surprising
that buoyancy had no significant effect on membranes cast from solutions with a S/NS ratio of

N

N
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2.33:1 since both buoyancy (force proportional to MV radius cubed) and viscous drag (force
proportional to MV radius to the first power) inhibit growth via solutocapillary convection.  It is
quite possible that the buoyancy force was insignificant relative to the drag force on the small MVs
typical of membranes cast from solutions with an S/NS ratio of 2.33:1.  Calculations performed by
Pekny [5] support this claim.

The effect of surfactant solutes on MV morphology is illustrated in Figure 2.  MVs are typically
larger in surfactant-free membranes cast from solutions with a S/NS ratio of 2.33:1 than in equiva-
lent surfactant-containing membranes in both 0- and 1-g.  Moreover, surfactant-containing mem-
branes cast from solutions with a S/NS ratio of 2.33:1 were the only membranes for which MVPD
< final membrane thickness.  These observations are consistent with the solutocapillary hypothesis
but not the diffusive hypothesis.  However, no such trends are evident in membranes cast from
solutions with a S/NS ratio of 2:1.  This is possibly due to the relatively fast demixing kinetics
observed in such solutions [5]; demixing occurs so rapidly that surfactant solutes do not have
sufficient time to diffuse to the MV/solution interface and inhibit solutocapillary convection.
However, we also found that 

       MV
 is significantly higher in surfactant-containing membranes cast

in 1-g from solutions with a S/NS ratio of 2:1 than in otherwise equivalent surfactant-free mem-
branes.  The reason for this trend is not clear.

Perhaps the most direct way to verify that solutocapillary convection occurs is to investigate the
effects of buoyancy and surfactants on MVPD.  Unfortunately, this requires casting relatively thick
membranes to ensure that MVs do not penetrate the entire membrane thickness.  It was not possible
to cast sufficiently thick membranes that completely phase separate and solidify during the short
duration of 0-g available on the KC-135 (20-30 sec).  However, a separate set of ground-based
experiments was performed in order to determine the effects of surfactants on MVPD.  The results
of these experiments are summarized in Table 1.  Representative morphologies of the PD mem-
branes are shown in Figure 3.  As expected, MVPD, as well as    

MV
, X

MV
, and MVSR are all higher

in surfactant-free membranes than in membranes containing Triton X-100 surfactant, indicating that
solutocapillary convection tends to augment MV growth in these membranes.  However, the small
sample sizes used in these experiments did not enable a statistically significant difference to be
established.  If these trends can be verified, such results would provide additional support for the
SC hypothesis.

Table 1.  MV Parameters of Penetration Depth-Experiment Membranes

Flow visualization experiments can provide information that is quite useful in assessing the charac-
teristics of MV growth.  Prior to the onset of demixing, considerable cellular motion of tracer
particles near the casting solution (CS)/gas (G) interface was observed.  The tracer particles moved
in a more-or-less circular pattern at relatively high velocities (~50 µm/sec).  Although it is difficult
to measure the size of these convection cells because they were larger than the field of view of the

N

N

NSurfactant Final
        MV

X
MV

MVSR MVPD

None 280±23 12±9 7±5 1950±750 80±13

Triton 280±30 4±5 2±1 1100±390 61±18

Thickness

(µm)
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microscope, we estimate that they are ~1-2 mm in diameter.  These convection cells quickly dissi-
pated when the solution at the CS/G interface began to demix (after approximately one minute).
The volume of the demixed region increased with time as the demixing front advanced further into
the casting solution.  After the convection cells dissipated, the tracer particle motion slowed consid-
erably to ~3-4 µm/sec.  Although the results indicated that the fluid velocity normal to the plane of
the demixing front was faster near the MV boundary than in the bulk solution, the differences were
not statistically significant.  Moreover, rapid circulatory motion was observed within the MVs.
Interestingly, the particles appeared to penetrate into the MVs, thereby suggesting some type of
convection into the MVs.  The MV growth in these experiments was undoubtedly influenced by
solutocapillary convection at the MV interface.

It is worth noting that very little particle motion could be seen after the onset of demixing if the
casting fluid was observed in real-time.  This is due to the relatively slow mass-transfer associated
with dry casting in this flow-visualization macrovoid (VFMV) apparatus.  It was necessary to play
back videos of demixing and MV formation 15-20 times faster than real time in order to observe
the fluid motion.  From these videos it became apparent that MV growth occurs in these VFMV
experiments in three distinct phases: (1) fast initial growth; (2) an intermediate period of slow
growth; and (3) subsequent collapse.  However, it is quite possible that the latter two phases of MV
growth might not occur in conventional membrane casting owing to the limited time available for
demixing.
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Figure 1.  SEM micrographs of membranes cast with an initial thickness of 150 µm from solutions
with pure water NS and an S/NS ratio of 2:1.  A was cast in 0-g, and B was cast in 1-g.

Figure 2.  SEM micrographs of membranes cast in 1-g with an initial thickness of 150 µm from
solutions with an S/NS ratio of 2.33:1.  A was cast with pure water NS, and B was cast with water

containing 300-ppm Fluorad FC-170C surfactant.

Figure 3.  SEM micrographs of membranes cast in 1-g with an initial thickness of 1.02 mm from solu-
tions containing 10% CA, 28% NS and 62% acetone (S/NS=2.21:1).  A was cast with pure water NS,

and B was cast with water containing 300-ppm Triton X-100 surfactant.
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ABSTRACT

Our previous experiments with NaNO3 float-zones revealed that steady thermocapillary flow can
be balanced/offset by the controlled surface streaming flow induced by end-wall vibration.  In the
current experiments we are examining the effects of streaming flow on steadying/stabilizing
nonsteady thermocapillary flow in such zones.  To this effect we have set up a controlled NaNO3
half-zone experiment, where the processing parameters, like zone dimensions and temperature
gradients, can be easily varied to generate nonsteady thermocapillary flows.  In the present paper
we present preliminary results of our investigations into stabilizing such flows by employing end-
wall vibration.

I. Introduction

The float-zone technique for unidirectional semiconductor crystal growth is an established self-
contained materials processing technique.  Its advantages are that it precludes introduction of
impurities from the crucible walls, and it minimizes crystal defects attributed to expansion/
contraction stresses at the solidification-crucible interface.  The typical procedure in float-zoning
involves feeding a polycrystalline rod at the top into the melt zone, where it is melted in a non-
contact fashion by a ring heater, and is withdrawn at the bottom as a single crystal.  Normally a
dopant is added to the feed rod to produce a crystal with desired properties.

The float-zone technique has attracted a lot of attention in the Space-based materials processing
context.  However, here, one needs to be worried about gravity-independent thermocapillary
convection, arising from variations in the surface tension at the melt/vapor interface, which can
cause non-uniform dopant distribution and crystal striations1, which are detrimental to crystal
quality.

In order to minimize/eliminate the detrimental effects of thermocapillary convection, we have
examined the role of end-wall vibration in offsetting thermocapillary flow2.  Our novel experi-
ments have revealed that end-wall vibration generates a surface streaming flow that can be used
to offset thermocapillary flow.  We have demonstrated the beneficial effects of surface streaming
flow in half-zones of silicone oil, and Sodium Nitrate2, 3.  Also, our preliminary float-zone solidifi-
cation experiments with Sodium Nitrate-Barium Nitrate eutectic alloy have pointed out the favor-
able changes in microstructure brought about by vibration-induced streaming flow3, 4.  In addition,
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we have initiated a parallel theoretical effort to understand the fluid dynamics of vibration-induced
streaming and the balancing of thermocapillary flows5.

As advancement on our experimental efforts, we are concentrating on balancing/steadying
nonsteady thermocapillary flows in sodium nitrate half-zones.  In a model apparatus, where one
end of a sodium nitrate crystal is heated to generate a liquid bridge (half-zone), we see that the
thermal field is readily oscillatory.  The oscillations of the thermal field are at a frequency of
around 1 Hz (varying with zone dimensions etc.).  These temperature oscillations are a manifes-
tation of the hydrothermal wave instability of the steady thermocapillary flow.  Tracer particles
can be seen traversing the flow field in a zigzag fashion, following the onset of this instability.  In
the context of float-zone processing, it has been established that oscillatory thermocapillary flows
cause dopant striations in crystals and undermine their quality1.  The oscillatory thermocapillary
flow field exhibits many pure and mixed instability modes6, which can be both axisymmetric and
non-axisymmetric.  In our preliminary experiments. We have examined the effects of vibration-
induced surface streaming flow on an axisymmetric nonsteady thermocapillary flow field.  Here, we
have been able to null the thermal oscillations and sustain both a steady and a quiescent flow field.

II.  Experimental Results

The schematic of the experimental apparatus is shown as an inset in the figure 1.  The polycrys-
talline rod of NaNO3 is positioned vertically, and a cylindrical liquid bridge of molten NaNO3 is
established by controlled heating at the top. The basis of thermal control is the control of the
heater temperature to utmost precision by employing a feedback proportional integral derivative
(PID) control loop, using a thermocouple embedded in the heater rod. The zone thermalization
time is about two hours, after which the flow balancing experiments are initiated.  Depending on
the zone heating conditions, the zone takes on different aspect ratios.  The onset of oscillatory
thermocapillary flow is monitored by a fine-wire thermocouple inserted into the zone.  Figure 1,
shows the results in a 8 mm diameter NaNO3 zone.  Initially, the thermal oscillations have a peak-
peak amplitude of 12K, at a frequency of around 0.5 Hz. (with a carrier wave riding on them a
frequency of ~ 0.04 Hz.).  Visual observation of the particle trajectories in the cross section of the
zone confirms that the oscillatory flow field is axisymmetric (n = 2 mode6).  On vibrating the
bottom end-wall at a frequency of 1000 Hz. with an amplitude of ~10 µm (rms), the thermal field
becomes quiescent as the thermal oscillations are damped out.  On stopping the vibration, the
thermal field becomes oscillatory again.  It can also be noticed that the mean temperature, as
measured by the thermocouple, drops on initiating the vibration.  This is probably due to thermal
redistribution in the zone, and the added heat loss from the zone surface due to vibration.  How-
ever, when the mean temperature of the field is restored to its original level, by raising the tempera-
ture at the heater end, the thermal balance can still be sustained by vibration.

III.  Future Work

The present results confirm that end-wall vibration does stabilize the oscillatory thermocapillary
field.  We are in the process of systematically investigating the balancing effects for the whole
range of nonsteady thermocapillary flow fields, including both axisymmetric and non-
axisymmetric.  The next logical step in these efforts is to examine the effects of end-wall vibration
during float-zone processing under nonsteady thermocapillary conditions.  To facilitate this, we
have built a float-zone apparatus with a very precise control of the processing temperature and
environment.  Among other approaches, we intend to process the crystal under imposed oscillatory
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thermal conditions, by varying the melt temperature in a periodic way. We will examine the pro-
cessed crystal (both morphology and microstructure), when processed both upwards and down-
wards.  We will then vibrate the zone, to examine the effects of end-wall vibration on crystal
quality.  While the ultimate objective of our experiments will be to work with semiconductor
materials, at this intermediate level we are interested in demonstrating certain cause-effect relation-
ships with the analogue materials like Sodium Nitrate, and Sodium Nitrate-Barium Nitrate eutectics.
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Uniform microstructural distribution during solidification of immiscible liquids (e.g., oil and water;
aluminum and lead) on Earth is hampered by inherent density differences between the phases.
Microgravity processing minimizes settling but segregation still occurs due to gravity independent wetting
and coalescence phenomena.  Experiments with the transparent organic, metal analogue, succinonitrile-
glycerol system were conducted in conjunction with applied ultrasonic energy.  The processing param-
eters associated with this technique have been evaluated in view of optimizing dispersion uniformity.
Characterization of the experimental results in terms of a modeling effort will also be presented.
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INTER- DIFFUSION IN THE PRESENCE OF FREE CONVECTION
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ABSTRACT

Compositional changes during isothermal interdiffusion generally cause density variations in a diffusing
system. Such compositionally-induced density variations give rise to free convection in ground based
experiments and interfere with the analysis of composition profiles for determining interdiffusion coeffi-
cients. One method to eliminate the effect of free convection during interdiffusion is to carry out experi-
ments in zero-gravity conditions. Another way is to examine the influence of convection and correct for
this effect when analyzing for diffusion coefficients in ground based experiments. This paper describes
experimental results on interdiffusion in PbO-SiO2 melts under conditions both stable and unstable with
respect to free convection.

I.  Introduction

Interdiffusion describes the evolution of compositional inhomogeneities in systems containing more than
one component. Since most material systems of technological importance contain at least two compo-
nents and since interdiffusion is the rate controlling step in the kinetics of most processing operations
involving compositional changes (such as crystal growth, dissolution, and chemical reactions), establish-
ment of accurate values of interdiffusion coefficients and of their variations with respect to temperature
and composition is of much interest.

Frequently, interdiffusion coefficients are determined by measuring the composition profile by a suitable
analytical probe following the diffusive evolution of a planar sharp boundary between two homogeneous
solutions of different compositions. When the time of diffusion is short enough so that the end composi-
tions (away from the sharp boundary) are not influenced, the method is referred to as the ‘infinite couple
method’. For diffusion in an infinite couple configuration, the composition profiles after different diffusion
times can be superimposed on each other when plotted against a reduced variable x/�t  where x is the
distance from the location of the original sharp boundary (called the Matano interface) and t is the time
of diffusion. The location of the Matano interface can be determined using a simple procedure from the
measured composition profile [1]. The values of the interdiffusion coefficient as a function of composi-
tion can be determined from the measured composition profile of an infinite couple using the Matano
analysis [2]. Sauer and Freise [3] have extended the Matano analysis to systems exhibiting changes in
volume upon mixing. While the infinite couple method works well for solid systems, the measurements in
liquids (such as liquid metals, electrolyte solutions, slags, and magmas) and in supercooled liquid sys-
tems (such as glasses) are complicated in ground-based experiments because of i) the presence of free
convection during interdiffusion caused by compositionally-induced density variations and ii) the pres-
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ence of the gravitational drift (i.e., bias caused by gravitational driving force on the random motions of
different components present in the system). It is the gravitational drift that is responsible for a non-
uniform composition profile in equilibrium with the denser component segregating towards the bottom.
To determine interdiffusion coefficients in liquids, there are two possible approaches. One is to design
experiments in which the effect of free convection is eliminated or reduced. The other is to take into
account the presence of free convection and gravitational drift in the analysis of infinite couple composi-
tion profiles. Most of the effort to date has followed the first approach. In ground-based experiments, a
simple way to reduce free convection is to align the composition (and consequently the density) gradient
along the direction of gravity. A stable (convection-free) configuration results when density decreases
monotonically upwards at all points at all times (we shall refer to this as the ‘normal’ configuration) [4].
In the normal configuration, convection is eliminated in those binary systems where the density varies
monotonically with composition. In binary systems where the density varies non-monotonically with
composition as well as in multicomponent systems [5], convection during interdiffusion cannot be ruled
out. When density increases in the upward direction (the ‘inverted’ configuration), convective instabili-
ties can develop provided that the magnitude of the solutal Rayleigh number (Ra) [6] is larger than a
critical value:

Ra =  g β L4  (dc/dz) / (v D) (1)

Here g is the acceleration due to gravity, β the solutal expansion coefficient [= 1/ρ
o
 (dρ/dc)], ρthe mass

density, c the composition, v the kinematic viscosity (= η/ρ where η is the shear viscosity), D the
interdiffusion coefficient, z the vertical distance (measured positive in the upward direction), and L is a
characteristic length. For a circular tube, L is equal to the radius, r, of the tube. It is customary, following
equation (1), to use thin capillary tubes [7] to reduce convection. However, Frischat [8] has shown that
new problems arise due to prominent capillary effects in thin tubes. Furthermore, use of capillaries does
not eliminate the need to account for the gravitational drift. It is desirable, therefore, to develop the
second approach of exploring analytical schemes of correcting for the presence of free convection and
gravitational drift in ground based experiments. This forms the motivation of our research program.

II.  Relevance to Microgravity

Determination of interdiffusion coefficients in liquid systems using isothermal composition profiles from
ground based diffusion experiments is difficult due to the presence of free convection caused by compo-
sitionally-induced density variations and due to the gravitational drift. The compositionally-induced
density variations are intrinsic to interdiffusion and cannot be eliminated. In principle, only the experi-
ments in zero-gravity environment, where both convection and gravitational drift are eliminated, can
yield the true values of the interdiffusion coefficients. Zero gravity experiments are also needed to
validate any procedure developed to correct for free convection and gravitational drift in ground based
experiments.

III.  Experiments and Results

Our approach is to develop an analytical procedure for correcting for the presence of free convection
and of gravitational drift when analyzing composition profiles in ground-based interdiffusion experiments.
The validity of this procedure will be established in future by performing experiments in a zero-gravity
environment which will provide the accurate values of the diffusion coefficients.  We plan to develop
such a correction procedure for the infinite couple configuration in binary systems with the diffusion
direction both parallel and anti-parallel to the direction of gravity. To characterize the effect of convec-
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tion on interdiffusion, we are studying experimentally composition profiles in infinite couples in both the
normal configurations (with density increasing downward in the direction of gravity) where convection is
not expected to be present as well as in the inverted configurations (with density increasing upwards)
where convective instabilities may develop. In addition, we haven chosen to work with an oxide glass
system. This is because diffusion profiles can be easily preserved by quenching the diffusion couple to
room temperature where subsequent measurements can be performed at a convenient  time. Simple
liquids are not suitable for this purpose since the diffusion profiles change rapidly at room temperature
making it difficult to study them. A second reason for choosing oxide glass is that the viscosity of oxide
glasses can be varied over a wide range by a suitable choice of temperature. Lastly, oxide glasses being
transparent allow for a visual examination of flow fields. In particular, we have chosen the PbO-SiO

2

glass system because it exhibits a large single phase composition range in which good glass can be
formed easily, has a large monotonic increase in density with composition (thus the convection effects
should be enhanced), the composition profiles can be measured accurately by techniques such as the
electron microprobe, and many of the relevant properties have been measured as a function of compo-
sition in this system (see Table I).

PbO-SiO
2
 glasses of three different compositions (40, 50, and 60 mole% PbO) were melted. Most of

our experiments to date have used the 40% and 50 % compositions. Table I lists some relevant proper-
ties of these two compositions. Disks of 7 mm diameter and 3 to 4 mm height were core-drilled from
bubble free regions of the cast glass. These disks were polished to make both sides planar and parallel.
Infinite couples were made by placing disks of different compositions inside flat bottom platinum cups (7
mm ID and 10 mm height). The assembly was preheated for half hour at a temperature of 300C to
remove any entrapped air. Diffusion experiments were performed at two temperatures (750C and
850C) in both normal and inverted orientations for two different times (30 and 90 minutes). After
quenching to room temperature, the platinum crucibles were sectioned along the axis and the resulting
sections were polished for examination by optical microscopy as well for chemical analysis by a Phillips
XL30 scanning electron microscope. Calibration standards were used to convert intensities into mole
fractions. Examples of our results are shown in figures 1 to 3 which show composition profiles (in terms
of mole percent PbO) versus distance from their respective Matano interfaces. Figure 1 compares two
profiles on the same sample showing typical reproducibility in our experiments. Figure 2 shows profiles
of the normal configuration samples at 750C for different diffusion times. Figure 3 compares profiles of
normal and inverted configurations at 750C and 30 minutes.

IV.  Discussion

Figure 4 shows the composition profiles of Figure 2 plotted as function of the reduced variable x/√t. The
profiles of these normal couples superimpose well on each other indicating that interdiffusion is the
dominant process and that the effect of gravitational drift is negligible. These profiles were analyzed for
interdiffusion coefficients using the Sauer and Freise procedure [3] taking into account the variation of
the molar volume with composition. For this purpose, the molar volume was determined as a function of
composition at 750 C. Using these molar volume data, interdiffusion coefficients were calculated as a
function of composition. Figure 5 shows the results. As expected, our values are somewhat less than the
values at 850 C reported by Schmalzried [10]. We have also performed experiments at 850 C and
these data are being analyzed presently. The value of the Rayleigh number (equation 1) at 750 C is
extremely large (�2.5x108) for the inverted sample implying that this configuration is unstable [9]. The
results in figure 3 show that there is little effect of convection at 750 C since the profiles of normal and
inverted couples are in good agreement. Furthermore, there was no evidence of convection from either
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optical or SEM examination of these samples. The probable reason for the absence of any observable
convection in these samples at 750C in spite of the large Rayleigh number is that the kinetics of convec-
tion are extremely slow for this system. The Rayleigh number for the inverted sample at 850 C is also
large (��5x107). A preliminary back scattered image of the inverted sample at 850C and 30 minutes
shows clear evidence of convection in this sample. The experiments at 850 C are in the process of being
analyzed.

V.  Conclusions

This work is still in progress and the complete results are not available at this time. However, we ob-
serve the following trends:

a) The effect of gravitational drift appears to be negligible in this system at 750 C.
b) Convection in inverted samples appears to be insignificant at 750C even though the

Rayleigh number is large (greater than the critical value).
c) Convection is definitely present in inverted samples at 850C.
d) The values of the interdiffusion coefficient as a function of composition found in this work

are in reasonable agreement with the published work.
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Figure 1.  An example of the reproducibility of composition profiles in our experiments.
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Figure 2. Comparison of normalized composition
profiles at 750C of normal couples for
diffusion times of 30 and 90 minutes.

Figure 3. Comparison of the normalized compo-
sition profiles at 750C of normal and inverted
couples both for diffusion times of 30 minutes.

Table 1.  Properties of PbO-SiO
2
 glasses.

ρ750�C (g/cm3) [*]
T

g
 (K) [*]

β750�C

v 750�C(cm2/s)
D750�C(cm2/s) [*]
v 850�C(cm2/s)
D850�C(cm2/s) [10]

40mol% PbO

5.24
720
0.83

1206.1
10-9

87.9
10-8

50mol% PbO

5.69
683
0.76
61.5

5*10-9

6.9
2*10-8

[*]: Bansal, N.P., and Doremus, R.H., “Handbook of Glass Properties”, Academic Press, (1986).

Figure 4. Composition profiles of figure 2 replotted
against the reduced variable x/ √t.

Figure 5. The interdiffusion coefficient values shown as
a function of the mole fraction of PbO at 750 C.
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project at CERN, Geneva, Switzerland
ALN Aluminum Nitride
AOTF Acousto-Optic Tunable Filter
AP Ammonium persulfate
ASD Accelerated Stokesian Dynamics
ATD Advanced Technology Development
ATLAS Atmospheric Laboratory for Applications and Science
BCC Body Centered Cubit
BEI Backscatter Electron Images
BG Bioactive Glass
BMG Bulk Metallic Glasses
BODIPY A fluorescein derivative
BRYNTRN Radiation transport code
BUU Boltzmann-Uehling-Uhlenbeck
CA Cellular Automata
CAM CO2 Acquisition Membrane
CCD Charge-Coupled Device
CDC Container-Less Directional Solidification
CERN European Laboratory for Particle Physics (Geneva, Switzerland)
CFD Computational Fluid Dynamics
CFX Commercial Flow Code
CGB Crystal Growth with a Baffle
CGH Coupled Growth in Hypermonotectics
CMDS Center for Materials Development in Space (at the University of Alabama in

Huntsville, AL)
CMMR Center for Microgravity Materials Research (at the University of Alabama

in Huntsville, AL)
CNES Centre National d’Etudes Spatiales (France)
CNES Centre Nationale d’Études Spatiales (“National Center for Space Studies,”

French Space Agency)
CRI Containerless Research Incorporated
CSLM Coarsening in Solid-Liquid Mixtures
CSM Colorado School of Mines
CT Computed Tomography
CTE Coefficient of Thermal Expansion
CVS Coupled Vibrational Stirring
DCC Diffusion Cloud Chamber
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DCVA N,N-dimethyl-p-(2,2-dicyanovinyl) aniline
DDC Dynamic Decompression and Cooling
DECLIC Dispositif pour l’Etude de la Croissance et des Liquides Critiques  (DECLIC)

(Facility for the Study of the Growth and the Fluids near Critical Point)
DIT Diffusion Interface Theory
DLS Dynamic Light Scattering
DLVO Derjaguin, Landau, Verwey, Overbeek
DMSO High temperature solvent
DNS Direct Numerical Simulations
DODMAC Dimethyldioctylammonium chloride
DOE Department of Energy
DPIMS Diffusion Processes in Molten Semiconductors
DSC Differential Scanning Calorimetry
DTA Differential Thermal Analysis
EBW Electron-Beam Welding
ED Electron Diffraction
EDG Electro Dynamic Gradient
EDGE Equiaxed Dendritic Solidification Experiment
EDS Energy Dispersion Spectroscopy
EDS Energy Dispersive X-ray Spectroscopy
EIS Electrochemical Impedance Spectroscopy
EIT Effective Interfacial Tension
EITIC Effective Interfacial Tension Induced Convection
EKTAPRO A Kodak camera
ELMS Evolution of Local Microstructures
ELT Electrodynamic Levitator Trap
EML Electromagnetic Levitator
EPD Etch Pit Density
EPMA Electron Probe Micro-Analyzer
ESL Electrostatic Levitation/Levitator
EXPRESS (Expedite the Processing of Experiments to Space Station)
FCC Face Centered Cubit
FDLB Finite Difference Lattice Boltzmann
Fe-MAS Fe-bearing Magnesium Aluminosulphate
FLUENT Computational fluid dynamics software
FLUKA A Monte-Carlo simulation code for radiation transport
FTIR Fourier Transform Infrared Spectrometry
FZ Float/floating Zone
GCR Galactic Cosmic Ray
GDMS Glow Discharge Mass Spectroscopy
GEANT A Monte-Carlo simulation code for radiation transport
GF-AA Graphite Furnace- Atomic Absorption Spectroscopy
GFL Gas Film Levitation
GOSAMR Gelation of Sols; Applied Microgravity Research
GTAW Gas-Tungsten Arc Welding
GUI Graphical User Interface
HAD High-density Amorphous
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HARV High Aspect Ratio Vessel
HBT High Performance Transistors
HD Hoop Direction
HDDA hexane diol diacrylate
HDIV Holographic Diffraction Image Velocimetry
HDPE High-Density Polyethylenes
HECT High Energy Transport Code
HEDS Human Exploration and Development of Space
HEMA hydroxyethyl methancrylate
HETC A Monte-Carlo simulation code for radiation transport
HPCVD High Pressure Chemical Vapor Deposition
HPMS High Pressure Mass Spectrometry
HRTXD High Resolution Triple Crystal X-ray Diffractometry/Diffraction
HTESL High Temperature Electrostatic Levitator
HTSC High Temperature Superconductor
HZETRN Radiation transport code
ICP-AES Inductively Coupled Plasma-Atomic Emission Spectroscopy
ICP-MS Inductively Coupled Plasma-Mass Spectrometry
IDGE Isothermal Dendritic Growth Experiment
IML International Microgravity Laboratory
INFN Instituto Nazionale di Fisica Nucleare (Italian National Nuclear Physics

funding agency)
IR Infra Red
ISCP In-Situ Consumables Production
ISPP In-Situ Propellent Production
ISRU In-Situ Resource Utilization
ISS International Space Station
ITO Indium-Tin-Oxide
JPL Jet Propulsion Laboratory (Pasadena, CA, managed by the California

Institute of Technology)
JSC NASA Johnson Space Center (Houston, TX)
KC-135 A NASA aircraft that performs parabolic maneuvers to produce short

durations (20 seconds) of reduced gravity (0.01 g) environment.
KDP Potassium Dihydrogen Phosphate
KSC NASA Kennedy Space Center (Cape Canaveral, FL)
LAHET A Monte-Carlo simulation code for radiation transport
LaRC NASA Langley Research Center (Hampton, VA)
LB Langmuir-Blodgett
LB Lattice Boltzmann
LBNL Lawrence Berkeley National Laboratory
LBW Laser Beam Welding
LC Liquid Crystal
LCP Liquid Crystalline Polymeric
LDA Low-density Amorphous
LDPE Low-Density Polyethylenes
LED Light Emitting Diode
LEO Low Earth Orbit
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LET Linear Energy Transfer
LF Low Frequency
LIF Laser-Induced Fluorescence
LM Lockheed Martin
LMS Life and Microgravity Spacelab
LPS Liquid Phase Sintering
MCA Membrane Casting Apparatus
MCA Multi-Channel Analyzer
MD Molecular Dynamics
MDO Multidisciplinary Optimization
MEPHISTO Matérial pour l’Étude des Phenomènes Intéressants de la Solidification sur

Terre et en Orbite (“Apparatus for the Study of Interesting Phenomena of
Solidification on Earth and in Orbit”)

MeV One million electron volts
MGB Materials Science Glovebox
MI Melt Indices
MIT Massachusetts Institute of Technology
MITH Millikelvin Thermostat
MNR Nuclear Magnetic Resonance
MOCVD Metal Organic Chemical Vapor Deposition
MOR Modulus of Rupture
MRD Microgravity Research Division
MSAD Microgravity Science and Applications Department
MSFC NASA Marshall Space Flight Center (Huntsville, AL)
MSL Microgravity Sciences Laboratory
MSL-1R Materials Sciences Laboratory (R represents the reflight)
MST Microscopic Solvability Theory
MST Minimum Spanning Tree
MTF Membrane Test Facility
MTF Moderate Temperature Facility
MTV Molecular Tagging Velocimetry
MV Macrovoids
MVPD Macrovoid Penetration Depth
NAA Neutron Activation Analysis
NCS Nucleation of Crystals from Solution
NCSL Nanocrystal Superlattices
ND Normal Direction
NIST National Institute of Standards and Technology
NLO Nonlinear Optical
NMR Nuclear Magnetic Resonance
NRA NASA Research Announcement
NSF National Science Foundation
NUCFRG A radiation transport code
OB Oberbeck-Boussinesq
OMCVD Organometallic Chemical Vapor Deposition
OO Object Oriented
ORBITEC Orbital Technologies Corporation
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OSD Office of the Secretary of Defense
PAW Physics Analysis Workstation
PB Polybutadiene
PBT Polybutylene terephthalate
PC Personal Computer
PD Penetration Depth
PDLC Polymer Dispersed Liquid Crystals
PDM Power Distribution Module
PE Polyethylene
PEE Polyethylethylene
PEO Polyethylene Oxide
PEP Particle Engulfment and Pushing
PI Principal Investigator
PID Proportional Integral Derivative
PIPS Polymerization Induced Phase Separation
PIV Particle Image Velocimetry
PL Photoluminescence
PMMA polymethylmethacrylate
POCC Payload Operations Control Center (NASA MSFC)
Pr Prandtl Number
PS polystyrene
PVA Pivalic Acid
PVT Physical Vapor Transport
QMSFRG Quantum Multiple Scattering Fragmentation Model, a radiation transport code
QMST Quantum Multiple Scattering Theories
R2PI Resonant-Two-Photon-Ionization
RDF Radial Distribution Function
RDR Requirements Definition Review
RE Rare Earth
Re Reynolds Number
REMPI Resonance Enhanced Multiphoton Ionization
RIDGE Rensellaer Isothermal Dendritic Growth Experiment
RMF Rotating Magnetic Field
ROMP Ring Opening Metathesis Polymerization
ROOT An object-oriented physics analysis infrastructure
RQC Rotating Quench Cell
RWV Rotating Wall Bioreactor Vessel
SAMS Space Acceleration Measurement System
SAXS Small-Angle X-ray Scattering
Sc Schmidt Number
SCN Succinonitrile
SCN-ACE Succinonitrile-acetone
SCN-E Succinonitrile-ethanol
SCN-GLY Succinonitrile-glycerol
SCN-W Succinonitrile-water
SCR Science Concepts Review
SD Standard Deviations
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SD Stokesian Dynamics
SEM Scanning Electron Microscopy
SEP Société Européene de Propulsion
Sh Sherwood Number
SHG Second Harmonig Generation
SHIVA Spaceflight Holography Investigation in a Virtual Apparatus
SHS Self-propagating High-temperature Synthesis
SIMS Secondary Ion Mass Spectrometry
SIPS Solvent Induced Phase Separation
SIV Stereoscopic Imaging Velocimetry
SLI Solid-liquid Interface
SOPC Stearoyl, Oleoyl Phosphatidylcholine
SPE Solar Particle Event
STM Scanning Tunneling Microscopcy
STS Space Transportation System (Shuttle/external tank/solid rocket booster

system, also a Shuttle mission designation)
SUBSA Solidification Using the Baffle in Sealed Ampoules
SWBXT Synchrotron White Beam X-ray Topography
TDSE Transient Dendritic Solidification Experiment
TEM Transmission Electron Microscopy
TEM Tunneling Electron Microscope
TEMC Thermoelectromagnetic Convection
TEMPUS Tiegelfreies Elektromagnetisches Prozessieren Unter Schwerelosigkeit  (German

Electromagnetic Containerless Processing Facility)
TEOS Tetraethylorthosilicate
TEPC Tissue Equivalent Proportional Counter
THM Traveling Heater Method
TIPS Thermally Induced Phase Separation
TLS Two Level System
TMF Traveling Magnetic Field
TRL Technology Readiness Level
TRR Time-Resolved Relativity
TSL Theory Classical Theory of Phase Coarsening by Todes, Lifshitz, and Slyozov
TTT Time-Temperature-Transformation
UAH University of Alabama in Huntsville
UF Utilization Flight
USAXS Ultra-Small Angle X-ray Scattering
USML United States Microgravity Laboratory
USMP United States Microgravity Payload
UV Ultra Violet
UW University of Wisconsin
VB Vertical Bridgman
VFMV Flow-Visualized Microvoid
WAXS Wide Angle X-Ray Scattering
WCI Wetting Characteristics of Immiscibles
XCAP Image analysis software
XRD X-ray Diffraction
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XRF X-ray Fluorescence
YAG Yttria Aluminum Garnet
YSV Yttria Stabilized Zirconia
YSZ Yttria-stabilized zirconia
ZBLAN A glass which contains the fluorides of zirconium, barium, lanthanum, aluminum,

and sodium
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